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Electrochemical Synthesis of H2O2

by Two-Electron Water Oxidation Reaction

Xinjian Shi,1,4 Seoin Back,2,4 Thomas Mark Gill,1,4 Samira Siahrostami,3,* and Xiaolin Zheng1,*
The Bigger Picture

Electrochemical synthesis of H2O2

represents a growing interest in

the distributed production of

valuable chemicals with

renewable electricity, as

evidenced by several recently

published reviews on this topic.

However, a review focusing

exclusively on the electrochemical

two-electron water oxidation

reaction (2e-WOR) to produce

H2O2 is still needed with tutorial

styles to provide both theoretical

and experimental fundamentals

on this topic. Moreover, the

related protocols and

standardized metrics, which are

crucially important for more

consistent and reliable

fundamental studies, are not well

developed yet from the current

reports. To fill in the gaps, our

work discusses the current

understanding and status of

catalyst development for 2e-WOR

from both theoretical and

experimental perspectives. This

review also outlines the questions

to be answered for 2e-WOR and

future research directions,

including how to evolve H2O2

more efficiently and application

development for accumulated

H2O2.
SUMMARY

Hydrogen peroxide (H2O2) is a high-value green chemical oxidant
widely used for industrial bleaching, chemical synthesis, and disin-
fection. Industrially, H2O2 is produced through the energy-intensive
anthraquinone process and distributed to the point of use. There is a
growing interest in electrochemically producing H2O2 onsite to
mitigate transportation cost and safety concerns and leveraging
renewable electricity. Most research has been dedicated to the
two-electron oxygen reduction to produce H2O2. For the past
decade, growing attention has been paid to the two-electron water
oxidation reaction (2e-WOR) to produce H2O2. This review focuses
on the research progress on 2e-WOR, including basic principles,
catalyst development, and H2O2 detection. Computational ap-
proaches to study candidate materials for 2e-WOR are detailed,
and various experimental reports on catalysts are summarized.
Ulterior electrochemical factors that impact H2O2 production are
discussed, along with device-level design. Finally, a holistic perspec-
tive on water oxidation reaction is offered, and open questions for
future work are presented.

INTRODUCTION

Hydrogen peroxide (H2O2) is a high-value green chemical oxidant widely used for

chemical and medical applications both in industry and routine life. It is used for pa-

per and fiber bleaching,1 synthesis of other chemical species,2 disinfection, and wa-

ter treatment.3

Industrially, H2O2 is produced through the reduction/oxidation of anthraquinone.4

Although this approach is efficient for large-scale production of H2O2, it requires

large plants and infrastructure, and the H2O2 produced is crude, requiring costly

extraction of solvents and reactants. Additionally, H2O2 is relatively unstable; hence,

long-distance transportation presents substantial safety concerns. An alternative

synthesis approach was devised to produce H2O2 from hydrogen (H2) oxidation

without organic reactants.5 This approach has been well studied in laboratory envi-

ronments and reaches some promising efficiencies with the proper catalysts.6

However, this route necessitates harsh conditions, such as high temperatures and

pressures, as well as the use of flammable H2, both of which hinder its adoption.

Electrochemical routes provide an alternative means to produce H2O2 onsite. Though

the use of electricity limits this route to small-scale development, this lends itself well to

portable and distributed devices, which circumvent transportation safety concerns.

Figure 1 shows three possible electrochemical devices for H2O2 production. Figure 1A

shows a fuel cell that converts O2 to H2O2, instead of H2O, at the cathode via the two-

electronO2 reduction reaction (2e-ORR).7 Figure 1B shows an electrolyzer that oxidizes
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Figure 1. Three Possible Electrochemical Devices for H2O2 Production

(A) Fuel cell to produce H2O2 at the cathode via 2e-ORR.

(B) Electrolyzer for production of H2O2 at the anode via 2e-WOR.

(C) Light-driven fuel cell for two-sided production of H2O2 at the cathode via 2e-ORR and the anode via 2e-WOR.
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H2O to H2O2, instead of O2, at the anode via the two-electron water oxidation reaction

(2e-WOR). Figure 1C shows a light-driven fuel cell for two-sided production of H2O2 at

the cathode via 2e-ORR and the anode via 2e-WOR.

Regardless of the device configuration, two reactions, i.e., 2e-ORR and 2e-WOR, are

responsible for the electrochemical production of H2O2. The commonly studied

electrochemical pathway to generate H2O2 is through the 2e-ORR.8 2e-ORR is an un-

desirable and competing reaction with the commonly studied four-electron ORR to

produce water (H2O) in fuel cells.9,10 So far, several highly efficient electrocatalysts,

such as alloys of Pt and Pd-Hg11 and, most recently, carbon-based materials12,13

have been developed for 2e-ORR,14,15 and a few excellent reviews have been

compiled for 2e-ORR.16,17

The 2e-WOR has also attracted increasing attention in recent years to produce

H2O2. The 2e-WOR, in comparison with 2e-ORR, does not rely on the gas-phase

reactant and provides a new approach for electrochemical H2O2 production. Fig-

ure 2 summarizes representative research on 2e-WOR chronologically. The top of

the timeline focuses on experimental research and the bottom on theoretical

research.18 Initially, photocatalysis studies suggested the formation of H2O2 using

wide-band-gap metal oxides such as TiO2.
19,20 The first work on H2O2 production

by 2e-WOR was reported in 2004, which uses a carbon-based catalyst in NaOH.21

Since then, most research on 2e-WOR has focused on metal oxides.22–27 In Theoret-

ical Aspects for the Rational Design of 2e-WOR Catalysts, we first discuss the theo-

retical aspects of the rational design of 2e-WOR electrocatalysts, including different

possible mechanisms, computational details for constructing the free energy dia-

gram, and understanding trends of activity among different catalyst materials. We

also discuss how catalyst stability can be estimated using computational material

design. Lastly, we discuss the effects of solvation and density functional theory

(DFT) functional choice on the energetics of reaction intermediates. Together, these

theoretical frameworks provide important insights and guidance on the selection of

2e-WOR catalysts for experimental efforts.28,29 In Experimental Methods for Charac-

terizing 2e-WOR Catalysts we discuss experimental methods for characterizing

2e-WOR electrocatalysts, detail H2O2-quantification methods, and finally express

our opinions on standardized reporting of electrocatalyst performance metrics. In

Experimental Results of 2e-WOR Catalysts with Benchmarking Metrics, we summa-

rize the most recent performance benchmarks of previously studied electrocatalysts.
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Figure 2. Previous Research on 2e-WOR for H2O2 Production Summarized Chronologically

The top part shows experimental works and the bottom part shows theoretical works. Each work is listed with its electrocatalysts for 2e-WOR. Reprinted

with permission from Ando et al.21 Copyright 2004 Elsevier. Reprinted with permission from Fuku et al.22 Copyright 2016 Royal Society of Chemistry.

Reprinted with permission from Fuku et al.23 Copyright 2017 Royal Society of Chemistry. Reprinted with permission from Shi et al.24 Copyright 2018 John

Wiley & Sons, Inc. Reprinted with permission from Zhang et al.26 Copyright 2018 Royal Society of Chemistry. Reprinted with permission from Shi et al.28

Copyright 2017 Nature Publishing Group. Reprinted with permission from Mase et al.30 Copyright 2016 Nature Publishing Group. Reprinted with

permission from Park et al.31 Copyright 2019 American Chemical Society. Reprinted with permission from Izgorodin et al.32 Copyright 2012 Royal

Society of Chemistry. Reprinted with permission from Baek et al.33 Copyright 2019 American Chemical Society. Reprinted with permission from Shi

et al.25 Copyright 2018 Royal Society of Chemistry. Reprinted with permission from Kelly et al.27 Copyright 2019 American Chemical Society. Reprinted

with permission from Liu et al.35 Copyright 2019 Royal Society of Chemistry. Reprinted with permission from Kuttassery et al.36 Copyright 2017 John

Wiley & Sons, Inc. Reprinted with permission from Kuttassery et al.37 Copyright 2020 Royal Society of Chemistry.
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We further discuss the other factors impacting 2e-WOR in Other Important Factors

Affecting 2e-WOR to Produce H2O2 and provide future perspectives for the field in

Summary and Outlook.
THEORETICAL ASPECTS FOR THE RATIONAL DESIGN OF 2E-WOR
CATALYSTS

Three Possible Pathways for Electrochemical Water Oxidation Reaction

There are three possible pathways for electrochemical water oxidation reactions

(WORs).28,29 The reaction steps for the three WORs are schematically illustrated

for a catalyst surface in Figure 3 and described in Equations 1, 2, and 3. The most

studied WOR is the four-electron process (4e-WOR, Equation 1) used in electrolysis

to produce O2, which is commonly referred to as the oxygen evolution reaction

(OER). Water oxidation can also proceed via a two-electron pathway to produce

H2O2 (Equation 2) and a one-electron pathway to produce OH radicals (OH�, Equa-
tion 3). Notably, all three WORs start with the same first step, i.e., forming adsorbed

OH (OH*). Both H2O2 and OH� are of practical value due to their strong oxidizing

abilities, and both can be used for sanitization and water disinfection. OH� generally
Chem 7, 1–26, January 14, 2021 3
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Figure 3. Schematics of Different Reaction Pathways for the Water Oxidation on a Catalytic

Surface
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has a short lifetime, so H2O2 is of more practical interest. Thermodynamically, 4e-

WOR is the most favorable reaction, as it has the lowest equilibrium potential

ðE�
= 1:23 VRHE ). Producing H2O2 from water ðE�

= 1:76 VRHE ) requires a 530 mV

higher potential than producing O2, making selective production of H2O2 intrinsi-

cally more challenging.

The 4e-WOR:

2H2O/O2 + 4ðH+ + e�Þ ðE�
= 1:23 VRHEÞ (Equation 1)
�+ H2O/OH � + ðH+ + e�Þ (Equation 1A)
OH �/O � + ðH+ + e�Þ (Equation 1B)
O � + H2O/OOH � + ðH+ + e�Þ (Equation 1C)
OOH �/ � + O2 + ðH+ + e�Þ (Equation 1D)

The 2e-WOR:

2H2O/H2O2 + 2ðH+ + e�Þ ðE�
= 1:76 VRHEÞ (Equation 2)

�+ H2O/OH � + ðH+ + e�Þ (2A, the same as 1A)
OH � + H2O/ H2O2 + ðH+ + e�Þ+ � (Equation 2B)

The one-electron WOR (1e-WOR):
H2O/OH,ðaqÞ + ðH+ + e�Þ ðE�
= 2:38 VRHEÞ38
 (Equation 3)
4 Chem 7, 1–26, January 14, 2021



Figure 4. Summary of Calculation Results for Different Water Oxidation Pathways and Various Catalyst Species

(A) Free-energy diagram of three WOR pathways to OH� (red), H2O2 (green), and O2 (blue) on a hypothetical ideal catalyst material at U = 0 V.

(B) Selectivity map among three WORs based on thermodynamic analysis of binding free energies of DGO� and DGOH�.
(C) Activity map for 2e- and 4e-WORs. The blue and black lines are the calculated limiting potential UL for 2e- and 4e-WOR, respectively.

(D) DFT calculated UL of 2e-WOR for several metal oxides. Reprinted with permission from Shi et al.28 Copyright 2017 Nature Publishing Group.

Reprinted with permission from Park et al.31 Copyright 2019 American Chemical Society.
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�+ H2O/OH � + ðH+ + e�Þ (Equation 3A, the same as 1A)
OH � /OH,ðaqÞ + � (Equation 3B)

Computational Details

To evaluate the energetics of WOR pathways, one needs to use DFT calculations to

calculate the binding free energies of reaction intermediates, such as O*, OH*, and

OOH* (DGO�; DGOH�; and DGOOH�). The free energy of H2 in the gas phase and H2O

in the liquid phase are used as the reference states. This is to avoid the explicit use of

O2 electronic energy due to the typical DFT error in describing triplet O2 mole-

cules.39 Instead, standard reduction potential values are used, i.e., DGOH, =

2:38 eV ; DGH2O2
= 23 1:76 eV ; and DGO2

= 431:23 eV for the 1e�, 2e�, and

4e�WOR, respectively (Figure 4).
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To incorporate the effect of the electrode potential on the free energy, the compu-

tational hydrogen electrode (CHE)9 is used. The CHE sets the chemical potential of a

proton-electron pair equivalent to that of gas-phase H2 at potential U = 0 V, and

when the potential U is applied, the chemical potential of an electron is shifted by

�eU, where e andU are the elementary charge and electrode potential, respectively.
Free Energy Diagram of Three WOR Pathways

Figure 4A illustrates the use of free energy diagrams to capture the activity and

selectivity of a hypothetical catalyst for the three WOR pathways. The first oxidation

step, which is the same for the three WOR pathways, leads to adsorbed OH* species

on the catalyst surface. If the OH*-binding free energy on the catalyst surface is

weaker than the formation energy of aqueous hydroxyl radical, i.e.,

DGOH�>2:38 eV , it will be energetically favorable to release OH into the solution

as OH�(1e-WOR). In contrast, if DGOH�< 2:38 eV , the adsorbed OH* could be further

oxidized to either H2O2 or adsorbed O* formation, depending on the DGO�. Since
the formation energy of H2O2, i.e., DGH2O2

, in the solution is constant at 3.52 eV,

catalyst materials with a weaker O*-binding free energy than DGH2O2
, i.e., DGO�>

3:52 eV ; favor the formation of H2O2 (2e-WOR), while those stronger than 3:52 eV

prefer the O2 evolution pathway (4e-WOR). This thermodynamic analysis suggests

that DGOH� is the activity-determining factor, and DGO� determines the selectivity

between the three WOR products.40 This analysis allows us to construct a selectivity

map (Figure 4B) and rationalize product selectivity on many reported experimental

catalysts for WORs.29
Linear Scaling Relations and Volcano Plot to Predict Catalytic Activities of 2e-

WOR

Next, we determine the overpotentials (hH2O2
) and the limiting potentials (ULÞ for 2e-

WOR using scaling relations. DFT calculations of heterogeneous catalysis often

observe linear scaling relations between binding energies of reaction intermediates

that interact with surfaces through the same atomic species (e.g., N* with NH* and

NH2*, C* with CH*, CH2*, and CH3*).
41 These scaling relations have facilitated

reducing the dimension of reaction networks, making it possible to predict catalytic

activities for a large number of catalyst materials from simple binding-energy calcu-

lations rather than constructing full free energy diagrams.

For various oxide systems, scaling relations have been established between

reaction intermediates; DGO� = 2DGOH� + 0.28 for metal-oxide surfaces42 (solid

line in Figure 4B) and DGOOH�= DGOH� + 3.2 eV.42,43 By expressing DGO� and

DGOOH� in terms of DGOH�, we can express the limiting potentials (ULÞ for the three

WORs as a function of DGOH�. For 4e-WOR, UL has been expressed as UL;O2
=

maxðDGO� �DGOH�; 3:2 eV �½DGO� �DGOH��Þ based on the scaling relation be-

tween DGOOH� and DGOH�.42 This expression can be further simplified using the

scaling relation between DGO� and DGOH� as follows: UL;O2
= maxð DGOH� +

0:28 eV ; 2:98 eV � DGOH�Þ. For 1e-WOR and 2e-WOR, since OH* is the only reac-

tion intermediate, the catalytic properties for both are solely determined by DGOH�,
as depicted by the solid black lines and the boundary between the green and red

regions in Figure 4C. For 2e-WOR, the overpotentials (hH2O2
) and the limiting poten-

tials (ULÞ are determined based on DGOH� (Equation 4A and Equation 4B) as follows:

UL;H2O2
= ½maxðDGOH�; 1:76 eV �DGOH�Þ�

�
e (Equation 4A)
hH2O2
= UL;H2O2

� 1:76 eV (Equation 4B)
6 Chem 7, 1–26, January 14, 2021



Figure 5. The Materials Project Pourbaix Diagram of 50%–50% Bi-V System in Aqueous Solution,

Assuming a Bi-Ion Concentration of 10�5 mol/kg and V-Ion Concentration of 10�5 mol/kg

The upper and lower dashed lines correspond to the equilibrium potentials for the OER and HER,

respectively. The blue regions denote stable solid compounds, while the pink region denotes the

pH and potential window in which BiVO4 is stable. The yellow star denotes the experimental

conditions for 2e-WOR in 2M KHCO3, a typical electrolyte for 2e-WOR. Reprinted with permission

from Toma et al.46 Copyright 2016 Nature Publishing Group.
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Figure 4C shows the volcano plots of UL;H2O2
and UL;O2

as a function of DGOH�. When

UL;H2O2
< UL;O2

, 4e-WOR is thermodynamically favored over 2e-WOR. The middle

section of Figure 4C is the preferred range for 2e-WOR, where the OH* binds to

the catalyst surface neither too strongly nor too weakly (1.6 to 2.4 eV). The optimum

DGOH� is close to 1.76 eV. Using this approach, we have calculated the UL;H2O2
for

various oxidematerials as shown in Figure 4D. These DFT predictions were validated

by experimental results as discussed in the section "Activity and Selectivity of

Various Catalysts toward 2e-WOR".

Predicting the Stability of Electrocatalysts under 2e-WOR Conditions

The reaction conditions of 2e-WOR expose catalysts to high oxidation potentials

over 1.76 V versus reversible hydrogen electrode (RHE), so the electrochemical sta-

bility of catalysts is a critical factor for H2O2 production. The Pourbaix diagram can

be generated by using Pymatgen44 and Materials Project45 and is a great thermody-

namic tool to predict the electrochemical stability of catalysts. For example, Figure 5

shows a hybrid computational and experimental Bi-V Pourbaix diagram, which

shows that BiVO4 is only stable46 in the low potential range of 0.3 � 1.1 VRHE in

the pH range (�8.3) of bicarbonate-based electrolytes often used in 2e-WOR

studies, while vanadium oxides (VO4
�) dissolve at higher potentials. Indeed,

BiVO4 shows poor electrochemical stability as reported by Toma et al. (Figure 5)46

even though it has good catalytic activity for 2e-WOR. We note that the Pourbaix di-

agram only accounts for the thermodynamic stability, not kinetics. Nevertheless, the

Pourbaix diagram, together with the descriptors discussed in Computational

Details, should be used to identify both active and stable electrocatalysts for

2e-WOR for further experimental studies.
Chem 7, 1–26, January 14, 2021 7
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Accuracy and Limitations of DFT Analysis

Choice of the Exchange-Correlation Functional

The accuracy of DFT calculations for catalytic activities is critically affected by the

choice of the exchange-correlation functional. Due to the high oxidation potential

required for 2e-WOR (>1.76 VRHE), metal oxides may be the only materials that

are somewhat stable catalysts for this reaction, which has led to their widespread

use. However, the electronic and thermodynamic properties of bulk metal oxides

are known to be overestimated by the standard exchange-correlation functionals,

such as generalized gradient approximation (GGA) or local density approximation

(LDA).47 The overestimation is due to a self-interaction error of localized d- and f-

electrons. To solve this problem, the Hubbard U correction48 is generally used to

treat the strong onsite Coulomb interaction in oxides. However, it is not trivial to

determine the Hubbard U values, which often need to be benchmarked against

experimental data. Cococcioni and Gironcoli suggested that the Hubbard U values

can be calculated via a linear-response method.49 Hu et al. applied this method50 on

various rutile metal oxides for 4e-WOR and found that applying U correction shifts

the adsorption energies endothermically but does not significantly affect the gen-

eral trend established without U correction, such as scaling relations of binding en-

ergies. Overall, applying U correction improves the agreement between the calcu-

lated limiting potential and the experimental onset potential.

Though the GGA functionals are not accurate for calculating the band gap and bulk

properties of metal oxides, they have predicted chemisorption51 properties with great

accuracy. The DFT calculated values for adsorption energies are typically found to be

within G0.2 eV of experimental results, depending on the specific GGA functional

used.51 These results explain why it is still useful to use GGA functionals for predicting

binding energies. Another example is a report by Chuasiripattana et al., which shows

CO binding energy on the ZnO (0001) surface using the PBE functional is in agreement

with experiments.52 Also, a microkinetic study using BEEF-vdW qualitatively predicted

experimentally observedmethanol synthesis rates,53 implying that the GGA functional

describes surface chemical properties of oxides with reasonable accuracy. Among

different existing GGA functionals, we often use RPBE (revised Perdew-Burke-Ernzer-

hof) for predicting trends in 2e-WOR, which has proven to be very successful and in

very good agreement with experiments.27–29,31,54

Solvation Effect

DFT calculations for electrocatalysis need to accurately account for the effect of wa-

ter on the adsorption energies of reaction intermediates. Water structure and its ef-

fect on the adsorption energies of reaction intermediates have been investigated for

several close-packed metal surfaces using hexagonal water bilayer structures,55 and

it was found to be significant for the energetics of ORR.56 However, Casalongue et al.

found that the solvation effect decreases as the potential increases.57 On the other

hand, the effect of water solvation on other catalyst surfaces, such as oxides, was un-

known, as it is difficult to obtain accurate water structures due to the dynamic

behavior of water molecules near the catalyst surfaces. Siahrostami and Vojvodic58

explicitly studied the effect of water networks on three different rutile oxides (IrO2,

RuO2, and TiO2 (110)) for 4e-WOR. They found that water molecules adsorb strongly

at available metal sites on the surface of rutile oxides (Figure 6), and this chemical

interaction becomes weaker as more water molecules are introduced. Interestingly,

water forms well-defined chains with adjacent water molecules on all three studied

rutile surfaces, resembling the bulk water network as the water coverage increased

to 2.0 ML. The presence of the water layers has little impact on the predicted cata-

lytic activities (the limiting potentials) for 4e-WOR, although the water layer stabilizes
8 Chem 7, 1–26, January 14, 2021



Figure 6. Top and Side Views of theMost Stable Configuration for DifferentWater Coverages on

the Defect-free TiO2 (110) Surface

Differential and average adsorption energies are given in the last rows. Titanium, oxygen, and

hydrogen atoms are represented by dark gray, red, and white spheres. The surface is repeated

several times in both the [100] and [010] directions. Reprinted with permission from Siahrostami

et al.58 Copyright 2015 American Chemical Society.
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the individual intermediates through hydrogen-bonding interactions. For 2e-WOR,

OH* is the sole intermediate and descriptor of the activity. Therefore, adding a

0.15eV correction for the water solvation effect is necessary. Nevertheless, given

that high potential weakens the water solvation effect and the inclusion of water

layers does not affect the overall trends of the predicted catalytic activity and selec-

tivity, we conclude that common DFT methods are sufficiently accurate for WORs

without solvation corrections.

As a brief conclusion, DFT analysis is a powerful tool for predicting the catalyst ac-

tivity, selectivity, and stability of the electrocatalyst for 2e-WOR. DGOH� was found
to be the descriptor for the activity and selectivity of WOR in general. The calculated

results match well with many experimental data so far.
EXPERIMENTAL METHODS FOR CHARACTERIZING 2E-WOR
CATALYSTS

Protocols for Measuring Activity, Selectivity, and Stability of 2e-WOR

Catalysts

Experimental methods for evaluating 4e-WOR catalysts for O2 evolution are well es-

tablished in the literature, and substantial efforts have been made to benchmark

catalyst performance.59 As a nascent field, 2e-WOR catalysis demands similar stan-

dardization in bothmeasurement and reporting protocols to ensure continued prog-

ress. In electrocatalytic studies, three general aspects describe material perfor-

mance: activity, selectivity, and stability. Activity is defined by the reduction of the

activation energy barrier for the desired reaction, selectivity is the specificity of

the reaction toward the desired product (H2O2 in the case of 2e-WOR), and stability

is the amount of time the catalyst can carry out the desired reaction without substan-

tial degradation in the other two performance metrics.

Electrocatalytic activity in 2e-WOR is measured by either linear-sweep voltammetry

(LSV) or cyclic voltammetry (CV). These experiments allow for the determination of
Chem 7, 1–26, January 14, 2021 9
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the overpotential hH2O2
(Equation 4B) defined as the voltage beyond the thermody-

namic limit (1.76 V versus RHE in the case of H2O2) needed to achieve a given current

density. The overpotential should be measured carefully to compare the activity of

catalysts between labs. First, the current density being measured should be purely

faradic and attributable to H2O2 generation only. Accordingly, before overpotential

measurement, cyclic voltammograms should be run between the non-faradic region

and potentials more than the maximum voltage in the LSV until the change in the

characteristic between one cycle and the next is negligible. Sometimes called ‘‘acti-

vation cycling,’’60 this process ensures that the electrocatalyst is oxidized to its in op-

erando state before overpotential determination. This step is particularly important

for 2e-WOR as the high anodic bias necessary to generate H2O2 is sufficient to

oxidize nearly all transition metals,61 meaning that the initial LSV likely includes cur-

rent contributions from the oxidation of the catalyst. Furthermore, non-faradic con-

tributions can become appreciable when scan rates in LSV exceed 50 mV/s.59 In this

instance, some of the observed currents are attributable to double-layer charging,

rather than H2O2 generation. Accordingly, voltammograms used to determine the

overpotential should be obtained with low sweep rates, and supplementary LSVs

should be provided showing that the characteristics are independent of the sweep

rate. Finally, all LSVs should be iR-corrected for the uncompensated resistance of

the electrochemical cell to remove solution and ulterior circuitry resistances.

Catalyst selectivity toward H2O2 can either be measured in situ (to be discussed in

Quantification Methods for H2O2) or via an accumulation-based approach. For accu-

mulation-based methods, selectivity is typically measured using chronoamperome-

try (CA) via the application of a constant bias above the onset potential. The amount

of H2O2 produced is then measured by some external means (see Quantification

Methods for H2O2). The figure of merit describing the selectivity in accumulation-

based studies is the faradic efficiency (FE2e�WOR ), defined as the ratio between the

amount of generated H2O2 and the theoretically generated H2O2 based on the

measured current and perfect assumed efficiency:

FE2e�WOR

�
Vapp; t

�
=

Amount of generated H2O2

theoretically generated H2O2
3 100=

MH2O2R t

0
IðtÞdt
nF

3 100

(Equation E1)

where MH2O2
is the molar amount of generated H2O2 (moles); IðtÞ is the measured

current as a function of time under the given applied bias (A); t is the duration

over which the measured H2O2 is accumulated (s); n is 2 as two electrons are needed

to form one molecule of H2O2; F is Faraday’s constant (96,485 C/mol). Note that E1

results in FE2e�WORexpressed as a percentage. Due to its sensitivity to the applied

bias, the FE2e�WOR needs to be evaluated at various potentials, typically in the range

of 1.8–3.0 V versus RHE.

Though the methodology for calculating FE2e�WOR is straightforward, the determi-

nation of MH2O2
is difficult due to the poor stability of H2O2 in electrochemical envi-

ronments. H2O2 can be further reduced to H2O (reverse reaction of reaction Equa-

tion 3), oxidized to O2, or undergo disproportionation to form H2O and O2, both

homogeneously in the electrolyte and heterogeneously on electrodes. These pro-

cesses are affected by the electrolyte species and purity,22 pH,22,62 catalysts,27,28

and the concentration of H2O2 (see Other Important Factors Affecting 2e-WOR to

Produce H2O2).
62 In addition, H2O2 accumulates in the electrolyte, which may

impact the selectivity by affecting the equilibrium of the electrochemical environ-

ment. Several measures should be taken during the electrochemical generation of
10 Chem 7, 1–26, January 14, 2021
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H2O2 to improve the accuracy of the selectivity determination. First, the electrolyte

should be vigorously circulated by stirring or pumping during the CA test. This pre-

vents H2O2 concentration gradients from forming within the electrochemical cell,

thereby reducing the impact of H2O2 accumulation on local equilibrium and

improving the accuracy of the accumulation-based H2O2-quantification methods.

If possible, the anode and cathode should also be placed in separate compartments

to prevent H2O2 degradation by cathodic materials. Finally, it is recommended that

when measuring the accumulated H2O2, aliquot volumes over 20% of the total elec-

trolyte volume in the cell are extracted to minimize the impact of any remaining con-

centration gradients.

Catalyst stability is evaluated using either CA or chronopotentiometric (CP)

methods. A constant potential (CA) or current (CP) is applied, while the other vari-

able is measured. Interestingly, no well-defined figure of merit exists to describe

catalyst stability in water-oxidation studies. Generally, a stable catalyst in 2e-WOR

will exhibit a steady current under a constant applied bias for several hours to several

days. During longer measurements, electrolytes should be stirred and changed peri-

odically to maintain a constant volume and to prevent excess H2O2 accumulation

from inhibiting further production.
Quantification Methods for H2O2

Accurate measurement of H2O2 concentration in aqueous electrolytes is critical in eval-

uating the selectivity of electrocatalysts for 2e-WOR. Generally, methods, including

colorimetric test strips,15,33 titration,63 spectrophotometry,64 chemiluminescence,65

and fluorescence,66 have been used to measure aqueous concentrations of H2O2. For

electrochemically generated H2O2, methods can be separated into in situ and accumu-

lation-based measurements. In-situ measurements determine selectivity toward H2O2

during the water-oxidation process, whereas accumulation-based methods rely on

measuring the concentration of H2O2 in the cell after water oxidation has occurred for

a prolonged period (typically several minutes). Each method offers unique advantages

that may be leveraged depending on the application. Broadly, in situmethods offer the

advantage of circumventing the issue of H2O2 degradation during prolongedmeasure-

ment while accumulation-based approaches more accurately reflect generated H2O2

amounts that would be observed in a static electrolyzer system. Using rotating ring-

disk electrodes (RRDE) is the method of choice for in situ studies, whereas titration,34

spectrophotometry,26,68 and colorimetric test strips28,31 are all commonly employed

to measure accumulated H2O2 that has been generated electrochemically.

In RRDE experiments, two concentric electrodes are placed on a cylindrical shaft

(Figure 7A). The disk electrode is held at a fixed applied bias suitable for 2e-WOR

or swept linearly through the 2e-WOR region, while the ring electrode is held at suf-

ficient bias for selective H2O2 oxidation to O2. Both reactions typically exhibit high

overpotentials, necessitating applied potentials several hundred millivolts higher

than their respective thermodynamic limits. Rotation of the shaft induces laminar

electrolyte flow from the inner disk electrode, where oxidation of water occurs

(i.e., H2O to H2O2 and O2), to the outer ring electrode, where selective oxidation

of the generated peroxide occurs (i.e., H2O2 to O2).
69 The currents observed at

the two electrodes can be used to determine the molar ratio of produced H2O2
70:

X2e�WOR; RRDE = 200%3

��iring���NH2O2

jiringj
NH2O2

+ jidisk j
(Equation E2)
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Figure 7. Schematic Representations of In Situ and Accumulation-based Hydrogen Peroxide

Quantification Methods

It includes rotating ring disk electrode (A), titration method (B), UV-vis spectroscopy (C), and

colorimetric strips (D). Reprinted with permission from Gill et al.80 Copyright 2020 American

Chemical Society.
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where iring is the measured ring current,NH2O2 is the H2O2 collection efficiency, idisk is

the measured disk current, and X2e�WOR; RRDE is expressed as a percentage. Note

that this equation has primarily been applied in 2e-ORR studies,13 but the derivation

for 2e-WOR results in the same equation, assuming OH∙ generation is negligible.

The detection limit of this method depends on the minimum measurable current

at the ring and the percentage of product evolved at the disk, which is transported

to the ring (i.e., the collection efficiency).71 Notably, Zhou et al. recently demon-

strated that accurate RRDE experiments require calibrating the collection efficiency

and proving that the current at the ring is mass-transfer limited in the chosen elec-

trolyte.72 Accordingly, these two steps should be taken prior to in situmeasurements

by RRDE. Furthermore, verification should be provided that the ring electrode is se-

lective toward oxidation of H2O2 before Equation E2 can be used for accurate quan-

tification. The distinct advantage of using RRDE to measure H2O2 is that it is not

impacted by the instability of H2O2 in aqueous solutions; transit time between the

disk and ring electrodes is typically very small, such that significant degradation of

H2O2 should not occur between the generation and measurement steps.

Here, we pause to clarify H2O2 selectivity reporting in RRDE studies present in the

literature. Xia et al. recently articulated the differences between reporting

X2e�WOR; RRDE and faradaic efficiency (FE2e�WOR;RRDEÞ as the primary H2O2 selectivity

metric in RRDE studies:73

FE2e�WOR;RRDE = 100% �
��iring��
NH2O2

�
jidisk j (Eqaution 3)

They argue that the validity of E2 is impacted by side reactions, while E3 is more rele-

vant to operational costs in electrolyzers and could more easily standardize compar-

isons between 2e-ORR and 2e-WOR. For these reasons, the authors suggest that

FE2e�WOR;RRDE should be used as the primary H2O2-selectivity-reporting metric in
12 Chem 7, 1–26, January 14, 2021
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RRDE studies, with which we wholly agree, provided the ring reaction is proven to be

selective toward H2O2 detection.

Titration-basedmethods are employed by the dropwise addition of titrant to the H2O2-

containing solution (Figure 7B). Leveraging the redox properties of H2O2, the titrant is

either reduced or oxidized by the H2O2, resulting in a color change of the titrant.

When the analyte solution assumes the color of the titrant, it indicates that all the

H2O2 has reacted and thus the endpoint has been reached. Assuming that the reaction

between titrant and H2O2 is stoichiometric, the initial molar amount of H2O2 in the solu-

tion can be calculated. Many titrants have been developed and used in electrochemical

H2O2 studies, including KMnO4-,
34 Ce(SO4)2,

15 and Ti-based assays, 30,74among

others.75 The minimum detection limit of titration methods is 1,000–10,000 ppm H2O2

(0.1–1 wt %),76 though recent work has reduced the titrant concentration to allow deter-

minationofmorediluteH2O2 solutions.
73 Titrationprovides substantial advantagesover

other methods listed herein as it requires no calibration or specialized equipment. How-

ever, thoughdiluting the titrant allows for thedetectionofH2O2at lower concentrations it

also introduces greater ambiguity in endpoint determination, likely reducing accuracy

and reproducibility. Theaccuracyof titration-basedmethods formeasuringaccumulated

H2O2 at concentrations below 1,000 ppm demands further study.

Spectrophotometric measurement of H2O2 relates the ultraviolet and visible (UV-vis)

light absorbance of an aqueous solution at specified wavelengths to the concentra-

tion of H2O2 in the solution. Mechanistically, a transition-metal ion is oxidized or

reduced upon addition of H2O2, resulting in a color change (Figure 7C). The magni-

tude of the absorbance at the wavelength corresponding to the developed color is

linearly related to the initial concentration of H2O2. To quantify the accumulated

H2O2, this linear relationship must be established by careful calibration using known

concentrations of H2O2. Spectrophotometric assays commonly employed for H2O2

measurement include Fe based,68 Cu based,77 and cobalt-carbonate.78 Minimum

detection limits for these methods range from 0.3 to 4 ppm.79 Because spectropho-

tometric quantification relies on calibration, the accuracy of the method is inherently

dependent on the accuracy of the ‘‘known’’ H2O2 concentration of the samples used

for calibration. Furthermore, the temporal stability of the color change is often

debated, suggesting a possible source of error. Assuming accurate calibration,

the lower minimum detection limit and purely quantitative nature of spectrophoto-

metric methods make them strongly preferred over titration-based approaches.

Colorimetric strips are used by immersing a commercially available indicator in the

H2O2-containing solution. Given sufficient time, the H2O2 reacts with a chemical in

the indicator, resulting in a color change (Figure 7D). Unfortunately, the nature of

these indicators is largely proprietary. The minimum detection limit of colorimetric

strips varies by manufacturer, ranging from 0.5 to 1,000 s of ppm of H2O2. Strips

offer uniquely facile H2O2 measurement but suffer from time sensitivity, interference

effects, and relatively poor accuracy (often G20%, according to the manufacturer of

Quantofix�). In accumulation-based studies, colorimetric strips should be used to

verify the presence of H2O2 in preliminary experiments, rather than as a quantitative

method for selectivity determination.

Table 1 provides an informative summary of the H2O2 detection methods discussed

above. For electrochemically generated H2O2, the authors strongly recommend the

use of RRDE if possible, as it provides a nearly instantaneous measurement of cata-

lyst selectivity toward H2O2 and reduces the experimental variables present in the

accumulation-based methods. Among accumulation methods, spectrophotometry
Chem 7, 1–26, January 14, 2021 13



Table 1. Summary of H2O2 Measurement Techniques Utilized in Electrochemical Studies

Method Assays Lower Detection
Limit (ppm)

Pros Cons

In situ RRDE N/A setup dependent not impacted by
H2O2 stability

requires equipment, calibration

Accumulation-
based

Titration permanganate, ceric
sulfate, Ti-based

1,000–10,000 no calibration, no
equipment required

endpoint ambiguity, high lower
detection limit

spectro-
photometry

Fe-based, Cu-based,
cobalt-carbonate

0.3–4 low minimum detection
limit, highly quantitative

potential for interference, temporal
stability unknown

colorimetric
strips

proprietary 0.5–1,000 s facile time-sensitive, interference prone,
poor accuracy

Source: Brandhuber and Korshin 2009.76 Reprinted with permission. ª WaterReuse Foundation
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is preferable due to its low minimum detection limit, though the calibration should

be carefully prepared and species that may interfere with determination should be

screened before measurement. For a detailed comparison of interference effects,

pH impact, electrolyte compatibility, and accuracy of selected accumulation-based

methods, readers are directed to the reference.80

Reporting Catalyst Performance for 2e-WOR

Using standardized experimental protocols and carefully quantifying H2O2, mean-

ingful data can be obtained to compare catalyst performance between laboratories.

Still, standardized reporting metrics need to be used to facilitate comparison. The

non-selective and thermodynamically unfavorable nature of 2e-WOR makes the

definition of the overpotential difficult, as the onset of the current may be

attributed to 4e-WOR. Accordingly, a partial current density toward H2O2 (JH2O2
)

should be reported as a function of voltage.27 JH2O2
can be calculated by multiplying

the voltage-dependent FE2e�WOR by the overall current density. Furthermore, as

many water-oxidation studies use electrodes with complex geometries and large

surface area, JH2O2
should be reported both normalized by the electrochemically

active surface area and the geometric area, as described by others.81 Though J =

10 mA=cm2
geometric has become a standard current density at which to evaluate the

overpotential in the 4e-WOR literature, based on the FE2e�WOR and characteristics

reported so far in the 2e-WOR literature, we suggest defining the onset potential

for 2e-WOR (V2e�WORÞ catalysts as the voltage at which JH2O2
= 1 mA=cm2

geometric ,

such that the overpotential for 2e-WOR (hH2O2
Þ is:

hH2O2
= V2e�WOR � 1:76 (Equation E4)

where all quantities are in volts versus the reversible hydrogen electrode. As previ-

ously mentioned, FE2e�WORshould be measured and reported as a function of

applied bias for a wide range of potentials. Furthermore, because the current den-

sities exhibited by reported electrocatalysts are often low, previous research has re-

ported the molar H2O2 production rate, a critically important metric for applications.

Note that JH2O2
can be converted to the molar H2O2 production rateð _MH2O2

;

expressed in mmol/cm2-sec) by _MH2O2
=

JH2O2
nF , where n is the stoichiometric electron

transfer number (2), F is Faraday’s constant, and JH2O2
is expressed in mA/cm2.

Finally, comparing the stability of 2e-WOR catalysts has proven exceptionally diffi-

cult, as applied bias and selectivity vary greatly among reports. For applications,

H2O2 production is the primary goal of catalyst development. Accordingly,

stability should be measured at a potential at which appreciable H2O2 is produced,

rather than at the same potential for each electrocatalyst. We suggest that CA sta-

bility tests be performed at V2e�WOR for the material being studied. To prevent

further faradic efficiency testing after stability assessment, the catalytic lifetime

(tcatÞ can then be defined as the elapsed time at which the overall current density
14 Chem 7, 1–26, January 14, 2021
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decays to less than 80% of its initial value. We believe that reporting these two met-

rics (hH2O2
and tcat ) in future 2e-WOR studies will provide unified grounds on which

to holistically compare catalyst performance and thereby encourage progress in

the field.

Summarily, both accurate quantification of H2O2 and consistent reporting of catalyst

performance have been lacking in many 2e-WOR reports. We believe it is crucially

important for detailed experimental protocols to be developed and explicitly

detailed in new studies and for established and standardized metrics to be reported

diligently. This will lead to the development of superior materials and more consis-

tent and reliable fundamental studies.

EXPERIMENTAL RESULTS OF 2E-WOR CATALYSTS WITH
BENCHMARKING METRICS

Description of Electrocatalysts Tested for 2e-WOR

Since 2e-WOR requires high anodic bias capable of oxidizing materials, most of the

investigated electrocatalysts are metal oxides. These include tungsten oxide

(WO3),
28 tin oxide (SnO2),

28,31 titanium oxide (TiO2),
20,28,29 undoped and Gd-doped

bismuth vanadate (BiVO4),
23,33 calcium stannate (CaSnO3),

28,30,31 manganese oxide

(MnOx),
32 lanthanum oxide (La2O3),

68 zirconium dioxide (ZrO2),
68 cobalt oxide

(Co3O4),
26 and aluminum oxide (Al2O3).

23 Only very few materials other than metal

oxides have been reported as 2e-WOR catalysts. One notable work was a 2004

study, which employed a carbon-based material as an anode, along with a Pt

mesh as the charge collector.21 This report was among the first proposed systems

for producing H2O2 through 2e-WOR, while a more recent work on carbon-based

materials for 2e-WOR has also been reported.34

Activity and Selectivity of Various Catalysts toward 2e-WOR

MnOx was the first reported metal oxide electrocatalyst for 2e-WOR in 2012,32

wherein Izgorodin et al. showed that MnOx exhibits a low overpotential for WOR

(150 mV at 1 mA cm�2). Though H2O2 evolution was demonstrated in this work, it

did not report the specific electrochemical onset and faradic efficiency values. In

2016, Fuku et al. tested ten metal oxides and found BiVO4 to be the best among

them in terms of the H2O2 production rate under a fixed applied charge (Figure 8).30

This result is consistent with our recent study, in which we examined four metal-oxide

species (WO3, BiVO4, SnO2, TiO2).
28We found thatWO3 has the lowest onset poten-

tial to produce H2O2, but BiVO4 has both the highest peak faradic efficiency (70%)

and the peak production rate for H2O2. TiO2 has the lowest activity and selectivity

for 2e-WOR. Based on DFT screening efforts, we recently examined CaSnO3
31

and ZnO27 for 2e-WOR. Both oxides surpass the electrocatalytic performance of

BiVO4 (Figures 8A–8C). Importantly, the experimentally determined onset potential

(Figure 8A) of these metal oxides track well with the onset potential trend predicted

by DFT in Figure 4D.

Beyond studies on pristine metal oxides, several other materials have been pursued

to further enhance the performance of 2e-WOR systems. One recent study used Pt/

TiO2 (anatase), as a photoelectrocatalyst to anodically produce H2O2,
18 resulting in

an enhanced mass-based production rate compared with a commercial Pt/TiO2 sys-

tem. In another study, Co3O4 was used as a co-catalyst with TiO2.
26 The TiO2 coated

with Co3O4 exhibited higher faradic efficiency (�27%) than TiO2 alone (�5%). We

also showed that doping BiVO4 with gadolinium (Gd) further enhances both the ac-

tivity and selectivity for 2e-WOR because the oxyphilic Gd shifts the OH adsorption

energy toward the more favorable values33 (Figure 8). Recently, Zhang et al.
Chem 7, 1–26, January 14, 2021 15



Figure 8. Summary of the Performance Metrics for the Reported Electrocatalysts for 2e-WOR

The electrolyte used is 2M KHCO3.

(A) The overpotential for 2e-WOR, which is defined as the potential for H2O2 evolution onset (versus

RHE) (JH2O2
= 1 mA=cm2

geometricÞ minus 1.76 V. Here, ‘‘CFP’’ stands for ‘‘carbon fiber paper’’

electrode from Xia et al.34

(B) The selectivity for H2O2 evolution as a function of applied bias.

(C) The H2O2 generation rate as a function of applied bias (versus RHE).

(D) The stability tests for different catalysts. Reprinted with permission from Fuku et al.22 Copyright

2016 Royal Society of Chemistry. Reprinted with permission from Zhang et al.26 Copyright 2018

Royal Society of Chemistry. Reprinted with permission from Shi et al.28 Copyright 2017 Nature

Publishing Group. Reprinted with permission from Mase et al.30 Copyright 2016 Nature Publishing

Group. Reprinted with permission from Park et al.31 Copyright 2019 American Chemical Society.

Reprinted with permission from Baek et al.33 Copyright 2019 American Chemical Society. Reprinted

with permission from Shi et al.25 Copyright 2018 Royal Society of Chemistry. Reprinted with

permission from Xia et al.34 Copyright 2020 Nature Publishing Group. Reprinted with permission

from Kuttassery et al.36 Copyright 2017 John Wiley & Sons, Inc.

ll

Please cite this article in press as: Shi et al., Electrochemical Synthesis of H2O2 by Two-Electron Water Oxidation Reaction, Chem (2020), https://
doi.org/10.1016/j.chempr.2020.09.013

Review
reported that the 2-electron and 4-electron competitive reactions can be trans-

formed into the 1-electron and 2-electron competitive reactions by taking advan-

tage of the Fermi-level pinning effect of the BiVO4 photoanode, achieving 86% FE

for H2O2 production.82 This work opened up a possible strategy to suppress the

thermodynamically favorable water-oxidative O2 by kinetic controlling. Besides

metal oxides or carbon materials, metal porphyrins have also been investigated

for 2e-WOR.35–37,83 In addition to new types of catalyst exploration, Wang et al. re-

ported interfacial engineering using carbon catalysts as a model system with locally

confined O2 to greatly enhance the performance, and the approach was successfully

extended to nickel.34

Some of the work discussed above was performed under illuminated conditions. We

found that the faradic efficiency of BiVO4 for 2e-WOR greatly improved under solar

illumination, especially under lower bias.28 For a fair comparison, Figures 8A–8C

summarize all tests conducted without illumination to focus on the electrocatalytic

properties. The figure indicates that metal porphyrins show good activity (overpo-

tential as low as 97 mV) and selectivity ([O2]/[H2O2] = 0.31).36 Nevertheless, metal-

porphyrin catalyst species are not stable even for short-term measurements,84 and

their stability needs to be significantly improved. While carbon-fiber paper (CFP)

shows a higher reported H2O2 production rate (mmol min�1 cm�2) than metal

oxides,34 it should be noted that the production rates are normalized based on
16 Chem 7, 1–26, January 14, 2021
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geometric areas. CFP’s real surface area is much larger than its geometric surface

area due to its porous nature, but most oxides investigated are thin films and their

real surface area is close to their geometric surface area. A fair comparison for the

production rate will be normalized by the real surface area. Metal oxides are the

most studied oxides so far, in which ZnO and BiVO4 are considered to be the best.

Most studies mentioned above employed a thin film of the catalyst on a conductive

substrate to study the catalytic properties of metal oxides. A few studies have inves-

tigated the photoelectrochemical (PEC) properties of metal oxides, which require

good optical, electrical, and catalytic properties for optimal performance. To further

enhance light absorption, WO3/BiVO4 heterojunctions have been tested with

enhanced nanostructures.25 As a popular photoanode, WO3/BiVO4 is normally

coupled with an oxygen-evolution catalyst for 4e-WOR.85 However, since BiVO4

has good catalytic properties toward 2e-WOR, WO3/BiVO4 core-shell structure

with BiVO4 as the shell is an excellent photoanode for H2O2 production.22,25 The

WO3/BiVO4 heterojunction, faradic efficiency, and production rate were further

enhanced by depositing Al2O3, SiO2, or ZrO2 surface coatings,23 which help reduce

the degradation of generated H2O2.
23.

Stability of Electrocatalysts toward 2e-WOR

The stability of electrocatalysts is another important performance metric. WO3 has

a low onset potential for 2e-WOR but is known to be unstable in near neutral or

alkaline conditions.86 BiVO4 is the most well-studied and high-performing catalyst

for 2e-WOR, but its stability is also a major concern.33 2e-WOR requires high

oxidizing potentials (>2V); whereas, BiVO4 is highly unstable and vanadate anions

dissolve into the electrolyte as previously discussed (Figure 5).46,87 Doping BiVO4

with other elements, such as Gd, was shown to improve its stability as oxyphilic Gd

makes vanadate anions bind stronger to the surface.33 The surface coating of other

catalyst materials on BiVO4, such as WO3, to form the heterojunction also shows

better stability.22,25 The recently reported CaSnO3 and ZnO have exhibited

much better stability than BiVO4 (Figure 8D) as well.27,31 To date, faceted ZnO

(1010) is the best electrocatalyst for 2e-WOR in terms of activity, selectivity, and

stability.

As a brief conclusion, so far, metal oxides, metal porphyrins, and carbon materials

have been used as catalysts for 2e-WOR, in which the carbon materials show the

highest H2O2 production rate, and metal porphyrins show the lowest overpotential.

Among those oxides, the faceted ZnO (1010) is the best so far. Nonetheless, the sta-

bility of those catalysts needs to be further evaluated and compared as stability is a

prerequisite for practical applications.

OTHER IMPORTANT FACTORS AFFECTING 2E-WOR TO PRODUCE
H2O2

In addition to the electrocatalyst material, other factors, such as electrolyte, temper-

ature, H2O2 concentration, applied external bias, and impurities, can affect the cat-

alytic performance for 2e-WOR. This section addresses the potential impact of elec-

trolyte, H2O2 stability, and device configuration on 2e-WOR.

Effect of Electrolyte on 2e-WOR

The performance of 2e-WOR electrocatalysts is strongly affected by the electrolyte

used. Studies by Fuku and Sayama et al. showed that bicarbonate (KHCO3) elec-

trolyte with near-neutral pH is the most effective electrolyte for H2O2 production

(Figure 9).22,88 The use of bicarbonate as the electrolyte leads to much
Chem 7, 1–26, January 14, 2021 17



Figure 9. The Electrolyte Effect on 2e-WOR, Species, pH, and Concentration

(A) Shows the chemical composition effect to electrochemical current, in which the electrolytes (A)–

(D) for four curves represent K2SO4, phosphate buffer, H3BO3, and KHCO3, respectively, with the

same concentration (0.5 M).

(B and C) (B) Chemical composition and concentration-effect to H2O2 selectivity, in which the

electrolytes (A)–(D) are the same with what has been shown in (A); and (C) pH effect on H2O2

evolution, and the electrolyte used here is 0.5 M KHCO3. (A)–(C) are tested on a WO3/BiVO4

electrode.

(D) The effects from all the three primary aspects to the final generated H2O2, which is tested on an

FTO (fluorine-doped tin oxide) electrode.

(A–C) Reprinted with permission from Fuku et al.22 Copyright 2016 Royal Society of Chemistry.

(D) Reprinted with permission from Fuku et al.68 Copyright 2016 European Chemical Societies

Publishing.
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higher current density (Figure 9A) and the amount of H2O2 produced (Fig-

ure 9B) than other tested electrolytes, including K2SO4, phosphate buffer, and

H3BO3. Most metal oxides reported have, therefore, used bicarbonate (HCO3
�,

such as KHCO3 or NaHCO3) as the electrolyte, likely due to its good

performance.22,23,25,26,28,30,31,33 Ando et al. and Izgorodin et al. reported that car-

bon-based catalysts perform best in NaOH, while MnOx was used to evolve H2O2

with butyl ammonium bisulfate as the electrolyte.21,32 All these studies showed

that the choice of electrolyte affects the reported activity and selectivity of the

electrocatalyst for 2e-WOR. This is different from studies on OER electrocatalysts,

where the activity has mainly been attributed to the catalyst material, with the elec-

trolyte playing the role of an ionic conductor only.

It is unclear how the electrolyte affects the electrocatalyst, which is one of the open

questions for 2e-WOR. Some reports have hypothesized that bicarbonate works as a

‘‘redox catalyst.’’89 Principally, bicarbonate anions (HCO3
�) are oxidized to HCO4

�

(Equation 5A), and HCO4
� subsequently oxidizes water to produce H2O2 while
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being reduced back to HCO3
� (Equation 5B).22,90,91 Since the oxidation potential of

E�(HCO4
�/HCO3

�) = 1.80 V is nearly identical to that of E�(H2O/H2O2) = 1.76 V, the

proposed bicarbonate redox catalyst is a plausible hypothesis, but further research

is needed to be sure.

HCO3
� + H2O4 HCO4

� + 2ðH+ + e�Þ (Equation 5A)
HCO4
� + H2O4 H2O2 +HCO3

� (Equation 5B)

Exploring this hypothesis or other possible mechanisms will require operando

studies to determine the surface states and adsorbed species on the electrocata-

lysts. Current DFT methods typically do not consider the electrolyte, so new meth-

odologies need to be developed to bridge the gap between the simplified DFT

calculation setup and the complex experimental environment.

The pH and concentration of the electrolyte are known to affect the performance of

2e-WOR electrocatalysts through their impact on material stability, as discussed

from a theoretical perspective in Predicting the Stability of Electrocatalysts under

2e-WOR Conditions, species concentration, and electrolyte conductivity (Figures

9C and 9D). Moreover, the electrolyte pH value also affects the stability of H2O2

as H2O2 is not stable under high pH, especially for alkaline solutions with pH >

12.0.62 Previous studies on the effect of pH and concentration of bicarbonate on

the generation rate of H2O2 show that near-neutral pH with higher bicarbonate con-

centrations (saturated solution, around 2M) is beneficial for H2O2 evolution from wa-

ter oxidation.30,91 Most metal oxides are stable in a near-neutral to slightly alkaline

pH,30 and some metal oxides, such as WO3 as mentioned earlier, are only stable in

weakly acidic solutions.28 In this respect, since bicarbonate is a buffer to the near-

neutral to slightly alkaline pH, it could be beneficial for the stability of most metal-

oxide catalysts and for H2O2 production.22 Nevertheless, bicarbonate is not a

good electrolyte species for H2O2 storage,
24 as H2O2 can be consumed by oxidizing

bicarbonate to HCO4
� (the reverse reaction of Equation 5B).24 H2O2 is stable in

moderate acidic conditions, and little has been done on 2e-WOR for the acidic con-

ditions due to the dominance of bicarbonate. New electrolytes, in addition to elec-

trocatalysts, must be developed to produce H2O2 under acidic conditions.
Effect of Stability of H2O2 on Its Accumulation

In the last section, we discussed how H2O2 stability can be affected by electrolyte pH

and the composition, especially in the case of HCO3
�.92 Moreover, H2O2 is intrinsi-

cally unstable. Several reaction pathways are responsible for the instability of H2O2:

H2O2 disproportionation reaction to form H2O and O2,
62 electrochemical oxidation

of H2O2 to O2,
93 and chemical reduction of H2O2 to H2O.94 The disproportionation

reaction rate was shown to increase with increasing temperature (Figure 10A), the

impurity concentration (Figure 10B), and the H2O2 concentration (Figure 10C). First,

the temperature dependence can be understood by the fact that the decomposition

rate of H2O2 follows the Arrhenius equation and increases exponentially with tem-

perature.95 As expected, low temperature (i.e., using ice bath) was shown to be

beneficial both for H2O2 production22,30 and for preventing H2O2 decomposition

(Figure 10A).62,96 Second, impurities can catalyze the decomposition of H2O2. Fig-

ure 10B shows that metal ions promote H2O2 instability.62 Any metals or metal

ions in the electrochemical cell (i.e., Pt) may also accelerate H2O2 decomposition.97

Impurities can be effectively alleviated by conventional alkaline peroxide-stabilizing

agents, such asMgSO4, Na2SiO3, and DTPA (diethylenetriamine pentaacetic acid).98

Figure 10C shows that higher concentrations of H2O2 yield higher decomposition
Chem 7, 1–26, January 14, 2021 19



Figure 10. Summary of the Factors to the Stability of H2O2

The effects of temperature (A), impurity (B), and accumulated concentration of H2O2 (C), and the electrochemical oxidation (D) and reduction (E) under

different external bias to H2O2.

(A–C) Measurements starting with a fixed concentration and test the decay ratio in terms of time, without external bias.

(D and E) Measurements of the amperometric response to three successive additions of 1 mM H2O2 to 0.01 M pH 7.4 phosphate buffer under different

bias in an electrochemical cell, which aimed to study the effect of applied potentials on electrocatalytic oxidation and reduction of H2O2. The three

additions of H2O2 correspond to three stepwise current responses observed for each curve. Here, the electrode material used is Co3O4 nanowalls

electrode, and all applied potentials labeled in (D) and (E) are versus Ag/AgCl reference.

(A–C) Reprinted with permission from Yazici et al.62 Copyright 2010 Proceedings of the XIIth. International mineral processing symposium.

(D and E) Reprinted with permission from Jia et al.94 Copyright 2009 Elsevier.
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rates.62 A slower rate of H2O2 production was also observed when the accumulated

H2O2 concentration gets higher in electrochemical cells.24

As pointed out above, in electrochemical systems H2O2 suffers not only from spon-

taneous disproportionation but could also undergo cathodic reduction to H2O

(H2O2 + 2H+ + 2e� / 2H2O; Eo = 1.776 V) (Figure 10D) or anodic oxidation to O2

(H2O2 /O2+2H
+ + 2e�; Eo = 0.682V) (Figure 10E).94,99 Both figures show a sudden

jump in current density whenever 1mMH2O2 is added to the system, indicating elec-

trochemical reactions involving H2O2. Moreover, the magnitude of the current den-

sity is higher for the most positive bias in Figure 10D and the most negative bias in

Figure 10E, indicating faster kinetic with higher bias. For 2e-WOR, higher anodic

bias leads to faster production of H2O2 thermodynamically, but it also leads to the

consumption of H2O2 by anodic oxidation. As a result, the faradic efficiency

measured using the accumulated H2O2 concentration normally first increases and

then decreases with increasing the applied bias.28,31,33

Design of the Electrochemical Cell for H2O2 Production

Besides the above fundamental studies on 2e-WOR, some studies have investigated

the overall electrochemical device design for H2O2 production. At the device level,

as we are focusing on anodic water oxidation to produce H2O2, the corresponding

half-reaction induced at the cathode is the first means of distinction between devices.

There are two popular choices. One cathodic reaction option is the hydrogen
20 Chem 7, 1–26, January 14, 2021



Figure 11. Schematic and Diagram for the Design of the Devices

(A) The device to produce H2O2 at the anode and H2 at the cathode, using an electrical power

source like a battery or a solar cell.

(B) The device to produce H2O2 from both sides, directly driven by solar energy.

(C) The band diagram of the system. The conduction band (CB) and valence band (VB) edge

positions of BiVO4 straddle the redox potentials of O2/H2O2 and H2O/H2O2, suggesting the

possibility of unassisted H2O2 production.

(A) Reprinted with permission from Ando et al.21 Copyright 2004 Elsevier.

(B and C) are reprinted with permission from Shi et al.24 Copyright 2018 John Wiley & Sons, Inc.
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evolution reaction (HER) to produce H2 (2H
++2e� = H2), which produces two valuable

chemical species from a single electrochemical device (Figure 11A).18,21 The other

cathodic reaction option is the oxygen reduction reaction (ORR), where O2 is purged

into the system and reduced to H2O through 4e-ORR and/or to H2O2 through 2e-ORR.

2e-ORR is preferred, as this will increase the amount of generated H2O2. Indeed, the

two-sided H2O2 generation has been demonstrated (Figure 11B).24,88 In addition to

HER and ORR, other reduction reactions can be adopted at the cathode, which may

endow these nascent devices with more potential uses and better performance.

In addition to the choice of cathode reactions, the electrochemical device can also be

operated with or without solar illumination. Without solar illumination, the device is

essentially an electrolyzer used to evolve H2O2. With solar illumination, the device is

a PEC cell. Splitting water using PEC cells typically requires additional bias, and it is

hard to find photoelectrodes that have band edges at sufficient potentials to straddle

the 2e or 4e-WOR and HER equilibrium potentials. However, for 2e-ORR and 2e or 4e-

WOR (in which 2e-WOR is more useful here), it is easier to find a photoelectrode for

which the band edges straddle the H2O/H2O2 (1.76 V versus RHE) and O2/H2O redox

potentials, such as the BiVO4 photoanode (Figure 11C). Two studies have demon-

strated unassisted two-sided H2O2 production in a PEC cell.24,88 Finally, solar energy

and bias can be simultaneously applied to achieve a higher H2O2 yield.
24
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1e-WOR as a Competing Reaction

4e-WOR (i.e., OER) has been extensively studied, and 2e-WOR is receiving

increasing attention. It is natural to consider the 1e-WOR toward the hydroxyl radical

(OH∙) production. OH∙ is a powerful oxidizer and, hence, is excellent for abating an

array of contaminants. As discussed in Figure 4, 1e-WOR is thermodynamically

preferred when the catalyst surface has a low free-binding energy of OH* relative

to the formation energy of aqueous OH∙. Theoretically, to the best of our knowl-

edge, no electrocatalysts have been demonstrated to exhibit proper energetics

for direct OH∙ generation. Furthermore, due to the high thermodynamic potential

necessary to generate OH∙ (E
�
= 2:38 VRHE ), it will be difficult to find catalysts that

are stable under such extreme anodic bias. Experimentally, due to its extraordinary

reactivity, quantifying OH∙ concentration requires advanced analytical methods,

such as spin trapping and fluorescence detection.100

The most commonly reported method for OH∙ generation is through the irradiation

of TiO2 photocatalysts.69,101 Until recently, it was debated whether these radicals

stemmed from water oxidation directly (i.e., the one-electron pathway) or from the

reduction of generated H2O2 andO2.
102 Evidence against the latter mechanism pro-

vides some hope that direct pathways toward 1e-WOR may be possible in photoca-

talytic and/or PEC systems, but much work remains in studying and establishing

possible mechanisms and screening candidate materials.

As a brief conclusion, many other important factors are affecting 2e-WOR other than

the stability and activity of the catalyst. In the future, researchers in this field should

take care of these factors to better solve some fundamental issues or develop some

downstream research directions.
SUMMARY AND OUTLOOK

In summary, the 2e-WOR provides an interesting pathway for distributed onsite

H2O2 production under ambient conditions without gas-phase reactants. We re-

viewed the research progress on 2e-WOR, including basic principles, catalyst devel-

opment, H2O2 detection, and system design.

On the theoretical side, DFT calculations have established principles to predict the

activity, selectivity, and stability of 2e-WOR electrocatalysts, especially for metal ox-

ides. DGOH� was found to be the descriptor for the activity and selectivity of WOR in

general. The preferred range of DGOH� for 2e-WOR is between 1.6 and 2.4 eV, with

the optimal value of 1.76 eV. The Pourbaix diagram is a great thermodynamic tool to

predict the electrochemical stability of catalysts. Though the current DFT calcula-

tions for 2e-WOR shows good agreement with experiments, there is still room for

improvement. First, most DFT simulations have only considered limited number of

facets of oxides, while, in practice, many different facets exist in a polycrystalline ox-

ide nanoparticle. Future studies should consider modeling more complicated facets

of oxides, as high-index facets could also significantly contribute to the catalytic ac-

tivity.103 Second, electrochemical synthesis of H2O2 via 2e-WOR involves extreme

oxidation potentials; therefore, stability of the catalyst materials is a crucial metric.

Moving forward, research efforts should focus on identifying stable catalyst mate-

rials. With the recent developments in Pymatgen and Materials Project, Pourbiax di-

agrams can be rapidly constructed and used to evaluate the electrochemical stabil-

ity. Third, considering the massive materials-phase space, high-throughput DFT

calculation,104 potentially coupled with machine learning, would be a game-chang-

ing strategy to identify stable and selective catalysts for 2e-WOR.
22 Chem 7, 1–26, January 14, 2021
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On the experimental side, many metal oxides have been tested as electrocatalysts

for 2e-WOR, and their catalytic activity and selectivity generally agree with the

DFT-predicted trends. Among those oxides, the faceted ZnO (1010) is the best

so far. Carbon materials and metal porphyrins also show good results regarding

the overpotential and the H2O2 production rate. Further research should orient

more toward the materials exhibiting prolonged stability under 2e-WOR condi-

tions. Moreover, the catalytic performance of 2e-WOR electrocatalysts and the

accumulation of H2O2 are affected by many factors, including electrolyte choice,

pH, accumulated H2O2 concentration, temperature, impurities, and external bias.

Many of these factors and their mechanistic impacts have not been studied in

detail, inviting further research in these areas. The complexity also calls for stan-

dardized experimental protocols and performance-reporting benchmarks, which

are critical to furthering 2e-WOR electrocatalyst development. Finally, electrocata-

lysts alone will not lead to successful onsite production of H2O2. We need to have

a device-level design of fuel cells, perhaps PEC cells as well, to optimize the accu-

mulation of H2O2. Though 2e-WOR has enjoyed heightened attention from both

theoretical and experimental research groups, and early results have shown the

promise of metal oxides as catalyst materials, many fundamental questions require

more exploration. Above all, the unification of methods in the field will be impor-

tant in answering these questions rigorously and in pushing 2e-WOR toward de-

vice-level implementation.

So far, most studies on 2e-WOR have been focused on fundamental discoveries of elec-

trocatalysts. There is a long path toward practical applications, which require stable and

nontoxic catalysts. Longer or accelerated tests need to be carried out to understand the

stability of catalysts and accumulatedH2O2. Also,methods need tobedeveloped to sta-

bilize and separate the accumulated H2O2 from the electrolyte to extend its use for

different purposes. For example, the producedH2O2may need to be coupled with Fen-

ton reaction or UV illumination for effectivewater disinfection. Finally, the cost for distrib-

uted production/application of H2O2 needs to be competitive with centralized produc-

tion and distributed application.One previous research showed that the cost to produce

1kg H2 is way more superior when producing H2O2 instead of O2 at the anode,105

considering the averaged market value of $0.85 kg�1 for H2O2. Nonetheless, techno-

economic analysis and life cycle analysis need to be conducted to understand the prac-

ticality of onsite H2O2 production.
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