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Abstract

Hydrogen peroxide is a valuable chemical oxidant with a wide range of applications in a variety
of industrial processes, especially in water sanitization. Electrochemical synthesis of hydrogen
peroxide (H,0,) through two-electron oxygen reduction reaction (2e-ORR) or two-electron water
oxidation reaction (2e-WOR) has emerged as an appealing process for onsite production of this
chemically valuable oxidant. On-site produced H,0; can be applied for wastewater treatment in
remote locations or any applications where H;0, is needed as an oxidizing agent. This
contribution studies the theoretical efforts in understanding the challenges in catalysis for
electrochemical synthesis of H,0; as well as providing design principles for more efficient catalyst

materials.

Keywords: Electrochemical Synthesis of hydrogen peroxide; Oxygen Reduction Reaction (ORR);
Water Oxidation Reaction (WOR); Computational Material Design; Density Functional Theory
(DFT).



1. Introduction

Hydrogen peroxide (H20;) is a benign chemical oxidant with variety of applications in industrial
processes such as paper bleaching, textile, water treatment and chemical synthesis. Taking water
treatment as an example, the most beneficial aspect of H,0; is that it breaks down into water
and oxygen after interacting with polluted water. In comparison with chlorine, the more
commonly used chemical for water purification, H,0, has higher oxidation potential (~1.8 V) and
works twice as fast over a wider pH range. However, the cost associated with synthesis of H,0;
through the energy intensive, industrial anthraquinone process! and its transportation to the
place of use hinder its widespread application in water treatment. For a similar concentration,
hydrogen peroxide is more expensive than chlorine. For example, chlorine bleach usually costs
S2 to $5 a gallon for 5% to 7% chlorine. However, hydrogen peroxide may cost $10 to $14 a gallon
for a 7% peroxide solution. At present, the main industrial process for manufacturing H,0; is the
anthraquinone oxidation (AO). This process involves four main steps: (1) hydrogenation of
anthraquinone with H, over Pd or Pt catalyst, (2) oxidation using O,, (3) H.0; extraction and (4)
treatment of working solution. While AO meets the global demand of H,0,, it is an energy
intensive multi-step process which requires large infrastructures. Further, the method is not
environmentally friendly as it generates substantial waste and generated H,0, requires
purification, storage, and transport which negatively impacts the production cost and
sustainability.! Thus, with all its green credentials, hydrogen peroxide would be more extensively
and efficiently used if it could be made substantially and readily on-site. Direct synthesis of
hydrogen peroxide (DSHP) from its constituents, H, and O, provides a straightforward pathway
which has been the subject of massive research.?8 Palladium and its alloys are the most studied
catalysts for DSHP.3%0 This process has not yet been applied at industrial level due to several
challenges associated with thermodynamics, explosion risk, and degradation of produced
hydrogen peroxide. On the other hand, the emergence of electrochemical processes has enabled
local production of this valuable chemical oxidant with high efficiency and safe operation.*! H,0,
can be generated on-site from a two-electron reduction of oxygen (2e-ORR, eq. 1) and be used
as an onsite oxidizing agent for water treatment.!? This process has motivated intense research

in recent years to find efficient and selective catalysts for the 2e-ORR to H,0,.132! The



combination of computational material design and versatile synthetic methods as well as
electrochemical evaluation has led to the design and discovery of the state-of-the-art Platinum
and Palladium mercury alloys for this reaction.’®!* Recently, carbon-based materials,'>162223
nitrides?!, carbides?*, sulfides?>2®, and oxides?’?® have attracted attention as alternative cost-

effective non-toxic catalysts for 2e-ORR.

02 + 2(H+ + e_) - H202 E° = 070 VRHE (1)

An alternative process for onsite production of H,0; and oxidize organic pollutants of
water is to oxidize water in a two-electron oxidation process (2e-WOR eq. 2) in an aqueous
media.l

2H20 - H202 + 2(H+ + 6’_) EO = 176 VRHE (2)

Compared to 2e-ORR, less effort has been devoted to developing catalysts for electrochemical
synthesis of H,0, via 2e-WOR. Mostly transition metal oxides have been examined for this
reaction. Among them, some have shown high selectivity and activity and demonstrated the
feasibility of this process.?32 Recently carbon-based materials, coupled with unique new
electrode designs, have been tested and shown additional promise for this reaction.33

Given the growth of research interest in electrochemical H,0; synthesis shown in Figure
1 (reference Scopus), and the advent of widespread adaptation of data-driven approaches to
materials design, theory and computation will play an important role in the discovery of new
materials for this reaction. In this review perspective we will give an overview of the emergence
of computational guidance in understanding the challenges and providing solutions in designing
active and selective catalysts for both 2e-ORR and 2e-WOR to produce H;0;. We demonstrate
how simulations using the computational hydrogen electrode model reveal the Sabatier principle
for H,0, synthesis, explaining trends in activity towards both ORR and WOR. In this model,
maximum activity is a trade-off between not too strong nor too weak adsorption energy of the

adsorbates to the surface of the catalyst.3* Furthermore, we demonstrate how simulations can



be used to construct activity volcano maps based on the Sabatier principle. This approach has

proven to be powerful in predicting trends in activity across different classes of materials for

many different reactions.>*3” We emphasize that the literature includes a number of high-quality

pure experimental studies in the area of 2e-ORR which have been thoroughly addressed in other

review papers.3¥4! However, purely experimental studies are out of the scope of this review

paper and our focus herein is on the simulation-based guidance of trends in H,0; synthesis.
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Figure 1. Number of publications for electrochemical synthesis of H,0; via 2e-ORR and 2e-WOR.

2. Electrochemical Synthesis of H,0; through 2e-ORR

Oxygen Reduction reaction (ORR, eq. 3, Figure 2a), where molecular oxygen is

electrochemically reduced via a four-electron proton transfer to water is an emerging process of

interest for chemical-to-electrical conversion technologies such as fuel cell and metal-air

batteries. Both fuel cells and metal-air batteries are set to play increasingly important roles in our

future sustainable energy landscape. Performance bottlenecks in zero-emission fuel-cell

technologies have motivated efforts in the past three decades to discover novel catalysts and



optimize fuel-cell device design.**™*” The four-electron ORR (4e-ORR) that occurs in a fuel cell is
out of the scope of current contribution. Rather, our focus is on the 2e-ORR (eq. 4, Figure 2b)
where oxygen is electrochemically reduced to H,0,. Similar to the 4e-ORR, this process is

accompanied by generation of electrical energy.

The mechanism of 4e-ORR:

0, + 4(H* + e7) - 2H,0 E° =123 Vayp (3)
*+0,+ (H*+e”) - O0H* (3a)
OOH" + (H* + &™) > H,0 + 0" (3b)
O*+(H"+e™) - OH" (3¢c)
OH*+ (H*+e™) » H,0 + * (3d)

The mechanism of 2e-ORR:

0, + 2(H* +e™) - 2H,0, E°=0.70 Vayg (4)
*+0,+(H"+e”) - O0H* (4a)
OOH*+ (H* +e~) » H,0, + * (4b)

Since water is the thermodynamically favored product, the 4e-ORR competes with the 2e-ORR
and the selectivity of the catalyst towards the two-electron product is an obstacle for synthesis
of H,0,. Inreality, the final product of the ORR strongly depends on the selected catalyst material.
Equations (3a-d) and (4a-b) are the mechanisms for 4e- and, 2e-ORR, respectively. Figure 2c and
2d are the schematics of the two mechanisms showing that OOH* is the common intermediate
between the two ORR pathways and determines the reaction product. Catalyst materials that
preserve the O-O bond in the key OOH* intermediate tend to be selective towards H;0,. In
contrast, catalysts with strong oxygen binding energies easily dissociate the O-O bond and are
selective to form water as the main product. Therefore, catalysts for H,0; are limited to those
that bind oxygen not too strongly. In the following we show how this simple principle has led to

catalyst design principles and multiple discoveries during the past few years. We first focus on pure



transition metals and then turn our focus to alloys and other classes of materials such as carbon-
based materials, sulfides, and oxides.

Similarly, the adsorption strength of O, to the surface can be used to explain selectivity
between 2e- and 4e-ORR. It has been shown that strongly bonded O, molecule has a parallel
orientation to the surface, whereas weakly adsorbed O, is vertical.*® Ab initio studies of O,
adsorption to metal surfaces suggests that the lowest reaction barrier corresponds to a parallel
orientation of oxygen followed by dissociation reaction. The perpendicular orientation of oxygen
will result in higher reaction barrier for O-O bond session which results in higher 2e-ORR
product.* These results show that as the reactivity of the surface increases it is more likely for
oxygen to react with the surface through side-on mode which results in 0O-O bond session and

following 4e-ORR pathway.

Fuel Cell
ORR = Oxygen Reduction Reaction
(a) o, 3 (o) 4e-ORR A

0+ 2{H4e) 51,0, E°=0.70V |

Figure 2. a) and b) are schematics of the fuel cells for the 4e-ORR that fully reduces oxygen to
water as the main product and 2e-ORR which partially reduces oxygen and results in hydrogen
peroxide as the major product, respectively. c) and d) are schematics of the mechanisms for 4e-
ORR with water and, 2e-ORR with H,0; as main products.

We note that mechanism 4(a-b) is based on acidic conditions where two coupled proton-
electrons are transferred to O, molecule and form OOH* and subsequently H,0,. The 2e-ORR
mechanism can also be considered for alkaline conditions;

0, + H,0 + 2e~ > HO; + OH™ (5)



*+0,+ H,0+e~ - 00H"+ OH™ (5a)
OOH* + e~ - HO; + * (5b)

where, hydrogenation of oxygen (eq. 5a) is followed by the reduction of OOH* to form peroxide
ion. Similar to acidic mechanism, the only involved intermediate is OOH* in basic mechanism.
The difference is that the proton source in acid environment is hydronium, while it is water in
base. Hence the adsorption energy of OOH* remains the best descriptor of activity in both acid
and base. Adsorption energy is a surface property; therefore, it should not be affected by the
proton source. Moreover, in computational modeling, everything is modeled based on RHE scale
(i.e., pH=0), which means if the active sites in the catalyst remain unchanged in acid and base, a

similar trend in activity is observed among several active sties in acid and base.

2.1 Pure Metals

To model the adsorption energy of the intermediates we assume the computational hydrogen
electrode (CHE) model?*, which takes the chemical potential of a proton and electron pair
equivalent to that of gas-phase H; at potential of U=0 V. The effect of the electrode potential on
the free energy of reaction intermediates is taken into account by shifting the electron energy by
-eU, where e and U are the elementary charge and electrode potential, respectively. Figure 3a
shows the activity volcano maps for the 2e-ORR (green) and 4e-ORR (blue) and includes the
calculated limiting potential (U.) for several transition metals as function of OH* and OOH*
intermediates.® Dashed lines refer to the standard equilibrium potentials for 2e-ORR and 4e-ORR.
The peak of the volcano graphs represents the highest activity (highest limiting potential and lowest
overpotential) that can be achieved for each pathway. Shaded areas indicate the selectivity regions
for H,0 (blue) or H,0; (green) products. On the far right of both 2e- and 4e-volcano maps, there
are catalyst materials with weak OOH* and OH* adsorption energies which indicate high selectivity
for 2e-ORR and synthesis of H,0.. It is worth noting that OH* and OOH* intermediates follow the
scaling relationship (AGoon*= AGon*+ 3.2).>! Therefore, both OH* or OOH* adsorption energies can
be used as a descriptor of 2e and 4e-ORR activities. Figure 3a includes the analysis for both of these

two descriptors. This figure shows that Au(111) weakly interacts with oxygen and therefore it is



selective for the 2e-ORR. Indeed, Au is experimentally known as the only transition metal that
selectively reduces oxygen to H,0,.°> However, although the selectivity is predicted, activating
oxygen to form key intermediate OOH* becomes difficult due to the weak interaction of Au(111)
surface with oxygen. Therefore, it costs a lot of energy to reduce oxygen to H,0, on Au(111)
surface. This means very low activity and high selectivity, whereas ideally both high selectivity and
activity are desired. Other facets of Au such as (211) boost the activity toward 2e-ORR due to
slightly stronger oxygen binding energy. However, the activity is still far below the optimum.
Other transition metals such as Pt, Pd, and Ag bind OH* and OOH* strongly such that the O-O is
dissociated, and they proceed via the 4e-ORR with water as the main product (Figure 3a). Figure
3b shows the free energy diagram for the 2e-ORR at the standard potential of 0.70 V. The free
energy of the ideal catalyst is flat at 0.70 V which results in zero overpotential with maximum
activity. Transition metals such as Pt and Pd bind OOH* intermediate too strongly such that
formation of H,0, becomes a bottleneck step. On the other hand on Au(211) formation of OOH*

is uphill, preventing the reaction to proceed at 0.70 V.

a) AGqqy- (8V) b) -:10,+2(H +e) HOO" + (H' + &) H,0
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Figure 3. a) 2e-ORR (green) and 4e-ORR (blue) activity volcano plots including the activity of noble
transition metals such as Pt, Pd and Au. Shaded blue and green areas represent the regions with
high selectivity for H,0 and H,0,, respectively. b) Free energy diagram for the 2e-ORR at 0.70 V.
Data for figures are adapted from Ref. [50].

2.2. Alloys



As shown in the previous section, none of the transition metals are sufficiently active and
selective for 2e-ORR. In 2011, Jirkovsky, et al.>?, showed that active-site geometry plays a major
role in determining its selectivity. They investigated alloying the surface of Au(111) with single
atom sites of Pd, Pt, Rh, etc. and showed that this design helps preserving the O-O bond. As
shown in Figure 3a and b, the activity of Pd/Au alloy is improved compared to Au(111) but it is
almost identical to the activity of Au(211).>°

In 2013, Siahrostami, et al.13,. investigated a wide range of bulk alloys containing a single
active element toward ORR (such as Pd, Pt, Rh, Ru, Ir, etc.) surrounded by an inert element (such
as Hg and Au). The active element was capable of adsorbing an oxygen molecule and reducing it
to OOH* but was unable to dissociate the O-O bond because the neighboring site was not prone
to bond the dissociated product i.e., OH* (Figure 4a). The isolated active sites in the bulk alloys
were predicted to effectively activate oxygen, therefore boosting activity and preserving
selectivity towards the desired H,0; product by not allowing O-O dissociation. Following these
predictions, active and H,0, selective Pt-Hg'® and later Pd-Hg!* alloys for this reaction were
experimentally verified (Figure 4b). More specifically, these alloys exceeded all previous
experimental activity benchmarks and exhibited 98% selectivity towards desired product. To
date, they remain the most active and selective known electrocatalysts for aqueous synthesis of

H,0; in acidic media.

a) b) _ ' ' .
2e-ORR and 4e-ORR mechanisms on 14F o A
surface of PtHg, alloy i _i_J_&Hg‘Of 1‘2_{\’ ““““““““““““““““““““
1.2F -

I — 4e-ORR

— 2e-ORR| 7]
Pd2H95 i
PtHg, .
P%Au-

H+ H+ i 1 i 1 A 1 i 1 i 1 A 1 i 1 A 1 7

HHve ) HHrve ) % 02 04 06 08 1 12 14 16 18
AG,,. (eV)



Figure 4. a) Isolated active sites in PtHg, alloy preserve 0-O bond (green arrows) and maximize
selectivity toward production of hydrogen peroxide, reproduced with permission from Ref. [13].
Copyright (2013, Nat. Mater.). b) Activity volcano plot, describing both 2e- and 4e-ORR activity
plots. Shaded blue and green areas represent the regions with high selectivity for H,O and H,0,
respectively.

Other alloys of mercury such as Ag-Hg and Cu-Hg have also been examined both experimentally
and computationally, where Ag-Hg was shown to have an order of magnitude improvement in
activity over Au.>* Apart from alloys of mercury, other alloys have been examined and reported.
Zheng et al.,>® synthesized core-shell nanorods of Au-Pt-Ni using epitaxial growth and showed
that lattice fringes direct the 2e-ORR pathway with 95% selectivity.

Unfortunately, the cost of noble metal-based alloys and toxicity of the state-of-the-art Pt-
and Pd-Hg alloys hinder their wide-spread application. In addition to activity and selectivity, an
ideal catalyst for the 2e-ORR should be cost-effective, environmentally benign, and stable under
long-running electrochemical operation (Figure 5a). To this end, several alternative classes of
materials have been examined. Figure 5b is a Tafel plot adapted from Ref. [3®] showing the
experimentally measured current density vs. onset potential for a variety of catalyst materials
reported after discovery of Pt and Pd-Hg alloys. Materials with high performance are located in
the top right corner of this plot with maximum current density and as close as possible potential
to 0.70V, i.e. the 2e-ORR equilibrium potential. In addition to Pt and Pd-Hg alloys, which perform
well in acidic media, glassy carbon and annealed glassy carbon are shown as among the highest-
performing catalysts for alkaline media in Figure 5b. Many other reports on carbon-based

materials show similar performance in alkaline media, which we discuss in section 2.3.
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Figure 5. a) Different criteria for identifying a champion catalyst for 2e-ORR. b) Tafel plot showing
the performance of several reported classes of materials for 2e-ORR, reproduced with permission
from Ref. [38]. Copyright (2018, ACS Catal.).

2.3. Carbon-based Materials
Carbon is a key constituent of a number of non-toxic, active, and earth-abundant materials for
2e-ORR. Porous carbon materials have shown great promise in this regard owing to their high
surface area, tailorable porosity, and high electronic conductivity. Hierarchical porous carbon
includes various porosities from micro-/meso-/macroporous network, which can be tuned to
facilitate both mass transport and activity. The electronic properties of carbon-based materials
can be further tailored by introducing heteroatom or single metal dopants,*®>8 defects, and
oxygen functional groups.®® In the past few years the field of electrochemical synthesis of H,0,
has witnessed a significant revolution in designing carbon-based materials both experimentally
and computationally.®>%> Herein we mostly focus on highlighting literatures which have
emphasized on the computational aspect as the experimental literature have been thoroughly
discussed in other review articles.3841,66,67

Figure 6a schematically outlines a summary of the different structural motifs used in
various research efforts that may tune the activity and selectivity of carbon-based materials for

2e-ORR. Figure 6b summarizes the results of several different reports on carbon-based materials

11



in the context of the activity volcano shown previously. These studies can be divided into several
categories; Metal and hetero-atom free carbon-based materials, oxidized carbon, carbon-based

single atom catalysts, and hetero atom doping, which will be discussed separately.

a) Oxygen
Functional

B,N co-doped Edge
(high
concentration)

B,N co-doped
(low
concentration)

S,N
co-doped

S-doped N-doped

0 02 04 06 08 1 12 14 16 18

AG,,,. (eV)

Figure 6. a) Schematic showing different efforts that have been made to tune the electronic
structure of the carbon-based materials for 2e-ORR. b) Summary of the activity trends reported
for variety of different carbon-based materials studied in the literature, red circles are the defect
carbon (data adapted from Ref. [22]), orange: B,N co-doped carbon (data adapted from Ref. [23]),
and magenta: N-doped carbon (data adapted from Ref. [44]), (values for each data point are
reported in Supporting Information, Table S1).
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2.3.1. Metal and hetero-atom free carbon-based materials

Carbon-based materials with no metal or heteroatom have been widely examined for ORR.1222,68~
% Intrinsic carbon defects (defects created by a physical or chemical method) are known to be
responsible for the ORR activity. The nature of the active site has been controversial as it requires
fine characterization techniques such as high-resolution transmission electron microscope
(HRTEM) for direct imaging of the atomic structure and observation of different defects. Liu, et
al.,?® suggested that certain defects and sp3-C bonds are the active sites. In the past years several
different computational studies have been conducted to measure the activity of different
possible defects.?270757¢ For example, Chen et al.,*? systematically examined a variety of
different defects consist of pentagons, heptagons and octagons in graphene lattice with no
dangling bond. These defects are known to form during synthesis procedure of different carbon
samples. This study predicted that most of defects in carbon-based materials are inherently

selective for production of H,0, and some are very active, especially the ones with pentagons.??

2.3.2. Oxidized carbon

Incorporating functional groups through chemical functional design is an effective strategy to
enrich the catalytic activity of carbon-based materials. In particular, oxygen functional groups
have proven to significantly improve the performance of different carbon nanostructures toward
2e-ORR. A pioneer study by Lu et al.'® showed that particular oxygen-containing functional
groups such as ether (C-O-C) or carboxyl (-COOH) can also promote activity and selectivity for 2e-
ORR in carbon materials. This work revolutionized the view about the ability of different oxygen
for enhancing the 2e-ORR activity and selectivity. Many follow up works were published trying to
improve selectivity and activity for 2e-ORR using different carbon nanostructures and
preparation methods. The field is still growing in this direction. A recent combined experimental
computational study by Han et al.”’ shows that quinone functional groups in the edge of carbon

nanostructure exhibit high selectivity and activity for 2e-ORR.

2.3.3. Carbon-based single atoms catalysts (SACs)

13



Single atom catalysts SACs have emerged as an interesting catalytic system providing a unique
chemistry with a great platform to explore many different reactions such as CO; reduction
reaction, oxygen evolution reaction and oxygen reduction reaction.”®’° Among different possible
SACs, carbon-based SACs have attracted a lot of attention due to the recent advances in synthesis
and characterization methods. Jiang et al.}” showed that incorporating single atoms of Fe in a
partially oxidized carbon substrates enhances the selectivity and activity for ORR.

A special attention has been paid to synthesizing and exploring catalytic activity of metal-
nitrogen-carbon (M-N-C), in which metal is coordinated with four nitrogen atoms making a MNg,
motif also known as porphyrin in carbon substrate.®>8%8! These systems provide a unique
platform for enhancing the selectivity toward 2e-ORR while maintaining activity. A computational
study by Siahrostami, et a/.8% in 2013 on variety of MN4 (M = Cr, Mn, Fe, Co, Ni and Cu) embedded
in graphene showed that CoNs has the ideal OOH* binding energy (4.23 eV) and therefore
predicted to exhibit the highest activity for production of H,O, among other MN4 motifs. The
recent experimental techniques have enabled careful and targeted synthesis of MN4 motifs and
works demonstrated that indeed CoN4 is and active and selective for 2e-ORR. In the following we
overview some of the recent works in this area. A combined experimental-computational study
by Sun et al.,%> investigated the activity and selectivity of metal-nitrogen-carbon (M-N-C) for a
series of M = Mn, Fe, Co, Ni and Cu. Among these, Co-N-C was found as the most active and
selective moiety for 2e-ORR both experimentally and computationally. The experimental trend
in activity of different M-N-C moieties was well captured by DFT calculations and the value for
the calculated limiting potential of Co-N-C was reported as 0.54 V. Similarly, Gao, et al.%°
calculated the activity of the same M-N-C moieties (M= Mn, Fe, Co, Ni and Cu) and showed that
Co-N-C is the most active. They attributed this high activity to the end-on adsorption mode of O,
molecule to the single metal atoms that results in optimum binding energy of OOH* and d-band
center of the single metal atom.

In addition to incorporating single metal atoms in nitrogen-doped carbon, several studies
have focused on adding single metal atoms in sulfur-doped carbon nanostructures to enhance
the 2e-ORR selectivity and activity. Choi et al.?® experimentally showed a high selectivity for

atomically dispersed Pt in S-doped carbon substrate. Using DFT calculations, they investigated

14



several possible active sites for a single Pt atom surrounded by sulfur in graphene and reported
a calculated limiting potential of 0.64 V. Tang et al.®3 prepared high loading of Mo-SAC with
oxygen and sulfur coordination in carbon substrate and showed over 95% selectivity for 2e-ORR.
DFT calculations on several Mo-0/S-C model structures revealed the critical role of coordination
environment for Mo-SAC.

There are also other studies that include SACs in non-carbon-based substrates. For example, a
study by Shen et al.,3* shows that including single atoms of Pt in CuSx directs the selectivity
towards 2e-ORR with H;0; selectivity around 92%-96% in acidic electrolyte.

Apart from SACs, there are studies in the literature that focus on incorporating metal
nanoparticles for tuning the electronic structure of the carbon materials and controlling the
selectivity toward 2e-ORR. For example, N-doped graphitic carbon with embedded cobalt
nanoparticles was examined by Lenarda et a/.8>, and shown to produce H,0, with almost 100%
Faradic Efficiency at 0.5 V vs. RHE. Gan et al. 8 investigated the activity and selectivity of different
Pt nanoparticles supported on the carbon nanotube (CNT) structure. This study demonstrated
that selectivity is correlated with the size of Pt nanoparticles on the CNT such that by decreasing
the size, the 2e-ORR increases. Similarly, Kim et al. examined activity and selectivity over a range
of atomically dispersed metals (Os, Ru, Rh, Ir, and Pt) on CNT.%” Based on this study, Pt showed
the greatest selectivity towards formation of H,0,, while Rh showed the best activity. Selectivity
was attributed to the adsorption energies of both OOH* and O*, where a proportional increase
in H,0, selectivity was observed with weakening of O* adsorption energy. Jung et al.®®
synthesized a single atom catalyst in nitrogen-doped graphene. They showed that addition of
electron rich (e.g. O) or electron poor (H*) species near the metal-N moiety results in a change of
the AGpop«-

So far, we have shown that there are many recent studies to demonstrate the synergistic effect
of the metal single atoms or nanoparticles with carbon nanostructures to enhance the
performance toward 2e-ORR. However, we note that careful experimental analysis shows that
many synthesis procedures for carbon-based materials will incorporate a wide range of metal

impurity types and amounts.®? These metallic impurities can significantly change the

15



electrochemical properties of the carbon-based materials. Therefore, careful characterization

techniques are required to make sure of the absence of unanticipated metal impurities.

2.3.4. Hetero atom doping

Doping carbon-based materials with heteroatoms has also been extensively studied for
boosting activity and selectivity of the 2e-ORR. Although mostly studied for 4e-ORR, N-doped
carbon has been also examined for 2e-ORR.1>626490.91 A combined experimental-computational
study by To, et al.**, shows that N-doped into pentagonal defects drives 4e-ORR while N-doped
in six member ring graphitic carbon drives the 2e-ORR. Chen et al.,?® systematically examined
different concentrations of boron and nitrogen co-doped in carbon. Their combined
experimental and computational results revealed that hexagonal boron nitride (h-BN) domains
formed in graphitic structure of carbon, which are energetically more favorable than individual
B- and N-doped moieties, yield higher activity and selectivity toward 2e-ORR.23> Other
heteroatoms such as sulfur® and fluorine®® have also been examined for the 2e-ORR. Sulfur-
doped carbon has been experimentally examined by Chen et al.?? which showed 70% selectivity.
Computational modeling using DFT calculations showed limiting potential around 0.70 V.

Although carbon materials have shown superior activity and selectivity for 2e-ORR, their
performance is limited to alkaline media. This results in difficulties in the long-term storage and
transportation, since H;0; is not stable under alkaline conditions. Therefore, the focus of recent
studies on carbon-based materials has turned towards developing materials that are reasonably
active in neutral and acidic media. The two separate studies by Lu, et al.*® and Jiang et al.'’
demonstrated reasonable activity and selectivity for 2e-ORR under neutral pH. Very recently,
Chang, et al.®* showed for the first time that dispersed Pd clusters in fully oxidized carbon
nanotube not only show superior activity but also high selectivity and stability under acidic

conditions.
2.4. Sulfide, Oxides, Carbides, Molecular Catalysts

Apart from carbon-based materials, other classes of materials such as transition metal

sulfides?>?®, oxides?”:?%, and carbides?* have been examined for 2e-ORR. Several metal-doped
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RuO; structures have been experimentally and computationally investigated by Abbott et al.?’
where Ni-doped RuO; was shown to have selectivity and activity toward 2e-ORR with calculated
limiting potentials around 0.6 V. Hybrid structures of Ni-based layered double hydroxide (Ni-LDH)
dispersed on carbon nanosheets (CNS) have been shown to hinder the 4e-ORR pathway and favor
the 2e-ORR. % Using DFT study, a synergetic relationship between the Ni-LDH and the CNS was
revealed in which, through steric effects, the CNS suppressed O-O bond cleavage and production
of H,0, whereas the Ni-LDH provided defective Ni edge active sites for 2e-ORR. Based on a
combined computational and experimental study, Sheng et al.>> argued that structural properties
of Cobalt pyrite (CoS;) disfavour the O-0 scission that is required for the 4e-ORR. They explained
that the large spacing between neighbouring Co active sites prevents the two oxygens in OOH*
to be adsorbed. Consequently, the O-O bond is preserved in OOH* and H,0, formation is
favoured. However, a study by Zhao et al.?® shows that CoS; is strongly prone to oxidation under
relevant pH and potential of ORR. This suggests the active phase of CoS; is the Co-oxy-hydroxy
passivation layer on its surface. Taking several oxy-hydroxy models into account for the DFT
calculations this work identifies the relevant active sites in for the 2e-ORR on CoS; structure.
Experiments on TiC supported single atoms by Sahoo et al.?* showed reasonable activity and
selectivity for 2e-ORR. Trends in activity for different single atoms examined were reproduced by
DFT and the limiting potential calculated for the Au doped in the TiC was reported as 0.63 V.

In addition to oxides and sulfides, advances in homogeneous catalysis are happening as
well, but it is outside of the scope of this article.®>%®

Figure 7 shows the timeline for evolving new materials for 2e-ORR in the field that are
investigated with the aid of computational guidelines. For simplicity, this figure only represents
the calculated limiting potentials which can be related to the activity of the material. The closer
the potential to the equilibrium potential of 2e-ORR, i.e., 0.70 V the higher is its activity. We
would like to emphasize once more that both activity and selectivity are important metrics in
discovering new catalyst materials for 2e-ORR. Currently, there is not a well-defined
computational protocol to estimate selectivity trends. However, the rotating ring disk electrode

(RRDE) measurement is a proven experimental technique to measure selectivity with reasonable
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accuracy. The reported numbers for selectivity are collected in Table S2 for references in Figure

7.

Ref. [*]  Ref.[*] Ref.[?}] Ref. [2] Ref.[*?] Ref.[®®] Ref.[**] Ref.[*]
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Figure 7. Timeline showing the computational reports for 2e-ORR. The bars show corresponding
reported calculated limiting potentials (U.) for the most active structure in each literature. The
corresponding selectivity measured by experiment can be found in Table S2, Supporting
Information.

3. Electrochemical Synthesis of H.0> through water oxidation reaction

Oxidizing water is a well-known process for sustainable production of hydrogen via a four-
electron water oxidation reaction (4e-WOR, eq. 6). Although the 4e-WOR (the half-oxidation
reaction of water splitting) has been at the centre of attention for H, production,®’1% this
reaction is out of the scope of this review. Rather, our focus is on the two-electron water
oxidation (2e-WOR) to produce the thermodynamically less favorable H,0; (eq. 7). Apart from
the 2e-WOR, a one-electron water oxidation (1e-WOR) may also occur which results in hydroxyl
radical (eq. 8). Both H,0; and hydroxyl radicals are powerful oxidizing agents and can be used for
water disinfection. Among these, H,0; is of particular interest due to its green credentials and

less demanding oxidation potential (1.78 V).

18



The 4e-WOR:

2H,0 - 0, + 4(H" +e") E' =123 Viyg (6)
*+ H,0 > OH++(H" +e") (6a)
OH x> 0 x+(H* +¢e") (6b)
0 *— O0H «+(H* +e7) (6¢c)
OOH %> x4+ 0, + (H* + e7) (6d)

The 2e-WOR:

2H,0 - H,0, + 2(H* +¢") E° =176 Vayg (7)
*+ H,0 > OH «+(H* +¢e") (7a)
*+ H,0 > OH*+(H* +¢e7) (7b)
OH * +0OH *— H,0, (7¢c)

The 1e-WOR

H,0 — OH g+ (H* +e7) E" =238 Viyg (8)
H,0 4+ +—> OH*+(H* +e7) (8a)
OH * = OH *(gq)+ * (8b)

Compared to the 4e-WOR, less attention has been paid to selective oxidation of water to H;0;
(2e-WOR) owing to the fact that it is a challenging reaction. The first experimental evidence of
electrochemical oxidation of water to H,0, was reported on Mn0y.1%%107 Reactive O-containing
species, namely hydroxyl radicals, hydrogen peroxide, and superoxide anions have been detected
at the surface of titanium dioxide under UV irradiation.1%8-112 Small amounts of hydroxyl radical
have been detected on the BiVO; under the visible light. 37116 Fuku et al. reported the first
successful photoelectrode system capable of producing and accumulating hydrogen peroxide.t’
In 2015, Viswanathan et al.1*® investigated the 2e-WOR using density functional theory (DFT) and
showed that adsorption free energy of OH* can be used to explain the selectivity between 2e-
and 4e-WOR. They also suggested OH* adsorption free energy is an appropriate descriptor for
the trends in activity across different examined oxides. Later in 2017, Siahrostami, et al.,*?

addressed challenges associated with the water oxidation to hydrogen peroxide including the 1e-

WOR (eq. 7) that produces OH radicals. They identified thermodynamic constraints that limit the
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design of a selective and active catalyst for this reaction. Based on these, we are now capable of
screening large classes of materials to identify efficient catalysts for the water oxidation to
hydrogen peroxide. Herein, we briefly overview the procedure that led to identifying constraints

for selectivity and activity trend across different oxide materials.

Electrolyzer
WOR =Woater Oxidation Reaction
1 (d) 4e-WOR A

o (ee) o (i) O e ob HH+e) 09

| 2H,0 505+ 4fti*+e) E°=123V

4N S
b) Y (@ e WOR N
o (H+e) &
INEEE—— (NN o +2+)
o o
[
O ey b — R
I
2H,0 91,0, + 20 1€ E°=1T6V) | )
4 N ™
c) f) 1e-WOR
o
[ - (H"+e)

(| H,00H + (Hiee) E°=238V | | )

Figure 8. a) 4e-WOR that fully oxidizes water to oxygen and hydrogen as main products. b) 2e-
WOR which partially oxidizes water and results in hydrogen peroxide as the major product. c) 1e-
WOR, which results in OH radical. Schematics of the mechanisms for the three WORs, d) 4e-
WOR, e) 2e-WOR, f) 1e-WOR.

3.1. Selectivity and Activity

The first step to capture the trends in selectivity and activity is to construct free energy
diagrams for all the three WORs (Figure 8) assuming the computational hydrogen electrode (CHE)
model.3* Figure 9b shows the free energy diagram for the 2e-WOR (green solid line) to hydrogen

peroxide versus the 4e-WOR (blue solid line) to oxygen on ideal catalysts at zero potential. One
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of the main challenges for 2e-WOR is to prevent the 4e-WOR (eq. 5), which evolves oxygen
instead of H,0,. This also means that once H,0, forms through the 2e-WOR (eq. 6), further

oxidation to O; (eqg. 8) must be avoided.

H,0, - 0, +2(H" + e7) (8)

In order to meet these criteria and advance the reaction along the desired two-electron route, a
number of constraints, in terms of binding energy of different reaction intermediates, must be
imposed on the catalyst. One such constraint is that the catalyst material should be able to cleave
the HO-H bond in water to ensure formation of the HO* (eq. 6a). This is an important step as the
OH* is a key intermediate determining the oxidation product. Ideally, we would minimize the
overpotential associated with the 2e-WOR. The overpotential for 2e-WOR is governed by the
binding of a key OH* intermediate to the catalyst surface, so controlling the overpotential is a
matter of tuning the free energy of OH*. The theoretical overpotential will be zero if the free
energy diagram is totally flat at the equilibrium potential, i.e., 1.76 V. The H,0; free energy shifts
two times the equilibrium potential in response to a change in potential because it contains two
electrons. Since the OH* level contains only half the number of electrons, the shift will be half as
large. As a result, an OH* adsorption free energy (AG,y) of 1.76 eV, when calculated at zero
potential and relative to liquid water, will give zero overpotential. Moreover, to ensure that the
four-electron path is suppressed, the catalyst must have AGyy = 1.76 eV. This is due to strong
OH* binding (AGyy < 1.76 eV), which results in further oxidation and forms O* and
subsequently OOH* (eq. 8) (the unfavored reaction path). This is a direct consequence of the
scaling relation between the oxygenated species.'?>1?! In other words, we require a catalyst with
weak binding of O* and OH* not only to quench the 4e-WOR path but also to avoid further
oxidation of the produced H,0: (eq. 5). In terms of the free energy of adsorption, this means we
require a catalyst with AG, = 3.52 eV, and AGyy = 1.76 eV simultaneously. Simply put, a poor
catalyst for 4e-WOR with high oxygen evolution overpotential has a greater chance to be a

selective catalyst for the 2e-WOR.1%8

21



Figure 9 also represents another important constraint on the AG,y for production of
H,0,. This constraint is related to the free energy of the solvated OH radical (see eq. 7). The total
free energy of solvated OH radical is ~2.4 eV.1?? In fact, we require a catalyst with at least AGyy <
2.4 eV and a simultaneously low barrier for recombining two OH* to form H,0,. If the OH*
binding is weak and the barrier for recombination of the two OH* is high, an OH radical will be
released to the solution, which results in suppression of H,0O, production. Note that formation of
the OH radical is also beneficial for water purification, as it is able to oxidize organic pollutants.

However, the production of H,0; requires a lower redox potential than the OH radical.

a) b) s+ —3 :3244{H'+e]
2
f [ 1l Hchz : |
o° + 2(H*+e) 4= H,0,+2(H"+e |
o Py r z—h | OOH"+3(H"+&") 1
iy ! = 3F | [} =
— o®* 4(H*+e7) E [ I ; _
(o] OH'(ag)+(H +e Jo"42(H' +e")
a 2+ .
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= e l
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Figure 9. a) Schematics of different possible WOR pathways. b) Free energy diagram for 2e-WOR
(green) vs. 4e-WOR (blue) and 1e-WOR (red). c) Product selectivity map in terms of the binding
energies of O* vs. OH* showing different regions of selectivity for H,0,, O, and OH radical
products. The black dashed line displays the scaling line between O* and OH* on different oxides
(data adapted from Refs. [29-31,118,120,123-125]). d) Activity volcano plots for the 2e-WOR
(green) and 4e-WOR (blue) showing trends in activity across different classes of materials. The
corresponding equilibrium potential for each reaction has been shown in dashed lines.
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The above-mentioned, purely thermodynamic constraints have been summarized in Figure 9c in
terms of O* and OH* adsorption free energies in a selectivity diagram. This figure shows why
PtO,, RhO; and IrO; are known to be effective catalysts for the 4e-WOR to 0,.1'8 The black dashed
line in Figure 9c displays the scaling relationship between O* and OH* binding energies. Figure
9c also shows that there is a very narrow window (highlighted in green) where H,0; is expected
to evolve. Using these guidelines, we can rationalize the selectivity trend across a wide range of
oxide materials and identify those with high selectivity for H,O; product. These guidelines explain
the selectivity of BiVO4 for H,0, production and have predicted new catalysts such as CaSn03,3?
and Zn0?°,

The analysis reported in Ref. [1*¥] that applies AGy. as descriptor can be used to plot an
activity volcano underlining the activity of the above mentioned catalyst materials towards 2e-
WOR. Limiting potential, U;, can be used as a metric of activity, defined as the lowest potential
at which all the reaction steps are downhill in free energy. Figure 9d shows the calculated limiting
potentials as a function of AG, . for both 2e-WOR and 4e-WOR. It also includes the three regions
of selectivity combined with the activity volcano plot to determine the selectivity and activity of
the catalyst for H,0,, O, or OH radical evolution. Several oxides, namely, TiO2, SnO3, BiVO4, WOs3,
CaSn0s3 and ZnO have been identified in the H,0; region. The OH* binding energy of WOs is close
to the intersection of the two volcano plots, where the two- and four-electron paths run in
parallel. This agrees well with the experimental results showing that WO3 has a low selectivity for
H,0; production.3? On the other hand, BiVO4 shows very high selectivity for H,0; production both
computationally and experimentally.3° CaSn033! and Zn0O?° are very close to the peak of 2e-WOR
activity volcano with nearly zero overpotential and they have experimentally been shown to be
both active and selective for production of H,0..

These thermodynamic guidelines can be used to search for selective and active catalysts
for H,0, production. We emphasize that the thermodynamic analysis has played an essential role
in providing insights into the nature of active sites and guiding the design and optimization of
various catalysts.3® It has been shown that there is a close connection between the kinetic and
thermodynamic formulations for oxygen electrocatalysis reactions.’?® Figure 10 applies this

analysis on high-throughput computational data reported by Montoya et al.'?’, that includes
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around 560 different ABOs cubic perovskites. This report includes the adsorption energies of
OH*, O*, and OOH* on all the ~500 ABO3(100) perovskites (Figure 10a). Figure 10b shows the
activity volcano map including 59 different perovskite structures with promising range of
adsorption energy for O* and OH*, and potentially interesting to be explored experimentally
(Table S3, Supporting Information). This descriptor-based analysis gives a straightforward
method to quickly screen the most promising catalyst materials among a large data set of

structures.

A site

F | — H202 evolution
4" |— O, evolution U

! -ll-"’"A\ 6.6.0.8.1.1_2.1.4.1.6.1.3.2.2.2.2.4.26.

Figure 10. a) Crystal structure of ABOs; perovskite that is used as simulation model for DFT
calculations in Ref. [127]. b) Activity volcano plot summarizing the results of Ref. [127] for the 2e-
WOR process in red circles. Many of the perovskites examined in this report are promising for
synthesis of H,0, through 2e-WOR (data in Table S3, Supporting Information).

3.2. Stability

So far, we have focused on identifying active and selective catalyst materials for 2e-WOR.
However, catalyst stability is another key metric for materials for electrocatalytic synthesis of
H,0,, and stability is strongly affected by both the extreme oxidation potential of 2e-WOR and
the pH of the electrolyte. The only catalyst materials that have shown promise for this reaction
are transition metal oxides, which is likely due to their partially higher tolerance of the oxidative
environment. However, not all the known transition metal oxide catalysts survive long-term

operation. For example, a recent study by Baek et al.,32 shows that BiVO4 is very unstable at
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oxidizing potentials of >1.6 V vs. RHE, especially when illumination is used to activate BiVO4 for
2e-WOR. This is consistent with theoretical predictions of solid and solution-phase ion
thermochemistry??® which predict that BiVO4 should decompose under the operating potential
of H,0; production, i.e., ~2.0 V. into a solution-phase VO4~ ion and a BisO7 solid. This instability
is shown in the Pourbaix diagram constructed from high-throughput Materials Project data'?®
(Figure 11, yellow star point). However, the stability of the BiVO4 can be significantly improved

by including some amount of an oxophilic element like Gadolinium.3? Gadolinium helps stabilize

the VO4 units in the lattice of BiVO4 which results in less degradation compared to bare BiVOa.
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Figure 11. Pourbaix diagram of 50-50 % Bi-V system in aqueous solution, assuming a Bi ion
concentration at 10° mol/kg and V ion concentration at 10> mol/kg. The upper and lower red
dashed lines correspond to the equilibrium potentials for oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), respectively. The cyan regions denote stable solid
compounds, while the pink region is BiVOs. The yellow star denotes the 2e-WOR reaction
condition. Reproduced with Permission from Ref. [130]. Copyright (2016, Nat. Commun.).

Moving forward, there is a high demand for finding stable catalyst materials under harsh
operating conditions of 2e-WOR in order to make sure they are not dissolved and therefore their
catalytic activities do not degrade over time. Similar to the 2e-ORR, acidic and neutral electrolytes
are highly preferred for the storage and transportation of H,0,. Therefore, future efforts should

focus on identifying not only selective and active, but also stable oxide materials for 2e-WOR.
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Pourbaix diagrams provide a useful tool that map out the compositional change for a wide
range of pH and electrode potential. In other words, they represent the thermodynamic
equilibrium ground states of any combination of solid and aqueous states under different pH
values and potentials.’?? Software and datasets developed by the Python Material Genome
(Pymatgen)®3! and Materials Project!?® enable construction of Pourbaix diagrams to evaluate
electrochemical stability. More recently, capabilities for quantitative prediction of

132 and rapid analysis of many-element compositions!*® have made

electrochemical metastability
Pourbaix analysis of nearly every DFT-simulated material straightforward. Using these tools, one
can screen a large number of oxide structures with different compositions, identify the most
stable ones under desired pH and potential of the 2e-WOR. As with BiVO4, one may also identify
the modes of degradation depending on the decomposition product. These range from complete
dissolution into solution-phase species (typically fast), partial dissolution and surface passivation
(slower), or decomposition into solid-phase ground states (typically slowest under room
temperature conditions).

To illustrate this analysis in practice, Figure 12 shows screening of 559 ABOs perovskite
structures on the basis of the thermodynamic descriptor and the electrochemical stability (pH=0,
7, 14 and 2.0 Vgke). A filter using the thermodynamic descriptor (AGyy., AGp,) results in 59
perovskite structures with an appropriate range of O* and OH* adsorption energies. An
additional stability filter using the Pourbaix diagrams generated by Pymatgen result in only 10
perovskite structures that are reasonably stable under relevant pH and potential of 2e-WOR.
Note that none of the perovskites are predicted to be stable under the acidic conditions (pH=0).

This highlights the importance of considering the electrochemical stability, and future research

efforts should be toward the development of both active and stable catalysts.
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Figure 12. Screening of ABOs perovskites structures reported in Ref. [*27]. We first collected
promising candidate perovskites for 2e-WOR using the thermodynamic descriptors, followed by
the stability analysis based on the Pourbaix diagram, which resulted in only 10 promising

perovskites.

Summary and Perspective
Electrochemical synthesis via 2e-ORR and 2e-WOR are emerging processes of interest for onsite
and sustainable production of H,0,. There have been numerous efforts in the literature in recent
years to identify efficient, cost-effective and selective catalysts for each of these two reactions.
In silico computational techniques such as density functional theory calculations have played a
major role in paving the road for mechanistic understanding of these reactions and designing
more efficient catalyst materials.

The 2e-ORR has been widely investigated, especially after the discovery of the state-of-
the-art Pt- and Pd-Hg alloys using computational guidelines in 2013 and 2014. The main body of

the research published after 2014 has been focused on the carbon-based materials, which are
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attractive for the 2e-ORR due to their low cost, ease of synthesis, and facile tuning of their
electronic structure. One of the drawbacks of most of the carbon-based materials is that their
activity is limited to the alkaline environment in which H,O, product deteriorates. This is
obviously not ideal for long-term operation and storage of H,0,. Therefore, future research
should focus on finding ways to enhance the activity of carbon-based materials in neutral and
acidic environments. The work is in progress and there are already several examples of carbon
materials working with excellent selectivity and activity for H,0, formation.

One of the emerging areas of research in the field of electrochemical synthesis of H,0; is
finding strategies to avoid contamination of the product solution by extraneous ions coming from
the electrolyte. This would alleviate the need for preprocessing of the produced H,0;. Using a
porous solid electrolyte (PSE) layer instead of the liquid electrolyte is an effective approach
demonstrated by Xia et al,'®* to reach this goal. In this method, HOO and H*are
electrochemically produced at the cathode and anode, respectively. Then these two ions are
transported across the membranes and recombined within the solid electrolyte layer to produce
pure H,0; solutions.

Additionally, designing proper electrodes would be necessary for the 2e-ORR to increase
the H,0; production rate by overcoming limitations with oxygen mass transfer and low utilization
efficiency of sparged oxygen. Zhang et al.**> showed that a Janus electrode (JE) with asymmetric
wettability structure (a hydrophobic gas storage layer and a hydrophilic catalyst layer) provides
adequate oxygen supply and results in improving the H,O; generation rate and oxygen utilization
efficiency. Alternatively, gas diffusion electrodes (GDE) with a conjunction of a solid, liquid and
gaseous interface can ideally be used to enhance oxygen mass transport and H,0; production
rate as demonstrated by Zhu et a/.13¢

The 2e-WOR for electrochemical synthesis of H,0; is relatively new and has recently been
proven to be feasible. The first practical catalyst introduced for 2e-WOR was BiVOa., which was
later examined by DFT calculations and shown to be relatively active. DFT calculations have also
been valuable in providing guidelines and descriptors for identifying selective and active catalysts
in the materials space. However, stability under high oxidizing potentials (~ 2.0 V) for 2e-WOR

poses a real challenge for long-term operation of the catalyst materials and catalytic activity
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degradation. Descriptor-based analysis and new software tools like Pymatgen can predict
electrochemical stability. With these techniques, one can shortlist a large number of possible
structures and construct Pourbaix diagrams to evaluate electrochemical stability. Moving
forward, catalyst design for the 2e-WOR reaction should follow the same protocol.

Apart from transition metal oxides, other classes of materials have been examined for the
2e-WOR. Very recently, carbon-based materials have been studied by Xia, et al.3® and
demonstrated to outperform previously reported transition metal oxide-based catalysts in terms
of selectivity and activity. This work applies a novel approach in designing electrode interfacial
engineering, whereby coating the carbon catalyst with hydrophobic polymers allowed in situ
confinement of produced O3 gas and thereby successfully tuned the water oxidation reaction
pathway. Bio-inspired artificial replica is another material that have been reported for 2e-WOR.
Han et al.**” reported site-differentiated trinuclear manganese complexes that oxidize water to
H,0,. These systems are interesting, although the faradic efficiency is only 15% and not

competent with reported faradic efficiencies over transition metal oxides.
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