
07 August 2024

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Water electrolysis / Shih, Arthur J.; Monteiro, Mariana C. O.; Dattila, Federico; Pavesi, Davide; Philips, Matthew; da
Silva, Alisson H. M.; Vos, Rafaël E.; Ojha, Kasinath; Park, Sunghak; van der Heijden, Onno; Marcandalli, Giulia; Goyal,
Akansha; Villalba, Matias; Chen, Xiaoting; Kasun Kalhara Gunasooriya, G. T.; Mccrum, Ian; Mom, Rik; López, Núria;
Koper, Marc T. M.. - In: NATURE REVIEWS METHODS PRIMERS. - ISSN 2662-8449. - 2:1(2022). [10.1038/s43586-
022-00164-0]

Original

Water electrolysis

GENERICO -- per es. Nature : semplice rinvio dal preprint/submitted, o postprint/AAM   [ex default]

Publisher:

Published
DOI:10.1038/s43586-022-00164-0

Terms of use:

Publisher copyright

The original publication is available at https://www.nature.com/articles/s43586-022-00164-0 /
http://dx.doi.org/10.1038/s43586-022-00164-0.

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2981919 since: 2023-09-11T09:25:45Z

Springer Nature



 

1 
 

Supplementary Information 

Water Electrolysis 

Arthur J. Shih1,6,# ,*, Mariana C. O. Monteiro1,7,#, Federico Dattila2,8, Davide Pavesi1, Matthew 
Philips1, Alisson H. M. da Silva1, Rafaël E. Vos1, Kasinath Ojha1,9, Sunghak Park1, Onno van der 
Heijden1, Giulia Marcandalli1, Akansha Goyal1, Matias Villalba1, Xiaoting Chen1, G. T. Kasun Kalhara 
Gunasooriya4,5,*, Ian McCrum3,*, Rik Mom1,*, Núria López2,*, Marc T.M. Koper1,* 
 
1 Leiden Institute of Chemistry, Leiden University, 2300 RA Leiden, The Netherlands 
2 Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and 
Technology (BIST), 43007 Tarragona, Spain 
3 Department of Chemical and Biomolecular Engineering, Clarkson University, Potsdam, New York 
13699, USA 
4 Department of Physics, Technical University of Denmark, 2800, Kongens Lyngby, Denmark 
5 School of Chemical, Biological, and Materials Engineering, University of Oklahoma, Norman, OK 
73019, USA 
6 Current address: Department of Materials Science and Engineering, Northwestern University, 
Evanston, Illinois 60208, USA 
7 Current address: Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6, 14195 Berlin, 
Germany 
8 Current address: Department of Applied Science and Technology (DISAT), Politecnico di Torino, 
Corso Duca degli Abruzzi 24, 10129, Turin, Italy 
9 Current address: Department of Chemistry and Biochemistry, University of Oregon, Eugene, 
Oregon 97403, USA 
 

#These authors contributed equally 
*Email: m.koper@chem.leidenuniv.nl, r.v.mom@lic.leidenuniv.nl, nlopez@iciq.es, 
imccrum@clarkson.edu, kasgun@dtu.dk, arthur.shih@northwestern.edu 

Table of Contents 

1. Experimentation ................................................................................................................. 1 

1.1 Cleaning ..................................................................................................................................... 1 

1.2 Working electrode ..................................................................................................................... 1 

1.3 Electrolyte ................................................................................................................................. 2 

1.4 The dilution equation: revealing limitations of a pH meter ...................................................... 2 

1.5 Bubble fouling ........................................................................................................................... 3 

1.6 Impurities in chemicals used to clean cells, make electrolyte and purge Electrolyte .............. 4 

1.7 Overpotential window where kinetics are dominated by HER ................................................. 6 

2. Characterization methods .................................................................................................. 7 

3. Theory considerations ...................................................................................................... 10 

4. References ........................................................................................................................ 12 

mailto:m.koper@chem.leidenuniv.nl
mailto:r.v.mom@lic.leidenuniv.nl
mailto:nlopez@iciq.es
mailto:imccrum@clarkson.edu
https://orbit.dtu.dk/en/persons/gt-kasun-kalhara-gunasooriya
mailto:arthur.shih@northwestern.edu


 

1 
 

1. Experimentation 

1.1 Cleaning 

Electrochemical cells and all parts that contact the electrolyte (e.g. stirbars1, rotation disk sheaths, 
etc.) should be thoroughly cleaned prior to use, to remove different contaminants affecting the 
electrochemical signal. The following rigorous cleaning procedure has provided reliable data and 
reproducible results. First, the electrochemical cell is soaked in a 0.5 M H2SO4 solution with 1 g L-1 
KMnO4 to oxidize organic contaminants to MnOx deposits 2,3 for at least 24 hours at room 
temperature. These MnOx deposits are then dissolved in piranha solution (~1 M H2SO4 and ~6% 
H2O2) for > 30 minutes at room temperature. The cell is then rinsed three times in ultrapure water 
and boiled at least five times, refreshing the water between boiling steps4. 

1.2 Working electrode 

Since there are different opinions in the community about the best method for polishing electrodes, 
we will give advice based on our own experiences, a critical look at the current literature, and 
information provided by suppliers. A standard procedure involves sequential mechanical polishing 
with particle suspensions of decreasing sizes, and between different particle sizes rinsing and 
ultrasonicating the electrode in ultrapure water or organic solvents such as acetone and ethanol. 
Despite efforts in cleaning the electrode between steps or after polishing, particle residues often 
remain on the electrode surface 5,6. In the case of diamond and silica particles, these are mostly 
chemically inert and do not influence the electrocatalytic reactions being studied. On the other 
hand, the presence of alumina particles on the electrode surface may strongly alter the 
electrochemical signal 7. Al3+ lowers the barrier for water dissociation, promoting the water 
reduction reaction, and can undergo hydrolysis at pH ≥ 5 discharging protons at the interface 8. For 
water oxidation, cations have also been shown to affect the reaction rate, even though specifically 
the effect of Al3+ has not yet been studied 9. Considering that suppliers normally recommend 
alumina pastes and suspensions for polishing (precious) metals, graphite, glassy carbon and other 
commonly used substrates in electrocatalysis, diamond and silica are safer polishing media even 
though these might lead to a worse finish for soft metals. Diamond suspensions can be found 
nowadays with particle sizes down to 0.05 µm, which often provides an acceptable surface finish. 
Specifically in the case of commercial single crystalline samples, which are received polished, 
contaminating (polishing or carbon) particles at the surface can pin step edges and hinder the 
formation or large terraces upon annealing. In general, the most effective ways of removing these 
contaminating particles are sputtering in ultra-high vacuum, or chemically etching the surface. The 
chemical etching can be done, for example, using aqua regia, piranha solution, or by applying an 
oxidative/reductive potential in acid or base, depending on the electrode material. We note that, 
for soft substrates such as gold, prolonged chemical etching can generate pits on the surface 10. 

During electrodeposition, the porosity is often strongly affected by the deposition protocol. Taking 
care of the electrochemical accessibility and mass transport in working electrodes is also a key factor 
for obtaining reproducible results. Several methods (use of single crystals, PVD, pulsed laser 
deposition, molecular beam epitaxy, ALD, grafting of molecules on single crystals etc.) have the 
advantage that they do offer good control over the morphology, yet are not scalable to industrial 
proportions. 
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These creative endeavors often add additional complexity and in the spirit of reproducibility, we 
encourage the reporting of details, no matter how small and possibly even photos/videos, to be 
included in the supplementary information 11,12.  For instance, active metallic impurities on 
seemingly metal-free carbon electrodes were also found to contribute to catalytic performance 13–

15, illustrating that even impurities below the detection level of characterization instruments can 
hinder reproducibility.  

1.3 Electrolyte 

Supplying ultra-high purity solvents is imperative for reproducible studies. In aqueous electrolytes, 
the purity of water can be monitored by the conductance which should be ~18.2 MΩ-cm. When 
experiments are performed with deuterated water (D2O)16, we recommend purifying D2O as it often 
contains metal ions and anion impurities from corrosion and radiation processes during D2O 
production17. One way to purify D2O is digestion with an oxidizing agent (e.g. alkaline 
permanganate), followed by distillation17. This process must be performed in a well-controlled 
system to minimize contamination from the atmosphere. 

The presence of buffering species (e.g. phosphate, bicarbonate) in the electrolyte of choice should 
be carefully considered. Since buffers minimize pH variations, they affect the concentration 
gradients in H+ and/or OH- generated during electrochemical reactions. Buffer species can be rightly 
regarded as proton donor shuttles in acidic media and oxygen donor shuttles in alkaline media, thus 
affecting the electroactivity of cathodic and anodic processes, respectively 18–20. The suppression of 
concentration overpotentials obtained by supporting buffer ions can be compared, even if to a 
different extent, to the one obtained by increasing mass transport to the surface. Reasonably, in 
acidic media, sustaining the concentration gradient in H+ the buffer leads to an increase in HER 
activity. On the other hand, buffering species have been reported to also increase HER in neutral 
and alkaline conditions where water is the reactant. Under these experimental conditions (e.g., 
HCO3

-/CO3
2- buffer at pH ca. 10), protolysis of the buffer proton-containing species fails to 

explain the improved HER activity 21,22. Alternatively, it has been proposed that the buffer proton-
containing ion itself, such as HCO3

- and H2PO4
-, may directly discharge into the surface to release a 

proton and should hence be considered as the reactant species for HER 21,23.  

1.4 The dilution equation: revealing limitations of a pH meter 

H2SO4 molarities were measured using two different methods: dilution equation (Supplementary 

Equations 1 and 2) and pH meter (Supplementary Equation 3). We observed parity between all 

molarities measured except at 0.5 M H2SO4 (pH 0.3) likely because this pH is outside of the pH 

meter’s accuracy range. If the pH from the pH meter had been taken at face value without validation, 

we would have under-reported the actual concentration. Thus, we highly recommend pH meters 

(and other measurement devices such as weigh balances, potentiostats, etc.) to be validated by at 

least one or more external checks.  

Dilution Equation:  

𝐶1𝑉1 = 𝐶2(𝑉1 + 𝑉2)   (Supplementary Equation 1) 

𝐶2 =
𝐶1𝑉1

𝑉1+𝑉2
     (Supplementary Equation 2) 
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Where C1 and V1 are the concentration and volume of the undiluted H2SO4 solution needing to be 

diluted, V2 is the volume of water added. C2 is the final diluted concentration.  

pH Calibration Equation:  

𝑝𝐻 = 𝑚𝑈 + 𝑏  (Supplementary Equation 3) 

Where m and b are the slope and y-intercept of the pH probe calibration, U is the potential 

difference (typically in mV) measured by the pH probe.  

 

Supplementary Figure 1. Left: Parity plot for the molarity measured from the pH meter and 

dilution formula for H2SO4 between molarities of 0.005 and 0.5 M. The deviation observed at 0.5 

M H2SO4 is because 0.5 M (pH 0.3) is outside the calibration range of the pH meter (pH 2 to 7).  

Right: Zoom-in of the parity plot to molarities less than 0.1 M. Each data point represents a newly 

prepared solution.  

1.5 Bubble fouling 

It is important to consider difference between HER and OER catalysts. Whereas HER catalysts for 
more fundamental studies are often relatively flat surfaces, OER catalysts are almost exclusively 
layered materials. These OER catalysts are often amorphous, leaving opportunities for nano/micro 
bubbles to get stuck 24. For OER, it seems that the influence of bubbles is significant even at relatively 
low current densities 25. Although removing all nano/micro/macro-sized gas bubbles during water 
electrolysis is challenging even under the convective flow , one practical approach is to minimize the 
effect of macro-sized gas bubbles. For instance, HER kinetic currents - obtained under low current 
densities where macro-sized gas bubbles are not observed - are independent of the rotation rate 26–

30.  

To obtain accurate kinetic parameters, gas bubble effects must be carefully excluded or corrected. 
A simple empirical proportional relationship between the gas bubble coverage and the rate of gas 
evolution reaction has been proposed 31. However, the relation between gas bubble coverage and 
the effective surface area is not well understood. One approach to quantify the effective surface 
area is to introduce the averaged fraction of available active sites during water electrolysis; the 
characteristic time without gas bubble blocking can be obtained by the inverse of gas bubble 
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detachment frequency experimentally collected through the electrochemical noise analysis using 
SECM 32.  

 

1.6 Impurities in chemicals used to clean cells, make electrolyte and purge Electrolyte 

Supplementary Table 1. Purity and impurities listed by vendor for liquids used to wash glassware 

Chemical 
Vendor and Item ID 

Impurities listed by manufacturer 

Ultra High Purity Water 
Millipore 

< 5 ppb total organic content (TOC) 
18.2 MΩ·cm at 25 °C 

Potassium permanganate (KMnO4) ≥ 99.0 % 
Sigma Aldrich 223468-500G 

Chloride, Chlorate (as Cl-): ≤ 0.005 % 
Sulfate (SO4

2-): ≤ 0.02 % 

Sulfuric Acid (H2SO4) 95.0 – 97.0 % 
Sigma Aldrich 30743-1L-M 

Chloride (Cl-): ≤ 0.1 mg/kg (ppm) 
Nitrate (NO3

-): ≤ 0.2 mg/kg (ppm) 
Phosphate (PO4

3-): ≤ 0.00005% (0.5 ppm) 

Hydrogen Peroxide (H2O2) 35% 
Merck KGaA 108600 

Sulfuric Acid (H2SO4): ≤ 0.025 % 
Pb heavy metal: ≤ 0.0002 % 
Chloride (Cl-): ≤ 0.005 % 
Residual solvents (ICH Q3C): excluded from 
production process 
Non volatile matter: ≤ 0.10 % 
Residue on ignition: ≤ 0.05 % 
Preservatives:  
Na2H2P2O7: 0.015% 
H3PO4: 0.01% 
NH4NO3: 0.006% 
Sn: 0.001% 

 

Supplementary Table 2. Purity and impurities listed by vendor for liquids for electrolyte 

Chemical 
Vendor and Item ID 

Impurities listed by manufacturer 

Ultra High Purity Water 
Millipore 

< 5 ppb total organic content (TOC) 
18.2 MΩ·cm at 25 °C 

Sulfuric Acid (H2SO4) ≥ 95 % 
Sigma Aldrich 77329-250ML-F 

Chloride (Cl-): ≤ 0.5 mg/kg (ppm) 
Nitrate (NO3

-): ≤ 0.1 mg/kg (ppm) 
Phosphate (PO4

3-): ≤ 0.5 mg/kg (ppm) 

 

  



 

5 
 

Supplementary Table 3. Purity listed on cylinder and impurities by vendor for gases used to purge 

electrolyte. No differences in the CVs and HER currents were observed between these two 

purities.  

Chemical 
Vendor and Item ID 

Impurities listed by manufacturer 

Argon  
Linde 6.0 Scientific Grade ≥ 99.9999% 

N2  ≤ 0.5 ppm 

H2   ≤ 0.2 ppm 

O2  ≤ 0.5 ppm 

Total hydrocarbon content (THC) 

 ≤ 0.1 ppm 

H2O ≤ 0.5 ppm 

CO2  ≤ 0.1 ppm 
CO ≤ 0.1 ppm 

Argon  
Linde 5.0 grade ≥ 99.999% 

N2  ≤ 5 ppm 

O2  ≤ 2 ppm 

Total hydrocarbon content (THC) 

 ≤ 0.2 ppm 
H2O ≤ 3 ppm 

Hydrogen 
Linde 6.0 High Purity ≥ 99.9999% 

N2  ≤ 1 ppm 

O2  ≤ 0.7 ppm 

Total hydrocarbon content (THC) 

 ≤ 0.1 ppm 
H2O ≤ 1 ppm 
CO ≤ 0.1 ppm  
CO2 ≤ 0.1 ppm 

Hydrogen 
Linde 5.0 Detector Grade ≥ 99.999% 

N2  ≤ 3 ppm 

Total hydrocarbon content (THC) 

 ≤ 0.5 ppm 

O2  ≤ 2 ppm 

H2O ≤ 5 ppm 
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1.7 Overpotential window where kinetics are dominated by HER 

Intrinsic Tafel behavior reflects irreversible kinetics, which only occurs at high overpotentials for 

reversible reactions, such as HER (Supplementary Equation 4) 33. The total steady state current 

density due to a reversible chemical reaction is expressed as the sum of an oxidative and reductive 

current (Supplementary Equation 5). Since both oxidative and reductive currents obey a Tafel 

expression, the ratio of their rates can be used to calculate the overpotential window where 

kinetics are dominated by reduction (Supplementary Equation 6). Assuming that reduction 

dominates when the ratio of the oxidation and reduction currents is less than 0.01, we calculate 

that HER dominates at overpotentials lower than -0.06 VRHE (Supplementary Equation 7). 

2𝐻+ + 2𝑒− 
𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

⇌
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

 𝐻2    (Supplementary Equation 4) 

 

𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 + 𝑖𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛    (Supplementary Equation 5) 

𝑖𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑖𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
=

𝑖𝐻𝐸𝑅

𝑖𝐻𝑂𝑅
= 𝑒

2𝐹𝜂

𝑅𝑇      (Supplementary Equation 6) 

𝑖𝐻𝑂𝑅

𝑖𝐻𝐸𝑅
= 𝑒

2𝐹𝜂

𝑅𝑇 < 0.01 𝑤ℎ𝑒𝑛 𝜂 < −0.06 𝑉𝑅𝐻𝐸  (Supplementary Equation 7) 
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2. Characterization methods 

Supplementary Table 4. Overview of important complementary characterization techniques for a) 
bulk electrodes, b) the electrode-electrolyte interface and c) reaction products in electrocatalysis. 

a) Electrode in situ and/or ex situ characterization (bulk) 

Technique Information Special requirements Challenges 

Raman spectroscopy  
34–37 

Electrode structure 
(based on vibrations) 

Thin electrolyte or 
electrode 

 Bubble formation 

 Signal can be 
weak 

X-ray absorption 

spectroscopy 38,39 

Element-resolved: 

 Oxidation state 

 Local bonding 
environment 

Thin electrolyte or 
electrode 

 Vacuum interface 
when using soft X-
rays 

 Beam damage 

X-ray diffraction 40,41  Crystal structure Crystalline electrode Beam damage 

Electrochemical 
quartz crystal 
microbalance 42–44 

 Ion content in pores 

 Electrode mass 

Electrode film deposited 
on quartz crystal 

 Interference of 
surface roughness 
and local viscosity 

 Bubble formation 

Electron microscopy 
45–48 

Electrode morphology 

Ultrathin electrode 
(TEM)  
or electrode film on 
window (SEM) 

 Beam damage 

 Vacuum interface 

 Bubble formation 

 Usually ex situ  

X-ray fluorescence  
Elemental 
composition 

– Used ex situ 

 
b) Electrode-electrolyte interface in situ and/or ex situ characterization 

Technique Information Special requirements Challenges 

Voltammetry 

techniques 

 (cyclic voltammetry, 
chronoamperometry, 
impedance 
spectroscopy, etc) 

Identification of 
oxidation/reduction 
events, catalytic 
activity, interface 
dynamics 

Conductive substrate 
No direct insight 
into the structure 
of the interface 

Raman spectroscopy 
(plasmonically 
enhanced) 49–52 

Adsorbates, 
interfacial electrolyte 
structure 

 Thin electrolyte 

 Electrode needs to be 
plasmonic (e.g. Au, Ag, 
Cu), or is coated with 
plasmonic particles 

 Bubble formation 

 Preparation of 
plasmonic 
particles 
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Infrared spectroscopy 
53–55 

Adsorbates, 
interfacial electrolyte 
structure 

Thin electrolyte or 
electrode 

 Bubble formation 

 IR absorption of 
water 

X-ray absorption 
spectroscopy 38,39,56,57 

Element-resolved 
surface oxidation 
state, bonding 
environment  

 Thin electrolyte or 
electrode 

 High surface-to-bulk 
ratio electrode 

 Beam damage 

 Vacuum interface 
when using soft X-
rays  

 Extraction of 
interface signal vs. 
bulk 

X-ray photoelectron 
spectroscopy 39,58–61 

Element-resolved 
interface 
composition, surface 
oxidation state, 
bonding environment  

Ultrathin (few nm) 
electrolyte or electrode 

 Beam damage 

 Vacuum interface 

 Often ex situ 

Grazing incidence X-
ray scattering 
(SXRD/GISAXS) 62–65 

Surface 
structure/morphology 

 Single crystal or 
nanoparticles on single 
crystal 

 Thin electrolyte 
preferred 

 Beam damage 

 Bubble formation 

Scanning probe 
microscopy 
(STM/AFM) 66–70  

Surface structure 
 Single crystal 

electrode 

 Mechanically rigid cell 

 Vibrations 

 Interference of 
faradaic current 
(STM) 

 Bubble formation 

Scanning 
electrochemical probe 
microscopy (SECM, 
SICM, SIET) 71,72 

Local pH and local 
concentration of 
reactants and 
products, local 
electrochemical 
reactivity 

 Small electrolyte 
volume 

 Selective probe 

 Bubble formation 

 Vibrations 

 Electronic noise 

Confocal laser 
scanning fluorescence 
microscopy (CLSFM) 
73,74 

Local pH and local 
concentration of 
reactants and 
products 

Presence of a 
fluorophore in the 
electrolyte 

 Bubble formation 

 Interference of 
the fluorophore  

Rotating ring disc 
electrode (RRDE) 75–77 

Local pH 
RRDE electrode 
geometry, pH sensitive 
ring electrode 

Bubble 
accumulation 

 
c) Product analysis  

   

Technique Information Special requirements Challenges 
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Rotating ring disc 
electrode (RRDE) 75 

 Quantification of one 
of the products 

RRDE electrode 
geometry, selective ring 
electrode material 

Selectivity to 
specific product 

Gas chromatography 
78,79 

Gaseous product 
identification 

None Time resolution 

Liquid 
chromatography 80 

Liquid product 
identification 

None Time resolution 

Differential 
electrochemical mass 
spectrometry 81–85 

Gaseous product 
identification (fast) 

Low electrolyte volume 
preferred 

 Sensitivity 

 Quantification  

 Local depletion of 
reactants/product
s 

Inductively coupled 
plasma mass 
spectrometry 84,86–88 

Quantification of 
dissolved metals 

Low electrolyte volume 
preferred 

Interferences 
(mainly for 3d 
metals) 
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3. Theory considerations 

The first applications of density functional theory (DFT) modeling to water electrolysis focused on 
defining thermodynamic descriptors for the activity of the hydrogen evolution (HER) and oxygen 
evolution (OER) reactions. With reference to the HER reaction, “volcano” relationship between 
measured HER current densities in acidic media and hydrogen binding energy (ΔG*H) for different 
metal surfaces was reported 89. Such “volcano” relationship between HER activities and the metal 
work function was previously observed experimentally 90. Still, the introduction of the unique 
descriptor ΔG*H was crucial to allow fast computational screening of potential HER catalysts, thus 
leading to enormous advances in the field 91. The rationale behind this HER activity vs ΔG*H 
correlation lies within the Sabatier principle 92. An ideal catalyst for HER should bind H strong enough 
to enable its adsorption (Volmer step), yet weak enough to allow H2 evolution (Heyrovský or Tafel 
step) 93. However, recent investigations have highlighted that the ΔG*H descriptor might be 
exceedingly simple, since additional materials predicted theoretically show worse performance than 
Pt, the current catalyst of choice 94,95. Hence, optimal catalysts for HER should exhibit slightly 
endothermic ΔG*H due to H coverage effects 96, and the existence of kinetic barriers also hints to 
optimal values of ΔG*H more positive than 0 97. 

Successive studies have typically carried out an analogous “search for descriptors” protocol, 
including the effect of applied electrode potential through the Computational Hydrogen Electrode 
(CHE) scheme 98. The CHE enables to account for the applied electrode potential in electrocatalytic 
steps which involve a concerted proton-coupled electron transfer (PCET) 98. Alternative approaches 
are possible 99, for instance, using metal cations and OH radical as references 100,101, however the 
CHE stands out for the convenient choice of H2 as reference. In fact, at 0 V vs SHE and standard 
conditions the chemical potential of a proton/electron transfer is equivalent to one half of the 
hydrogen gas one. Thus, at different potential USHE and bulk pH, the Gibbs free energy of a reaction 
step shifts by a factor that linearly depends on USHE, pH, and overall number (n) of PCET until that 
step (Supplementary Equation 8). Since the CHE framework is applicable only to PCET steps, the 
potential dependence is in practice versus the RHE scale, i.e. variations of bulk pH or potential versus 
SHE have an analogous effect on reaction thermodynamics. In Supplementary Equation 8, kB is the 
Boltzmann constant, and T the applied temperature. The (±n) term is positive (+) for a cathodic 
reaction and negative (–) for an anodic reaction. By applying the CHE scheme, the theoretical 
limiting potential (UL) for a given reaction can be estimated as the minimum applied potential 
required to make any reaction step exergonic 91. Thus, theoretical overpotential (ηtheo = UL – Ueq), 
can be calculated and this parameter has been recurrently employed to predict OER and HER 
performance, 91,102 through corresponding “volcano” plots102.  

∆𝐺(𝑈𝑆𝐻𝐸 , 𝑝𝐻) = ±𝑛|𝑒−|(𝑈𝑆𝐻𝐸 + 𝑘𝐵 𝑇 𝐿𝑛(10) 𝑝𝐻)  (Supplementary Equation 8) 

With reference to the OER reaction 102–106, two mechanisms have been put forward 107. The high pH 
dominant di-oxygen atom recombination (I2M) requires two adsorption sites 107. Instead, only 1 
adsorption site is involved in the Water Nucleophilic Attack (WNA) scheme, which is the most 
common one. The WNA accounts for three intermediates, OH*, O*, and OOH* 108. Due to the 
existence of thermodynamic linear scaling relationships (LSR) 109, mediated on transition metals by 
their d-band center 110 and the bond order between catalyst and adsorbate 111, ΔGOH* and ΔGOOH* 
correlate with ΔGO* for metals 103 and conductive oxides 112 (ΔG = Gibbs Free energy of formation). 
Thus, ΔGO* – ΔGOH* is typically assumed as the general descriptor for OER activity 91,102, since ΔGOH* 
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and ΔGOOH* are linearly dependent due to their equivalent adsorbate/surface bond order. These LSR 
dependencies between OER intermediates determine intrinsic limitations to activity as the specific 
reaction steps cannot be optimized separately 109, which may be overcome by introducing different 
binding sites 105 or tuning of local morphology 113, for instance. 

While the framework based on thermodynamic descriptors and the CHE has proved effective for 
predicting OER and HER activity in acidic media, it showed limitations in modeling HER in alkaline 
media, where H2O is expected to be the main proton source 93. Reaction rates are in this case 
significantly lower than in acidic media 93, and oxophilic dopants and cations promote the kinetics 
of the overall reaction 8,114,115. To tackle these novel observations, simulations have been improved 
toward more realistic models of the electrical double layer (EDL), which explicitly accounts for H2O 
as proton donor, cations, electric field 116. By assessing water reduction in presence of a partially 
solvated Na+ cation, a “volcano” relationship between HER rates measured on decorated Pt(533) vs 
*OH binding strength was demonstrated 114. Water dissociation is the rate-determining step for 
decorations that account for weak *OH binding (i.e. Ag), while too strong *OH binding prevents OH 
desorption on Mo and Re dopants. Thus, a 3D “volcano” relationship between HER rates in alkaline 
media and both *H and *OH binding strengths was defined114. In addition to the *OH activity 
descriptor, a mechanism for water dissociation in presence of cation (M+) was suggested, 
Supplementary Equation 9, since HER on Au shows a positive reaction order on cation concentration 
in mildly alkaline media 115.  

H2O + e– → *H–OHδ–···M+ + (1 – δ–) e– → *H + OH– + M+   (Supplementary Equation 9) 

This cation-promoted mechanism was later confirmed through both ab initio molecular dynamics 
and static DFT simulations in presence of partially solvated multivalent cations 8. Specifically, 
charged cations draw the electronic density of atomic oxygen in neighboring water toward the metal 
center, weakening the hydrogen bond and facilitating water dissociation. This effect depends on the 
electrostatic field generated by the cation, thus it is correctly described by cation acidity. In fact, the 
activation energy for water dissociation correlates with cation acidity, ranging from > 1.5 eV (Cs+) to 
almost 0 eV for acidic cations (Al3+). Besides, cation acidity also influences the cation concentration 
at the Outer Helmholtz Plane (OHP), since acidic cations show higher ion-ion repulsion and are less 
prone to accumulation. The interplay between promotion of water dissociation and accumulation 
at the OHP leads to a “volcano” relationship of HER activity vs cation acidity8, where Nd3+ exhibits 
the best trade-off between both factors. On top of OH binding strength and cation acidity, the local 
solvation geometry close to the catalyst is another relevant parameter for HER activity in alkaline 
media. Ab initio molecular dynamics simulations are crucial for such investigations 116, as proved in 
a recent work 117. In that study, the first solvation layer on Pt-coated Au(111) was defined as a 
network of solvated cations and H-bonded water molecules, very reactive toward dissociation. 

In addition to the activity, an essential criterion for a catalytic material is its stability under harsh 
oxidizing and corrosive conditions. Pourbaix diagrams are an invaluable tool for exploring the 
corrosion profiles of materials. Aqueous stability of a catalytic material can be determined by 
computing the material’s Gibbs free energy of formation (ΔGpbx) with respect to the stable domains 
in the computational Pourbaix diagram 118 as a function of pH and electric potential. This approach 
is recently used to evaluate the aqueous stability of oxide materials119–121. Moreover, the ability to 
synthesize a promising candidate material is important and can be estimated by thermodynamic 
phase stability - defined as the energy of decomposition of a material into the set of most stable 
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materials at this chemical composition. The higher the energy of decomposition of a material, the 
more unstable the material is, and the more challenging the synthesis will be. Using these two 
descriptors, a few promising acid-stable and active oxide OER catalytic materials in the Materials 
Project database were identified 106. 
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