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1 ESSI-Descriptor Activity Maps: General Approach and Oxygen Evolution Reaction 

The concept of ESSI-descriptor activity maps was introduced by the author in recent 

contributions.1-3 The central idea of this unifying approach is to connect different perspectives in 

the field of oxygen evolution (OER) electrocatalysis (cf. main text, Figure 1). The commonly 

applied material screening approach in the literature relies on the assessment of binding energies, 

in that the concept of linear scaling relationships in conjunction with a conventional volcano 

analysis is used to comprehend trends in a homologous series of materials.4 Despite of the 

success of this simple notion, critical voices argue that the simple volcano method cannot always 

reproduce activity trends correctly.5,6 The author traces this to the finding that the applied 

overpotential and kinetics are not accounted for in the conventional volcano methodology.7  

Rossmeisl and co-workers suggested that the OER over transition-metal oxides proceeds by four 

electron-proton coupled transfer steps, in which the OH, O, and OOH adsorbates are stabilized 

on the active metal site, M (cf. equations (1) – (4)).8 Rutile transition-metal oxides with (110) 

surface orientation reveal two kinds of undercoordinated surface atoms, namely one-fold 

undercoordinated metal sites (Mcus) and one-fold undercoordinated oxygen atoms (Obr).9 It has 

been demonstrated in the literature that the Mcus sites are the underlay for the oxygen and 

chlorine evolution reactions.8,10-16 Adsorbates on the Mcus sites are marked by the subscript “ot”. 

Figure S1 depicts the fully-oxygen covered surface structure of a transition-metal oxide, 

MO2(110), and equations (1) – (4) indicate the proposed reaction mechanism for the OER. 

H2O(l) + Mcus   → Mcus-OHot + H+ + e−          DG1    (1) 

Mcus-OHot   → Mcus-Oot + H+ + e−    DG2    (2) 

Mcus-Oot + H2O(l)  → Mcus-OOHot + H+ + e−   DG3    (3) 

Mcus-OOHot  → Mcus + O2(g) + H+ + e−   DG4    (4) 
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Figure S1. Fully-oxygen covered transition-metal oxide MO2(110) surface. The mechanistic processes of the 
oxygen (OER) and chlorine (CER) evolution reactions proceed on the one-fold undercoordinated metal atoms, Mcus, 
or on adsorbates that cap the Mcus sites. Under the anodic conditions of the OER and CER, the Mcus sites are 
typically capped by surface oxygen (Oot), as indicated in the figure. The M2f sites are connected to two oxygen 
atoms in a bridging position (Obr), and thus are not involved in elementary steps of the OER and CER.  
 
 

The conventional volcano method relies on the assessment of the free-energy changes DGj (j = 1, 

2, 3, 4) of equations (1) – (4). Most notably, a scaling relation has been reported that intrinsically 

couples the free-energy changes DG2 and DG3, thus thermodynamically restraining the OER:4  

DG3 = – DG2 + B         (5) 

For the offset, B, in equation (5), values ranging from 2.8 eV up to 3.4 eV can be found in the 

literature.2,4,17,18 As such, the offset also depends on the investigated class of materials.1  

The thermodynamic approach of the scaling relations has been extended by incorporating the 

applied overpotential and kinetics into the analysis, putting forth the concepts of overpotential-

dependent volcano plots19,20 and kinetic scaling relations.21,22 The concept of kinetic scaling 

relations connects the assessment of the linear scaling relationships to a single experimental 

input parameter; that is, the threshold electrode potential, at which the experimental Tafel slope, 

b, exceeds 59 mV/dec. in a class of materials. Applying the microkinetic model of Over and 

Exner,23 the combination of the scaling relations with the Tafel slope enables resolving the active 

surface termination of the electrode material and the rate-determining reaction step under typical 

reaction conditions. For the OER over transition-metal oxides, it was demonstrated that either 

the formation or the decomposition of the OOH adsorbate (cf. equations (3) – (4)) is rate 

determining under OER conditions (ηOER > 0.40 V).21 This finding also holds true for general 

metal oxides.3 Therefore, the kinetics of the OER for these classes of materials can be simplified, 

since the OOH adsorbate corresponds to the key intermediate in the mechanistic processes. Then, 
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the concept of overpotential-dependent volcano plots enables specifying the location of the 

volcano’s apex for the OOH intermediate as central adsorbate by factoring the applied 

overpotential into the assessment of the scaling relation (cf. equation (5)).1,20 The outcome of the 

overpotential-dependent volcano plot is linked to the concept of the electrochemical-step 

symmetry index (ESSI), as introduced by Calle-Vallejo and co-workers,24,25 and given by the 

following formula: 

ESSI = !
"
∑ &∆$!

"

%
− 1.23	V."

&'!          (6) 

In equation (6), e denotes the elementary charge. Referring to the ESSI, it needs to be 

emphasized that the sum in equation (6) addresses only free-energy changes DGk+ that exceed 

the (standard) equilibrium potential of the OER, U0OER = 1.23 V, on a potential scale, that is,  

DGk+ / e > 1.23 V, whereas free-energy changes DGk– / e ≤ 1.23 V are not taken into account. 

The general strategy to construct ESSI-descriptor activity maps is compiled in Figure S2. As 

descriptor for the OER, commonly the free-energy change DG2 (cf. equation (2)) is used since 

this descriptor has shown to reproduce activity trends in the OER correctly.1,20,26 Compared to 

the conventional volcano methodology, the ESSI-descriptor activity map relies on the same 

computational costs, but includes an additional experimental input parameter into the analysis, 

which is needed to resolve the rate-determining step and the key intermediate by the concept of 

kinetic scaling relations. In this context, it has been shown that, instead of conducting a Tafel 

analysis for selected electrode materials, it is also feasible to use as experimental input parameter 

the threshold overpotential at which the current density for the most promising electrocatalysts 

exceeds 10 mA/cm2. This enables high-throughput screening at low experimental and 

computational costs, and simplifies the analysis.1,3 

The ESSI-DG2 activity map for the OER over transition-metal oxides at an applied overpotential 

of ηOER = U – U0OER = 0.40 V is depicted in Figure S3. Following the discussion in reference 1, 

three different areas can be distinguished. The free-energy regime of 1.03 eV < DG2 < 1.43 eV in 

conjunction with ESSI < 0.45 V (green color) is suggested as optimum situation, thereby 

considering the thermodynamic limitation due to the scaling relations (cf. equation (5)). The 

yellow highlighted area, DG2 < 1.03 eV or DG2 > 1.43 eV in conjunction with ESSI < 0.45 V, 

corresponds to potentially active OER catalysts, but, due to binding oxygen either too strongly or 

too weakly, this free-energy range does not refer to the apex of the overpotential-dependent 

volcano plot at typical OER conditions of ηOER > 0.40 V. Independent of DG2, it has been shown 

that for ESSI > 0.45 V (red color) the strong deviation from catalytic symmetry might result in 

poor OER activity so that these electrode materials can be discarded.1,2 
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Figure S2. Methodology to construct ESSI-descriptor maps based on the combination of density functional theory 
(DFT) calculations and a single experimental input parameter. The unifying concept takes, besides simple binding 
energies, the kinetics, applied overpotential, and catalytic symmetry into consideration.1-3 
 

 
Figure S3. ESSI-DG2 activity map for the OER over transition-metal oxides at ηOER = 0.40 V. The different colors 
in the figure differentiate between highly active electrode materials (green), potentially active electrocatalysts 
(yellow), and inactive electrode compositions (red). 
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The chlorine evolution reaction (CER) is an anodic process that competes with the OER in case 

that the aqueous, acidic electrolyte solution contains chloride anions.13,27,28 The CER is a two-

electron process with a fast kinetics: 2 Cl–(aq) à Cl2(g) + 2 e–, U0CER = 1.36 V vs. SHE (standard 

hydrogen electrode).29 In contrast, the OER is thermodynamically preferred over the OER, but its 

kinetics is much slower due to the transfer of four electrons: 2 H2O(aq) à O2(g) + 4 H+(aq) + 4 e–, 

U0OER = 1.23 V vs. RHE (reversible hydrogen electrode).30 In order to address the selectivity 

problem of the competing CER and OER, an overpotential of ηCER = U – U0CER = 0.05 V is used 

in the analysis; this overpotential corresponds to ηOER = 0.18 V when referring to a pH value of 

zero (pH = 0). As such, the ESSI-DG2 activity map for the OER over transition-metal oxides in 

Figure S3 needs to be translated from ηOER = 0.40 V to ηOER = 0.18 V. The overpotential-

dependent scaling relation for the OOH adsorbate, DG3 = f(ηOER), is given by equation (7), 

thereby using an offset of B = 2.93 eV in the analysis:1,2 

DG3(ηOER) = – DG2 + 1.70 eV – e⋅ηOER      (7) 

Applying the criterion DG3(ηOER = 0.18 V) = 0,7,31 equation (7) purports as ideal free-binding 

energy DG2 = 1.52 eV. Considering error bars of ±0.2 eV,1,2 the corresponding free-energy 

regime for optimum performance in the OER at ηOER = 0.18 V is given by 1.32 eV < DG2 < 1.72 

eV, which is used for the analysis in the main text (cf. Figure 2a). It shall be noted, though, that 

the translation of the ESSI-DG2 activity map for the OER from ηOER = 0.40 V to ηOER = 0.18 V 

relies on the assumption that the OOH adsorbate refers to the key intermediate in the reaction 

mechanism (cf. equation (1) – (4)). It has been shown that this precondition is fulfilled for  

ηOER > 0.35 V in the class of transition-metal oxides, but could be violated for ηOER < 0.35 V.21 

Therefore, the free-energy range of 1.32 eV < DG2 < 1.72 eV needs to be treated with some 

caution as the optimum binding-energy regime could change as soon as another adsorbate (OH 

or O) comes into play. The present article aims to derive a qualitative rather than a quantitative 

picture of the CER vs. OER selectivity problem. Even if the OH or O adsorbates correspond to 

the key intermediate, the free-energy regime for ideal performance in the OER is not 

significantly affected, as demonstrated in a recent contribution.3 Therefore, we stay with the 

above assumption, indicating that the translation of the ESSI-DG2 activity map for the OER from  

ηOER = 0.40 V to ηOER = 0.18 V is feasible by presuming that also in this overpotential regime the 

OOH adsorbate refers to the key intermediate in the entire class of transition-metal oxides.  
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2 ESSI-Descriptor Activity Maps for the Chlorine Evolution Reaction 

In the following, the concept of ESSI-DG2 activity maps is used to analyze the CER, and hence 

the CER vs. OER selectivity problem over transition-metal oxides for different mechanistic 

pathways. In the literature, the binding energy of oxygen, DEO, has been commonly applied as 

descriptor to address selectivity trends in the competing CER and OER.10,13,32-34 Recently, it has 

been shown that DG2 might be a better descriptor than DEO for this selectivity issue.20 This is the 

reason why DG2 instead of DEO is used in the analysis.  

The data set for the evaluation of selectivity trends in the class of transition-metal oxides is taken 

from the work of Viswanathan and co-workers.16 The authors investigated seven transition-metal 

oxides (RuO2, IrO2, TiO2, PtO2, RhO2, SnO2, and VO2) with (110) surface orientation. Further 

information can be found in the main text, Section 2.2 or in reference 16.  

 

2.1 OCl Pathway  

Due to the harsh anodic reaction conditions, most transition-metal oxide surfaces are fully 

oxidized under CER/OER conditions; that is, the undercoordinated Mcus sites are capped by 

surface oxygen, Oot (cf. Figure S1).4,10,12-16 Thus, chlorine is able to adsorb on the active  

Mcus–Oot sites, thereby forming an OCl adsorbate as precursor species (cf. equations (8) – (9)): 

Mcus–Oot + Cl– à Mcus–OClot + e–         (8) 

Mcus–OClot + Cl– à Mcus–Oot + Cl2 + e–        (9) 

In Figure S4, the free-formation energy of the OCl adsorbate with respect to the O-covered 

surface, DGOCl = DG(OCl) – DG(O), is plotted as a function of the descriptor DG2 for the seven 

transition-metal oxide MO2(110) surfaces, thereby considering the influence of neighboring 

adsorbates on the energetics. The corresponding linear scaling relation is given by equation (10):  

DGOCl = – 0.93⋅DG2 + 2.37 eV        (10) 

The analysis of the optimum free-binding energy for the OCl adsorbate as key intermediate is 

performed in a similar fashion to the scenario of the OOH adsorbate for the OER (cf. SI,  

Section 1). The overpotential-dependent scaling relation amounts to: 

DGOCl(ηCER) = – 0.93⋅DG2 + 1.01 eV– e⋅ηCER      (11) 

Applying the criterion DGOCl(ηCER = 0.05 V) = 0,7,31 equation (11) purports as ideal free-binding 

energy DG2 = 1.03 eV. Considering error bars of ±0.2 eV, the corresponding free-energy regime 

for optimum performance in the CER via the OCl adsorbate at ηCER = 0.05 V is given by  

0.83 eV < DG2 < 1.23 eV, which is used for the analysis in the main text (cf. Figure 2b).  

The ESSI for all catalysts is calculated by equation (6), but using 1.36 V instead of 1.23 V as 

reference potential. It needs to be emphasized, though, that in case of a two-electron process the 
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ESSI is identical to the thermodynamic overpotential, ηTD, which is commonly used as activity 

descriptor in the literature.35 All data for the CER over transition-metal oxides via the OCl 

adsorbate is compiled in Table S1.  

 

 
Figure S4. Linear scaling relationship between the free-binding energy of the OCl adsorbate with respect to the O-
covered surface and the free-energy change DG2, serving as descriptor. The best-fit function is indicated by a solid 
black line (cf. equation (10)).  
 
 
Table S1. Free-energy change DG2, free-binding energy of OCl, DGOCl, and ESSI for MO2(110) surfaces. The data 
has been adopted from DFT calculations of Viswanathan and co-workers.16 

 DG2 / eV DGOCl / eV ESSI / V 

RuO2(110) 1.30 1.11 0.25 

IrO2(110) 1.66 0.85 0.51 

TiO2(110) 2.92 –0.23 1.59 

PtO2(110) 2.28 0.19 1.17 

RhO2(110) 2.07 0.31 1.05 

VO2(110) 0.74 1.79 0.43 

SnO2(110) 3.38 –0.75 2.11 
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2.2 ClO2 Pathway  

Rossmeisl and co-workers suggested that chlorine can also bind in-between two neighboring 

oxygen surface atoms that form a peroxide species (O2)ot,ot between two adjacent Mcus atoms.10 

As a consequence, an ClO2 adsorbate is formed as precursor species (cf. equations (12) – (13)):  

2Mcus–(O2)ot,ot + Cl– à 2Mcus–(O2)ot,otCl + e–       (12) 

2Mcus–(O2)ot,otCl + Cl– à 2Mcus–(O2)ot,ot + Cl2 + e–       (13) 

In Figure S5, the free-formation energy of the ClO2 intermediate with respect to the fully O-

covered surface, DGCl(O2) = DG(ClO2) – DG(2O), is plotted as a function of the descriptor DG2 

for the MO2(110) surfaces. The corresponding linear scaling relation is given by equation (14):  

DGCl(O2) = – 2.82⋅DG2 + 5.62 eV        (14) 

The overpotential-dependent scaling relation amounts to: 

DGCl(O2)(ηCER) = – 2.82⋅DG2 + 4.26 eV – e⋅ηCER      (15) 

Applying the criterion DGCl(O2)(ηCER = 0.05 V) = 0,7,31 equation (15) purports as ideal free-

binding energy DG2 = 1.49 eV. Considering error bars of ±0.2 eV, the corresponding free-energy 

regime for optimum performance in the CER via the ClO2 intermediate at ηCER = 0.05 V is given 

by 1.29 eV < DG2 < 1.69 eV, which is used for the analysis in the main text (cf. Figure 3a). All 

data addressing the ClO2 adsorbate is compiled in Table S2. 

 

 
Figure S5. Linear scaling relationship between the free-binding energy of the ClO2 adsorbate with respect to the 
fully O-covered surface and the free-energy change DG2, serving as descriptor. The best-fit function is indicated by 
a solid black line (cf. equation (14)).  
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Table S2. Free-energy change DG2, free-binding energy of ClO2, DGCl(O2), and ESSI for MO2(110) surfaces. The 
data has been adopted from DFT calculations of Viswanathan and co-workers.16 

 DG2 / eV DGCl(O2) / eV ESSI / V 

RuO2(110) 1.30 1.84 0.48 

IrO2(110) 1.66 1.07 0.29 

TiO2(110) 2.92 –3.20 4.56 

PtO2(110) 2.28 –0.94 2.30 

RhO2(110) 2.07 –0.27 1.63 

VO2(110) 0.74 3.69 2.33 

SnO2(110) 3.38 –3.38 4.74 

 

 
2.3 Cl Pathway  

In case that the undercoordinated Mcus sites are not capped by surface oxygen, chlorine may 

directly adsorb on the underlying metal atom, resulting in the formation of a Cl adsorbate as 

precursor species (cf. equations (16) – (17)): 

Mcus + Cl– à Mcus–Clot + e–          (16) 

Mcus–Clot + Cl– à Mcus + Cl2 + e–         (17) 

In Figure S6, the free-formation energy of the Cl intermediate with respect to the unoccupied 

cus site, DGCl = DG(Cl) – DG(*), is plotted as a function of the descriptor DG2 for the MO2(110) 

surfaces. The corresponding linear scaling relation is given by equation (18):  

DGCl = 0.53⋅DG2 – 0.53 eV         (18) 

The overpotential-dependent scaling relation amounts to: 

DGCl(ηCER) = 0.53⋅DG2 – 1.89 eV – e⋅ηCER       (19) 

Applying the criterion DGCl(ηCER = 0.05 V) = 0,7,31 equation (19) purports as ideal free-binding 

energy DG2 = 3.66 eV. Considering error bars of ±0.2 eV, the corresponding free-energy regime 

for optimum performance in the CER via the Cl intermediate at ηCER = 0.05 V is given by  

3.46 eV < DG2 < 3.86 eV, which is used for the analysis in the main text (cf. Figure 3b). All data 

addressing the Cl adsorbate is compiled in Table S3. 

It shall be noted that there is some scattering of the data points around the fit function in 

Figure S6. However, even if the offset of the fit function in equation (18) is varied by 0.50 eV, it 

does not have a qualitative impact on the main result, namely that the optimum free-binding 

energy regime for the Cl intermediate is located at weak oxygen bonding (large values of DG2). 

Assuming that the intercept of the scaling relation in equation (18) amounts to –1.03 eV or –0.03 
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eV (instead of –0.53 eV) the ideal free energy of DG2 is given by 4.60 eV or 2.72 eV, 

respectively. Both values are still far above the optimum OER range (1.32 eV < ΔG2 < 1.72 eV; 

cf. main text, Figure 2a), corroborating the finding that the pathway via the Cl intermediate offers 

a promising path to enhanced CER selectivity. This aspect is discussed in further detail within 

Section 3 of the SI. 

 
Figure S6. Linear scaling relationship between the free-binding energy of the Cl adsorbate with respect to the 
unoccupied cus site and the free-energy change DG2, serving as descriptor. The best-fit function is indicated by a 
solid black line (cf. equation (18)).  
 
 
Table S3. Free-energy change DG2, free-binding energy of Cl, DGCl, and ESSI for MO2(110) surfaces. The data has 
been adopted from DFT calculations of Viswanathan and co-workers.16 

 DG2 / eV DGCl / eV ESSI / V 

RuO2(110) 1.30 0.13 1.23 

IrO2(110) 1.66 –0.45 1.81 

TiO2(110) 2.92 1.92 0.56 

PtO2(110) 2.28 0.60 0.76 

RhO2(110) 2.07 0.40 0.96 

VO2(110) 0.74 0.35 1.01 

SnO2(110) 3.38 0.91 0.45 
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2.4 Discussion of the CER Pathways  

The analysis of the ESSI-DG2 activity maps (cf. main text, Figure 2 and Figure 3) reveals that 

VO2, RuO2, and IrO2 favor the OCl adsorbate in the CER, whereas all other transition-metal 

oxides show a tendency to form the Cl intermediate (cf. main text, Section 3.2). Viswanathan 

and co-workers studied the uncertainty of the mechanistic CER pathways for transition-metal 

oxides, using DEO as descriptor.16 When comparing the results of the authors (Figure 4 in 

reference 16) to the approach of ESSI-DG2 activity maps, it turns out that the outcome coincide 

qualitatively, independent of using DEO or DG2 as descriptor in the analysis. The only minor 

difference in the study of Viswanathan and co-workers refers to the fact that for RhO2 the 

pathway via the ClO2 adsorbate could appear feasible, whereas the present study indicates that 

RhO2 favors the Cl intermediate.  

It shall be noted that a similar finding was reported by the author recently, demonstrating that 

DEO and DG2 provide qualitatively the same results when discussing activity trends in the CER.20 

This emphasizes that the usage of DG2 as activity descriptor for the CER vs. OER selectivity 

problem mainly refers to describe activity trends in the OER correctly, since the usage of DEO 

can lead to erroneous results.20,26  

 

3 Quantifying Chlorine Selectivity 

The selectivity of the competing CER and OER is quantified by applying the model reported in 

reference 34. The CER and OER are described by a Butler-Volmer type kinetics.15,36,37 

Assuming that the density of active sites for different MO2(110) surfaces is identical (i.e., 

focusing on the intrinsic activity), the ratio of the CER and OER current densities, jCER/jOER, at 

ηCER = 0.05 V and pH = 0 is given by equation (20): 
!!"#(𝜂CER=	0.05	V)
!$"#(𝜂OER=	0.18	V)

= Exp%$$$%
# %$!"##

&'∙(
&         (20) 

In equation (20), kB denotes Boltzmann’s constant, and T the absolute temperature in Kelvin  

(T = 298.15 K). Following the discussion in Section 1 of the SI, for the construction of the ESSI-

DG2 activity map it is assumed that the OOH adsorbate corresponds to the key intermediate. 

Thus, the transition-state free energy of the OOH intermediate, G#OOH, may govern the OER 

kinetics, while for the CER the transition-state free energy, G#CER, may refer either to the OCl 

adsorbate or the Cl intermediate, whereas the ClO2 precursor was already excluded (cf. 

discussion in the main text, Section 3.2).  

The free-energy distance of the transition-state free energies, G#OOH – G#CER, is approximated by 

assuming a linear decrease of the free-energy spacing of the OOH adsorbate and the CER 

precursor along the reaction coordinate. Assuming that the activated complexes of the CER and 
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OER are located in the middle of the electrochemical double layer (αCER = αOER = ½), the 

following relation holds true (cf. equation (21)):34 

𝐺))*# − 𝐺,-.# =	 /
0
∙ (Δ𝐺))* − 	Δ𝐺,-.)         (21) 

The free-energy difference DGOOH – DGCER is determined from the ESSI-DG2 activity maps of 

the OER and CER, respectively. While for the OCl adsorbate the optimum free-binding energy 

amounts to DG2 = 1.03 eV, the OOH adsorbate is located at DG2 = 1.52 eV. Considering error 

bars of ±0.2 eV, we obtain DGOOH – DGOCl = 1.52 eV – 1.03 eV – 0.2 eV = 0.29 eV, and thus 

G#OOH – G#OCl = 0.145 eV.  

The CER selectivity is determined by applying equation (22):34 

 CER	Selectivity = 	
-123

($$%
# )(!"#

#

*'∙,
4

-123
($$%
# )(!"#

#

*'∙,
45/

         (22) 

For the OCl adsorbate at ηCER = 0.05 V and pH = 0, it follows: CER selectivity = 99.6%.  

In the following, the pH dependency is discussed. The free energy of the OOH adsorbate is 

reduced by about 0.06 eV relative to the OCl intermediate as soon as the proton activity is 

decreased by a factor of 10 (due to the fact that the OER equilibrium potential is pH dependent, 

whereas the CER equilibrium potential is not a function of the pH). As such, the difference 

G#OOH – G#OCl is reduced by 0.03 eV per pH unit for pH > 0. Table S4 summarizes the CER 

selectivity of the OCl adsorbate at ηCER = 0.05 V in dependence of the pH. It becomes evident 

that the CER selectivity significantly deteriorates with increasing pH (cf. Figure 4b of the main 

text).  

 
Table S4. CER selectivity for the pathway via the OCl intermediate as a function of the pH value. 
 pH = 0 pH = 1 pH = 2 pH = 3 pH = 4 pH = 5 pH = 6 pH = 7 

CER 

selectivity/% 

99.6 98.9 96.5 89.5 72.6 45.2 20.4 7.4 

 

In reference 34, the CER selectivity of RuO2(110) was investigated. For RuO2(110), the free-

energy difference DGOOH – DGOCl amounts to 0.20 eV, and thus G#OOH – G#OCl = 0.10 eV.34 The 

CER selectivity of the RuO2(110) model electrode as a function of the pH is compiled in  

Table S5, indicating that there is some room to optimize the selectivity toward the CER 

compared to the optimum scenario of the OCl adsorbate, discussed above (cf. Figure 4b of the 

main text). Several studies in the literature addressed this task and reported different strategies to 

enhance the CER selectivity of RuO2-based electrodes.13,34,38,39 However, the selectivity could be 
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even more improved to the side of the CER as soon as the mechanistic processes involve the Cl 

adsorbate rather than the OCl adsorbate. 

 
Table S5. CER selectivity for RuO2(110) as a function of the pH value. Data adopted from reference 34. 
 pH = 0 pH = 1 pH = 2 pH = 3 pH = 4 pH = 5 pH = 6 pH = 7 

CER 

selectivity/% 

98.0 93.8 82.6 59.6 31.5 12.5 4.3 1.4 

 

In order to address the CER selectivity for the pathway via the Cl intermediate, the above model 

needs to be refined. This is due to the fact that for the OCl and OOH adsorbates as key 

intermediates the O-covered surface is their common reference phase, whereas the Cl adsorbate 

requires the unoccupied cus site as active surface site. The following strategy is applied: the 

average free-energy change DG1 (cf. equation (1)) for the seven transition-metal oxides in the 

work of Viswanathan and co-workers16 is calculated, and amounts to 0.23 eV. The scaling 

relations purport DG2 + DG3 = 2.93 eV (cf. equation (5))) in the class of transition-metal oxides.1 

Therefore, the average free-energy change DG4 (cf. equation (4)) amounts to 1.43 eV. The 

elementary process in equation (4) forms an unoccupied cus site, on which the CER via the Cl 

intermediate may occur.  

The optimum free-binding energy amounts to DG2 = 3.66 eV for the Cl intermediate, and  

DG2 = 1.52 eV for the OOH adsorbate. Besides, the free-energy change DG4 is factored in the 

analysis as this step is indispensably required to move from the OOH intermediate to the 

unoccupied cus site. Considering error bars of ±0.2 eV, it follows DGOOH – DGCl = 3.66 eV – 

1.52 eV – 1.43 eV – 0.2 eV = 0.51 eV, and thus G#OOH – G#Cl = 0.255 eV. The pH dependency is 

incorporated into the model in the same fashion as discussed for the OCl adsorbate. Table S6 

summarizes the pH-dependent CER selectivity of the Cl adsorbate at ηCER = 0.05 V (cf.  

Figure 4b of the main text). 

 
Table S6. CER selectivity for the pathway via the Cl intermediate as a function of the pH value. 
 pH = 0 pH = 1 pH = 2 pH = 3 pH = 4 pH = 5 pH = 6 pH = 7 

CER 

selectivity/% 

100.0 100.0 99.9 99.8 99.5 98.3 94.9 85.2 

 

Finally, I would like to emphasize that the present model is a simplification of the actual CER 

selectivity, and thus should not be interpreted as a quantitative measure. It should also be noted 

that other detrimental side reactions, such as the formation of hypochlorous acid or hypochlorite, 



 S14 

are not accounted for in this model; these competing process may further limit CER selectivity at 

pH values close to a neutral solution.40 Therefore, I would like to point out the qualitative 

conclusion of this study, the CER via the Cl intermediate may allow achieving higher CER 

selectivity compared to the pathway via the OCl adsorbate, rather than its quantitative reliability.  
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