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A B S T R A C T

For fast and reversible electrocatalytic reactions, like the hydrogen evolution on Pt in acidic media and in the 
presence of molecular H2, it is very challenging to obtain reliable kinetic information from the charge-potential 
relationship alone. To overcome this issue, we measure the time-resolved heat flux during hydrogen evolution on 
polycrystalline Pt as complementary information to chronopotentiometric measurements. The interpretation of 
the data is based on a comparison with a finite element simulation comprising a microkinetic model coupled to 
mass transport. Using this approach, we estimate the exchange current density to be around 10 – 15 mA cm− 2, for 
both, the Tafel or the Heyrovský reaction being the rate limiting step. We also find that the coverage of the active 
hydrogen intermediate is low around the equilibrium potential, even in hydrogen saturated solution.

Introduction

Green hydrogen, i.e., hydrogen produced by electrolysis using 
renewable energy, is a key technology in the energy transition [1]. At 
the same time, the hydrogen oxidation is the most researched anode 
reaction for fuel cell applications [2]. However, despite over a century of 
research, the exact mechanism of these reactions on polycrystalline Pt, 
the most active electrode material, is still debated. The main issue is that 
due to the high catalytic activity of Pt the hydrogen evolution (HER) and 
hydrogen oxidation reaction (HOR) are very reversible. Therefore, HER 
and HOR rates cannot be separated at low overpotentials, while at high 
overpotentials, the current is limited by mass-transport and non-kinetic 
effects [3].

In general, it is assumed that the reaction proceeds via an electro
chemical adsorption/desorption step, called the Volmer “V” step (1), 
that is followed by either a direct reduction/oxidation (Heyrovský “H”) 
step (2) or recombination Tafel “T” step (3): 

H+ + e− + □⇌
kV,f

kV,b
Had (1) 

Had + H+ + e− ⇌
kH,f

kH,b
H2 + □ (2) 

Had + Had⟷
kT,f

kT,b
H2 + 2□ (3) 

where ki describe the individual forward or backward rate constants and 
☐ symbolizes an available surface site. We want to emphasize that a 
polycrystalline electrode consists of a plethora of different surface sites, 
and a uniform reaction mechanism across all sites is hardly expected. 
However, for most electrodes, we expect that particularly reactive sites 
will dominate the overall current response, thus dictating the mecha
nism we observe in electrochemical measurements. Another possibility 
discussed in literature is that hydrogen could also absorb in a subsurface 
layer under specific surface sites and thus alter the reaction environment 
during the reaction [4].

The most common way to extract reaction rates and the mechanism 
of an electrochemical reaction is the so-called Tafel plot analysis [5]. 
The Tafel plot describes the relationship between the decadic logarithm 
of the current and the overpotential. By using the Butler-Volmer equa
tion and assuming a single rate determining step [6], the slope of the 
Tafel plot contains information on the reaction mechanism [7] and the 
intercept corresponds to the exchange current density (j0), i.e., the 
intrinsic current density of the reaction at zero overpotential [6]. In the 
absence of hydrogen and thus negligible HOR, a Tafel slope of 
30 mV/decade can be found for the HER on polycrystalline Pt at low 
overpotentials [8]. This is in good agreement with a microkinetic model 
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of the Volmer-Tafel reaction, where the Tafel reaction is 
rate-determining (VTrds) and the intermediate coverage is small. How
ever, if hydrogen is present in the solution the back reaction cannot be 
considered negligible due to insufficient mass transport of produced H2 
away from the electrode surface [9,10]. Thus, no region with a constant 
Tafel slope of 30 mV/dec can be found close to the equilibrium potential 
[3]. In consequence, simple Tafel analysis cannot be used to obtain the 
exchange current density for the HER in acidic solution in presence of H2 
due to the ongoing back reaction [10].

As a consequence, to unequivocally determine the reaction mecha
nism and exchange current density of the HER on Pt, complementary 
information is necessary. In this regard, we recently presented an 
alternative approach to determine the exchange current density of fast 
electrochemical reactions using electrochemical microcalorimetry 
(ECM) [11]. Using this methodology, we determined j0 to be around 10 - 
17 mA cm− 2 instead of 1 mA cm− 2 as typically extracted from Tafel 
analysis [12]. With regards to the reaction mechanism, Conway and 
coworkers proposed a methodology analysing the potential decay dur
ing galvanostatic pulses to investigate the intermediate Had coverage as 
complementary information [13]. Their experiments indicate that close 
to the equilibrium, even in a H2 saturated solution, the coverage is still 
very small. They found that similar to the HER in absence of hydrogen, 
the VTrds mechanism was dominant at low overpotentials. They further 
noted that the reaction could in parallel also proceed via the Volmer-
Heyrovský mechanism, where the Heyrovský reaction is 
rate-determining (VHrds), which would start to dominate at higher η. 
The observation of a low intermediate coverage around E0 is further 
underlined by surface-enhanced spectroscopic investigations conducted 
by Kunimatsu et al. [14]. They were able to resolve the potential 
dependence of a spectroscopic signature ascribed to Had, with a small 
coverage at low overpotential which quickly increases with increasing 
overpotential. From the coverage-potential relationship they conclude 
that the reaction proceeds via a VTrds. Recently, also Gibson et al. ana
lysed the coverage-potential relationship determined by 
surface-enhanced infrared spectroscopy [15]. Similarly to Kunimatsu 
et al., they found a low intermediate coverage at low overpotentials but 
concluded on a VHrds mechanism based on the coverage dependence as 
function of HER current density. They also show that the adsorption of 
hydrogen, i.e., the Volmer step, is a fast and reversible process that is not 
rate determining. The results of both spectroscopic studies align well 
with results of a microkinetic model by Quaino et al., which combines 
reactant diffusion, the individual reaction steps and adsorbate in
teractions to simulate HER current in presence of H2 using a 
rotating-disk electrode [16]. Their study indicates a VTrds mechanism 
with a very small contribution of the Heyrovský reaction and a Had 
coverage at the equilibrium potential, θ0, of around 0.18. In summary 
the current mechanistic understanding is that the second reaction step, 
either the Tafel or Heyrovský step, is rate limiting in acidic solution.

In this contribution, we demonstrate that measuring the time- 
resolved heat flux during chronopotentiometric experiments by ECM 
can serve as complementary information to the charge-potential rela
tionship, allowing us to extract kinetic parameters for the HER in H2- 
saturated sulfuric acid solution (pH ≈ 1). For this purpose, we will 
compare the experimental overpotential and heat flux transients to re
sults of a finite-element simulation employing a microkinetic model of 
the HER coupled to mass-transport. We will utilize a wide range of 
simulation parameters for both the VTrds and VHrds reaction pathways. 
This allows us to propose reasonable exchange current densities and the 
equilibrium coverage in case of both mechanisms.

Experimental and simulation details

Solutions and materials

All solutions were prepared from 96% sulfuric acid (Merck, Supra
pur) using ultrapure water (Sartorius Arium, 18.2 MΩ⋅cm). For heat 

calibration, an equimolar 0.1 M solution was prepared from K3[Fe(CN)]6 
and K4[Fe(CN)]6 (Merck, 99%) and ultrapure water. To ensure clean 
conditions, the electrochemical cell and all glassware were submerged 
in a 3:1 mixture of 96% sulfuric acid (Sigma-Aldrich, EMSURE iso) and 
30% hydrogen peroxide (Sigma Aldrich, puriss. p.a.) before each 
experiment and afterwards boiled and rinsed at least 3 times in ultrapure 
water.

As working electrode thin platinum foils (50 μm, 99.99% Alfa Aesar 
Premion) were used, while a 0.5 mm Pt wire (99.99%, Wieland Edel
metalle) was used as counter electrode. All potentials are measured 
against a palladium-hydride reference electrode [17], prepared from a 
0.5 mm palladium wire (99.95%, Advent). Please note that in this 
manuscript we mainly report overpotentials, as described in more detail 
in the following section.

Electrochemical microcalorimetry

The microcalorimetric measurements were conducted in a home- 
built calorimeter described elsewhere [18]. The experimental proced
ure was previously described in ref [11], but key aspects are summarized 
as follows:

The microcalorimetric cell was assembled under continuous Ar flow 
to minimize contamination of the Pt surface. Subsequently, the clean
liness of the experimental setup was assessed by a cyclic voltammogram 
(CV) and the charge in the hydrogen underpotential deposition was used 
to determine the electrochemically active surface area (ECSA) [19]. A 
typical CV is given in the supporting information S1. Afterwards, the 
0.1 M H2SO4 solution was saturated with hydrogen by fixing the po
tential at a current of around − 1.3 mA for at least 10 min. The mea
surements were started from open-circuit potential (OCP). Under these 
conditions, the OCP reflects the equilibrium potential of the relevant 
redox reaction, i.e. the hydrogen evolution/oxidation reaction [6], 
which was measured to be around − 0.059 V vs the Pd-H reference 
electrode. Starting from the OCP, current pulses with varying duration 
and amplitude were applied and the corresponding potential change as 
well as the temperature change at the surface were monitored. After 1 s 
the cell was switched back to OCP, and the system was rested for another 
second. By driving the reaction with current pulses we control the 
charge, i.e., the amount of produced H2, to stay close to equilibrium 
conditions. The overpotentials reported in this manuscript are obtained 
by subtracting the measured potential before the pulse from the overall 
potential transient. Additionally, the IR-drop was manually subtracted 
from the data, using the linear relationship between the applied current 
pulse and the resulting potential jump, by subtracting the sharp poten
tial drop after switching of the current flow [20]. For each experimental 
setup the thermal response of the setup was calibrated using 2 ms laser 
pulses. The overall exchanged heat was calibrated using a 0.1 M K3[Fe 
(CN)6]/K4[Fe(CN)6] solution, as described in ref [18].

Please note that due to a small offset of around 5 µA in the poten
tiostat, the applied positive and negative currents are slightly asym
metric. E.g., +155 and − 145 µA were applied in the case of a chosen 
current of 150 µA.

Model and theory

The heat flux Φ(t) generated during an electrochemical reaction 
measured with ECM consist of three main contributions: (1) the heat 
caused by the entropy change of the individual reactions ΔRSi(t), (2) the 
heat generated by ion transport ΔTS, and (3) heat generated by the 
overpotential η(t) necessary to drive the reaction: 

Φ(t) =
∑

i
Tri(t)ΔRSi(t) + TIext(t)ΔTS + Iext(t) η(t) (4) 

where ri(t)is the rate of reaction i, T the temperature and Iext(t) is the 
applied current. Both the reaction entropy as well as the overpotential 
can change with the reaction progress, as they are dependent on the 
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surface concentration of each species. It can be shown that in the pres
ence of supporting electrolyte TΔRSi(t) and η(t) can be substituted by the 
Peltier heat and η at the beginning of the pulse, respectively [21]. 
Furthermore, in the presented experiments concentration changes are 
small (typically far below 1%, cf. Fig. 3b). Thus, ΔRSi(t) and η(t) will not 
show pronounced variations during the pulse.

It is apparent from eq. (4) that by using a microkinetic model to 
calculate ri(t) in principle the individual heat contributions of the 
different reaction steps could be disentangled. The reaction entropy of 
the individual reactions and transport entropy can be calculated 
following the procedures outlined in ref [22] and [23]. The values are 
summarized in Table S1 of the supporting information.

A one-dimensional finite element model was designed to simulate 
the time-dependent concentration distributions by solving Fick’s second 
law, as well as the heat flux according to eq. (4), resulting from short 
current pulses. The microkinetic model is adapted from ref [24].

The transport of ions in the solution was simulated using an ideal 
solution approximation, with the starting conditions matching the 
experimental conditions, i. e., 0.1 M sulfuric acid solution. All parame
ters used in the simulation and a more detailed description of the 
implementation of the finite-element model are summarized in part S2 
of the supporting information. Due to the very small and short current 
amplitudes that we are using, the concentration changes of H+ at the 
surface and the overpotential changes are very small, as will be dis
cussed later. Thus, in this case the effect of mass-transport is quite small, 
allowing us to neglect migration and convection in the simulation. 
However, for the investigation of higher current densities, the effects of 
migration would need to be considered if no supporting electrolyte is 
used.

The microkinetic model was incorporated using the individual re
action rates ri resulting from the three elementary reactions 1–3, 
following the microkinetic model introduced by Lasia in ref [24]. In this 
model it is assumed that the Butler-Volmer formalism describes the 
potential dependence of the rate constant and that the adsorption of 
hydrogen follows a simple Langmuir isotherm. The model further uti
lizes the condition that the rates of all reactions are zero at the equi
librium potential of the HER Eeq, 

rV = rH = rT = 0 (5) 

which allows us to refer all potentials to Eeq and to introduce the over
potential η = E − Eeq.

Following this procedure, the reaction rates of the individual re
actions are given by: 

rV= kV,f (1 − θ)
cH

c0
H
e− αfη − kV,bθe(1− α)fη (6) 

rH= kH,f θ
cH

c0
H
e− αfη − kH,b(1 − θ)

cH2

c0
H2

e(1− α)fη (7) 

rT= kT,f θ2 − kT,b(1 − θ)2cH2

c0
H2

(8) 

where θ is the surface coverage with Had, ci is the concentration of 
species i near the surface, c0

i is the bulk concentration of species i and α is 
the charge transfer coefficient, which for simplicity is assumed to be 0.5 
[25]. Please note that θ in this case refers to the coverage of the reactive 
hydrogen intermediate, which is generally called 
overpotential-deposited hydrogen Hopd, as opposed to the hydrogen 
deposited substantially above the standard equilibrium potential of the 
HER/HOR, i.e., the underpotential-deposited hydrogen Hupd [13]. Hopd 
is assumed to be the species detected by IR-spectroscopy [14,15].

The rate constants kV,f , kV,b, kH,f , kH,b, kT,f , kT,b in eq. (6) - 8 result
ing from this model are in units of flux, mol m− 2 s− 1

, and can be used 
directly in finite-element simulations. For detailed discussion of the 
model, we refer to the paper by Lasia [24].

From eq. 5 further follows that only 4 of the 6 rate constants or 3 of 
the rate constants and the equilibrium coverage θ0 are independent 
parameters [24]. We chose to define the forward rate constants and θ0, 
such that the corresponding backward rate constants can be calculated 
as follows: 

kV,b = kV,f
(1 − θ0)

θ0
(9) 

kH,b = kH,f
θ0

(1 − θ0)
(10) 

kT,b = kT,f

(
θ0

(1 − θ0)

)2

(11) 

To reduce the parameter space, we considered only cases, where the 
reaction proceeds either via the Volmer-Tafel or Volmer-Heyrovský 
pathway and the second reaction step is rate-determining. The Volmer 
reaction is assumed to be 100 times faster [16] and the rate constant for 
the other reaction pathway is set to 0 mol m− 2 s− 1. In this case the rate 
constant of the rate-determining step can be linked directly to the ex
change current density, allowing us to define the rate constant using an 
experimentally accessible quantity.

We calculated the rate constants for the individual reactions from the 
exchange current density using: 

kH,f =
j0

2F θ0
(12) 

kT,f =
j0

2 F θ0
2 (13) 

COMSOL Multiphysics (Version 6.2) was used to solve equations 4 - 
13. A detailed description of the model including the mesh, boundary 
conditions as well as a discussion of the parameter choices are included 
in part S2 of the supporting information. The COMSOL generated model 
report is also provided as a separate file to aid those wishing to adapt the 
model.

Results and discussion

Experimental measurements

Fig. 1 shows typical experimental results of ECM measurements of 
the HER/HOR driven by

± 150 µA current pulses (corresponding to 1 mA cm− 2) of 20 ms 
duration; The upper curves in Fig. 1a and 1b shows the respective cur
rent pulses. The curves in the row below show the measured over
potential as a function of time; the third row of curves shows the 
measured heat flux, Φ, resulting from the applied current pulse; finally, 
the lowest row of curves shows the exchanged heat q, i.e., the integral of 
the heat flux.

It is readily visible from Fig. 1 that only a small overpotential of 
around 2.5 – 3 mV is necessary to drive the reaction at ±150 µA for 
20 ms. After switching off the current flow at 30 ms, the overpotential 
quickly relaxes to its initial value signalling that the equilibrium was not 
measurably perturbed.

Directly upon driving the HER at 10 ms, the heat flux promptly de
creases to around − 13 µW during the current flow (Fig. 1a). This is also 
visible as a linear increase of q. After the pulse the heat flux gradually 
decays to zero in <10 ms. Following this short decay, the overall 
exchanged heat stays constant at a value of qtotal = − 275 nJ. The quick 
ceding of the heat flux shows that no significantly delayed reaction steps 
are taking place as no further heat is produced. The same observation 
can be made for the HOR in Fig. 1b The exchanged heat is slightly larger 
in the case of the HOR due to the irreversible contribution of the over
potential heat. The overpotential heat always contributes positively to 
the exchanged heat, leading to less cooling in the case of the HER and 
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stronger heating in the case of the HOR [21]. With the theoretical re
action entropy of 67.7 J mol–1 K–1 and transport entropy of 35.8 J mol–1 

K–1 [23], a value of qtheo = 304 nJ would be expected for HER. This is in 
reasonable agreement considering the systematic error of the heat 
measurement of 2 kJ mol− 1 [26], which corresponds to 60 nJ, consid
ering the conversion in the experiments in Fig. 1.

Fig. 1 clearly shows that we can measure the heat flux during an 
electrochemical reaction with µW resolution in 2 ms time intervals. This 
provides us with two evaluable variables to compare to the microkinetic 
model, in order to disentangle the contributions of the different reaction 
steps.

Finite element modelling

As parameters for the microkinetic model, we chose four possible j0 
values between the typically reported value of 1 mA cm− 2 [12] and the 
highest observed j0 in our previous contribution of around 15 mA cm− 2 

[11]. For the equilibrium coverage θ0 we chose values between 0.01, 
representative of the low coverage situation observed for the HER in 
absence of H2 [7], and 0.7, representative of a highly covered surface. 
All parameters used in the simulations are summarized in Table 1.

The results of all simulations of the HER and HOR for all 16 
parameter combinations for both investigated reaction mechanisms are 
shown in part S3 of the supporting information (Fig.S3 - S6). To narrow 
down a reasonable parameter set, we first compare the simulated 
overpotential with the experimental overpotential (Fig. 2). In the 
following section, we then analyse the simulated heat flux and compare 
it to the experimental heat flux and the overall exchanged heat (Fig. 4).

Overpotential

From the simulation we found that the equilibrium Had coverage has 
only a minor influence on the overpotential for a given j0 value and thus 
we only analyse representative results for θ0 = 0.1 in Fig. 2.

Fig. 2a shows the simulation results for the Volmer-Tafel mechanism, 
with the Tafel reaction being the rate determining step (VTrds). It is 
readily visible that for this mechanism only high enough values of 
j0 = 10 mA cm− 2 (red) or j0 = 15 (blue) mA cm− 2 can explain the very 
small overpotential observed experimentally. A similar trend can be 
observed in Fig. 2b for the VHrds mechanism. The analogous plots to 
Fig. 2 for the HOR are shown in Fig. S7 of the supporting information 
and yield the same conclusions.

The results presented in Fig. 2 show clearly that by comparing only 
the experimental charge-potential relationship to the results of the 
finite-element simulations, no final decision between VTrds and VHrds 
can be drawn and we cannot conclude on θ0.

Heat flux and total heat

As additional information to the overpotential, we can obtain the 
individual contributions to the overall heat flux from our microkinetic 
model following eq. 4. In Fig. 3a we show the individual heat flux 
contributions (solid lines) together with the resulting overall heat flux 
(open circles) from our simulations for the exemplary case of the HER 
following a VTrds mechanism with

j0 = 10 mA cm− 2 and θ0 = 0.1. In Fig. 3b we show the concentration 
change of protons at the surface (left axis) and the coverage change of 
Had on the surface (right axis) during the pulse.

Fig. 3a reveals that the irreversible contribution of the overpotential 
heat (black) to the overall heat flux is very small. For the exemplary 
chosen VTrds mechanism it is evident that the very fast Volmer step 
(pink), leads to an immediate cooling of the electrode. As the starting 
Had coverage is quite small, the rate of the Tafel reaction is low. The 
continuous build-up of the reaction intermediate, which can be observed 

Fig. 1. Experimental data resulting from a 20 ms current pulse of a) − 150 µA and b) + 150 µA . The 2nd row shows the overpotential after IR correction, the 3rd row 
shows the heat flux, and the 4th row shows the exchanged heat, i.e., the integrated heat flux. The shaded yellow area indicates the duration of the current pulse. 
Before and after the pulse the cell was at OCP.

Table 1 
Summary of kinetic parameters used in the finite-element modelling.

j0 / mA cm− 2 θ0

Parameters used in Simulation 1, 5, 10, 15 0.01, 0.1, 0.3, 0.7
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in Fig. 3b, leads to an increasing heat flux of the Tafel reaction (purple). 
After the external current flow is switched off, the Volmer reaction 
instantly cedes, while the built-up Had coverage is consumed by the Tafel 
reaction, which keeps producing hydrogen and thereby cooling the 
electrode even after the end of the current flow. This fits well with the 
experimentally observed small, delayed heat evolution in Fig. 1. Fig. 3a 
further shows that in the present case the transport entropy (orange) 
leads to positive heat flux, which is opposite to that of both elementary 
reactions. By coincidence, the heat due to transport and due to the 
Volmer reaction cancel each other almost perfectly. Thus, in cases when 
neither reaction is fast enough to contribute a significant cooling at the 
start of the pulse, an initial heating might be observable. The results 
presented in Fig. 3 show that by using finite-element simulation we are 
able to disentangle the heat flux into its individual components.

Applying the outlined procedure, we can reconstruct the heat flux 
from the simulation of the different reaction mechanisms. Fig. 4 shows 
the heat flux Φ (Fig. 4a and b) as well as the overall heat, i.e., the heat 

flux integrated over time, q (Fig. 4c and d), resulting from our simula
tions. In grey we also show the experimental data from Fig. 1a.

Similar to Fig. 2, for clarity reasons we include only selected simu
lation results in Fig. 4. Here we chose to present only the data resulting 
from simulations of j0 = 10 mA cm− 2. The simulations using j0= 15 mA 
cm− 2 yield very similar Φ and q(t) transients and lower values (1 and 
5 mA cm− 2) do not fit the experimentally observed overpotentials well. 
As discussed above the overall exchanged heat in our experiments is 
slightly smaller than the expected value. To facilitate the comparison 
between experiment and simulation, we normalized Φ and q in Fig. 4 to 
the experimental overall exchanged heat qtotal. The results of all simu
lations, also for the HOR, in part S3 of the supporting information, are 
shown without this normalization.

Fig. 4 demonstrates that θ0 has a considerable influence on the heat 
flux even for the same j0, which is in contrast to the behaviour of the 
simulated overpotential. In case of VTrds (Fig. 4a) and VHrds (Fig. 4b) a 
lower θ0 leads to a faster cooling at the beginning of the pulse (t = 10 ms) 

Fig. 2. Experimental overpotential (grey) and simulation results using j0 = 5 mA cm− 2 (green), 10 mA cm− 2 (red) and 15 mA cm− 2 (blue) and θ0 = 0.1 for a) the VTrds 
and b) the VHrds mechanism for the HER driven by a 20 ms, − 150 µA current pulse.

Fig. 3. a) Individual contributions to the heat flux according to eq. 4.: Overpotential heat flux (black), Transport heat flux (orange), heat flux of Volmer reaction 
(pink) and heat flux of Tafel reaction (purple). The resulting overall heat flux is depicted by grey open circles; b) concentration change of protons at the surface (left 
axis) and coverage change of Had on the surface (right axis). The simulation parameters for both figures were j0 = 10 mA cm− 2 and θ0 = 0.1.
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and no significant heat flux after the end of the pulse (t = 30 ms). On the 
other hand, a higher θ0 leads to considerable trailing heat flux at the 
start and after the end of the pulse. It is evident that for both mechanisms 
VTrds and VHrds, where a nearly identical overpotential response was 
observed in Fig. 2a and Fig. 2b, also the curves for Φ and q are 
remarkably similar. The reason for this is that according to eq. 4 the 
faster reaction, in this case the Volmer reaction, dominates the heat flux. 
This effect is directly observable for the VTrds mechanism in Fig. 3a.

For both cases, VTrds and VHrds, Fig. 4 reveals that θ0 = 0.01 would 
lead to a faster heat exchange than observed in experiment, with basi
cally no delayed heat evolution. In contrast, the simulations with a 
higher equilibrium coverage show a slower cooling than observed in the 
experiment. Thus, for the VTrds and VHrds mechanism only the case of 
θ0 = 0.1 shows a similar behaviour to the experiment. The same con
clusions can be drawn from Fig. S7 of the Supporting Information from 
the simulation results for the HOR.

From the comparison of experimental overpotential and heat flux, 
with the results of our finite-element simulation we find that the 

experimental data can only be explained by a distinct subset of tested 
kinetic parameters. We find that regardless of the mechanism, the re
action must proceed significantly faster than generally assumed, with j0 
exceeding 10 mA cm− 2

, in line with RDE measurements analysed using 
the reversible Koutecký-Levich equation, and previous ECM measure
ments [11]. An overview of j0 values obtained for the HER on poly
crystalline Pt and Pt particles using different techniques was recently 
given by Tetteh et al., where all values far exceed 1 mA cm− 2 [27]. We 
further infer that the HER in 0.1 M H2SO4 proceeds either via a VTrds or 
VHrds mechanism with θ0 of around 0.1 in agreement with the spec
troscopic data by Kunimatsu et al. [14] and Gibson et al. [15], showing 
that θ0 is low close to 0 V. The θ0 value of 0.1 is also very close to results 
by Quaino et al. [16] who found a dominant VTrds mechanism with 
θ0 = 0.18 from their simulations of the current response during an 
rotating disk experiment from 0.4 V to − 0.2 V. However, we are not able 
to decide whether the VTrds or the VHrds mechanism is dominant, as they 
both yield a nearly identical ECM response for our measurement 
conditions.

Fig. 4. Experimental heat flux (grey circles) and exchanged heat (grey line) and simulation results for 10 mA cm− 2, with different θ0 values (light red = 0.01, medium 
red = 0.1, dark red = 0.3, dark brown = 0.7) for both the VTrds (a and c), as well as the VHrds mechanism (b and d).
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To further validate our findings, we conducted additional experi
ments using 10 ms and 30 ms long pulses. In these experiments we kept 
the overall conversion constant by adjusting the pulse current accord
ingly. The experimental results together with the corresponding finite 
element simulations for the most plausible kinetic parameters are shown 
in Fig. S8 and S9 of the supporting information. For the same conversion 
we find that qtotal is very similar, underlining, in accordance with Fig. 3, 
that the contribution of the overpotential heat to the overall exchanged 
heat is very small for the investigated current amplitudes. We find that 
also for the different pulse conditions, only simulations using j0 
exceeding 10 mA cm− 2 and θ0 = 0.1 fit well with the experimental data. 
The comparison for the short 10 ms pulses, suggests that a slightly better 
agreement could be found by using j0 = 15 mA cm− 2.

Conclusion

In this contribution, we demonstrated that the overpotential and 
heat flux transients from electrochemical microcalorimetry experiments 
can be accurately modelled using the presented microkinetic model 
coupled to mass-transport. From this combination, we could signifi
cantly narrow down the possible kinetic parameters for the HER at Pt in 
H2-saturated sulfuric acid solution (pH ≈ 1). In general, we found the 
overpotential transients to be more sensitive to j0 and the heat flux 
transient to be more sensitive to θ0. However, with our current approach 
we were not able to conclude on the dominant reaction pathway, as both 
the VTrds and VHrds mechanism yield a similar ECM response.

From the analysis of the overpotential transient we find the exchange 
current density j0 to be around 10–15 mA cm− 2 for both the VTrds and 
VHrds mechanism. This result is consistent with reports that claim that 
the real exchange current density for the HER on Pt is higher than the 
typically reported value of 1 mA cm− 2. However, we emphasize that the 
exact exchange current density will always vary depending on active 
surface sites and electrode composition.

From the heat flux transients, we could infer a θ0 value of around 0.1 
for both mechanisms. This finding agrees well with observations for the 
HER in absence of Hydrogen, where a VTrds mechanism with low θ0 is 
generally accepted. Thus, our findings show that adding hydrogen to the 
solution does not significantly affect θ0.

The present study demonstrates the possibilities arising from 
measuring the heat flux as complementary variable to the charge- 
potential relationship. We expect that this methodology will be more 
insightful for slower multi-step reactions, in which the heat fluxes of 
individual steps are clearly separated, or for reactions whose steps have 
heat fluxes of opposite sign.
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