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Objectives of Work

e Fabrication of well-defined bimetallic Pt(Pd)Mx NPs with good control of material composition
and morphological parameters, such as particle size and dispersion, and their characterization
by Surface Science tools and TEM. Also core-shell and skin-like Pt monolayer (ML) NPs will be
prepared and characterized;

e Preparation of innovative support materials to increase catalyst stability and reduce mass
loading of catalysts. Two different routes will be explored: (a) Ar and N ion implantation of
carbon support; (b) mixed electron- and cation conducting transition metal oxides (e.g. V, Ti,
Mo, Ru, and Mn), synthesized as highly porous materials with a high surface area;

Relevant Sections from the Description of Work

“Task 3.2: Synthesis of NPs of PtsY and PtsSc with defined size and size distribution (month 1-12) (TUM,
DTU, UP-IC2MP)

NPs of PtMy NPs (M=Y, Sc) will be prepared and deposited on a carbon based support by exploiting
several different methods already detailed. These materials then will be tested in WP4. “

“Task 3.3: Synthesis of NPs from other binary alloys and Pt skin alloys based on new theoretical
predictions (month 6-24) (TUM, DTU, UP-IC2MP, CUT)

Nanoparticles of PtMy and PdMy suggested by the DFT derived predictions from WP2 will be prepared,
and deposited both on standard carbon supports as well as advanced support materials for further

testing in WP4. Selected NPs will be deposited onto substrates for study with INPS.”

“Task 3.5: Advanced carbon supports modified by ion implantation (month 1-24) (UniPd, TUM)

In order to enhance the stability of the NP arrays, the effect of ion implantation of the support will be
studied. Three different cases will be studied: (i) undoped HOPG surface prepared by cleaving; (ii) N-
doped HOPG and (lll) Ar-doped HOPG. The HOPG doping will be carried out via N and Ar ion
implantation. Comparing structural and chemical modifications of HOPG surfaces after Ar and N ion
implantation as a function of dosage enables separation of physical and chemical factors and is further
used to assist in elucidating the specific roles of the surface nitrogen and oxygen functionalities as well
as surface defects on: (i) nucleation and growth of metal NPs; (ii) metal/support binding; and (iii) metal



NP electronic structure modification. If the results will go along the expectative, during the latest part
of the task methods for doping standard carbon supports will be explored. “

“Task 3.6: Advanced composite supports based on porous oxides. (month 1-36) (UP-IC2MP)

High surface-area support materials with defective or charged surfaces are needed to facilitate ion-
and/or electron-transfer reactions. In this line, mixed electron- and cation conducting transition metal
oxides of Vanadium, Molybdenum, Ruthenium, and Manganese, synthesized as highly porous
materials with a high surface area have been reviewed. We expect that a controlled synthesis of mixed
conductivity oxides (TiO2, RuO;) in a network, such as carbon, will provide the necessary chemical
stability against corrosion of the latter at potentials positive or near the open circuit potential of the
Oxygen reduction reaction on cathodes based on Pt(Pd)M,. The ionic conductivity as well as the
electronic conductivity will be the critical parameters to optimize in the composite materials.”

Description of Work Done / Results

The work done has been described in recent progress reports, in D3.4 and D3.5, and was more detailed
in D3.7. For this deliverable, the papers published so far on synthesis of improved catalysts (apart from
the DTU work on mass-selected nanoparticles, which is part of D4.3) and on advanced support
materials are listed below. The papers are added to this deliverable, but they are not open access.
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Y. Luo, A. Habrioux, L. Calvillo, G. Granozzi, N. Alonso-Vante, Yttrium Oxide/Gadolinium Oxide-Modified
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Yttrium Oxide/Gadolinium Oxide-Modified Platinum
Nanoparticles as Cathodes for the Oxygen Reduction

Reaction

Yun Luo,™ Aurélien Habrioux,” Laura Calvillo,®

Vante*?!

Rare-earth-element (Y, Gd) modified Pt nanoparticles (NPs) sup-
ported on a carbon substrate (Vulcan XC-72) are synthesized
via a water-in-oil chemical route. In both cases, X-ray diffrac-
tion (XRD) measurements show the non-formation of an al-
loyed material. Photoemission spectroscopy (XPS) results
reveal that Y and Gd are oxidized. Additionally, no evidence of
an electronic modification of Pt can be brought to light. Trans-
mission electron microscopy (TEM) studies indicate that Pt-
Y,0; and Pt-Gd,O; particles are well dispersed on the sub-
strate—and that their average particle sizes are smaller than
the Pt-NP sizes. The catalytic activity of the Pt-Y,05/C and Pt-
Gd,0,/C catalysts towards the oxygen reduction reaction (ORR)
is studied in a 0.5m H,SO, electrolyte. The surface and mass

1. Introduction

Proton exchange membrane fuel cells (PEMFC) are one of the
most promising candidates to be applied in mobile, stationary,
and portable energy devices because of the green and highly
efficient energy conversion,? though their performance
needs to be improved. The oxygen reduction reaction (ORR) at
the cathode of PEMFCs is still a great challenge for improving
the efficiency of PEMFCs, since this electrochemical reduction
process largely depends on the electrocatalytic activity of the
catalysts used. Therefore, in the last decades, many efforts
have concentrated on developing novel materials, including
catalysts based on non-noble metals and materials containing
earth-crust-abundant elements,” for instance, CoSe,/C and Fe-
N/C complexes.™ Some catalysts exhibit a similar ORR activity
and/or a better stability compared to commercial Pt/C cata-
lysts. However, their performance in PEMFC should be im-
proved and studied further in detail. Pt-based catalysts are
widely used and studied for ORR. However, the application of
Pt-based catalyst in PEMFC faces many challenges, namely, the
cost, performance and durability.” Therefore, many efforts
have been done to alloy 3d transition metals with Pt. This kind
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specific activities of the Pt-Y,0,/C catalyst towards the ORR at
0.9V (vs. the reversible hydrogen electrode, RHE) are (54.3+
1.2) yPAcm 2, and MA=(23.14+0.5) mAmg 5, respectively.
These values are 1.3-, and 1.6-fold higher than the values ob-
tained with a Pt/C catalyst. Although the as-prepared Pt-
Gd,0,/C catalyst has a lower catalytic activity for the ORR com-
pared to Pt/C, the heat-treated sample shows a surface specific
activity of about (53.040.7) pAcm %, and a mass specific ac-
tivity (MA) of about (18.240.5) mAmg s, at 0.9V (vs. RHE).
The enhancement of the ORR kinetics on the Pt-Y,0,/C and
heat-treated Pt-Gd,0,/C catalysts could be associated with the
formation of platinum NPs presenting modified surface proper-
ties.

of catalysts becomes a hot issue in this domain for the follow-
ing reasons: 1) the amount of Pt could be reduced in the cata-
lyst; 2) the catalytic behavior of Pt could be modified based on
the “ligand effect” and “geometric effect”.”” In terms of the
ligand effect, the formation of hetero-atoms bonds between
the 3d transition metal and Pt atoms could affect the electron-
ic structure of Pt surface. The geometric effect in Pt-M (M=3d
transition metals) catalyst alters the Pt-Pt surface inter-atomic
distance, resulting in change in orbital overlap and finally lead-
ing to different Pt electronic structure. Hence, the catalytic ac-
tivity of Pt in this kind of catalysts could be improved.
Recently, it was reported that bimetallic nanoparticles (NPs)
supported onto different substrates show a high ORR kinetics
and stability, such as Pt,M, (M=Ni, Co, Ti, Cu, W, Pd, Ag, Au,
Rh, Zn, Sn, Fe and Cr).®"® However, few works have been de-
voted to studying Pt catalysts involving rare-earth elements,
such as, yttrium, scandium, and gadolinium."*?¥ Regardless of
a two- or a four-electron charge-transfer pathway in the ORR
process, the OOH is adsorbed on the catalyst surface prior to
splitting the O—O bond.?? After breaking the O—O bond, O
and OH are formed on the surface. Hence the catalyst should
be able to release these species to form H,0. According to the
calculation results via density functional theory (DFT) in 2009,
Norskov et al. firstly reported that bulk alloyed Pt;Y is one of
the most stable face-centered cubic (fcc) alloys, since each of
two metals in the Pt-Y d-bond contributes half of nine d-elec-
trons for Pt This indicates that the bonding states are filled,
while the anti-bonding states are empty in such a system.??%

ChemPhysChem 2014, 15, 2136-2144 2136



CHEMPHYSCHEM
ARTICLES

www.chemphyschem.org

The experimental results of the
bulk alloyed platinum-rare-earth
materials show an extraordinarily
high ORR activity and stability
among the binary metallic cata-
lysts,l'¥?*% inspiring us to syn-
thesize cathodic nanocatalysts
containing rare-earth elements
for ORR. As described in the lit-
erature,"*?*?3 the metallic alloys
are prepared by physical metal-
lurgical methods, which are
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the present work, a chemical 1

route to prepare the Pt-M (M=
Gd, Y) nanomaterials supported
onto carbon substrate is pre-
sented. Herein, we report on the
synthesis, characterization and
ORR activity of Pt-M (M=Gd, Y) NPs via water-in-oil chemical
route. To adapt the experimental conditions of low-tempera-
ture PEMFC,”” the as-prepared catalysts were compared to
heat-treated samples at 100°C and the ORR activity investigat-
ed. The effect of yttrium or gadolinium oxide on surface prop-
erties of platinum NPs as well as its implication on ORR kinetics
is discussed.

2. Results and Discussion

2.1. Structural and Surface Characterization of Pt-M,0,/C
(M=Gd and Y) Catalysts

The metal loading in these three catalysts was confirmed by
thermogravimetric analysis (TGA), giving 21.5, 20.7, and
22 wt% for Pt/C, Pt-Y,05/C, and Pt-Gd,0,/C, respectively. The
stoichiometric composition of Pt-M,0,/C (M=Gd and Y) cata-
lysts, determined by inductively coupled plasma, was, respec-
tively, Pt,5;Y,/C and Pt,4Gd,/C. This indicates that all the cata-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. TEM images and histograms of the particle-size distribution deduced from the TEM images for: a) Pt/C,
b) Pt-Y,0,/C, and ¢) Pt-Gd,0,/C catalysts.

lysts have a similar metal-loading, with a Pt:M ratio close to
2:1.

The Pt-based catalysts were firstly analyzed by transmission
electron microscopy (TEM). TEM images of Pt-Y,0,/C, Pt-Gd,0/
C, and Pt/C catalysts synthesized by the water-in-oil microe-
mulsion technique are shown in Figures 1(a)-(c). It can be ob-
served that this synthesis method leads to a homogeneous dis-
persion of the metal NPs onto the carbon matrix, although
some agglomerates are formed. The mean average particle

sizes are around (3.80+0.70), (2.30+£0.59), and (2.25+
0.48) nm for the Pt/C, Pt-Y,0;, and Pt- Gd,O; samples, respec-
tively.

Figure 2(a) shows the X-ray diffraction (XRD) corrected pat-
tern of the different catalysts as well as the fitted profile. It is
clear that all catalysts have the five typical diffraction peaks
characteristic of the face-centered cubic (fcc) Pt cell: (111),
(200), (220), (222) and (311) plane without the presence of
a secondary phase, suggesting that the crystal structure for all
catalysts is fcc Pt NPs. The fit with five pseudo-Voigt functions

ChemPhysChem 2014, 15, 2136-2144 2137
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Figure 2. a) X-ray patterns of the as-prepared catalysts. Background contributions of the supporting carbon materials (Vulcan XC-72) were removed. The solid
lines are profile fittings to pseudo-Voigt functions and the dots are experimental points. b) Williamson-Hall plot of the integral line width based on the fitting
parameters for the first five Bragg peaks (®). The curves are offset for a better visualization. The open circles (o) relate to the simulated data. Calculated stan-

dard deviations are also given.

gives two important parameters: the peak position and the in-
tegral line width. X-ray pattern registered for Vulcan XC-72 was
used to calibrate and subtract all the background contribu-
tions. From Figure 2 (a), it can be clearly seen that the presence
of Y and Gd leads to an increase of the integral width of the
different diffraction peaks but does not modify the peak posi-
tions respect to those for the Pt/C sample. Information con-
cerning the microstructure of the different samples can be ex-
tracted from the fitted patterns presented in Figure 2(a) by
using line broadening analysis and Williamson-Hall plot.”® For
each diffraction peak, the integral width of the Lorentzian and
Gaussian components of the pseudo-Voigt function used for
the fit are first determined according to the empirical formulas
given by De Keijser et al.’” After correcting the instrumental
broadening using a LaB; standard powder, the integral width
(B¢ of the function corresponding to a diffraction peak was cal-
culated.®” The values of db=pcos(6)/A were plotted against
b=2sin(0)/A, where 6 is the Bragg angle and 4 the wavelength
in angstroms. Results are shown in Figure 2(b). From this
figure, it can be seen that the db parameter shows an unusual
variation with increasing b value in particular for Pt-Y,0,/C and
Pt-Gd,0,/C samples. There are large variations of the db value
that are not expected for simple size broadening. Additionally,
the isotropic stress would produce compressions or dilatations
with no variations for the different lattice directions thus pre-
dicting a linear variation of db with b. However, it has been
shown that stacking faults can also be responsible for an addi-
tional line broadening depending on Miller indexes. In such
a case, three different contributions to the integral line width
broadening (size broadening, stacking fault broadening and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

microstrain broadening) must be taken into account according
to Equation (1)

db— 14 Yo

L +2¢eb (1)

where L, is the mean crystalline size, V,,, is a constant depend-
ing on the miller indexes h, k and | (V;;;=0.43; Vo00=1; Vyo=
0.71; V53,;,=0.45 and V,,,=0.43), a is the lattice parameter, a is
the stacking fault probability, and ¢ is the micro strain. As
a result of the best fit (open circles in Figure 2 (b)), the values
of L, a, and ¢ are obtained and summarized in Table 1.

Table 1. Structural parameters of the obtained Pt/C, Pt-Y,0,/C, and Pt-
Gd,0,/C catalysts, calculated from the XRD and TEM data.

Sample ainml L ml  a® %] %] d® [nm]

Pt/C 0.3915 2.82 2.2 0.19 3.80+0.70
Pt-Y,0,/C 0.3909 2.08 7.5 0.27 2.30+0.59
Pt-Gd,0,/C 0.3907 2.08 73 0.24 2.254+0.48

[a] Calculated from the XRD data. [b] Calculated from the TEM data.

In addition, it seems that platinum-based NPs exhibit a con-
traction effect, which could be associated with surface tensions
compressing the nanoclusters. The magnitude of this phenom-
enon is stronger as the surface-to-volume ratio increases. Such
effects have already been described by Wasserman and Ver-
maak.”? It seems that the lattice contraction is slightly more
pronounced for Pt-Y,0,/C and Pt-Gd,05/C nanomaterials. This

ChemPhysChem 2014, 15, 2136-2144 2138
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could be related with the observed decrease in L, value for Pt-
Y,0; and Pt-Gd,0; samples. From Table 1, it can actually be
stated that the size of coherently diffracting domains decreases
by adding Gd or Y in the nominal composition of the material.
This is fairly in agreement with TEM data. One can note that
both stacking fault probabilities and internal mean strains are
more important for Pt-Y,0; and Pt-Gd,0O; materials in compari-
son with Pt. The presence of an anisotropic stress field related
to interfacial strains with a supporting (hydr)oxide®? may be
responsible for differences observed between calculated and
experimental data extracted from the (311) Bragg peak for Pt-
Y,05/C and Pt-Gd,0,/C samples.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to study the chemical and electronic states of Pt
and the rare-earth metals, as well as the “surface” composition
of the samples. Figure 3 shows the Pt 4f, Y 3d, and Gd 4d XPS

Gd 4d
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Figure 3. a) Pt 4f XPS spectra and deconvolution of the different Pt oxida-
tion states for the Pt/C, Pt-Gd,05/C, and Pt-Y,0,/C samples. b) Gd 4d XPS
spectra for the Pt-Gd,0,/C sample. (c) Y 3d XPS spectra for the Pt-Y,0,/C
sample. Measurements acquired using a Mg, X-ray source.

spectra for the Pt/C and Pt-oxide/C samples. The Pt 4f XPS
spectra were deconvoluted with two different Pt oxidation
states (Pt and Pt*") to identify the predominant oxidation
state of Pt (Table 2). Pt° is the predominant oxidation state in
all the samples (around 67-69 %). However, all samples present
a significant amount of Pt** oxidized species, mainly (31-
33%). This can be traced back to the presence of an ultrathin
layer of Pt oxide in all the samples that can be attributed to air
exposure. The Pt binding energies are well in tune with litera-
ture reference data.®*” The addition of the rare-earth metals to
Pt did not caused any shift in the binding energy of the Pt
core level, compared to those for Pt/C, indicating that the ad-
dition of Y and Gd did not significantly modified the electronic

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. Pt 4f,, binding energies [eV], oxidation state of Pt, and atomic
Pt:M ratio in the Pt/C and Pt-M/C catalysts, obtained from the XPS data.

Pt/C Pt-Y,0,/C Pt-Gd,0,/C
Pt° 71.18 (69 %) 71.23 (67 %) 71.26 (68%)
Pt? 72.43 (31 %) 72.4 (33%) 72.48 (32 %)
atomic Pt:M ratio - 39:61 50:50

environment of Pt. There is only a minor broadening of the Pt
4f peaks (FWHM=1.9 eV for Pt/C and 2.0 eV for the Pt-M,0,/C
samples).

In the Pt-Y,0,/C sample, the Y 3ds, peak (an unresolved
doublet) is located at 158.4 eV, which can be attributed to
a strongly oxidized Y,0; layer,® whereas there is no peak at-
tributable to metallic Y (expected at ca. 156 eV). The same
result was found for the Pt-Gd,O,/C sample: the strong main
peak at 143.7 eV in the Gd 4d XPS spectra is a signature of the
presence of Gd,0; and no metallic Gd was observed.®® In this
case, the XPS spectra show the common rather complex peak
shape due to the multielectronic effects (shake-up peaks). The
absence of peaks due to metallic Y and Gd indicates that the
rare earth metals are covered by an oxide layer of at least 0.6-
1 nm (taking into consideration the attenuation length of the
oxides). These data, together with the fact that the Pt environ-
ment is not modified by the addition of the rare earth metal,
suggests that Pt is not alloyed to Y or Gd, in good agreement
with the XRD data.

According to inductively coupled plasma (ICP) results, the
stoichiometric composition of the Pt-M,0,/C (M=Gd, Y) cata-
lysts is, respectively, Pt,5Y, and Pt,Gd,. Comparing the Pt:M
atomic ratios estimated by ICP and XPS (Table 2), it can be de-
duced that when probing the surface, there is an enrichment
of the Gd and Y metals. These data would be incompatible
with a model where independent Pt and MO, rare-earth NPs of
similar size are coexistent. Therefore, the most probable hy-
pothesis would be compatible with the difference in the Pt:M
atomic ratios deduced from XPS and XRD: hierarchically segre-
gated binary Pt-M,0; NPs (i.e. larger Pt NPs decorated with
smaller MO, ones).

2.2. Electrochemical Characterization of Pt-M,0,/C (M =Gd,
Y) Catalysts

Before evaluating the ORR activity of Pt-M,0,/C (M=Gd, Y) cat-
alysts, the working electrode (WE) surface was electrochemical-
ly cleaned by cyclic voltammograms (CVs) for 20 cycles at
50 mVs~" under 25°C in the N, saturated electrolyte between
0.1 and 1.2V (vs. the reversible hydrogen electrode, RHE). The
CV curves for the Pt/C and Pt-M,0,/C (M=Gd, Y) catalysts are
shown in Figure 4. It is clear that the shape of the CV curves of
the as-prepared Pt/C and Pt-M,0,/C (M=Gd, Y) are basically
the same with well-defined peaks associated to hydrogen ad-
sorption and desorption in the H,,4 (underpotential deposi-
tion) region. The Pt active surface calculated from the H,,4 sur-
face for Pt/C, Pt-Gd,0,/C and Pt-Y,0,/C was 1.12, 1.31, and
1.24 cm?, respectively. Three hydrogen desorption/adsorption
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Figure 4. CVs of the Pt/C and Pt-M,0,/C (M=Gd, Y) catalysts at a scan rate
of 50 mVs ™' at 25°C in Ny-saturated 0.5m H,SO,. The current density is nor-
malized to the geometric surface of the electrode.

peaks located in the H,,4 region can be observed for all the
catalysts. However, those belonging to Pt/C are sharper as
compared to the peaks for the Pt-M,0,/C (M=Gd, Y) samples
(framework 1 and 2 in Figure 4). Additionally, it seems that the
intensity of the hydrogen desorption peaks is affected by the
presence of rare-earth elements. This testifies that the balance
between the facets composing the surface of NPs is modified.
A significant increase in the intensity of the desorption peak
centered at ca. 0.255V vs. RHE can be notably observed with
Pt-Y,05/C and Pt-Gd,0,/C catalysts. In agreement with the liter-
ature,’” thus assessing that an increase of (100) sites is ob-
served. Additionally, a decrease in the intensity of the hydro-
gen desorption peak centered at ca. 0.2 V (vs. RHE) can be ob-
served for Pt-Y,0,/C and Pt-Gd,0,/C samples. This peak is com-
monly associated with the presence of defective (110)
planes.®¥ All the catalysts show a similar double-layer behavior.
Besides, oxide reduction peak on the Pt-Y,0,/C can be ob-
served at more positive potentials than those for Pt/C and Pt-
Gd,0,/C (framework 3 in Figure 4), implying that the adsorp-
tion of OH on Pt site takes place at higher potential on the Pt-
Y,0,/C catalyst. This might be beneficial for the O, adsorption
at lower overpotential and may lead to an enhancement of
ORR kinetics.2**”

CO was electrochemically adsorbed at 0.1V (vs. RHE) on all
samples. CO stripping was carried out and the results for Pt/C
and Pt-M,0,/C (M=Gd, Y) are shown in Figure 5. For all cata-
lysts, the CO oxidation displayed two peaks, denoted as
peaks 1 and 2. In fact, this multi-peak CO stripping has been
reported for Pt(100), Pt(111), and Pt(poly) electrodes as well as
for Pt-based NPs on a carbon substrate.”’*¢ Such a multiplicity
of peaks can be related to dosing potential, particle size, NPs
agglomeration, surface structure effects, and substrate ef-
fects.*”*¥ |n this case, the main reason for such a phenomenon
can be related to CO oxidation on different surface Pt sites. It
was reported that the formation of pre-peaks and multi-peaks
in CO stripping is largely associated with the surface structure
of Pt NPs.*“% The Pt NPs without faceting give a single CO
oxidative peak. However, Pt NPs with enhanced faceting oxi-
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Figure 5. Voltammograms obtained for the Pt/C and Pt-M,0,/C (M=Gd, Y)
catalysts at a scan rate of 5mVs™' in an N,-saturated 0.5m H,SO, solution.
The current density is normalized to the geometric surface of the electrode.

dize CO on different Pt sites, thus leading to multiple oxidation
peaks.?”*! According to the literature,“® peak 1 is related to
CO oxidation on (100) preferentially oriented domains whereas
peak 2 is associated with the reaction on (111) sites. The addi-
tion of Y and Gd leads to changes in the intensity ratio of the
two CO oxidation peaks. This implies that the balance between
the facets in the NPs synthesized in this work is broken. This is
fairly in agreement with conclusions drawn from voltammo-
grams recorded in supporting electrolyte. The Pt active surface,
calculated from the CO-oxidation peak area, is 1.25, 1.38 and
1.35cm? for the as-prepared Pt/C, Pt-Y,0,/C and Pt-Gd,0,/C
catalysts, respectively. It can also be observed that the CO-oxi-
dation peaks for Pt-M,0,/C (M=Gd, Y) are slightly larger in
half-wave width respect to that for Pt/C. The presence of Y or
Gd leads to a slight broadening of CO oxidation peaks. This re-
lates slight changes in adsorption energy levels of CO on Pt
and can be associated with the presence of yttrium or gadoli-
nium oxide weakly interacting with Pt sites. Additionally, the
slight shift of CO oxidation peaks towards higher potentials
observed with Pt-Y,0,/C and Pt-Gd,0,/C catalysts may be relat-
ed to the different size of platinum NPs®® and is in fair agree-
ment with the TEM data.

The ORR activity of these catalysts was investigated by the
rotating disk electrode (RDE) technique using rotating rates of
400, 900, 1600, and 2500 rpm at a scan rate of 5mVs™' from
1.0 to 0.2V (vs. RHE) in the O,-saturated electrolyte, as shown
in Figure 6. In the Tafel plot (see inset), the ORR activity of
these catalysts shows the following order: Pt-Y,0,/C>Pt/C>
Pt-Gd,O,/C. This sequence corresponds to the onset potential
of the oxide reduction peak observed in the CVs (see Figure 4.)
For the as-prepared samples, the half-wave potentials are:
0.86, 0.84, and 0.83V (vs. RHE) for Pt-Y,0,/C, Pt/C, and Pt-
Gd,0,/C, respectively. The kinetic current (j) was calculated
using the Koutecky-Levich (K-L) equation [Eq. (2)]:°"

T 1 1 1 1

j JJa et BCw'?
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—PYtC;= = —Pt-Y,05/C;- - - - - Pt-Gd,04/C; Table 3. Electrochemically active surface area (ESA), surface specific activ-
L . (H-T)Pt-Gd,04/C ity (SA), mass specific activity (MA) (at 0.9 V vs. RHE), and number of elec-
1.00 trons transferred per O, molecule for all the catalysts.”!
—FPtC; -~ ~Pt-Y,0,/C;
== (H-T)Pt-Gd,04/C; *~ Pt-Gd,04/C
“.‘E alow O Sample ESA SA MA n
o % 0ol TNy m?g el [MACm 2] [mAmg 5]
< < IR
£ e SN Pt/C 355 411406 144+12 391
= 2tk ' Pt-Y,0,/C 48.6 543+1.2 23.1+0.5 3.85
0.84 Pt-Gd,0,/C 52.7 343+3.7 13.4+£3.2 3.71
0.80 (H-T*® Pt-Gd,0/ 31.4 53.0+0.7 182405 3.99
041 C
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LSSl o — [a] The Pt active surface was calculated from CO stripping measurements
e T e while the Pt mass was evaluated from the ICP data. [b] H-T: heat-treated.
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Figure 6. Linear-sweep voltammograms recorded in an O,-saturated 0.5m

H,SO, electrolyte at a rotating speed of 900 rpm at room temperature. Scan
rate: 5mVs . Inset: Tafel plots extracted from the data of the linear sweep.
The current density is normalized to the geometric surface of the electrode.

where j, and j; refer to the kinetic and diffusion current densi-
ties. For B=0.62 nFD** v™5, n is the number of electrons, F is
Faraday’s constant, D is the diffusion coefficient of O, in 0.5m
H,SO, (1.8x10°cm?s™"), and v is the kinematic viscosity
(0.010 cm?s™"). ° is the concentration of molecular oxygen
(1.13x10 °molcm™3),*? @ the RDE rotating speed. The
number of electrons transferred for the as-prepared catalysts
varies from 3.71 to 3.91 (cf. Table 3) for the obtained catalysts
in this work. The use of as-prepared Pt-Gd,0,/C catalysts leads
to a small number of electrons transferred per O, molecule (i.e.
3.71). This could be associated with a change in the adsorption
mode of O, molecule at platinum sites leading to an increased
formation of hydrogen peroxide during the reduction pro-
cess.®™ This can be explained by a geometric effect of gadolini-
um oxide on platinum. After heat treatment of Pt-Gd,0,/C at
100°C under a H,/N, atmosphere, noted as (H-T) Pt-Gd,0,/C,
one can note that the number of electrons transferred per O,
molecule increases up to 3.99. The heat treatment is responsi-

(a) 70 2
| —8— SA @ 0.9 V vs RHE (nA cm ™)

80 F—a—MA @ 0.9V vs RHE (mA mg™'5,)
50 |
a0}

30

20

0 1 1

1
PUC PLY,05/C  PtGdy04/C  (H-T)P-Gd,04/C

ble for modifying the surface structure of NPs thus modifying
the geometric effect.

The Tafel plots (inset in Figure 6) indicate that the reaction
pathway and the rate-determining steps are similar for all the
catalysts studied in this work, since there is actually no relevant
variation in the Tafel slope which is about 84, 79, 82, and
85mVdec™' for Pt/C, Pt-Y,0,/C, (H-T) Pt-Gd,0,/C, and Pt-
Gd,0,/C, respectively. The electrochemically active surface area
(ESA) determined for all the catalysts is listed in Table 3. These
values are fairly in agreement with the TEM data.

The specific activities (SAs) and mass activities (MAs) of all
the catalysts, determined at 0.9V (vs. RHE) on an RDE at
900 rpm, are shown in Figure 7(a) and Table 3. It is evident
that Pt-Y,0,/C has the highest SA (ca. 54.3+1.2 yAcm™%,) and
MA (ca. 234+0.5 mAmg™'p) among the as-prepared catalysts.
When the SA and MA were normalized by the values of the as-
prepared Pt/C catalyst, as shown in Figure 7 (b), it demon-
strates that the SA and MA of ORR in case of as-synthesized
Pt-Y,05/C powder are respectively 1.3-, and 1.6-fold higher
than the Pt/C catalyst. However, the as-prepared Pt-Gd,0,/C
catalyst shows lower ORR catalytic activity than the as-pre-
pared Pt/C catalyst, demonstrating both the positive and nega-
tive effect of the rare earth metal atoms. In fact, although Y
and Gd atoms belong to the rare earth elements, their physi-

(b) SA @ 0.9V vs RHE; BEEIMA @ 0.9 V vs RHE

Normalized values

PLY,04/C

Pt-Gd,04/C (H-T)Pt-Gdy04/C

Figure 7. SA (uWAcm™%,) and MA (mAmg ™', (a) and normalized SA and MA (b) for all the catalysts. The results are calculated from the linear-sweep data at
900 rpm and 0.9 V (vs RHE). The real Pt surface area is calculated from the CO oxidation peak surface during CO stripping, and the Pt mass is evaluated from

the ICP results.
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cal-chemical properties might differ from each other. Thus, it is
possible to assume that platinum atoms on Pt-Y,0,/C are dif-
ferent from those of Pt-Gd,0,/C, and thus leading to different
catalytic behavior. To evaluate the catalytic activity at the ex-
perimental temperature (80-100°C) of low-temperature
PEMFCs,”” the obtained catalysts were heat-treated at 100°C
under N,/H, for 2 h. After such a heat treatment, the catalytic
activity of the Pt/C and Pt-Y,05/C catalysts remained basically
unchanged. Nevertheless, as shown in Figures 7 (a),(b), the SA
and MA of Pt-Gd,0,/C were about 52.6+0.7 pAcm %, and
about 182+05mAmg s, respectively, enhanced 1.3-fold
with respect to the as-prepared Pt/C catalysts. Moreover, after
the treatment, the half-wave potentials for Pt/C and Pt-Y,0,/C
remained unchanged while that for Pt-Gd,O,/C was shifted to
0.85V. This implies that the surface diffusion of Gd on Pt-
Gd,0,/C sample might be temperature dependent.* Recently,
McGinn and co-worker reported the synthesis and catalytic ac-
tivity of Pt-Y,0; NPs supported onto Vulcan XC-72R substrate
for ORR.® Such a Pt-Y,0,/C catalyst was prepared by classical
co-reduction chemical route and was applied as catalyst for
ORR in the similar condition used in this work. However, the
ORR catalytic activity at 0.75V (vs. RHE) on their catalyst (ca.
ESA=51.6m’g ', SA=411pAcm %, MA=212mAmg ')
was lower as compared to the ORR activity obtained on our
catalysts. This means that the obtained Pt-Y,0,/C catalysts via
W/O are advantageous over those reported. It should also be
noted that the Pt-M,0; (M=Gd, Y) NPs as-prepared in both
works are not evidently alloyed, showing that the direct chemi-
cal reduction route is not so efficient to change the oxidation
state of Y>* to Y°. Besides, Nishanth et al.?" also reported the
ORR activity of carbon supported (Vulcan XC-72R) Pt-Y(OH),
NPs prepared via co-reduction route. However, the particle
size, electronic structure of Pt skin, surface specific and mass
activity for ORR for such a catalyst were not further reported.

According to XPS and XRD data, the formation of platinum
NPs decorated with highly oxidized Y or Gd clusters is respon-
sible for modifying the adsorption energy of OH on Pt sites.
This is beneficial for O, adsorption at lower overpotentials,
thus explaining the enhanced ORR kinetics. This change in OH
adsorption energy may be related to surface structural
changes affecting the platinum NPs in the presence of Gd or Y
oxide.

3. Conclusions

Pt-M,0; (M=Gd, Y) NPs on a carbon substrate (Vulcan XC-72)
were synthesized via the water-in-oil chemical route and then
investigated for use in the ORR. ICP and TGA studies revealed
the stoichiometric composition and metal loading of the cata-
lysts on the substrate. The microstructure of the Pt-M,0; (M=
Gd, Y) catalysts was investigated by XRD, TEM and XPS. The as-
prepared Pt-Y,0,/C catalyst showed a high activity towards the
ORR (SA=5434+12uAcm %, and MA=23.1£0.5mAmg 5,
at 0.9V vs. RHE), whereas the ORR activity of the Pt-Gd,0,/C
catalyst was lower than that of the Pt/C catalyst. After heat-
treatment at 100 °C under a H,/N, atmosphere, the SA and MA
values on the Pt-Y,0,/C catalyst (at 0.9V vs. RHE) remained

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

almost unchanged, whereas those on the Pt-Gd,0,/C catalyst
were enhanced to SA=53.040.7 pA cm %, and MA=18.2+
0.5 mAmg ', (at 0.9V vs. RHE). Therefore, both Pt-Y,0,/C and
Pt-Gd,0,/C could be promising cathode catalysts in PEMFCs.
The enhancement of the ORR activity on Pt-M,0,/C (M=Gd, Y)
can be attributed to the formation of platinum NPs decorated
with highly oxidized Y or Gd clusters, which are responsible for
modifying the adsorption energy of OH at the Pt sites, leading
to an enhanced ORR kinetics. This modification can be related
to surface structural changes of platinum NPs generated by
the presence of Y or Gd oxides. Consequently, the geometric
effects of Y or Gd oxide on platinum NPs, as well as their impli-
cations on the ORR kinetics, have been demonstrated in this
study and may pave the way towards novel substrate design.

Experimental Section

Synthesis of Pt/C and Pt-M,0,/C (M =Gd, Y) Catalysts by the
Water-in-Oil Route

NPs were synthesized by realizing two water-in-oil microemulsions.
The two microemulsions contained 5.60 mL of Brij;, (provided by
Sigma-Aldrich) as emulsifier, 1 mL ultrapure water (Milli-Q, Milli-
pore), and 27.35 mL n-heptan (by Sigma-Aldrich) as the oil phase.
In the aqueous phase of the first microemulsion, reliable amounts
of yttrium trichloride (99.9%, ACS reagent), gadolinium trichloride
(99.9%, ACS reagent) and sodium hexa-chloroplatinate (99.9%,
ACS reagent), purchased from Alfa Aesar, were dissolved. For the
synthesis of the Pt-Y,O; material, 9.8 mg of YCl; and 84.3 mg of
Na,PtCl, were used. For the synthesis of the Pt-Gd,O; nanomateri-
als, 15.8 mg of GdCl; and 78.7 mg of Na,PtCl; were used. 114 mg
of reducing agent (NaBH,, 99% by Acros Organics) were dissolved
in the aqueous phase of the second micro-emulsion. The mixture
of the two micro-emulsions led to the formation of NPs. Finally,
Vulcan XC-72 (Cabot), preliminary heat-treated at 400 °C under a ni-
trogen atmosphere for 2 h, was added to the solution and dis-
persed under magnetic stirring for 2 h. The final mass metal load-
ing of the catalysts was 20 wt%. The supported catalysts were sep-
arated, washed several times with acetone and ultrapure water to
eliminate excess of surfactant molecules, and finally dried over-
night in an oven at 60°C. The heat-treated samples were obtained
under H,/N, (5% H, in N,, Air Liquide) at 100 °C for 2 h.

Physical Characterization of the Pt/C and Pt-M,0,/C (M=Gd,
Y) Catalysts

XRD measurements of the catalyst powders were carried out on an
EMPYREAN PANALYTICAL X-ray diffractometer using Cuy, radiation
(A=0.15406 nm). The XRD spectra were obtained at high resolu-
tion using the step-scanning mode, a narrow receiving slit (1/16°),
and a counting time of 240 s per 0.05°. Scans were recorded in the
range of 20°-95°. The phase was identified by referring to the
Joint Committee on Powder Diffraction Standards International
Center for Diffraction Data (JCPDS-ICDD) database. Diffraction
peaks were simulated using the Fytik free software. Simulations
were performed according to a previously reported procedure.®"

The nanoparticle size of the Pt/C and Pt-M,0,/C (M=Gd, Y) cata-
lysts was evaluated by TEM on a JEOL microscope (JEM-2001). The
samples were dispersed in ethanol, then a drop of such a solution
was placed on a copper grid covered by carbon film and the etha-
nol was evaporated. For all the catalysts, the diameter of particle in
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TEM images was evaluated by the Image) software. Particle-size-
distribution histograms were done by counting 300 particles in dif-
ferent TEM images.

The composition of the samples was evaluated by ICP and energy-
dispersive X-ray (EDX), equipped within the TEM microscope. The
metal loading for all the samples was investigated by TGA from 25
to 800°C under air. The resist sample was maintained at 200 °C for
2 h to reduce the Pt and M (M=Y, Gd) oxides.

Photoemission data were acquired in a custom-designed ultrahigh
vacuum (UHV) system equipped with a VG MK Il Escalab electron
analyzer, working at a base pressure of 107'° mbar. Core-level pho-
toemission spectra (Pt 4f, Y 3d and Ga 4d, pass energy 20 eV) were
taken at room temperature in normal emission using a non mono-
chromatized Mg anode. Powder samples were suspended in etha-
nol and drop-casted on a conductive carbon tape. After drying in
air, the samples were introduced in the UHV system, outgassed for
1h, and finally analyzed. There was no evidence for charging.
Spectrometer energy calibration was carried out using a gold
sample (Au 4f at 84 eV).

The stoichiometric composition of all the obtained catalysts was
analyzed on an ICP-OES (Optima 2000 DV, PerkinElmer). The metal
loadings of all the obtained catalysts were analyzed on a TGA in-
strument (SDT Q600, TA Instruments). The sample was heat-treated
from 25 to 800°C under air (Air Liquide) with a temperature in-
creasing rate of 5°Cmin~' and maintained at 800°C under N,
(99.99%, Air Liquide) for 1 h.

Electrode Preparation and Electrochemical Measurements

All the chemicals used in this work were of analytical grade (Alfa
Aesar). The glassy carbon (GC) electrode (3 mm diameter) used as
the working electrode (WE) was previously polished using alumina
mixed with ultrapure water (MilliQ, Millipore). 10 mg catalyst was
added into 0.25mL of a Nafion solution (5wt%, Aldrich) and
1.25 mL ultrapure water to obtain the ink. 3 uL ink was deposited
onto the WE surface, which was dried under Ar (99.99%, Air Lig-
uide). The reproducibility of this method has been reported previ-
ously.®**® About 52 ugcm 2 of metal was loaded onto the WE sur-
face. Electrochemical measurements were recorded on an Autolab
Potentiostat/Galvanostat and performed in a standard three-elec-
trode electrochemical cell. The RDE technique was applied to
study the ORR activity. The counter electrode (CE) and reference
electrode (RE) were, respectively, a GC plate and an RHE. A 0.5m
H,SO, solution was used as the electrolyte. The WE surface was
firstly electro-cleaned by cycling at 50 mVs™' between 0.05 and
1.2V (vs. RHE) until stable cyclic voltammograms (CVs) were ob-
tained. The real Pt surface area was determined via CO stripping
by absorbing CO (99.9%, Air Liquide) at 0.1V (vs. RHE) in a CO-sa-
turated electrolyte for 10 min. Then, CVs at a scan rate of 5mVs'
were performed in an Ny,-saturated medium (99.9%, Air Liquide),
from 0.05 to 1.2V (vs. RHE). The ORR activity was measured by
linear sweeps at 5mVs™' from 1.0 to 0.1V (vs. RHE) in an O,-satu-
rated (99.9%, Air Liquide) electrolyte.
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Carbon supported palladium nanostructures were synthesized via the carbonyl chemical route.
Compared with nanostructured platinum, prepared via carbonyl chemical route, Pd nanomaterials
showed mass-loading morphology, whereas particle size and morphology of Pt nanostructures was
constant. The oxygen reduction reaction (ORR) on nanostructured Pd, with different morphology in both
acid and alkaline medium was investigated. A relationship, based on X-ray diffraction structural analysis
pattern, transmission electron microscope, with the Pd morphological effect on ORR activity was

©2015 Elsevier Ltd. All rights reserved.

1. Introduction

Among platinum group metals, palladium-based cathode
catalysts for low-temperature fuel cell received lots of attention
because of their catalytic performance towards the oxygen
reduction reaction (ORR) [1-4]. However, the development of
Pd-based catalysts is a great challenge, since the control of
morphology for such nano-materials is still under investigation.
The Pd-based nanomaterials prepared via a direct reduction of Pd
salts usually produces agglomerations [5]. Strong binding surfac-
tants, e.g. the trialkyphosphines, 1-alkanethiols, have been used to
prevent agglomeration of nanostructured Pd NPs [6-9]. On one
hand, the nanostructured Pd morphology can be tailored by using
organic surfactants; on the other hand, these surfactants, strongly
bonded to Pd NPs surface, are difficult to be removed, thus
preventing the contact between the active catalytic sites with the
species, hence reducing the catalytic activity. Therefore, many
works focused on the synthesis of “clean” surface of Pd nano-
materials via various chemical routes [10-12]. In addition, it is well
known that the morphology significantly impact the catalytic
activity of Pd catalysts [13,14]. Abruiia et al. reported, an enhanced

* Corresponding author. Tel.: +33 5 4945 3625; fax: +33 5 4945 3580.
E-mail address: Nicolas.Alonso.Vante@univ-poitiers.fr (N. Alonso-Vante).

http://dx.doi.org/10.1016/j.electacta.2015.05.140
0013-4686/© 2015 Elsevier Ltd. All rights reserved.

ORR activity on Pd nanorods (NRs) with respect to NPs, prepared
via the same procedure [14], indicating that ORR activity of Pd
nanomaterials should be highly dependent on the morphology.

Herein, we report the synthesis of Pd nanomaterials via
carbonyl chemical route. This latter was selected based on the
following reasons. Previous works demonstrated that this method
is powerful to control the size (ca. 2-5nm) and morphology of
Pt-based NPs without surface faceting (spherical NPs) [15,16]. The
particle size and morphology are controlled via the formation of
clusters di-anions [Pt5(CO)s],2~ under CO atmosphere, which then
decompose and release Pt NPs [15,16]. Likely, this carbonyl
chemical route should also allow for the formation and decompo-
sition of [Pdyx(CO),],*>" clusters [17]. Methanol is used as solvent
during the synthesis via the carbonyl chemical route. Pd NPs
surface is free of surfactants and thus “clean”. To best of our
knowledge, no work done on the use of carbonyl route to tailor Pd-
based nanomaterials supported on carbon substrate has been
reported. Therefore, in order to develop a reliable synthetic
method, a systematic study on the comparison of nanostructured
Pt and Pd, tailored via carbonyl chemical route was necessary. As
reported in this work, different Pd morphologies derived from the
same synthetic procedure of carbonyl chemical route led us to
study its effect on the ORR activity in acid (0.1 M HClO,4), and
alkaline (0.1 M KOH) media, compared with the performance of a
reference commercial Pd catalyst.
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2. Experimental
2.1. Synthesis of Pd nanomaterials via carbonyl chemical route

The nanosized Pd/C catalysts were prepared via a Pd-carbonyl
chemical route. Briefly, K;PdClg (Alfa-Aesar, 99.9%) and the sodium
acetate (Alfa-Aesar, 99.9%) were used as precursors. These
precursors were dissolved in methanol (VMR, 99.9%), reacting
with CO (99.99%, Air Liquide) in ice bath (ice-water mixture, ca.
2°C) for 2h. Thereafter, carbon substrate was added into the
solution at room temperature under N, (99.99%, Air Liquide).
153.6 mg K,PdClg with 231.6 mg sodium acetate were dissolved in
25mL CH30H in 50 mL two-neck flask, and flushed with N, for
20 min. Then, the system, in ice bath, was exchanged to CO
atmosphere for 2 h under continuous stirring. The colour of the
solution turned instantaneously from orange to black-brown
during the reaction. The ice bath was removed, and for each
synthesis 450, 200, 117 or 75 mg carbon (Vulcan XC-72) was added
under N, atmosphere. The system was under N, for 12 h under
continuous stirring at room temperature. The solvent was
evaporated at 80°C. The black powder was filtrated and rinsed
by ultra-pure water (Milli-Q, Milipore) at least three times. Finally,
the powder was dried at 60 °C under air overnight. The generated
carbon (Vulcan XC-72) supported Pd with metal mass-loadings of
ca.11.5,14.7, 27.1 and 38.5 wt¥% (cf. Table 2), are noted respectively
as Pd/C-1, Pd/C-2, Pd/C-3 and Pd/C-4.

2.2. Physical characterizations

The Pd mass-loading of catalysts were determined by
thermogravimetric analysis (TGA). The sample was heat-treated
under air flux (Air Liquide) at a heating rate of 5 °C per minute, from
25 to 850°C and kept at 850 °C for 30 min. The morphology of the
nanomaterials was investigated by transmission electron micros-
copy (TEM) on a JEOL (JEM-2001) microscope. The particle size was
estimated on 100 isolated particles using the free software
“Image]”. The powder X-ray diffraction (pXRD) was performed
on an Empyrean Panalytical X-ray diffractometer using Cu-Ko
radiation (A=0.15406 nm). The pXRD patterns were obtained,
using high resolution, with step-scanning mode, slit at 1/16°, and
counting time of 240 5/0.05° in the range of 20-95°. Using the Joint
Committee on Powder Diffraction Standard International Centre
for Diffraction Data (JCPD-ICDD), the structural phase in pXRD
pattern was identified. Prior to analysis of pXRD patterns of Pd/C
catalysts, XRD patterns for XC-72 was used to calibrate the
background contribution of the supporting materials. The instru-
mental broadening was corrected by the standard pattern of LaBe.
The lattice parameter, a, of catalysts was estimated using Eqgs. (1),
and (2).

A
dpi = 5sind (1)

Table 1

Mean particle size (d/nm) and morphology (Morph.) estimated from TEM images;
crystallite size (D, / nm) calculated via Scherrer's law based on pXRD patterns;
dispersion for Pt/C catalysts prepared via carbonyl route with 10-40 wt % Pt mass
loading. Data extracted from Ref. [21].

Pt/C (10wt.%)  Pt/C (20wt%) Pt/C (30wt%)  Pt/C (40 wt%)

d 2.0+09 20+1.0 2.0+0.6 19+0.7
D, 39 2.5 33 33
Morph.  Spherical NPs  Spherical NPs Spherical NPs Spherical NPs

a

dpy = ————
VR + P+ P

Where \ =0.154056 nm, 0 diffraction angle in radians, hkl Miller
indices, and dp the interplanar distance.

In this work, a, was the average value of calculations of 5 typical
diffraction peaks belonging to Pd and Pt face centred cubic (fcc).
Strain effect (g), stacking fault (a) and crystallite size (L,) for
Pd-based catalyst were estimated based on Williamson-Hall
method, following the same calculation procedure via Eq. (3) in
our previous works [18,19].

Bcosb k| Kpy 4sin6
N L AT ¢ (3)

(2)

Where 3 is the full width at half-maximum (FWHM) of
diffraction peak, A = 0.154056 nm, 0 diffraction angle in radians, k is
the Scherrer Constant considering equal to 1, K(111)=0.43, K
(200)=1, K(220)=0.71, K(311)=0.45 and K(222)=0.43. Therefore,
each diffraction peak was fitted with a Pearson VII function in order
to obtain the diffraction peaks 6, and 3, equations (4)—(6).

Iy

A E— 4
T (1 +r=A20%)m @)

A20 = 20; — 26, (5)
K:4(2;; 1) ()

Where I¢ is the calculated profile intensity of a data point i in
equation (5),I, is the peak height, 26,is the peak position, and m is
the exponential parameter in the function. The «, 8, 3 and m were
extracted by Leverberg-Marquardt algorithm implemented in
Fityk (free software). The crystallite size (D,) of all Pt-based
catalysts was calculated via Scherrer’s law (ignoring other effects,
e.g., strains and stacking faults).

2.3. Electrochemical measurements

The catalysts were evaluated in 0.1 M HCIO4 and 0.1 M KOH
solution at 25°C. A standard three-electrode system was used for
recording the electrochemical behaviour. The reference electrode
was a reversible hydrogen electrode (RHE), and the counter
electrode a piece of glassy carbon. The rotating disk electrode
(RDE) with glassy carbon disk (3 mm dia.) was used as working
electrode. The ink was prepared by mixing 5 mg catalysts, 40 pL
Nafion (5wt%) and 710 L ultra-pure water (Milli-Q, Millipore),
and ultrasonicated for 2 h. 3 L ink was dropped at the surface of
RDE. The cyclic voltammograms (CVs) were recorded at scan rate of
50mV s~ ! in N,-saturated electrolyte, from 0.05 to 1.2V vs. RHE. A
stable CV cycle was recorded (20th cycle). For CO-stripping, the CO
was electrochemically adsorbed on the electrode surface at 0.1 V vs.
RHE for 10 min in the CO-saturated electrolyte, followed by 2 cycles
of CV at 5mVs~! in Ny-saturated electrolyte. The polarization
curve of oxygen reduction reaction was recorded via linear sweep
voltammograms (LSVs) at a scan rate of 5mVs~! in O,-saturated
electrolyte, from 1.0 to 0.2 V vs. RHE, on RDE with rotating speed of
400, 900, 1600 and 2500rpm (cf. Fig. S1 in supplementary
content). The kinetic current was calculated with the Koutecky-
Levich (K-L) Eq. (7) [20]:
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1—l+l—l+¥ (7)
JJx Ja k. BCPw!/2

Where j is the current density, ji the kinetic current density, jq
the diffusion current density, C° the concentration of molecular
oxygen, o the angular rate of rotating disk electrode. A linear fitting
of j ' vs. w2 Eq. (7), jq can be thus obtained from the slope and
', And ji could be derived, using Eq. (5). n, the number of
electrons, was calculated from the slope, given B=0.62nFD?3p~1/6,
where F Faraday’s constant, D the diffusion coefficient of O, and v
the kinematic viscosity. The active surface area (cm?) was
calculated by the coulometry of the hydrogen under potential
deposition (Hypq) in 0.1 M HCIO4 and by the CO oxidation peak
surface in 0.1 M KOH, using a charge of 210 and 420 wCcm 2,
respectively. The electrochemical surface area (ECSA), ORR specific
activity (SA), and mass activity (MA) were defined in Egs. (8)-(10).

Active surface

ECSA = Pd mass

(8)

_ Kinetic current

SA = Active surface

9)

_ Kinetic current

MA = Pd mass (10)

3. Results and discussion

The modified carbonyl chemical route for Pd/C-1, Pd/C-2, Pd/C-
3 and Pd/C-4 with a corresponding Pd-mass-loadings (11.5, 14.7,
27.1 and 38.5 wt.%) cf. Table 2, is shown in Scheme 1. The heating
bath (used for the synthesis of Pt-based catalysts) is replaced by a
cooling bath to gently form the nanostructured Pd from
[Pdx(CO),],%~ clusters. Using the carbonyl chemical route, previous
works in our group showed that spherical morphology and similar
particle size of Platinum were present on carbon (Vulcan XC-72)
supports with a metal mass loading varying from 10 to 40 wt.%,
Fig. 1A and Table 1 [16,21]. One can observe spherical platinum
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particles homogeneously dispersed onto carbon substrate with a
similar particle size (d) by TEM. However, the crystallite size (D),
varies from ca. 2.5 to 3.9 nm, hence slightly higher than d values.
This might be due to some agglomeration of Pt NPs. It can be
concluded that Pt NPs supported on carbon substrate, possess
similar size and morphology with the loading from 10 to 40 wt.%.

TEM images for Pd/C-1, Pd/C-2, Pd/C-3 and Pd/C-4 samples are
depicted in Fig. 1B-E. Unlike Pt-based nanomaterials, Pd samples
show various morphologies, depending on the metal mass-
loading. NPs in Pd/C-1 are highly agglomerated on carbon substrate
(cf. Fig. 1B), and many particles with a diameter higher than 10 nm
can be found (Fig. 1B). The mean particle size (d), based on
50 isolated particles from TEM images, is ca. 18 + 6 nm. For Pd/C-2,
large amount of Pd NWs can be observed, see Fig. 1C, forming a
layer-like structure and well-dispersed on carbon substrate. Few
agglomerated NPs can be also found in the sample (not shown
here). The diameter of NWs is about ca. 13 4+ 4 nm, and length varies
from ca. 18 to 50 nm, based on the analysis of 30 isolated NWs. Pd
NRs with length of ca. 6-8 nm and diameter of 2.8 4+ 0.7 nm, seen in
Fig. 1D, are dispersed on the supporting material in Pd/C-3 sample,
mixed with small amount of Pd NPs (d = 2.6 4= 0.5 nm). In Pd/C-4,
the NPs are almost all agglomerated (Fig. 1E), forming a network-
like and porous structure (Fig. 1E) on carbon substrate. Compared
with Pt-based catalysts, the morphology of nanostructured Pd via
carbonyl route varies depending on the metal mass loading.

In order to obtain the detailed morphological information for
Pd/C catalysts, further analyses on particle diameter (d) and length
(L) are represented in Fig. 2. For Pd/C-1, although a large amount of
NPs are agglomerated, the analysis based on isolated NPs showed
that d/L is nearly 1 (1.0 4+ 0.4), indicating spherical NPs. Analysing
isolated NWs in Pd/C-2, the d/L ratio decreases to
0.5+0.2 supporting the formation of NWs. It should be noted
that, the length of isolated NWs is shorter with respect to those in
the layer-like structure. One can observe from TEM images (Fig. 1C)
that some NWs in the layer grow to more than 50 nm. As linked to
each other, it is impossible to estimate the exact dimensions of
NWs in the layer-like structure. Concerning Pd/C-3, this value is
0.6 £ 0.1, corresponding to the dimensions of NRs discussed before.
For Pd/C-4, it is very difficult to calculate particle dimensions, since
all NPs are agglomerated.

NaAc, Na,PtCl(6H,0) in
MeOH, orange color

N,/ room

temperature solution
7
Carbonyl route CO/ heating bath
Pt-based nanomaterials (55°C)/24h
\NZ

Carbon black / N,/
room temperature
/12h

E>[ Dark green precipitation ]

[ Black powder ]

NaAc, K,PdClg in
MeOH, orange color

N,/ room

temperature solution.
A9 4
CO/ cooling
Carbonyl route bath (ca.2°C) /
Pd-based nanomaterials 2h
7

Carbon black / N,
/ room
temperature /12h

E> [ Brown precipitation ]

>

Black powder

Scheme 1. Comparison of synthesis for Pt- and Pd-based nanomaterials via carbonyl route.
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Pt/C (20 wt%)

R .

e )

Pt/C(30 w;%)

B Isolated NPs

Details of NWs

20 nm

Details of NRs

Fig. 1. TEM images for (A) Pt/C sample with metal mass-loading varying from 10 to
40 wt%, (B) Pd/C-1, (C) Pd/C-2, (D) Pd/C-3 and (E) Pd/C-4 catalysts.

The pXRD patterns of Pd/C catalysts show five typical Pd face-
centred cubic (fcc) phase: (111), (200), (220), (311) and (222), as
shown in Fig. 3A. It can be seen that the diffraction peak intensity
for carbon (002) plane emerges at 25° following a trend: Pd/C-
1>Pd/C-2>Pd/C-3>Pd/C-4, corresponding to the increased se-
quence of Pd mass-loading from Pd/C-1 to Pd/C-4 samples. The
peak at 34° in Pd/C (ETEK) sample is due to the presence of PdO
(101) plane in the commercial sample [22]. By analysing the
patterns via Williamson-Hall plot, Fig. 3B, the BcosO/\ value
fluctuates with 4sinf/\, where 3 is the integral peak width, 6 the
angle and A\ the diffraction wavelength, the peak broadening is
affected not only by the crystallite size (L,), but also by micro-
strains (&) and stacking faults (o). The calculated lattice parameter
(a), Ly, € and «, for home-made and reference catalysts, are
summarized in Table 2.

One can notice that, for the synthesized Pd samples, the value of
the lattice parameter is very close to the reference catalyst Pd/C
(ETEK). Ly value of Pd/C-1 is slightly higher, and those of home-
made catalysts lower than that of the commercial Pd/C (ETEK). On
the other hand, a and ¢ values of synthesized catalysts are higher
than the reference one. These facts indicate different morphology
of home-made catalysts with respect to Pd/C (ETEK). Among
home-made catalysts, the trend of L, is: Pd/C-3 < Pd/C-2 < Pd/C-
4 <Pd/C-1, whereas « follows the opposite trend, namely, Pd/C-
3>Pd/C-2>Pd/C-4>Pd/C-1. It can be found that the trend of
crystallite size is actually related to that of stacking fault. The
variation of ¢ for the home-made catalysts from ca. 0.22% to ca.
0.37%, suggests a different trend from L, and o.

Electrochemical behaviour of Pd/C catalysts with different
structural morphology was further analysed, and compared with
Pd/C (ETEK). Cyclic voltammograms (CVs) in acid medium are
depicted in Fig. 4 (column A). The double-layer behaviour for all
the catalysts is similar. The shape of hydrogen under potential
deposition (Hypq) region for home-made catalysts is different from,
not only among each other, but also to that of Pd/C (ETEK). The PdO
reduction peak potential differs among home-made catalysts, and
only Pd/C-3 shows a closer peak potential to the commercial one.
The surface of Hypq regions, and PdO peaks shows opposite trend to
L,, and the same to «, suggesting that the surface electrochemistry
of Pd is controlled by the morphology in acid. In alkaline medium,
different surface adsorption behaviour can be also observed in CVs,
as contrasted in Fig. 4 (column B). As regards to the hydrogen
diffusion peak, that of Pd/C (ETEK) is centred at 400 mV vs. RHE,
whereas this peak on home-made samples is positively shifted.
The OH™ adsorption peak on Pd/C (ETEK) sample is at 630 mV vs.
RHE, whereas it is positively (ex. Pd/C-4) or negatively (ex. Pd/C-1,
Pd/C-2 and Pd/C-3) shifted on home-made catalysts. The PdO
reduction peak potential for home-made catalysts is shifted to
positive (ex. Pd/C-1, Pd/C-2 and Pd/C-3) or negative (ex. Pd/C-4)
potential with respect to commercial one. The PdO reduction peak
follows the same trend to that in acid, except for Pd/C-4 whose PAO
reduction peak surface is larger than Pd/C-1, Pd/C-2 and Pd/C-3 but
smaller than Pd/C (ETEK). The complex surface electrochemical
behaviour in acid and alkaline of nanostructured generated Pd
samples might be attributed to morphological parameter, with a
consequence of the surface electronic modification. Indeed, in the
CO-stripping process, in both acid (Fig. 5A) and alkaline (Fig. 5B)
media, the CO oxidation surface process follows the same trend to
that depicted for PdO reduction. In both media, the corresponding
oxide reduction peak potential is similar between the home-made
catalyst and commercial one. The CO-oxidation peak potential, on
Pd/C-1 to Pd/C-4 catalysts is negatively shifted with respect to that
on Pd/C (ETEK), in HCIO4 and KOH solutions. This phenomenon,
suggests a surface electronic modification on the home-made
samples. Again, this effect can be attributed to the different
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Fig. 2. Analysis of particle diameter (d) normalized by particle length (L) based on
various TEM images for Pd/C-1, Pd/C-2 and Pd/C-3.

morphology and in good agreement with analysis of CVs curves, cf.
Fig. 4.

The ORR polarization curves at 900 rpm are shown in Fig. 6A.
Different rotating speeds are shown in Fig. S1 (supplementary
content). Fig. 6A shows that the half-wave potential, E;,, of Pd/C-
3 is shifted +18 mV from Pd/C (ETEK) catalyst. E;, values for Pd/C-
2; Pd/C-4; and Pd/C (ETEK) are close to each other (820-830 mV/
RHE), while that for Pd/C-1 is the most negative one. The number of
electron transfer (n value in Table 2) was estimated as ca. 3.3, 4, 3.9,
3.9 and 3.6 for Pd/C-1, Pd/C-2, Pd/C-3, Pd/C-4 and Pd/C (ETEK)
sample, respectively. The reason why n value in Pd/C-1 and Pd/C
(ETEK) is low than on other samples is probably associated with the
H,0, production in the ORR process. Mass-transfer corrected Tafel
plot in Fig. 6B shows specific activity (the kinetic current density
normalized by Pd active surface), in the interval of 900-850 mV vs.
RHE. Pd/C-3 and Pd/C (ETEK) have the highest and lowest specific
activity (SA), respectively. The Tafel slope (b) in this interval, listed
in Table 2, of Pd/C-2 and Pd/C-3 was the highest, namely, 66 and
69 mV dec™!, followed by b value on Pd/C-4, of ca. 61 mVdec™,
whereas, that of Pd/C-1 and Pd/C (ETEK) decreased to ca. 55 and
57mVdec . This fact reflects a different ORR process on Pd/C-
1 and Pd/C (ETEK), with respect to other samples. The mass activity
at 850 and 800mV vs. RHE in Table 2 confirmed the highest
catalytic activity towards ORR on Pd/C-2 and Pd/C-3 samples. It is
worth to compare the catalytic activity of our Pd NWs and NRs
supported on carbon with other Pd-based nanomaterials toward
ORR in acid solution. For example, the MA of Pd,CoyNi, trimetallic

A ) 20K cps I
S (200)
£ (@311) 222
z * 1
[}
[ =
8
E

Pd/C (ETEK)

1 1 1 1 1 1 1
20 30 40 50 60 70 80 90

201°

Bcosf/ A (nm'1)

Table 2

Pd mass loading (Pd/wt%) from TGA results; lattice parameter (a/nm), crystallite
size (Ly/nm), strain (€/%) and stacking fault (a/%) values calculated from pXRD
patterns; particle size (d) and morphology (Morph.) estimated based on TEM
images; number of electron transfer (n), Tafel slope (|b| / mV dec™! in the interval of
850-900mV vs. RHE), electrochemical surface area (ECSA | m?g 'pq), specific
activity (SA / mA cm~2pg) and mass activity (MA / mAmg~'pq) at 850 ? and 800 ° mV
vs. RHE.

Pd/C-1 Pd/C-2 Pd/C-3 Pd/C-4 Pd/C (ETEK)
Pd 115 14.7 271 385 30
a 0.3891 0.3889 0.3891 0.3890 0.389
L, 18 12 7 14 16
€ 0.25 0.37 0.22 0.28 0.02
a 1.47 1.98 2.20 1.93 0.90
Morph. NPs NWs NRs NPs NPs
n (HClO,) 3.3 4 3.9 3.9 3.6
n (KOH) 3.5 4 4 39 4
[b] (HCIO,) 55 66 69 61 57
|b] (KOH) 108 80 110 146 101
ECSA (HCIO,) 34 55 46 20 49
SA (HCIO,) 0.08 2 0.072 0.10°? 0.08 2 0.04?
0.33° 029° 041° 0.33° 0.23°
MA (HCIO,) 2732 393 46° 16 2 207
112° 160 ° 189 ° 66 ° 113 °
ECSA (KOH) 12 15 21 20 285
SA (KOH) 0232 0.70 2 0642 0242 0332
0.60 ° 275" 156 ° 0.47° 1.04°
MA (KOH) 272 1052 1342 482 942
72° 412° 328 P 94" 296

NPs, supported on carbon, was of ca. 2.6-3.2mAmg 'pq at 0.8 V vs.
RHE [23]. Carbon supported PdCo bimetallic NPs showed an ORR
mass activity of ca. 20-170mAmg 'pq at 0.8V vs. RHE [24].

In 0.1 M KOH, Fig. 6C, Eq> of ORR polarization curves on Pd/C-
3 is the highest potential, successively followed by Pd/C (ETEK), Pd/
C-4, Pd/C-2 and Pd/C-1. The n on Pd/C-1 is 3.5, whereas that on
other samples is close to 4. Taking the analysis of the number of
electron charge transfer in acid into account, the electron transfer
efficiency is constant or enhanced in alkaline solution. Tafel plot in
Fig. 6D shows the highest SA values on Pd/C-2 and Pd/C-3 samples,
followed by Pd/C (ETEK), Pd/C-4 and Pd/C-1 samples. As shown in
Table 2, Pd/C-2 has the lowest b value of ca. 80 mV dec™' among all
the samples, followed by Pd/C (ETEK) with ca. 101 mV dec™. The
Tafel slopes of Pd/C-1 and Pd/C-3 are close, namely ca. 108 and
110mVdec™!, For Pd/C-4, b=146mVdec™!. The MA in Table 2
shows that the catalytic activity is enhanced on Pd/C-2 and Pd/C-
3 samples with respect to other catalysts in this work. Compared
with the catalytic activity towards ORR on nanostructured Pd in the
literature [25,26], that on Pd/C-2 and Pd/C-3 catalysts is enhanced.

0.25 -
B ® Data of fitted peaks —5— Simulated data
0.20+ Pd/C-3 °
Pd/C-2
Y A\.\.
0.15 / X
Pd/C-1 3\;
0.10+
F\L_f
® PdIC (ETEK) R -
0.05 1 1 1 1 1
8 10 12 14 16 18

4sind/ A (nm'1)

Fig. 3. (A) pXRD patterns of home-made catalysts. The peak at 34° is the (101) plane of PdO in the reference Pt/C (ETEK), (B) Williamson-Hall plot for Pd/C-1, Pd/C-2, Pd/C-

3 and Pd/C-4 catalysts.
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Fig. 4. Cyclic voltammograms, recorded at scan rate of 50mVs~! in N,-saturated 0.1 M HCIO,4 (column A) and 0.1 M KOH (column B).
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Fig. 6. (A) ORR polarization curves, recorded by linear sweep voltammograms at scan rate of 5mV s~ ! with a rotating speed of 900 rpm in O,-saturated 0.1 M HClO,4, and (C)
0.1 M KOH. Mass transfer corrected Tafel plots, derived from ORR polarization curves at 900 rpm, for the catalysts in (B) 0.1 M HCIO,, and (D) 0.1 M KOH.

Considering the structural morphology, one can conclude that
the ORR mass activity on nanowire-like in Pd/C-2 and nanorod-like
in Pd/C-3 is improved, though with lower active surface area and
mass loading with respect to commercial Pd/C (ETEK) [27] in acid
and alkaline media. Highly agglomerated structures in Pd/C-1 and
Pd/C-4 prepared via carbonyl chemical route show slight or no
improvement towards ORR activity, possible due to highly reduced
Pd active surface. It is interesting to note that on home-made
catalysts, the ORR mass activity follows the same trend as the
stacking faults (o), but in opposite sequence to the crystallite size
(Ly). Pd/C-2 and Pd/C-3 is higher than Pd/C-1 and Pd/C-4,
concomitantly indicating a connection between the catalytic
activity towards ORR and the catalysts’ morphology. It is worth
to note that the different metal mass loadings were, indeed

performed through the addition of different mass of carbon
substrate with the same concentration of Pd chemical precursor
solution. Thus, it is possible that the generation of various
morphologies takes place on various nucleation sites of the
supporting material. The test on other substrates needs further
verification, and it is under current investigation in our laboratory

4. Conclusion

In this work, carbon supported Pd nanostructures were
prepared via carbonyl chemical route generating various mor-
phologies according to the mass loading, as revealed by TEM
images. The obtained Pd catalysts were compared with Pt NPs
catalysts, prepared via the same carbonyl chemical route, resulting
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in similar particle size and morphology. The surface electrochem-
istry in acid and alkaline media as well as the ORR, combined with
the analyses of pXRD patterns, it comes out that the morphological
effect has a positive impact towards the electrocatalytic ORR
process, as compared with carbon supported reference catalyst.
This study paves the way to better control the morphology changes
induced by the chemical synthetic route via carbonyl, on the one
hand; on the other hand the substrate’ nature variation can shed
light onto the nucleation process leading to morphological changes
of the catalytic centres.
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In this study, mixed-oxides of Ti; W03 (0 < x < 0.3) nanomaterials have been synthesized viaa multistep
sol-gel process. The effect of W doping on the anatase structure and on the electrical conductivity of the
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determine the bang-gap energy of the mixed-oxides. The electrochemical stability of these materials was
also investigated before they were tested as substrate for platinum nanocatalysts for oxygen reduction
reaction. The metal was deposited onto the support either via the chemical route (carbonyl method) or
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1. Introduction

The widely used conventional support of Pt-based catalyst is car-
bon black (Vulcan XC-72). This latter, in low temperature fuel cells,
is known to undergo electrochemical oxidation to surface oxides
species and to CO, [1]. As carbon corrodes, noble metal nanoparti-
cles on carbon black will detach from the electrode or aggregate to
larger particles resulting in Pt surface area loss, which subsequently
lowers the performance of PEMFCs [ 2]. Therefore, many efforts have
been made to search for new catalyst supports [3]. Metal-metal
oxide catalysts have been investigated as possible co-catalysts that
are believed to operate via the bifunctional mechanism [4-6]. Tung-
sten oxide has been considered as a support material for fuel cell
catalysts [7,8]. Titania, a widely used catalyst support [9], is known
to enhance the activity in many cases due to the strong interac-
tion between the active phase and the support [10]. In most of
these oxides the metal is in its highest oxidation state and these
materials are large-gap semiconductors. However, these oxides can
be partially reduced [11] or doped with other metal cations [12],
resulting in metal-like oxides. TiO, can be doped with other cations
to prepare Tiy_4MxO,, where M is a metal from group V or greater.
Hence, doped TiO, has the possibility of being both electrically con-
ducting and kinetically stable in aqueous acid or alkaline media

* Corresponding author. Tel.: +33 54945 3625; fax: +33 54945 3580.
E-mail address: nicolas.alonso.vante@univ-poitiers.fr (N. Alonso-Vante).
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within a large electrode potential interval. The heteroatoms can be
incorporated as a substituent of the titanium ion [13] or as an inter-
stitial ion [14] of the titania lattice, or a surface-bound species, e.g.,
the surface wolframyl groups [15]. Depending on the nature and/or
the history of sample preparation, the mode of incorporation of the
heteroatom can change and, hence, the physical properties and the
performances.

Various deposition techniques are available for the preparation
of TiO, samples (powder or thin films), namely, magnetron sputter-
ing[16], sol-gel [17], hydrothermal [ 18], chemical vapor deposition
[19] or pulsed laser deposition [20]. Among them, sol-gel is of
particular interest for its simplicity to obtain well-controlled stoi-
chiometry doped TiO; oxides.

In the present work, tungsten was introduced to titania to obtain
amixed Ti;_xWx0, material, which was then characterized by var-
ious analytical and spectroscopic techniques. We are especially
interested in the influence of W in the optoelectronic properties
and in the interaction between platinum nanoparticles and the
high-conducting mixed-oxide as support.

2. Experimental
2.1. Synthesis of materials by sol-gel synthesis

Ti1_xWx0> nanoparticles were synthesized via a sol-gel-based
multistep synthesis involving firstly the dissolution of tungsten VI
chlorides oxides WOCly in isopropanol during 3 h under stirring at
ambient temperature. Thereafter, the titanium isopropoxide (TIP)
was added in this solution. Finally, after 16 h, a required quantity
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b)

Fig. 1. TEM images of TiO (a and b), Tip.95s Wo 502 (c and d) and Tip7Wy 30 (e and f) powders.

of water at 0°C was added to hydrolyze the TIP to Ti;_xWx0O,. The
powder was obtained after evaporation of the solvent and dried
under primary vacuum, and later heat-treated, under air or nitro-
gen, at 450°C, 1 h. The quantities of the chemical precursors vary
according to the chosen molar ratio of Ti/W. For the sake of com-
parison, TiO, and W03 were independently synthesized using the
sol-gel process.

2.2. Platinum nanoparticles supported onto oxides

For the synthesis of 8wt.% Pt/oxide, platinum carbonyl
[Pt3(CO)s]52~ was prepared by mixing 50.12 mg Na,PtClg-6H,0
with 44.24mg sodium acetate (mol ratio of NaAc/Pt=6) in
methanol solution under CO atmosphere for 24 h. Subsequently,
200 mg of oxide TiggWp20, was added to the above solution and
stirred for another 12 h under nitrogen atmosphere. The final prod-
uct (Pt/TipgWp20,) was collected on a Millipore filter membrane
(dia. 0.22 wm pore size), washed with water and dried in vacuum
at room temperature [21,22].

2.3. Characterization of photocatalyst

The morphology and size of particles was examined with a TEM
on a JEOL JEM-2001 equipped with a LaBg filament. The samples
were characterized under an accelerating voltage of 200kV and a
resolution of ca. 0.19 nm.

The synthesized materials were characterized by powder X-ray
diffraction using a diffractometer, Bruker “D8 Advance”, equipped
with a linear detector fast VANTEC and a heating room Anton Paar
(htk16) in the 26 range of 15-70°. FullProf program suite was used
for the Rietveld refinements.

Raman spectra were obtained with a spectrometer, Horiba Jobin
Yvon “LabRam HR 800-UV”, using 0.05 mW green laser Ar* (Melles
Griot), within the wave number range of 50-1200 cm~!. The spec-
trometer is gauged with a sample of silicon with a resolution of

d)
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0.5 cm~1. The software LabSpec 5 allows for the acquisition and the
treatment of the results.

The oxides were also analyzed by Diffuse Reflectance Spec-
troscopy with a spectrophotometer UV-Visible-PIR Varian “Cary
5000”, double UV-Visible-PIR beam (spectral range from 175
to 3300nm) equipped with a Praying Mantis™. To determine
the conductivity of oxide powders, the impedance spectroscopy
measurements were recorded at room temperature. An Autolab
potentiostat with a Frequency Response Analysis system software
(FRA) was used to record the impedance in the frequency range
of 50kHz to 1 Hz, at a potential of 0V. The cell used was provided
with a two-gold disk electrodes compartment covered by a sheet of
carbon, Toray. A torque of 25 in.-pounds assured the electrical con-
tact and reproducibility of the measurements of the various oxides
powders. All generated data showed a non-frequency dependence.

2.4. Photoelectrochemical and electrochemical measurements

Photocurrent measurements were performed at room temper-
ature in a photoelectrochemical cell (PEC) provided with three
electrodes. A plate of glassy carbon served as counter elec-
trode, and a reversible hydrogen electrode (RHE), connected to
the cell compartment through a Luggin capillary, as a reference
electrode. A solution 0.5M H;SO4 was used as electrolyte. The
working (photo)electrodes were prepared by spin coating (at
3500rpm) using a suspension of the oxides in ethanol (5 mg/mL)
and deposited on SnO,:F (Solems) substrates of 0.5cm?2. After
ejection and evaporation of the solvent, a porous Ti;_yWx0, adher-
ent thin film was formed. The samples were calcined afterwards,
in air at 450°C. The PEC was provided with a quartz window
and was placed on an optical table on a support that allowed
the displacement of all the system in X, Y and Z directions. The
measurements were carried under UV-visillumination and in dark-
ness. The UV-vis source of light was from a Xenon lamp, Spectral
products ASB-XE-175. Current-potential curves were performed in
Ar-saturated electrolyte, from 0.1 to 2 V/RHE at 50mVs—!.
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For the oxygen reduction reaction (ORR) measurements, the
working electrode was a glassy carbon disk with a 3 mm diame-
ter (geometric surface area, 0.071cm?2) and polished with Al;03
(5A) powder prior to catalyst deposition. The catalyst ink was pre-
pared by dispersing 10mg of catalysts, e.g., TiggWg20,, 8wt.%
Pt/TiggWy 20, (by carbonyl way) and 8 wt.% Pt/TiggWy20, (by
photodeposition), in 250 uL Nafion® (5wt.% in water/aliphatic
alcohol solution, Aldrich) and 1250 L ultra pure water (18 MQ2-
cm) in an ultrasound bath for 1h. A drop of 3.0 L of catalyst ink
was deposited onto the working electrode surface and dried under
nitrogen. Before the ORR measurements, cyclic voltammetry, in
nitrogen-saturated electrolyte, was performed to clean and acti-
vate the electrode surface from 0.05 to 1.2 V/RHE at 50mVs~'. 20
cycles were necessary to stabilize the current-potential signal. Lin-
ear current-potential curves were recorded from 1.0 to 0.2 V/RHE
in oxygen-saturated electrolyte at a 1600 rpm rotating speed. All
electrochemical measurements were recorded with a Potentiostat,
Autolab PGSTAT30.

3. Results and discussion
3.1. TEM characterization of the Ti;_yWxO, powders

Fig. 1 shows low and high magnification TEM images of some
Ti1_xWx0, powders. For each sample the size of particles is clearly
in the order of ca. 10 nm. Whatever the considered sample, TEM
observations did not show the presence of larger particles. The par-
ticles seem to be regular in shape regardless of the W-content. From
Fig. 1a, c and e, it seems that the addition of W is responsible for a
slight decrease in the mean particle size. Furthermore, for high W-
content (i.e. for Tip7 W30, sample), small particles are apparent
(Fig. 1e). The presence of these particles could be attributed to the
growth of small clusters at the surface of larger ones.

3.2. Phase identification in the prepared Ti;_,Wx0, materials

The Fig. 2 summarizes the XRD patterns of the whole set of
synthesized oxides, namely, Tig7Wq303, TiggWg 202, TiggWg 102,
Ti0.95W0.0502, Ti0.99W0‘01 0y, and T102 The vertical bars at the bot-
tom show the diffraction peaks corresponding to the anatase and
brookite phase of TiO,. The anatase phase is the predominant phase
on all synthesized samples. The visible peak at 260 =31° correspond-
ing to brookite phase disappears with the tungsten concentration
(>1%). This result supports the fact that tungsten inhibits any phase
change of anatase [23]. Moreover, up to a W content of 30at.%,
there is no formation of crystalline WO3 phase, which can suggest
that W could be built-in in the matrix of TiO,. Structural analy-
sis of the Ti;_yWx0, material with different W contents calcined
at 450 °C suggests that the anatase phase of titanium dioxide does
not change when reacting with a tungstate chemical precursor for
W content lower than 30 at.%.

3.3. Structural characterization of Ti;_xWx0, materials and effect
of the heat-treatment

In addition, tungsten is responsible for shifting diffraction peaks
of anatase toward lower angles. Diffractograms shown in Fig. 2
were fitted by the Fullprof free software and Rietveld structure
refinement. The average crystallite size as well as lattice parameters
of Ti;_xWx0, with (0 at.% <W <30 at.%) obtained from these simu-
lations are summarized in Table 1. The lattice parameters (a=b,
and c) show variations with the W-content. While the a-parameter
monotonously increases with the W-content, the c-parameter
decreases. As aresult, the volume unit cell increases until 10 at.% W,
and then remains nearly constant. Furthermore, it can be pointed
out that the addition of a small amount of W (1 at.%) produces a

Ti, W, ,0

Intensity / a.u.
L :| L
=
kel

anatase
brookite

. ‘ I TR O T

20 30 40 50 60 70
260 / degrees

Fig. 2. XRD patterns of Tip7W0302, TiopgWo202, TipgWo 102, TioosWo0502,
Ti0.99Wop,0102 and TiO,. Vertical bars at the bottom represent the diffraction peaks
positions of anatase and brookite phases.

slight shrinkage of both a, and ¢ parameters (in comparison with
TiO, sample) which could be associated with the substitution of Ti4*
by W6*. As a result of this substitution, a defect formation occurs at
the metal sites [24].

The effect of the calcination temperature was also in situ
XRD examined on TiggWp20, and the Tig2Wgg0, samples see
Fig. 3. The as-prepared sample: Tig gW 20, shows broad diffraction
patterns characteristic of the anatase crystal phase with a low crys-
tallinity at ambient temperature as shown in Fig. 3 (lower panel).
With the increase of the calcination temperature (i.e. 650 °C), the
narrowing of the diffraction peaks was observed, thus crystallite
growth of the titanium dioxide takes place. However, the appear-
ance of a shoulder at 24° testifies of a phase change, which is clearly
putin evidence when measuring the heat-treated sample at 30.3°C,
see upper panel of Fig. 3.

3.4. Strains analyses of Ti;_xWx0, materials

To complete the structural study of the Ti;_yWx0, materials
(x<0.3), Raman spectra were generated on those samples and con-
trasted in Fig. 4A. These results are consistent with the phase
analysis realized from data obtained by XRD. All Ti;_yWx0, sam-
ples showed the characteristic peaks for the Eg, Big, A1z and Eg
modes of anatase, but their positions slightly deviate from those
of bulk anatase at 145, 398, 519 and 639cm~! [25]. The samples
with W content below 5 at.% show peaks at 247, 323 and 366 cm™!
that can be assigned to the Ag, B1g, and Bog modes of brookite [26]
(Fig. 4B). Other details observed in the Raman spectra is the broad
emission peak centered at ca. 972 cm~! for W-content higher than
1 at.% (Fig. 4C). The magnitude of this peak increases as the W con-
tent increases. There is no indication of other tungsten species,
including crystalline WOs. This is fairly in agreement with con-
clusions drawn from XRD experiments. Consequently, this peak
is attributed to the W=0 stretching mode of surface wolframyl
entities [27]. In order to determine the effects of tungsten on the
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Table 1
Characterization data of the different tungsten doped titanium oxide samples.

759

Sample Crystallite size  a(=b)/A c/A Cell volume/A3 Crystallite size  Tensile Compressive Egap (eV) Egap (V) action  Conductivity
(XRD)/nm (Raman)/nm stress/MPa  stress/MPA Kubelka-Munk spectrum (mS/cm)
TiO, 9.8 3.785 9.483 135.856 101 857 - 3.44 3.42 1.77 x 1073
Tip9oWo00102 10.5 3.784 9.478 135.712 9.4 791 - 3.31 - 45.4x1073
TioosWo0502 6.4 3.789 9.482 136.130 6.4 - 332 - 3.38 2.62
TipgW0102 7.2 3796 9473 136.502 6.1 - 674 - - 885
TiosWo202 9.1 3.801 9.431 136.255 5.4 - 63 3.37 - 147.06
Tip7Wo30,  10.8 3.807 9.422 136.555 53 - 579 - - -
W03 - - - 430.059 - - - 291 3.05 -

microstructure of TiO,, the frequency shift and full width at half
maximum (FWHM) of the E; mode at ca. 144cm~! are plotted in
Fig. 5A. Within the W-content range from 0 to 30 at.%, the full-width
at half-maximum of the peak increases from 12.6 to 29.9cm~1. At
the same time, the Eg band is blue-shifted from 144.6 to 155.3 cm~1.
These data are consistent with a monotonous decrease of the mean
crystallite size as the W content increases. There are apparently
some discrepancies between XRD calculations and the Raman data
since the crystallite size of anatase phase calculated from diffrac-
tograms continuously decreases up to a W content of 10 at.% and
then increases. Such difference is due to the fact that XRD data
reflect the overall size of crystallites including heavily tungsten-
doped surfaces of TiO, nanocrystals observed for high W-content
samples and that Raman data reflect the properties of the TiO, core
for samples exhibiting wolframyl groups on their surface [24]. Our
observed E; mode blue-shift could be attributed to the effect of
tungsten into the matrix of anatase and consequently associated
with the metal-ions insertion [28]. Yang et al. [29] believe that the
blue-shift of the peak could be caused by the residual compressive
strain, while the broadening of the peak may be associated with
defects such as dislocation and oxygen vacancies leading to a dete-
riorated crystal quality. The magnitude of the stress affecting TiO,
grains has been estimated from Raman spectra using the procedure

303°C
650.0 °C
3
©
2
g 1 A 1 A 1 " 1 n 1
8 [303°C
k=

1 " 1 n 1 n 1 n 1

anatase
brookite

AT
50 60

i
20 30 40
20/ degrees

Fig. 3. XRD pattern evolution of Tig§Wy 202, during the in situ heat-treatment in air
(30.3-650°C), from bottom to upper panel.

reported by Kim et al. [24]. For each sample, the crystallite size was
first obtained from the Eg; mode bandwidth by using the phonon
confinement model [30]. The expected position of the E; mode was
then deduced from the calculated TiO, crystallite size. Finally, the
difference between the expected and the observed Eg mode peak
position was then used to estimate the nature (tensile or compres-
sive) and the magnitude of the stress affecting the material by using
the slope of 3.16 cm~1/GPa [24,31]. Results obtained are summa-
rized in Table 1. From Table 1 one observes that the stress affecting
the sample can be either a tensile or a compressive one as a function
of its composition. For low W content samples (i.e. W< 1 at.%), the
stress affecting the anatase phase is a tensile one. This stress can be
associated with the presence of the brookite phase suggesting the
larger strain between TiO, grains [32]. The samples with W >5 at.%
are subjected to a compressive stress. This is due to the surface seg-
regation of parasitic phases imposing large compressive strain to
the TiO, layer, and to the lattice of TiO, that simultaneously expe-
riences excessive defects. This latter effect is however balanced by
the expansion of the anatase lattice.

From the Rietveld refinement results, we obtained the varia-
tions of the Ti—O bond distances with the W-content. The anatase
structure can be described as edge-sharing of identical TiOg octa-
hedral. The octahedral is elongated along the c-axis to result in four
short equatorial Ti—O bonds and two long axial Ti—O bonds. Fig. 5B
shows the variations of the Ti—O bond distances of anatase with
the tungsten content. The axial bond remains more or less constant
and decreases significantly for 30 at.% W, while the equatorial bond
shows a monotonous increase with the increase of the W-content.

Based on the above discussion, it is very likely that two tungsten
species are the lattice doping tungsten and the surface wolframyl
group. When the W-content is low (i.e. lower than 5 at.%), most of
the tungsten species are majorly inside the anatase lattice and sub-
stitute the titanium ions. From Raman experiments, the saturation
point can be estimated to be between 1 and 5 at.% since the pres-
ence of wolframyl species is visible at W content higher than 5 at.%.
This saturation range is slightly lower than other already published
data [24,33,34]. In fact, at higher tungsten content (i.e. higher than
5at.%), the additional tungsten atoms are responsible for the for-
mation of surface bonded wolframyl groups, as evidenced by the
growth of the 972 cm~! peak in the Raman spectra. It can be seen
in Table 1 that both a, and c parameters are slightly decreased by
simply adding 1 at.% of W. Similar observations were done by Kim
et al. [24]. The addition of 5at.% of W, both a-, and c-parameters
expand. This can be explained by the substitution of Ti** by W6*
in agreement with the explanation given by Kim et al. [24]. As the
surface bound wolframyl groups become visible (i.e. for W con-
tent higher than 5at.%), the lattice is expanded in the direction
of a-parameter, whereas there is a shrinkage along the c-axis. As
conclusion, it seems that surface groups are responsible for expand-
ing the lattice along the a-axis, and the c-parameter decreases in
order to keep the cell volume at a nearly constant value as shown
in Table 1. Other causes such as surface hydration effect or repul-
sive interactions of the parallel surface defect dipoles can also be
responsible for lattice volume changes [35,36]. However, the first
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Fig.4. (A) Raman spectra of oxides, and tungsten mixed-oxide in the spectral range
of 40-1050 cm~!. (B) Raman spectra in the energy interval of 240-380 cm~! show-
ing the evolution of the brookite phase. Bands associated to the Ajg, Big, and Byg
modes of brookite are marked with stars. (C) Raman spectra in the energy interval
0f 900-1100 cm~! showing the evolution of wolframyl groups. The band attributed
to the W=0 stretching mode of surface wolframyl entities is marked with a star. 1:
TiO2; 2: Tio.99Wo.0102; 3: Tio.95Wo.0502; 4: Tig g Wo0.102; 5: Tio. s W0.202; 6: Tio.7 Wo302;
7: WOs.

phenomenon would be responsible for a lattice contraction as the
particle size decreases. Furthermore a lattice expansion would be
observed as a result of the repulsive interaction between surface
defect dipoles. Additionally, since the polarizability of the anatase
lattice is low it is possible to conclude that repulsive interactions
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Fig. 5. (A) Variation of the peak position (red line) and the peak width (blue line)
of the Eg band of titanium dioxide with the tungsten at.% content. (B) Variations of
the Ti—O (axial-equatorial) bond distances of titanium dioxide with the tungsten
at.% content. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

able of exerting a negative pressure on the crystal lattice are weak
[35].

3.5. Light absorption properties

The samples of Ti; _yWx0, were measured by reflectance tech-
nique and then adjusted using a Kubelka-Munk transformation.
Determination of the band-gap energy was essential to identify
changes in the electronic structure of the oxides, which depends
on the structural properties. Fig. 6A shows the reflectance spectra
of Ti02, TnggW0.0] 02, Ti&gWo.zOz and WO3. One can see that all
titanium-based oxides are transparent in the visible light region.
Due to the fundamental absorption in the vicinity of band-gap, the
reflectance increases abruptly as the wavelength reaches the visi-
ble range. The reflectance maximum decreases with the W-content,
suggesting changes in the opto-electronic properties. Fig. 6B shows
the direct transition Kubelka-Munk plot as a function of the pho-
ton energy allowing the estimation at the intercept of the threshold
energies, namely, 3.31; 3.37; 3.44; and 2.91 eV for TigggWg 0102,
TiggWp20;, TiO2, and WO3, respectively. The apparent decrease in
the overall band gap energy with the amount of tungsten doping
testifies a shift to the visible region. Moreover, as discussed below,
the increase of the conductivity (Table 1) with the tungsten con-
tent confers to such mixed-oxides a metal-like behavior. In other
words, the increase in the conductivity is the result of the effect
of the electronic state of W in the band structure of TiO, and can
also be related to the constancy of the long Ti-O bond length in the
crystal structure.
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Fig. 6. (A) UV-visible diffuse reflectance spectra of selected samples 1: TiO,, 2:
Tio.99Wo0.0102, 3: TigpgWo0, and 4: WOs. (B) The corresponding Kubelka-Munk-
transformed diffuse reflectance as a function of hv for a direct allowed transition.

3.6. Photoelectrochemistry

The current-potential curves of Tigg95Wg 0502, TiggWgo 10, and
TiggWy 20, porous oxide films, measured in darkness and under
UV-vis illumination are shown in Fig. 7A. The current responses
are mainly dominated by the characteristic redox peaks of Ti** and
Ti3* (hydr)oxide species of TiO, occurring in the potential window
from 0.05 and 0.6 V vs. RHE [37]:

Ti(OH), + H* < [Ti(OH)(H,0)]* + e~ < Ti(OH) + H,0 (1)

However, the electron-hole recombination increases with at.%
of W-content and thus the photocurrent (i) is greatly reduced.
This fact allows ruling out the presence of amorphous WO3 phase
which would be responsible for increasing the magnitude of the
photocurrent response [38]. This doping effect of 3d metals has
been studied by DFT (density functional theory) calculations on
TiO, (rutile) doped with W [39], Mo [40], Fe, Co, Ni, Mn [41]. Accord-
ing to such calculations a strong hybridization with the doping
elements appears in the band gap of TiO, leading to the forma-
tion of intermediate energy states. As demonstrated in the present
work, the consequence of such phenomenon is not the decrease of
the fundamental energy gap of the mixed-oxide, cf. Fig. 6, but the
increase of the electrical conductivity, cf. Table 1. The photogenera-
ted electron-hole (e-h) pairs on Tig gW(50; only take place under
UV irradiation, Fig. 7B. At a relatively high applied electrode poten-
tial (1V vs. RHE) the recombination of e~ —h"* pairs is evident under
chopped illumination at intervals of 5s. Nonetheless, as depicted
in the insert of Fig. 7A, it is clear that the photo-response decreases
with the increase of the W content. This is concomitant with the
increase of the electronic conductivity, cf. Table 1, and further in
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Fig. 7. (A) Current-potential characteristics of selected samples: 1: Tig95Wo,0502,
(2) 2: TipgWo.102, 3: TipsW20, and 4: SnO; :F substrate in darkness (dashed lines)
and under UV (full lines). The insert zooms the photo-response of js : Tip s W20, and
ja: TipgWo10;. The periodic on-off photocurrent response of TipgWo 20, at E=1V
vs. RHE, under UV and visible (A >400 nm) irradiation is shown in (B). Measure-
ments were carried out in Ar-saturated 0.5 M H,SO4 electrolyte with a scan rate of
50mVs-'.

good agreement with a similar trend observed in TiO, thin films
doped with W, deposited by magnetron sputtering technique [16].

The modification of the band structure of TiO, by the insertion
of W in the crystal structure was further studied by measuring iy
with respect to wavelength of the incident photons, Fig. 8A. The
direct band gap (Eg) of the oxides was estimated through (iph*hv)2
vs. hv according the equation:

(hv EvEg) @)

where h is the Planck constant (6.63 x 10734]s), v the photon fre-
quency (Hz), n the order of optical transition and A is a constant that
depends on the optical transition. For n=1/2, see, Fig. 8B. For the ref-
erence materials WO3 and thermal treated TiO, (anatase), a band
gap of 3.05eV and 3.32 eV was obtained, respectively. The inter-
section of the fitting line of TiggWg 20, was not straight forward
(inset Fig. 8B), indicating again the introduction of intermediate
states into the forbidden gap. Data are summarized in Table 1.

iph =A
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Fig. 8. (A) Photo-current action spectra of the selected samples: 1: TiO;, (thermal
treated) 2: TiO; (as prepared), 3: TipgsWo20, and 4: WO3 porous film electrodes
deposited on SnO;:F substrate, measured at 1V vs. RHE in Ar-saturated 0.5 M H,SO4
solution under UV-vis illumination. (B) Plots of(i,,h*hv)2 vs. hvto determine the band
gap (Eg). 5: Commercial TiO, Degussa P25 with a ratio of anatase to rutile phases of
3:1 is plot for comparison. The inset shows the wide energy range of intersection
for another electrode of 4: TipgW20;.

As a final point the current potential curves of porous
TiggWo20, electrode, measured up to 2V vs. RHE at 20mVs—!,
are shown in Fig. 9. Transpassive corrosion of the electrode during
0,-evolution was observed beyond 1.5V vs. RHE in either darkness
or under UV-vis illumination. In this sense the material exhibits
similar stability than TiO; in acid medium, but with an enhanced
metallic character. Consequently, the nanostructured powder of
TiggWp20, can be a promising ceramic substrate for electrocat-
alytic nanoparticles of Pt [42] or Ir-based [43] used as oxygen
electrodes of PEM fuel cells and electrolyzers, respectively.

3.7. Oxygen reduction reaction (ORR)

Tafel plots extracted from ORR curves registered in an oxygen
saturated acid electrolyte solution are summarized in Fig. 10. This
figure contrasts the activity of two substrates: glassy carbon, and
TiggWp20, where it is clearly put in evidence the low catalytic
activity of these substrate materials toward the ORRin 0.5 M H,SO4.

N ofF
£ |
o
<
£
] --== Darkness
5T / — UV VIS
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0 0.5 1 1.5 2
E/V vs. RHE

Fig. 9. Current-potential curves of TiggsWo 20, electrode up to 2V vs. RHE, in Ar-
saturated 0.5M H,SO4 solution in darkness (full line) and under UV-vis radiation
(dashed line). The arrows indicate the sense of the potential sweep, which was
performed at 20mVs~!.
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Fig. 10. Tafel plots obtained from ORR curves registered in an oxygen saturated
electrolyte (H,SO4 0.5 M) at a scan rate of 5mVs~! with 1: Pt/Tig§Wo20>, 2: Pt/C,
3: TiosWo.203, 4: glassy carbon.

The chemical route (carbonyl way) was used to deposit platinum
nanoparticles both on Vulcan and on TiggWg 30, substrates. One
can clearly see the enhancement of the reaction kinetics when
platinum is deposited onto the oxide substrate. Furthermore, Tafel
slopes determined for both samples show a slight deviation from
the theoretical value of 120mV dec~! [44,45]. This result reflects
different adsorption isotherms and could be related to different
adsorption rates of oxygen on the catalyst surface [46]. Addition-
ally, this fact is fairly in agreement with kinetic currents values
calculated at 0.85V vs. RHE for Pt/C and Pt/TiggWg 20, catalysts.
They are respectively of 15uwAcm—2p, and 29 wAcm2p; which
means that a two-fold enhancement factor in the ORR kinetics can
be obtained by depositing platinum onto tungsten doped titania
substrate.

4. Conclusion

In this study TiO, nanomaterials containing different amount
of tungsten have been synthesized via a multistep sol-gel process.
These samples exhibit a composition dependent structure. Depend-
ing on the tungsten amount, lattice and surface doping species
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can be deduced. At low tungsten content W is mainly incorpo-
rated into the anatase lattice which results in the expansion of
the TiO, lattice. At a high tungsten-content (i.e. W>5at.%), the
formation of surface-bonded wolframyl groups takes place. These
surface wolframyl groups are responsible for compressing the TiO,
core thus a compressive strain. Furthermore, the magnitude of
the photocurrent response under UV illumination decreases as the
amount of tungsten doping species increases. This phenomenon
can be explained by the reduction of the overall energy band gap
and the introduction of intermediate states into the forbidden gap
near the conduction band of TiO, as well as by the distortion of
the anatase crystal caused by surface wolframyl groups leading to
changes in the electronic structure of anatase. This is also respon-
sible for increasing the electronic conductivity of the oxides up to
147 mS-cm~! for a tungsten content of 20 at.%. The latter property is
of great interest for electrocatalytic applications since these mate-
rials can act as a substrate to deposit electrocatalytic nanomaterials
such as platinum nanoparticles. Moreover the electrochemical sta-
bility of these W-TiO, nanomaterials up to potentials such as 1.5V
vs. RHE allows envisioning their application in a wide range of
electrochemical energy conversion devices.
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@ggggg;ﬁg Electronic interaction between platinum
nanoparticles and nitrogen-doped reduced

gy e crem A 2055 graphene oxide: effect on the oxygen reduction
reactiony

Jiwei Ma,;2® Aurélien Habrioux,? Yun Luo,® Guadalupe Ramos-Sanchez,§?
Laura Calvillo,° Gaetano Granozzi,© Perla B. Balbuena® and Nicolas Alonso-Vante*?

In this study, low-mass loadings (ca. 5 wt%) Pt/C catalysts were synthesized using the carbonyl chemical
route allowing for the heterogeneous deposition of Pt nanoparticles on different carbon-based
substrates. N-doped reduced graphene oxide, reduced graphene oxide, graphene oxide, graphite and
Vulcan XC-72 were used for the heterogeneous deposition of Pt nanoparticles. The effect of the
chemical nature of the carbon-based substrate on the Oxygen Reduction Reaction (ORR) kinetics at Pt
nanoparticles surfaces was investigated. XPS results show that using N-doped reduced graphene oxide
materials for the deposition of Pt nanoparticles leads to formation of Pt—-N chemical bonds. This
interaction between Pt and N allows for an electronic transfer from Pt to the carbon support. It is
demonstrated that ca. 25% of the total amount of N atoms were bound to Pt ones. This chemical bond
also revealed by the DFT analysis, induces changes in the oxygen adsorption energy at the platinum
surface, engendering an enhancement of the catalyst activity towards ORR. In comparison with Vulcan
XC-72, the mass activity at 0.9 V vs. RHE is 2.1 fold higher when N-doped reduced graphene oxide is
used as substrate. In conjunction with the experimental results, DFT calculations describe the interaction
between supported platinum clusters and oxygen where the support was modelled accordingly with the
carbon-based materials used as substrate. It is demonstrated that the presence of N-species in the

support although leading to a weaker O, adsorption, induces elongated O-O distances suggesting
Received 16th February 2015

Accepted 30th April 2015 facilitated dissociation. Additionally, it is revealed that the strong interaction between Pt clusters and N-

containing substrates leads to very slight changes of the cluster—substrate distance even when oxygen is
DOI: 10.1039/c5ta01285f ’ ’ . . .
adsorbed at the interfacial region, thus leading to a lower resistance for electron charge transfer and

www.rsc.org/MaterialsA enabling electrochemical reactions.

1. Introduction

To address environmental and energy challenges polymer
electrolyte fuel cells (PEFCs)"? represent power sources that are

“IC2MP, UMR-CNRS 7285, University of Poitiers, 4 rue Michel Brunet, 86022 Poitiers, particularly interesting for applications in transportation and

France. E-mail: nicolas.alonso.vante@univ-poitiers, . .
@univp Jr stationary power plants. For PEFCs, conventional electro-

"Department of Chemical Engineering, Texas A&M University, College Station, TX .
? 4 ¢ & o ¢ catalysts are generally based on Pt and Pt-alloy nanoparticles

77843, USA

: 1,3 _
‘Department of Chemical Sciences, University of Padova, Via Marzolo 1, 35131 Padova, (NPS) supported on carbon black materials. Though prom
Italy ising fuel cell performances are currently achieved, the Pt
“Faculty of Materials Science and Engineering, Hubei University, 430062 Wuhan, —loading is still too high for large scale applications. Two routes
China to decrease catalyst cost are nowadays explored: (i) reducing Pt

+ Electronic supplementary. information (ESI).availal.ole: Vievas of 4 >< 4, LOG and loading, and (ii) exploring non-noble metal catalysts. However,
HOG graphene sheets considered for calculations, views of interaction of oxygen . . . . . .. .
it is challenging to maintain catalyst activity, especially for the

with Pt, clusters supported on different substrates, views of Ptsg clusters K K L.
interacting with different substrates, views of positions of O, interacting with ~ OXY8€I reduction reaction (ORR), when the Pt catalyst loading is

Pt;; clusters supported on Ni-doped graphene. See DOI: 10.1039/c5ta01285f reduced. Moreover, it is well-known that due to their low
i Present address: J. Ma: Sorbonne Universités, UPMC Université Paris 06, graphitization degree, carbon black materials are unstable and
UMR-CNRS 8234, PHENIX, F-75005, Paris, France. electrochemically oxidize at 0.97 V vs. RHE, as detected by
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Although the kinetics of the process is rather low, it is known to
be responsible for reducing the cell durability by deteriorating
the electrocatalytic activity of carbon-supported Pt NPs accom-
panied by Pt loss and agglomeration.*>” Challenges associated
with the use of carbon black substrates can be addressed by
developing improved support materials.” Therefore, in the past
decades, extensive investigations have been focused on
exploring alternative substrates, e.g. oxide-based*>*™ and gra-
phene-like,>"*?* which might induce strong and beneficial
catalyst-support interactions, thereby substantially enhancing
catalytic activity while decreasing Pt loading.

Graphene meets the requirements for support materials due
to its large surface area, high conductivity, good chemical and
electrochemical stability. As a result, it has been recognized as
a promising support for low-temperature fuel cell electro-
catalysts.”® Graphene-based supports are commonly prepared
by reducing graphene oxide (GO) via a chemical reduction
method which eventually takes to reduced GO (RGO).**?*
However, it is currently very challenging to control the sup-
ported-metal center morphology and dispersion. Recently,
heteroatom-doped graphene materials have received much
attention®** as support for electrocatalysts, paving the way for
the growth of catalytically active metals with controlled
morphology and dispersion on the surface of graphene
Support'n,m,zs

In this paper, low mass loading (ca. 5 wt%) Pt/C catalysts
using either nitrogen-doped or undoped RGO-based materials
as carbon support are prepared and electrochemically charac-
terized with respect to ORR. Nitrogen-doped RGO (NRGO) has
been intensively investigated as Pt catalyst support due to the
possibility to control the composite catalyst functionality by
rationalizing the high affinity between nitrogen groups and Pt
atoms'21,26—28

To better understand the interaction between Pt NPs and
graphene-like substrates, undoped RGO was also used for
comparison. Different interaction modes between Pt NPs and
NRGO were identified and ascribed to charge transfer between
Pt NPs and the graphene support. These interactions are related
to Pt-N interactions due to the presence of nitrogen groups on
the NRGO surface, as also revealed by X-ray photoemission
spectroscopy (XPS) results. This study points out the effect of a
support-driven electronic modification of Pt on the activity of Pt
active centers towards ORR. Density Functional Theory (DFT)
calculations have been performed to understand electronic
modifications of Pt NPs induced by graphene-based substrates,
including the effects of the extent of oxidation of graphene and
the doping with nitrogen. The electrocatalytic activities of
NRGO and RGO supported low mass loading Pt NPs towards
ORR were significantly higher compared to a benchmarking
Pt/C catalyst showing great potential for applications in PEFCs.

2. Experimental
2.1 Synthesis of GO, RGO and NRGO

GO was synthesized according to the well-known Hummers
method.* A mixture of 3.01 g of flaked graphite (Sigma-Aldrich)
and 1.50 g of NaNOj; (Sigma-Aldrich, =99.0%) was prepared and
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immersed into ice. Then, 69 mL of concentrated H,SO, (Nor-
mapur, 95%) was added. Thereafter, 9 g of KMnO, (Sigma-
Aldrich, =99.0%) was slowly added to keep the temperature of
the reaction under 20 °C. After stabilization of the reaction
temperature, the reaction media was heated at 35 °C and stirred
for 30 min. 138 mL of ultra-pure water was then slowly added,
producing an exothermic effect to 98 °C. Additional heating was
also applied after addition of water to maintain the reaction
temperature at 98 °C for 15 min. The reaction was then cooled
by using a water bath until stabilization of the temperature.
Then the reaction media was neutralized by slowly adding
100 mL of ultra-pure water and 10 mL of H,0, (VWR, 33%),
producing an exothermic effect. The system was then air cooled.
The reaction media was filtrated by using an 80-100 um filter,
the fine and the rough part were collected. The fractions
obtained were then let to settle to remove the supernatant. They
were then centrifuged at 12 000 rpm for 10 minutes and the
supernatant was removed. The residues were washed two times
with HCl (Normapur, 37%):H,0, 1:3 (v/v) solution and
subsequently, with ultra-pure water. The final residues were
then dried at 50 °C. The graphite oxide was then collected for
the following experiments and characterization.

To synthesize RGO, 150 mg of GO was dispersed into 100 mL
of ultra-pure water. The suspension was magnetically stirred for
3 h and then sonicated for 1 h. 2 mL of an 8 M NaOH solution
were then added into the suspension and magnetically stirred
for 30 min. Subsequently, 1.2 g of NaBH, were added and the
suspension was heated at 80 °C for 1 h. The powder was
recovered by centrifugation at 12 000 rpm for 10 min and
washed with ultra-pure water. Finally, the sample was obtained
by centrifugation at 12 000 rpm for 10 min and dried at 60 °C for
48 h. Finally, the powder was calcined at 400 °C for 2 h under a
reducing atmosphere (5% H, in N,).

To synthesize NRGO material, 80 mg of GO was dispersed
into 60 mL of ethanol and magnetically stirred for 3 h. GO was
exfoliated by sonication for 2 h. 2 mL of water and 2 mL of
ammonia were then added into the solution and heated at
80 °C, the mixture solution was finally transferred into a Teflon
line autoclave (125 mL) and heated at 160 °C for 3 h.

2.2 Synthesis of Pt/C catalysts (C: graphite, Vulcan XC-72,
RGO, NRGO)

Pt-carbonyl complex ([Pt3(CO)c]s> ) was synthesized through
the reaction of H,PtCls-6H,0 (99.95%, Alfa Aesar) and sodium
acetate (anhydrous, 99%, Alfa Aesar) under a saturated CO
atmosphere at ca. 55 °C for 24 h. Methanol (anhydrous, 99.8%,
Sigma-Aldrich) was used as solvent and the solution was stirred
until the color turned into black green.*® The molar ratio
between Na* and [PtClg]*~ was fixed to 6. After the synthesis of
the Pt-carbonyl complex, NRGO, RGO, graphite and Vulcan XC-
72 (Cabot, pre-annealed at 400 °C under N, for 4 h) were
respectively added to the carbonyl complex solution under an
inert gas atmosphere and stirred for 12 h in order to obtain ca.
5 wt% Pt/C catalysts. The solvent was let to evaporate and the
sample was rinsed with ultra-pure water. Finally, the powder
was dried at 60 °C overnight. The mass loading of Pt in the
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investigated samples was determined by thermogravimetric
analysis (TGA) and was 4.6 wt%, 4.4 wt%, 4.1 wt% and 4.8 wt%
for Pt/NRGO, Pt/RGO, Pt/graphite and Pt/Vulcan catalysts,
respectively.

2.3 Physical-chemical characterization

Raman spectroscopy (RS) was used to characterize the chemical
status of the carbon atoms of the different supports investigated
in this study. A Horiba Jobin Yvon Labram HR800UV RS spec-
trometer, equipped with an Ar" (Melles Griot) laser as illumi-
nation source and a CCD cooled detector, was used. The RS
instrument was coupled to an Olympus microscope with
analyzed region of 100x microscope objective. The wavelength
of the laser was 514.5 nm and the power 0.04 mW. The spectra
were recorded at a resolution of 1 cm™*. Simulations were per-
formed by using Fityk software.*!

The supported Pt catalysts were analyzed by transmission
electron microscopy (TEM) (JEOL JEM-2100) operating under
200 kv.

XPS measurements were performed with a KRATOS AXIS
ULTRA DLD using monochromatic Al K,, radiation (1486.6 eV,
150 W) as exciting source. The pressure during analysis was
6.0 x 10~ ® Pa. The binding energy (BE) of the target elements (Pt
4f, N 1s and C 1s) was determined with a pass energy of 20 eV
and the resolution was ca. 0.4 eV. Spectrometer energy cali-
bration was carried out using a gold sample (Au 4f at 84 eV). The
N 1s and Pt 4f photoemission lines were separated into chem-
ical-shifted components (after Shirley background removal)
using Voigt shaped peaks, imposing a FWHM in the 0.8-1.4 eV
range, except for the metallic Pt component where an asym-
metrical shape was used. In the case of the C 1s peak, seven
different components were considered (although not all of them
are present in all materials). An asymmetrical shape®* was used
for the sp” component, whereas symmetrical Voigt functions
were used for the sp® component and the C-O and C-N func-
tional groups.

2.4 Electrochemical characterization

Electrocatalytic inks of supported Pt NPs were prepared as
follows: 10 mg catalysts, 250 uL Nafion® solution (5 wt% in
water/aliphatic alcohol solution, Sigma-Aldrich) and 1250 pL
Milli-Q water (18.2 MQ cm) were mixed and sonicated for 1 h.
Thereafter, 3 pL of the mixture were taken and dropped on a
glassy carbon electrode, previously polished with alumina 5A.
Then it was dried in a stream of inert gas at room temperature
for 30 min.

The electrochemical measurements were carried out in a
three-electrode one-compartment cell by using a potentiostat
(Autolab PGSTAT 30). The electrolyte was prepared from H,SO,
(99.6% Suprapur, Merck) and Milli-Q water (18.2 MQ cm). A
plate of glassy carbon and a reversible hydrogen electrode
(RHE) with a Luggin capillary were used as counter and
reference electrode, respectively. A rotating disk electrode
(RDE) served as working electrode. The catalysts were evalu-
ated at 25 °C with cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) techniques, in N,- and O,-saturated 0.5 M
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H,SO,, for CV and ORR measurements, respectively. The
samples were cycled between 0.05 and 1.2 V vs. RHE at a scan
rate of 50 mV s~ ', and ORR was studied at 900 rpm using a

scan rate of 5 mV s~ .

2.5 DFT models and methods

First, a single graphene 4 x 4 layer was used to model the
interaction between a small metallic cluster (Pt,) with the gra-
phenic network. The GO was modelled according to the most
stable configuration reported by Lahaye et al.** Two oxidation
degrees denoted as low oxidation graphene (LOG) and high
oxidation graphene (HOG) were simulated. In both of them one
side of the graphene layer is covered with hydroxyl groups while
on the other only epoxy groups are present. The number of
hydroxyl groups in one side of LOG is 4 and the number of epoxy
groups in the other side is also 4, while for HOG there are
double amount of functional groups in each side. Nitrogen was
added to the graphene and GO systems in the form of pyridinic
N: replacing one C atom by one N and eliminating one neigh-
boring carbon; this structure is called G-1IN. By doing so,
dangling bonds naturally arise, which were eliminated by add-
ing hydrogen atoms. To investigate the effect of a higher doping
degree, two more pyridinic N sites were added (G-3N), then the
interaction with the Pt, cluster was analyzed. The structures of
the substrates are provided as ESI.{ Fig. S1f depicts the gra-
phene sheet, LOG, and HOG systems. In all the cases of modi-
fication of the graphene structure, atomic positions, and cell
size and shape were allowed to change while for the interaction
with the metallic cluster only atomic positions were allowed to
change during DFT optimization.

In order to explore the effect of the cluster size on the metal-
support interactions, we also report DFT calculations of Ptsg
deposited on graphene and G-3N (3% at N). In addition, to allow
more N atoms in contact with the larger cluster, we built a new
graphene structure with a higher N concentration (6% at N) that
was called G-6N.

The electronic structure calculations were performed using
the DFT approach with the projector augmented wave (PAW)
pseudopotential for the inert core electrons and plane-wave
basis set for the valence orbitals,**** as implemented in the
Vienna ab initio Simulation Package (VASP).***” The general-
ized gradient approximation (GGA) in the form of the PBE
exchange correlation functional was used. The plane wave
basis was set up to a kinetic energy cut-off of 400 eV. The
integration of the Brillouin-zone was performed using 5 x 5 X
1 Monkhorst-Pack grid®® with I" points included for the 4 x 4
graphene sheet and doped and functionalized supports while
3 x 3 x 1forthe 7 x 7 graphene sheet and doped systems. For
DOS calculations the k-points were augmented to 9 x 9 x 1
and 5 x 5 x 1 respectively. For the partial occupancies the
Methfessel-Paxton of first order with a smearing width of 0.2
was used. A conjugate-gradient algorithm is used to relax the
atoms into their ground state. The convergence criteria for the
electronic self-consistence loop is that the total energy change
between two steps is smaller than1 x 10 *eVand 1 x 10 eV
for atomic relaxation respectively.
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3. Results and discussion
3.1 Physical-chemical characterization

Raman analysis of the carbon supports. Results obtained for
Vulcan, GO, RGO, NRGO and graphite supports in the spectral
region of 900-1700 em™ " are shown in Fig. 1. This spectral
region presents several overlapping bands. The first one, placed
at ca. 1190-1200 cm ™', is observed for all investigated carbon-
based materials except for graphite support. The origin of this
vibrational mode is currently not fully understood. It has been
successively associated to nanocrystalline diamond,* hexag-
onal diamond*’ and sp® rich phase.**> The band located at ca.
1350 cm ' corresponds to the well-known D mode. The
appearance of the D-band (4,, symmetry) is the consequence of
the symmetry breakdown for carbon atoms located at the edge
of graphite sheets.*® The third broad band, centered at ca.
1500 cm ', has been associated to the presence of amorphous
sp” phase.* The G-band is centered at ca. 1580-1590 cm ™. This
band (corresponding to the E,, symmetry) is of particular
interest since it provides information about the in-plane
vibration of sp>-bonded carbon atoms.** For graphite, NRGO
and RGO materials, another band can be identified at ca.
1620 cm ™. It corresponds to the D’ mode. This D’ mode is not
identified in Vulcan and GO samples because it probably
interferes strongly with the G mode that clearly complicates the
interpretation of the parameters characterizing the G band
(Table 1). The D and D’ bands are defect-induced bands. It is
clearly deduced that the graphitic structure of all samples,
except graphite, possesses a high degree of interstitial disorder
along the c-axis between the crystallite planes.** This assertion
is based on the observation of the intensity of the band centered
at ca. 1500 cm ™' which essentially reaches a high intensity for
RGO, NRGO, GO and Vulcan samples. In addition, the previ-
ously mentioned materials contain more sp® rich phases than
graphite, since the intensity of their 1200 cm ™" band is larger.
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Fig. 1 Raman spectra of NRGO, RGO, GO, Graphite and Vulcan
substrates.
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Table 1 Raman parameters obtained, after curve fitting, for all inves-
tigated samples. /p and /g respectively correspond to D and G bands
positions. wy/>p and wy»g respectively correspond to full-width at half-
maximum (FWHM) of D and G bands. L, represents the in-plane
crystallite size and is determined from egn (1)

Vulcan Graphite GO RGO NRGO
vp (em™) 1350 1354 1353 1348 1352
w1)op (em™) 131 30 70 41 65
g (em™) 1598 1583 1602 1588 1587
w126 (em ™) 66 10.7 39 30 37
In/lg 2.1 0.3 2.4 2.1 3.7
L, (nm) 8.0 56.1 7.0 8.0 4.6

The fitting of different spectra was performed. Lorentzian
line shapes were used for D and G bands,*>*® whereas Gaussian
ones were used to fit D’ band***” as well as the bands centered at
ca. 1200 cm ™' *** and 1500 cm™'.** For the replication, posi-
tions of D and G bands were set by taking into account the
second order Raman spectrum and particularly the positions of
2D (ca. 2700 cm™ ') and D + G (ca. 2940 cm ') bands (data not
shown). As a result of the fit, several parameters were extracted
and presented in Table 1. The Ip/Ig and I/l values respectively
correspond to integrated intensity ratios of D to G bands and of
D' to G bands.

An upward shift of the G-band of all samples can be observed
with respect to the position of the G-band for the graphite
sample. This shift probably results from the high degree of
disorder of Vulcan, GO, RGO and NRGO materials. It is in fact
well-known that the G band of disordered solids is shifted to
higher Raman wave numbers than the G band of ordered
ones.*” However, it can be noticed that the graphitic structure of
RGO and NRGO materials is relatively more ordered than the
graphitic structure of GO (G-band located at 1602 cm™ '), since
the G-bands of RGO and NRGO are respectively located at 1588
and 1587 cm™'. As the upward shift of G-band increases, it
becomes difficult to separate G and D’ bands. As a result, for
Vulcan and GO materials, the observed band includes both G
and D’ ones and it can be considered that the magnitude of the
shift is directly related to the percentage of contribution of D'.*°
The highly disordered character of both Vulcan and GO samples
is moreover in fair agreement with the observed D and G line-
widths of these two samples (Table 2). The decrease in both line
widths is an evidence for the increase of the ordering degree for
RGO and NRGO materials. I/l ratio allows evaluating the
graphitization degree of a carbon-based material. The Ip/I; is
used as an indicator of the amount of defects in the carbon-
based materials as well as to evaluate the in-plane crystallite size
(L,) which is a measure of the inter-defects distance. One of the
relations describing the evolution of L, with the integrated
intensity ratio of G to D bands is the following one:**

1
L,(nm) = 2.4 x 10’“)%{2@% (1)

Alaser 18 the laser wavelength in nm.

From the L, values calculated for all investigated samples,
it can be deduced that all samples except graphite have a low
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Table 2 Deconvolution of the C 1s XPS data into single chemical components for the carbon substrates and Pt/C catalysts. For each single
chemical component, the BE (eV), FWHM (eV) and amount (%) values are given

C sp? Csp® C-N Alcohols Epoxy groups Carbonyl groups Carboxylic groups
Graphite 284.2 eV 285.3 eV — 286.4 eV — 287.9 eV —
0.52 1.4 1.4 1.2
86.5% 7.5% 5.1% 0.9%
GO 284.1 eV — — 286.2 eV 287 eV 287.9 eV 288.9 eV
1.33 1.03 0.77 1.37 1.4
49.8% 38.8% 2.7% 7.0% 1.7%
NRGO 284.4 eV — 285.5 eV 286.4 eV 287.2 eV 288.0 eV 288.9 eV
0.83 1.3 1.19 1.03 1.4 1.4
64.8% 17.1% 5.0% 4.2% 6.7% 2.2%
Vulcan 284.4 eV 285.6 eV — 286.3 eV — — —
0.85 1.2 0.7
93.7% 4.1% 2.2%
Pt/graphite 284.2 eV 285.3 eV — 286.3 eV — 287.9 eV —
0.53 1.3 1.4 1.4
87.6% 4.1% 6.0% 2.3%
Pt/RGO 284.2 eV 285.6 eV — 286.3 eV 287 eV — —
0.72 0.8 0.6 1.4
92.5% 3.8% 1.6% 2.1%
Pt/NRGO 284.3 eV — 285.4 eV 286.4 eV 287.2 eV 287.9 eV 288.9 eV
0.88 1.3 1.06 0.85 1.25 1.4
67.5% 14.7% 5.0% 3.5% 6.4% 2.9%
Pt/Vulcan 284.2 eV 285.4 eV — 286.3 eV — — —
0.89 1.4 1.0
89.9% 3.5% 6.6%

crystallite size and do not possess extended graphitic
domains. Additionally the broadness of the D-band of these
samples (GO, RGO, NRGO, Vulcan) can reflect a broad distri-
bution of in-plane crystallite size. It comes as no surprise that
graphite possesses larger in-plane crystallites (56.1 nm). The
oxidation of graphite allowing to obtain GO is responsible for
an extremely high decrease of the in-plane crystallite size (L,
value, see Table 1) which cannot be restored by chemical
treatments leading to formation of RGO and NRGO materials.
This assertion is highly supported by the evolution of L, values
from sample-to sample (Table 1). It can be noticed that L,
value for NRGO material (4.6 nm) is lower than L, value for GO
material (7.0 nm). This is probably due to the grafting of N-
containing chemical groups at the surface of the basal planes
of carbon.

TEM analysis of the Pt/C catalysts. TEM images of Pt/NRGO,
Pt/RGO, Pt/Graphite and Pt/Vulcan catalysts are shown in Fig. 2.
From TEM micrographs we observed that Pt NPs were highly
dispersed on the NRGO and Vulcan substrates, while Pt NPs
deposited onto RGO and graphite substrates were agglomer-
ated. The higher graphitization degree of graphite, as revealed
by Raman spectra, is probably responsible for a decrease of
nucleation sites that favor the formation of large agglomerates
due to a higher effective surface energy responsible for
increasing the free energy barrier.”®** The mean particle sizes
for Pt/NRGO and Pt/Vulcan are 2.8 + 1.2 nm and 2.0 + 1.0 nm,
respectively (see Fig. 2a and d). Due to the large agglomeration
degree of Pt NPs onto RGO and onto graphite, it was difficult to
estimate the size of isolated Pt NPs.

This journal is © The Royal Society of Chemistry 2015

5nm

Fig.2 TEMimages of Pt/NRGO (a), Pt/RGO (b), Pt/graphite (c) and Pt/
Vulcan (d) nanomaterials.

XPS analysis of the Pt/C catalysts. In order to investigate the
surface chemical status of Pt and substrate atoms in the
investigated Pt/C samples, XPS measurements were carried out.
The C 1s, N 1s and Pt 4f XPS data are shown in Fig. 3, as well as
the deconvolution of the experimental profiles into single
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chemical components. The BEs, FWHMs and relative amounts
(%) of the different components in the different samples are
reported in Tables 2-4, where the nature of each component is
also briefly described. This process can furnish interesting
information on the nature of the oxygen and nitrogen groups of
the different carbon supports and their effect on the electronic
properties of platinum.

In order to make a reliable deconvolution process, an accu-
rate cross check of the BE and FWHM associated to each single
components with literature data is needed. In this respect, we
can also capitalize on the results of our previous studies on
related systems (RGO**** and N-HOPG**~7).

Regarding the C 1s region, the main peak is always centered
at 284.2 eV and it is associated to sp” hybridized carbon atoms
(C sp®). A minor component centered at 285.3 eV is also
observed in some samples and it is associated to sp® hybridized
carbon atoms (C sp’). The Graphite samples (graphite and
Pt/graphite) show also two minor components at 286.4 and
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Fig.3 Deconvolution of the C 1s, Pt 4f and N 1s photoemission lines of
the carbon supports and of the Pt/C catalysts into single chemical
components. The raw data is represented by a solid black line, whereas
the fit is represented by red cycles. Assignation of components in C 1s
photoemission line: (a) C sp?, (b) C sp®, (c) C—N, (d) alcohols, () epoxy,
(f) carbonyl, (g) carboxylic groups.
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Table 3 Deconvolution of the N 1s XPS data into single chemical
components for the NRGO and Pt/NRGO materials. For each single
chemical component, the BE (eV), FWHM (eV) and amount (%) values
are given

Pt-N Pyridinic Pyrrolic Graphitic NO,
NRGO — 398.4 399.7 401.2 402.7
1.4 1.38 1.19 1.4
42.6% 46.4% 6.5% 4.5%
Pt/NRGO 397.7 398.7 399.8 401.2 402.5
1.0 1.4 1.36 1.07 1.4
25.1% 35.2% 28.6% 5.0% 6.1%

Table 4 Deconvolution of the Pt 4f XPS data into single chemical
components for the Pt/C catalysts. For each single chemical
component, the BE (eV), FWHM (eV) and amount (%) values are given

pt’ Pt pt*
Pt/graphite 71.0 72.2 74.6
0.9 1.4 1.6
65.7% 26.5% 7.8%
Pt/Vulcan 71.2 72.4 74.1
1.0 1.4 1.5
54.5% 31.5% 14%
Pt/RGO 70.9 72.2 73.9
0.9 1.5 1.6
66% 21% 13%
Pt/NRGO 71.2 72.1 73.7
1.0 1.6 1.8
40.2% 41.6% 18.2%

287.9 eV, attributed to tertiary alcohols and carbonyl groups,
respectively, whereas the Vulcan samples (Vulcan and Pt/
Vulcan) contain only a small amount of tertiary alcohols (286.3
eV). As expected, the GO sample contains a large amount of
surface oxygenated groups, mainly tertiary alcohols (286.2 €V,
ca. 38.8%), which are strongly reduced in samples containing
RGO and NRGO. In fact, the fit of the C 1s photoemission line
for NRGO confirms the presence of a graphitic sp> core whose
basal planes are decorated by a small amount of oxygen func-
tional groups, like tertiary alcohols (286.3 eV, ca. 5%) and epoxy
(287 eV, 4.2%) groups. Small amounts of carbonyl and/or
carboxylic groups, which are usually decorating the edges/holes
of the basal plane, are also persisting in NRGO. Finally, the
deconvolution process also reveals the presence of C-N bonds
(peak centered at 285.4 eV). The nature of the C-N bonds will be
discussed below with the analysis of the N 1s region. Only minor
changes in the C 1s composition are found when passing from
the clean substrates to the corresponding Pt/C catalysts (see
Table 2).

The N 1s photoemission line can be separated into four
components centered at 398.7, 399.8, 401.2 and 402.5 eV which
are ascribed to pyridinic, pyrrolic, graphitic (substitutional),
and oxidized nitrogen, respectively.®® From the peak areas
analyses (see Table 3), the main components of the N 1s lines
are pyridinic and pyrrolic species. Pyridinic nitrogen is bonded
to two carbon atoms and donates one p electron to the aromatic
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T system (C-N=C), whereas pyrrolic N atoms, incorporated
into five-membered heterocyclic rings, are bonded to two
carbon atoms and donate two p-electrons to the m-conjugated
system. In the case of the Pt/NRGO sample, an additional
component at 397.7 eV had to be included in the fit. To the best
of our knowledge, no such a low BE component has been so far
reported in literature for the N 1s peak in related systems. We
suggest a correlation of such component with the effects of a
strong Pt-N interaction. However, it is rather difficult to relate it
to a specific type of N atom. It is interesting to highlight that this
Pt-N component contributes significantly (25.1%) to the whole
N 1s peak area.

Regarding the Pt 4f region, the spectra contain two peaks,
which correspond to Pt 4f;, and 4fs,, states from the spin-
orbital splitting, and each peak was deconvoluted into three
different Pt oxidation states (Pt’, Pt>" and Pt*") to identify the
predominant oxidation state of Pt. As seen in Table 4, Pt° is the
predominant oxidation state in all the Pt catalysts (around 54-
66%) except in the Pt/NRGO, where the Pt° and Pt species are
comparable. The higher amount of Pt™ species in the Pt/NRGO
sample could also be interpreted as an evidence of the Pt-N
interaction. This effect has been already reported in ref. 62. On
the other hand, all samples present a variable amount of Pt™
and Pt™ species, deduced from the Pt 4f,, peaks at 72.1-74.6
eV. Their presence in all the samples can be attributed to the
contact of the Pt NPs surface with air giving rise to Pt oxide
phases. The fact that there is a considerable amount of oxidized
species could be attributed to the small size of the Pt NPs
(determined by TEM), resulting in a high percentage of Pt atoms
on the surface of the NPs. A decrease in the amount of oxidized
species can be observed for Pt/graphite and Pt/RGO samples.
This can be associated with the formation of Pt islands resulting
from the coalescence of small Pt nanoparticles leading to the
formation of nanostructures possessing a higher crystallite size
and consequently showing a different interaction with oxygen
from the air. We note that the presence of oxides in supported
Pd nanoparticles has been recently reported based on X-ray
photoelectron spectroscopy analysis.>* The presence of posi-
tively charged Pt ions could also suggest that there is an
electron transfer from the Pt NPs to the underlying carbon
support. The electron transfer from the Pt NPs to the carbon
support has already been confirmed by theoretical calcula-
tions and experimental observations.®*-** Moreover, there is a
positive shift of around 0.3 eV of the Pt® component for the Pt/
NRGO sample (71.2 eV), compared with the Pt/RGO sample
(70.9 eV). This shift in the BE could confirm the electronic
transfer from the Pt NPs to the carbon support through the N
groups and be related to the Pt-N interactions observed in the
N 1s photoemission at the lowest BE. In the literature, the Pt
core-level f-band modification associated to N-doping effects
has already been observed,*®** and it has been stated that the
N functional groups might increase the electron affinity of the
substrate, facilitating the Pt electron donation behavior, which
may be the main reason for the improved Pt catalytic activity
and durability of the N-doped Pt/C systems compared to the
undoped Pt/C ones. We come back to this point in our DFT
analysis in a later section.

This journal is © The Royal Society of Chemistry 2015
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3.2 Electrochemical measurements

The electrocatalytic properties of the prepared graphene-sup-
ported Pt nanocatalysts were studied using cyclic voltammetry
(CV) and rotating-disk electrode (RDE). Results are shown in
Fig. 4. Fig. 4a shows CV curves of the investigated electro-
catalysts in the potential range varying from 0.05 to 1.2 V
RHE". The CV curves showed two distinctive potential regions
associated with hydrogen adsorption/desorption process (Hypa)
between 0.05 and 0.4 VRHE ', and with Pt oxidation beyond 0.7
VRHE !, where Hypq refers to the under-potential deposition of
hydrogen. Platinum electrochemical surface area (ESA) values,
calculated from H,,q region, assuming a charge transfer of
210 puC cm™ > on Pt surface,” were 34 m”> ¢~ ', 28 m®> g " and
20 m*> g~ for Pt/NRGO, Pt/RGO and Pt/graphite catalysts,
respectively, indicating that the utilization of Pt/NRGO and
Pt/RGO were approaching that of conventional Pt/Vulcan cata-
lyst with 30 m> g™ (see Table 5). Additionally, in comparison
with Pt/Vulcan, Pt/RGO, Pt/graphite and Pt/NRGO showed
higher potentials for the Pt oxide reduction peak, revealing that
the Pt surface can be reduced at higher potentials, which can
lead to an enhancement of the ORR activity. It should be
noticed that the -OH formation at the surface of Pt/NRGO
catalyst is to some extent inhibited in comparison with the
other catalysts. The inhibition for H,O activation is well-known
to be responsible for enhancing the activity of Pt towards ORR.**
This fact is greatly supported by XPS results with a down-shift
BE of Pt 4f electrons. A similar effect was previously reported
and contributes to the beneficial strong interaction between
Pt-C hybridization.>*®
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Fig. 4 Comparison of catalytic properties of carbon supported Pt
electrocatalysts. (a) CV curves recorded at 25 °C in N-saturated 0.5 M
H,SO, at a scan rate of 50 mV s~ . (b) ORR curves in an O,-saturated
0.5 M H,S0, at a scan rate of 5mV s~* and a rotating rate of 900 rpm.
(c) Tafel slopes extracted from ORR polarization curves. (d) Relative
mass activity (MA, black color) and relative specific activity (SA, blue
color) at 0.9 V vs. RHE for the investigated electrocatalysts. Mass and
specific activities are given as kinetic current densities (j,) normalized
to the loading amount and electrochemical surface active area (ESA) of
Pt, respectively.
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Table 5 Electrochemical active surface area (ESA), half-wave potential
(E1/2) and Tafel slopes calculated from the H,,q and ORR polarization
curves of carbon supported Pt electrocatalysts

Eqp Tafel slope

ESA (m*g™") (V vs. RHE) (mV dec™)
Pt/NRGO 34 0.825 95.3
Pt/RGO 28 0.820 81.4
Pt/graphite 20 0.785 84.6
Pt/Vulcan 30 0.795 85.2

The ORR polarization curves obtained with the investigated
samples are shown in Fig. 4b. It can be seen that Pt/NRGO
shows a remarkably high electrocatalytic activity towards ORR
in acid medium since the half-wave potential was ca. 0.825 V
RHE™' and largely higher than what can be obtained (ca.
0.795 V RHE ') with the conventional Pt/Vulcan catalyst,
whereas half-wave potentials were respectively 0.820 V RHE
and 0.785 V RHE ™' for Pt/RGO and Pt/Graphite catalysts (see
Table 5). Further kinetic information on the electron-transfer
reaction mediated by the Pt/NRGO, Pt/RGO, Pt/Graphite cata-
lysts in comparison with Pt/Vulcan catalyst, is shown in Fig. 4c.
It shows Tafel plots after mass-transfer correction. The Tafel
slopes indicate that the reaction pathway and the rate-deter-
mining step are similar for Pt/RGO (81.4 mV dec™ '), Pt/graphite
(84.6 mV dec ') and Pt/Vulcan (85.2 mV dec ') catalysts,
whereas a small variation of the Tafel slope can be observed
with Pt/NRGO (95.3 mV dec™ ') materials (see Table 5). This can
be associated with a different adsorption isotherm and with a
different rate determining step. The kinetic current was calcu-
lated from the ORR curves according to the Koutecky-Levich
equation® as follows:

I 1 1

- =+ 2

J o Jd Uk @)
where j is the measured current, jq is the diffusion-limiting
current, and jj is the kinetic current. The kinetic current was
calculated by the equation:

o J X Ja

Jk ="+ (3)

Jda—J

Additionally, it is obvious that the kinetic current densities
of Pt/NRGO and Pt/RGO are higher than that of Pt/Vulcan
highlighting the improved ORR activities on graphene-sup-
ported Pt catalysts.

The mass and specific activities at 0.9 V RHE™" for all the
investigated catalysts are reported in Fig. 4d. It can be
observed that Pt/NRGO exhibits a mass activity, which is 2.1-
fold higher than that of conventional Pt/Vulcan catalyst.
Moreover, Pt/RGO displays a mass activity, which is 1.6-fold
higher than that of Pt/Vulcan catalyst. In contrast, Pt/Graphite
shows the lowest mass activity in reason of the low utilization
of Pt in this sample. This is in agreement with the calculated
ESA values.®® Interestingly, the specific activities of Pt/NRGO,
Pt/RGO and Pt/Graphite are higher than that obtained with
conventional Pt/Vulcan catalyst. This difference in ORR
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activity most likely arises from the electronic modification of
Pt generated by the substrate effect.

3.3 Theoretical considerations

Properties of the support. The presence of the functional
groups and dopants affect the geometric and electronic prop-
erties of the carbon support. The geometric changes are very
small leading to a slight increase in the lattice parameters and
bond distances. However, the changes in the electronic struc-
ture are more evident as the functional groups and nitrogen are
more electronegative as shown by their Bader charges (ESI Table
S1t). Therefore, the Density of States (DOS) of the studied
systems present interesting features as depicted in Fig. 5. The
electronic population distribution of graphene is observed in
Fig. 5a. The addition of pyridinic N leads to the formation of
new states especially at the Fermi level (Fig. 5a’). These new
states will be responsible for enhancement of the electric
conductivity as they increase the metallic behavior of the
system. Another peak at ~—1.0 eV (below the Fermi level) may
be responsible for a higher number of electrons available for
transfer during the interactions of the surface with metallic
clusters or molecules. The electronic structure of graphene
oxide changes significantly as the amount of functional groups
is raised (Fig. 5b, b/, ¢, and ¢’). When the quantity of oxygenated
functional groups is higher (HOG) the system becomes semi-
conductor with a band gap close to ~3.0 eV (Fig. 5¢); for LOG
conditions the system is still metallic but O and OH almost
discrete states are present below and above the vicinity of the
Fermi level (Fig. 5b). The addition of a single N atom (~3 at.%)
causes changes in the DOS of GO, under LO conditions there is
broadening of the distribution of states near the Fermi level but
the influence is less dramatic since the system was already

” Total

a) — a’) G

Partial DOS / States/eV/unit cell

10 K] 0 s 10 10 5

E-E/ eV E-E/ eV

Fig. 5 Partial DOS (in states/eV) for the studied support materials: (a)
Graphene, (@') N-doped graphene, (b) LOG, (b') N-doped LOG, (c)
HOG and (c’) N-doped HOG. Positive and negative DOS branches
represent spin up and down electrons respectively. The horizontal axis
displays relative energies E — E; (in eV) where E; is the Fermi level.
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metallic (Fig. 5b’), but for HOG the band gap decreases by
~0.5 eV (Fig. 5¢).

Interaction of the substrate with Pt,. A Pt, cluster was
relaxed in the tetrahedral geometry, and once optimized it was
allowed to interact with the support. Fig. S21 depicts the Pt,
cluster interacting with O,, and supported clusters interacting
with nitrogen doped supports. Fig. S3t1 depicts the interaction
of the cluster with LOG and HOG. The interaction energy (Ein)
of the cluster with the support was calculated as the energy
difference between the separated systems and the resultant
geometry after the relaxation procedure. Table 6 indicates that
E;n varies depending on the structure of the support and the
participating site. Several structures and sites were analyzed;
however, as the size of the cluster is very small and has a low
cohesive energy, in some cases the deformation of the cluster is
very large. It should be noted that the interaction energy
calculated in this way does not take into account cluster
deformation which is observed as a consequence of this inter-
action. Nevertheless, the interaction of the support with this
small cluster is strong and all effects resultant from this inter-
action are enhanced with respect to the unsupported cluster.
For example, reactivity trends of CO adsorption on supported
clusters are qualitatively well represented,®”*® while quantitative
information can be obtained analyzing the interaction of the
support with a larger cluster, as reported in a later section.

The weakest metal-substrate interaction is obtained with the
intrinsic sites of the graphene layer (Table 6); stronger effects
depend on the specific site and closeness of the metallic sites
from the functional groups that decorate the support. In the
case of the structures doped with nitrogen (G-1N and G3-N) the
interaction energy is more than twice that obtained with gra-
phene (Table 6). Stronger metal-support interaction energies
represent advantages in fuel cell electrocatalysts where the
mobility and aggregation of the cluster is one of the main
problems associated to durability. The stronger metal-support
interactions for N-doped graphene are in agreement with the
TEM images of the N-doped support revealing well distributed
particles while all other samples show evidence of particle
agglomeration. The interaction of the cluster with three
nitrogen atoms-support (G-3N) not only enhances the interac-
tion energy but leads to a higher charge transfer from the

View Article Online

Journal of Materials Chemistry A

cluster to the support as shown by the average Pt charge in
Table 6, in agreement with the observations reported by Gracia
Espino et al.*® in core-shell Pt-Ni clusters. The extent of charge
transfer is a very important property for the catalytic activity
because electron transfer from the metal directed towards the
support may limit the metallic surface ability to provide elec-
trons for the chemical or electrochemical reduction reactions.
Stronger metal-support interaction energy is found for GO in all
of the oxidation states and in presence of functional groups.
The degree of oxidation also affects the interactions: in LOG the
smaller amount of functional groups allows the cluster atoms to
interact mostly with carbon atoms; whereas in the HOG the
cluster is able to mostly interact with the functional groups
instead of carbon. Therefore, in the OH side of LOG, when the
cluster is interacting totally with carbon atoms the interaction
energy is stronger than in graphene but the charge transfer is
similar to that in graphene. Conversely, in the O side of HOG
the cluster is totally in contact with the epoxy groups and not
interacting with carbon atoms. At these conditions, the inter-
action energy is weaker but the charge transfer is very high. The
most significant charge transfer is obtained in the O side of the
LOG, where the cluster interacts with carbon atoms in the
support but also with oxygen atoms of the epoxy groups.
Therefore, in general the oxygen functional groups enhance the
metal-substrate interaction strength and lead to higher charge
transfer but an excessive amount of oxygenated groups as in
HOG offers disadvantages. This is primarily because of the HOG
semiconducting behavior discussed above and secondly
because of the higher feasibility of oxidation and formation of
CO,. The addition of nitrogen to GO slightly modifies the
interaction energy strength and enhances the charge transfer
but only when the cluster interacts directly with the nitrogen
atom, in any other case the behavior is very similar to the non-
nitrogenated substrates.

Under the effect of O, adsorption the deformation of the
cluster was found to be more severe, thus only the simulations
in which the cluster retains its original shape are reported. The
adsorption was modeled by addition of O, directly on one of the
bridge sites of the cluster. It is worth mentioning that in the
unsupported cluster the adsorption of oxygen is the strongest
compared to those on any of the supported clusters. The

Table 6 DFT calculated interaction of Pt, with the various supports and changes in O, adsorption energy

S-Pty S-Pt,-O,
Eind/eV Pt-C/A Pt charge/a.u. Oxygen Ads/eV 0-0 distance O, charge O-Pt
Pty 0.0 —-1.97 1.438 —-0.61 1.971-1.974
Graphene —1.15 2.28 (Bridge) +0.10 —-1.33 1.396 —0.57 1.989-2.037
G-1N —2.74 2.04(2.15 - N) +0.26 —1.41 1.430 —0.64 1.898-1.948
G-3N —2.43 (2.13 - N) +0.44 —1.50 1.451 —0.65 1.891-1.931
LOG OH side —2.67 2.18 +0.16 —1.33 1.386 —0.57 1.960-2.095
O Side —7.85 2.23(2.01 - O) +0.98 —1.26 1.493 —0.63 1.902-1.923
HOG OH side —1.89 2.25(2.01 - O) +0.55
O Side —2.01 (2.14 - 0) +0.78 —1.35 1.398 —0.56 2.028-1.988
LOG-N 2.8 2.12(2.10 - N) +0.34
HOG-N —2.16 +0.89

This journal is © The Royal Society of Chemistry 2015
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distance Pt-O, also changes. Two Pt-O distances are reported in
Table 6 (last column): the first corresponds to the oxygen
adsorbed on a Pt atom not interacting with the support while
the second corresponds to the Pt atom interacting directly with
the support. On the unsupported Pt cluster both of them are
equal, but in the supported clusters the first is shorter and the
second larger, indicating that the interaction of Pt with the
support causes weaker oxygen adsorption (larger Pt-O distance)
especially near the Pt-support interface. The charge transferred
from the cluster to the adsorbate is higher when the cluster is
only donating electrons to the O, molecule. The presence of the
C support diminishes the O, adsorption energy (Table 6 and
Fig. S2t) and also reduces the amount of charge that is trans-
ferred from the cluster to O, because the cluster is also donating
charge to the support. Therefore the distances O-Pt are larger
and the O-O distance is shorter (Table 6 and Fig. S2-a, and -b¥)
i.e. the reduction of O, is more difficult.

The interaction of Pt, with N-doped graphene causes
stronger O, adsorption than that in Pt,—graphene but still
weaker than that on the unsupported cluster. The Pt-O
distances are shorter than those in Pt,~graphene and the
unsupported case. Also the charge transfer to the adsorbate
(Table 6) is even higher than that in the unsupported case.
Moreover, a higher number of dopant N atoms (G-3N) enhances
this charge transfer to O, leading to an elongated O-O distance
indicating that the mere presence of nitrogen is able to facilitate
the O-O bond breaking, again in agreement with the analysis of
Gracia Espino et al.*® For the interaction with GO, the charge
transferred from Pt, to O, is lower indicating that the presence
of oxygenated species in the support (because of the oxygen
higher electronegativity) causes electron retention. Part of these
electrons are needed for the cluster-substrate interaction;
therefore, especially in the O-side of the HOG in which the
cluster interacts totally with oxygen atoms and not with carbon
atoms the charge transfer is the lowest and the O-O distance
becomes only slightly higher than its gas phase value while the
Pt-O distances are large. Especial attention deserves the LOG in
the O-side (Fig. S3bt) which presents higher charge transfer to
0O, and the largest O-O distance; in this case the Pt, cluster
interacts with epoxy groups but with carbon atoms as well. This
scenario seems to be favorable for O, reduction suggesting that
a lower amount of decorating functional groups is more favor-
able for reactivity. Note that the geometry of the cluster also
changes significantly in this case.

The analysis of the interaction of a small cluster with doped
and functionalized supports led us to conclude that charge
transfer from the support to the adsorbed molecule is a very
important property. If the dopant or functional groups retain
the electrons very strongly, the cluster will have a limited
capacity to donate electrons to O, but if the cluster can receive
electrons from the support and is able to donate them during
the catalytic reaction then the catalytic activity could be
enhanced.

The experimental results of N-doped graphene reported
nitrogen concentrations close to 15 at.%. In the simulations
reported so far, the N concentration was close to 3 at.% N. The
simulations in this section are aimed to better represent the
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effect of the N-doped support on a more realistic nanoparticle
size and higher N concentrations. A Ptsg cluster ~0.8 nm
diameter was allowed to interact with a 7 x 7 graphene layer. To
model the interaction with N-doped graphene support two
degrees of doping were used: 3N-doped (N 3 at.%) and 6N-
doped (N 6 at.%). The 3N-doped was simulated by eliminating
one carbon atom and exchanging the carbon atoms with
dangling bonds by N. For the 6N-doped three carbon atoms
were eliminated and the formed carbon dangling bonds were
exchanged with pyridinic nitrogen. The influence of oxygenated
functional groups is supposed to be minimal according to the
experimentally found low concentration of oxygenated species.
For the cluster Pt interacting with the 3N-doped graphene, the
three nitrogen atoms interact only with one Pt atom while the
other Pt atoms are interacting with carbon atoms (Fig. S4-c1); on
the other hand on the 6N-doped support each nitrogen interacts
with a platinum atom at the interface, so six out of seven Pt
atoms at the interface are interacting with nitrogen (Fig. S4-d¥).
It is important to point out that the DFT results suggest the
formation of Pt-N bonds observed both in the Pt, and Ptsg
models (Fig. S2-c and -d, and S4-c and -d} respectively), in
agreement with the conclusions from our XPS experiments and
also with previous calculations.*

Properties of the support. Fig. 6 shows the density of states of
the graphene sheet compared with those of the doped graphene
with various N concentrations. As discussed above, new states
arise near the Fermi level and those are enhanced with a higher
N concentration. There is also a higher charge transfer from
carbon atoms to nitrogen being reflected on the total charge of
the graphitic structure. Table S2f reports the total charge
donated as the amount of nitrogen increases. The interaction
energy was calculated as in the previous section. However, here
we included the deformation effects of both support and
cluster. Table S21 shows that for graphene the interaction
energy is very weak even becoming slightly positive if the
deformation is not taken into account, also charge transfer
occurs, but graphene donates a small amount of charge to the
cluster. For N-doped graphene the interaction energy without
considering deformation effects is stronger compared to pure
graphene and is enhanced as the N concentration increases.
However if the deformation is taken into account the interac-
tion energies of the cluster with the two N-doped substrates are
comparable but very strong in comparison to that of the cluster
supported on graphene, thus confirming the strong cluster-
support interaction in the N-doped substrate.

Also the charge transfer follows the same trend observed in
Pt, in which the Pt cluster donates charge to N and carbon
atoms. In ESI Fig. S4,7 the geometry of the Ptsg cluster is
depicted showing the main (111) and (100) planes. The clusters
interact with the support through one of the (111) planes, and as
the number of N atoms increases the cluster becomes closer to
the support due to strong Pt-N interactions. We acknowledge
that for this cluster size, other morphologies may also be
present in fuel cell environments. Previous DFT studies of
growth of Pt clusters”™ have determined that clusters evolve
from icosahedral type (approximately 13-38 atoms) towards fcc-

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Partial DOS (in states/eV) of the support (a) graphene, (b) 3N-
doped graphene and (c) 6N-doped graphene. Insets show the struc-
ture, carbon atoms in brown and nitrogen in blue spheres.

like (>38 atoms). Thus we may expect a mixture of icosahedral
and fcc-like clusters at this cluster size.

Electronic properties of the supported Pt;g cluster. The
partial DOS of the cluster is depicted in Fig. 7. To identify
contributions from interfacial atoms and atoms in the top of the
cluster they are shown separately. In the unsupported case there
are no interfacial atoms; therefore both sides of the cluster, as
the cluster is symmetrical, are the same. For the supported
cluster, the partial DOS of interfacial atoms are very different to
those of the atoms located at the top of the cluster (far from the
support). Moreover, the DOS at the top of the cluster are shifted
slightly towards more positive values than the unsupported
cluster. For the atoms in the upper part of the cluster a relatively
large shift toward the Fermi level is found with respect to the
DOS of the unsupported cluster when the cluster interacts with
graphene, and with G-3N and G-6N. On the other hand, the
interaction of G-6N with the cluster atoms at the interface with
the substrate leads to higher changes. These changes are
expected to have an effect on the catalytic behavior of the
nanoparticles, O, and O adsorption (key stages in the oxygen
reduction) as discussed in the next section.

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Partial density of states (in states/eV) vs. relative energies £ — E;
where E; is the energy of the Fermi level. Contributions of Pt atoms at
the top of the cluster and at the interface are separated for the sup-
ported cluster. The DOS for the unsupported cluster (involving all
atoms) is also shown.

Table 7 reports the calculated O, and O adsorption energies
on top of the cluster. The O, adsorption energies in the various
systems are very comparable. However, they are weaker
compared to the case of the unsupported cluster. On the other
hand, the O-O distance is shorter in the unsupported cluster
while the effect of the support facilitates O, dissociation leading
to slightly longer O-O distances. Although these differences are
small, and the changes in charge transfer to the adsorbate are
also small, the supported cases always lead to higher charge
transfer in comparison to graphene.

The presence of nitrogen makes the extent of the charge
donation from the cluster to the adsorbed molecule slightly
lower in comparison to the trends observed for the small Pt,
cluster.

We also evaluated the adsorption of atomic oxygen, to have a
measure of the interactions with the ORR intermediate species.
The strongest O adsorption is found on the unsupported
cluster, whereas it is slightly weaker on all supported clusters;
however the differences between doped and non-doped are
small and no significant differences are observed as the
concentration of dopant is increased. On the other hand, the
charge transfer from the cluster to the adsorbed molecule is
higher on supported clusters; however, the extent of charge
donation seems to be smaller as the N concentration in the
support increases. Finding materials that adsorb oxygenated
compounds slightly weaker than on Pt may represent advan-
tages for the oxygen reduction reaction. This is especially
important for the OH species which can poison the catalyst if
strongly adsorbed. Therefore the interaction of the supported
metallic cluster may be beneficial because of the weaker
adsorption of oxygenated species. In addition, as the interaction
of the cluster with the support is higher in the doped support,
this will provide enhanced stability.

Finally, given that the influence of the support can be greater
or lower depending on the location of the O, adsorption site on
the nanoparticle surface. To probe this statement we allowed O,
adsorption in two additional sites, one at the middle of the
cluster and another in a site in which one of the oxygen atoms is
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Table 7 Adsorption energies and properties of O, and O on Ptzg unsupported and over the supports discussed in this study

Pt35-0, Pt3s-O

d/A Charges (e) Charges (e)

E.s (6V)  0-0 Pt-O G N Pt 0, E.s(eV) G N Pt o
Pt3g —1.42 1.401 1.953 — — 0.5764 —0.5764 —4.98 — — 0.6760 —0.6760
G-Ptsg —1.39 1.410 1.956 0.1318 — 0.4993 —0.6310 —4.79 0.1032 — 0.5836 —0.6865
G3N-Ptsg —1.38 1.411 1.948 2.8106 —3.0126 0.8221 —0.6199 —4.83 2.7955 —3.033 0.9275 —0.6900
G6N-Pt3q -1.31 1.410  1.953 5.9439 —6.3993 1.0685 —0.6128 —4.81 5.9056 —6.3406 1.1208 —0.6859

interacting directly with a Pt atom located at the interface (ESI,
Fig. S5t depicts the sites for O adsorption in the three cases).
The position of oxygen is similar in the supported clusters i.e. in
the same type of cluster facet (111), bridge site in atoms with
similar connectivity; the only difference is in the closeness
respect to the support). We note that the spin polarization
distribution in both Pt, and Pt3g may be also affected by the
adsorption of the oxygenated species probably also affecting
their reactivity.

The values for O, adsorption reported in Table 8 indicate
that the effect of the support is accentuated when the mole-
cules are closer to the support. Two values for adsorption
energy are reported, one calculated without considering the
changes in geometry after adsorption and the second
including the geometry changes. Results for adsorption on the
top of the cluster without cluster reconstruction the results
have already been discussed in the previous section. For O,
locations at the middle of the cluster surface the adsorption in
all cases is weaker (than in the unsupported case and that in
the top of the cluster); among them the G-3N is considerably
weaker than all the others. At the cluster-support interface the
G-3N support leads to the lowest adsorption energy. In the G
and G-6N supports, even though the initial site and geometry
for oxygen adsorption in the three supports was the same, the
oxygen molecule tends to migrate from the interface to the
middle leading to adsorption in a hollow site (Fig. 8). After
migration the adsorption is stronger (even stronger than in the
supported case for Pt;5—-G and very similar to the unsupported
case in Ptzg G-6N). In order to compare the O, adsorption in
the same site, a new simulation in a hollow site in the G-3N
was performed (value in parenthesis in Table 8). In that case
the O-O distance is longer and the charge transferred to the O,
molecule is larger, confirming an additional higher effect
owed to the N-doped support. When the reconstruction is

taken into account the same trends are observed. However the
O, adsorption on top of the G-Pt;; is stronger than that in the
unsupported case, while for O, adsorptions closer to the
support the presence of N-species in the support leads to a
weaker O, adsorption.

To investigate this point, it is useful to examine the inter-
actions between the cluster and the support. In some cases the
adsorption of O, has an effect on the separation between the
cluster and the support. When adsorption is allowed in the top
or in the middle of the cluster the changes in cluster-support
separation for all the supports are negligible; however, when
0, is very close to the interface the distance cluster-support is
elongated, especially in the undoped graphene-supported
cluster where the changes lead to the an almost total separa-
tion of the cluster from the support. In contrast, in the G-3N
case only two of the interacting platinum atoms are slightly
more separated from the support and in the G-6N support the
connectivity of the cluster remained the same (Fig. 8). There-
fore, this confirms that the strong interaction with the
nitrogen-doped support besides enhancing the catalytic
activity may also lead to a higher stability. Moreover, the
differences in catalytic activity of Pt on the N-doped support
can also be related to a stronger metal-substrate interaction
which leads to no changes in the cluster-support separation in
the presence of oxygen. On the contrary, the separation
between the cluster and support in the non-doped system
could lead to a higher resistance for electron transfer. Inter-
estingly, the interaction of the cluster with only pyridinic
nitrogen does not lead to a further enhancement of the cata-
Iytic activity; the presence of carbon and nitrogen atoms
interacting with the cluster is the best option to enhance both
the catalytic activity and stability of the nanoparticle for
cathodes in fuel cells, cf. Section 3.2.

Table 8 O, adsorption energy (in eV) in Ptsg as a function of the adsorption site. The first value is the total adsorption energy and the second
value (after the slash) is the adsorption energy taking into account the deformation of both cluster and support. Value in parenthesis for
adsorption at the interface in the Ptzg—G-3N corresponds to the hollow site

Top Middle Interface
Ptsg-unsupported —1.42/-1.96  Eaqs 0-0/A B.Cle” Eods 0-0/A B.Cle™
Pt35-1G —1.39/-2.01 1.37/-1.97 1.4093 —0.62 —1.90/—2.18 1.4827 —-0.73
Pt;5 G-3N -1.38/-1.96  1.19/—1.63 1.4092  —0.61 -0.97/-1.27, (-1.71/-2.18)  1.3813, (1.4896)  —0.55, (—0.75)
Pt;g G-6N —1.31/-1.82 —1.33/-1.87 1.4051 —0.61 —1.43/-2.03 1.4837 —-0.74
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a) b) B

Fig. 8 Final configuration of the adsorption of oxygen at the cluster—
support interface (Pt, C and O in blue, gray and red spheres respec-
tively). The initial geometry of the supported cluster without oxygen is
depicted in the back as green shadows. (a) Ptzg—G, (b) Ptzg—G-3N and
(C) Pt38—G—6N.

4. Conclusions

In this study, low-mass loading catalysts (ca. 5 wt% Pt/C) were
synthesized via the carbonyl chemical route allowing for the
heterogeneous deposition of Pt nanoparticles onto different
carbon-based substrates. N-doped RGO, RGO, GO graphite and
Vulcan XC-72 were used as substrates. Raman spectroscopy
showed that except for graphite all the graphitic materials
investigated in this study presented low inter-defect lengths. On
the N-doped material, the XPS data analysis revealed that the N
1s photoemission line can be deconvoluted into different
chemical signatures namely, pyridinic, pyrrolic, graphitic and
oxidized nitrogen. The main components were pyridinic and
pyrrolic species. The examination of Pt 4f photoemission peaks
showed that a non-negligible amount of Pt atoms (25%) are
chemically bound to N atoms, which was confirmed by the DFT
analysis. This strong interaction between Pt clusters and N
atoms allows for an electronic transfer from Pt to the carbon
support, also predicted by our DFT calculations. Electro-
chemical measurements have shown that NRGO as substrates
led to an increase in the mass activity of the catalyst at 0.9 V vs.
RHE. This can be related to changes in the oxygen adsorption
energy at the platinum surface. DFT calculations show that the
molecular and atomic oxygen adsorption is weaker for the N-
containing substrates. The DFT results reveal that the O-O
distance is much elongated in the case of the N-doped
substrates, which suggests lower barriers for O, dissociation.
This is a first point to explain the increased electrocatalytic
activity of Pt/NRGO toward the ORR. It should be added that the
weaker O, and O adsorption suggest that other oxygenated
compounds, such as OH may also be weaker on the catalysts
supported in the N-doped substrates, which would further
enhance the catalytic activity given that strongly adsorbed OH is
a well-known catalyst poison. Additionally, in contrast to the
non-doped systems, calculations have shown that the strong
interaction between Pt clusters and N-doped graphene led to no
changes in cluster-support separation with the presence of
adsorbed molecular oxygen. We suggest that this stronger
interaction may be responsible for a decrease in the resistance
for electron transfer between the cluster and the substrate
facilitating the electrochemical reactions. All results obtained in

This journal is © The Royal Society of Chemistry 2015
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this study are of major importance and lay the basis for the
development and demonstration of new cathode architectures
for low temperature proton exchange membrane fuel cells.
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This work summarizes the advanced materials developed by various research groups for improving the
stability of platinum (Pt), and Pt-based catalysts center toward the oxygen reduction reaction (ORR) in
acid medium. The ORR stability enhancement of Pt catalytic center can be classified according to the
different nature of the supporting materials, namely, carbon-, oxide-based-, and oxide-carbon
composites. The enhancement and stability of a catalytic center can be related to either its electronic
modification induced by a strong interaction with the support, another metal (alloy), or to geometric

IS?I;‘;V;;;C:ZS effects. In addition, other parameters come into play, the size, the morphology of the catalytic center, the
Stability temperature, the dispersion, and mass loading, along with the measuring methods. This mini-review
Activity mainly focusses on the stability improvement, depending on the substrate nature. This latter can be
Platinum further modified via functionalization or by the chemical interaction nature between the substrate and

Nanoalloys catalyst.
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1. Introduction decrease of catalysts’ performance in PEMFC [3,4]. Indeed, the

conventional support of Pt-based nanoparticles (NPs) is carbon

Besides the electrocatalytic activity of nanomaterials for the
oxygen reduction reaction (ORR), the stability of any catalytic
center is still a major issue in low temperature fuel cell systems,
such as proton-exchange membrane fuel cell (PEMFC), in particular
for the best known catalyst: platinum (Pt) [1,2]. It is well known
that degradation and contamination of Pt active sites result in a
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black. The corrosion of this support starting at 0.97V vs. RHE
(reversible hydrogen electrode) [5] leads nanoparticles to detach
and aggregate into larger ones resulting in a loss of active surface
area [6-9], hence lowering the performance of the electrochemical
generator [2,6,9,10]. Efforts have been devoted to enhance the
stability of this kind of catalysts via various methods, which can be
divided into two routes, namely with or without Pt surface
modification.

The first strategy, referring to Pt electronic modification, was to
tailor Pt center in Pt-M with M = transition metals or rare earth
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elements. The Pt alloyed rare earth (RE) bulk model confirmed the
prediction of highly efficient and stable catalysts towards ORR
[11-14]. And Pt Y nanoalloy showed excellent ORR kinetic and
durability [15]. Pt-M nanoalloys, where M could be Co, Ni, Cu, Fe,
etc. [16-22], also showed a high ORR activity and/or stability. One
explanation for such an ORR enhancement in such Pt-based
nanoalloy is the “ligand effect” and “geometric effect” [22-25].
Another phenomenon that favors the ORR stability is the strong
metal-substrate interaction (SMSI) between Pt NPs and the
substrate. In fact, strong interaction of Pt centers with the graphitic
domain of carbon materials, such as carbon nanotube (CNT) and
reduced graphene oxide (RGO) sheet supported Pt catalysts, was
observed [26-29]. Oxides were also identified as good candidates
to support Pt-based NPs basically because of their better corrosion-
resistance with respect to carbon materials [5]. Pt supported by
oxides can be prepared via a chemical and/or photochemical route
[30-32]. Both methods, reveal that SMSI in Pt and oxide should be
responsible for the enhanced catalytic activity and/or stability
towards ORR [30,33,34]. As defined by Tauster et al. [35,36], SMSI is
related to formation of an interfacial bond occurring between the
metal and the metal of the oxide’s surface. The modification of the
metal electronic structure which takes place is also induced by
strain effects [37]. Compared with carbon materials, the conduc-
tivity of pure oxides may limit their application as cathodic
substrate materials. Therefore, doped oxides and oxide-carbon
composites become attractive supports for catalytic nanoparticles
[32,38,39] In fact, SMSI can be also identified in oxide-carbon
composite supported Pt NPs [40]. The ORR stability was enhanced

with respect to carbon black supported Pt NPs [39]. Recently,
another type of interaction, between oxide clusters and Pt center
supported by carbon black, was observed for ORR stability
enhancement. Such an interaction is induced by micro-strain
between oxide nanoclusters and Pt [41,42], leading to Pt surface
change.

Besides Pt surface modification, other parameters could come
to play. Norskov et al. predicted that, based on density function
theory (DFT) calculation, the ORR surface specific activity (SA),
defined as kinetic current normalized by Pt active surface, should
be enhanced with increasing particle size in the range of 2-30 nm
and maximum mass activity (MA), defined as kinetic current
normalized by Pt mass, should be observed on particles of 2-4 nm
in HCIO4 [43]. In addition particle-size effect in Pt-based catalysts
towards both ORR activity and stability were observed [44,45].
Octahedral Pt-Ni facetted (111) dominant [18,46,47], Au cluster
stabilized Pt [48] and Pt-based core-shell NPs [49,50] showed an
enhanced ORR activity and stability with respect to the Pt center.
Moreover, Pt NPs dispersion, mass-loading, substrate conductivity,
working condition (e.g. temperature), etc., affect the ORR process
[51-55].

Since the Pt surface modification has a positive influence on the
ORR process, this mini-review summarizes recent experimental
progress obtained so far by various research groups using modified
Pt centers and various substrates’ nature to anchor or hybridize the
catalytic center. Other parameters (e.g. NPs size/morphology effect,
temperature, and working condition will be mentioned but not
discussed in detail.

Table 1
Low graphitized carbon supported Pt NPs towards ORR stability.
Catalyst Particle diameter® / Durability test parameters Durability test results Ref.
Shape
Cycles Potential Electrolyte and electrochemical Scan Temperature Initial Remaining
interval” cell rate¢ value? value®

Pt,Y/GCE 9/ Spherical 9,000 0.6-1.0 0,-saturated 0.1 M HClIO,4 in 50 23°C MA=3050 MA=63% [15]
Pt/GCE N.M. half-cell. MA=500" N.M.
Pt; sNi/CB 11/ Octahedral 4,000 0.6-1.0 0.1 M HCIO, in half-cell. 50 N.M. MA=1200" MA=84% [18]
PtNi/CB 12/ Octahedral MA=1700" MA=55%
PtNi; 5CB 13/ Octahedral MA=1100" MA=34%
Pt/CB’ N.M. MA=150 N.M.
Pt,.sNi/CB 9/ Octahedral 5000 0.65-1.0 0,-saturated 0.1 M HCIO, in 70 N.M. MA=3300 MA=60% [47]
Pt/CBV N.M. half-cell. MA=200 MA=67%
Pt3Co/CB -700 7.2/ Spherical 5,000 0.05-1.0 N,-saturated 0.1 M HClIO, in 50 RT MA=520 MA =73%" [16]
Pt/CB’ 4.4/ Spherical half-cell. MA=60 N.M.
PtCuz 600C/CB 2.65/ N.M. 30,000 0.5-1.0 H,/N,-saturated 0.1 M HCIO4 in 100 80°C MA=303 MA=83% [21]
PtCusz 800C/CB 4.2 [ N.M. MEA. MA=530 MA =40%
PtCu; 950C/CB 5.4 | N.M. MA=320 MA=97%
Pt/CB’ 2.9/ N.M. MA=160 MA=81%
Pt;Pd/CB 11.3/ Octahedral 2,000 0.4-0.9 0,-saturated 0.1 M HClO,4 in 50 RT ECSA=54  ECSA=98% [61]
Pt3Pd/CB 3.9/ Spherical half-cell. ECSA=61 ECSA=43%
Pt/CB’ N.M. ECSA=95  ECSA=47%
PtCu3/CB (ordered) N.M. 7000 0.6-1.2 0.1 M HClIO4in half-cell. 1000 N.M. MA=580 MA=72% [22]
PtCus/CB N.M. MA=450 MA=67%
(disordered)
Pt/Au 3-5/ Spherical 30,000 0.6-1.1 0,-saturated 0.1 M HClOg4in half- 50 RT N.M. Hypa =100% [48]
Pt/CB’ N.M. cell. N.M. Hupa=55%
Pd@Pt 5/ Spherical 60,000 0.7-0.9 0.1 M HClO4in MEA. N.M. 80°C MA=300 MA=81% [49]
Pt/CB’' 3.5/N.M. MA=130 MA=32%

N.M. =not mentioned in literature.
MEA = membrane electrode assembly.
RT=room temperature.

¢ nm.

> Vvs. RHE.
mVs~L

Normalized by the initial value.
Data not provided in the literature, these ones were estimated from figures.
Reference catalyst to compare with the catalytic activity of alloyed Pt NPs.
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2. Carbon-based substrate for Pt NPs
2.1. Low graphitized carbons

Metal black NPs, e.g. Pt, Ru, etc. have been investigated as model
systems for various electrocatalytic reactions. In this sense, novel
unsupported alloys made of Pt and rare earth elements have been
synthesized via physical methods, e.g. PtyY nanoalloy coated on
glassy carbon electrode (GCE), showed excellent ORR activity and
stability (in Table 1 and Fig. 1) [15]. Moreover, low graphitized
carbons are widely used as supports for catalytic NPs.

Carbon black (CB), e.g. from Vulcan and Ketjen, are the most
widely used supporting materials for catalysts’ nanoparticles
towards ORR. The enhancement of ORR activity and stability of
carbon black supported Pt NPs is essentially based on the design of
the catalytic center. In platinum nanoalloys, two main concepts, in
the control of Pt catalytic center, are devised: the “geometric”
and/or “ligand effect”, where the Pt electronic modification change
Pt catalytic performance. In the presence of alloyed 3d transition
metals, and rare earth elements, e.g. Yttrium (Y), Gadolinium (Gd),
with Platinum, the geometric effect can be related to a change of
the Pt-Pt inter-atomic distance. The 3d transition metals or rare
earth elements which can leach out during the electrochemical
activation of platinum in acid medium, leading to pure Pt skin and
thus altering the Pt-Pt atomic distance [15,16,18,56]. Such Pt-Pt
atomic distance is more compressed in PtyY nanoalloy than
on pure Pt. A similar phenomenon takes place on the Pt-M
(M=3d transition, metals) e.g, Pt-Cu [15,57]. The surface
de-alloying process of Y atoms in Pt,Y leads to close packed Pt
atoms forming a Pt overlayer skin on alloyed Pt-Y core. Therefore,
on Pt-M (M =transition, and rare earth metals) nanoalloys, the
ligand effect can be attributed to a Pt electronic modification
induced by M metals [12,14,58-60]. The ORR process that occurs at
the Pt surface can be rationalized as follows: First the activation of
0, molecule on Pt surface, involving one H" and e~ transfer, form
adsorbed OOH. Secondly, this surface adsorbed species dissociates
into O and OH. If the electronic structure of the catalytic center
changes, the adsorption/desorption energy of the species changes
as well. Based on DFT calculation the process of adsorption of OOH
and desorption of O and OH, for example at Pt3Y, is smaller in
comparison to that of pure Pt surface atoms, leading to an
enhanced ORR activity and stability [12].
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Fig. 1. ORR activity before and after stability test: surface specific activity (SA) vs.
mass activity (MA). The degradation is shown by an arrow for Pt,Y/GC [15]; Pt sNi/
CB [47]; Pt 5Ni/CB, PtNi/CB and PtNi; 5/CB[18]; (inset) for Pt3Co/CB-700 [16]; PtCus/
CB 600C, PtCus/CB 800C and PtCus/CB 950C [21]; PtCusz/CB (ordered) and PtCusz/CB
(disordered) [22]; Pt/Pd/CB [49]; DOE 2015/2017 target [3].

The ORR activity of Pt-M (M = transition metals and rare earth
elements), as well as stability tests performed on various CB
substrates are summarized in Table 1. The selected system was
based on the ORR activity with respect to DOE (department of
energy, USA) 2015 (MA =440 mA/mgp.) | 2017 (SA=770 wA/cm?p)
targets [3]. The Pt-M catalysts listed in the Table are more efficient
for the ORR with respect to the DOE target. Before the stability test,
it can be seen that the ORR mass activity (MA) on Pt-M is higher
with respect to Pt taken as a reference catalyst. Likewise, one can
notice that the ORR mass activity on Pt-M on CB or GCE supports
follows such DOE'’s trend. Indeed, the initial MA value of catalysts
in the decreasing order are: octahedral Pt;sNi supported on CB
(Pt 5Ni/CB) [47] > Pt,Y supported on GCE (PtyY/GCE) [15] > PtNi
supported on CB (PtNi/CB) [18] > Pty 5Ni supported on CB (PtqsNi/
CB) [18] > PtNi; 5 supported on CB (PtNi; 5/CB) [18] > ordered PtCus
supported on CB (PtCus/CB ordered) [22] > PtCus, annealed at
800°C, supported on CB (PtCus/CB-800) [21] > Pt3Co, annealed at
700°C, supported on CB (Pt3Co/CB-700) [16] > carbon black
supported PtCus, annealed at 950°C, supported on CB (PtCus/CB
950) [21] > PtCus, annealed at 600 °C, supported on CB (PtCus/C
600C) [21]. Unfortunately, in order to have a complete picture of
the stability measurements on Pt-Y [15], Pt-Ni [18,47], Pt-Co [16]
materials, measurements on Pt reference materials are needed.
Furthermore, different working conditions employed differ, cf.
columns 3-6 of Table 1. We can only assess that Pt,Y/GCE [15]
retains the highest ORR mass activity among Pt-M (M = transition,
and rare earth metals) centers, e.g., PtNi/CB [18], PtNi;5/CB [18],
Pt, 5Ni/CB [47] and Pt3Co/CB-700 [16]. Furthermore, tunable ORR
kinetic and stability related to Pt and Ni ratio could be generated on
octahedral Pt-Ni nanoalloy [ 18]. The different ORR kinetics on Pt-Ni
catalysts with different Pt/Ni ratio was associated with the Pt
surface morphological change as a result of leaching of Ni during
ORR [18]. The MA on other nanoalloys such as Pt3Co/CB-700
catalyst was reported to be around 73% after 5,000 potential cycles
[16], ordered PtCuz/CB remained 72% after 7,000 cycles [22] and for
PtCu3/CB annealed at 950°C it was 97% ORR after 30,000 cycles
[21]. Nevertheless, as compared to Pt,Y/GC [15] and Pt, sNi/CB [47]
nanoalloys, the initial ORR activity of PtCus [21] is lower by a factor
of ca. 10.

The MA vs. the SA at 0.9V vs. RHE, and stability for the ORR on
various catalysts supported onto carbon are contrasted in Fig. 1.
The loss of activity is marked by an arrow. Since different durability
working conditions were reported, one should not directly
compare ORR stability between different catalysts. However, one
can appreciate two groups of catalysts, namely the most perform-
ant ones, e.g., Pt,Y/GCE [15], Pty 5Ni/CB [47], Pt;sNi/CB [18] and
PtNi/CB [18], and the less performant ones, e.g. PtNi;5/CB [18],
ordered PtCusz/CB [22], Pt3Co/CB-700 [16] and annealed PtCus/CB
catalysts [21]. Considering the DOE 2015/2017 target as a reference
for the most performant catalysts, the ORR kinetics before and
after stability tests is higher than the reference. For the less
performant catalysts, the ORR activity after stability tests is lower
than the reference. This picture shows us that ligand and/or
geometric effect can also be correlated to the materials particles’
size/morphology. Among octahedral shaped PtNi nanoalloys, the
Pt, sNi/CB, with the smallest diameter (cf. Table 1), delivered the
highest initial MA and SA [18,47] supporting the favorable effect of
particle size towards ORR.

The tuning of Pt active center activity was devoted to control the
morphology of nanoparticles. In this connection, Zou et al. [46]
reported that octahedral PtsNi NPs with dominant (111) facet
showed an enhanced ORR activity with respect to Pt3Ni nanocubes.
Similarly, Park et al. observed that the ORR stability on octahedral
ones was improved [61] as compared to spherical Pt3Pd/CB
catalyst, cf. Table 1. Moreover, the high activity and stability of
catalysts can be favored by engineering core-shell structures.
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Fig. 2. Anodic polarization curves obtained by potential cycling at scan rate of
2mVs~ !, from 0.7 to 1.3V vs. RHE, in N-saturated 0.1 M HClO,4, for bare Au
electrode, CB (Vulcan XC-72, pretreated at 400°C under N, for 4h), MWCNT
(purification following the method in reference [101]) on Au electrode, TiO,
(prepared via sol-gel route in [32]), TiO»-C composite (50 wt% TiO,, prepred via sol-
gel route in [32]) coated on Au electrode.

The data shown in Fig. 1 contrast Pt-M (M = transition or rare earth
metals) catalysts having an induced core-shell structure developed
by leaching or dealloying process, e.g., on Pt,Y/GCE [15], Pt3Co/CB
[16], PtyNi/CB [18] and PtCus/CB [21,22]. It thus turns out that the
increased activity can be associated with the electronic effect
induced by micro-strained Pt overlayer atoms as a result of
leaching/dealloying [15,16,18,21,22]. An alternative way to stabilize
Pt catalytic centers can be obtained from, e.g. Au cluster or by core-
shell morphology, where the Pt is not alloyed [48,49,62]. It was
reported that Pt/Au [48] and Pd@Pt [49] supported on CB showed
no active surface area degradation after 30,000 potential cycles for
the former and 19% loss of MA after 60,000 cycles for the latter.
Pt/CB used as reference under the same conditions showed 45%
and 68% loss, respectively, c¢f. Table 1. It is thus clear, that data
shown in Fig. 1, indicates that these kinds of catalyst having
non-alloyed cores possess an enhanced stability but lower ORR
activity.

2.2. High-graphitized carbon

Other types of carbons, such as carbon nanotube (CNT)
and reduced graphene oxide (RGO) were reported as substrates
to favor the ORR process of Pt NPs [26,28,29,63]. As shown in Fig. 2,
the onset corrosion potential for high graphitized carbon
(e.g. multi-walled CNT) is higher than that for low graphitized
carbon (e.g. CB). Thus, improvement of ORR stability on Pt/(high
graphitized carbon) catalyst was reported, see Table 2 and
Fig. 4. The corrosion resistance of the substrate minimize Pt NPs
agglomeration.

Another mechanism for such an activity enhancement revealed
that a SMSI is also responsible for stabilizing Pt NPs [26,64].
Recently, Alonso-Vante et al. reported the interaction between Pt
center and graphitic domain of carbon materials [26,65]. For such a
comparison, care was taken in controlling the size/morphology of
Pt NPs (cf. Fig. 3A-C), obtained via the carbonyl chemical route
synthesis [26,65,66]. Using CO as a molecular probe, a series of
experiments were done on well-defined substrate conditions.
Fig. 3D shows the CO-stripping voltammograms on Pt/CB
(CB=Vulcan XC-72), Pt/MWCNT (MWCNT = multi-walled carbon
nanotube) and Pt/HOPG (HOPG = highly oriented pyrolytic graph-
ite). The oxidation of carbon monoxide is shifted to negative
potential and it is a function of the degree of graphitization of the
substrates as revealed by the Raman spectroscopy (cf. insets of
Fig. 3D). These results, indeed, disclose that the ratio of the D-band
(disordered band) intensity with the G-band (graphitic band)
decreases. The favorable interaction of Pt NPs onto graphitic
domains of carbon was further verified via XPS analysis (not shown
here).

Table 2 summarizes the ORR stability on CNT or graphene
supported Pt NPs. It is noticeable that the ORR stability of CNT or
graphene supported Pt NPs is enhanced with respect to Pt/CB
reference catalysts. As an example, the remaining ECSA of
Pt/MWCNT [26], which measured up to 3,000 cycles, was 68%
whereas the reference Pt/C catalyst was 25%. The origin of
stability on this kind of systems can be related to both the
higher corrosion potential of substrate and the SMSI effect
developed by the hybridization of d-orbitals of Pt with sp?
domains of carbon. Strasser et al. [63] also reported an enhanced

Table 2
ORR stability on multi-walled carbon nanotube (MWCNT), functionalized graphene sheet (FGS) and reduced graphene oxide/carbon black (RGO/CB) supported Pt NPs.
Active Particle diameter”/ Durability test parameters Durability test results Ref.
Center shape
Cycles Potential Electrolyte and electrochemical Scan Temperature Initial value!  Remaining
interval® cell rate® value®
Pt/MWCNT  2.2/Spherical 3,000 0.05-1.2 N,-saturated 0.5 M H»SO4in half- 50 25°C N.M. ECSA=68% [26]
Pt/CB (R1)  1.9/Spherical cell. ECSA=25%
Pt/MWCNT  2.9/Spherical 10,000 0.5-1.0 0.1 M HClO4in half-cell. 50 RT ECSA=47+12 ECSA=105% [63]
MA=120+20 MA=90%
Pt/CB (R2)  2.5/Spherical ECSA=53+4 ECSA=74%
MA=150+10 MA=66%
Pt/FGS 5.5/Spherical 5,000 0.6-1.1 Ny-saturated 0.5M H,SO4in half- 50 RT ECSA=108 ECSA=68% [28]
cell. MA=39 MA =50%
Pt/CB (R3)  6.9/Spherical ECSA=75 ECSA=40%
MA =65¢ MA =35%
Pt/RGO/CB  5/Spherical 20,000 0.6-1.1 0.1 M HClO4in half-cell. 100 RT ECSA=56.4 ECSA=95% [29]
MA=170" MA=69%"
Pt/CB (R4)  3/Spherical ECSA=58.9 ECSA=50%"
MA=170" MA=35%"

N.M. = not mentioned.
RT=room temperature.
¢ nm.
b Vs, RHE.
mVs~L

Normalized by the initial value.
Data not provided in the literature, these ones were estimated from figures.
" Reference catalyst to compare ORR stability.

c
9 ORR mass activity (MA) @ 0.9V vs. RHE / mA mg'p; electrochemical surface area (ECSA) / m? g~ 'p;.
e
f



112

Y. Luo, N. Alonso-Vante /Electrochimica Acta 179 (2015) 108-118

Ip/lg =21 500 cps 5

1i(ge0)=0.5 mA cm”

ld=19+09nm

1000 1200 1400 1600 1800

Raman shift / cm™!

_ PtCB

ollg=05 wel| | PUMWCNT
.~ d=22%1.0nm

%j(geo)=0.5 mA cm_zl

1000 1_2‘(-10 1400 1600 1 1800
Raman shift/ cm”

~ PUHOPG
'd=22%1.0nm

1000 1200 1400 1600 _ 1800

j(geo)=0.5 mA cm_Z]

Raman shift / cm™

0 0204 06 08 10 1.2
E vs. RHE / V

Fig. 3. TEM images for Pt/CB (A) and Pt/MWCNT (B). Reprinted with permission from [26]. Copyright (2013) American Chemical Society. STM image for Pt/HOPG sample (C),
zone A and B represent Pt NPs and zone C for HOPG. CO-stripping voltammograms (D) for Pt/CB, Pt/MWCNT and Pt/HOPG; (insets) Raman spectra for CB, MWCNT and HOPG.

Data extracted from [26,65].

ORR stability after 10,000 cycles on Pt/MWCNT with respect to
Pt/CB catalyst. In this work the MA of Pt/MWCNT remained 90%
with no degradation of ECSA, whereas the remaining ECSA and MA
were 74% and 66% on Pt/CB, respectively. Reduced graphene
oxide (RGO) and CB composite were reported as a more durable
substrate than CB for Pt NPs [29]. It was reported that ECSA
showed only a loss of 5% on Pt/RGO/CB catalyst after 20,000 cycles,
while the active surface area of Pt/RGO and Pt/CB, as reference
catalysts, remained respectively around 50% and 60%. In spite of
the relatively low initial activity of Pt/RGO/CB catalyst towards
the ORR, the remaining MA after stability test was of 69%.
Under the same conditions Pt/CB degradation is higher and the
remaining MA is 35%. Additionally, functionalized graphene
sheet (FGS) supported Pt NPs showed an enhanced ORR stability
in comparison to the commercial Pt/C catalyst after 5,000 cycles.
The extent of the electrochemical surface area variation of the
various Pt NPs- carbon systems with the number of cycles is
contrasted in Fig. 4. One can further notice that Pt/CB reported in
the literature strongly differ, probably because of different sources
and different cycling potential intervals. One can, however, state
that Pt NPs can be positively stabilized on carbon with graphitic
domains.

3. Oxide-based materials
3.1. Pure-, doped-oxides

Wide band-gap semiconducting oxides, such as TiO,, SnO,, and
WO5 [32,34,39,67-71], are good candidates as supports for Pt NPs,
not only because of their corrosion resistance with respect to
carbon-based materials (cf. Fig. 2), but also because of their strong
interaction with metallic particles inducing the so-called SMSI
effect for the ORR activity as well as stability enhancement [33].

SMSI was reported between Pt and oxides, e.g., TiO,, SiO5, CeO-, and
so on [72-75]. This phenomenon is defined as an interfacial
interaction between the catalytic metal and the metal of the oxide
resulting in an electronic structure modification of the catalytic
metal [35,36]. Taking Pt/TiO, system as an example, DFT
calculation indicated a strong interfacial reaction between Pt
and Ti atoms forming a metal-metal bond [76]. The modification of
Pt electronic structure can also be associated with a charge transfer
at the interfacial Pt-Ti alloy [40]. Hwang et al. attested [33],via
X-ray absorption near edge structure (XANES) data, Fig. 5A, charge
transfer from oxide (Tip7Mo0030>) to Pt NPs. Compared with Pt/C
catalyst and PtCo/C catalyst, dramatic decrease of number of
unfilled d-states could be observed in Pt/Tig7Mo0q 30, Fig. 5B. Thus
indicating that electron donation from oxide to Pt takes place.
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Fig. 4. Electrochemical surface area evolution for Pt/MWCNT compared with Pt/CB
(R1)[26] and [63], Pt/RGO/CB compared with Pt/CB (R4) [29] and Pt/FGS compared
with its Pt/CB (R3) [28].
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However, some reports revealed that, besides charge transfer,
lattice strain effect should also be taken into account as an
important factor enhancing the ORR activity [37]. In this sense, Kim
et al. described that charge transfer from Cr-TiO, to Pt (Pt/Cr-TiO;)
takes place as a result of a strong OH adsorption on Pt
surface leading to a decrease of ORR activity [37]. Nevertheless,
ORR activity on Pt/Cr-TiO, was improved with respect to the
reference Pt/C. To put in evidence such phenomena (SMSI and/or
strain effects), Pt NPs were deposited onto oxides using either the
photo-deposition, or depositing via a chemical route
[32,39,40,77,78].

With respect to Pt NPs supported onto doped-oxides, the
activity and stability vis-a-vis the ORR are summarized in Table 3
and Fig. 6. For Pt/TiO,, and Pt/Nbg,5Tig 750, [34,38], the initial
specific activities are lower than the reference Pt/CB. After 2,500
potential cycles, SA value on Pt/TiO, and Pt/Nbg »5Tig 750, catalyst
remain respectively 52% and 41%, whereas the loss on the
reference Pt/CB attains 96 %. When considering, the ECSA
evolution, after stability tests, Pt/TiO, and Pt/Nbg,5Tig7502
materials preserve, respectively, 44% and 45%, i.e., more stability
than the loss of 93% recorded for Pt/CB. It should also be noted
that ORR stability between Pt/TiO, and Pt/Nbg»5Tig 750, catalyst
is very close, but ORR activity is obviously enhanced on
Pt/Nbg 25Tig.7502 with respect to Pt/TiO,. Besides, doped oxides
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Fig. 5. Pt Ly;-edge XANES spectra (A) and variation in unfilled d-states for Pt/
Tip.7M00 30, and Pt-based NPs on carbon. Reprinted with permission from [33].
Copyright (2011) American Chemical Society.

can improve the ORR activity and enhance stability of Pt [79].
Sn doped TiO, can also be applied as substrate for Pt center
towards ORR. Hou et al., reported that the enhanced ORR
activity on Pt/Tip7Sng30, is due to its high conductivity with
respect to Pt/TiO, [79]. After 500 potential cycles, the remaining
ECSA for Pt/Tig;Sng30, was 62%, whereas for Pt/CB catalyst it
was only 26%. Enhanced ORR activity and stability on
Pt/Tip7Mo0g 30, was also obtained [30,33]. Indeed, after 5,000
potential cycles, the ORR activity on Pt/Tip;Mog30, was 92%,
whereas Pt/CB decreased to 50%. It revealed that a strong bonding
between Pt and oxide is at the origin of the SMSI effect,
preventing Pt NPs from agglomeration [33]. Pt NPs on Nb- and
Sb-doped SnO, showed enhanced effect on stabilizing Pt NPs after
stability test with respect to carbon supported Pt NPs [51,80]. The
authors claimed that enhanced stability should be attributed to
SMSL. In Fig. 6 one can notice that it is very difficult to compare
ORR stability between Pt/Oxide catalysts due to the different
stability test procedures. Nevertheless, it can be concluded that
Pt centers on oxides are more stable than on carbon or carbon-
oxide composite as substrate, see below, attributing to both
higher corrosion potential and SMSI.

3.2. Oxide-modified catalytic center

Oxide-modified Pt center supported by carbon can be
essentially synthesized via a chemical route [41,42]. Such system
is significant for Pt-based catalyst with rare-earth (RE) elements.
Alloyed Pt-RE has been predicted for its excellent ORR activity and
stability [12-14,58]. The synthesis of Pt-RE nanoalloy is a great
challenge via soft chemical route as compared to the relatively
facile chemical synthesis of Pt-Ni and Pt-Co nanoalloys [16,18]. The
reason is that the reduction potential of RE elements is very
negative (ca. -2V) [82]. Therefore, co-reduction of RE and Pt in
aqueous solution is not appropriate for Pt-RE nanoalloy synthesis.
Results from various groups confirm that chemical co-reduction of
Pt and Y precursors lead to Y-oxide in Pt catalysts [41,42,83,84].
Surprisingly, ORR activity and stability of Pt-Y,03/C was enhanced
in comparison to Pt/C catalyst [41,42,83,84]. This phenomenon can
be, however, associated to the interaction of amorphous RE-oxide
cluster interacting with Pt surface atoms [41,42]. Our group
recently observed enhanced ORR activity as well as stability with
Y,03 and Gd,03 modified Pt center on CB, noted as Pt-Y,03/C and
Pt-Gd,05/C, with respect to the reference Pt/C [42]. It was found
that ORR activity was actually enhanced after heat-treatment,
even though no evidence of modification of the Pt electronic
structure and formation of Pt-Y or Pt-Gd alloy could be assessed
yet [41,42]. Thus, such an effect should be distinguished from SMSI,
since no Pt electronic modification can be brought to light. As
shown in Fig. 7A, the micro-strain value, estimated from
Williamson-Hall plots based on XRD data, was enhanced from
as-prepared to heat-treated Pt-M,03/C (M=Y and Gd) samples.
Conversely, such a phenomenon decreased from as-prepared to
heat-treated Pt/C sample. Compared with Pt/C sample, the TEM
images showed that the Pt NPs was much less agglomerated after
heat-treatment in Pt-M;03/C (M=Y and Gd) samples. The ORR
stability, evaluated from remaining active surface and kinetic
current (Fig. 7B), was found more stable for Pt-M,03/C (M =Y and
Gd) samples after heat-treatment, than for Pt/C sample after heat-
treatment. These results confirm the effect of rare earth oxides in
stabilizing the Pt center. In fact, a decreased micro-strain value
and ORR activity was found, however, in TiO,-CB supported Pt NPs
(Pt/TiO,/C) after heat-treatment, which could be related to a Pt
center healing process [85]. Therefore, an increased micro-strain
value and ORR activity/stability in Pt-M,03/C (M=Y and Gd)
systems can be associated to the presence of surface oxide
clusters on Pt surface defects serving as nano-supports. Besides,
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Table 3

Titanium oxide (TiO,), Niobium doped titanium oxides (Nbg,sTip7502), Tin doped titanium oxide (Tip7Sne30,) and Nb-/Sb- doped tin oxide (SnggsNbg 402 5 /

Snp.osNbp 0402 _5) supported Pt NPs towards ORR stability.

Active Center Particle diameter®/  Durability test parameters Durability test results Ref.
shape
Cycles Potential Electrolyte and Scan Temperature Initial value! Remaining
interval® electrochemical cell rate® value®
Pt/TiO, 3-5/Spherical 2,500 0.6-14 0.5 M H,S04in half-cell. 50 N.M. ECSA=31.2 ECSA=44% [34,38]
SA=2300 SA=52%
Pt/Nbg.25Tio.7502 3-4/Spherical ECSA=N.M. ECSA=45%
SA=2970 SA=41%
Pt/CB (R1)' 2-3/Spherical ECSA=56.4 ECSA=7%
SA=3180 SA=4%
Pt/(Nb-TiO3) 2.3/Spherical 1,000 0.05-1.2 N,-saturated 0.1 M 50 80°C ECSA=36 ECSA=73% [81]
Pt/(C-TiO,)(R2)’ 2.3/Spherical HCIOin half-cell. ECSA=24 ECSA=8%
Pt/Tip 7Sn0 302 2.4/Spherical 500 0.6-1.2 0.5 M H,SO4 N.M. N.M. ECSA=43.6 ECSA=62% [79]
Pt/CB (R3)' N.M. ECSA=66.9 ECSA=26%
Pt/Tip7,Mo00.302 N.M./Dendrite 5,000 0.2-1.2 0O,-saturated 0.5 M H,SO4in N.M. 25°C ECSA=81.1 MA=92% [30]
half-cell. MA=3.1
Pt’ N.M./Dendrite ECSA=81.1 MA=75%
MA=0.75
Pt/CB (R4) N.M. ECSA=71.2 MA=50%
MA=0.55
Pt/Tip7Mo00.302 3-4/Spherical 1,000 0.0-11 0.5M H,SO04in half-cell. 50 25°C SA=800" SA=92% [33]
Pt/CB (R5)' 3-4/Spherical SA=100" SA=49%
Pt/SnoosNDoosO2_5 2.8+ 0.4/N.M. 4,000 09-13 Ny-saturated 0.1 M HClIO4in ~ N.M 25°C ECSA=79.7 ECSA=90% [51,80]
Pt/Sng.oeNbg 04025 2.7 +0.5/N.M. half-cell. ECSA=68.6 ECSA=88%"
Pt/CB (R6) 2.2+0.5/N.M. 1,000 ECSA=80.7 ECSA=38%

N.M. = not mentioned.
RT =room temperature.
2 nm.
> V vs. RHE.
¢ mVs L

4 ORR specific (SA) and mass activity (MA) @ 0.9V vs. RHE [ mAmg'p; electrochemical surface area (ECSA)/m?g'p..

¢ Normalized by the initial value.

f Data not provided in the literature, these ones were estimated from figures.
" Reference catalyst to compare ORR stability.

XPS (X-ray photoelectron spectroscopy) analyses revealed that the
surface Pt/M ratio, for Pt-M,03/C (M=Y and Gd) catalysts,
increased after heat-treatment. This further proves the micro-
strain change induced Pt surface modification. These results give
insights to understand that RE oxides are different source of
favorable interaction with Pt centers.

3.3. Oxide-carbon composite

Another kind of catalyst substrate material is the oxide-carbon
composite (My0,/C). Using chemical route, e.g., sol-gel chemical

100 -
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Sy PY(Nb-TiO,)

Pt/(Sng 96Sbg 0405.5)
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[=2]
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T
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Fig. 6. Electrochemical surface area degradation for Pt/TiO, and Pt/Nbg5Tig 750>
compared with Pt/CB (R1) [34,38], Pt/(Nb-TiO,) compared Pt/(C-TiO;) (R2) [81],
Pt/Tip7Snp30>, compared Pt/CB (R3) [79], Pt/(SnoosNboo4O>_5) and
Pt/(Sng.96Sbo.0402_5) compared Pt/CB (R6) [51,80].

process [39], the oxides are synthesized in the presence of carbon
to form the composite. The composite revealed enhanced
corrosion resistance with respect to carbon (e.g. CB), as shown
in Fig. 2. It is worth to note that, depending on the mass ratio of
oxide to carbon, the composite shows a similar relative powder
conductivity to that of carbon [5]. For instance, in the range of
0-20 wt% TiO,/C, the conductivity of the composite is close to that
of CB [5]. The in-situ synthesis of the oxides favors an intimate
contact in such a way as to form an ohmic junction at the oxide-
carbon interface [86-88]. Oxides in the composites are interesting
[5,89], in spite of their low conductivity (large-gap materials)
[41,42,90,91] since they serve as anchoring points of catalytic
centers. As shown recently, the deposition of Pt NPs was selectively
performed onto the oxides of the oxide-carbon composite
(Pt/M,0y/C), using UV light [92,93] or a chemical route [94,95].
This system proved to be efficient to enhance the ORR activity and
stability [39,41,92,96]. Such a phenomenon, as described by
Tauster et al. [35,36] is due to an important interaction of the
catalytic center with the metal of the oxide sites of the composite
named SMSI. Although Koudelka et al. claimed the absence of SMSI
in Pt/TiO, prepared via photo-deposition, due to the absence of any
shift of the binding energy (BE) of Pt 4f peak in XPS [97]. Recent
works, however, confirm SMSI based on modified Pt electronic
structure in presence of TiO, [32,39,40,92,94,98-100]. Results
generated in our group, revealed that the BE of Pt 4f peak is
negatively shifted in Pt/TiO,/C and Pt/WO3/C, whereas no shift was
observed on Pt/C [40].

From Fig. 8, where ECSA degradation is depicted, composites
supported Pt NPs show less ECSA loss with respect to reference
Pt/CB catalysts. Table 4 summarizes some results on oxide-carbon
composites supported Pt NPs towards ORR stability. From this
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Fig. 7. Williamson-Hall plots and TEM images (A) and ORR stability, measured by cycling 6,000 potential cycles from 0.6 to 0.95V vs. RHE at scan rate of 50mVs~" in N,-
saturated 0.1 M HCIO,4 (B) for as-prepared (AP), heat-treated at 100 °C and 300°C (HT-100 and HT-300) Pt/C, Pt-Y,03/C and Pt-Gd,03/C samples. Data extracted from [42].

Table, it can be seen that the loss of ECSA in Pt/M,0,/CB catalysts is
less than in reference Pt/CB catalyst. For Pt/TiO,/CB prepared via
photo-deposition, it was reported that ECSA remains at 42%,
whereas it decreases to 28% on Pt/CB after 3,000 potential cycles
[92]. Besides, Wang et al. reported similar trends, where ECSA
decreased by 78% and 51%, respectively on Pt/TiO,/CB and Pt/CB
catalyst prepared by chemical route [96]. Moreover, Pt/SnO,/CB
shows enhanced stability with respect to reference Pt/C during

3,500 potential cycles [39]. And Pt/ZnO/CB shows more ECSA loss
within 2,000 potential cycles, but more Pt active sites after 3,500
cycles remain in comparison to reference Pt/CB catalyst [39]. It is
clear that ZnO in Pt/ZnO/CB is not stable in acid medium. SMSI in
Pt/Sn0,/CB was probed by CO-stripping via in-situ infra-red (FTIR)
spectroscopy. The FTIR results confirmed that oxide-carbon
composites influence the electronic effect of the catalytic center,
therefore influencing their activity and durability.
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Table 4
Titanium oxide (TiO,)-carbon, Yttrium oxide (Y,O3)-carbon and Gadolinium oxide (Gd,03)-carbon composite supported Pt NPs towards ORR stability.
Active Particle diameter® Durability test parameters Durability test results Ref.
Center /shape
Cycles Potential Electrolyte and electrochemical Scan Temperature Initial Remaining
interval® cell rate® value value®
Pt/TiO,/CB N.M./Spherical 3,000 0.05-1.2 Ny-saturated 0.5 M H,SO4in half- 50 25°C N.M. ECSA=42% [92]
Pt/CB (R1)  N.M./Spherical cell. N.M. ECSA=28%
Pt/TiO,/CB 3.5/Spherical 1,000 0.53-1.13 0.5M H,S04in half-cell. N.M. 25°C ECSA=72.7 ECSA=78% [96]
Pt/CB (R2)  2.85/Spherical ECSA=815 ECSA=51%
Pt/Sn0,/CB  N.M. 3,500 0.05-1.2 Ny-saturated 0.5M H,SO4in half- 50 25°C ECSA=89.5 ECSA=60+3% [39]
Pt/ZnO/CB N.M. cell. ECSA=178 ECSA=50+2%
Pt/CB (R3) N.M. ECSA=378 ECSA=50+3%
N.M. = not mentioned.
2 nm.
b Vvs. RHE.
¢ mVs L
4 Electrochemical surface area (ECSA) / m? g 'pe.
¢ Normalized by initial value.
" Reference catalyst to compare ORR stability.
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4. Summary and outlook

We have made an analysis of the various substrates used to
support nanoparticles of platinum or alloyed platinum. The
examination of such catalyst/substrate systems toward the oxygen
reduction reaction was assessed in three parts according to the
nature of the substrates, namely carbon, oxide, oxide-carbon
composites. Besides the electronic modification of the catalytic
center to create more active catalytic centers with less massif
material is the search of the ideal substrate (good conductivity and
stability) to stand the harsh electrochemical conditions of the
cathode when submitted to the on-off condition of low tempera-
ture fuel cells. Electronic modification is attained using the
hybridization phenomenon, as in the case of the interaction of
sp? of graphitic domains, and/or the metal oxide with the metal d-
orbitals, and/or the effect of oxide clusters (e.g. rare-earth oxides)
decorating the catalytic center. However, efforts need to be
expanded in the design of the catalytic center modification either
via substrate-metal interaction and/or by the catalytic center
modification itself.

This work was partially supported by the European Union’s
Seventh Framework Programme (FP7/2007-2013) for the Fuel Cell
and Hydrogen Joint Technology Initiative under grant agreement
n8 303492 CathCat, and the University of Poitiers.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/10.1016/].
electacta.2015.04.098.
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The combination of surface science and electrochemistry is an effective method to approach a funda-
mental understanding of electrocatalytic systems, especially of the catalyst/support assemblies. Extrinsic
chemical defects in the support can affect the performances and this topic is much investigated in recent
electrocatalyst research. In this work, nitrogen functional groups are introduced into the outermost layers
of highly oriented pyrolytic graphite (HOPG) by ion implantation with a beam energy of 100 eV. Palla-
dium nanoparticles (Pd NPs) are then electrochemically deposited onto both pure and nitrogen doped
HOPG (N-HOPG). Pd?* species located at the interface between the NPs and the nitrogen-rich surface
Electrocatalysis were observed in the latter case. The supported Pd NPs on N-HOPG show the same electrocatalytic activ-
Substrate effect ity for oxygen reduction reaction (ORR) as compared with those supported on pure HOPG. However, the
XPS stability of Pd NPs on N-HOPG towards potential cycling decreases strongly due to the existence of Pd?*
Nitrogen doped HOPG at the interface, which can accelerate the dissolution of Pd atoms. This result is contradictory to results

Keywords:
Oxygen reduction reaction

on supported Pt NPs from the literature where the merit of the N-doping was outlined.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Supported metal nanoparticles (NPs), as the most common
heterogeneous catalysts and electrocatalysts, have attracted a sig-
nificant amount of research. A single supported NP in contact
with an electrolyte is a complex system whose general perform-
ances, such as activity, selectivity and stability, depend on many
factors, i.e. surface composition, facets, lower-coordinated atoms
and defects, size effects, support effects, specific properties of
the electrochemical interface, electrolyte composition, and other
parameters [1]. To achieve the goal of developing electrocatalysts
with optimized efficiency and durability, the knowledge of the
whole set of parameters included in the electrocatalytic processes
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is essential. Therefore, a surface science and electrochemistry (EC)
approach to characterize the catalyst/support assembly at the
nano-scale is fundamental to achieve a full understanding of an
electrocatalytic system under investigation.

There is still an open debate on the influence of a support
material on the catalytic performance of supported metal NPs [2].
Significant progress has been made in the past ten years especially
in theoretical description of the elementary steps of electrocat-
alytic reactions. Both geometrical and electronic effects have been
reported and been explained theoretically [3-5]. The introduction
of tailored defects onto the support surface can improve the disper-
sion of metal NPs so as to reduce the amount of catalyst without
compromising the electrochemical performance [2]. The defects
can act as trapping sites for anchoring the metal NPs in order to
prevent the decrease in the surface area caused by the agglomera-
tion of metal NPs [6,7]. A charge transfer and electronic interactions
between support and catalyst can modify the electronic structure of
supported metal NPs, and thus can influence their activity for some
specific reactions such as CO oxidation and O, reduction [8-10]. A
lattice strain introduced into supported metal NPs by adjusting to
the lattice structure of the support material can lead to a change
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of the electronic structure, and further to a change in the cat-
alytic activity and particle stability [3,11,12]. Additionally, extrinsic
chemical defects can modulate the electronic properties of the sup-
port material, as well as change the catalyst/support interfacial
interaction, which can affect the stability and activity of supported
catalyst [13-16].

Highly oriented pyrolytic graphite (HOPG) is the most suitable
sp2-carbon model substrate. Its weak binding to the noble metal
NPs leads to the prevalent localization of supported metal NPs at
steps and defects [17-19]. Particle-support interaction takes place
nearly exclusively by van-der-Waals forces, and strain and ligand
effect play no role with this support material [20]. When nitro-
gen functional groups are introduced by ion implantation into the
HOPG surface, the support morphology as well as its electronic
properties are modified. Several chemical defects, i.e. trapped N*
and N,* ionsin carbon vacancies, C-sp%-N defects (pyridinic, pyrrolic
and N substitutional) and -C=N terminal groups have been identi-
fied by a high resolution X-ray photoemission spectroscopy (XPS)
analysis [21,22]. Several studies have reported a beneficial influ-
ence of N-HOPG on the electrochemical activity of supported NPs:
Zhou et al. [14] observed a significant enhancement of N-HOPG
onto the catalytic activity and durability of supported Pt NPs for
the methanol oxidation reaction (MOR). They used N ion impla-
nation at an implantation energy of 100 eV and electrodeposited
Pt using a single pulse deposition from a rather diluted solution
of HyPtClg in diluted perchloric acid. The particle size distribu-
tion on HOPG was very large and most particles had sizes between
5nm and 30 nm. On the N-HOPG, on the other hand, most particles
had a size of around 2 nm. Zhou et al. combined in a subsequent
study results from theoretical calculations with impedance and
work function measurements [15]. They were able to correlate an
increased downward band bending at the surface to the optimal
deposition potential used in their study. They also found a shift in
the core level f-electron levels due to the doping by XPS, and iden-
tified Pt2* and Pt** species formed. From this, they concluded that
a charge transfer from Pt particles to the support is possible. Holme
et al. [16] reported a down shift of the Pt d-band center when Pt
particles sit on N-HOPG compared to undoped HOPG, which weak-
ens the adsorption bonding towards atomic oxygen and therefore
increases the activity for ORR. These calculation were done for Pt
clusters, and the effect of nanoparticle size was not considered.
Palladium and its alloys could be an alternative to Pt-based ORR cat-
alysts. Similar to Pt, it binds the oxygen slightly too strong, which
is why a manipulation of the d-band by support effects is desirable
[23,24].Inrecent work, palladium (Pd) NPs were evaporated from a
high-purity metal rod onto HOPG and nitrogen-doped HOPG under
ultra-high vacuum (UHV) [7]. Their electrocatalytic activity for the
oxygen reduction reaction (ORR) was observed to be almost inde-
pendent of the nitrogen implantation, but depended mainly on the
amount of Pd deposited. However the nitrogen ion implantation
was carried out with 500 eV nitrogen ions and the derived N-defects
were mostly buried below the surface [7]. On the other hand, the
enhanced electrocatalytic activity of the Pt/N-HOPG system was
obtained on an implanted sample obtained with 100eV nitrogen
ions [14], so that the N-derived defects are more surface-localized.

Therefore, the N-HOPG supports were prepared in this work
by ion implantation with a beam energy of 100eV. The Pd NPs
were electrochemically deposited with the potentiostatic double-
pulse technique, which provides a high control of the NPs sizes
and particle density. The final Pd/N-HOPG specimens have been
then thoroughly characterized by Surface Science tools, namely
tapping-mode atomic force microscopy (AFM) and X-ray pho-
toemission (XPS). The electrochemical behavior of pure HOPG,
N-HOPG, Pd/HOPG and Pd/N-HOPG was investigated in acidic
media withrespect to the ORR behavior. The general results provide
new insights that are in part contradictory to literature data.

2. Experimental
2.1. Preparation and characterization of N-HOPG samples

Clean HOPG samples (MikroMasch, ZYB grade) were prepared
by cleaving the surface with a scotch tape, followed by a ther-
mal annealing cycle from 500°C to 800°C after the transfer into
the Ultra High Vacuum (UHV) environment. The UHV prepara-
tion chamber (base pressure <5 x 10~9 mbar), was equipped with
a double anode X-ray source (Omicron), a hemispherical electron
analyzer (VG Scienta) and an ion gun (Thermo VG Scientific) for the
implantation process. The N-HOPG samples were prepared by ion
implantation using a cold plasma produced in a 2.2 x 10~6 mbar
background of N5, a beam energy of 100 eV (which is close to the
lower limit at which a stable beam can be achieved) and an expo-
sure duration of 45 min, with an incidence angle of the ion beam
equal to 45° with respect to the sample surface. The ionic cur-
rent measured during the ion implantation was 1.5 pA and the
total dose of implanted argon and nitrogen was around 1 x 1016
ion cm~2. The nitrogen amount was determined normalizing the
intensity of the N 1s XPS peak by the integrated area of the C
1s photoemission line, obtaining a nitrogen dose of 7.5 at%. The
in-situ XPS measurements were performed at room temperature,
using non-monochromatized Mg-Ka radiation (hv=1253.6eV)and
a pass energy of 50eV and 20 eV for the survey and the single spec-
tral windows, respectively. The calibration of the binding energy
(BE) scale was carried out using Au 4f as reference. The XPS peaks
of carbon and nitrogen were deconvoluted into individual compo-
nents (after Shirley background removal), using a Doniach-Sunich
function for the sp2-C component and symmetrical Voigt func-
tions for the “molecular-like” components. The x? minimization
was ensured by the use of a nonlinear least squares routine.

The ex-situ atomic force microscopy (AFM) images were taken in
tapping mode (TM-AFM) with a Veeco Nanoscope V, using a phos-
phorus(n) doped silicon (P:Si) cantilever (RTESPA, Bruker) with a
resonance frequency in the range of 345-384 kHz and a spring con-
stant of 20-80 N/m. The AFM images were evaluated with WSxM 5.0
image analysis software [25]. The size of electrodeposited nanopar-
ticles was determined as the height of particles, as the convolution
between AFM tip and particle leads to a strong overestimation of
the particle size.

The Monte Carlo simulations have been carried out using the
SRIM-013 (Stopping and Range of lon in Matter) package [26].

2.2. Electrochemical deposition and characterization

Electrochemical experiments, such as metal deposition, elec-
trochemical characterization, activity and stability measurements,
were performed in glass cells with a standard three electrode
arrangement by use of a Potentiostat-Galvanostat (Autolab PGSTAT
30). Peroxymonosulfuric acid (Caro’s acid) was prepared with
H,S04 (95~97%, Merck, p.a.) and H,0, (30%, Merck, p.a.) at a vol-
ume ratio of 1:1. All glassware was cleaned in Caro’s acid and
rinsed extensively with deionized water obtained from a Milli-
Q water purification system (Millipore, 18.2 MQ2cm, 3 ppm total
organic carbon). Hg/Hg,SO4 (Schott, B3610) in 0.1 M H,SO4 ref-
erence electrodes (E.f=660 mV vs. SHE) and Pd wires (Ogussa) as
counter electrodes were utilized in all experiments. Potentials in
this paper have been converted to the standard hydrogen electrode
(SHE) scale by adding 66omV. Pure HOPG and N-HOPG samples,
which were encapsulated in a Teflon tape with a 0.126 cm? geo-
metric area exposed to the electrolyte, were used as substrates.
The solutions were prepared from H,SO,4 (96%, Merck, Suprapur),
Pd(NO3); (Pd(NO3), solution, 16.27%, Mateck), and Na;S04 (99.5%,
Merck) with deionized water. The pH value was measured by a
pH-meter (Voltcraft, pH-100ATC).
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Fig. 1. Double-pulse potential for the Pd deposition applied in this study. A short
nucleation pulse of 10ms at E=-140mV precedes a long growth pulse of 100s at
E=150mV. The equilibrium potential of Pd?*/Pd is around 820 mV.

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements for pure HOPG and N-HOPG
were carried out at room temperature in Ar saturated 0.1M
Na,SO4 +xmM H,SO4 (pH=3) solution. The CVs were measured
in a potential range from -0.64 to 1.96V on the HOPG electrodes,
and from -0.14 to 1.46V on the N-HOPG electrodes. All scan rates
were 100 mV/s. The EIS was performed at the open circuit potentials
(OCPs) of both HOPG and N-HOPG, which were 0.654V and 0.584 V,
respectively. 50 values of impedance were captured at frequencies
from 10kHz to 0.1 Hz.

Pd deposition was performed from an aqueous solution of
0.5mM Pd(NOs); in 0.1 M H,SO4. The solution was deaerated with
argon (Ar) gas, but the solutions were unstirred during the electro-
chemical experiments. The potentiostatic double-pulse technique
was applied for particle deposition. A short nucleation pulse of
10ms at E=-140mV preceded a long growth pulse of 100s at
E =150 mV. Before and after Pd deposition, the potential was kept at
845 mV, which is about 25 mV more positive than the equilibrium
potential of Pd?*/Pd (Eeq~820mV), to avoid further deposition.
After deposition, the sample was removed from the cell and rinsed
with deionized water. Fig. 1 shows the double-pulse procedure for
the Pd deposition. The amount of Pd deposited was estimated from
the deposition charge. Electrochemical deposition of metals on
HOPG typically leads to three-dimensional growth, and the shape of
the particles can be approximated as hemispherical [17,18], there-
fore the particle height can be considered equal to the particle
radius.

The electrochemical properties of Pd NPs supported on HOPG
and N-HOPG were investigated by CV measurements in Ar sat-
urated 0.1 M NaySO4+xmM H,SO4 (pH=3) solution, in order to
preserve the stability under polarization of the PdO overlayer
formed at elevated potentials, according to the corresponding Pour-
baix diagrams [27]. The potential range from 0.26V to 1.46 V was
applied in the CV at a scan rate of 50 mV/s. The CV measurements
on HOPG and N-HOPG were performed in the same conditions in
order to obtain baselines. The active area of supported Pd was deter-
mined by integrating the current of the Pd surface monoxide layer
reduction from cyclic voltammetry (424 wC/cm?) [28]. Repeated
cycling under these conditions served for evaluation of the Pd par-
ticle stability. The electrocatalytic activity for ORR was measured
in O, saturated 0.1 M Na;SO4 +x mM H,SO4 (pH =3) solution, both
for bare and Pd-containing HOPG and N-HOPG. CV was performed
in the potential range from 0.765V to 0.275V at a scan rate of
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Fig. 2. Implanted nitrogen profiles obtained with Monte Carlo simulation of the
implantation process.

5mV/s. As the binding forces of Pd NPs to HOPG and N-HOPG are
extremely weak, all activity measurements were carried out in a
half-cell setup without any stirring. Experiments using a RDE or
RRDE setup could also not be carried out due to the impossibility of
machining single-crystalline HOPG with the accuracy required for
mounting in an RDE holder.

3. Results and Discussion
3.1. Monte Carlo simulation of the implantation process

For a quantitative estimation of the distribution of the mor-
phological and chemical defects introduced by the implantation
process, Monte Carlo simulations of the nitrogen implanta-
tion process have been carried out assuming the Kinchin-Pease
modeling[29] of the ion-target atoms interaction. Under the exper-
imental conditions of the present study, the nitrogen plasma
contains both N* and N, * ionic species [21]. Fig. 2 reports the N* and
N,* ion distributions in the HOPG target, simulated in two distinct
runs with a kinetic energy of 100eV. The N* distribution is cen-
tered at 9A (where the origin of the abscissa axis represents the
topmost layer of the HOPG) with a Full Width at Half Maximum
(FWHM) of 6 A, while the N,* distribution is located closer to the
surface, with a projected range (Rp) of 6.7 A and a straggling of 8 A.
The sum of the two single distributions, that represents the exper-
imental conditions of the ion implantation, is finally characterized
by a Rp of 7.9A and a FWHM of 10.3 A, as can be observed from
the Fig. 2.

Fig. 2 shows that the morphological defects distribution (cou-
pled with the mass and energy deposition induced by the collision
processes) has the maximum located on the topmost layer because
of the low kinetic energy of the incoming ions; for this reason, the
induced re-hybridization sp2-sp> takes place almost exclusively at
the surface of the sample. Furthermore, since the graphite lattice
constant perpendicular to the plane is equal to 3.35 A [30], the Rp
of the total ion distribution is located in the second and in the third
layer of the sample. Then, the Pd NPs deposited on N-HOPG will be
well-dispersed (by the interaction with the morphological defects)
and well-interacting with the nitrogen-based chemical defects (as
will be documented in the following sections).
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Fig. 3. XPS survey scans taken in the 0~600eV spectral region for HOPG and Pd/HOPG (a) and for N-HOPG and Pd/N-HOPG (b). In the figure the single spectral regions for

the core level photoionization of C (1s), Pd (3d), N (1s) and O (1s) are highlighted.

3.2. XPS characterization of N-HOPG and Pd/N-HOPG

In order to characterize the chemical changes induced by the
ion implantation, we have carried out a XPS investigation. In the
large interval measurements (surveys reported in Fig. 3), the pho-
toionization peak of the C 1s (284.4eV) is observed as main feature
in all the analyzed samples. Concerning the N-HOPG samples, the
N 1s peak is centered at 400.0 eV, while the surveys relative to the
Pd/HOPG and to the Pd/N-HOPG systems show the presence of the
Pd 3d peak (335eV) and of the O 1s peak (531.0eV). For the last
two mentioned, the presence of the O 1s features is imputable to
C-O groups present at the step edges and bound to the surface
morphological defects after the metal deposition in the aqueous
media.

In order to get more precise information about the chemical
identity of the defects induced by the ion implantation, the C 1s
and N 1s energy regions have been recorded with high resolution
and the corresponding peaks have been fitted with Voigt functions
imposing a FWHM in the 1.0-1.4 eV range.

Fig. 4 reports the multi-peak analysis of the C 1s signals for
pure HOPG (a), N-HOPG (b) and Pd/N-HOPG (c) samples. For the N-
HOPG system, the presence of three components is clearly visible,
one centered at 284.4 eV which can be attributed to sp? hybridized
carbon (sp2-C) forming the pure graphitic lattice, one at 285.5 eV,
connected to sp3 hybridized carbon (sp3-C) and therefore tetrago-
nally coordinated carbon clusters [31,32] and finally the third at

286.5 eV, which, according to literature, can be assigned to C-N
bonds [33].

From these data, we can deduce that N-doping can induce chem-
ical defects (the C-N signal accounts for 12% of the total C 1s
photoemission line) whose characteristics have been studied in fur-
ther detail by analyzing the N 1s XPS signals, as reported in Fig. 5a
and 5b. Five different components have been identified [21], cen-
tered at 398.1eV, 400.2 eV and 401.2 eV, corresponding to sp? C-N
defects, which can be described as pyridinic (N1), pyrrolic (N3) and
N substitutional (N4, or N graphitic) defects, respectively [22,34].
The component centered at 398.9 eV matches with-C=N terminal
groups (N2). Finally, the component centered at 402.7 eV can be
attributed to a N* ion trapped into a carbon vacancy (N5). However,
for a correct fitting procedure of the XPS peaks of the Pd/HOPG and
the Pd/N-HOPG samples, it is necessary to introduce further small
components in the high-BE energy tail of the C 1s (C=0 and C(O)OH,
centered respectively at 287.8 eV and at 288.9eV) and of the N 1s
(NOx at 403.8 eV). The oxygen contamination, as already discussed
above, is probably due to the oxidation of samples after the metal
deposition in the aqueous environment.

Fig. 6 shows the Pd 3d XPS data for the same metal coverage
deposited on pure HOPG and N-HOPG. No further electrochemical
experiments aside from Pd deposition were carried out on these
samples before XPS. The Pd 3ds;, photoemission peak shows a
FWHM (AE=1.8 eV) compatible with the presence of both metal Pd
and Pd?* species (centered at 335.1 eV and at 336.2 eV, respectively
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[35]). The presence of Pd2* species, that characterize both the depo-
sition of pure and N-doped HOPG, can be attributed to oxidation
of Pd due to the air exposure after the EC deposition. Moreover, on
the N-HOPG, the electron withdrawing power of the nitrogen func-
tional groups (due to the high difference of the electronegativity of
C, N and Pd, equal to 2.50, 3.05 and 2.25 with respect to the Pauling
scale, respectively) leads to a charge transfer between the metal
NPs and the nitrogen surface defects. The oxidation of metal Pd to
Pd2* at the interface between the metal NPs and the nitrogen-rich
surface is well-represented in the pictorial model reported in the
Fig. 6¢.

Interestingly, the Pd 3d peak for the Pd/N-HOPG sample taken
under normal emission conditions (0° with respect to the normal
to the sample surface, Fig. 6b) shows a further component centered
at 338.1eV, which is partially attenuated when the take-off angle
approximates the grazing emission (60° off the normal to the sam-
ple surface). For this reason, this component cannot be present at
the surface of the Pd particles but rather be attributed to very small
Pd nanoclusters decorating surface defect sites (the lateral size of
these small clusters have to be not more than 2-3 nm, since the
photoelectron mean free path for the photoelectrons coming from
the Pd 3d core level, in the condition of the measurements reported
in this work, is equal to 1.2 nm). In these clusters, hosted in the sub-
nanometric pits induced by the ion implantation, the coordination
by the nitrogen functional groups leads to the formation of Pd**
species with x=2-4 at the interface to the substrate.

In order to observe the formation of highly oxidized PdX* ions,
it is necessary that the Pd atoms trapped in the surface defect
sites interact with a large number of electron withdrawing groups.
As a proof of that, in a previous study on Pd deposited on HOPG
implanted with N ions at 500 eV (with aRp =18.2 A)[7], we did not
observe such photoemission feature in the Pd 3d spectra; due to the
higher implantation energy, the interface between the Pd NPs and
the substrate was in that case constituted by an amorphous carbon
layer, with a lower amount of nitrogen groups. Hence, in order to
observe the high binding energy component in the Pd 3d spectrum
(that means the presence of Pd** species), it is necessary to have a
surface whose topmost layer is rich in strong electron withdrawing
groups. This phenomenology is also supported by findings reported
in literature; in particular, Seo et al. observed the same component
at high BE after the Pd deposition on graphene sheets functional-
ized by surface epoxy, hydroxyl and carboxyl groups [35]. This is
in line with literature reports on Pt on N-HOPG, where oxidized Pt
species due to charge transfer to the support were observed as well
[15].

3.3. AFM characterization

In order to characterize the surface morphology of the samples,
we have performed ex-situ AFM measurements. Fig. 7 shows the
surface of pure HOPG (at two different magnifications) before and
after the nitrogen implantation. As can be observed by comparing

Fig. 7. AFM images reporting the results obtained on pure and N-HOPG (a,b and c,d, respectively). The inset reported in d shows a 3D magnification of the sample surface

after the ion implantation.
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Fig. 8. AFM images obtained after the deposition of Pd on pure HOPG and N-HOPG (a,b and c,d, respectively). The comparison between Figure a and Figure ¢ shows the high
dispersion and decrease of the NP size that can be reached by the chemical (and morphological) modification of the HOPG surface.

Fig. 7a and 7c, the long range morphology is preserved; on the
other hand, the high magnification images (Fig. 7b and 7d) of pure
and N-HOPG confirm the predictions of the Monte Carlo simula-
tion: the topmost layer undergoes an amorphization induced by
the ion implantation, as also highlighted by the inset reported in
Fig. 7d showing a 3D projection of the surface after the nitrogen
implantation.

Fig. 8 shows the AFM topography of the Pd/HOPG and of
the Pd/N-HOPG (at two different magnifications). The deposition
charge was very similar for both samples, indicating that the total
amount of Pd deposited is the same. The AFM data reveal that
the nucleation of Pd is facilitated on the N-doped surfaces; con-
sequently, for the same coverage and under the same deposition
conditions, a higher NPs density is observed with respect to cor-
responding NPs grown on pure HOPG (cf. Fig. 8a and 8c). At the
same time, the average size of Pd NPs deposited onto N-HOPG
(d=8.143.1nm, Fig. 8c) is smaller with respect to the NPs grown
on pure HOPG (d=13.4+2.0nm, Fig. 8a), but with a wider size
distribution. This is in line with the usual behaviour of metals elec-
trodeposited on HOPG at room temperature, which leads to an
inhomogeneous distribution of 3D islands, with a higher nucleation
density on step edges than on terraces, and a wide size distribution
[6,36]. On the pure HOPG support the NPs on terraces, not trapped
by low-coordinated sites (within the TSK or Kossel-Stranski model),
are weakly bonded to the substrate and consequently they may

diffuse and be captured by other NPs or substrate step edges (that,
acting as low-coordination sites, can bind efficiently the metal NPs).
On the other hand, on N-HOPG samples, the presence of low coordi-
nation sites formed even on the terraces by the ion bombardment,
reduces the mobility of NPs and permits an extended nucleation
(as well documented from the comparison between Fig. 8b and 8d).
Both the improved dispersion and the smaller particle sizes are in
agreement with observations in literature for Pt, where, however,
the particle sizes on N-HOPG were around 2 nm instead of 8 nm in
this work. This is due to the different electrochemical behaviour
of the Pd electrolyte and the different electrodeposition protocol
applied. Even after a long time electrochemical growth pulse (as
long as 100s in this work), although some NPs coalesce due to the
relatively short interparticle distance, the NPs on N-HOPG are still
widely dispersed with a much higher particle density as compared
with that of NPs on HOPG.

3.4. Electrochemical characterization and activity for ORR

The typical CV curves of HOPG and N-HOPG under deaerated
conditions are shown in Fig. 9a. The currents measured on both
electrodes are normalized to the geometric area of 0.126 cm?.
The pure HOPG exhibits a chemical inertia in pH=3 solution
with a potential window as wide as 1.85V. When the potential
is above 1.6V and below -0.25V, the oxygen evolution reaction
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Fig. 9. (a) Cyclic voltammetry of HOPG and N-HOPG in different potential ranges in Ar saturated 0.1 M Na;SO4 +xmM H,SO4 (pH = 3) solution. Both currents are normalized
to the geometric area of the electrode of 0.126 cm?. The scan rate is 100 mV/s; (b) Nyquist plots of HOPG and N-HOPG in Ar saturated 0.1 M Na,SO4 +xmM H,S0,4 (pH=3)
solution at open circuit potential. The x- and y-axis are plotted in linear scale. The inset corresponds to a zoom for the same plot in the high frequency region from 10k to
500 Hz The electrode/electrolyte interface is simulated as the inserted circuit diagram.

(OER) and hydrogen evolution reaction (HER) occur on its surface,
respectively. As compared with pure HOPG, the N-HOPG electrode
behaves more active for OER and HER. The onset potentials for HER
and OER on the N-HOPG surface are about 0V and 1.2V, respec-
tively. Therefore it can be already expected that N-HOPG shows
also an increased activity for the ORR. The current density dur-
ing double-layer charging at the N-HOPG/electrolyte interface is
almost 4 times higher than that at HOPG/electrolyte interface.
From the currents in the double layer region, capacitance values
of Cgq; =38.9 + 1.4 wF/cm? for N-HOPG and Cy; = 8.5 + 0.2 wF/cm? for
HOPG can be derived. The impedance behavior of HOPG and N-
HOPG at pH=3 is shown as Nyquist plots in Fig. 9b (the inset
corresponds to a zoom for the same plot in the high frequency
region from 10k to 500Hz). Both EIS measurements were car-
ried out at the OCP of each sample. The almost linear behavior in
the Nyquist plot demonstrates the absence of significant Faradaic
processes in both cases. Due to the significant tilt in the curve espe-
cially for N-HOPG, the electrode/electrolyte interface is simulated
by an equivalent circuit with a CPE (constant phase element) and
Re representing the double layer capacitance and the electrolyte
resistance, respectively. The impedance expressed in terms of a CPE
is

Z(w)cpg = Re + (Eq. 1)

_1
(jw)*Q
where R is a resistance, w is an angular frequency, and o and Q are
the CPE parameters which are independent of frequency [37]. Brug
etal.[38] developed a relationship for a blocking electrode between
the effective interfacial capacitance Cq and the CPE parameter Q
as

Cop = [QRI]"/* (Eq.2)

When the value of « is closer to unity, the surface of the elec-
trode is more approaching the ideal 2-D surface. From linear fits of
the logarithm of the (absolute) imaginary part of the impedance as
function of In(w), the value of a and Q for HOPG and N-HOPG are
obtained as o norg =0.977, a N_Hopg =0.896, Q yopg =0.79 x 10-6
s*/Qcm? and Q n-popc= 1.71 x 1076 s*/Qcm?, respectively. From
the results full impedance spectra were calculated from Eq.1 and
are included in Fig. 9b as solid lines. For HOPG a slight deviation of
the measured data from linearity is seen at low frequencies, point-
ing to the presence of some parasitic faradaic reactions (maybe due
to trace oxygen in the Ar gas). The results for the CPE parameters
indicate that the HOPG surface is very flat and close to the ideal
capacitance behavior, while the lower « for N-HOPG is consistent

with its higher roughness seen in AFM. Calculation of Co¢ based on
Eq.2 leads to very similar values for both materials (5.01 wF/cm?
for HOPG and 4.75 wF/cm? for N-HOPG). The higher interfacial
capacitance of N-HOPG obtained by cyclic voltammetry is there-
fore mainly attributed to the higher roughness compared to the
pure HOPG and to a lesser extent to the contribution of introduced
chemical defects.

N-HOPG shows an enhanced activity for OER and HER as well as
an increased double-layer capacitance compared with pure HOPG
because of the surface modifications from the nitrogen doping pro-
cess. A pure HOPG surface, as an extremely smooth surface with a
low defect density, performs more like a semi-metal on the terrace
region due to the low electronic density of states (EDOS) near the
Fermi level [39]. Through the nitrogen implantation process, the
HOPG surface becomes rougher and nitrogen functional groups are
introduced at the HOPG surface. The defect and step regions have a
higher EDOS such that the electrons with suitable energy are able
to transfer to a redox system with a higher probability [21]. Fur-
thermore, nitrogen functional groups can significantly reduce the
hydrophobic effects of pure HOPG and increase the EDOS near the
Fermi level [40]. Both modifications can enhance the activity of
N-HOPG for some redox reactions such as OER and HER. Addition-
ally, the enhanced EDOS could improve the screening of an external
electric field, so that the capacitance of N-HOPG electrode in contact
with an electrolyte solution is much greater than that of pure HOPG
in addition to the contribution from surface roughening [40]-this
is however not supported by the impedance data.

Pd NPs supported on HOPG (Pd/HOPG) and on N-HOPG (Pd/N-
HOPG) exhibit different CV plots in the potential range from 0.26
to 1.46 V (Fig. 10). The current traces of the pure substrates (dashed
curves in Fig. 10) show that the contribution of the Pd to the total
capacitance of the specimens is negligible, whereas the contribu-
tion of the support to the Faradaic processes is minor. Although the
onset potentials of Pd oxidation and Pd monoxide (PdO) reduction
for both samples are located at equal values, the current densi-
ties measured during the cathodic scan in the potential range of
0.26V - 0.4V do not show an agreement for the two types of sam-
ples, which indicates that some other reactions apart from the PdO
reduction are involved on the Pd/N-HOPG sample in this potential
range. The N-HOPG substrate behaves almost inert in Ar saturated
0.1 MH,S0, in this potential range, which can be concluded from its
almost flat CV curve in Fig. 10. The CV of Pd/N-HOPG was captured
by increasing the potential from a starting value of 0.45V anodi-
cally to 1.45V, and lowering it then in the cathodic sweep to 0.26 V,
finally returning to 0.45V. The Pd oxidation and the OER are the
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Fig. 10. Cyclic voltammetry of Pd/HOPG and Pd/N-HOPG in Ar saturated 0.1 M
Na;S04 +xmM H,S04 (pH = 3) solution. The potential is scanned from 0.26 Vto 1.46 V
at 50mV/s. The CVs of HOPG and N-HOPG are plotted as the baselines. The onset
potential of Pd oxidation is at around 0.75V, and the onset potential of Pd monoxide
reduction is at around 0.55 V. The charge transfer in both anodic and cathodic scans
is shown as the integration over the shadow region.

two major reactions occurring during the anodic scan up to 1.45V,
which introduces two main products, PdO and O, at the electrode.
Many authors have reported that nitrogen-doped graphene is an
active metal-free electrocatalyst for ORR in both alkaline and acidic
solutions [41-46]. This has also been observed in previous work
[21]. Liu et al. [41] reported that the ORR catalyzed by nitrogen-
doped graphene foam occurs at 0.83 V vs. RHE in O, saturated 0.1 M
HClOy4. In our work, the N-HOPG catalyzed ORR occurs in the O,
saturated pH 3 solution when the potential is lower than 0.6 V (not
shown). The ORR current density on N-HOPG is around -12 p.A/cm?
at0.26 V vs.SHE, while only -2 wA/cm? on HOPG. Therefore, the ORR
directly on the N-HOPG substrate cannot be neglected in the poten-
tialrange of 0.26 V- 0.4 Vwhen adsorbed O, formed at the Pd during
the anodic scan and transferred to the nitrogen functional groups
still is present during the cathodic sweep.

The reduction peak of PdO on HOPG support is a typical Gaussian
curve with a peak potential of 0.42 V. When the potential is more
negative than 0.29V, the reduction process is almost complete. The
active area of Pd NPs on HOPG is evaluated by the transferred charge
during PdO reduction. The reduction peak of PdO on N-HOPG sup-
port is asymmetric with an excess charge transfer compared to that
during the PdO reduction, which is attributed to the ORR catalyzed
by N-HOPG in this potential range. In order to evaluate the active
area of Pd NPs on N-HOPG, the excess charge transfer contributed
from ORR should be eliminated mathematically. The active area is
approximately determined by the charge integrated over a Gauss-
ian curve, whichis fitted based on the right half peak (shown as the
shadow region in the cathodic scan of Pd/N-HOPG).

The transferred charge in the anodic scan on Pd/HOPG (the con-
tribution of the support has been subtracted for the data analysis,
the charge is integrated over the shadowed region shown in Fig. 10)
isnearly 1.5 times of the charge transferred during PdO reduction in
the cathodic scan. The excess charge in the anodic scan is attributed
to the charge transfer with the OER and the decreasing of the Pd
active area due to dissolution and agglomeration. In the case of
Pd/N-HOPG, the transferred charge in the anodic scan, corrected for
the contributions from double-layer charging and reactions related
to the substrate in absence of Pd, is almost 3 times the charge
transferred during the PdO reduction process, and is almost 2.3
times the total charge transferred during the cathodic scan (con-
taining contributions of PdO reduction and ORR). Besides the charge
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Fig. 11. Specific current density for ORR on Pd_-HOPG and Pd/N-HOPG electrodes
with decreasing potential in O, saturated 0.1 M Na;SO4 +xmM H,SO4 (pH=3) solu-
tion. The x-axis is the overpotential corresponding to the OCP of each electrode
immersed in the working electrolyte. The arrow indicates the direction of the
potential scan, which is at a scan rate of 5mV/s. The inserted diagram shows the
mass-transfer corrected Tafel plot of ORR. The kinetic current density is obtained
from equation 3.

JjJ mA cm? (normalized to Pd active area)
&
(]
T

transfer during the OER, the excess charge in the anodic scan of
Pd/N-HOPG suggests that the loss of Pd active area is more seri-
ous compared to the Pd/HOPG. This issue is discussed below in
the stability measurement. An alternative to the explanation of
the reduction process occurring at lower potential than the nor-
mal PdO reduction peak by adsorbed oxygen reduction reaction
could be correlated to the small Pd NPs suggested by the XPS data
(see above). One could imagine that the oxide on such clusters is
more stable than on larger Pd NPs and therefore reduced at lower
potentials. However, the intensity of the corresponding signal in
XPS suggests that these smaller particles are much less prevalent
than the larger particles, and cannot explain the large currents
observed.

In Fig. 11, the specific ORR current density of each sample is
plotted versus the applied potential, after subtracting the currents
measured on bare HOPG and N-HOPG under identical condi-
tions from the raw data. The corrected current density increases
first exponentially from the onset potential until it approaches
the diffusion-limited current density due to the sluggish mass
transport of O,, that itself is time-dependent under the applied
experimental conditions. Generally, it is well accepted in practice
that the contribution of mass transport can be neglected for low
overpotentials where the measured current density is less than 10%
of the diffusion limited current density [18,47]. In order to work
with a larger potential range and to eliminate the influence from
diffusion limitation of the reactant, the datain Fig. 11 were analyzed
using the well-known equation:

1 1 1

- =+
J o Jke  Jd
where j is the measured current density, j, and j; are kinetic and
limiting current densities, respectively. In this case the maximum
current densities, i.e. peak current densities of the respective curves
in Fig. 11 were taken instead of j;. For linear sweep voltammetry of
an irreversible, one electron transfer reduction reaction with pla-
nar diffusion geometry [48], one can show that this approach is
reliable for potentials well positive of the peak potential. Also for
the situation in this work it is believed that the approach is valid,
even though in the beginning hemispherical diffusion is expected
for the individual Pd nanoparticles. The mass-transfer corrected

(Eq.3)
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Fig. 12. The potential cycles of Pd/HOPG (left) and Pd/N-HOPG (right) in the stability measurements in Ar saturated 0.1 M Na;SO4+xmM H,SO4 (pH=3) solution. The
potential applied during the measurements is from 0.26 V to 1.46 V at a scan rate of 50 mV/s. The current is normalized to the geometric area of the electrode.

Tafel plots of ORR are shown in the inserted graph of Fig. 11. When
the potential is more negative than 0.55V, the Tafel slopes of both
electrodes are around (105 +3)mV/dec. In a four-electron trans-
fer mechanism of O, reduction, the Tafel slope should be around
120 mV/dec [49,50]. Hence, the measured Tafel slopes from our
experiments indicate that some H;0, is produced.

The specific current densities for ORR on both Pd/HOPG and
Pd/N-HOPG do not show a relevant difference and therefore it is
possible to conclude that the nitrogen functional groups do not
affect the activity of supported Pd NPs for ORR in these experiments,
different to some reports of Pt NPs supported on nitrogen doped
graphite[14,16,51]. Holme et al.[16] investigated theoretically that
pyramidal Pty cluster supported on pyridinic and pyrrolic nitrogen
defects of N-HOPG had a weaker binding to oxygen atoms than that
on pristine HOPG because of larger electron transfer from Pt on
nitrogenous defects. As the Pt-O binding energy is a little stronger
than the optimal value [23], the slightly weakened binding of Pt to
oxygen atoms points to a more active catalyst for ORR and methanol
oxidation reaction (MOR). This conclusion was also supported by
some experimental works [14,51]. As a member of Pt group, Pd
was expected to present the same behavior as Pt when it was sup-
ported on nitrogenous defects. The XPS data of Pd/N-HOPG shows
that, besides the PdC state, the +2 oxidation state and even higher
oxidation states are also observed. These increased oxidation states
of Pd in nitrogen-containing carbon systems are reported by many
authors [52-54] as caused by the formation of Pd-O and Pd-N bonds.
However, the Pd supported on HOPG, which can only form Pd-O
bonds, shows much less higher oxidation states than that on N-
HOPG. Therefore, the higher Pd oxidation states of Pd/N-HOPG are
mainly caused by interaction with the nitrogenous defects The elec-
tron transfer from Pd onto the nitrogenous defects is confirmed by
this data. On Pd/N-HOPG, the position of the Pd® 3d was not affected
by the doping process, but that the particle-support interface was
altered. There are several aspects to be considered in the inter-
pretation of these results: For one, any support effect is weakened
gradually with the increase of thickness [55]. The estimated opera-
tion range of a support effect is within a few atomic layers [56-59].
In the case of Pd nanostructures, the support effect is assumed to
play arole only when the thickness of nanostructure is equal or less
than 10ML (around 2~3 nm). But the majority of electrochemically
deposited Pd NPs in the experiments discussed in this paper have
an average height larger than 2 nm, different to literature studies

on Pt. The average height of Pd NPs on HOPG is (13.4+2.0)nm,
and of Pd NPs on N-HOPG is (8.1 +3.1) nm. The nitrogen functional
groups influence the properties of Pd atoms nearby the support-
particle interface, as clearly demonstrated by the additional XPS
peaks, while the upper part of Pd NPs on N-HOPG possesses the
same electrochemical properties as compared to that on HOPG. As
a result, the Pd NPs on both supports exhibit the same intrinsic
activity for ORR. Another contributing effect may be the modifica-
tion of the support/Pd interface: Even though the dispersion of the
particles is-in line with literature reports- improved by the intro-
duction of defect sites, the total binding strength of larger particles
still might be mainly due to van-der-Waals interactions, and the
presence of Pd ions at the interface could diminish the electronic
interaction even for smaller particles. This is in agreement with ear-
lier findings for much smaller Pd NPs evaporated on N-HOPG (even
though produced at higher implantation currents), where also for
such small particles no effect of the surface functionalization on
the ORR was observed [7]. In fact it was even postulated in litera-
ture that surface functionalization can weaken the support/particle
interaction by diminishing the van-der-Waals forces [60]. Particle
size can significantly influence the activity of NPs, especially, when
it shrinks to several nanometers. The electrocatalytic activity of Pd
NPs for ORR decreases with shrinking of particle size, when the par-
ticle size is smaller than a critical value. The onset potential of ORR
becomes more negative in parallel [49]. In this work, although the
average particle sizes of Pd NPs supported on HOPG and N-HOPG
are different, the onset potential of ORR in both measurements are
similar, suggesting that the particle size effect can be neglected.
Therefore it can be excluded that the negative particle size effects
cancel out a positive support effect.

In order to test the stability of the Pd NPs on the studied systems,
potential cycles have been performed on Pd/HOPG and Pd/N-HOPG
electrodes. The CV plots of both samples are shown in Fig. 12. From
the reduction peak of PdO, the loss of Pd active area during the
potential cycles can be observed directly. The peak current density
at the reduction peak of PdO on HOPG decreases gradually from -
3.66 wA/cm? in the 15t scan down to -2.87 wA/cm? in the 15™ scan,
however, the value of Pd/N-HOPG decreases from -2.78 pA/cm? in
the 15t scan down to -0.83 A/cm? in the 15" scan. Obviously, the
loss rate of Pd active area on N-HOPG is much higher than that
on HOPG. For Pd/N-HOPG, the second reduction process at lower
potentials in the cathodic scan is even more pronounced than that
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Fig. 13. The degeneration of the Pd active area of supported Pd particles in the
stability measurements. The initial active areas of the Pd on HOPG and on N-HOPG
are 0.0094 cm? and 0.0112 cm?, respectively. The initial active area is fixed as the
100%. The residual active area after potential cycles is normalized to the initial area
in percentage. The residual active area versus the number of potential cycles is fitted
to the exponential decay function shown as the solid lines.

for the sample shown in Fig. 10, and shows a clear decrease with
decreasing Pd coverage. In line with the explanations above, at
decreasing Pd coverage less O, will be transferred to the nitrogen
functional groups and be available for subsequent reduction.

The active area of Pd NPs, which is determined from the trans-
ferred charge during PdO reduction, is used in order to compare
the loss rate of Pd quantitatively. The initial active areas of Pd on
HOPG and N-HOPG are 0.0094 cm? and 0.0112 cm?, respectively.
The active area decreases exponentially (Fig. 13). After 15 cycles,
on Pd/HOPG 69% of Pd active area remains, but the Pd/N-HOPG
only keeps 31% of initial Pd active area. This indicates that the Pd
supported on N-HOPG has a lower stability as compared with that
on HOPG.

The coalescence of Pd NPs on N-HOPG is a considerable reason of
the rapid loss of Pd active area. Based on the AFM images, the Pd NPs
disperse more densely on N-HOPG with a shorter average interpar-
ticle distance (AID) compared with the situation on HOPG support.
The insufficient separation of NPs can cause a high probability for
coalescence, since only a short distance needs to be bridged in order
to establish an interparticle contact [61]. However, the geometric
and chemical defects on N-HOPG, introduced by the ion implanta-
tion process, seem to be effective obstacles against the migration
of Pd NPs on the surface as the wide dispersion and high density
of Pd NPs are observed even after a relatively long electrochemical
deposition process, where otherwise agglomeration should have
been observed already.

According to the Pourbaix diagram of Pd, PdO is thermodynami-
cally stable at elevated potentials in presence of acidic solution of
pH larger than 2 [27]. However, the corrosion and the restructu-
ring of the Pd surface are accelerated in potential cycles, which has
been ascribed to the repeated formation and reduction of a sur-
face Pd oxide [62]. Aside from the formation of PdO in the potential
range applied in this experiment, the dissolution of Pd into solution
occurs in the form of [Pd(H,0)4]?* [63]. The loss of surface area of
Pd/HOPG, which has been investigated by AFM measurements, is
correlated mainly to the loss of Pd from the surface (dissolution and
detachment) and in part to agglomeration. As the surface proper-
ties of the Pd NPs are not altered on N-HOPG, as demonstrated by
XPS and ORR data above, the difference in stability should arise from
other contributions besides the losses of Pd ions into the electrolyte

from dissolution of surface PdO. For the short AID, the redeposition
of dissolved Pd atoms onto the more stable neighbored NPs (Ost-
wald ripening) is a possible contributor of the catalyst degradation.
Otherwise, the results in this work indicate that the cationic Pd%*
present between the Pd and N-HOPG interface should be consid-
ered as a trigger of rapid degradation. By the angle-resolved core
level XPS of the Pd 3d peaks, the presence of a thin interfacial layer
rich in Pd?* has been observed. The particle-support interfacial
layer can be attacked easily by the acidic solution, and nitrogen
functional groups interacting with the particles may be electro-
chemically oxidized, thus accelerating the loss of Pd atoms and
entire particles. In conclusion, the introduction of nitrogen func-
tional groups improves the dispersion of deposited Pd particles but
reduces the stability towards potential cycling strongly.

4. Conclusions

N-HOPG was prepared by ion implantation with a beam energy
of 100eV. According to Monte Carlo simulations, the center of
the distribution of the nitrogen-based chemical defects is located
in the second and third layers. The AFM images show that the
surface of HOPG undergoes an amorphization, and shows more
low-coordinated sites on the terraces modified by the ion bombard-
ment, which can enhance the nucleation of Pd NPs. Through the XPS
characterization, Pd2* species located at the interface between the
metal NPs and the nitrogen-rich surface were observed as a result
of a charge transfer from the Pd atoms to the nitrogen functional
groups, which can be explained with the higher electron affinity of
the nitrogen functional groups compared to Pd clusters.

In the electrochemical characterization, pure N-HOPG shows an
enhanced activity for OER and HER as well as an increased double-
layer capacitance compared with pure HOPG due to the surface
roughening and extrinsic functional groups introduction. The sup-
ported Pd NPs on N-HOPG do not show an enhanced activity for
ORR as compared with those on HOPG in agreement with XPS data.
This is the case despite a clear interaction between support and Pd
nanoparticles indicated by the additional Pd** signals. The major
cause of this is assigned to the relatively large particle size, and pos-
sibly an effect of the charged Pd species at the interface. Among the
elemental catalysts, Pt approaches the peak value of volcano plot
for oxygen reduction activity most closely, but the oxygen bind-
ing force to Pt atom is a little too strong. When Pt is supported on
pyridinic and pyrrolic nitrogen defects, Pt, can show an enhanced
oxygen reduction activity. Pd, as a member of Pt group, has even
a slightly stronger binding force with oxygen than Pt. The lack of
theoretical work about Pd on nitrogen doped carbon hinders the
further understanding of this catalyst, but it is possible that the N
doped defects can form some kinds of chemical interactions with
the Pd atoms, which leads to a change of the valence band. The
XPS in our work shows the existence of a Pd-cation layer at the
interlayer of Pd NPs and N-HOPG, which correlates to the rapid
degradation of Pd active area observed in the electrochemical mea-
surements. Therefore, the stability of Pd NPs supported on N-HOPG
is worse than on pure HOPG, which is influenced by many factors
like the average interparticle distance. However, the presence of
Pd2* at the particle-support interfacial layer is considered to be a
very significant reason of accelerating the dissolution of Pd atoms as
well as the detachment of entire Pd NPs, which reduces the stability
of supported Pd particles during potential cycling strongly.
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Pd nanoparticles (NPs) were deposited electrochemically on three differently modified glassy carbon
(GC) supports: pristine GC, nitrogen implanted GC and Ar implanted GC. The aim of such an approach is
to discriminate whether the electrocatalytic activity of Pd NPs toward the activation of carbon—halogen
bond is preferentially driven by chemical or morphological defects. Modified GC electrodes were prepared
by ion implantation whereas Pd was deposited according to a double-step potential depositionina 1 mM
PdSO4 +0.1 M H,S04 solution.

The electrodes were fully characterized by X-ray photoemission spectroscopy, which allowed the iden-
tification of several different N-based defects. Pd NPs morphology, dimension and distribution were
investigated by scanning electron microscopy. The outcomes indicate that the electrodeposition of Pd
NPs on nitrogen-implanted GC results in smaller catalyst particle sizes and higher particle dispersion
with respect to pristine GC. The palladium nitrogen-implanted electrode was tested in the electrochem-
ical reduction of benzyl chloride, showing that Pd NPs result in a much higher catalytic activity than bulk
Pd and Pd NPs loaded on the pristine GC electrode.
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1. Introduction

Activation of the carbon—halogen (C—X) bond is a highly
explored field in organic electrochemistry since it finds huge
application in organic synthesis [1,2], in the control over radical
polymerization [3,4], in pollutant degradation [5-7] and in mecha-
nistic investigation on dissociative electron transfer (DET) [8-11].
The main drawback associated with the electrochemical activa-
tion of C—X is the very negative potentials required, and this is
particularly true in the case of organic chlorides, which represent
the most investigated ensemble among organic molecules contain-
ing a nucleofuge group. This has boosted over the last decade the
research of electrode materials active toward the C—X bond break-
ing, and, so far, Ag, Cu and Pd were found to possess extraordinary
electrocatalytic properties [12-16]. However, attempts to improve
catalytic activity by changing from bulk electrode to nanoparticles
(NPs) dispersed on a support, or by introducing a second or a third
metal have not yet led to the desired improvements [17,18].

In principle, the catalytic activity can be increased either by a
fine dispersion of the NPs or by modulating the electronic prop-
erties of the catalyst NPs by interaction with support chemical

* Corresponding author. Tel.: +39 049 8275132; fax: +39 049 8275829.
E-mail address: armando.gennaro@unipd.it (A. Gennaro).
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or morphological defects; as an example, a way to enhance the
durability of the catalyst support assembly in the case of oxygen
reduction is to strengthen the catalyst NPs support interaction by
introducing into the substrate defects that can act as trapping sites
for anchoring the catalyst NPs [19,20]. In this regard, Minguzzi et al.
have recently observed that the electrochemical activation of a car-
bon surface in acidic media introduces oxygen functional groups
which enhances the stability and the electrocatalytic activity of Ag
NPs toward the C—X bond activation [21].

Among various forms of carbon, glassy carbon (GC) is the most
important for use as an electrode in electrochemistry, since it shows
very low electrical resistivity, it is non-porous and impermeable
to gases, it has high chemical resistance and the widest potential
range observed for graphitic carbon electrodes and, last but not
least, it can be easily polished and managed [22]. This renders GC
an optimal material for a basic investigation on how the chemical
modifications of the support can affect the activity of the loaded cat-
alyst. The chemical modification (hereafter referred to as doping)
of a GC surface is generally performed by the adsorption or by
the covalent bonding (grafting) of molecular catalyst or electronic
mediators. Another option is to synthetize a doped GC by thermo-
lysis of suitable carbon precursors (usually polymers) containing
the desired heteroatoms [22,23] or by the mixture of resins and an
inorganic source of heteroatoms, such as boric acid and ammonia
[24]. In the present case, following a different approach, nitrogen
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functional groups have been introduced on a GC support by Ny*
and N* ion implantation, producing a modified N-GC support. Here
it will be shown that the presence of nitrogen functional groups on
the carbonaceous support can influence the nucleation and growth
of metal NPs and promote their catalytic activity toward activation
of the C—X bond.

In the present case, palladium was employed as metal NPs
because of its excellent hydrogenation ability, which makes it an
excellent catalyst in the electrochemical dechlorination of organic
chlorides in aqueous media or organic-aqueous mixture [25-27].
The Pd NPs electrochemical deposition on N-GC (Pd@N-GC) has
been carried out in a 1mM PdSO4+0.1M H,SO4 solution by a
double-step potential deposition.

The N,* and N* ion implantation, besides the introduction of
new functional groups, leads to the formation of an increased num-
ber of morphological defects; this open a new issue about the
possibility of disentangling the effects connected to the presence of
new functional groups from those deriving from the morphologi-
cal defects introduced by ion implantation. In order to discriminate
between the two effects, we have performed the deposition of Pd
also on pristine GC (Pd@GC) and on an Ar* implanted GC (Pd@Ar-
GC) samples, and used them as an internal reference to gauge the
results. In particular, Ar-implantation determines relevant mor-
phological defects, consisting in a re-hybridization of carbon atoms
from Cep2 to Cyp3, but cannot induce chemical defects [28].

The prepared GC electrodes were fully characterized by X-
ray photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM), and the electrochemical reactivity was tested
for the reduction of benzyl chloride, which so far is considered as
a standard test molecule for investigating carbon—halogen bond
activation.

2. Experimental
2.1. Chemicals

CH3CN, (WWR, HPLC grade) was distilled over CaH, under a
N, atmosphere. Tetraethylammonium tetrafluoroborate (TEABFy)
(Fluka, >98%) was recrystallized twice from EtOH and dried in a vac-
uum oven at 70 °C. Benzyl chloride (Fluka, >99.5%) and PdSO4 (Alfa
Aesar, 99.95%) were high-purity reagents and were used without
further purification. Deionized water used for the experiments was
previously twice distilled from KMnQOy.

2.2. Preparation and characterization of Ar-GC and N-GC
substrates

The N- and Ar-GC samples were prepared by using the ion beam
produced by the ion gun (Thermo VG Scientific) under the same
conditions: 2.2 x 10-% mbar background of N, or Ar, a beam energy
of 500 eV and exposure time of 10 min, with an incidence angle of
the ion beam equal to 45° with respect to the sample surface (the
ion current measured during this treatment was 2.0 pA and the
total dose of implanted atoms was around 5 x 1016 jon cm~2). The
nitrogen/argon dose was evaluated to be about 15 at%.

The XPS characterization of the samples was performed in a
UHV chamber (base pressure <5 x 10-2 mbar), equipped with a
double anode X-ray source (Omicron), a hemispherical electron
analyzer (VG Scienta). All XPS measurements were performed at
room temperature, using non-monochromatic Mg-Ka radiation
(hv=1253.6eV) and a pass energy of 50eV and 20 eV for the sur-
vey and high-resolution spectra, respectively. The calibration of the
binding energy (BE) scale was carried out using Au 4f as reference.
The N 1s and C 1s peaks were deconvoluted into individual compo-
nents (after Shirley background removal) using symmetrical Voigt

functions, whereas the Pd 3d photoemission peaks were decon-
voluted into chemical-shifted components using Doniach-Sunjich
shape functions. In both cases, the x2 minimization was ensured
by the use of the nonlinear least-squares routines.

SEM investigations were performed with a dual-beam FEI Nova
600i instrument, with a semi-in-lens cold cathode field emission
scanning electron microscope source.

2.3. Electrochemical instrumentation

Electrochemical measurements were carried out either by use of
a computer-controlled Autolab PGSTAT30 potentiostat or an EG&G
PARC Model 273/A potentiostat. The electrocatalytic activity of the
nanostructured surfaces for benzyl chloride reduction was investi-
gated by means of cyclic voltammetry (CV) and was carried out
in a three-electrode cell with a GC, either modified or unmodi-
fied, or Pd disk as working electrode. The counter electrode and
the reference electrode were a Pt wire and Ag|Agl|BusNI (0.1 M) in
CH3CN, respectively. The latter was calibrated after each exper-
iment against the ferrocenium/ferrocene couple. The potentials
measured against the Ag|Agl|I~ reference electrode were converted
to the SCE scale, to which all potentials in the paper are referred,
by using Egch/Fc = 0.391Vvs. SCE in CH3CN [12]. The working elec-
trodes were built from a GC plate (Tokai GC-20) and 2-mm diameter
Pd wire (Alfa Aesar, 99.999%) and were polished to a mirror fin-
ish with silicon carbide papers of decreasing grain size (Struers,
grit: 500, 1000, 2400, 4000) followed by diamond paste (3-, 1-,
0.25-pwm particle size). They were then cleaned in ethanol in an
ultrasonic bath for about 5min. In several cases a slight passiv-
ation of the Pd electrode, resulting in a poor reproducibility of the
data, was observed during the electrocatalytic experiments. When
this happened, the electrode was activated by CVs until cathodic
discharge.

The Pd NPs on GC, Ar-GC and N-GC were freshly prepared before
each experiment by electrodeposition of Pd on an exposed area of
3-mm diameter GC disk. The GC samples (8 mm diameter) were
either clamped in a Kel-F mask or enveloped in Teflon tape. The
electrochemical deposition of Pd NPs was carried out in a three-
electrode cell containing 1 mM PdSO, solution in 0.1 M H,S04. GC,
Ar-GC and N-GC disks were set as working electrode, while the
counter electrode and the reference electrode were a Pt wire and a
Hg|Hg,S04|K,S04 saturated electrode, respectively. The reference
electrode was separated from the working electrode compart-
ment through a salt bridge which avoided any contamination of
the working electrode. The conversion of the potential measured
vs. Hg|Hg,S04/S042~ to the SCE scale is obtained by addition of
+0.373V to the measured value. All experiments were carried out
at 25°C.

3. Results and discussion

3.1. Preparation of Pd nanoparticles (NPs) on pristine and doped
GCs

We first investigated the redox reactions of palladium on GC
by CV in 1mM PdSO4+0.1 M H,SO4 solution. The first negative-
going scan obtained under these conditions shows no well-defined
cathodic peak for the reduction of Pd2* to Pd(0). CV obtained start-
ing at an initial potential of 0.3V vs. SCE and scanning in the
negative direction at variable negative potential limits indicate that
Pd deposition starts at a potential more negative than —0.05V vs.
SCE, which coincides with the equilibrium potential. This was con-
firmed by the appearance of a PdO peak on the reverse scan and by
XPS measurements revealing the presence of Pd over the GC sur-
face. A similar experiment has been carried out at N-GC, though in
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Table 1
Optimized deposition conditions for Pd NPs on various GC supports.
E; (V)*P te (s)° Equ (V)P tny (S) Egrow (V)° tgrow (8) Q(q)
GC 0.3 10 -0.25 0.1 -0.077 50 2.74E-4
Ar-GC 0.3 10 -0.25 0.1 -0.077 50 2.75E-4
N-GC 0.3 10 -0.25 0.1 -0.127 50 2.78E-4

2 Resting potential.

b Potentials are vs. SCE.

¢ Resting time.

d Values obtained from the mean of at least 5 different experiments.

this case the deposition of Pd started at a more negative potential
than at pure GC (—0.1V vs. SCE). On the basis of these results, Pd
NPs were deposited on GC by a potentiostatic double-step depo-
sition method, since this method allows better control over the
dimension and dispersion of metal NPs; the optimized deposition
conditions are summarized in Table 1. The first step (nucleation)
was set at a sufficiently negative potential (Epy = —0.25V vs. SCE) to
allow the deposition process to be controlled only by diffusion and,
as a consequence, instantaneous nucleation of Pd takes place. In
the second step (growth) the potential was set at Egrow =—0.077V
vs. SCE for GC and Ar-GC and Egrow =—0.127V vs. SCE for N-GC.
At these potentials the process is kinetically controlled and the Pd
NPs grow without further nucleation of new sites. The solution was
oxygen-free and unstirred during the depositions. The deposition
current was recorded and integrated in order to determine the total
deposition charge (Table 1). The results indicate that a comparable
amount of charge is consumed for all three samples and therefore
the mass of Pd loaded over the three different GCs is fairly similar.

Pd NPs deposited on GC and modified GCs show the typical
electrochemical behavior of palladium nanostructured electrode
(Fig. 1) [29,30], which is characterized by a hydrogen adsorption
peak labeled as 1c and a hydrogen desorption peak 1a, a zone
labeled as a where hydrogen evolution occurs and a zone b due
to the oxidation of hydrogen atoms adsorbed during the negative-
going scan onto the Pd(0) NPs, a zone ¢ due to the formation of PdO
and the zone d due to PdO reduction.

3.2. Morphological and chemical characterization of Pd NPs on
pristine and doped GCs

We first investigated the different GCs surface chemistry by
means of XPS: in Fig. 2a the survey spectra of the different sam-
ples after the electrochemical deposition of Pd (see Table 1) are
shown. The surveys for all three samples clearly show similar fea-
tures that account for the presence of Pd, carbon and oxygen,
while nitrogen is present only in the case of PdA@N-GC. In this

100

/1WA

Evs SCE/V

Fig. 1. Cyclic voltammetry of Pd NPs deposited on pristine and modified GCsin 0.1 M
H,S0, solution; scan rate 200mVs-!.

case, from the analysis of N 1s and C 1s XPS peaks, we can deter-
mine an overall surface stoichiometry of CggsNg 15. Furthermore,
while in Pd@Ar-GC we observe only morphological defects, con-
sisting of a re-hybridization from Cy, to Cgp3, in PA@N-GC, we
can distinguish between different chemical defects; by deconvo-
luting the N 1s XPS peak (Fig. 2b), we can single out the presence
of pyridinic (398.0eV), —C=N terminal groups (398.9 eV), pyrrolic
(400.1eV), N graphitic defects (401.2eV) and N* ion trapped into
carbon vacancies (402.6eV) [28,31]. A further component present
at high BE (404 eV) can be assigned to the interaction between
nitrogen and oxygen with the formation, of NOx groups, though
in a very limited amount. Although GC has a randomly oriented
structure over large dimensions, it contains a graphitic microcrys-
talline structure; therefore, we may assume that the effect of the ion
implantation would increase the number of defects on the graphitic
structures, resulting in an increased numbers of edges. If so, it is
reasonable to assume that nitrogen groups are placed nearby these
new edges of the graphitic microstructure. A pictorial view of nitro-
gen defects is proposed in Fig. 3.

Fig. 2c shows the Pd 3d XPS spectra for the same Pd loading (see
Table 1) deposited onto Ar-GC, N-GC and GC. As can be seen, the
Pd 3d photoemission peak presents a full width at half maximum
(FWHM) compatible with the presence of both metal Pd and Pd2*

O1s N 1s Pd3d Cl1ls
a SURVEY
|
s [ Th—m—— \ || Pd@Ar-GC
c =]
] W __ ~
r-}
8
2 Pd@N-GC
g
g ]
=
Pd@GC
‘600 I 500 ‘ 400 ‘ 300 . 200
Binding Energy /eV
b s N1s C Pd@ArGC ;5\ pd3d

Intensity /arb. units
Intensity /arb. units

408 404 400 396 344 340 336 332
Binding Energy /eV Binding Energy /eV

Fig. 2. XPS data of Pd@Ar-GC, Pd@N-GC, Pd@GC for the same Pd loading (see

Table 1): (a) survey wide scans; (b) N 1s XPS peak and relative deconvolution by

means of chemically shifted components in Pd@N-GC; and (c) Pd 3d XPS peaks.
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N* ions trapped into
carbon vacancies

Q

Pyridinic defects

Fig. 3. Ball-and-stick model of the different chemical species obtained after ion
implantation in GC according to the XPS N 1s data reported in Fig. 2b. The evidenced
area corresponds to edge defects.

species (BE Pd®=335.1eV, BE Pd%*=336.2eV), and no significant
change is observed in the three cases.

The morphological surface characterization of Pd NPs on doped
and undoped GC supports was carried out by SEM (Figs. 4 and 5).
The electrochemical deposition of Pd on GC has been carried out at
three different deposition time: 25, 50 and 150, and results in the
formation of NPs of an average dimension depending on the time
of the growing step (tgrow). NPs deposited for 25s have a typical
Volmer-Weber growth and average dimension of 23 nm (Fig. 4a
and b). The increase of the growing step period from 25 to 50s
increases the Pd amount loaded over the GC support and changes
the Pd NPs dimensions according to a Gaussian distribution cen-
tered at 40 nm (Fig. 4c and d). It is worth noting that in this case
NPs agglomerates of 100-300 nm sizes are also present as a result
of the preferential growth of Pd NPs over the preexisting metal
seeds. At a deposition time of 150 s the distribution of the particle

size assumes a maxima at 45 nm. In this case the growth of NPs
agglomerates is even more emphasized (Fig. 4e and f).

In Fig. 5a comparative panel for PdA@GC, Pd@Ar-GC and Pd@N-
GC deposited at the same growing period of 50, at two different
magnification scale is reported. SEM images of PdA@Ar-GC show Pd
NPs with smaller sizes (centered at 25 nm) and narrower dispersion
(Fig. 5d-f) with respect to Pd@GC (Fig. 5a-c). Also in the case of
Pd@Ar-GC some large size Pd agglomerates are visible, though to
a lesser extent than for PA@GC. In the case of PA@N-GC, roughly
spherical Pd NPs with average sizes of 21 nm are more regularly
distributed with respect to both Pd@GC and Pd@Ar-GC (Fig. 5g-i).

The surface area of the Pd NPs loaded on pristine GC (geometric
area 0.076 cm?) and modified GCs have been estimated from the
integrated charge in the electrochemical formation of a full mono-
layer of PdO [32,33]. This method is based on the identification
of the upper potential limit at which oxygen is chemisorbed in a
monoatomic layer with a one to one correspondence with the sur-
face Pd atoms. This method has been preferred over the one based
on CO stripping, since the N-GC support has shown an anomalous
behavior in the presence of carbon monoxide.

CVs at variable positive potential limits have been performed
(Fig. 6a) and then the integrated charge for the formation of PO has
been plotted vs. the inversion potential (Fig. 6b). The potential for
a complete formation of a PdO monolayer corresponds to the point
where the straight line changes its slope. The integrated charge at
this potential allows obtaining the Pd NPs surface area according
to Eq. (1):

Qg =2eNy A (1)

where N, is the Avogadro constant and I is the surface concen-
tration of atomic oxygen, which corresponds to the number of Pd
atoms, Npq, exposed per unit surface area. From the Npy per unit sur-
face area, it is possible to calculate the reference charge g3, which
in the case of Pd is ca. 420 C/cmZ2. The real surface area is therefore
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Fig. 4. SEM images and particle size distributions for PdA@GC at different growth time: (a and b) tgow =255; (c and d) tgrow =50's; (e and f) tgrow = 150s.
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Fig. 5. SEM images at two different magnifications and particle size distributions for: (a-c) Pd@GC; (d-f) Pd@Ar-GC and (g-i) PA@N-GC obtained at the same Pd loading (see

Table 1).

obtained from the ratio of the integrated charge and the reference
charge as indicated in Eq. (2):

Qo

0 (2)

The estimated area for PA@N-GC was 0.110 cm?, which is higher
than the area calculated for Pd@GC and Pd@Ar-GC, 0.089 and
0.085 cm?, respectively.

In conclusion, it is evident that a mere morphological effect of
the GC support is not sufficient to justify such differences in terms
of surface area, metal NPs dimension and dispersion, but it must be
related to the presence of nitrogen functional groups and a much
stronger interaction between the chemical defect sites of GC and
Pd [34]. A similar result has been observed for Pt NPs deposited
on N-doped HOPG [35,36], where it was claimed the N-doping is
responsible for a decrease in Pt NPs size and an increase in NPs
dispersion.

3.3. Electrocatalytic activity of Pd NPs on pristine and doped GCs

The electrocatalytic activity of Pd NPs was tested for the
reduction of benzyl chloride, chosen as a model process for the
electroreduction of organic halides. The mechanism of activation of
organic halides is generally analyzed in the framework of dissocia-
tive electron transfer (DET) to C—X bonds. Whether the activation

occurs at an inert or catalytic electrode, two reaction pathways are
possible for the reductive cleavage of R—X to R* and X~. These are
a stepwise mechanism, involving an intermediate radical anion,
R—X*~, which further decomposes to R* and X~ (Egs. (3) and (4))
and a concerted mechanism, where electron transfer (ET) and bond
breaking occurinasingle step (Eq.(5)). Whichever of the two mech-
anismis followed, a R* radical is formed that is generally more easily
reducible than R—X and readily undergoes a second ET (Eq. (6)).
Therefore, the process involves two successive one-electron trans-
fers leading to the carbanion R~, which is then rapidly protonated
by any proton donor BH present in solution (Eq. (7)).

R—X + e~ = R—X"" (3)
R—X*" = R* + X~ (4)
R—X + e” — R* + X~ (5)
R*+e - R (6)
R™+BH — R—H + B~ (7)

The transfer coefficient «, which allows the attribution of the
reduction mechanism, has been determined by voltammetric anal-
ysis. If the peak potential Ep, varies linearly with log v, with slope
0Ep/dlog v, Eq. (8) can be used to calculate the transfer coefficient,
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Fig. 6. (a) Cyclic voltammograms at PA@N-GC electrode in 0.1 M H,SO4 with dif-
ferent positive potential limits. (b) Integrated charge for the formation of PdO at
Pd@N-GC electrode as a function of the positive potential limit.

a. Alternatively, o can be calculated by Eq. (9), where E,, —Ep is
the peak width [37].

JEp 1.151RT
dlogv  oF 8)
1.857RT
Epjp —Ep=— F— ®)

The reduction mechanism of benzyl chloride on bulk Pd and
GC has previously been reported [12], showing that, on both
electrodes, the reduction of benzyl chloride follows a concerted
mechanism that is typically characterized by an ET coefficient
o« 0.5.

The CVs of benzyl chloride on GC and bulk Pd in CH3CN + TBABF,4
arereportedinFig. 7. Generally, the peak potential is the benchmark
for the electrocatalytic properties, and GC is so far considered a

0.0-
__ -051
c
2
g 10
~

_1.5_

25 20 15  -10
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Fig. 7. Cyclic voltammetry of 2mM benzyl chloride recorded in CH3CN+0.1M
TBABF, at GC and bulk Pd electrodes.

non-catalytic electrode [38]. Therefore, the catalytic activity,
expressed as AE, = Ef9 — ESC, indicates that bulk Pd exhibits a
remarkable electrocatalytic effect of 0.33V with respect to GC
(Table 2).

Fig. 8a shows CV of benzyl chloride reduction at Pd@GC elec-
trodes at different Pd deposition times. From Fig. 8a it is clear that
the overpotential for benzyl chloride reduction depends on the
Pd surface coverage since, as the deposition time of Pd increases
from 25 to 150s, the reduction peak shifts to a more positive
potential and the peak current increases. The best performance is
observed at PdA@GC deposited for 150 s (Ep = —1.87 V vs. SCE), which
shows comparable electrocatalytic activity with respect to bulk Pd
(Ep=-1.88Vvs.SCE). Therefore, itappears that the catalytic activity
of Pd over a non-modified GC depends more on the Pd loading and
nanoparticles size than on the morphology of the metal catalyst.

The electrochemical behavior of PA@Ar-GC (tgrow =505) is also
reported in Fig. 8b. As previously discussed, Pd NPs on Ar-GC are
smaller and more uniformly dispersed than on pristine GC; how-
ever, besides a little difference of peak current, which may be
associated with a different active surface area, PA@Ar-GC shows
similar catalytic activity and reduction mechanism with respect to
Pd@GC (Table 2). These results assert that, even though Ar-GC has
an increased number of defects with respect to pristine GC and the
Pd NPs size is sensibly different between the two samples, the cat-
alytic activity is not influenced by the morphology of the supports.
Furthermore, it must be stressed that both PdA@GC and Pd@Ar-
GC do not show better performance in terms of catalytic activity
with respect to bulk Pd, and this, also considering the benefit of
employing a small amount of catalyst, puts a limit on the practi-
cal advantage of using a nanostructured electrode with respect to
a bulk one.

Table 2
Voltammetric data for benzyl chloride reduction (2 mM) in CH3CN + 0.1 M TEABF4, measured at 0.1Vs~1.
Cathode Ep? (V) o AE," (V) A (cm?) M-CA¢ (mAg) S-CAY (mAcm~2)
GC -2.21 0.30 0.071¢ - -
Pd -1.88 0.26 0.33 0.031¢ - 1.262
Pd@GC -1.93 0.19 0.28 0.089" 7.2E+05 1.217
Pd@Ar-GC -1.93 0.23 0.28 0.085" 6.6E+05 1.156
Pd@N-GC -1.78 033 0.43 0.110f 9.0E+05 1.269

a Potentials are referred to SCE.

b See AE, = Ep4 — ESC.

¢ Mass catalytic activity with respect to the mass of Pd electrodeposited.
d Specific catalytic activity.

¢ Geometric area.

f Real surface area.
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The electrochemical behavior was tested also at Pd@N-GC
(tgrow=50s) (Fig. 8b), and, this time, PdA@N-GC is more active in
terms of overpotential, mass catalytic activity (peak current/grams
of Pd) and specific catalytic activity (peak current/surface area)
not only with respect to PdA@GC or Pd@Ar-GC, but also to bulk Pd
(Table 2). The integrated current for the deposition process indi-
cates that the Pd amount loaded on N-GC is comparable to that
at Ar-GC; thus, the improved catalytic activity is not the result of
different Pd loading or particle size on the three supports. This
represents a clear example where the electrodic support exerts
a synergistic action, promoting the catalytic activity of metal NPs
toward a catalytic process. The nature of this increased catalytic
activity derives from the interaction between nitrogen functional
groups and Pd NPs during the reduction process since the Pd free
N-GC was found to be not active by itself. Actually, both N-GC and
Ar-GC supports result to be even less active than pristine GC by
several mV. To verify that the increased catalytic activity is not the
result of a different reduction mechanism, we have evaluated the
dependence of the voltammetric peak from the scan rate (Fig. 8c).

The linear dependence of I, from the square root of the scan rate
indicates a diffusion-controlled process, while values of a=0.33
assert a concerted reduction mechanism, as already observed at
Pd@GC and bulk Pd. Furthermore, PA@N-GC is active even after
several days at open atmosphere, indicating an intrinsic chemical
and mechanical stability. This was confirmed also by post eventum
XPS measurements that assert the same content of Pd and N.
Compared with other catalysts reported in the literature well-
known to possess high catalytic activity, such as Ag, PA@N-GC
shows comparable catalytic activity with respect to bulk Ag, that
so far is considered the best catalyst for R—X activation in non-
aqueous solution [12], while it is far more active (several hundred
mV) than Ag NPs of similar size (20-30 nm) deposited on GC [39].

4. Conclusions

Morphologically and chemically stable Pd NPs deposited on N-
GC have been prepared by a double potential-step deposition in
H,0+0.1 M H,SO4 containing millimolar amounts of PdSO4. The
NPs are spherical in shape with average dimension of 20 nm and
are uniformly distributed over the N-GC surface. The presence of
nitrogen functional groups introduced into GC support seems to
influence the nucleation and growth kinetics during Pd NPs depo-
sition, which results in smaller catalyst particle sizes and higher
particle dispersion. The most striking result is that the presence of
nitrogen functionalities promotes the catalytic performance of Pd
NPs toward activation of the C—Cl bond, so extensively that PdA@N-
GC is more active not only than Pd NPs loaded on undoped GC, but
even than bulk Pd.
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due to charge transfer.

N-doped Highly Oriented Pyrolytic Graphite (HOPG) (obtained by ion implantation) was used as a model system
for mimicking the effect of N-doping in sp? hybridized carbon based supports. The electronic structure of such
system has been careful characterized by means of spectroscopic techniques adopting synchrotron radiation.
We demonstrate that it is possible to tailor different functional groups simply by tuning the annealing tempera-
ture after ion implantation. On such chemical modified HOPG, PdY catalyst nanoparticles have been deposited
under strictly controlled conditions in ultra-high-vacuum (UHV) and the nanoparticle/support interactions
studied by photoemission. The formation of the Pd5Y alloy is evidenced by core level shift in Y 3d and Pd 3d states

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The best way to reach the goal of stable, efficient and cost effective
electrodic materials for fuel cells is to use a rational design of the
metal catalyst/support assembly. In this respect, the approach based
on studies of model electrodes can be of value and their outcomes can
be capitalized to implement efficient real electrodes to be properly
tested in real working conditions.

In particular, HOPG (Highly Oriented Pyrolytic Graphite) is a reliable
sp2-carbon model substrate that represents a simplified playground
where the interaction between the catalyst nanoparticles (NPs) and
the support can be easily studied.

HOPG is a carbon-based material made by high-temperature decom-
position of gaseous hydrocarbons, often acetylene, followed by hot
pressing at high pressure and temperature [1]. Pyrolytic carbon usually
has a single cleavage plane because the single graphene sheets crystal-
lize with an ordered stacking, as opposed to graphite that forms micro-
scopic randomly-oriented zones. Because of this peculiar structure,
pyrolytic carbon exhibits several unusual anisotropic properties [1].

Usually, a strong NP/support interaction is beneficial to reduce sev-
eral degradation processes (e.g. agglomeration, detaching...) therefore
increasing the electrode stability. A viable strategy to enhance the
catalyst NPs/support interaction is associated with the introduction of

* Corresponding author.
E-mail address: gaetano.granozzi@unipd.it (G. Granozzi).
1 Current address: Advanced Light Source (ALS), Joint Center for Artificial Photosynthesis
(JCAP), Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., M/S 6R2100 Berkeley, CA
94720, United States.

http://dx.doi.org/10.1016/j.susc.2015.08.012
0039-6028/© 2015 Elsevier B.V. All rights reserved.

substrate defects that can act as trapping sites for anchoring highly dis-
persed catalyst NPs. In general, morphological defects introduced by a
carbon atom re-hybridization (sp? to sp®) and amorphization of the
substrate are beneficial to increase the NP/support interaction [2]. On
the other hand, extended amorphization of the support is detrimental
with respect to the substrate conductivity, so a trade-off is needed.
One route to minimize the conductivity decrease while maximizing
the NP/support interaction is to resort to extrinsic chemical defects
(such as boron, nitrogen and sulfur) rather than to morphological
defects. They can be introduced by means of doping, and specific inter-
actions, possibly modulating the electronic charge of the catalyst NPs,
can be produced. Therefore the modification of the support allows
tailoring the electronic properties of the catalyst.

In the last few years, chemical doping of sp?-carbon materials by
nitrogen has been studied [3-6], and excellent stability and high perfor-
mances over time of the NP/support assembly have been obtained [5,7].
Moreover, specific chemical interactions can trigger enhanced chemical
reactivity so that even normally inert materials become highly reactive.
Even more interestingly, it has been fully demonstrated that a properly
doped support can become catalytically active itself [5,8].

In this study, N-doped HOPG (obtained by ion implantation, hereaf-
ter N-HOPG) was used as a model system for mimicking the effect of
N-doping in sp? hybridized carbon based supports. The outcomes of
this study can be also of relevance in the field of metal NPs/graphene
composites for advanced energetics, since the special properties of
these composite systems stem from very subtle electronic interac-
tions (i.e. interfacial hybridisation), which very often involve specific
defects of the sp? carbon lattice [9-11]. On such chemical modified
HOPG, metal catalyst NPs have been deposited under strictly controlled
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conditions in ultra-high-vacuum (UHV) and the NP/support interactions
studied by the premises of surface science. We have herein considered
PdY NPs as a potentially innovative catalyst. Actually, large efforts are
currently devoted to test Platinum Group metals (PGMs) alloys with
Rare Earth (RE) metals in order to reduce the content of the PGM
while maintaining a sufficient catalyst activity and durability [12].

We report herein a detailed study of the chemical and electronic
properties of N-HOPG based on several synchrotron-based surface
techniques, namely High Resolution Photoemission Spectroscopy
(HR-PES), Resonance Photoemission Spectroscopy (Res-PES), Near
Edge X-ray Absorption Fine structure Spectroscopy (NEXAFS) and Low
Energy Electron Diffraction (LEED). This study fully confirms the obser-
vations already obtained in our previous works [13-15] on HOPG and
N-HOPG based on standard photoemission, and provides new insights
in the electronic properties of these modified systems, with a detailed
study of the valence band (VB). Moreover, on such HOPG and N-HOPG
substrates we have deposited in UHV ultrathin films of Pd and Y and
prepared by thermal annealing PdsY alloyed NPs, as demonstrated by
the use of HR-PES.

2. Experimental

Concerning the morphology, pure HOPG shows microcracks with
varied length and width [ 16]. The existence of these cracks in crystallites
of polycrystalline graphite was proposed firstly by Mrozowski [17]; for
this reason, these features are usually known as Mrozowski cracks. In
situ observations show that these cracks tend to close up heating
HOPG at high temperature. For this reason, in order to obtain a clean
and flat sample surface, annealing in UHV has been performed after
the peeling (by scotch tape) of HOPG (Mikromasch, ZYB) in air, accord-
ing to the procedure depicted in Fig. 1.

The ion implantation by nitrogen has been performed at room
temperature (r.t.) and with a pressure of the precursor gas equal to
2.2 - 10~% mbar. In order to obtain a short projected range of ions into
the target (to have chemical defect localized close the surface, in the
case of N-implantation) and, at the same time, to study the surface mor-
phology and chemistry upon nitrogen implantation, the energy of the
incident ions was set to 100 eV, as reported in our previous study [15].

Pd and Y were evaporated in situ by e-beam bombardment from a
high purity Pd rod and Y flakes, respectively (the last mentioned were
contained in a Mo crucible). The deposition rate were equal to 0.25
MLE/min for Pd and to 0.10 MLE/min for Y (1 MLE (monolayer equiva-
lent) corresponds to 2.26 A[18] and to 1.77 A[19] for Pd and Y, and rep-
resents the interlayer spacing between (111) planes in ten pure metals,
respectively).

The characterization of the prepared systems was performed in
situ, using HR-PES, Res-PES, NEXAFS and LEED at the Bach beamline
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Fig. 1. Thermal annealing cycle carried out on the HOPG sample after the introduction in
the UHV system.

operating at the Elettra Synchrotron Facility. Photoemission data were
collected at RT with a SCIENTA R3000 analyzer set in transmission
mode, using a photon energy of 595 eV (with a total energy resolution
of 100 meV). C 1s and N 1s peaks were separated into individual chem-
ically shifted components (after Shirley background removal) using a
Doniach-Sunjic shape for the sp?> component and symmetrical Voigt
functions for the fitting of the molecular-like C and N 1s components.
The »? minimization was ensured by the use of nonlinear least squares
routine. NEXAFS measurements on C and N K-edges were performed in
Total Electron Yield (TEY) mode.

3. Results and discussion
3.1. Characterization of N-doped HOPG

In this part, we will provide a detailed characterization of N-HOPG
using synchrotron light-based techniques. Fig. 2 reports HR-PES data
obtained on annealed HOPG, at Bach beamline. Fig. 2a reports the C 1s
peak of HOPG, acquired with a photon energy of 595 eV. The peak
shows a Doniach-Sunjic shape, with a FHWM of 0.35 eV. The high clean-
liness of the surface and the low presence of defects is also highlighted
by the survey scan reported in inset in Fig. 2a and by the NEXAFS mea-
surements reported in Fig. 2b.

For the NEXAFS measurement acquired in p polarization mode (out
of plane) it is possible to observe the typical 1s-m* sharp transition at
285.0 eV [20], whereas the 1s-0* transitions (between 290 and
315 eV) can be measured in s polarization mode (in plane) [20].

The effect of the different implantation energies can be visualized by
the LEED patterns reported in Fig. 3. The LEED pattern of the pure sup-
port (Fig. 3b) is a superposition of the diffraction patterns of the single
orientational domains present in HOPG [21]; because ZYB grade HOPG
has little distortion angles between adjacent mosaic tessellation
(=~0.4°), the pattern is not characterized by single spots, but it assumes
a circular geometry [16] due to the overlap of all the single domain dif-
fraction spots (such as the Debye-Scherrer phenomenon that occurs in
X-ray diffraction of powders, see Fig. 3a). Fig. 3c shows that the implan-
tation at 100 eV leads to a weaker and more diffuse LEED pattern,
because of partial surface amorphization with the consequent loss of
crystalline order. On the other hand, ion implantation performed
at higher energies (500 eV) generates a heavily amorphous surface
[13,14], which eventually gives no diffraction. Thus, the surface does
not show a LEED pattern, as shown in Fig. 3d.

In order to have a deeper physical insight into ion implantation pro-
cedure, Monte Carlo simulations of the N-implantation in HOPG have
been carried out assuming the Kinchin-Pease modeling [22] of the ion-
target atom interaction.

Under the experimental conditions of the N-implantation, per-
formed by using common ion guns, the nitrogen plasma contains both
N* and N3 ionic species. By simulating the interaction of both the spe-
cies with the carbon support and taking the average, Monte Carlo simu-
lations give a projected range, Ry, and a full width at half maximum
(FWHM) of the distribution, ARy, equal to 7.9 A and 10.3 A for 100 eV
implantation, and to 18.6 A and 17.3 A for implantation at 500 eV. Pre-
liminary studies using standard photoemission and Monte Carlo simu-
lations, demonstrated that it is possible to tune the projected range of
the implanted atoms [13-15] and that no significant change occurs in
the type or in the relative concentration of the chemical functionalities
introduced by N implantation.

Fig. 4a and b reports the multipeak analysis of the C 1s and N 1s sig-
nals of the as-implanted N-HOPG, acquired in normal emission (NE)
and grazing emission (GE) at Bach beamline (using a photon at
595 eV). The implantation was performed in situ at using 100 eV ions.
In the case of C 1s, four components at binding energy (BE) of 283.7,
284.4, 285.5 and 286.5 eV, can be resolved. According to literature,
they can be assigned to carbon vacancy (dangling bonds) [23,24],
to sp? hybridized carbon forming the pure graphitic lattice, to sp>
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Fig. 2. a: C 1s HR-PES of annealed HOPG, acquired at 595 eV (the inset reports a wide survey scan); b: NEXAFS measurements of annealed HOPG acquired in s polarization (in plane) and p

polarization (out of plane).

hybridized carbon from the partial surface amorphization induced by
the ion implantation [25,26] and finally to C-N bonds [7,8,27], respec-
tively. A fifth minor component, centered at about 288.1 eV can be asso-
ciated with C bound to N and O (formally described as C-N(O)), due to
low oxygen contamination of the preparation chamber or of the gas line
providing the N, to the ion gun.

N-doping induces many different chemical defects in HOPG (the
C-N signal counts for the 10.2% of the total C 1s photoemission line),
whose characterization has been carried out by analyzing the N 1s
HR-PE signal for the as-implanted HOPG, as reported in Fig. 4b. Five dif-
ferent components have been identified, whose FWHM and BE values
are perfectly in agreement with literature data on related systems [4,5,
8,13-15,30]. The components centered at 398.1 eV, 400.2 eV and
401.4 eV correspond to sp?> C-N defects, which can be described as
pyridinic [7,8,28,29], pyrrolic [7,8,15] and N graphitic defects [7,8,15,
23], respectively. The component centered at 399.0 eV matches

b

with -CN terminal groups [13,23,29]. Finally, the component cen-
tered at 402.8 eV can be attributed to a N* or N3 ion species trapped
into a carbon vacancy [20].

In order to observe the temperature evolution of these defects, C 1s
and N 1s photoemission measurements at different annealing tempera-
tures (at 500 °C and 750 °C) have been carried out. Every thermal cycle
was 30 min long. The ratio of the area of each chemically shifted peak
over the total core level signal area is shown in Fig. 5 and reported in
Table 1. The most striking feature is the partial removal of the -CN
groups as the annealing temperature increases (see also the change in
the shape of the N 1s signal obtained after annealing at 500 °C and
750 °C, reported in Fig. 4d and f, which is due to the important decrease
of the —CN related peak). This result is in agreement with previous
works [30,31], where the authors report TPD measurements indicating
that desorption of CN species (as HCN by H uptake from the residual
H, in the UHV chamber) starts from 140 °C. It is important to highlight

Fig. 3. a: Mechanism at the base of the formation of the “Debye-Scherrer” rings in the LEED pattern of HOPG. The shaded spheres indicate the second graphenic layer; b, ¢, and d: LEED
patterns (acquired at 170 eV) of pristine HOPG and N-HOPG obtained by nitrogen implantation at 100 eV and 500 eV, respectively.
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Fig. 4. Multipeak analysis of C 1s and N 1s core levels, for as-implanted N-HOPG (a, b) and annealed samples at 500 °C (c, d) and 750 °C (e, f).

that the removal of the —-CN groups at 750 °C is not complete (even if the
concentration undergoes to an important decrease). In fact, it is still pos-
sible to observe a weak ~CN-related component in the N 1s photoemis-
sion line after the final annealing at high temperature. As reported in the
following, we will discuss the influence of the ~CN group presence on
the electronic properties of the annealed N-HOPG. Another important
consequence of the thermal annealing is the increase of the intensity
of the N substitutional defects with the increase in the annealing temper-
ature. This is in line with the higher thermodynamic stability exhibited
by graphitic N compared to the other N-based configurations, thanks to
the highest coordination of nitrogen with other C atoms. The same
behavior has been observed in the case of the thermal treatment of N-
doped graphene layers obtained by chemical vapor deposition [14].

As a general comment, it is interesting to highlight that the pyrrolic
defects can be efficiently converted in graphitic defects upon thermal
annealing at temperature higher than 500 °C [8,14]. As it possible to
observe from Fig. 5 and Table 1, that the pyridinic defect concentration
(together with the concentration of the other sp? C-N defects)
undergoes an initial increase at 500 °C, as result of the general decrease
in the overall N 1s signal due to the desorption of HCN and healing of the
carbon vacancies with the consequent release of N,. For temperature
above 500 °C, the concentration of graphitic N increases since it is a
product of the conversion of the pyrrolic defect, whose concentration
undergoes an important decrease. Moreover, the thermal annealing
cycles are accompanied by an important decrease in the surface
amorphization (as evidenced by the decrease in the sp> C component),
appreciable in particular at 750 °C. All these results consistently delineate

a picture where HOPG modified surfaces can be used as model system
where to investigate the impact of different C-N functional groups on
specific electrochemical processes.

Another important observation can be discussed about the spatial
localization of the N-based defects, from the angle resolved HR-PES
measurements performed on the as-implanted and annealed N-HOPG.
As it can be observed from Fig. 5 and Table 1, in the as-implanted sample
the —CN defects are localized mainly in the first atomic layers constitut-
ing the HOPG surface, since the relative intensity of the —CN defect com-
ponent is higher when the take-off angle approximates the GE condition
(high surface sensitivity). On the other hand, with the exception of the
pyridinic defect, whose concentration is higher close the R, (Table 1),
the other defects are homogeneously distributed in the sample. At
high annealing temperature (i.e. 750 °C), Fig. 5 and Table 1 show
that the N-defects distribution is quite uniform in the sample, with the
exception of the graphitic N, whose concentration is higher closer to
the topmost layer. Table 1 shows that the concentration trend of pyrrolic
N is closely related to the one observed for the graphitic defect: for both
NE and GE, the pyrrolic N concentration decreases about 18% by chang-
ing the annealing temperature from 500 °C to 750 °C, whereas the
graphitic N concentration accordingly increases by the same amount.

To gain further insight into the site- and symmetry-specific elec-
tronic properties of the N-HOPG, NEXAFS measurements have been
performed on as-prepared and annealed (at 750 °C) samples. It is
well-known that NEXAFS can be successfully applied to explore the ori-
entation and bond length of planar m-conjugated molecules adsorbed
on a surface. Moreover, it was widely used to study the polarization
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Fig. 5. Trend of the at.% of the single chemically shifted components for C 1s (a, ¢) and N 1s (b, d) photoemission peaks, as function of the annealing temperature. Subpanels a-b and c-d
report the results obtained in case of normal emission (NE) and grazing emission (GE), respectively.

dependence of the - and o-resonances for graphene- and graphite-
functionalized systems. Fig. 6 reports the polarization dependence of
the NEXAFS spectra of C and N K edges. By the analysis of the N K
edges, it is possible to observe a triplet centered between 399 eV and
402 eV, related to the N 1s-m* transition of different chemical states of
N. The first feature, centered at 399.0 eV is associated with pyridinic N
[15,32], while the third one (at 401.8 eV) represents graphitic N defects
[15,26]. The second absorption peak is ascribed to the terminal -CN
groups, as reported in literature [26], supporting the analysis discussed
above. Interestingly, the graphitic N component intensity is strongly in-
fluenced by photon polarization, both for the as-implanted and
annealed system, with the maximum value reached under out of
plane conditions (thanks to the presence of the lone pair in a sp

Table 1

Trend of the at.% of the single chemically shifted components for C 1s and N 1s photoemis-
sion peaks, as function of the annealing temperature and for the two normal (NE) and
grazing emission (GE) geometries.

r.t. 500 °C 750 °C

NE GE NE GE NE GE
Carbon 1s
C vacancy 9.04 5.96 0.40 0.35 0.21 0.16
sp? 4779 4873 7082 6647 87.21 86.62
sp> 26.71 2843 1616  20.40 5.95 6.69
C-N 1233 1174 1073 1040 5.89 5.76
C-N(0) 4.13 5.14 1.89 238 0.74 0.77
Nitrogen 1s
Pyridinic 2792 2086 3471 26.41 4731 50.49
-CN terminal groups 31.77 4086 16.17 2623 2.00 2.36
Pyrrolic 3097 2847 3732 4041 1936  21.65
Graphitic 5.51 533 1137 6.56 3110 25.18
N*/N3 trapped C vacancy 3.83 4.48 0.43 0.39 0.23 0.32

orbital hybridized with the m density). Differently, it is possible to
observe that the -CN component intensity is only weakly influenced
by the photon polarization, meaning that the -CN groups are character-
ized by a random orientation on the as-implanted surface. Moreover,
although the C K edge spectra does not exhibit relevant differences
before and after the thermal annealing cycle, the N K edge spectrum
acquired in p polarization clearly show an enhancement of the graphitic
N component after thermal annealing at 750 °C, in line with the HR-PES
data reported above.

Finally, we also carried out VB-PES measurements using a photon at
190eV, as reported in Fig. 7a. The spectrum of the pristine HOPG surface
displays the typical graphite VB features, commonly described in terms
of 0- and m-subbands [33a-d], as already introduced for the C K edge
NEXAFS analysis. The o-bands are formed from the intra-layer sp>-
hybridized 2s, 2py, and 2py orbitals, while the m-bands arise from the
overlapping 2p, orbitals which lie along the crystallographic axis c,
normal to the layers (i.e. to the (0001) family planes). With respect
to Fig. 7a, the features labelled as A and B centered at 2.7 eV and
4.0 eV below the Fermi level are attributed to the flat m-bands near
the symmetry point Q, while the features C and D at 8.9 eV and
11.8 eV, respectively, are attributed to the flat 0-bands near the sym-
metry points I, along the ['-Q and I'-P directions within the graphite
first Brillouin zone [33a-d]. Finally, the sharp peak at about 14.0 eV
arises from the photoelectrons scattered into unoccupied states [33e].

On the other hand, the N-HOPG systems (both the as-prepared and
the annealed surfaces) exhibits basically two different features: the first,
centered at 4.0 eV below the Fermi level, corresponds to the B feature
discussed above. The intensity of this feature increases accordingly to
the increase of annealing temperature, due to the partial recovery of
the surface amorphization caused by ion implantation [13,33a-c|. The
second feature, centered at 7.0 eV below the Fermi level, is originated
by the downward shift of the o-bands at the I point, as a result of the
local symmetry loss due to the replacement of C atoms with N atoms
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Fig. 6. NEXAFS measurements of C (a, c) and N K edges (b, d) on N-HOPG at different polarizations, for the as-implanted (a, b) and annealed (750 °C) system (c, d).

in the graphitic lattice. This assumption is confirmed by the fact that the Finally, a new broad feature (centered between 18 and 20 eV) is
intensity of this feature increases with the increase of the annealing introduced in the VB spectra upon N implantation. To identify the
temperature (i.e. with the increase of the N-substitutional defects as exact origin of this new peak (which undergoes to an upward shift by
discussed above). increasing the annealing temperature), we have acquired the VB on
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Fig. 7. a: Integrated area normalized-VB spectra acquired in normal emission mode using a photon energy of 190 eV (1: pristine HOPG; 2: as-implanted N-HOPG; 3: N-HOPG annealed at
500 °C; 4: N-HOPG annealed at 750 °C); b: ResPES measurements on the N K edge performed on the N-HOPG annealed at 750 °C; c: profile along the A line, showing the VB spectrum
acquired on resonance, at about 400 eV; d: profile along the B line (across the resonance) as function of the photon energy.



138

the N-HOPG system (annealed at 750 °C) scanning over the photon
energy on the same range of the N K edge. The result is reported in
the 2D plot shown in Fig. 7b, which shows a strong resonance centered
at 19 eV, excited by a photon energy of about 400 eV. A comparison
between the spectra reported in Fig. 7a and in Fig. 7c (which reports
the VB spectrum acquired at 400 eV), allows to observe a much higher
intensity of the peak centered at 19 eV when the incoming photon is
on resonance with the N K edge. Fig. 7d reports the resonant line profile
obtained from the 2D plot as function of the photon energy: it fully
resembles the NEXAFS spectra reported in Fig. 6d (since the N electron
density of the pyridinic and substitutional defects is delocalized thanks to
the hybridization with the m states of graphite, they are not affected by
VB resonance phenomena). In particular, Fig. 7d shows the presence of
the strong resonance peak centered at about 400 eV. By the compar-
ison between these results and the N K edge NEXAFS measurements
reported in Fig. 6, we can finally unambiguously point out that the
observed resonance observed in the VB spectrum at 19 eV is due to
residual presence of the ~CN groups on the surface after the thermal
annealing.

3.2. Characterization of a PdY nanoparticles deposited on pure and N-doped
HOPG

Having in mind the goal described in Ref. [12], we then focused on
the formation of PdY alloyed NPs, both on HOPG and N-HOPG. Pd and
Y have been deposited in situ onto pure and N-HOPG during the
beamtime at Elettra. The deposition of the two metals was performed
sequentially, adding 0.25 MLE of Y to 0.75 MLE of Pd previously
deposited on the substrate (pure or N-HOPG previously annealed at
750 °C) with a total coverage equal to 1.0 MLE. The deposition was
performed while keeping the substrate at a constant temperature of
500 °C, followed by a final annealing at 750 °C for 10 min. The base
pressure during the sample preparation and characterization was
about 6 - 10~° mbar. From the HR-PE measurements, the Pd/Y ratio
results to be about 2.9, very close to the stable alloy having a Pd3Y stoi-
chiometry [34].

As it is possible to observe from Fig. 8a, after the heat treatment, the
Pd 3ds, peak of the stacked Y/Pd ultrathin films on pristine HOPG (dark
blue curve in Fig. 8a) presents a downward shift with respect to the Pd
ultrathin film case (gray curve in Fig. 8a), passing from 335.4 eV to about
335.1 eV, respectively. As it is already reported in literature, the spectral
position of the Pd 3d level undergoes a slight downward shift when an
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alloy with a second transition metal (with lower electronegativity) is
formed [35], due to a partial d—-d band hybridization [36] which leads
to a charge transfer from the less electronegative metal (in this case
Y) to the more-electronegative Pd [36]. This is confirmed by the obser-
vation of a symmetrically opposite effect on the Y 3d photoemission line
(Fig. 8b), whose 3ds/, peak passes from 156.2 eV (in case of pure metal
Y) to 156.5 eV (in the alloy). Such an evidence can be taken as a proof for
the formation of the PdsY alloy. It is important to outline that, according
to our HR-PES data, the same phenomenology is observed both in the
case of the deposition on the pristine HOPG and on the N-HOPG.
However, a major difference is observed when passing from the
Pd3;Y/HOPG to the Pd3Y/N-HOPG case: by the comparison between the
Pd 3d spectral regions for the two (bright blue and gray curves in
Fig. 8a), it is possible to observe a further Pd 3ds,, component at higher
BE (centered at 337.3 eV) on the N-modified support. This evidence
is also confirmed when comparing the deposition of pure Pd NPs on
both undoped and N-HOPG. Actually, a similar behavior was observed
in a previous work on UHV deposited Pd NPs on N-HOPG using standard
photoemission data [14]. We retain that the presence of surface
nitrogen-based chemical defects triggers the formation of an additional
component in the Pd 3d photoemission spectrum deriving from the
coordination of Pd with highly electronegative N-groups, and it can be
assigned to Pd*™ states localized at the interface between the metal
NPs and the substrate surface rich in N-based centers. We demonstrate
here that the same is true for PdsY NPs on N-doped HOPG.
Interestingly, the detailed analysis of the Y 3d photoemission line
reported in Fig. 8b shows the presence of oxide species (Y,03) on both
pure and N-HOPG (with a Y>*/Y° ratio of 0.25 and 0.26, respectively).
This is in line with previously reported data on RE/PGM alloyed NPs
deposited by wet chemistry on a high surface area carbon support
[37]. Interestingly, such an oxide component is observed also when
operating in UHV, which demonstrates the extremely high affinity of
Y toward oxygen, capable of scavanging the residual oxygen from the
UHV chamber. This evidence suggests that the preparation of oxide-
free RE/PGM alloyed NPs is extremely difficult, even with UHV tech-
niques. However, the good news is that it has been demonstrated that
this oxide component is not detrimental for the efficiency of the Y
alloyed NPs as electrocatalyst for the oxygen reduction reaction [37].
Finally, we would like to comment on the morphology of the PdsY
NPs reported in this paper. Morphological characterization was not
accessible during the experiments at the beamline. However, in previ-
ous papers we already studied by scanning tunneling microscopy the
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Fig.8.Pd (a) and Y (b) 3d spectra (area normalized) acquired in normal emission mode for 1.0 MLE of Pd or stacked Y/Pd ultrathin films (after annealing at 750 °C) on HOPG and N-HOPG
(using a photon energy of 595 eV). The reported difference spectra in (a) have been obtained by the subtraction of dark and bright blue curves from the black and gray curve, respectively.
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growth morphology of Pd NPs grown in UHV on HOPG and N-HOPG,
both at RT and at high temperature [14]. The Pd NP diameter was
much lower on the N-HOPG support with respect to HOPG at RT, and
a size difference is also maintained at 750 °C, indicating a drastic in-
crease in the thermal stability of the Pd NPs against agglomeration
when deposited onto N-HOPG. In the present experiments we needed
to heat the Y/Pd ultrathin film at 750 °C in order to form alloyed PdsY
NPs. On the other hand, ex situ STM characterization was not possible
because of the well-known easy oxidation of the Y component of the
alloy into the corresponding oxide. Thence, the current electronic struc-
ture characterization of the PdsY NPs cannot be easily associated with a
specific morphology other than the one already reported for the Pd NPs
on both HOPG and N-HOPG.

4. Conclusion

In this work we have performed a detailed analysis, based on
synchrotron-related techniques, of the chemistry and electronic proper-
ty modulation in HOPG upon nitrogen doping obtained by in-situ ion
implantation. The advantage of this technique relies on the fact that it
is possible to finely tune the doping dose, as well as the typology of
the introduced chemical defects. We have demonstrated that it is possi-
ble to select different functional groups simply by adjusting the anneal-
ing temperature after the ion implantation.

The deposition of PdsY alloy nanoparticles has been successfully
obtained both on pure and on nitrogen-modified HOPG. We have dem-
onstrated that, when the alloy is formed, a core level shift takes place,
thanks to a partial d-d hybridization that leads to charge transfer be-
tween Y and Pd. The presence of this BE shift, supported by previous
findings in literature, validates the heat-driven alloy formation from
the Y/Pd ultrathin films.
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Loaded on Nitrogen-Doped Mesoporous Carbon for Oxygen
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ABSTRACT: Mesoporous carbons are highly porous materials, which
show large surface area, chemical inertness and electrochemical
performances superior to traditional carbon material. In this study,
we report the preparation of nitrogen-doped and undoped mesoporous
carbons by an optimized hard template procedure employing silica as
template, sucrose and ammonia as carbon and nitrogen source,
respectively. Surface area measurements assert a value of 900 and 600
m* ¢! for the best doped and undoped samples, respectively. Such
supports were then thoroughly characterized by surface science and
electron microscopy tools. Afterward, they were decorated with Pt and
Pd nanoparticles, and it was found that the presence of nitrogen defects
plays a significant role in improving the metal particles dimension and
dispersion. In fact, when doped supports are used, the resulting metal
nanoparticles are smaller (2—4 nm) and less prone to aggregation.
Photoemission measurements give evidence of a binding energy shift, which is consistent with the presence of an electronic
interaction between nitrogen atoms and the metal nanoparticles, especially in the case of Pd. The catalytic properties of
electrodes decorated with such catalyst/support systems were investigated by linear sweep voltammetry and by rotating disk
electrode measurements, revealing excellent stability and good activity toward oxygen reduction reaction (ORR). In particular,
although Pd nanoparticles always result in lower activity than Pt ones, both Pt and Pd electrodes based on the N-doped supports
show an increased activity toward ORR with respect to the undoped ones. At the same mass loading, the Tafel slope and the
stability test of the Pt@N-doped electrocatalysts indicate superior performances to that of a commercial Pt@C catalysts (30 wt %
Pt on Vulcan XC-72, Johnson Matthey).

KEYWORDS: mesoporous carbon, electrocatalysis, palladium, platinum, nitrogen doping, oxygen reduction reaction

1. INTRODUCTION

Fuel cells and metal—air batteries are promising technologies,

nature of the supports has a strong influence on some
important properties of the catalyst, such as dispersion of the
active phase, inhibition of sintering and loss of the catalyst
during operation,”* morphology of the metallic crystallites® and
electrochemically active area.®’

In recent years, there has been a growing interest in the
synthesis of mesoporous carbon (MC) materials with well-
controlled and well-defined morphologies and nanostructures.®
MCs are promising materials because of their large surface area,
tunable pore structure, uniform and adjustable pore size,
mechanical stability, good conductivity and electrochemical
performances superior to traditional carbon materials such as
Acetylene Black, Vulcan XC-72R or Ketjen Black. Most of the

especially for automotive industries, due to their high energy
densities, low operating temperature and environmental
compatibility."* It is well-known that the slow kinetics of the
oxygen reduction reaction (ORR) at the cathode limits the
efficiency of fuel cells and metal—air batteries. So far, only
platinum-based electrocatalysts have been found to be effective
in final devices. However, Pt is expensive and its abundance in
nature is not sufficient to sustain a widespread commercializa-
tion of fuel cells and metal—air batteries. Therefore, the
synthesis of platinum-free electrocatalysts or the preparation of
electrocatalysts with much lower content of the precious metal,

preserving at least the same catalytic activity, is a current
strategic issue. A viable way to reach the latter goal deals with
the synthesis of new electrode support materials able to
enhance the catalytic activity of the metal phase, while
preserving the chemical and mechanical stability. In fact, the

-4 ACS Publications  © 2014 American Chemical Society
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known MCs have highly hydrophobic surfaces and a limited
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number of specific active sites, which hinder their practical
application as catalytic supports. It is well established in
literature that the presence of a certain amount of surface
oxygen groups can decrease the hydrophobicity of the carbon
material, thus making its surface more accessible to the metal
precursor during impregnation with aqueous solutions.”'® By
doping with heteroatoms, the physical and chemical properties
of carbon can be modified and new sites can even be created,
which make the tailoring of the catalytic properties possible.'"
Among the various surface modification methods, nitrogen
doping is currently in the spotlight because it is supposed that
nitrogen induces a beneficial change on both the electronic and
structural properties of the carbon supports. For example,
changes in the surface polarity, electronic conductivity and
electron-transfer tendency have been demonstrated to be
beneficial to build improved electrode materials.'> Further-
more, N-doped carbons resulted in some ORR catalytic activity
even in the absence of metal loading, and even better
performance and stability when mixed with Pt or non-Pt
catalysts.>~'®

In this work, we report the optimized synthesis of undoped
and N-doped MCs (NMC) and their subsequent decoration
with Pt or Pd nanoparticles (NPs). Sucrose and ammonia were
used as sources of carbon and nitrogen, respectively, whereas
Pd has been chosen as a possible substitute candidate for Pt as
the active phase. The MC and NMC supports were thoroughly
characterized by surface science and electron microscopy tools.
The electrochemical activity toward ORR of the various
materials, before and after Pd or Pt NPs decoration, was
evaluated by linear sweep voltammetry using a rotating disk
electrode setup. The effects of N-doping on the electrocatalytic
activity are discussed.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Mesoporous Silica (MS) (200 nm particle size, 4
nm pore size), sucrose (>99.5%), PtCl, (>99.9%), PdSO, (>98%),
Nafion (S wt % in EtOH) and NaBH, were purchased from Sigma-
Aldrich and used as received without further purification.

2.2. Syntheses. MC samples were synthesized through impregna-
tion of a P200 mesoporous silica template (1 g) with sucrose (1 g) and
sulfuric acid (0.12 g), in water solution (S mL). The mixture was dried
in an oven at 100 °C for 6 h and then the temperature was increased
to 160 °C overnight. During this pretreatment step, the carbonization
starts and the color of the sample turned from white to brown. The
powder was subsequently heated in a quartz tube to 900 °C for S h in
Ar atmosphere to reach the complete carbonization of the sample. To
optimize the synthesis, several heating rates from 2 to 20 °C min™"
were tested.

The synthesis procedure for the NMCs is quite similar to the
synthesis described above for the MCs. In this case, after the
pretreatment, the temperature was not increased directly to 900 °C
but a new step at 300 °C for 4 h under flow of pure ammonia was
introduced. After the final heat treatment for both MC and NMC, the
silica content was removed by dissolution with NaOH (1 M) solution
in EtOH/H,0 (50% v/v) for 24 h under vigorous stirring.

Pt or Pd NPs were loaded by reduction of the corresponding metal
salts with NaBH, on MCs and NMCs. Initially, 5 mg of MC was
dispersed in 2 mL of bidistilled water, then the metal salts solution (10
mg in 1 mL EtOH/H,0 mixture 1/1 v/v) was added dropwise to the
suspension under stirring). After 2 h at room temperature (r.t.), 1 mL
of NaBH, was added and the solution was kept under stirring for 12 h
to complete the reaction. The mixture was filtered on a nylon filter
membrane (pore size 0.22 ym, Sigma-Aldrich), washed with bidistilled
water and dried at 80 °C for 4 h.

2.3. Electrochemical Tests. The electrochemical activity measure-
ments were carried out by cyclic voltammetry (CV) and rotating disk
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electrode (RDE) voltammetry, using an EG&G PAR Model 273/A
potentiostat. A conventional three-electrode configuration consisting
of a glassy carbon (GC) electrode with an area of 0.071 cm? as the
working electrode, Pt as the counter electrode, and a satured calomel
electrode (SCE) as the reference electrode, was used. The GC was
polished to a mirror finish with silicon carbide papers of decreasing
grain size (Struers, grit: 500, 1000, 2400, 4000) followed by diamond
paste (3, 1, 0.25 um particle size).

The catalyst inks were prepared by adding 2.5 mg of M@MC or
M@NMC (M = Pd, Pt) in 2.5 mL of Nafion (5% in EtOH, Sigma-
Aldrich) solution via ultrasonication for 10 min. Then 10 uL of
suspension was carefully pipetted onto the clean GC electrode. After
that, it was dried in air at room temperature for at least 8 h. For
comparison, inks based on a commercial Pt catalyst (30 wt % Pt on
Vulcan XC-72, Johnson Matthey) were used as a benchmark for both
(N)MC-derived Pt and Pd catalysts.

The LSV and RDE study was carried out in 0.1 M H,SO,, and the
solutions were purged with Ar before each measurement, whereas for
the ORR test, the electrolyte was bubbled with high-purity O, gas for
at least 30 min to ensure O, saturation. The determination of the
number of transferred electrons was measured via the ring rotating
(Pt) disk (GC) electrode (RRDE) technique (Metrohm Italiana Stl).
The RRDE (disk diameter S mm), with a collection efficiency of 25%,
was prepared by dropcasting SO L of the catalyst ink onto the surface
of the GC disk with a Hamilton microliter syringe. The electrode was
dried at ambient temperature for 12 h prior to immersion into the
electrochemical cell for data acquisition.

2.4. Characterization. The specific surface areas of the samples
were calculated by a multipoint Brunauer—Emmett—Teller (BET)
analysis of the nitrogen adsorption/desorption isotherms, whereas the
pore size distribution curves were derived from the Barret—Joyner—
Halenda (BJH) method (for mesopores) and the Horvath—Kawazoe
(HK) method (for micropores), by using the adsorption/desorption
branches.

X-ray photoemission spectroscopy (XPS) measurements were
performed in an UHV chamber (base pressure < 5 X 107 mbar),
equipped with a double anode X-ray source (PSP), a hemispherical
electronanalyzer (VG Scienta) at r.t,, using nonmonochromatized Mg
Ka radiation (hv = 1253.6 eV) and a pass energy of 50 and 20 eV for
the survey and the single spectral windows, respectively. The
calibration of the Binding Energy (BE) scale was carried out using
Au 4f as reference (BE Au 4f = 84.0 eV)).

For the characterization of the NMCs, the nitrogen amount was
determined by normalizing the intensity of the N 1s XPS peak to the
integrated area of the C 1s photoemission peak (both corrected for the
differential cross section and inelastic mean free path of photo-
electrons), obtaining a nitrogen concentration of 5.7 at% for the best
sample (see below). The XPS peaks of carbon and nitrogen were
separated into single chemical shifted components (after Shirley
background removal), using symmetrical Voigt functions; the y* was
minimized by the use of a nonlinear least-squares routine.

To perform XPS measurements, 2.5 mg of the M@MC or M@
NMC powders was dispersed in SO uL of toluene and then gently
sonicated (for S min) in order to efficiently disperse the powders; the
solutions were then drop-casted onto electropolished polycrystalline
copper or GC substrates (with a surface area of 1 cm?). Thereafter, the
samples were first dried overnight under nitrogen flux to obtain
homogeneous films; then they were vacuum-dried for 2 h at about
1076 mbar.

For the Raman characterization, we used a ThermoFisher DXR
Raman spectrometer. All spectra were recorded using a laser with an
excitation wavelength of 532 nm (1.5 mW), focused on the sample
with a SOX objective (Olympus). Thermogravimetric analysis (TGA)
was carried out with a QS000IR TGA instrument (TA Waters). The
samples were exposed to air and their mass was recorded while the
temperature was raised from r.t. to 1000 °C. After the complete
oxidation of the carbon structure to gaseous products, metal and silica
residues were left.

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were obtained using a Zeiss Supra 35VP
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Gemini scanning electron microscope operating at S kV and a FEI
Tecnai G2 transmission electron microscope operating at 100 kV.

3. RESULTS AND DISCUSSION

3.1. Characterization of MCs and NMCs. The samples
investigated in the present paper are reported in Table 1, where

Table 1. BET Surface Area and Pore Structure Parameters of
Different MCs and NMCs

BET surface area  pore volume BJH pore H-K pore
sample” (m*/g) (cm’/g) size (Irjlm) size (nm)
MC-2 914 0.30 3.1 12
MC-§ 857 0.31 3.1 0.9
MC-10 856 0.31 32 1.1
MC-20 765 0.27 3.1 1.0
NMC-2 608 0.29 3.0 0.9

“Numbers stand for the heating rate express in °C min™".

also the different experimental conditions to obtain them are
specified together with the data obtained by BET and BJH. The
nitrogen-adsorption isotherms of MC prepared with a temper-
ature ramp of 2 °C min~"' (MC-2) are presented in Figure la:
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Figure 1. (a) Nitrogen adsorption/desorption isotherms of MC
pyrolized at 2 °C min™'; (b) BJH pore-size distribution in MC-2; (c)
BET areas at different heating rates; (d) BJH and HK pore size
distribution at different heating rates. The fitting error associated with
the employed DFT model is less than 0.3%.

according to IUPAC classification, the isotherms are of type IV.
The hysteresis is indicative of the presence of mesopores (2—50
nm diameter), whereas the pore size distribution can be
calculated from the BJH adsorption isotherm reported in Figure
1b. The specific BET surface area, specific pore volume (V)
and the pore diameters (D,) of the MC-2 are summarized in
Table. 1, along with the other MCs obtained in different
experimental conditions. MC-2 exhibits 914 m?® g™ of ultrahigh
specific BET surface area and 3.0 cm® g~' of specific pore
volume. The BJH method (Figure 1b) furnishes an average
pore diameter of mesopores and micropores around 3 and 1
nm, respectively (Table 1). Figure 1c,d show the effect of the
temperature scan rate on the surface area and pore size
distribution. Although the specific surface area (Table 1)
decreases from 914 to 765 m*> g~' (16.3%) with the increase of
heating rate from 2 to 20 °C min~’, the average pore diameter
of mesopores and micropores is constant with a value around 3
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and 1 nm, respectively (Figure 1d). This means that the
number of pores is the parameter varying with the heating rate:
at low heating rate the number of pores results to be higher
than the one obtained under higher heating rates.

On the basis of these observations, N-doped mesoporous
carbon (NMC-2) was prepared at a low heating rate in the very
same experimental conditions as MC-2, but an additional step
was inserted where ammonia was allowed to flow at 300 °C.
NMC-2 exhibits an isotherm type IV (IUPAC), corresponding
to a BET surface area of 608 m* g~' and meso- and micropores
of similar size as in MC-2 (Table 1). The NMC-2 surface area
is only 2/3 of the one of MC-2; however, it is still much higher
than that of the commercial standard Vulcan XC-72R (222 m?
g™")."” Because the pore structure parameters of NMC-2 and
MC-2 are similar (Table 1), a possible explanation of this BET
surface area reduction upon N-doping, could be referred to a
partial collapse of the silica pores structure after ammonia
reaction with silica. In fact, the collapse of the structure upon
the template removal would end up in a general loss of the
number of pores.

The SEM images of MC-2 and NMC-2 are presented in
Figures 2ab, respectively. Both samples consist of hollow

Figure 2. Representative SEM images for (a) MC-2 and (b) NMC-2.
(¢, d) TEM images of NMC-2.

spherical carbon particles, as good replica of the templating
silica, along with other collapsed and fractured particles that
give rise to a heterogeneous morphology. The average diameter
of the spheres is about 300—400 nm. A more detailed structural
study of NMC-2 was carried out with TEM measurements,
which point out the presence of spherical carbon particles
(Figures 2c,d). Pores are randomly located to construct the
whole sphere, achieving a loosely packed nanostructure. In fact,
several three-dimensionally interconnected bright spots can be
observed on the sphere surfaces indicating the presence of
mesopores, whereas the dark contrast that characterizes the
edges confirms their hollow nature (Figure 2d).

To characterize the surface chemistry of the studied systems,
we carried out an XPS investigation. Figures 3a,b report wide
range measurements acquired for MC-2 and NMC-2 samples,
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Figure 3. XPS survey spectra for (a) MC-2 and (b) NMC-2.
Table 2. Elemental Analysis Derived from XPS and carbonyl (—C=0) groups. For a correct fitting procedure,
Measurements, for MC-2 and NMC-2 it is also necessary to introduce a small component in the low-
‘ energy tail, which is related to C atoms around vacancy sites
Si (%.) Na (%,,) C (%) N (%,,) O (%.) (BE = 2837 eV).22
MC-2 41 08 80.3 14.8 Interestingly, the C 1s spectrum of NMC-2 (Figure 4c)
NMC-2 3.7 0.8 75.8 5.7 14.0

respectively, and the corresponding elemental surface stoi-
chiometries are reported in Table 3. Both survey spectra exhibit
the photoionization peaks of C 1s (284.6 eV) and O 1s (533.7
eV) core levels, whereas only NMC-2 samples show the N 1s
photoemission peak (399.4 eV). The nitrogen concentration in
NMC-2 is 5.7 at. % (Table 2). Furthermore, XPS reveals traces
of contamination from the templating silica and from the
concentrated NaOH solution used to dissolve the templating
agent. The trace of silica can be completely removed by a
prolonged washing in EtOH/NaOH solution followed by the
rinse with abundant bidistilled water.

To get a more precise description of the chemical identity of
the functional groups present on MC-2 and on NMC-2, the C
Is and N 1s energy regions were acquired at high resolution
and the corresponding peaks were fitted with Voigt functions,
imposing a full width at half-maximum (FWHM) in the range
of 1.0—1.4 eV. Figure 4 reports the multipeak analysis of the C
Is and N 1s signals for MC-2 and NMC-2, together with ball
and stick models of the different chemical species identified.
Concerning MC-2, we can distinguish five different compo-
nents in the deconvolution of the C 1s photoemission
spectrum: the main component (which constitutes 72% of
the signal), centered at 284.5 eV, represents the sp*-hybridized
carbon (Csp®) forming the graphitic lattice. The component
centered at 285.5 €V is due to sp*-hybridized carbon (Csp?),
which constitutes tetragonally coordinated carbon clusters and
C—H bonds,***! while the third and fourth components at
286.4 and 288.0 eV, respectively, are related to C—OH bonds

shows a significant increase of the Csp® component, which can
be associated with the formation of amorphous carbon. In fact,
this side reaction is promoted by the low temperature
treatment in ammonia (4 h, 300 °C), performed on the MC
precursor in order to obtain the N-doping. Concerning the
component centered at 286.4 eV, it is not possible to
distinguish the contribution of the C—OH groups from that
of the C—N bonds, which are known to give a characteristic
signal centered at 286.6 eV.”> Moreover, the carbonyl
component at 288.0 eV overlaps that of the -N—C—OH
groups.”* The new component at the high BE tail (BE = 289.0
eV) can be related to the presence of strong electron-
withdrawing %roups, such as formamide-like fragments
(-N—C=0).** Table 3 summarizes the results and makes a
comparison between the fits of the different C 1s spectra.

The nitrogen functional groups characterization was carried
out by analyzing the N 1s XPS signals, as reported in Figure 4d.
Seven different components were identified,”> with the main
peaks centered at 398.1, 399.0, 400.3 and 401.2 eV, which can
be described as pyridinic groups,z‘t’26 amine groups,”>** pyrrolic
groups™ and graphitic N,* respectively. According to the
literature, in order to fit a curve consistently with the
experimental data, we added three components centered at
402.5, 403.7 and 404.8 eV, in the high-energy tail of the N 1s
spectrum. These are associated with quaternary nitrogen groups
(402.5 eV), N—C—OH”” and N—C=0H"’ groups (403.7
eV), and highly oxidized nitrogen groups”’ (404.8 eV), such as
NO, groups, even though in limited amount.

Figure S compares Raman spectra of MC-2 and NMC-2; the
analysis of the peak positions and intensities gives information

Table 3. Results of the Fitting Procedure Performed on the C 1s Spectra Related to MC-2 (left) and NMC-2 (right)”

MC-2 Ai/A (%)
C vacancy (BE = 283.7 eV, A = 1.3 V) 6.6
Csp” (284.5 eV, A = 1.3 &V) 723
C—H (Csp®) (BE =285.5 eV, A = 1.1 eV) 11.8
C—OH (BE = 2864 eV, A = 1.3 V) 7.1
C=0 (BE = 288.0 ¢V, A = 1.2 V) 22

NMC-2 Ai/A (%)
C vacancy (BE = 283.7 eV, A = 1.3 eV) 6.8
Csp® (BE = 284.5 eV, A = 1.3 eV) 57.3
C—H (Csp®) (BE = 285.5 eV, A = 1.2 eV) 16.4
C—OH/C—N bonds (BE = 286.5 eV, A = 1.3 eV) 14.7
C=0/-N—C—OH (BE = 288.0 ¢V, A = 1.3 ¢V) 2.7
—N—C=0 (BE = 289.0 ¢V, A = 1.2 eV) 2.1

“The percentages of each single component are normalized to the total integrated area of the C s spectrum. A is the FWHM of each component.
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Figure S. Raman spectra for MC-2 and NMC-2.

about the changes of the atomic structure of the samples. The
two intense bands observed at 1600 and at 1325 cm ™" are the G
band*® (tangerzlgial vibration mode, EfZg symmetry group) and
the D band,™ also known as disorder vibration mode
(belonging to the A,, symmetry group), respectively. The
latter is observable only in the presence of defects that lead to a
local breakdown of the Dg, symmetry of the graphitic
honeycomb lattice®® (such as sp® carbon or dopant atoms).
Compared to undoped MC, the NMC sample shows a
significant increase in structural disorder, as evidenced by the
increase and the broadening of the D band. This is in
agreement with the previous XPS observations; in fact, the
evolution of the D band with the doping is due to both the
increase of the Csp® and the doping of the carbon structure.
Moreover, it is found that in NMC-2 the G band shifts from
1593 to 1589 cm™ and the D band moves from 1330 to 1321
cm™" in comparison to those of the mesoporous carbon MC-2,
which can be ascribed to the incorporation of nitrogen into the
carbon matrix.”’

3.2. Characterization of Metal Loaded-MC and NMC.
Nanoparticles from different metal salts (PdSO,, PtCl,) were
loaded on undoped (Pd@MC-2, Pt@MC-2) and doped (Pd@
NMC-2, Pt@NMC-2) samples by a simple chemical reduction
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method with sodium borohydride (NaBH,) as the reducing
agent. TEM images of Pt@MC-2 (Figure 6a) and Pt@NMC-2
(Figure 6c) clearly show that Pt NPs with high loading are
uniformly dispersed throughout the samples. The correspond-
ing particle size distribution histograms (Figures 6b,d) were
obtained by calculating the size of more than 50 randomly
selected particles in the magnified TEM images. For Pt@MC-2
and Pt@NMC-2 samples, the mean Pt particle size diameter is
ca. 1.7 and 1.3 nm, respectively, and the NPs were well
dispersed on the surface of pristine and doped MC. However,
the formation of some Pt aggregates (>8 nm) can be clearly
seen, especially in the case of Pt@MC-2, suggesting that the
nitrogen surface doping is helpful to stabilize Pt NPs on Pt@
NMC-2. Regarding Pd NPs supported on MC-2 (Figure 6e),
the size distribution histogram (Figure 6f) shows an average
diameter of ca. 5—6 nm. When Pd NPs nucleate and grow on
NMC-2 (Figure 6g), the particle size diameter decreases to 2—3
nm (Figure 6h). In this case, Pd agglomerates are still present
though to a lesser extent than in Pd@MC-2. It is evident that
the presence of homogeneously distributed nitrogen functional
groups can provide nucleation sites and thus promote a higher
dispersion of metal NPs. Furthermore, nitrogen doping results
in an improvement of hydrophilicity and wettability of NMC-2.
The enhanced access of solvated and charged metal precursor
ions to the NMC-2 surface can be associated with the superior
dispersion of metal NPs and it effectively prevents agglomer-
ation.®® It is also known that nitrogen functional groups can
increase the interaction between metal NPs and the substrate,
immobilizing Pt or Pd NPs.'®*! This has been confirmed also
for Pt and Pd NPs deposited on N-doped HOPG***** CNTs*°
and N-doped GC.’ Figure 7 reports the XPS Pd 3d and Pt 4f
spectral regions of samples deposited on MC-2 and NMC-2. As
can be observed, the photoemission spectra of the metals show
significant peak broadening when they are deposited on NMC-
2. This can be explained by the formation of oxidized metal
species over the nitrogen sites. Moreover, a BE shift of the
signals takes place after the deposition on NMC-2 and this is
particularly evident in the case of PA@NMC-2 (Figure 7a). For
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Figure 6. TEM images and size distribution of Pt@MC-2 (a and b),
Pt@NMC-2 (c and d), PA@MC-2 (e and f) and PA@NMC-2 (g and
h).

structure.>”** Table 4 summarizes the values of BEs and
FWHMs of the photoemission peaks recorded for Pt and Pd

Table 4. BE and FWHM of XPS signals of Pd and Pt
deposited on MC-2 and NMC-2

MC-2 NMC-2
BE (V) FWHM (V)  BE (V)  FWHM (eV)
Pd 3ds), 3354 17 336.0 2.9
Dt 4f,), 713 1.4 71.6 17

deposited on both MC-2 and NMC-2. The metal loading was
evaluated by XPS analysis to be ca. 30 wt % for each sample;
this result was confirmed also by thermogravimetric analysis
(TGA).

3.3. Electrochemical Analyses. The electrochemical
properties of pure MC-2 and NMC-2 were examined by cyclic
voltammetry (CV) in Ar purged 0.1 M H,SO, solution at a
scan rate of 200 mV s~ (Figures 8a,b). NMC-2 shows an
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Figure 8. Cyclic voltammetry at different scan rates in 0.1 M H,SO,
on (a) MC-2 and (b) NMC-2. (c) RDE linear sweep voltammetry
curves on MC-2 and NMC-2 modified GC electrode in O,-saturated
0.1 M H,SO, solution. Scan rate 10 mV s™'. (d) RDE linear sweep
voltammetry curves on NMC-2 at different rotation rates in the range
1000—3100 rpm/s in O,-saturated 0.1 M H,SO, solution at scan rate
of 10 mV s™". The inset reports the corresponding Koutecky—Levich
plot at 0.0 V vs SHE.
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Figure 7. Pd 3d (a) and Pt 4f (b) XPS regions of M@MC and M@
NMC (M= Pd, Pt).

Pt, it was reported that the addition of nitrogen to the support
induces a BE shift that is proportional to the number and
proximity of nitrogen atoms to the carbon—platinum bond and
that it is a result of the destabilization induced by nitrogen
atoms on the delocalized double bond present in the undoped

1175

increased capacitance with respect to MC-2; it is commonly
known that nitrogen doping improves the capacitive behavior
of carbon materials and this is generally attributed to the
electron donor capability of nitrogen atoms.*>*® Specifically,
the strong electron donor nature of nitrogen atoms promotes
reinforcement in 7 bonding, enhancing wettability of the
material at the electrode/electrolyte interface. Therefore, the
presence of nitrogen functional groups induces a pseudocapa-
citive effect,®” caused by the increased adsorption of proton and
electrolyte ions in the electrical double layer.*®

A well-defined quasi-reversible redox peak couple was
observed on both MC-2 and NMC-2 in the potential range
of 0.75 and 0.25 V vs SHE. The presence of these peaks may be
ascribed to redox active surface oxygen functional groups such
as hydroquinone/quinone, which usually undergo proton
coupled electron transfer. This type of surface electrochemistry
behavior can be found in other type of mesoporous carbon and
carbon nanotubes modified electrodes.***’
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The linear sweep voltammetry (LSV) with a rotating disk
electrode (RDE) was undertaken at different rotating rates
from 1000 to 3100 rpm in an O,-saturated 0.1 M H,SO,
solution, at a scan rate of S mV s~ in order to ensure a steady-
state condition (Figure 8c). Both MC-2 and NMC-2 show
mixed kinetic and mass transport control, but the influence of
mass transport becomes visible at much lower potentials for
MC, in a region where thermodynamically other reactions like
hydrogen evolution could take place. An ideal plateau was not
fully reached in these experiments but clearly approached at all
rotation rates for NMC-2 (Figure 8d). NMC-2 approached the
plateau of diffusion-limiting currents below —0.1 V vs SHE, and
showed an onset reduction potential for O, at 0.33 V vs SHE
almost 300 mV more positive than that of MC-2. Such a
difference in the onset potential between the two materials
highlights a pronounced electrocatalytic activity of NMC-2 for
oxygen reduction with respect to the undoped MC-2. The
improved catalytic activity of nitrogen doped carbon based
electrodes toward ORR is a well-established eftect although the
actual mechanisms involved in the reaction are not well
understood to date.*' The effect is generally ascribed to the n-
type dopant character of nitrogen, which allows a faster
adsorption of oxygen molecules on carbon atoms that are next
neighbors to the nitrogen doping atoms, in particular those
placed in a substitutional, pyridinic or pyrrolic position.***
To investigate the mechanism of the electron transfer process,
we used the Koutecky—Levich (K-L) plot (Figure 8d inset),
which was obtained from the polarization curves at various
rotation rates (Figure 8d).

111 1 1
0.62nF(Dg, ) *v™"/5Co, '/

j jk jd nF kCOZ (1)

In the K-L equation j is the measured current density, j; and
jq are the kinetic and diffusion-limited current densities,
respectively, n is the number of electrons transferred per O,
molecule, k is the rate constant for O, reduction, F is the
Faraday constant (96485 C mol™"), @ is the rotation rate, C,

is the concentration of oxygen in the bulk (1.1 X 107 mol
em™),* Dg, is the diffusion coefficient of oxygen (1.4 X 107°
cm? s71)* and v is the kinematic viscosity of the solution (0.01
cm? s71).* The geometric surface area (0.0706 cm?®) was
considered in the calculation. The slope of the straight line
(Figure 8d inset) allows us to assess the number of electrons
involved in the ORR. The experimentally determined number
of electrons is 3.47 at 0.0 V vs SHE for NMC-2, which indicates
that the four-electron process leading directly to water is the
favored reduction mechanism.

The electrochemical investigation was extended also to Pt@
NMC-2 and PA@NMC-2, and the results were compared with
Pt@MC-2, Pd@MC-2 and with the commercial standard
Johnson Matthey 30 wt % Pt on Vulcan XC72R (hereafter
denoted as Pt@vulcan). The electrochemical properties of Pt
and Pd NPs deposited on MC-2 and NMC-2 were first
examined by cyclic voltammetry, as shown in Figure 9a,b. For
both types of NPs, there are three distinct potential regions in
the voltammograms: the hydrogen adsorption/desorption
region between 0.0 and 025 V, the double-layer region
between 0.25 and 0.50 V and the surface oxide formation/
reduction region (>0.50 V). The Coulombic charge for
hydrogen adsorption/desorption (Qy) can be used to calculate
the electrochemical active Pt and Pd surface area of the
electrodes.*® The value of Q (mC cm™2) was calculated as
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Figure 9. (a,b) Cyclic voltammetry of the electrocatalysts in an
oxygen-free 0.1 M H,SO,, scan rate 100 mV s™'. (c) RRDE linear
sweep voltammetry curves on Pt@vulcan, M@MC-2 and M@NMC-2
(M = Pt, Pd) in O,-saturated 0.1 M H,SO, solution. Scan rate 10 mV
s”!, rotation rate 1600 rpm. (d) Mass transfer corrected Tafel plots
extracted from the data of the RDE linear sweeps; the current density
is normalized to the geometric surface area of the electrode.

the mean value between the amounts of charge exchanged
during the electroadsorption and desorption of H, on Pt or Pd
sites, with the correction of the capacitive current contribution.
The electrochemical active surface area can therefore be
calculated according to the formula:

Qy
[M]-q )
where [M] is the metal loading in the electrode and represents
the M/C wt % determined by XPS and TGA measurements,
which in the present case is 42.5 pg cm™ The factor q = 0.21
represents the charge required to oxidize a monolayer of H, on

smooth Pt and Qy (uC cm™®) is the charge for hydrogen
adsorption/desorption. Table S summarizes the results for the

EAS =

Table 5. Electrochemical Data Obtained from Cyclic and
Linear Sweep Voltammetry

E*  Egpu™ Epn7°  AE,™ EAS*
catalyst %) V) V)  (mV) n°  (my)
Pt@vulcan 0.687 0.804 0.707 0 3.93 43
Pt@MC-2 0.687 0.804 0.707 0 3.98 46
Pt@NMC-2 0.701 0.842 0.748 41 3.89 67
Pd@MC-2 0.660 0.734 0.646 —61 3.98 26
Pd@NMC-Z 0.668 0.753 0.682 =25 3.86 32

“Data obtained from cyclic voltammetery. “Data obtained from RDE
voltammetry. “All potentials are referred to SHE. “AE, Jp = Byttt —
Eip Pt@viean eNumber of transferred electrons calculated from RRDE
measurements

catalysts tested. The results point out that Pt@MC-2 and Pt@
vulcan have similar EAS, whereas Pt@NMC-2 sample shows
the higher EAS. The increase in EAS indicates that a larger
fraction of the Pt surface is exposed. This in agreement with the
consideration expressed in section 3.2 where it was observed
that on nitrogen doped mesoporous carbon, there is a better
nucleation and dispersion of Pt NPs, and less agglomeration. It
is worth noting that the EAS decreases sensitively when passing
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from Pt to Pd NPs loaded on MC-2. This effect can be
associated with the NPs dimension that in the case of Pd@MC-
2 results to be 3—4 times greater than for Pt NPs, causing a
decrease of the NPs surface area. However, when Pd NPs are
loaded on NMC-2, it is possible to observe again an increase of
the EAS, in accordance with the fact that PA@NMC-2 shows
smaller catalyst particles.

The electrocatalytic performances for the whole batch of
electrocatalysts toward ORR were tested by both cyclic
voltammetry and linear sweep voltammetry at RDE and
RRDE. The reduction peak potentials (E,) for the irreversible
reduction of O, in silent condition at all the investigated
surfaces are reported in Table S. Figure 9c presents the ORR
polarization curves at RRDE (1600 rpm, 10 mVs™") for Pt and
Pd catalysts with different carbon supports. From the disk
current response, it should be noted that the onset and the half-
wave potential of Pt@MC-2 are in good agreement with the
values of Pt@vulcan. Therefore, it appears that the mere
increase of the carbon support surface area does not improve
the mass specific catalytic activity. It is interesting to observe
that Pt@NMC-2 is characterized by better performances (in
terms of onset potential and E,, Table 5) than the commercial
standard Pt@vulcan; in fact the diffusion limiting current
density of Pt@NMC-2 reaches that of Pt@vulcan and a positive
shift of about 40 mV exists in the half-wave potential of Pt@
NMC-2 as compared to Pt@vulcan (Table S). Also in the case
of Pd based catalyst, an increased catalytic activity is observed
when the Pd NPs are supported on NMC-2. However, the
catalytic performance is significantly worse than Pt@vulcan,
especially in term of half wave potential.

The K-L plots (not shown), resulting from the polarization
curves for the ORR at different rotation rates, are linear for all
the investigated catalysts. This indicates a first-order depend-
ence of the kinetics for the ORR on the Pt and Pd surface.
Figure 9c reports also the ring current recorded at RRDE for all
the investigated electrodes in an oxygen saturated 0.1 M H,SO,
solution. The ring currents were at least 2 orders of magnitude
lower than the disk currents, indicating the production of
minimal amounts of H,0,. The electron number calculated
from the formula:

414
n=————=——
Iy + I/N)

where I4 is the limiting disk current, I, is the limiting ring
current, and N is the collection efficiency (0.25), shows that n
~ 3.8—3.9 within the range of 0.3 to 0.5 V for the commercial
Pt/C as well as for the new catalysts (Table S).

The mass transfer corrected Tafel plots for ORR activity of
these samples are shown in Figure 9d. The kinetic current
density of the different catalysts at various potentials can be
determined according to the equation:

_ ] lim ]

e = 7 )
S im

©)

In all five observed cases, double slope Tafel plots are
evident, which is known to be dependent on the formation of
metal oxide on the NPs surface.”’ The higher current density is
observed in the case of Pt@NMC-2 catalyst, which indicates
that the O, reduction rate is faster on Pt NPs loaded on a
nitrogen-doped support. The same observation can be made in
the case of Pd NPs loaded on doped MC. As it was seen above
for the NMC, the presence of nitrogen defects on MC
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improves the catalytic performance of Pt and Pd NPs toward
ORR. In terms of onset and peak potentials, the ORR activity
increases as follows: PA@MC-2 < PdA@NMC-2 < Pt@vulcan ~
Pt@MC < Pt@NMC-2, as particularly evidenced by the E,/,
potentials of these samples (Table S).

3.3. Stability Tests of Pt NPs on Doped and Undoped
Mesoporous Carbon. The active surface area of Pt NPs,
which is determined from the hydrogen adsorption/desorption
region,” is used in order to compare the loss rate of Pt and Pd
quantitatively. In Figure 10a, the initial active area is fixed as

a’ T T T @ Pt@vulcan
® Pt@NMC-2 1]

;\; 1004 ® Pt@Mc2
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Figure 10. (a) Degeneration of the Pt and Pd active area of supported
Pt particles in the stability measurements, (b) cyclic voltammograms
recorded in 0.1 M H,SO, solution on Pt@NMC-2 at 0, 150 and 350
voltammetric cycles, scan rate 50 mV s,

100%, and the residual active area after potential cycles is
normalized to the initial area in percentage. The residual active
area versus the number of potential cycles is fitted to the
exponential decay function shown as the solid lines. In Figure
10b is reported, as an example, the electrochemical behavior of
Pt@NMC-2 recorded after zero, 150 and 350 potential cycles.
After 750 voltammetric cycles performed between 0.25 and
1.45 V vs SHE at 50 mV s~ in 0.1 M H,SO, at 25 °C, a Pt@
vulcan 25% of Pt active area remains, whereas the Pt@NMC-2
and Pt@MC-2 keep 44% and 67%, respectively, of initial Pt
active area. In the case of Pd NPs, the active surface area
decreases to the 20% of the initial value after 50 and 150 cycles
for NMC-2 and MC-2, respectively. This indicates that the Pt
and Pd NPs supported on doped MC have a lower stability as
compared with the undoped MC, but in the case of Pt NPs,
they show higher stability with respect to the commercial
standard Pt@vulcan. These results may be indicative of an
increased stabilization provided by the mesoporous carbon with
respect to the vulcan as an electrode support. A possible
rationalization of the higher stability of Pt NPs on mesoporous
carbon may be done by considering the particle dimension with
respect to the pore size of the supporting matrix. Pt NPs are
very small (1—2 nm) and therefore, besides dissolution, Pt NPs
can be subjected to Ostwald ripening.®> This effect is less
pronounced when mesoporous carbon is adopted due to a
beneficial confinement effect inside the mesoporous structure.
In the case of N doped MC the confinement effect could be
limited on the bases of a lower number of available mesopores
with respect the undoped MC, as already observed from the
BET analysis.

Even though the increased stabilization expected for the
interaction between Pt NPs with the nitrogen functional groups
was not observed, these represent very promising and
interesting results since they allow to better define the
parameters influencing the catalyst activity and stability and
therefore to design with a clear view carbon supports able to
outclass standard commercial material both in term of activity
and chemical and mechanical stability.
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4. CONCLUSIONS

N-doped mesoporous carbon with high surface area and
enhanced catalytic activity toward ORR was prepared by an
optimized hard template approach, employing NH; as the
doping agent. Pd and Pt NPs were deposited by wet
impregnation on both doped and undoped samples, showing
that the presence of nitrogen functional groups drives the
dimension and the dispersion of metal NPs. The shift of Pt and
Pd binding energy reveals the presence of a chemical
interaction between metal NPs and nitrogen defects, especially
in the case of Pd. All the catalysts were characterized by
electrochemical techniques, showing the general superiority of
metal NPs loaded on doped MC, with respect to the same
amount and type of metal deposited on undoped MC-2. In
particular, Pt nanoparticles supported on N-doped supports
showed high activities for the ORR in acidic solutions, with
better performances than those of commercial Pt@vulcan (30
wt % Pt on Vulcan XC-72). Furthermore, Pt NPs loaded on
mesoporous carbon seems to possess higher stability with
respect to the standard Pt@vulcan. This was rationalized in
term of a better confinement effect inside the mesoporous
structure. In conclusion, the doped mesoporous carbon
supports prepared in this work represent a viable tool for the
preparation of new electrocatalysts characterized by good
activities, a key factor in future fuel cell technology.
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