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1 Introduction

Cyclic voltammetry (CV) is a widely used in-situ electroanalytical characterisation
technique for studying electrochemical redox reactions in electrochemical cells as they
provide information on the steps involved in electrochemical processes (i.e. redox
transitions, adsorption/desorption, double layer charging/discharging) with modest
efforts in data acquisition and interpretation [1]. It is commonly used in the development

of electro-catalysts as a screening tool to evaluate catalytic activity.

In CV, the potential of the low temperature water electrolysis (LTWE) cell is linearly
swept at a constant scan rate v from the start potential, Ei.itiai to the end potential, Efinal
to be reversed to the start potential creating a symmetrical triangular potential waveform
while recording the Faradaic (i.e. by redox surface reaction) and capacitive (double layer
charging of the electrode-electrolyte interface) current response known as cyclic

voltammogram (profile of current or current response versus potential).

For repeated cycles, Einta and Egrna are respectively replaced by the first vertex
(switching) potential, E.,.+x1 and the second vertex (switching) potential, E,ero wWhen

different.

The potential sweep may be repeated as many times as needed. Where no charge

transfer takes place at the working electrode (WE), only a capacitive current is recorded.

Usually, the current is small so that the voltage loss due to ohmic resistances also known
as IR voltage drop is negligible depending on the sweep rate of the potential typically of

between 5 mV/s and 200 mV/s.

However, for LTWE cells with high currents or high resistance, correction for IR voltage

drop is advised.

This potentio-dynamic technique is usually applied in half-cell testing to eliminate
possible interference from other reactions and is conducted in a three measurement
electrode configuration comprising of WE which is the electrode of interest, counter
electrode (CE) that enables the current flow and a reference electrode (RE) against which

the WE potential is measured.

However, there is a specific interest for in-situ determination of the electrochemically
active surface area (ECSA) of the electrodes in Polymer Electrolyte Membrane Water
Electrolyser by using CV. It allows to in-situ study the catalyst utilisation and to

investigate the ionomer-catalyst interface when different ionomers are used.
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Some procedures used in the research community are given in Sec. 6 for proton
exchange membrane water electrolysis (PEMWE) cell with Pt/C catalyst for the hydrogen
evolution reaction (HER) at the cathode (under conventional PEMWE operation) and IrO,

(respectively IrRu oxide) as oxygen evolution reaction (OER) at the anode.

The information obtained from CV measurements of a catalyst in LTWE single cells,
measured from the hydrogen adsorption/desorption onto a metal catalyst (e.g. Pt)
surface (each atom on the metal surface chemisorbs a single hydrogen atom), is the
ECSA of the electro-catalyst. The catalyst utilisation, Uy (%) is the ratio of the ECSA
(from CV) to the total specific surface area of the catalyst, Awta (M?/g). It is generally a

non-dimensional number reflecting the extension of the catalyst-electrolyte interface,

Uy = =22 100%; (1)

Atotal

Awtal IS determined by physico-chemical methods. For an unsupported catalyst, Aita iS
usually determined by Brunauer-Emmett-Teller (BET) measurement [2] using nitrogen

adsorption/desorption at the liquid nitrogen temperature.

For a supported catalyst such as Pt/C or Pd/C, Awta is determined from the mean particle

size and the mass density of the metal [3].

Generally, a spherical shape of the nano-sized metal particle is assumed. The metal

surface area (MSA) (m?/q) is

Au =22 (2)

where p (g/cm?®) is the density and d (R) is the average size of the metal catalyst

particle.

The mean particle size is either derived from transmission electron microscopy (TEM) or

the broadening of the X-ray diffraction (XRD) peaks (Debye-Scherrer method) [4].



2 Objective and scope

This procedure is a general characterisation method that is used in research and
development of the LTWE single cells. It addresses to the user as an experimenter
performing on LTWE single cells measurements including data analysis of CV by
measuring the Coulomb charge (integration of current with time) associated with the
deposition or removal of a chemisorbed monolayer of electro-active species to determine

the ECSA of the electro-catalysts in the electrode.

The user should refer to the scientific literature including the references cited herein for

additional, more in-depth analysis including data post processing.
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3 Terminology, definitions and symbols

3.1 Terminology and definitions

Potentiostat/Galvanostat:

A potentiostat/galvanostat is the electronic hardware required to control a two, three or
four electrode (namely: WE and CE, RE/Sense 1 and RE/Sense 2) configuration in an
experiment. A potentiostat is to control the WE potential constant with respect to the RE
by adjusting the current at an auxiliary electrode. A galvanostat maintains the current

through the cell constant.
Sensor:

A sensor is a device that measures a physical quantity and converts it into a signal which
is transferred to a data acquisition system. Each sensor (including the complete

measurement chain) has a specific measurement uncertainty.
Electrolysis test stand:

An electrolysis test stand consists of a set of sensors, actuators, controls loops, piping,

data acquisition systems etc. that allows operating and testing a single cell.
Measurement electrode:

A measurement electrode is an electrical conductor used to make contact between the
LTWE cell and the potentiostat/galvanostat; those connections are done through

(shielded) cables.

More extensive terminology definitions can be found in [5].

3.2 Symbols

The symbols used in this document are defined in Table 1.

Table 1 Definition of symbols

A Geometric active area of the single cell (cngeo)
Awm Metal surface area of the catalyst (mzreadg)
Atotal Total specific surface area of the catalyst (mzrea|/g)




CE Counter or auxiliary Electrode (-)

DHE Dynamic Hydrogen Electrode (-)

ECSA Electrochemically active surface area (cmzrea|)

SECSA Specific ECSA (M?ealg)

E Sweep potential (V)

Ex Lower integration limit of the potential regarding Qw calculation (V)
E, Upper integration limit of the potential regarding Qw calculation (V)
Einitial Start potential (V)

Efinal End potential (V)

Evert1 First vertex potential of the potential sweep (V)

Evert2 Second vertex potential of the potential sweep (V)

Had Adsorbed hydrogen species (-)

| Charging/discharging current (A)

j Charging/discharging current density (A/cm?)

M Fraction of metallic catalyst surface (-)

Nsec Number of sweep potential voltammetry cycle segments (-)

q Voltammetric surface charge

Qcs Feed flow rate through counter side of cell geometric area (mI/min/cngeo)

Qss Feed flow rate through studied side of cell geometric area [mI/min/cngeo)

Qn Electric hydrogen desorption charge (-)

Qro Electric hydrogen charge per unit area for full coverage of one mono layer of

hydrogen on the metallic catalyst surface (mC/cngeo)

RE Reference electrode (-)




RF Roughness factor (cm?ea/cm’geo)
RHE Reference hydrogen electrode (-)
Um Catalyst utilisation (%)

Y Potential scan rate (mV/s)

WE Working Electrode (-)
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4 Test equipment and setup

Generally, the most common experimental configuration for recording cyclic
voltammograms is a four measurement electrode configuration, i.e. CE, two RE and
(specifically, a reference electrode, R, and a sense electrode, S) and WE connected to a

potentiostat.

For a DHE setup, the RE is polarised but it is assumed that the recorded potential is
entirely due to WE polarisation. The two RE terminals are typically connected with CE and

WE respectively to constitute a two electrode configuration measurement.
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5 Test inputs (TIP) and test outputs (TOP)

Test input is a physical quantity which defines the test conditions. There are variable
input parameters which are varied during the measurement, and static input parameters

which are kept constant during the measurement.

Note, the actual value/range of the inputs depend on the type of LTWE cell and the
catalyst configuration as well as whether the anode or the cathode is probed; see Sec. 6

for recommendations.

5.1 Static test inputs

The static inputs for the CV measurement are given in Table 2.

Table 2 Static inputs for the CV measurement

i V +1%
Start potential Einital

i \Y, +1%
End potential Efinal
Potential scan rate v Vis +1%
Flow rate per unit of electrode area on Qes mI/min//cngeo +1% (full scale)
CE
Flow rate per unit of electrode area on Qss mi/min//cm?geo +1% (full scale)
WE
Number of sweep potential i
voltammetry cycle segments (*) Nsec -

(") A minimum of three cycles is recommended with the first cycle commonly disregarded. The second cycle

should be taken as CV measurement while the third cycle may serve to validate the measurement.

11



5.2 Variable test inputs

The variable test inputs are those physical drivers influencing the test object behaviour
and are changed in a user-programmable manner during a single experiment with the
use of suitable control equipment (potentiostat / galvanostat). The variable inputs for the

CV measurement are given in Table 3.

Table 3 Variable input for the CV measurement

Potential E vV +1%

5.3 Test outputs

The primary test output parameters are the measurable physical quantities, which
constitute the response of the tested LTWE single cell. The secondary test output
parameters are calculated from the primary TOP, see Eqgs. (1) to (5). Table 4 provides

the details of the output parameter.

Table 4 Test output parameter for the CV measurement

Current | A > 10Hz
Current density i A/cngeo > 10Hz
\/oltammetric charge Q mc /szgeo -

12



Roughness factor RE cm?reallcmM’geo
Electrochemically active

surface area ECSA cM’rea
Specific ECSA SECSA cm?reallg
Catalyst utilisation Uwm %

13




6 Test procedure

6.1 CV measurement for PEMWE

Determination of the ECSA for the oxygen evolution electrode is usually carried out in the
driven mode [6]. For a Pt/C and IrO, (or IrRu oxide) catalyst, for example, humidified

hydrogen and deaerated water is fed to the HER and OER electrode, respectively.

A flow rate of 10 mI/min/cm2geo and a dew-point temperature equal to cell temperature
can be used. In the driven mode, the Pt/C cathode is used as both reference and counter

electrode whereas the Ir-Ru oxide anode is the working electrode (and sense electrode),

Figure 1.
Dynamic Hydrogen Electrode Driven mode

. Reference mode (In-situ ECSA anode)
[ PHE "\ (In-situ ECSA cathode)
| separate Conducting
\_ Circuit / H.O Ir0, backing ring, H, PUC

N A side insulated from side

the main
l ; electrode l
c ' 1 BRI ___ Ref: H'/H,
Membrane - >

in between {(® —I
electrodes X | ——
w.l S (‘-l:'; \ R w ’ S

H'/H,
DHE
< ! !
PUC Humidified d‘“"O, d)
Site N, B Ir0, (deaerate:
Insulating PTFE side
rib-channels

Figure 1 PEMWE configurations for the in-situ measurement of the ECSA by CV of the
cathode in DHE mode (left) and of the anode in driven mode (right); the arrows (solid
blue) indicate the presence of Pt/C and IrO, catalyst on their respective electrodes; the
capital letters C, R, S and W refer to counter electrode, reference electrode, sense
electrode and working electrode, respectively (adapted from [7]).

Since the hydrogen evolution/oxidation is a fast process, being that the current involved
in the CV experiment is relatively low, the counter-reference electrode is not significantly

polarised and it can be referred to as reversible hydrogen electrode (RHE).

If the ohmic resistance of the cell is sufficiently low, there is no need for IR-drop

correction being that the current involved is relatively low.
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Recommended conditions are a sweep rate of 20 mV-s™}, between 0.4 and 1.4 V vs. RHE,

triangular sweep, reference operating temperature and ambient pressure.

Using potentials lower than 0.4 V vs. RHE may produce a significant reduction of the IrO,
(respectively IrRu oxide) and thus a change of the oxidation state and related adsorption

desorption processes.

Generally, the voltammetric charge (sum of anodic and cathodic charge densities) is
related to the electrochemical active area or the density of active sites. The coulombic
charge varies with the sweep rate; thus, the used scan rate must be reported along with

the voltammetric charge value.

Note, the linear variation of the coulombic charge with the square root of the sweep rate

allows to qualitatively evaluate the inner and outer surface of the electrode.

For the anode, the active area is obtained from integration of CV profile over the entire
potential window similar to Eq. (3), which applies to the hydrogen under-potential
deposition (H-upd) charge, with E; and E; replaced by Eyert1 t0 Everrz @s lower and upper

integration limits.

If the stoichiometry of the adsorption/desorption processes is not known for the IrO,

(respectively IrRu oxide) anode, the ECSA cannot be determined precisely.

However, the voltammetric surface charge, g* is generally considered an indication of
the ECSA even in the case a conversion of the charge into surface area is difficult

because the nature of the surface reactions is not known precisely.

In this case, the determined charge may be compared to another measurement carried

out under similar conditions.

In situ determination of the ECSA for the Pt/C cathode in PEMWE requires that this
electrode (WE) is fed with humidified nitrogen (or inert gas) and alternatively, nitrogen
saturated water is present at this electrode [8,9] while the electrode with IrRu oxide (CE)

is fed with de-aerated water.

A Dynamic Hydrogen Electrode (DHE) is used as reference electrode, for example, using

a configuration similar to that reported in Figure 1.

The DHE (separate circuit) could be based on two small pieces of Pt/C and IrO,
electrodes contacting the membrane (the same membrane of the main electrodes) on

opposite sides. These small electrodes are not in electrical contact with the main

15



electrodes but they are exposed to the same gas or water flows as the main electrodes

through PTFE (polytetrafluoroethylene) rib channels (Figure 1).

The two small pieces of Pt/C and IrO, electrodes forming the DHE are polarised with a
very small current, e.g. a few mA/cm? to have a low hydrogen evolution on the negative

electrode that acts as reference DHE electrode (Figure 1).

The Pt/C working is preferably polarised in the range 0.02-0.4 V vs. DHE. This is to avoid
polarising significantly the counter electrode as well as hydrogen evolution. The lower
potential limit can be adjusted (e.g. 0.05 V vs. DHE) to avoid hydrogen evolution; the
higher potential limit allows the determination of the double layer current baseline that is

subtracted from the integration of the hydrogen adsorption (Pt-H) peaks.

Recommended conditions are a sweep rate of 20 mV/s, a gas flow rate of 10
mI/min/cngeo, a water flow rate of 1 ml/min/cm, reference operating temperature and

ambient pressure.

For determining the ECSA the cathodic sweep profile (adsorption) is integrated after
correction for double layer charging, i.e. after subtraction of double layer charging at 0.4
V vs. RHE. For a cathode with a Pt catalyst, a value of 210 uC/cm? [10-12] is taken

assuming one monolayer coverage for hydrogen.

For a cathode with a Pd catalyst, the approach is similar; however, the ECSA is
preferably determined from the charge involved in the reduction of the oxide layer
(PdO—Pd), from the cyclic voltammograms, assuming a value of 405 uC/cm? for

monolayer coverage [13]. In this case, the CV range is from 0.02 (0.05) V to 1.45 V.

In the case of unsupported oxide anode catalysts, the variation of the voltammetric
surface charge with the potential scan rate, v provides information about the existence of
less accessible surface regions which become progressively excluded as the sweep rate is
increased. For example in the case of Ru-oxide electrodes, q" usually varies linearly with

the v-1/2, It is thus possible to extrapolate the values of q* to v=0 and v - «, respectively.

The extrapolation enables an “inner” surface to be discriminated from an “outer” surface.
The former is composed by the regions of poor accessibility for the proton-donating

species assisting the surface redox reactions [14].

16



6.2 CV measurement for AEMWE

Usually, AEMWE consist of non-PGM (platinum group metals) catalysts at both anode and
cathode. Commonly, NiCoO, catalyst is used at the anode and nano-sized Ni-based
catalyst is used at the cathode. Adsorption processes are not known precisely for the
oxide/hydroxide materials thus the suggested method is the one used for Ir-oxide
catalyst in the case of PEMWE. The coulombic charge recorded in the same way for two

catalytic systems may then allow for their comparison.

6.3 CV measurement for AWE

Given that AWE catalysts are similar to those used in AEMWE, the same procedure as
applied to the latter may also be used for AWE. Surface area measurements are thus

similar.

17
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7 Data post processing and representation

For PEMWE cell with Pt/C catalyst at the cathode, the determination of the cathode
roughness factor, RF (cm?ealcm?eeo), ECSA (cm?.a) and specific ECSA (m?%.a/g) involves
integration of the Coulombic charge under the H-upd peaks associated with the

adsorption of hydrogen atoms on the Pt atoms present on the catalyst surface.

The integration of the voltammetric profile in the useful potential window of the
voltammogram (between E; vs DHE and E, vs DHE [8]), corrected for double-layer

charging (capacitive component) provides for

ECSA = i (3)
QHO

where Quo is the electric charge per unit area (C/cm?.a) for full coverage of one mono
layer of hydrogen on the metallic catalyst surface; e.g. 210 uC/cm? for Pt [10-12] and

311 puC/cm? for Pd [13] and QH is the measured charge in coulombs.

The specific ECSA (sECSA) is the ECSA per unit weight of the catalyst given by

SECSA =20 (4)

HO' M

where m is the catalyst mass loading in the electrode (g). The hydrogen desorption

charge is given by
Qu =3 Iy, 1dE. (5)

where E; and E; are the potential integration limits for the potential.

19
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