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Deciphering the Role of Nickel in Electrochemical Organic

Oxidation Reactions

Suptish Ghosh, Debabrata Bagchi, Indranil Mondal, Tobias Sontheimer,

Rajenahally V. Jagadeesh,* and Prashanth. W. Menezes*

Organic oxidation reactions (OORs) powered by renewable energy sources
are gaining importance as a favorable alternative to oxygen evolution reaction,
with the promise of reducing the cell potential and enhancing the overall
viability of the water electrolysis. This comprehensive review delves into the
electrochemical oxidation of diverse organic compounds, including alcohols,
aldehydes, amines, and urea, as well as biomass-derived renewable feedstocks
such as hydroxymethylfurfural and glycerol. The key focus centers on the role
of nickel (Ni)-based catalysts for these OORs. The unique redox activity and
chemical nature of Ni have been proven instrumental for the sustainable and
cost-effective oxidation of various organic molecules more efficiently and
selectively. This review article discusses how strategic choices, such as the
selection of foreign metals, intercalating species, vacancies, defects, and a
secondary element (e.g. chalcogens and non-metals), contribute to tuning the
electrochemical performances of a Ni-based (pre)catalyst for OORs.
Moreover, this review provides insights into the active species in various
reaction environments and further explores reaction mechanisms, to apparent
phase changes of the catalyst with the most relevant examples. Finally, the
review not only elucidates the limitations of the current approaches but also
outlines potential avenues for future advancements in OOR.

1. Introduction

The scarcity of carbon-positive fuel
sources and the associated health haz-
ards resulting from numerous chemical
transformations urge the development
of sustainable and low-cost methods
capable of minimizing energy consump-
tion, as well as waste generation.l”] An
alternative to conventional fossil fuel
is molecular hydrogen (H,), which is a
high-density energy carrier that reacts to
oxygen (O,) and releases an enormous
amount of energy.’! Notably, the elec-
tricity generated through this process
produces only water as a by-product,
rendering it a green and cleaner tech-
nique. In this regard, electrochemical
water splitting, particularly in alkaline
conditions, stands out as an efficient and
environmentally benign approach for
green hydrogen production. However,
a critical bottleneck of this process lies

in the sluggish kinetics of the anodic
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Figure 1. a) Electrochemical valorization of organic molecules derived from biomass and other feedstocks using renewable electricity. b) Schematic
representation of the Ni-based electrode coupled with the valuable HER, CO,RR, and NRR. c) Schematic comparison of potential ranges of OER and

organic oxidation reaction (OOR) with the valuable cathodic reactions.

reaction, oxygen evolution reaction (OER), which leads to
insufficient proton (H*) and electron transfer into the
cathode.[*) While various anode materials, particularly Fe-
containing bimetallic catalysts, have demonstrated excellent
OER activity,[®1%11] their practical utility is hindered by their
stability and complex dynamic nature, leading to a loss of activity
over prolonged industrially relevant operation conditions.[!24]
To address this challenge, there has been a growing interest in
replacing OER with the oxidation of protic organic compounds
as an attractive pathway to supply H* and electrons without
requiring large operating potentials (see Figure 1).'>"'8] This
approach received more technological importance as a wide
variety of cathode reactions, like electrochemical CO, reduction
(CO,RR) or nitrogen reduction reaction (NRR), resulting in the
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synthesis of valuable fine and bulk chemicals (Figure 1).[1%-2!]

This review aims to delve deeper into organic oxidation while
limiting its relevance to OER-mimic conditions.

Oxidation of organic compounds, including alcohols, carbonyl
compounds, and amines, is crucial for generating synthons es-
sential for the chemical, pharmaceutical, agrochemical, and ma-
terial industries.[2022-25] Moreover, oxidative conversion of renew-
able feedstocks, for example, biomass-derived hydroxymethylfur-
fural (HMF) and glycerol is of increasing importance.l?>-%) How-
ever, the classical chemical oxidation of organic compounds in-
volves higher valent chromium, manganese, copper-oxo com-
pounds, lead salts, activated dimethyl sulfoxide, iodine, or-
ganic aminoxyls, etc.2%] These approaches pose significant
drawbacks, being either toxic (except for manganese-containing
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catalysts), limited to small-scale reactions, or plagued by chal-
lenges in product yield and isolation, rendering them less reli-
able for industrial-scale operations. Compared to these, oxida-
tive transformations, using molecular oxygen or air offer sig-
nificant advantages due to the abundance of inexpensive oxi-
dants, producing water as the by-product during oxidations. In
stark contrast, electrochemical energy emerges as a more effi-
cient alternative and sustainable approach, enabling the oxida-
tion of organic molecules without the need for additional expen-
sive, or toxic oxidants. The superiority of electrochemical pro-
cesses was already been emphasized in the 2018 report from
the American Chemical Society (ACS) Green Chemistry Insti-
tute Pharmaceutical Roundtable Meeting.!?”] The electrooxida-
tion processes can be controlled with high accuracy in terms
of product yield and selectivity just by tuning the operating po-
tentials, electrode materials, cell configuration, electrolytes, and
more. Additionally, most of the electrooxidations are performed
at room temperature and atmospheric pressure, !l present-
ing a notable advantage over traditional chemical oxidation
methods.

The classical electrochemical oxidation of alcohols or amines
requires a homogeneous redox mediator, such as 2,2,6,6-
tetramethylpiperidin-N-oxyl (TEMPO), or its derivative, in con-
junction with suitable additives.[*?35] Noteworthy aspect is its ver-
satility across a wide range of solvents, thereby expanding the
substrate scope. However, the redox active species exhibits lim-
ited stability under prolonged reaction times, presenting chal-
lenges in product isolation and purification.[**3”] This challenge
can be effectively addressed by employing anodically wired het-
erogeneous electrode materials with suitable redox features. This
approach eliminates the need for catalyst-to-product mixing thus
introducing a low-cost separation technique. Interestingly, with a
modified cell configuration, a paired electrolysis can be achieved
that successfully isolates the anode and cathode processes. The
milder operating conditions in organic oxidation reaction (OOR)
contribute to enhanced catalyst and electrolyte stability, thus
minimizing potential safety hazards associated with it. More-
over, the selectivity of OORs, coupled with lower energy require-
ments and compatibility with various feedstocks, makes them
a scientifically sound and promising choice as an anodic reac-
tion combined with desirable cathode reactions like hydrogen
production, CO,, N, or even other organic reduction reactions
(ORRs). This approach not only overcomes the limitations as-
sociated with homogeneous redox mediators but also enhances
the efficiency and selectivity of the electrochemical oxidation
process.[138]

Nickel is widely known as a ubiquitous element in electro-
catalysis owing to its abundance, low cost, and remarkable sta-
bility, exhibited by its catalytic component across various reac-
tion conditions.***2l Under the alkaline medium, Ni-containing
materials irreversibly transform into hydrated oxides with com-
plex phase and electronic structures.[®7**] These oxides, in
turn, can generate redox active species crucial for various elec-
trooxidation reactions. It is important to note that, Ni being a
well-known anode material for industrial water splitting, has at-
tracted tremendous interest in OORs. The kinetics for water and
organic oxidation are competitive and occur within a close po-
tential range.[%¥*-¢] However, the dynamic nature of the re-
dox behavior and active phase components could differ substan-
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tially. While several studies have explored the nature of OOR, its
conversion efficiency, and product formation selectivity, a lim-
ited number have delved into the active catalyst phase includ-
ing its redox behavior during OOR.I*’] To the best of our knowl-
edge, no review article has comprehensively addressed the nickel-
containing active catalytic phase, its redox behavior, and its role
in OOR.

In this review, we first discuss the fundamental principles of
OOR from both an electron transfer and molecular energy stand-
point. Subsequently, a detailed exploration of the stepwise mech-
anistic pathways involved in diverse OOR processes is presented,
with a focus on catalysts based on Ni. The next section delves
into the dynamic redox behavior of Ni-based catalysts, provid-
ing detailed insights into the probing of Ni’s valence states un-
der OOR conditions. Further, we investigate the intriguing phe-
nomena of phase transformation and catalyst reconstruction in
Ni-based catalysts, analyzing their profound effects on the con-
trol of activity and product selectivity in various OOR scenarios.
Finally, we shine a light on the future challenges and opportu-
nities intrinsic to the utilization of Ni-based catalysts in the field
of OOR, offering a forward-looking perspective on advancements
in this area of electrocatalysis. The central theme of the review is
depicted in Figure 2. We anticipate that this review will offer a
thorough understanding of the crucial aspects of OOR, and this
knowledge is deemed essential, especially when considering its
potential coupling with hydrogen production or other significant
cathodic processes.[*8]

2. Mechanism for Organic Oxidation and the
Effects of Reactant Hydrophilicity

2.1. General Principle for Organic Oxidation

Electrochemical oxidation of organic compounds can proceed via
different pathways depending on the experimental conditions,
but in all of them, because of the electron transfer, the origi-
nal molecule (RA) converts into a reactive intermediate, thereby
forming the desired product (Figure 3). Generally, at the anode,
upon applying voltage, the electron from the highest occupied
molecular orbital (HOMO) of the molecule is removed to form
a radical cationic species (RA®*). This reaction intermediate is
highly prone to various reactions such as nucleophilic substitu-
tion, dimerization, or the elimination of functional groups (or
atoms).

Such a possibility is demonstrated in Figure 3a. During elec-
trooxidation, a more positive potential at the anode leads to a
faster reaction. It is important to note that the electron removal
process largely controls the product selectivity. If two more dif-
ferent compounds present with closer HOMO energy levels, the
possibility of removing electrons from both HOMO levels re-
mains similar, which causes partial transformation or unselec-
tive product formation. In this case, suitable functionalization
of the substrate can alter the HOMO level thus helping to oxi-
dize atless operating potential and formation of selective product
(Figure 3b).1*) Therefore, the energy level position (and the volt-
age range) where the electron transfer should occur needs to be
carefully considered. It is also important to stress that the redox
potential of the anode materials has to closely comply with the
electron transfer potential of organic reactants. Since it is almost
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Figure 2. A schematic illustration of the central theme of the review including different dynamic behaviors of Ni-based (pre)catalysts, and utilization of

operando studies during the alkaline OOR.

impossible to identify the nature of the chemical reactions from
the voltage-current response, one needs to optimize the yield of
the desired compound by careful monitoring of the electrochem-
ical conditions including electrochemical cells, electrolytes, and
mass transportations.[>0-2]

2.2. Mechanism of Different Oxidation Processes

In the alkaline environment, the OER can occur through ei-
ther an adsorbate evolution mechanism (AEM) or a lattice
oxygen evolution mechanism (LOM), involving a four-electron
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Figure 3. a) Possible pathway for the different OOR. b) Electron transfer pathway for selective and nonselective product formations.
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transfer process. Prior to the gaseous oxygen release, the
formation and conversion of reaction intermediates follow
the sequence: OH*—0*—O00H*—0,.3] Subsequently, the
metal is oxidized into a hydrated oxide commonly known
as (oxy)hydroxide (MOOH), which typically acts as an active
site/species for OER. In contrast, OOR reactions proceed via di-
verse mechanistic pathways depending on the organic substrate.
Nevertheless, based on a thorough literature search, we limited
our discussion only to alcohol, aldehyde, and amine oxidation re-
actions. Further, we have also discussed the electrooxidation of
two special classes of molecules, namely HMF, and urea, which
are among the most studied OOR so far.>]

2.2.1. Oxidation of Amines and Alcohols

Amine and alcohol oxidation undergoes a 4-electron dehydro-
genation process, leading to the conversion of amines to nitriles
and alcohols to carboxylic acids. Within the area of alcohol oxida-
tion reactions, the scientific community has extensively investi-
gated the intricacies of methanol oxidation (MOR), ethanol oxi-
dation (EOR), n-propyl alcohol oxidation (POR), and benzyl alco-
hol oxidation (BAIOR). Similarly, among amines, there is notable
research on propylamine oxidation (PAmOR) and benzylamine
oxidation (BAmOR) specifically employing nickel (Ni)-based cat-
alysts. During this process, MOOH reversibly forms low-valent
metal oxide species and simultaneously oxidizes the organic
molecules. This mechanism can proceed via either hydrogen
atom transfer (HAT) or hydride (H™) transfer pathway (Figure 4).
Typically, HAT is a chemical process rather than an electrochem-
ical process, which is commonly referred to as the “indirect oxi-
dation” (ID) process. Alternatively, the reaction mechanism can
also proceed via potential dependent (PD) pathways through the
hydride transfer route. In the initial step, both amine and alcohol
adsorbed on the catalyst surface. In the consecutive step, in the
case of amines, a neutral intermediate (RCHNH,,.) is formed
from a negatively charged species (RCH,NH™ ;) after hydride
transfer. However, if it follows the HAT mechanism, a radical in-
termediate is (RCHNH, ;) formed before further oxidizing to ni-
trile. On the other hand, during alcohol oxidation similar radical
species (RCHOH, ) are formed in the HAT mechanism, while
the hydride transfer directly occurs from the a—C of alcohol, be-
fore oxidizing to carboxylic acid. At the end of both processes,
M(OH), is regenerated, completing the catalytic cycle.l>]

2.2.2. Aldehydes Oxidation

Electrochemical aldehyde oxidation is not widely explored. The
notable pathway for such an oxidation is through a 2-electron hy-
droxylation process to produce carboxylic acid. The reaction is
initiated via a nucleophilic attack by OH™ ion thus forming a
1,1-geminal diol species, which further oxidizes to correspond-
ing carboxylic acid.[>>¢]

2.2.3. HMF Oxidation

HMF is one of the extensively studied organic substrates, which
constitutes an aldehyde and alcohol group with a furan backbone.
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The electrochemical HMF oxidation reaction (HMFOR) to 2,5-
furan dicarboxylic acid (FDCA) involves oxidizing an alcohol and
an aldehyde group, with two primary pathways (Path I and Path
1I) depending on the electrolyte pH.

In path I, the oxidation of HMF’s alcohol group initi-
ates the process, forming diformylfuran (DFF) as the ini-
tial intermediate. Conversely, Path II commences with the
oxidation of HMF’s aldehyde group, resulting in the for-
mation of 5-hydroxymethyl-2-furancarboxylic acid (HMFCA)
as the first intermediate. Both DFF and HMFCA undergo
successive oxidation steps, ultimately producing 5-formyl-2-
furancarboxylic acid (FFCA) and FDCA. Path II is favored un-
der strongly alkaline conditions (pH > 13), while Path I is
the primary route in weak alkaline environments (pH < 13)
(Figure 4).17]

It is worth noting here that, in a strong base (when the
base-to-HMF ratio of 2 or more), HMF decomposes with-
out forming the desired oxidation products.*®) When the pH
is high (above 11), HMF degrades, forming levulinic acid
and formic acid (or formate).’®! Additionally, the Canniz-
zaro reaction occurs, leading to the formation of HMFCA
and 2,5-bis(hydroxymethyl)furan (BHMF) through the base-
induced transformation of HMF’s aldehyde group. This indi-
cates that the pH of the solution is crucial for the HMFOR pro-
cess, while it is usually recommended to keep the pH value
at 8.160)

2.2.4. Urea Oxidation

Urea oxidation reaction (UOR) is a 6-electron process and gen-
erally proceeds via AEM and LOM (Figure 4). These pathways
are predicted based on product formation. In the AEM, urea
is adsorbed on the catalyst surface (bridge coordination) and
the N—H dehydrogenation (4 electron) takes place, which trig-
gers the C—N bond to cleave and N—N coupling to occur. In
the next step, *COOH oxidation (2 electron) proceeds through
nucleophilic attack by an OH~ ion from solution and finally
CO, release along with N,. Among them, the *CO, desorp-
tion step is claimed as the most common rate-determining step
(RDS) of UOR. The delay of *CO, desorption sometimes leads
to catalyst deactivation. Importantly, the N-H dehydrogenation
may occur at different amino group positions. Thereafter, the
intermediate rearrangement steps are required for N—N cou-
pling before complete deprotonation and dehydrogenation of
N—H occur. In contrast, LOM proceeds much faster than AEM
and involves the lattice oxygen of MOOH species. Upon acti-
vation, the catalyst’s surface interacts with lattice oxygen, lead-
ing to a reaction with intermediates that results in the cre-
ation of oxygen vacancies during the UOR. In the subsequent
step, OH™ from the electrolyte combines with these oxygen
vacancies, forming a new lattice of oxygen and thereby com-
pleting a UOR cycle and resulting in N, and H,O as prod-
ucts. Nonetheless, some by-products, such as NO;~ and NO, ™,
etc may be generated due to the preferential C—N cleavage
and OH™ attack during the UOR. Most importantly, the pres-
ence of secondary metal (like Fe), a higher concentration of
urea, or the vacancy in the system could alter the reaction
mechanism.[!]
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Figure 4. Schematic representation of the mechanistic pathway and the related intermediates for the catalytic conversion of alcohol, amine, HMF,
and urea. In general alcohol and amine oxidation either can go via hydride transfer or hydrogen transfer mechanism to produce carboxylic acid/nitrile
after complete oxidation. The oxidation of HMF is a pH-dependent process, where the intermediates can be varied depending on the pH value of the
electrolyte. However, both pathways lead to the formation of FDCA after a complete charge pass. On the other hand, the UOR occurs majorly via AEM
and LOM. These mechanistic pathways were predicted based on product formation.

2.3. Impact of Reactant Hydrophilicity on OOR

The hydrophilicity of organic reactants and their corresponding
products showed a noticeable influence on the activity expression
of catalysts, particularly within the domain of aqueous environ-
ments.

2.3.1. Mass Transport Phenomena
Hydrophilicity dictates the transport kinetics of reactants and

products to and from the catalytic surface. Notably, the discrim-

Adv. Energy Mater. 2024, 14, 2400696 2400696 (6 of 24)

inating affinity of hydrophilic species toward the aqueous phase
facilitates their facile migration toward the catalyst, thereby en-
suring a steady flow of reactants toward the active sites.[®”] These
transport dynamics substantiate enhanced reaction kinetics by
maintaining an optimal supply of reactants and facilitating the
expeditious removal of reaction products.[®]

2.3.2. Surface Interactions
The hydrophilic nature of reactants and products deeply influ-

ences their interactions with the catalyst surface. Such species,
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owing to their intrinsic propensity for aqueous solvation, tend
to exhibit enhanced wetting characteristics upon the catalyst
surface, thereby producing improved interfacial contact.[®* This
augmented contact augurs well for efficient adsorption and sub-
sequent catalytic transformation.

2.3.3. Interface Electrochemistry

Within the domain of electrochemical reactions, the hydrophilic-
ity of species interfacing with the electrode-electrolyte interface
significantly modulates the electrochemical site.*] This modula-
tion stems from alterations in the double-layer structure induced
by hydrophilic entities, thereby enhancing the accessibility of re-
actants to the electrode surface and, concomitantly, increasing
the electrocatalytic activity.[5¢:67]

2.3.4. Reaction Kinetics

Hydrophilic species may partake in altered reaction mechanisms
vis-3-vis their hydrophobic counterparts. The presence of water
molecules, ubiquitous within aqueous environments, may cause
competition with organic reactants for adsorption sites on the cat-
alytic surface, thus imparting a minute effect on the reaction ki-
netics and pathways.

2.3.5. Desorption Dynamics

The hydrophilic character of products may substantively influ-
ence their desorption kinetics from the catalyst surface. No-
tably, highly hydrophilic products may evince stronger affini-
ties toward the catalytic surface, thereby impeding their facile
desorption and potentially precipitating product inhibition
phenomena.[®*]

3. Dynamic Behavior of Ni Valence State

The structure-activity/selectivity relationship and the efficacy of
OORs are strongly correlated with the oxidation state and/or re-
dox behavior of the catalytically active metal sites. Since the dis-
covery of nickel-based electrodes in electrocatalysis, researchers
have diligently pursued an understanding of the evolving oxida-
tion state and local electronic structure during reactions. This in-
vestigation has been conducted mainly through various analytical
methods, including mainly electrochemical techniques, %72l and
in situ spectroscopic techniques such as X-ray absorption spec-
troscopy (XAS) and Raman spectroscopy or quasi in situ X-ray
photoelectron spectroscopy (XPS).”374 This section aims to elu-
cidate the dynamic redox behavior of nickel and its precise detec-
tion, which is crucial in optimizing the performance and selec-
tivity of OORs.

3.1. Electrochemical Redox Behavior of Ni in Oxidation Potentials
3.1.1. In the Absence of Organic Substrates in Alkaline Media
Extensive research has been devoted to comprehensively inves-

tigating the electrochemical behavior of Ni in an alkaline solu-
tion (without organic substrates) within the oxidizing potential
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range.[”>7] By looking at the cyclic voltammetry (CV) of the Ni

electrode, the effective potential range can be divided into two re-
gions: “low-potential” (0.2 to 0.5 V vs RHE) where Ni can be
oxidized and reduced reversibly, and the “high-potential” (0.5 to
1.6 V vs RHE) with irreversible Ni-oxo species formation. Below
E =0V (vs RHE), hydrogen evolves, while above E = 1.5 V (vs
RHE), oxygen evolves. For metallic Ni, the main redox within the
low-potential regime involves the genesis of lower valent Ni(OH),,
during the anodic scan.l’®! Interestingly, Ni electrodes can form
a NiO layer upon contact with oxygen species. This NiO layer
can be partially transformed to @-Ni(OH), forming a three-layer
structure Ni | NiO | a-Ni(OH),).”®7”] In the high-potential win-
dow, a-Ni(OH), is transformed to p-Ni(OH), irreversibly with
concomitant generation and/or increment of NiO layer as the
potential increases from 0.5 to 1.2 V (vs RHE).l”*#% The forma-
tion of B-Ni(OH), layer brings a reduction of the cathodic peak
within the low-potential region followed by the gradual shift of
the peak toward increasingly negative potential (Figure 5a). As
the potential increases beyond 1.2 V (vs RHE), the a/f-Ni(OH),
transformed into y /$-NiOOH. This is typically visible by the an-
odic peak at 1.4 V (vs RHE). At more higher potential (>1.5 V),
the surface of the Ni-electrode is covered with high valent (Ni**
mostly) Ni(OH), species, as proved by different spectroscopic
techniques particularly using in situ Raman spectroscopy.842!
The in situ-formed NiOOH is a non-stoichiometric oxide.
Its property and OOR activity largely depend on the nature
(chemical and solid-state structure, morphology, etc.) of the
(pre)catalysts.[%75]

3.1.2. In the Presence of Organic Substrates in Alkaline Media

Electrochemical OOR on Ni-based catalyst or NIOOH surface
in the presence of organics can be elucidated through two
distinct mechanistic pathways, as previously discussed.!”28384]
The classical Fleischmann’s mechanism proposed in the 1970s,
highlights the coupling between the oxidation of organic com-
pounds and the redox reaction involving Ni(OH),/NiOOH. In
this mechanism, the redox couple Ni(OH),/NiOOH functions
as a redox mediator, capable of generating NiOOH, facilitating
the OOR.[®° In the case of alcohols, the RDS is the chemi-
cal oxidation of the adsorbed reactant via HAT (see Figure 3)
to generate the carbon-centered radical. During this process,
NiOOH gets reduced back to the Ni(OH), species. In con-
trast, a recently proposed mechanism through hydride trans-
fer, presented by Choi and Hammes-Schiffer et al., success-
fully distinguishes subtle differences in potential between the
redox peak of Ni(OH),/NiOOH and the peak corresponding to
alcohol oxidation, which occurs at a relatively higher positive
potential.[>>728*] Using experimental and computational anal-
ysis, they have quantitatively deconvoluted two distinct path-
ways of alcohol and aldehyde oxidation reactions. They pro-
posed a new pathway that entails hydride transfer from the or-
ganic substrates to the Ni** active site in NIOOH species dur-
ing the OOR.”?l The linear sweep voltammogram taken dur-
ing OOR indicates how the contribution of “indirect” and “po-
tential dependent oxidation” drastically differ depending on the
molecular structure of the organic substrate, as indicated in
Figure 5b—d. In the absence of an organic substrate, a peak
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Figure 5. a) Cyclic voltammograms (CVs) of a polycrystalline Ni electrode are presented in N,-saturated 0.1 M NaOH at a sweep rate of 50 mV s~ and
a temperature of 25 °C. The CV is indicated by a dash-dotted blue curve, encompassing the potential range from —0.2 to 0.5 V versus RHE. Additionally,
two other CVs with the first scan represented by a solid black curve and the second scan by a dashed red curve, covering the potential range from —0.3
to 1.6 V (vs RHE). Reproduced with permission.l'’] Copyright 2020, American Chemical Society. LSVs of Ni(OH), electrode in a pH 13 electrolyte with
b) 10 mm ethanol, ¢) 10 mm benzyl alcohol, and d) 10 mm acetaldehyde. e) The potential dependent average Ni valence under steady-state conditions
in a stirred solution of pH 13 without (black), with 10 mwm furfural (blue), and, 200 mm EtOH (red). f) Steady-state current density values at pH 13 in
the absence (black), in the presence of 10 mm furfural (blue), and 200 mm EtOH (red). g) Schematic illustration of the three-step rate deconvolution
process where the oxidized Ni catalyst is represented with Ni>* sites. However, Ni** is also present in the electrode which is neglected to simplify the
demonstration. Reproduced with permission.[”2] Copyright 2020, American Chemical Society.

at ~1.37 V versus RHE illustrates the conversion of Ni(OH),
to NiOOH, followed by a water oxidation wave. Generally, in
OOR, the reduction of the Ni** state to Ni** is associated
with the proton-coupled electron transfer (PCET), and identi-
fied as the RDS. In the presence of acetaldehyde (the red line
in Figure 5d), an increased conversion of Ni(OH), to NIOOH
occurs during the potential sweep, aligning with Fleischman
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et al. proposed mechanism. In contrast, the oxidation of ethanol
and benzyl alcohol (the red line in Figure 5b,c), exhibits mini-
mal enhancement in Ni(OH),/NiOOH peak. Instead, a new an-
odic peak at a more positive applied bias is observed, which
is attributed to the potential-dependent oxidation mechanism
distinct from Fleischmann’s potential-independent “indirect
oxidation.”[®]

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. a) Ni K-edge XANES different Ni-based catalysts. Comparison of the various b) Ni species and c) Mn species having different oxidation states
determined from optimal linear combination fitting of the XANES spectra in 1 M KOH in operando conditions. d) NEXAFS spectra for O K-edge of
UT-NiMn, NiMn LDH, UT-NiFe, and NiFe LDH, and e) the fitted pre-edge signature of the O K-edge. f) The plot of covalence/hybridization level of
various Ni-derived catalysts and their selectivity toward FDCA. Reproduced with permission.[] Copyright 2023, Wiley-VCH.

3.2. Determination of Oxidation State in Ni-Based Catalyst
Utilized for OORs

The study on electrochemical OOR suggests that the catalytic
onset potential for the alcohol oxidations is predominantly gov-
erned by the favorable oxidation state of the electrocatalyst rather
than their inherent thermodynamics, distinguishing it from nu-
merous molecular electrocatalysts.®®) Consequently, the deter-
mination of oxidation state has paramount importance in the
context of OOR. As discussed in the previous section, the ba-
sic understanding of the change in the Ni oxidation state can
be estimated from the nature of the CV cycle in the OOR pro-
cess. Choi and co-workers introduced a three-step redox-based
electrochemical procedure to identify the oxidation state of Ni,
along with the rates of both the potential-dependent and “indi-
rect” mechanisms. Figure 5e illustrates a comparison of average
Ni valence during the “indirect oxidation of furfural,” PD oxi-
dation of ethanol, and water as a function of applied potential.
The steady-state current under stirring at each applied potential
reveals a linear increase in the average Ni oxidation state from
+3.47 to ~+3.8 at 0.625 V versus Ag/AgCl at pH 13 (in KOH), at-
tributed to the accumulation of Ni** sites with increasing poten-
tial, followed by a plateau due to enhance rate of Ni** consump-
tion during water oxidation. In this way, the average oxidation
state of Ni in NiOOH can be estimated with the help of modify-
ing the deconvolution technique as presented in Figure 5g. The
obtained results on the Ni valence in this process align well with
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findings from in situ XAS and other analytical techniques like
Raman spectroscopy or quasi in situ XPS spectra.[”?!

Operando X-ray absorption near-edge structure (XANES) mea-
surements have been extremely helpful in mapping the oxida-
tion state of Ni in the real-time OOR. The oxidation state can
be estimated by analyzing features near the absorption edge
in the XANES spectra, considering factors such as edge posi-
tion, white line intensity, spectral shape, and comparisons with
reference standards.[*#8] Bedford and co-workers have investi-
gated the HMFOR activity of ultra-thin (UT)-layered double hy-
droxides (LDH), where they found that the electron-rich Ni site
originating from oxygen defects is responsible for the catalysis
(Figure 6a).1¥] The in situ XANES spectra reveal the quantifica-
tion of oxidation states in UT-NiFe and UT-NiMn. A final oxi-
dation state of Ni was determined as 3.80 and 3.84 in UT-NiFe
and UT-NiMn, respectively, at around 1.5 V. Under HMFOR con-
ditions, both UT-LDHs exhibit stabilized Ni** states, while Fe
in UT-NiFe maintains an oxidation state of 2.88. Notably, Mn
in UT-NiMn displays an increased oxidation state even in the
presence of HMF, suggesting a higher rate of catalyst deproto-
nation, resulting in a larger working window and higher selec-
tivity toward HMFOR compared to UT-NiFe (Figure 6b,c). They
have also employed near-edge EXAFS to investigate the origin of
improved activity and the increased deprotonation propensity of
UT-LDHs. The XAS of O K-edge provides insight into the catalyst
performance, ideas about the Ni valence state, and the metal-O
hybridization level.

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. In situ tracking of the Ni oxidation state in NiWO,-TA 950 during oxidation of the water and urea. Linear combination fitting (LCF) outcomes
from Ni K-edge XANES spectra under operando condition in a) 1 M KOH and 1 M KOH + 0.5 M urea. The shaded lines represent the respective LSVs
without iR-correction in the background. Reproduced with permission.[°?] Copyright 2022, Royal Society of Chemistry. c) Quasi in situ XPS analysis of
B-Ni(OH), electrode in 1 M KOH with varied concentrations of urea (0, 50, and 500 mm). Reproduced with permission.l®!l Copyright 2021, Wiley-VCH.

The decrease in intensity at t,, peaks in the Ni** spectra of
UT-LDHs and the corresponding increase in the intensity at t,,*
feature in the O K-pre-edge region. This indicates the lowering
of the oxidation state of Ni and charge transfer phenomena from
O to Ni site (Figure 6d—f). This kind of enhanced metal (M) 3,4,
2p hybridization in UT-LDHs correlates strongly with improved
HMFOR to FDCA. Additionally, strong hybridization induces
a shift from antiferromagnetic to ferromagnetic ground states,
particularly evident in UT-NiMn enhancing electrical conductiv-
ity and charge transfer ability in UT-LDHs compared to no-UT
materials.[®]

Using XANES, Lin et al. also investigated the role of Ni** in
both OER and UOR in NiWO,-based catalysts. In KOH, during
OER, accumulation of Ni** initiates at ~1.45 V (vs RHE) and re-
mains high (~20%) at higher voltages. This observation implies a
higher rate of Ni** formation than its consumption during OER
(Figure 7a). In the presence of urea, the accumulated unoccu-
pied Ni** sites (from the OER intermediate) catalyze the UOR,
preventing a current collapse in the OER zone, as evidenced
by nearly negligible Ni** signals throughout the urea oxidation
scan (Figure 7b).[! Interestingly, Chen et al. utilized quasi in
situ XPS to analyze the oxidation state of Ni, as well as O in -
Ni(OH), as mentioned in Figure 7c. They found that the higher
binding energy in complex Ni,, O, H, species (such as a mix of
NiOOH and NiO,) corresponds to the higher oxidation state of
Ni. As a consequence, a lower bonding energy is observed in the
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case of Ni—O bond in O 1s spectra. This study reveals the oxi-
dation state of Ni evolves at different concentrations of urea in
an oxidation reaction environment.®! Similarly, Yang et al. re-
ported the correlation between the oxidation state of Ni in sev-
eral (pre)catalysts, using ex situ XPS, and associated it with the
onset potential of HMFOR.[!] It was observed that the oxidation
state of Ni is higher in Co-Ni(OH), compared to Fe-Ni(OH),. In-
terestingly Co-Ni(OH), exhibited a lower onset potential (1.32 V)
compared to Fe-Ni(OH), (1.39 V).

Another powerful technique to probe the oxidation state of Ni
during OOR is in situ Raman spectroscopy. So far, the oxidation
state, as well as the coordination of the Ni site in NiOOH, has
been modified by the use of different metalloids (NiP,, NiS,, and
NiSe,), leading to the formation of oxyanion-coordinated amor-
phous NiOOH, as characterized by in situ Raman spectroscopy
(Figure 82).”*) Among them, NiOOH-POy has been found to
have an optimal local coordination environment and accelerates
the electrocatalytic activity of Ni sites toward selective oxidation
of methanol to formate (Figure 8b).

In this particular case, the in situ Raman was employed to
delve into the low-frequency interface. The Raman spectra un-
veiled two distinguishable peaks 474 and 551 cm™ correspond to
the bending (dy,_o) and stretching (ny,_) modes of Ni**-O, re-
spectively. Beyond 1.42 'V, the electrooxidation potential of NiP,-
R reveals Ni**-O in the oxide layer (Ni**-O,H,) during OER,
while §(Ni—O) emerges after 1.32 V in MOR, suggesting the

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Optimized structural model for the oxyanion-modified NiOOH and the pristine NiOOH. b) The trend of electrochemical MOR activity in
different oxyanion-modified NiOOH catalysts. c) The ratio of § n;.0).to-v(yi.0) in the operando Raman spectroscopic study in the operating potentials. d)
Temperature-programmed desorption curves for different oxyanion-modified NiOOH for methanol molecules. ) Schematic representation of the MOR
mechanism on NiP,. f) Polarization curve of oxyanion-modified NIOOH in MOR condition. Reproduced with permission.[3] Copyright 2022, Nature.
g) In situ Raman spectra of NiMn-LDHs were studied at various potentials under MOR conditions using CH;OH/H,O or CD;0D/D,O solutions. The
blue circles denote the bands corresponding to Ni**-OOH. Reproduced with permission.!”3] Copyright 2023, Nature. Operando Raman spectra of nickel
boride sample during h) OER and i) MOR process. Reproduced with permission.[%! Copyright 2022.

oxidation of Ni(OH), into NiOOH, establishing NiOOH as the
primary MOR catalyst. The pronounced difference in the I;, ra-
tio between MOR and OER, as depicted in Figure 8c, highlights
the distinct lattice structure of formed NiOOH, with higher I;,
in y-NiOOH due to its more disorderly and loosely structured g
and y phases.> The very first step for MOR involves the ad-
sorption of methanol molecules. Temperature programmed des-
orption (TPD) measurements (Figure 8d) were implemented to
investigate the nature of the adsorption of reactant molecule on
catalyst surface along with the strength of Ni—O bond and it was
found that NiP_-R exhibits a higher desorption temperature (405
K) for methanol compared to NiS_-R (335 K) and NiSe,-R (295
K), establishing a clear correlation between the oxidation state
and the stronger methanol adsorption energy (Figure 8e) which,
in turn, affect the MOR activity (Figure 8f).[°*]

Feng’s team found that the Ni?*/Ni** oxidation in NiMn-
LDH is a quasi-irreversible process, which is in stark contrast
to the fully reversible characteristics exhibited by NiFe-LDH.
Consequently, the introduction of Mn emerges as a crucial fac-
tor in facilitating the in situ generation of Ni**-OOH, which
is the key active species for MOR.I”)] They have conducted a
series of operando Raman measurements to detect the role
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of Mn in tuning the oxidation state and local environment of
Ni in NiOOH. The Ni ions in NiMn-LDH undergo a shuttle
mechanism, transitioning between Ni?* and Ni** states during
the catalysis of the MOR. Concurrently, the Mn**-O band, lo-
cated at 600 cm™!, remains constant across the entire poten-
tial sweep. This consistent observation suggests that the redox
transition does not involve the Mn ions within the NiMn-LDH
structure. From the operando Raman measurement in a deuter-
ated solvent, they proved the transient and limited formation
of NiOOH in NiMn in optimal MOR conditions (Figure 8g).
Similar bending vibration and stretching vibration of Ni**-O of
y-NiOOH was observed at ~473 and =556 cm™' at 1.35 V in
the case of the nickel boride catalyst.**! Additionally, they have
also detected the broadband in the 800-1150 cm™' wavenum-
ber due to the formation of NiOO~ (Figure 8h).[**978] Neverthe-
less, in the process of MOR conditions, there are no character-
istic peaks observed in the operando Raman spectra, which in-
dicates that the phase transformation or the oxidation of Ni**
does not occur in the presence of a higher concentration of
methanol.

UV-vis absorption spectroscopy is also employed in electro-
catalysis to understand the oxidation state of metals crucial to
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various electrocatalytic reactions.''”] By analyzing electronic
transitions in metal sites, such as those in transition metal-
derived catalysts used for OER, this technique in the operando
condition, contributes essential information for the precise eluci-
dation of the valence state of the metal sites and enhancement of
electrocatalytic mechanisms and performance in diverse applica-
tions, spanning from fuel cells to water electrolysis.['18120] Tt has
been also applied in the case of OOR to find the evolution of the
metal valence state, especially Ni. Zou and co-workers utilized in
situ UV-vis spectroscopy to understand the oxidation state of Ni
during UOR within a custom three-electrode cuvette employing
the diffuse reflectance model with an integrating sphere. The in
situ electrochemical UV-vis absorption spectra revealed the light
absorption of Ni** species at 500 nm, at a higher potential than
1.3 V.[121l These findings undoubtedly suggest that urea under-
goes oxidation mediated by Ni** species.

Various strategies for modulating the oxidation state, elec-
tronic structure, and local environment of Ni have been inves-
tigated in recent years, particularly through the engineering of
secondary elements associated with the precatalysts,!*’] such
as Fe, Mn, Co, Si, and Ga, as well as the synthesis of Ni-
derived compounds such as Ni-based oxides,[''*] nitrides,[110-116]
hydroxides, 6873122] borides,[*+111] chalcogenides, 701031
pnictides,[¥] or Ni-single atom catalysts.'°%10] The major
findings of all the previously reported Ni-based catalyst and their
application in various OOR processes are depicted in Table 1.

The key takeaway from the current chapter is that, with a Ni-
containing catalyst, the OOR takes place at a sufficiently high po-
tential, thereby facilitating the accumulation of a higher valent Ni
state (Ni3*/**) within the corresponding oxo species. These states
promptly drive HAT (“indirect oxidation”) or hydride transfer
(potential-dependent oxidation) from the organic reactant. Fur-
thermore, it is conceivable that electrophilic active oxygen species
originate from the Ni**/** (oxy)hydroxides, expediting proton ab-
straction from the organics. Regardless, the outcome is the for-
mation of Ni?*-oxo species. This phenomenon holds true for alco-
hols, amines, and aldehydes studied thus far, irrespective of their
structure. However, the structure plays a crucial role in determin-
ing the reaction rate, product selectivity, byproduct formation,
and other factors. It is important to note that the OOR is kineti-
cally more challenging than the OER and should occur well be-
fore reaching the thermodynamic OER potential (1.23 V). Several
reports demonstrate the OOR using Au, Ag, Cu, and glassy car-
bon occurs well before the OER potential, suggesting that OOR
is feasible without relying on higher valent metal-oxo species;
rather, suitable surface adsorption and electrical conductivity are
sufficient to initiate the process.[>123-125 In this regard, we tabu-
lated the oxidation state transformation of the Ni-containing cat-
alysts and their corresponding role in the OOR (Table 2). Thus,
a Ni-containing catalyst, exhibiting dynamic redox behavior and
switching its oxidation state, not only facilitates atom transfer or
forms high-energy active oxygen species but also serves as a con-
ducting platform to guide the reaction.

In OORs, organic reactants are one-time reagents and are grad-
ually consumed during bulk electrolysis. In such instances, the
redox-active Ni?* ions regenerate to form Ni**/**, which, if not
encountering an organic starting material, cannot be quenched
back into Ni**, given that the anodic potential remains oper-
ational. Consequently, the limiting current density and hydro-
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gen production rate gradually decrease, particularly with reduced
organic reactant concentrations. This phenomenon resembles
the degradation of catalytic activity seen with the gradual de-
composition of a redox mediator.[! Nonetheless, the potential-
dependent dynamics of Ni?* /Ni**/#* should persist, behaving as
if under similar conditions to the OER.

Of note, all organic reactions are diffusion-controlled, lead-
ing to a reorientation of the electrical double layer. Furthermore,
there is no guarantee that the Ni-oxo species, with variations
in hydration extent, morphology, defects, and short-range order,
will remain identical to their preconditioned state.***] Hence,
the catalytic activity may exhibit slight variations in subsequent
cycles.124127-1291 However, we believe that the comprehension
and extraction of meaningful information regarding the active
catalyst phase operational during long-term OOR remain under-
explored and warrant substantial attention. As we observe the
discernible phase transition of the catalyst materials during the
OOR, the need for a thorough and detailed discussion becomes
evident. In the following sections, we discuss these parts more
comprehensively.

4, Effect of the Apparent Phase Change on the
Selectivity and Efficiency of Product Formation

As discussed in the previous chapter, during OOR, the Ni oxi-
dation state changes rapidly and concomitantly affects the phase
reconstruction of the metal sites. A comprehensive demonstra-
tion by Choi and co-workers elucidated this phenomenon by ob-
serving the change in color of the Ni(OH), coated electrode under
OER and OOR conditions.[1%] As-deposited thick film of Ni(OH),
exhibits an opaque white color and rapidly changes after the first
LSV turns opaque brown, indicating bulk oxidation to NiOOH.
Following the LSV, the introduction of 5 mm of HMF caused the
NiOOH electrode to shift from opaque brown to opaque white,
signifying the conversion of NIOOH to Ni(OH), due to HMFOR.
Similarly, Mu et al. also synthesized Ni(OH), and oxidized it un-
der a KOH medium to produce Ni**OOH, which is analogous to
the OER active phase. Interestingly, when this activated electrode
(NiOOH) was applied for HMFOR, a reduction of Ni**-O to Ni?*-
O was observed.[*? Additionally, doping of different elements (Fe,
Co, Mo, Mn, Cr, Ga) has been also investigated in the same work.
They found that Cr-doped Ni(OH), performed better compared
to other metals due to the facile PECT process (Figure 9a). Dur-
ing the in situ Raman study, at a potential of 1.5 V (vs RHE), the
Ni(OH), was oxidized to NIOOH in the absence of HMF, while in
the presence of HMF, the characteristic peaks of Ni**-O started
to weaken and eventually disappeared. Such observation was no-
ticed for Cr-Ni(OH), within 3 s after HMF addition, in contrast to
12 s in the case of Mo-Ni(OH),. This showed that Cr-doping sig-
nificantly improved the HMFOR activity by facilitating the PECT
process.[?2l Another work by Ding and colleagues explored this
doping phenomenon toward amine oxidation. They prepared a
series of transition-metal (TM) doped a-Ni(OH), (TM were Mn,
Fe, Co, and Cu) and observed that Mn doping enhanced amine
adsorption on the intermediate y-NiOOH while maintaining the
ability to adsorption of oxygenated species on the adjoining Ni-
sites (Figure 9b). Importantly, NiMn showed the highest activity
and selectivity toward amine oxidation and outperformed other
monometallic or bi-metallic materials (Figure 9¢).”>! Wang et al.
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Table 2. Oxidation state transformation of Ni-containing catalysts and their correlated roles in the OOR.

(Pre)Catalyst Catalyst Organic reactant Oxidation state Mechanistic role Refs.
transformation
(or evolution)
Metallic Ni Ni(OH),/NiOOH Alcohols and Ni** to Ni2* Hydrogen atom using hydroxyl radical [85]
amines generated from NiOOH
Metallic Ni Ni(OH),/NiOOH Aldehyde Ni** to NiZ* - [123]
NiOOH Ni(OH),/NiOOH Amines Ni** to Ni2* Indirect oxidation (H atom transfer) and [55]
and Ni** to Ni3*/Ni?* potential dependent oxidation (hydride
transfer to Ni**)
Plasma-derived NiOOH HMF and Ni3/4+ Electrophilic active oxygen species [6]
Ni(oxy) hydroxide on NF Alcohol
Ultrathin Ni(Fe,Mn) layered Ni(Fe,Mn)OOH HMF Ni3/4* to NiZ* Proton transfer from HMF to Ni3*/4* [89]
hydroxide
NiWO, NiOOH Urea Ni® to NiZ* Proton transfer from HMF to Ni** (likely) [90]
Ni-M (OH), (Fe,Co,Mn. Ni(M)OOH Ni** to Ni2* Proton transfer from HMF to Ni** [92]
Ga,Mo,Cr)
NiTx (T =P, S, Se). NiOOH-TO, (T=P, S, Se) MeOH Ni** evolves (and Oxidation through active oxygen species [93]
disappears with OOR)
NiB, /Ni heterostructure NiOOH MeOH Ni** evolves (and Oxidation through active oxygen species [94]

disappears with OOR)

also explored the doping of phosphorous (P) on the nickel borides
(NiB, ) matrix and found that the optimum amount of P helped to
increase the yield and faradic efficiency (FE) of HMFOR at a po-
tential of 1.464 V (vs RHE) and concluded that P inclusion mod-
ified the surface electronic properties of nickel and nickel dis-
tribution on NiB,-P, catalyst.!""" A schematic reconstruction of a
catalyst under an HMF environment is shown in Figure 9d. In an-
other study, Du et al. further reinforced this chemical reduction
of Ni** to Ni?* in terms of HMFOR, from a reconstructed self-
supported NiFeP/NF (pre)catalyst. Furthermore, they claimed Fe
inclusion helped in the promotion effects and thus gave a better
result toward HMFOR as compared to NiP/NF.['*0] In contrast,
our group has already reported the disadvantages of Fe for OOR.
The intentional Fe inclusion on a plasma-treated NF, through
CV, had been negatively influenced in several OORs as com-
pared to OER. For a pure nickel catalyst, the RDS occurs after the
initial adsorption and oxidation of OH~/H,0 (i.e., *[O,] forma-
tion), while for a nickel-iron catalyst, *[O,] formation is the RDS
step. Thus, Fe reduces the OER onset potential, which leads to a
smaller potential window to selectively oxidize organic molecules
(Figure 9¢,f).I°7 Another study from our group further empha-
sized the previous finding and showed iron free sample is more
active for the HMFOR. However, in a potential window when the
mass transport limitations are significant, both nickel and nickel-
iron systems may exhibit similar conversion rates.!!3!]

Recently, Qu et al. fabricated phytic acid (PA) over NF via a hy-
drothermal route and applied it for the BAIOR, which resulted in
an O*-dominated #-NiOOH active phase in the presence of BA
and yielded a more competent catalyst than separately prepared
NiOOH. This O*-dominated g-NiOOH had a higher capacity for
a-C—H activation of alcohols. Such a tuning during synthesis
changes the metal sites, thereby assisting in the biomass elec-
trooxidation process.['*?] Similarly, directly applying as-prepared
samples for an electrooxidation reaction revealed a phase re-
construction after OOR. Schuhmann and co-workers prepared
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Ni,B and following HMFOR, the catalyst underwent reconstruc-
tion resulting in a core—shell-like structure. In this structure, ox-
idized Ni species (Ni(OH),, NiO, and NiOOH) formed a shell
while the synthesized Ni B remains in the core.'®! Moreover,
they claimed that the formation of a higher metal oxidation state
is the prerequisite for the electrochemical oxidation of alcohols
and aldehydes, which was analogous to the findings of Nichols’s
group.!'33] Similarly, Wang et al. also observed this phase change
of their as-prepared Ni;N@C electrode to NiOOH under HM-
FOR conditions.*"]

In one of the recent studies led by Bedford and co-workers,
NiFe and NiMn LDH were synthesized along with defect-rich
UT-LDHs of NiFe and NiMn. In this work, NiMn UT-LDHs dis-
played the highest FE of 99% from HMF to FDCA at the com-
paratively lower potential at 1.37 V (vs RHE). Additionally, when
HMFOR performed in the OER potential window (@ 1.52 V vs
RHE), an efficiency of 92.7% was obtained, in contrast only 49.5%
FE was achieved by UT-NiFe LDH. The enhanced performance
of UT-NiMn LDH is attributed to the greater avialablity of de-
protonated sites due to its defects which, in turn, enhance the
covalency along the M—O sites and weaken the O—H bonds dur-
ing HMFOR. Further, Mn-OH sites delay the onset of OER dur-
ing the HMFOR reaction, and more oxidized Mn—O sites during
the HMFOR accepted protons and electrons from HMF and its
intermediates by reducing metal sites from MnO, to MnOOH
and finally to Mn(OH),.[®] Similarly, Feng et al. demonstrated
that NiMn LDH outperforms NiFe LHD for MOR (Figure 9g).
Although the mechanistic pathway of MOR on the NiMn/NiFe-
LDHs are similar, however, in NiMn LDH the Ni?/Ni® peaks
(™E/*E=1.34/1.33V (vs RHE) shift more cathodically compared
to NiFe (®E/*E = 1.44/1.42 V vs RHE). The easier oxidation of
NiMn enhances the absorption of CH;OH on the catalyst surface.
Moreover, it is well known that Ni?/Ni* oxidation of NiMn-LDH
is quasi-irreversible, while NiFe-LDH is fully reversible. Conse-
quently, the NiMn system proves to be a better choice for OORs
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Figure 9. a) LSV curves of metal-doped (X-Ni(OH),) in 1 M KOH and 10 mm of HMF. Among these Cr-Ni(OH), showed the best results toward
HMFOR. Reproduced with permission.[®2] Copyright 2023, Elsevier. b) Bar diagram of several TM-based catalysts, among them c) NiMn showing the
best selectivity and activity toward BAMOR. Reproduced with permission.[”>] Copyright 2022, American Chemical Society. d) Schematic of structural
transformation and structure regeneration process during OER and HMFOR. Reproduced with permission.[3%] Copyright 2023, Wiley-VCH. CVs (@ 5
mV s~, stirring) in 1 M KOH with and without MeOH of &) NF-Plasma and f) NF-Plasma-Fe. Reproduced with permission.[®] Copyright 2022, Wiley-VCH.
g) LSV curves (iR-corrected) of NiMn and NiFe-LDHs were recorded in the presence of 3 M of CH;OH in 1 M KOH. The results showed that NiMn was
the better catalyst for MOR than NiFe. h) Reaction scheme for the overall MOR on NiMn/NiFe-LDHs. The blue and yellow arrows indicate the proton
transfers during the precatalytic oxidation process. Reproduced with permission.[”3] Copyright 2023, Nature.

than OER. For a better understanding, a general reaction scheme
on the LDHs is shown in Figure 9h.”3 In line with the findings
of our work, Feng’s study also supports the notion that the NiFe
system probably is not a good choice for MOR.[6131]

Recently, several Ni-based chalcogenides and pnictides ma-
terials have been applied for several OOR reactions, due to
their reconstruction benefit in the OOR regimes. Moreover,
in the anodic potential, it is well known that chalcogenide or
pnictide anion (X*~) forms water-soluble oxyanions (XO,*~ and
X0,3~, according to Pourbaix diagrams) after leaching from the
(pre)catalyst.** The oxyanions adsorb or intercalate on the cata-
lyst surface, proving advantageous for OER by breaking the per-
sistent *OH/*OOH scaling relations by stabilizing the reaction
intermediate.['**] Hence, the presence of oxyanions opens up a
new strategy to improve OER, as well as OOR reaction efficiency.
In this regard, Liu et al. prepared chalcogen-doped Ni(OH),
that reconstructed to NiIOOH with surface adsorbed chalco-
genate species under reaction conditions. This reconstructed
catalyst exhibited substantial advantages for amine electrooxi-
dation, inducing the local electric field that impetuses the po-
lar amines to easily pass through the inner Helmholtz plane
to reach the catalyst surface more efficiently and boost amino
C—N bond activation for dehydrogenation into nitrile C=N bonds
(Figure 10a,b). In situ Raman studies also showed the presence
of SO,?~ species in between 1.3 and 1.6 V (vs RHE) in the pres-
ence of propylamine substrate, while the HR-TEM consists of the
<101> crystal plane of NiOOH. During the propylamine oxida-
tion the Ni(OH), structure evolved to NiOOH (Figure 10c,d).”"!
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Wang et al. tuned the coordination environment of the Ni sites
by introducing P, S, and Se, which reconstructed to NIOOH-TOx
(TO, = PO,, SO,, and SeO,) and thus employed in the MOR.
Among them, NiP,-R (NiOOH-PO,) showed the best results
(Figure 10e). During the oxidation process pristine (pre)catalyst
reconstructed to amorphous NiOOH coordinated with resid-
ual oxyanions. The HRTEM of NiP,-R suggested a crystalline-
amorphous interface and confirmed the formation of the Ni-
hydroxide outer layer (Figure 10f). The presence of oxyanions
tunes the coordination environments in the Ni sites of NiP,-
R and results in higher adsorption of OH* intermediates and
methanol molecules. This facilitated MOR, which further vali-
dates why less activity was observed in the oxyanions-free NNOOH
sample.[??]

In another study, Zhang et al. synthesized NiS, on carbon
fiber cloth (NiS,/CFC) by a facile vapor-phase hydrothermal
(VPH) method and subsequently applied it to a series of alco-
hols (2-propanol, 2-butanol, 2-pentanol, and cyclohexanol) oxi-
dation reaction. They conclude that oxidized Ni species are re-
sponsible for the oxidation of alcohols to ketones.!1%!] At the same
time, Sun et al. also prepared hierarchically porous Ni,S, on NF
(Ni; S, /NF) and studied various OORs. After OORs, they also ob-
served the formation of oxidized Ni (nickel oxides/hydroxides
and (oxy)hydroxides) and S species.!'!3] A similar observation was
made by Sun and co-workers when preparing 3D Ni, P nanoparti-
cle arrays on NF (Ni,PNPA/NF), which was then directly applied
for the HMFOR displaying, the role of oxidized Ni species in the
oxidation of HMF.[112]
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Figure 10. a) Schematic representation of in situ chalcogen leaching from (pre)catalyst for tuning the reactant/surface interface toward amine electroox-
idation. b) Plausible mechanism in the reactant interface governed by the adsorbed chalcogenate species. The blue solid arrow shows how the presence
of SO,2~ attracts the amine by increasing the positive charge near the surface of the catalyst. c) HR-TEM image for S-Ni(OH), catalysts after POR
exhibiting (101) (d = 0.25 nm) plane of NiOOH. This provided an idea about the transformation of Ni(OH), to NiOOH during POR. d) In situ Raman
spectra of S-Ni(OH), in the presence of 1 M KOH with 100 mmol of propylamine. The presence of SO,%~ was detected within the potential range of 1.3
to 1.6 V. Panels (a—d) were reproduced with permission.[’%] Copyright 2022, American Chemical Society. e) Polarization curves of NiP,-R in 1m KOH
solution with and without 0.5 M methanol. f) HR-TEM image of NiP,-R after MOR demonstrating a surface reconstruction to a crystalline-amorphous
interface. Panels (e) and (f) were reproduced with permission.[?3] Copyright 2022, Nature.

Deliberate or adventitious intercalation is beneficial in im-
proving the catalytic activity of several OORs. In an interest-
ing study, Duan and colleagues synthesized sodium dodecyl sul-
fonate (SDS) intercalated Ni(OH), (Figure 11a,b). This inten-
tional intercalation of SDS between two layers of Ni(OH), re-
sulted in a remarkable 3.6-fold improvement in activity com-
pared to pristine Ni(OH),. Simultaneously, it enhanced the sol-
ubility of cyclohexanone in the aqueous medium (0.5 m KOH)
to selectively produce adipic acid, a key monomer in Nylon-66.
The incorporation of negatively charged dodecyl sulfate anions
in the interstitial 2D layers of Ni(OH), fine-tuned the local envi-
ronments of the active sites, proving beneficial in improving the
activity.!**] Along this line, recently, we also reported the in situ
generated carbonate intercalated y-NiOOH as a suitable catalyst
for the selective oxidation of HMF, BAl, and BAm to their cor-
responding value-added product.'®®! This intercalation strategy
is also useful for UOR, as disclosed by Qiao and co-workers in
their studies. During activation, pristine NiS, was reconstructed
to a crystalline NiS, core and a 2-5 nm thick amorphous NiIOOH
shell with oxidized sulfur species. This study further disclosed
that oxyanion tailored the Ni sites, enhancing UOR by suppress-
ing water oxidation.['**] Moreover, strategically synthesized core—
shell-like structures have proven to improve the active site den-
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sity and formed an electronically conductive framework, which
was explored by Wang and co-workers in their studies. They ap-
plied Ni-foam-supported Ni@Ni,P core-shell nanotube for the
hydrazine electrooxidation reaction.!'3’]

All the above-mentioned examples highlight the phase
changes occurring during OOR and simultaneously oxidizing
organic molecules via a potential dependent or “indirect reac-
tion” pathway, an idea initially proposed by Fleischmann et al.
for amines and alcohols in the early 1970s.33%5] Nevertheless, the
in situ phase changes of NIOOH decoupled with various chem-
ical and electronic factors, play an important role in dictating
the selectivity and reactivity of those reactions. In this regard,
Yan et al. synthesized f-NiOOH and y-NiOOH phases and stud-
ied their oxidative properties. They observed that f-NiOOH was
highly reactive (>95% conversion) and selective (>95% selectiv-
ity) for the dehydrogenation of alcohols, while y-NiOOH led to
the formation of byproducts. Furthermore, overoxidation from
p-NiOOH to y-NiOOH negatively impacted the overall selectiv-
ity in the mass transport limited regime (Figure 11c). A flow cell
setup could be a suitable alternative to tackle this problem. There-
fore, their study also explored the influence of solvents on the
reaction rate, however, less influence on the selectivity of the re-
actions was observed.['?2] As we discussed earlier, the existence
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Figure 11. a) Schematic demonstration of a step-wise fabrication process of Ni(OH),-SDS grown on Ni foam. SDS was used as an intercalating agent
during the synthesis, which helped to increase the interlayer spacing of the Ni(OH), and b) XRD spectra comparing the patterns of Ni(OH),-SDS and
pristine Ni(OH), samples. Panels (a) and (b) were reproduced with permission.[194] Copyright 2022, Nature. c) lllustration showing the transformation
of NiOOH from one phase to another under operating conditions.l'?2 Copyright 2023, American Chemical Society. d) Normalized LSV curves with
and without 10 mmol of propylamine in 1 M KOH. Vacancy rich (VR)-Ni(OH), phase demonstrated better results in both OER and POR. Reproduced
with permission.!"3°l Copyright 2020, Wiley-VCH. e) Schematic of Ni SACs/Ti;C,T, synthesis process. The etching and exfoliation resulted in vacancy
formation on the surface of the 2D MXene phase and has proven to be a reactive site to bind hydrazine molecules. Reproduced with permission.[1%]

Copyright 2023, Wiley-VCH.

of Fe in the (pre)catalyst was not a suitable choice for OOR re-
actions in an alkaline medium. Regrettably, the presence of the
nominal amount of Fe in the electrolyte (as an impurity) can-
not be ruled out, which participates during the catalyst recon-
struction and its affinity toward Ni-based material was already
well known in OER.['*®] In this line, Hahn and co-workers ob-
served the influence of metal (Fe) impurities (originating from
unpurified electrolytes), during the BAIOR and deduced a strong
correlation between Ni-redox onset potential. The presence of Fe
(~7-18%) in the reconstructed Ni-Fe electrodes also tuned the lo-
cal structure by creating O-vacancy at the bridge sites of the Fe—
NiOOH lattice.%2! Such a vacancy-rich system was also beneficial
for amine oxidation, aligning with the findings of Zhai et al., who
reported the benefits of vacancy-rich Ni(OH), over vacancy-poor
Ni(OH),. They modified the Ni-MOF precursor directly under
electrochemical conditions to obtain the vacancy-rich Ni(OH),
phase, which induces local electropositive and facilitates N atoms
(consisting of a lone pair of electrons) to bind in the reaction sites.
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This subsequently attacks N(sp®)-H, and accelerates amino C—N
bond activation for dehydrogenation reactions (Figure 11d).[3]
One of the recently developed concepts of single-atom catalysts
(SACs) has also gained noticeable attention from the scientific
community.1*") Utilizing a maximum number of metal sites and
their unsaturated coordination state provides a versatile platform
for several reactions including CO oxidation'*!) and ammonia
synthesis.!'*2] To explore this avenue, Yuan and co-workers syn-
thesized Ni single atoms on a 2D MXene surface, which leads
to a vacancy-rich electrocatalyst for hydrazine-oxidation reaction
(Figure 11e).1106]

The pivotal step in OOR (with —OH, —NH,, —CHO func-
tional groups) is the abstraction of a proton (or transfer of a
hydrogen atom, or a hydride ion) from the organic reactant.
An alternative to this step remains elusive, and it is likely in-
dependent of the structure of the starting reagent, encompass-
ing various functional groups, cyclic structures, aromatic groups,
etc. Nonetheless, the reaction rate, selectivity, and formation of
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by-products are observed to be contingent upon the compound’s
structure.[*6885105143] Ty date, understanding the interconnec-
tion between the active phase (of the anode material) and the
molecular structure, geometry, or stereochemical orientation of
functional groups in the organic reactant is merely investigated.
It is crucial to emphasize that the nature of the catalytic phase
alone does not solely determine conversion efficiency and prod-
uct selectivity; several other factors such as the pKa of the reac-
tant, local pH, electronic factors, orientation of organic molecules
(and related intermediates) during adsorption on the catalyst sur-
face, mass transportation,27%192] may exert greater influence.[*!]
Predicting the significance of a parameter is fraught with un-
certainty. Nevertheless, with a Ni-containing anode, the potential
value commonly employed to oxidize organics, such as alcohols,
amines, and aldehydes, is sufficient to oxidize lower valent Ni
species (e.g., Ni?*) into higher valent species (Ni**/**). Thus, even
if Ni?* is produced during proton abstraction, it rapidly regener-
ates Ni**/** due to the applied potential. This dynamic process,
unique to each organic reactant, results in Ni-oxo species with
varying hydration, morphology, defects, short-range order, etc.
Despite available literature, conclusively determining such an ac-
tive phase structure correlated with the organic reactant is nearly
impossible. While in situ measurements offer insights into de-
termining such an active structure, complexities related to inter-
preting phase change dynamics and solubility issues with large
organic molecules render the experiments exceedingly challeng-
ing to manage.

In summary, the exploration of Ni’s multifaceted role in elec-
trochemical OOR reveals a nuanced interplay of various factors
as discussed before. Several parameters, such as doping, leach-
ing, exfoliation, intentional or unintentional intercalation, impu-
rity management, vacancy control, and the introduction of sec-
ondary metals or metalloids, have demonstrably augmented cat-
alytic activity across the diverse OOR process. These strategies
have emerged as indispensable tools for not only elevating the
reaction rates but also fine-tuning the selectivity toward desired
valuable products. As researchers continue to unravel the intri-
cate intricacies of Ni’s involvement in electrochemical transfor-
mations, this comprehensive understanding opens avenues for
the design and optimization of advanced catalysts in organic syn-
thesis.

5. Conclusions and Future Perspectives

This comprehensive review encapsulates recent advancements in
the field of OOR, emerging as a suitable alternative for energy-
demanding OER. Notably, nickel constitutes as a promising cen-
tral metal for anode catalysts in these reactions. This review
delves into the significant developments in electrochemical OOR
that highlight nickel’s role as a catalyst in enhancing oxidation
efficiency and product selectivity. So far, it has been realized that
the anodically wired hydrated nickel oxide is one of the promis-
ing active catalysts, which reversibly switches between lower to
higher oxidation states and oxidizes organic molecules. Apart
from this, electrode design, catalyst morphology, doping of for-
eign elements, leaching or adsorbing of chalcogens (oxyanions),
the introduction of the intercalating species, precise reaction con-
ditions, electrolyte pH, along with the type of cell, and mem-
brane (in the case of the divided cell) determine the overall cell
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activity and efficiency of OORs but are mostly underrepresented.
Figure 12 illustrates the transformative advancements in elec-
trochemical OOR research, highlighting a future trajectory ad-
vanced by cutting-edge methodologies. The diagram outlines
the progression through operando studies, enabling real-time
insights into the electrocatalytic processes. Further, the explo-
ration of novel coupling reactions is depicted, demonstrating a
forward-looking approach to catalytic efficiency for specific re-
actions. The integration of flow cells for high-rate applications
and industrial-scale current densities signifies a pivotal stride to-
ward practical implementation. Additionally, the figure empha-
sizes the meticulous investigation of electrode-electrolyte inter-
faces and underlines the optimized utilization of density func-
tional theory (DFT) for unparalleled breakthroughs, elucidating
a comprehensive framework for reforming electrochemical OOR
in the near future. Therefore, significant research efforts are re-
quired to propel this technology toward widespread commercial-
ization, and we highlighted the frontline aspects as follows:

1) Both OER and OOR are thermodynamically uphill processes.
In general, OOR requires even more overpotential as com-
pared to OER when both involve the same number of electron
and protons transfer. Essentially, minimizing overpotential
and thereby increasing the reaction rate largely depends on
the catalyst engineering aspect, which is predominantly con-
tributed by the anode materials and their catalytic hotspots.
In this view, analytical techniques under operando conditions
and DFT calculation also need significant care to determine
such catalytic hotspots. It is important to note that acquiring
meaningful results from DFT calculations is often very chal-
lenging as the thermodynamics are often considered without
transition states, complex heterogeneity in the phases, and
multiple chemical environments around catalytic hotspots,
thus, resulting in DFT calculation not being straightforward.
All of these parameters must be critically assessed and com-
pared with experimental data and reported literature.['*]

2) Most of the electrochemical oxidation processes are reported
only based on alcohols, amines, urea, ammonia, and biomass
(HMF) hydroxylation or dehydrogenation. Moreover, the reac-
tion conditions,!'! chemical additives, and suitable organic
substrate are also little known to get oxidative coupling reac-
tions. The limitation in substrate scope is partly attributed to
the use of an aqueous (particularly alkaline) reaction medium,
restricting solubility for a broader range of organic com-
pounds. Therefore, a wide range of aqueous organic solvent
mixtures could expand the feasibility of the substrate scope in
addition to the other operational parameters.

3) Unlike OER, OOR is diffusion-controlled, necessitating care-
ful attention to identify potential oxidation regions where
mass transportation is a limiting factor. In this regard, itis im-
portant to know the redox features of the catalysts.[3!] More-
over, to overcome this, significant research should be dedi-
cated to constructing suitable electrode assemblies including
membrane engineering and flow cell setups.

4) The introduction of organic compounds in solutions alters
the microenvironment, diverging from typical water systems.
This change influences electron transfer processes, redox
reactions,'®] and electrochemical potential gradients, while
also impacting pH levels within the system. Such a diverse
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Figure 12. Revolutionizing electrochemical OOR in future direction: Advancing through operando studies, exploration of new coupling reactions, use of
flow cells for high-rate and industrial relevant current densities, meticulous electrode-electrolyte interface investigation, and optimized DFT utilization
for unparalleled breakthroughs.
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microenvironment plays a significant role in Raman spec- 5) In parallel, it is also important to know to what extent organic
troscopy measurements as well, especially considering its oxidation is truly electrochemical. Certain organic molecules,
sensitivity to surface properties.33146] This technique has such as aldehydes, undergo oxidation much earlier than the
been invaluable in identifying active species during reac- redox event of most TM catalysts. In this situation, the use of a
tions, particularly in OORs. In contrast to reactions, like the catalyst is questionable. Therefore, there is a pressing need to
OER, OORs pose unique challenges related to the move- explore suitable catalysts and establish their correlation with
ment and mixing of substances at the reaction site. Factors, the working potential region to obtain the desired selectivity
such as the local concentration of reactants and their inter- in organic product formation.

action with the surface, greatly influence which species are ~ 6) Various studies demonstrate paired electrolysis using a di-
involved in the reaction. Additionally, the solubility of reac- vided cell, while the effectiveness of this technique in reduc-
tants in water and the rate at which reaction products de- ing product crossover and enhancing chemoselectivity is not
tach from the surface impact the observations made dur- unequivocal. Moreover, the influence of proton and electron
ing Raman spectroscopy.’’ Active species formed during conductivity in the divided cell, and the efficiency or selectivity
OORs typically exhibit more defects compared to traditional losses upon product contact with the cathode, remains largely
metal-based species. This is due to the constant switching be- unexplored. A recent advancement to implement industrial-
tween high and low oxidation states of metal centers, lead- relevant conditions (>6 M KOH, >65 °C) is often used to test
ing to imperfections in the structure of the active species.[*?] the OER activity for the mass production of H, and decrease
That cannot truly be revealed by Raman Spectroscopy. More- the overall cell potential (as a function of temperature) of
over, the interface between the electrode and the electrolyte, overall water electrolysis, which has not been explored exten-
where the reaction occurs, significantly affects the behav- sively for OORs.I'*] Knowing that the yield and selectivity of
ior of electrochemical sites.'*] This influence can alter the the OORs are largely dependent on temperature and solvent
shape and position of the observed Raman peaks.['*8] To ac- conditions, it can suitably be coupled with industrial-relevant
curately interpret Raman spectra in OORs, standardization OER conditions attributing to great industrial importance.
of the data is essential. This involves establishing a consis- 7) Product purification from the electrolyte solution must be

tent background against which we can compare observations
in the presence and absence of reactants. Additionally, us-
ing reference samples containing the same active species
aids in confidently identifying true active species in the
reaction.

2400696 (20 of 24)

more simplified and should run under low-cost operating
techniques. Importantly, the techno-economic factor must
be analyzed of the OOR oxidized products.*) In this regard,
the cost of reactants, the selling price of the product, their
availability, carbon footprints, hydrogen production rate, and

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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demand for the oxidized product, all must be considered thor-
oughly.

Our collective effort aims to delineate specific aspects that have
promising prospects for future research in the OOR field, with
nickel being the favorable choice of metal to attend to these ob-
jectives.
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