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32 Abstract

34 The hydrogen evolution reaction is one of the most studied processes in electrochem-
36 istry and platinum is by far the best catalyst for this reaction. Despite the importance
38 of this reaction on platinum, detailed and accurate kinetic measurements of the steps
40 that lead to the main reaction are still lacking, particularly because of the fast rate of
the reaction. Hydrogen adsorption on Pt(111) has been taken as a benchmark system
in a large number of computational studies but reliable experimental data to compare
45 with the computational studies is very scarce. To gain further knowledge on this mat-
47 ter, a temperature study of the hydrogen adsorption reaction has been carried out to
49 obtain kinetic information for this process on Pt(111), in alkaline solution. This was
51 achieved by measuring electrochemical impedance spectra and cyclic voltammograms
53 in the range of 278 < T' < 318 (K), to obtain the corresponding surface coverage by
adsorbed species and the faradaic charge transfer resistance. From this data, the stan-

dard rate constant has been extracted with a kinetic model assuming a Frumkin type
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isotherm, resulting in values of 2.60 x 1077 < k? < 1.68 x 107¢ (s7!) respectively. The
Arrehnius plot gives an activation energy of 32 kJ mol~!. Comparisons are made with
reported values for the overall HER and those calculated by computational methods,

giving a reference frame to support future studies on hydrogen catalysis.
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1 Introduction

The implementation of modern strategies towards a clean and sustainable energy model on
a global scale depends highly on the use of hydrogen as an energy vector.'™ This has moti-
vated intensive research into the processes related with H, production? and storage.® In this
context, the hydrogen evolution reaction (HER) is of great interest, both to the applied and
fundamental body of scientific knowledge. Thus, a large variety of electrochemical and non-
electrochemical tools have been applied for its study.® For this reaction, platinum is the most
efficient pure metal, its activity only surpassed by some bimetallic alloys.” In this context,
studies with single crystal platinum electrodes are valuable to elucidate the details of the
reaction, since the highly ordered surfaces allow the use of theoretical models to analyze the
results.'® In this regard, a large number of computational studies have taken the H—Pt(111)
system as a benchmark for their calculations!'™3 For this reason, increasing the experimen-
tal information on this system by supplying reliable data to compare with computational
results will be of great importance to the progress of this field. Previous publications have
reported experimental values of hydrogen adsorption energies on Pt(111)%! but there is a
lack of kinetic data such as activation energies.

Different voltammetric techniques have been used to obtain relevant kinetic and thermo-
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14,16,17

dynamic data on the overall HER on platinum, which is accepted to be comprised, in

acidic solution, by a combination of two of the following steps: '®

k
Pt + H' +e k_ll PtH, (1)
k
PtH + H +e k_QQ Pt + H, (2)
ks

Here, k; represents the rate constants of the reactions. Equation (1) is the Volmer step,
(2) is the Heyrovsky step and (3) is the Tafel step. The HER is then started with an
adsorption (Volmer) step which is followed by either the Heyrovsky or the Tafel step or a
combination of both.!? The corresponding steps in alkaline media involve bond breaking in
the water molecule generating OH anions. The voltammetric techniques offer insights into
the thermodynamic aspects of the Volmer step, but since the reaction is very fast, only the
overall HER can be used to obtain kinetic parameters in either acidic or alkaline solutions, 292!
accepting that the first step is so rapid that it can be considered in equilibrium. In such
fast reactions, electrochemical impedance spectroscopy (EIS) has long been used to resolve

2225 At low frequencies, the hydrogen

the overall process into its individual contributions.
adsorbed on the platinum surface creates a measurable capacitive behavior that disappears
when the frequency is increased, leaving only a response due to the capacitive contribution of
the double layer.?¢ EIS measurements can be rationalised using equivalent electrical circuits
to get a simpler description of the physicochemical processes involved. In the case of hydrogen
adsorption, the system can be represented by the circuit presented in the inset of figure
2, where R, represents the resistance between the working and counter electrodes and is
called the solution resistance, R.; is the charge transfer resistance of the faradaic process,
CPE is the capacitance of the double layer (Cy) expressed as a constant phase element

and C,q is the pseudocapacitance associated to the adlayer formation/dissolution. The

relationships between the equivalent electric elements and the chemical parameters of the
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reaction are given in the supporting information. This model has been used to study the

27,28 29-31

kinetics of the Volmer step on acidic and alkaline media on platinum and other
solid electrodes. The reaction is, however, too fast in acidic media, and special equipment
is needed to obtain accurate kinetic data without noise or electronic artifacts at frequencies
of more than 1 MH z.3? Nevertheless, the reaction is much slower in alkaline media and
this has allowed the measurement of charge transfer resistance for hydrogen adsorption in
such systems.3*3* To the best of our knowledge, there has been no attempt to measure the
effect of temperature on the rate of hydrogen adsorption on well-defined surfaces. Such
measurements can provide activation energies through an Arrhenius type analysis. This
information is not only important from a fundamental point of view but it supplies valuable
experimental data to compare or to validate an increasingly available number of theoretical

studies that calculate and use this parameter for the investigation of hydrogen processes.?>3%

2 Experimental Section

The 0.05 M working solutions were prepared from sodium hydroxide monohydrate (Merck
Suprapur) and ultrapure water (Milli-Q, 18.2 MQ c¢m). All glassware was cleaned with an
acidic potassium permanganate solution before rinsing it and boiling with ultrapure water.
The platinum single-crystal (111) working electrode with an area of 0.0523cm ™2 was pre-
pared with the method described by Clavilier et al.'® and a platinum wire was used as a
counter electrode. Prior to every measurement, the solution was bubbled with argon during
5 min and then left under an argon atmosphere. The Pt(111) electrode was flame annealed
in a propane-butane-oxygen flame and cooled in an argon-hydrogen (3:1) atmosphere. Then,
it was transferred to the electrochemical cell protected by a droplet of ultrapure water sat-
urated with the argon-hydrogen mixture. A palladium-hydrogen electrode® was used as a
reference and it was placed directly inside of the working solution to avoid any change in

the reference potential due to thermodiffusion in the electrochemical cell and to decrease
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the impedance of the reference electrode that can increase the noise in the potentiostat.
The electrochemical cell was bubbled with hydrogen and the equilibrium potential for the
hydrogen reduction/oxidation reaction was measured using a flame annealed platinum elec-
trode at the beginning and the end of every session, in order to monitor the stability of the
reference electrode potential. This measurement was used to convert the potentials to the
reversible hydrogen electrode (RHE) scale. A PolyScience refrigerated circulator was used
to keep the electrochemical cell in a bath at a constant temperature that was varied in the
range 278 < T < 318 (K), with increments of 5(£0.1) K.

An Ivium CompactStat.e potentiostat was used to acquire the cyclic voltammograms
and the impedance measurements. For every temperature, nine different potentials were
studied, from 0 to 0.5 V' vs. Pd/H. However, all the potentials hereafter are reported with
respect to the RHE at the same temperature of the experiment. For every potential, the
impedance spectrum was recorded with frequencies from 10° to 0.1 Hz and a 5 mV amplitude
at least three times. The data was fitted using the equivalent circuit of figure 1, using the
LEVMW 8.12 software.*® At the beginning of every experiment, a blank voltammogram was
measured at 50mV s~ to assess the state of the electrode surface, then it was repeated
every three potentials. After the measurement of nine spectra, the working electrode was
flame annealed again. The two highest temperatures were the exception to this protocol,
since the solution was more easily contaminated, and the electrode had to be flame annealed

after every impedance measurement.

3 Results and discussion

Typical cyclic voltammograms recorded for the Pt(111) electrode in 0.05 M NaOH solution
at the different working temperatures are shown in figure 1.
The region of H,,4, between £ ~ 0.05 and 0.4 V, does not change in the recorded

temperature range, except for the onset potential of the HER which shifts towards more
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Figure 1: Cyclic voltammetries of Pt(111) at a scan rate of 50mV s~ in 0.05 M NaOH at
different temperatures.

positive values when the temperature is increased. Changes in the double layer region,
between 0.4 and 0.6 V' are negligible. Between 0.6 and 0.8 V', the current is attributed to
OH  adsorption. In this region, the half wave current density starts to increase with the
temperature, but the actual current peak between 0.7 and 0.8 decreases. Since the main
interest of this study is the hydrogen adsorption reaction, the working potentials for the
impedance measurements were selected mainly in the low potential range, namely 0.045,
0.095, 0.145, 0.195, 0.245, 0.305, 0.345, 0.445 and 0.545 V. The last two selected potentials
are outside of the hydrogen adsorption region. After a prolonged set of measurements, a
small peak around 0.55 V signaled the accumulation of an unknown contaminant on the
surface of the electrode. It is known that traces of Fe, Ni or Co ions in the solution lead to
peaks in this potential range.*' These contaminant species could be already present in the
NaOH solid used to prepare the solution or come from the attack on the glass by the alkaline
solution. However, the charge associated to this process remains below 0.75 uC'cm =2 after
at least 10 minutes. For this reason, after every three EIS spectra collected at three different

potentials, the electrode was flame annealed to eliminate this surface contamination.
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46 Figure 2: A) Logarithm of the absolute impedance and negative of the phase angle with re-
47 spect to the logarithm of the frequency (Inset: equivalent electrical circuit) and B) impedance
48 Nyquist plot with fit to the equivalent circuit, 25 °C at 0.145 V.
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In figure 2, a typical Bode plot is shown (A) next to an admittance plot (B). Both
measurements are typical and agree with the expected simulations of the equivalent circuit
in the inset of figure 2.42 The peak in the phase angle plot at high frequencies corresponds to
the coupling of R, with Cy and then it goes to -90 at lower frequencies when the admittance
goes to 0 (infinite impedance). It is worth noting that this behavior is typical of a circuit
with Cy as an ideal capacitor. The radius of the low impedance semicircle in figure 2B
corresponds to the inverse of the sum of solution and charge transfer resistance, but the
characteristic shape of the Nyquist plots for impedance makes it difficult to obtain good
fits. Therefore, the admittance plots were used to obtain the fitting curves to the equivalent
circuit because the fitting gives more weight to the high frequency measurements.

In figure 3, the admittance Nyquist plots are shown. In such plots, the radius of the
low-frequencies semicircle decreases when the potential increases at a constant temperature.
This trend is signaling an increase in the charge transfer resistance with the potential. This
semicircle is not present at the plot corresponding to the two highest potentials measured
since the hydrogen adsorption does not occur in those cases. The opposite effect on this
semicircle is observed with the increase of the temperature in figure 3B, where the radius is
increasing with the temperature at a constant potential. In this case, both the resistance of
the solution and the charge transfer resistance gets lower. This effect is more pronounced
at the two highest temperatures. At a fixed potential, the influence of temperature on the
different parameters of the equivalent circuit is shown on table 1.

Both resistances are affected by the change of temperature while the capacitance values
remain approximately equal. The value of A\, which is the exponent of the frequency for the
impedance of the constant phase element is approximately equal to unity, which was expected
from the qualitative observation of the Bode plots. The value of A has been attributed to
be an indicator of the roughness of the surface, having a lower value when the surface has a
greater number of defects.*3 The highly ordered plane of the Pt(111) surface is then expected

to give the obtained value for this exponent, close to 1. Moreover, this would indicate that
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Table 1: Fit parameters for the equivalent circuit at different temperatures and at £ =
145mV

T(K) R, (Qem?) Ry (Qem?) Q/Cy(mFem™) Cuq(mFem™2) A£0.01
278 24 £6 190 +£42 21 £1 0.54 £0.02 0.99
283 24 £4 208 +41 21 £2 0.53 £0.05 0.99
288 20 +4 153 £15 21.8 £0.8 0.53 £0.03 0.99
293 20 +4 151 +6 21.2 £0.5 0.55 £0.01 0.99
298 17.4 £0.5 127 +16 21.7 £0.9 0.54 £0.01 0.99
303 18 +£2 114 £16 22.2 £0.9 0.54 £0.01 0.99
308 16 £4 94.7 £32 22 £2 0.54 £0.01 0.99
313 13.28 £0.07 42 £14 25 £2 0.54 £0.02 0.98
318 13.0 £0.4 36 £3 23.9 £0.9 0.55 £0.01 0.99

the value @) must be a good estimation for the value for the capacitance of the double layer
and it is similar to the values reported in previous works. 4445

The R.; data obtained from the fittings was then plotted against the applied potential and
the logarithm of the same value was plotted with respect to the inverse of the temperature
to initially check for an Arrhenius type behavior. The results are shown in figure S1. The
points corresponding to the two highest potential values deviate from the tendency of the
other points because there is no hydrogen adsorption in this potential range. For the rest
of the data points an exponential tendency can be seen. An approximate linear tendency is
apparent in figure S1B, which indicates a linear relation with the standard rate constant k°.
Assuming a Frumkin type isotherm, the kinetic model describing the relation between R,

and k° is given in equation (4) (the complete deduction of this expression is found in the

supporting information):

1
qun fRO (1= 6)'7 (%21=)" 08eap (g0 (8 — )]

Here, qyrr is the charge of a monolayer on Pt(111) (241uC cm™2), f = F/RT, 0 is the

Rct - (4)

surface coverage coefficient, 5 is the charge transfer coefficient, C'oy- is the bulk hydroxyl
concentration, ¢ is the standard state concentration 1 mol L™, g is the lateral interaction

factor (Frumkin parameter) for adsorbed hydrogen and « is the charge transfer coefficient of
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the adsorption reaction. The charge transfer coefficient can be assumed to be approximately
equal to the symmetry coefficient 5 = o = 0.5 for a simple one electron transfer reaction,
which then simplifies equation (4) to account for the most measurable and known infor-
mation. The surface coverage can be calculated from the cyclic voltammetries at different
temperatures. This is achieved by calculating the average current density of the hydrogen
adsorption and desorption process (from ~0.05 to ~0.4 V) after subtracting the average
current density associated with the double layer charge, measured as the average current
between ~0.45 and ~0.55 V. The current density was then integrated with respect to the
applied potential over the respective range, assuming that the maximum coverage is ob-
tained with the charge that corresponds to q,/r, the result is a direct dependence of 6 with
respect to the applied potential and can be used in equation (4). This makes it possible to fit
equation (4) to the data from figure 3A to obtain the value for the standard rate constant.
The fits were obtained excluding the last two data points, that are outside the hydrogen
adsorption region, and the results are shown in figure 4A, where the error bars were calcu-
lated using the standard deviation of the results. At higher potentials the charge transfer
resistance increases, resulting in a smaller semicircle as can be seen in figure 3, thus there
are less data points which in turn results in a higher error. This error is however not enough
to significantly modify the overall result. A two-parameter non-linear fit was also done to
evaluate the possibility of g being different from 0.5, but the results were indistinguishable.
The k° values were then plotted against the inverse of the temperature in figure 4B.

From this plot an activation energy of 32 kJ mol~! can be calculated from the slope. An
analysis to account for the entropy of activation of the reaction could be made using Eyring’s
equation, the difference is however small enough to fall within the error of the measurement.
This value can then be used to compare with the results obtained by theoretical calcula-
tions. Hydrogen is thought to be adsorbed in two different thermodynamic states, Hypp
for potentials that are positive with respect to the RHE and Hopp for negative potentials

with respect to the same reference.*® The Hqpp is difficult to measure electrochemically
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1.47 interpreted

for Pt(111) since the HER occurs at the same potentials, but Conway et a
that this species was the only one involved in the kinetics for the HER and the coverage
on the electrode by Hypp species of the electrode should favor the HER. The difficulties of
the electrochemical measurements are "avoided" by computational simulations in which an
analysis can be made without hydrogen evolution and specifying the different sites in which
hydrogen can be adsorbed. Osawa et al.*® used SEIRAS to observe that the adsorption of
hydrogen on atop sites is energetically favored when there is a full monolayer (ML) of hy-
drogen already adsorbed, which means that Hypp is adsorbed in hollow fcc sites and Hopp
binds to atop sites. Liu et al.*® obtained comprehensive results showing that at potentials
positive to the RHE potential there is a small presence of H atop, although the vast majority
is adsorbed at hollow sites, but the presence of 0.006 ML of H atop increases the current

density by a factor of 100. Skulason et al.?’°!

calculated activation energies for the different
steps leading to the HER and obtained a value of 42 k.JJ mol~! for the Volmer step, which is
almost identical to the one obtained later by Jonsson et al.®? This value is obtained assuming
that the change of energy between solvated and chemically adsorbed hydrogen is zero and
it is calculated based on proton concentration model. However, Morikawa®® calculated this
energy to be non-zero for hydrogen in fcc hollow sites and dependent on the added effect
of the electric field, the solvent and the coverage on the surface. Considering that proton
adsorption comes from water in alkaline media, changing the mechanism to the one studied
by Skilason, the calculated activation energy might be lower than the one obtained from

54,55

the computational simulations due to a more stable Pt—H bond, in agreement with the

experimentally measured value in this work.

3.1 Conclusions

The temperature analysis shown here is proven to be a very suitable way to study the kinetics
of hydrogen adsorption on Pt(111). The presented model allows to relate the charge transfer
resistance with the standard rate constant, opening access to the activation energy for the

13

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

hydrogen adsorption, which turned out to be approximately 32 %.J mol~!. This value is in
good agreement with the ones obtained with DFT calculations for the Volmer step. A small
discrepancy could be due to experimental conditions such as pH and solvent nature that
are difficult to fully account for in a simulation. Further studies including the use of other
Pt(hkl) basal planes and stepped surfaces will be carried out to gain fundamental insight
for the influence of the surface structure on the reaction rate and the interactions of the
absorbed molecules. Such systems might include further complications like the overlapping
of the adsorption potential regions for OH~ and H™" species, which could be overcome by
a modified Frumkin isotherm. The accumulated experimental kinetic information on the
hydrogen adsorption not only contributes to better understand the catalysis of hydrogen
reactions but also supplies reliable data measured using state of the art methodologies to

compare or validate a fast growing number of more and more refined theoretical calculations.

Supporting Information Available

The following files are available free of charge.

e Sl.docx: The complete deduction of the mathematical relation between R, and &°, the
equation for the equivalent electrical circuit, datasets obtained from the non-linear fits
to the impedance data and a graph with the initial apparent tendency of R with the

inverse of temperature.
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