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Input parameters for different model outcomes.

Table S1: A summary of the input parameters to generate the different model outcomes discussed in this work. , 𝑘0
1

,  and  are the pre-exponential factors of the Volmer forward, backwards, Heyrovsky forward and Tafel 𝑘 0
‒ 1 𝑘0

2 𝑘0
3

forward step, respectively. ,  and  are the Gibbs activation free-energy of the Volmer, Heyrovsky Δ𝐺 ǂ
0, 𝑉 Δ𝐺 ǂ

0, 𝐻 Δ𝐺 ǂ
0, 𝑇

and Tafel step, respectively.  and  are the equilibrium potentials of the Volmer and Heyrovsky reaction, 𝐸0
𝑉 𝐸0

𝐻
respectively.

Volmer-Heyrovsky: Volmer is the RDS, see Figure S1 and S5
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Extended Arrhenius analysis. The steady-state currents for the Volmer-Heyrovsky 
mechanism (Volmer-step is the RDS) over an (experimentally not accessible) larger 
temperature range for three overpotentials are shown, see 2. Even over this increased 
temperature range, the Arrhenius plot is linear with an -value better than 0.999999.𝑅2

Figure S1: An Arrhenius plot of the current of the Volmer-Heyrovsky mechanism over a temperature range from 
298 K to 1073 K for three overpotentials (see legend) is shown. Here, the Volmer step is assumed to be rate-

determining by setting the activation Gibbs energy much larger than for the Heyrovsky step, . Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉 ≫ Δ𝐺 ǂ

𝑎𝑐𝑡, 𝐻

The -value is 0.999999.𝑅2

Volmer-Heyrovsky mechanism. In Figure S2, we set the Heyrovsky step as the RDS 
by setting the Gibbs activation free-energy significantly higher than for the Volmer step 

. The equilibrium-potential of the Volmer-step is (Δ𝐺 ǂ
0,  𝑉 ≪ Δ𝐺 ǂ

0,  𝐻,  Δ𝐺 ǂ
0,  𝑉 ‒ Δ𝐺 ǂ

0,  𝐻 =‒ 40 
𝑘𝐽

𝑚𝑜𝑙)
set to . In this case, hydrogen coverage is nearly saturated over the studied 0.1 𝑉

potential range. The Tafel slope is  and the Constable plot shows a decrease of 
118

 𝑚𝑉
𝑑𝑒𝑐

the apparent activation energy as a function of (negative) overpotential. In Figure S6, 
we show the Tafel slopes obtained from Figure S2b as a function of overpotential.
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Figure S2: Numerical results of the steady state current of the HER assuming the Volmer-Heyrovsky mechanism. 

The Heyrovsky step is rate-determining by setting  namely  =  and  = Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉 ≪ Δ𝐺 ǂ

𝑎𝑐𝑡, 𝐻 Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉

10
𝑘𝐽

𝑚𝑜𝑙 Δ𝐺 ǂ
𝑎𝑐𝑡, 𝐻

. The equilibrium potential of the Volmer step is set to . Panel a) shows the resulting Constable 
50

𝑘𝐽
𝑚𝑜𝑙 𝐸0

𝑉 = 0.1 𝑉

plot. The standard activation energy of the Heyrovsky step is set to  The arrow indicates the change of the 
50 

𝑘𝐽
𝑚𝑜𝑙

.

apparent Arrhenius parameter as a function of applied potential. Panel b) shows the corresponding Tafel plot. The 
Tafel slope at  is 118 mV/dec. Panel c) shows the steady state coverage of hydrogen in the investigated 298 𝐾
potential range at . Panel d) shows the apparent Arrhenius parameters (activation energy (black), pre-298 𝐾
exponential factor (red)) as a function of applied potential.
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Origin of compensation effect. Figure S3 shows the evolution of Gibbs free energy with 
overpotential for this case, elucidating the contribution of the individual steps to the 
overall rates. At an overpotential of  (Figure S3b, black), the Heyrovsky step ‒ 0.01 𝑉

shows a high activation barrier ( ) and the normalized surface coverage of 
≈ 47

𝑘𝐽
𝑚𝑜𝑙

adsorbed hydrogen  is close to zero, both impeding the reaction rate. ( 𝐻𝑎𝑑 

𝐻𝑎𝑑,𝑚𝑎𝑥
)

Increasing the overpotential to  (Figure S3b, green), the Heyrovsky step ‒ 0.10 𝑉

becomes more important as the driving force for the Volmer step is sufficiently large to 
sustain a surface coverage of hydrogen ( ) that does not impede the Heyrovsky step, 𝐻𝑎𝑑 

which still shows a high activation barrier ( ). At a larger overpotential of 
≈ 40

𝑘𝐽
𝑚𝑜𝑙

 (Figure 4b, blue), the activation barrier of the Heyrovsky step becomes low ‒ 0.20 𝑉

enough such that the reaction mechanism shifts from a pre-equilibrium between 
protons and adsorbed hydrogen to a sequential two-step process.

Figure S3: The individual rates that lead to the depopulation of the adsorbed hydrogen state – Volmer backward 
reaction (second term of Eq. 4) and Heyrovsky forward reaction (third term of Eq. 4) – divided by the Volmer forward 
reaction over the investigated potential window are shown. Note that the y-axis is logarithmic. While the ratio of the 
Volmer forward and backward reaction is relatively constant at low overpotentials (black solid line), the change in 
coverage of hydrogen leads to a change in the contribution of the Heyrovsky forward reaction at higher 
overpotentials (red solid line).



6

Volmer-Tafel mechanism. In Figure S4, we show the results of the Volmer-Tafel 
mechanism when the Volmer-step is set as the RDS. We observe a similar behavior 
as shown in Figure S1, where the steady-state coverage of hydrogen is essentially 
zero and the Constable plot shows a linear decrease of the apparent activation energy 
with applied potential.

Figure S4: Numerical results of the steady-state current of the HER assuming the Volmer-Tafel mechanism are 

shown. The Volmer step is assumed to be rate-determining step by setting , namely  = Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉 ≫ Δ𝐺 ǂ

𝑎𝑐𝑡, 𝑇 Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉

 and  = . The equilibrium potential of the Volmer step is set to . Panel a) shows the 
50

𝑘𝐽
𝑚𝑜𝑙 Δ𝐺 ǂ

𝑎𝑐𝑡, 𝑇
10

𝑘𝐽
𝑚𝑜𝑙 𝐸0

𝑉 = 0 𝑉
resulting Constable plot. The arrow indicates the change of the apparent Arrhenius parameter as a function of 
applied potential. Panel b) shows the corresponding Tafel plot. The Tafel slope at  is 118 mV/dec. Panel c) 298 𝐾
shows the steady-state coverage of hydrogen in the investigated potential range at . Panel d) shows the 298 𝐾
apparent Arrhenius parameters (activation energy (black), pre-exponential factor (red)) as a function of applied 
potential.
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Tafel Slopes as a function of overpotential. As proposed by van der Heijden et al.1-2, 
we show in Figures S5 to S12 the Tafel slopes as a function of overpotential for all the 
discussed cases in the main text.

Figure S5: The Tafel slopes of the Volmer-Heyrovsky mechanism when the Volmer step is set as rate determining (see Figure 
S1) are shown. The Tafel slope increases as a function of temperature as indicated by the arrow.

Figure S6: The Tafel slopes of the Volmer-Heyrovsky mechanism when the Heyrovsky step is set as rate determining and the 
equilibrium potential of the Volmer step is set to  (see Figure 1) are shown. The Tafel slope increases as a function of 0.1 𝑉
temperature as indicated by the arrow.
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Figure S7: The Tafel slopes of the Volmer-Heyrovsky mechanism when the Heyrovsky-step is set as rate determining and the 
equilibrium potential of the Volmer step is set to (see Figure 2) are shown. The Tafel slope increases as a function of ‒ 0.1 𝑉
temperature as indicated by the arrow.

Figure S8: The Tafel slopes of the Volmer-Heyrovsky mechanism when the difference between the activation energy of the 

Volmer and Heyrovsky step is set to:  and the ratio of the pre-exponential factors to: 
Δ𝐺 ǂ

𝑎𝑐𝑡, 𝑉 ‒ Δ𝐺 ǂ
𝑎𝑐𝑡, 𝐻 = 10

 𝑘𝐽
𝑚𝑜𝑙

. The equilibrium potential of the Volmer step is set to  (see Figure 3) are shown. The Tafel slope 

𝑘0
1

𝑘0
2

= 100
𝐸0

𝑉 =‒ 0.1 𝑉
increases at high overpotentials as a function of temperature as indicated by the arrow.
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Figure S9: The Tafel slopes of the Volmer-Tafel mechanism when the Volmer-step is set as rate determining (see Figure S4) are 
shown. The Tafel slope increases as a function of temperature as indicated by the arrow.

Figure S10: The Tafel slopes of the Volmer-Tafel mechanism when the Tafel-step is set as rate determining (see Figure 5) are 
shown. The Tafel slope increases as a function of temperature as indicated by the arrow.
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Figure S11: The Tafel slopes of the Volmer-Heyrovsky mechanism when multiple active sites are contributing (see Figure 6). 

The Heyrovsky step is rate determining by setting   The equilibrium potentials of the Volmer step at the Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉 ≪ Δ𝐺 ǂ

𝑎𝑐𝑡, 𝐻.

two different sites are set to  and  and the Heyrovsky step is set to be the RDS. The Tafel slope 𝐸 0
𝑉, 1 = 0.15 𝑉 𝐸 0

𝑉, 2 =‒ 0.05 𝑉
increases as a function of temperature as indicated by the arrow.

Figure S12: The Tafel slopes of the Volmer-Tafel mechanism when multiple active sites are contributing (see Figure 7). The 

Tafel step is rate determining by setting  The equilibrium potentials of the Volmer step at the two Δ𝐺 ǂ
𝑎𝑐𝑡, 𝑉 ≪ Δ𝐺 ǂ

𝑎𝑐𝑡, 𝑇.

different sites are set to  and . 𝐸 0
𝑉, 1 =‒ 0.15 𝑉 𝐸 0

𝑉, 2 = 0.05 𝑉
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