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ABSTRACT: A common way to benchmark catalysts is to perform a Tafel analysis on the

0.1 M H,SO,

current-overpotential relationship obtained by potential sweep methods and extract the H,
exchange-current density. However, especially for fast reactions this analysis underestimates
the reaction rate. In this contribution, we introduce an alternative way to determine the fast

activation overpotential from the irreversible part of the heat exchanged during the electrode IS’
reaction, which was measured with electrochemical microcalorimetry (ECM). In addition, [ oL

the reversible part of the exchanged heat allows access to the reaction entropy. We evaluate PO v
the proposed procedure using the fast hydrogen evolution at platinum in acidic solution as WA AN

model reaction.

B INTRODUCTION

The societal demand for energy storage solutions beyond fossil
fuels or batteries drives research in electrocatalysis to develop
pathways for storing electrical energy by chemical energy
carriers. This demand encourages researchers to develop new
and promising electrode materials. However, the diversity of
these materials necessitates appropriate ways to determine their
catalytic performance. For this purpose, several criteria are used
in electrocatalysis research. Examples are the overpotential
needed to reach a desired reaction current or vice versa the
current density at a certain overpotential, the exchange current
density obtained by Tafel analysis or the turnover frequency."”
While the determination of the turnover frequency might be the
most meaningful way to classify the activity of a catalyst,” it
requires the quantification of active sites, which remains
experimentally challenging. This leaves scientists with criteria
that rely on the determination of the current-overpotential
relationship. However, there are several obstacles accompanying
experimental procedures to obtain this relationship, e.g,
arbitrarily chosen benchmarking values,"* the questionable
applicability of the underlying kinetic model® or the
deteriorating influence of mass transport on polarization
curves.””® In general, the Tafel analysis of polarization curves
constitutes the most common method, although in cases of fast
reactions even at small overpotentials the concentration
overpotential becomes dominant for longer current flow and
at large overpotentials the current is limited by diffusion.”"’
Thus, for reversible reactions like the HER the mass-transport
needs to be corrected prolperly by using the reversible
Kouteckj—Levich equation.'” All those effects lead to an

© 2024 The Authors. Published by
American Chemical Society

WACS Publications

_ heat evolution
‘S
am
dyn?

Ther™? M _ RTQ*
an q= _F

Fi,At

inaccurate determination of the activation overpotential and
thereby also to an underestimation of the rate constant."'~"*
In this contribution we demonstrate an alternative method to
obtain the current-overpotential relation and thus the activation
overpotential of an electrochemical reaction by using electro-
chemical microcalorimetry (ECM). With this method, we
measure the exchanged heat during a pulsed electrode reaction
(typically 10 ms) by monitoring the temperature of a thin
working electrode.'* The irreversible part of the exchanged heat
is a direct measure of the deviation from thermodynamic
equilibrium, that is, the overpotential. Due to the short current
pulses and low conversions the concentration overpotential is
kept small. As a consequence of our particular experimental
setup, we are insensitive for the heat produced by the IR drop in
solution, since this is produced along the millimeter long current
path in the electrolyte. In contrast, during the short measure-
ment period heat evolution is probed only up to a distance of
about 100 ym from the electrode surface, because of the small
thermal conductivity of the electrolyte solution.” As model
reaction we chose the well-researched HER on polycrystalline Pt
in acidic solution. The first part of the paper explains the
theoretical background and emphasizes how the activation

Received: June 4, 2024
Revised:  August 8, 2024
Accepted: August 14, 2024
Published: August 23, 2024

https://doi.org/10.1021/acs.jpcc.4c03723
J. Phys. Chem. C 2024, 128, 14649—14653


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Scho%CC%88nig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rolf+Schuster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.4c03723&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03723?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03723?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03723?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03723?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03723?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/128/35?ref=pdf
https://pubs.acs.org/toc/jpccck/128/35?ref=pdf
https://pubs.acs.org/toc/jpccck/128/35?ref=pdf
https://pubs.acs.org/toc/jpccck/128/35?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c03723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

The Journal of Physical Chemistry C pubs.acs.org/JPCC
(a) (b)
-0.06
2 007 —‘ | >
W 0.08F w
_10 - ~
E 20 E £ T
— -30 "’. — U)'
0.0 = 0.4
-0.02 - 0.08 -
i - wi - -1 0.3
s 0.04 0.1 a % g-gi a
= -0.06 02 T E Y J02 2
< 008l q 0.02 4 01
. 0.00 -
010 0.3 I R 0.0
0 20 40 60 80 100 0 20 40 60 80 100

t/ms

t/ ms

Figure 1. Potential E (blue, left axis), current I (black, left axis) and temperature AT (red line, left axis) transients, resulting from (a) a 10 ms, —450 A
current pulse (left panel) and (b) a 10 ms, + 450 yA current pulse (right panel), starting at the open circuit conditions of a Pt foil in H,-saturated 0.1 M
H,SO,. In addition, the heat flux (red circles, right axis) and the heat g (blue, right axis), obtained by deconvolution of the temperature transients, are

given.

overpotential is obtained from the irreversible part of the
exchanged heat."® In the main part of the paper we will discuss
the accuracy and limitations of the calorimetric procedure for
the HER; first by an intrinsic comparison with results from an
analysis of the electrochemical data based on the Butler—Volmer
equation and second by a comparison of the obtained kinetic
parameters with literature values.

B THEORY

Following the remarks in refs 15,17 the exchanged heat dq at a
single electrode during an electrochemical reaction, progressing
by an infinitesimal extent of reaction d¢, is corresponding to the
sum of the reversibly exchanged Peltier heat IId and an
irreversible heat contribution, stemming from the application of
the overpotential # necessary to drive the reaction

oq = IId¢é — nFlndé&l (1)
Thereby II is the molar Peltier heat, n is the stoichiometric
number of electrons involved in the electrode reaction and F is
Faraday’s constant. According to the thermodynamic con-
ventions 8q is negative when heat is transferred to the
surrounding. By substituting the extent of reaction d& with the
~dQ _ -ldt

nF nF’
exchanged heat can be referenced to moles of electrons flowing
during the reaction. The reduction reaction corresponds to
positive d and thereby negative current. In the case of small
overpotentials 7 is linearly related to the electrochemical current
I by the charge transfer resistance Rcy.” Thus, substitution and
integration of eq 1 at constant current over the duration of the
current flow At yields'®
I 2
q=-—-Q~- RCTg
F At

charge dQ flowing during the pulse, d =

()

It is readily visible that by plotting the exchanged heat versus the
charge and fitting the data with eq 2, the Peltier heat and the
charge transfer resistance can be extracted.

The Peltier heat corresponds to the molar entropy change at
the interface arising from the electrochemical reaction and the
transport of ions and electrons across the border of the electrode
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boundaries.'” This entropy change can be used to understand,
e.g., charge—neutral side processes,18 solvation structure of
reactants"” and the local environment of adsorbed species.”’
The charge transfer resistance on the other hand is directly
correlated to the exchange current density jo. For example for an
overall reaction obeying simple Butler—Volmer kinetics the

Lo ,12,21-23
exchange current density j, is given by’

RT

b7 R A

(3)
where A is the unit area of the surface to which the current is
referred to.

It is possible to deduce the same quantity j, using only the
electrochemical data of the pulsed measurement by employing a
Butler—Volmer type equation. The corresponding procedure
will be discussed in detail in the Results and Discussionsection.

B EXPERIMENTAL SECTION

The experiments were carried out in a home-build calorimeter,
described in detail, e.g., in ref 14 Thin platinum foils (50 ym,
99.99% Alfa Aesar Premion) were used as working electrode
(WE) and mounted on top of a 25 ym LiTaO; pyroelectric
crystal. Between the WE and the LiTaOj; a S0 ym sapphire sheet
was placed to avoid electrostriction. On top of the WE an
electrochemical cell (Kel-F) was placed and sealed with a Viton
O-Ring. The counter electrode (CE) was a 0.5 mm platinum
wire (99.99%, Wieland Edelmetalle) and as reference electrode
(RE) a palladium-hydride electrode, prepared from a 0.5 mm
palladium wire (99.95%, Advent), was used.”* The solutions
were prepared from 96% sulfuric acid (Merck Suprapur) using
ultrapure water (Milli-Q, 18.2 MQ-cm). All materials and
glassware were submerged in a 3:1 mixture of 96% sulfuric acid
and 30% hydrogen peroxide and afterward boiled 3 times in
ultrapure water prior to each experiment. The WE and CE were
flame annealed before usage, while the RE was charged with
hydrogen in 1 M H,SO, at a current of 0.1 mA for at least 10
min. The electrolyte was purged with Ar for at least 20 min
before it was transferred to the electrochemical cell under an Ar
stream.
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Figure 2. Determination of the charge-transfer resistance of the HER/HOR at a Pt foil in H,-saturated 0.1 M H,SO,: (a) by fitting the total heat up to
100 ms (black circles) with eq 2 and (b) by fitting the micropolarization region (between —3 mV and +3 mV) obtained from the pulse measurements.

After assembling the electrochemical cell, the setup was closed
with a brass lid and sealed with Viton O-rings to prevent oxygen
contamination. Using a home-build potentiostat a cyclic
voltammogram (CV) was recorded directly after completion
of the assembly process to check for impurities and to determine
the ECSA. Before the calorimetric measurements, the cell was
saturated with hydrogen for atleast 15 min at a current of around
—1.3 mA. Afterward the cell was switched to open-circuit
conditions, that is, no current was allowed to flow through the
cell. All calorimetric measurements were started from open-
circuit conditions and at the end of the pulse duration (typically
10 ms) the cell was switched back to open-circuit conditions.
After the calorimetric measurements, the cell was filled with
ultrapure water and the thermal response function of the
electrode-sensor assembly was measured by illumination of the
electrode surface 100 times with a 2 ms laser pulse.'® As final
step, the electrolyte was exchanged with a 0.1 M K;[Fe(CN)4]/
K,[Fe(CN),] solution and calibrated using the known Peltier
heat of the Fe**/Fe** redox reaction of —45.1 kJ mol~'.*°

B RESULTS AND DISCUSSION

Typical experimental transients of a calorimetric measurement
in 0.1 M H,SO, on Pt are shown in Figure 1 for the HER (1a)
and hydrogen oxidation reaction (HOR, 1b). The left axis
depicts the potential (blue, upper panel) and temperature
transients (red, lower panel) originating from short 10 ms
current pulses (black, mid panel) with an amplitude of £450 yA.
During the HER reaction the temperature of the electrode falls
almost linearly, while for the HOR it increases during the current
pulses. After the current pulses the temperature is relaxing
toward its starting values. The right axis shows the heat flux (red
dots, mid panel), which is obtained from the temperature
transient by disentangling it with the thermal response function
of the electrode-sensor assembly as measured by pulsed laser
illumination.'® In addition, the heat as obtained by integration of
the heat flux is given (blue, lower panel). The applied current
amplitude amounts to a conversion of around 10% of a
monolayer with respect to the geometrical surface area of our
cell (0.2 cm?). It is readily visible that upon switching off the
current pulse at t = 20 ms the heat flux drops immediately. The
sharp potential drop at the end of the current pulse, originates
from switching off the IR-drop in the electrolyte.”” Thus, the
potential directly after the end of the current pulse corresponds
to the actual overpotential during the 450 yA current pulse. It
amounts to only around 7 mV. Although there is a small heat flux
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persisting up to around 40 ms, most of the total heat (>90%) is
exchanged during the 10 ms of current flow. We attribute the
small heat flux after the pulse to the discharge of the interfacial
capacitance after stopping the external current flow. It may be
quantitatively accounted for with exact knowledge of the
interfacial capacitance."

To account for the total exchanged heat g, necessary to
determine the Peltier heat, the heat flux was integrated up to 100
ms. This quantity was obtained for a series of pulses with varying
current amplitudes and is plotted as a function of the pulse
charge Q in Figure 2a. Albeit small, the parabolic contribution
caused by the irreversible heat in Figure 2a is clearly visible.
Using eq 2 to fit the data in Figure 2a, we receive a Peltier heat of
7.9 k] mol™! and a charge transfer resistance of about 11.6 Q.
While the charge transfer resistance is a well-defined
experimentally accessible quantity, the assignment of an
exchange current density j, depends on the detailed mechanistic
model and the possibility to describe the current-overpotential
relationship by a (generalized) Butler—Volmer equation.'>*>**
For the HER/HOR on Pt apparently simple Butler—Volmer
behavior was found.'”*' Thus, from eq 3 at room temperature
the measured charge-transfer resistance corresponds to an
exchange current density of j, of 11.1 mA cm™ normalized to
the geometrical surface area.

We repeated this procedure S times for 4 different cell
assemblies. Within one cell assembly the statistical error of j, was
typically below 15%. It should be noted that a prerequisite for eq
3 is that the reaction current ceases after the end of the current
pulse. As mentioned above, in the present case discharging of the
interfacial capacitance and thus heat evolution continues after
the current pulse but contributes less than 10% to the total heat.
Therefore, we refrain from correction for discharging of the
interfacial capacitance, which in principle is possible."®
However, in cases where a significant interfacial capacitance is
build-up during the reaction, e.g,, by reaction intermediates due
to a sluggish reaction step, this contribution needs to be
accounted for.

The average Peltier heat amounts to 8.9 + 1.2 kJ mol~L. At
room temperature this corresponds to a reaction entropy of 65.5
Jmol™ K™! calculated by the procedure outlined in the ESI of ref
28 using the given concentration and a transport entropy of 35.8
J mol™" K™'. The expected reaction entropy of the hydrogen
evolution reaction can be calculated as outlined by Conway et
al,”” and amounts to 67.7 J mol™! K! in 0.1 M H,SO,.
Considering the general systematic error of the ECM method of
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around 8 J mol™ K™.* the uncertainty of the calculated
activities, and the eventual dependence of the individual
Eastman entropies of transport on the activity,'” the measured
and theoretically expected values agree perfectly. This under-
lines the general accuracy of the employed calorimetric method.

To conduct an analysis of the electrochemical data based on
the Butler—Volmer equation at small overpotentials, in Figure
2b the pulse current is shown as a function of the overpotential.
As already mentioned above only small activation overpotentials
were necessary for achieving reasonable conversions for the
calorimetric method. Consequently, only an analysis of the
micropolarization region is possible. Such an analysis, based
mainly on the linear part of the current-overpotential relation
given by the Butler—Volmer equation was shown to yield similar
results to the more-frequently used extrapolation of the Tafel
slope.”> The overpotential depicted in Figure 2b was extracted
from potential transients like the ones in Figure 1. Its value was
evaluated directly after the pulse current was switched to zero. At
this moment the IR drop in solution immediately drops to zero
and the potential at the end of the pulse corresponds to the
actual overpotential. In general, the overpotential is composed
of activation and concentration overpotential. Nevertheless,
since the reaction is probed with short pulses and thus small
enough conversions, the concentration overpotential can be
neglected.

By fitting simple Butler—Volmer type behavior to the linear
relation between the current and the overpotential in Figure 2b,
we obtained an exchange current density of jo, yp = 9.6 mA cm ™2,
normalized to the geometrical surface area. This value is close to
but slightly less than the result from the calorimetric procedure
above. However, as it is clearly visible in Figure 1 the potential
slightly increases during the 10 ms duration of the pulse, caused
by a change in proton and H, surface concentrations. Thus, the
overpotential after the pulse is slightly higher than the pure
activation overpotential. This results in a lower slope of Figure
2b and thereby an underestimation of j, by the electrochemical
method.

For comparison of our data with literature values, we
determined the ECSA from the hydrogen adsorption/
desorption charge measured by cyclic voltammetry (details are
shown in the Supporting Information).

The j, values referenced to the ECSA obtained in this way by
the calorimetric method in 0.1 M H,SO, fall between 10 and 17
mA cm 2 These values are around 1 order of magnitude hi%her
than values typically obtained using a RDE (~1 mA cm™2),">*°
but in good agreement to results when the mass-transport limit
of the HER is properly accounted for (~20 mA cm™* without
correction for the ECSA).'" This shows that the proposed
method indeed overcomes the mass-transport limitations in
many studies using classical Tafel analysis on polarization
curves.'”*' The obtained values are also in good agreement with
the results from Bagotzky and Osetrova using a microelectrode
to circumvent the mass-transport issues, who obtained values
around 15—18 mA cm™” that are also one order magnitude
higher than those obtained by conventional RDE."?

Nevertheless, the variation of our values between different cell
assemblies is close to a factor of 1.5, although the data was
corrected for the ECSA. Since the statistical error of the data
within the same assembly was smaller than 15%, we concluded
that this discrepancy is not caused by the presented method, but
rather by the surface heterogeneity of the used samples.’’
Accordingly, our results emphasize that the exchange current
density is very sensitive to the real surface conditions and the
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exchange current density needs to be taken with great care as an
indicator for catalytic activity.

B CONCLUSIONS

In this contribution we showed, how kinetic and thermody-
namic information can be concomitantly obtained using ECM.
By studying the well-investigated HER/HOR at platinum in
acidic solution, we obtained reaction entropies, which agree very
well with literature values. We were further able to access the
overpotential, i.e., the deviation from thermodynamic equili-
brium by determining the irreversible part of the heat exchanged
during an electrochemical reaction. As this quantity is unaffected
by IR-drop in solution and the ECM typically uses small
conversions, we could extract the activation overpotential. From
the activation overpotential we calculated the exchange current
densities, which correspond well to those obtained by an analysis
in the micropolarization region of the applied current pulses.
The obtained exchange current densities are in good agreement
with values obtained using microelectrodes and by accurate
consideration of mass-transport. Our results are about an order
of magnitude higher than those obtained by classical RDE
analysis, which points to the short-comings of this analysis, when
not accurately accounting for mass-transport. Thus, measuring
the irreversibly exchanged heat of an electrochemical reaction by
ECM provides an alternative method for the determination of
the overpotential, which is particularly useful for fast electro-
catalytic reactions. In principle also slow electrochemical
processes may be studied by pulsed ECM, although the
discrimination between reversibly and irreversibly exchanged
heat contributions will become increasingly difficult due to the
high applied overpotential. This might hamper the quantitative
determination of the reaction entropy. However, useful
mechanistic and kinetic information might be obtained by
time-resolved measurements of the heat flux caused by the
reaction. For example, from the time dependent heat flux during
Na deposition from a battery type electrolyte, a slow chemical
process step was inferred, probably slow desolvation of Na*
while traversing the solid electrolyte interphase during the
deposition process.3
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