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1. Introduction

Electrolysis is one approach to transform electrical energy into

Tailoring the oxidation of benzyl alcohol and its
derivatives with (photo)electrocatalysis

Jingjing Qiu, 2 * Tucker Forbes and Timothy Lin

The electrochemical oxidation of alcohol molecules has gained significance as a key anode reaction,
offering an alternative to the oxygen evolution reaction (OER) for hydrogen (H;) production and carbon
dioxide (CO,) reduction. The (photo)electrochemical oxidation of benzyl alcohol and its derivatives
serves as an important model system, not only because benzyl alcohol oxidation is a critical industrial
process, but also because it offers valuable insights into electrocatalytic biomass conversion. Tailoring
this reaction through electrochemical and photoelectrochemical methods using heterogeneous noble
and transition metal electrocatalysts presents a green approach and the potential for uncovering new
reaction mechanisms. This review article positions the electrochemical oxidation of benzyl alcohol as an
alternative to the OER to produce H,, highlighting recent mechanistic studies involving noble and
transition metal electrocatalysts. Furthermore, we discuss the electronic substituent effects on this
reaction, which have been well-explored in organic oxidation pathways but remain underexplored in
(photo)electrocatalytic contexts.

bonds. This stored chemical energy can later be used as fuel or
converted back into electricity when required. Water (H,O)
electrolysis to produce hydrogen (H,) and oxygen (O,) gases is

chemical energy by storing electrons within stable chemical one well-established technology while the electrolysis of carbon
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dioxide (CO,) and nitrogen (N,) reduction holds potential for
renewable energy storage.” In the electrochemical reduction of
H,0 and CO,, the accompanying anodic reaction is typically the
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oxygen evolution reaction (OER) (eqn (1) and (2)). However, the
high overpotential of the OER at the anode increases the overall
voltage required for the above electrolysis processes.

acid: 2H,0 — O, + 4H" + 4e” (1)
base: 4OH™ — O, + 2H,0 + 4e~ (2)

Recently, the electrochemical oxidation of alcohols, such as
benzyl alcohol and its derivates’ and glycerol,®> has gained
significant research attention for its potential to replace the
OER as the anodic process in the hydrogen evolution reaction
(HER) and CO, reduction. This alternative approach aims to
lower the overall cell voltage of the electrolyzer compared to the
traditional OER as the anodic reaction.*® In addition, higher-
value products, such as aldehyde or acids, can be generated
from the alternative anodic reaction of alcohol oxidation.
Among the various alcohols in the alternative anodic reactions,
the electrochemical oxidation of benzyl alcohol has attracted
considerable research interest. It not only produces benzalde-
hyde or benzoic acid without strong oxidants, but also serves as
an excellent model system for understanding the electroche-
mical oxidation of bio-derived molecules, with potential to
develop electrified synthetic pathways for producing value-
added products.>” The generic electrochemical oxidation of
primary alcohol molecules to aldehyde and carboxylic acid in
acidic and alkaline electrolytes are shown in eqn (3)-(6):

acid: RCH,OH — RCHO + 2H" + 2e~ (3)

RCHO + H,0 — RCOOH +2H" + 2~ (4)
base: RCH,OH + 20H™ — RCHO + 2H,0 + 2e~

(5)

RCHO + 20H™ — RCOOH + H,0 + 2e~ (6)

The electrochemical oxidation of small alcohols such as
methanol and ethanol has been extensively studied for their
use in alcohol fuel cells, which convert chemical energy into
electrical energy.® This anodic reaction in the fuel cells pro-
duces CO, as the product (eqn (7) and (8)). The efficiency and
selectivity of alcohol oxidation are influenced by the type of the
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alcohol and the electrode material. The electrode used, whether
noble or transition metals, has its unique catalytic properties
and can influence the energy consumption and durability of the
alcohol fuel cells.® Although the reactions of electrochemical
oxidation of alcohols as an alternative reaction of the OER are
different from the anodic reaction in the fuel cells, insights
gained from these studies are crucial for advancing research
into alternative anode reactions of alcohol oxidation.

acid: CH;0H + H,0 — CO, + 6H" + 6e” (7
base: CH;0H + 60H™ — CO, + 5H,0 + 6e”~ (8)

Since the electrochemical oxidation of alcohols, used as an
alternative anode reaction, generally occurs in aqueous electro-
lytes under anodic bias, it should compete effectively with the
OER with high faradaic efficiency (FE). Both noble metal
electrode, such as gold (Au) and platinum (Pt), and first-row
transition metals, such as nickel (Ni), cobalt (Co), have been
explored for this purpose. While it was expected that the
optimal electrode materials would be those with poor OER
activity, it is noteworthy that several transition metal-based
electrocatalysts (e.g., Ni- and Co-based oxides, hydroxides, and
oxyhydroxides), which are known to be good OER catalysts,
have demonstrated high FEs for the electrochemical oxidation
of alcohols.”® Although the basic steps in the electrochemical
oxidation of alcohols have been proposed, recent studies on the
fundamental mechanisms, particularly for benzyl alcohol and
its derivates, achieved new insights.>”° In addition to new
insights into the reaction mechanisms of alcohol oxidation,
recent research has also focused on tailoring different inter-
faces in this reaction. For example, the liquid-liquid interface
with water and organic solvent mixtures was explored to control
the product selectivity.'® The interfacial properties related to
the adsorption of reactant molecules at the solid-liquid inter-
face are also variables that have received recent research
attention.”* These studies all highlight the need for further
investigation in this area from new perspectives.

In this review article, we will explore benzyl alcohol and its
derivatives as a model system, highlighting recent mechanistic
studies on their (photo)electrochemical oxidation. Given that
different electronic substituents on benzyl alcohol are expected
to exhibit distinct adsorption properties at the solid-liquid
interface—potentially leading to varied reaction mechanisms
and tuning the electrochemical oxidation—we will discuss the
effects of these substituents on the reaction. The article begins
with a brief overview of alternative anodic reactions to the OER,
followed by a review of common chemical and catalytic
approaches for benzyl alcohol oxidation. This foundation will
lead to a discussion of electrochemical and photoelectrochem-
ical routes for the oxidation of benzyl alcohol. Our focus will
center on recent studies of electrochemical oxidation of benzyl
alcohol and its derivatives on various metal electrodes under
alkaline conditions. Additionally, we will examine mechanistic
insights into the electrochemical oxidation of benzyl alcohol
and its derivatives and explore photochemical and photoelec-
trochemical pathways for their oxidation.

This journal is © The Royal Society of Chemistry 2025
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2. Alternative anodic reaction of
the OER

The application of water electrolysis for H, production is
primarily limited by its large cell voltage and low energy
conversion efficiency associated with the OER."” To address
these limitations, various alternative anodic reactions have
been explored to reduce the overpotential and increase the
efficiency of H, production.” In addition to the HER process,
these alternative anode reactions have also been applied in CO,
reduction™ and nitrate (NO;~) reduction.”> Some of these
alternative anodic reactions include halide oxidation,'® amine
oxidation,"” aldehyde oxidation® and alcohol oxidation.'**®
Each of these alternative anodic reactions presents its own
challenges and advantages, making the choice dependent on
specific applications, economic factors, and environmental
considerations. By utilizing these alternative reactions, it is
possible to optimize the water-splitting process for higher
efficiencies, reduced costs, and valuable by-products.

2.1 Formaldehyde oxidation

Formate is widely used in various industrial applications. The
formaldehyde (HCHO) oxidation reaction is one promising
alternative anodic reaction, producing formate (HCOO ) and
H, as a by-product at a relatively low potential under alkaline
conditions compared to the OER (Fig. 1). Coupling both for-
maldehyde oxidation with the HER would produce H, on both
the cathode and the anode, while producing value-added
product such as formate. Recent research has shown that the
formaldehyde oxidation has the capacity to reach industrially
relevant current densities with the Cu;Ag; anode and Ni;N/Ni
cathode electrocatalysts.® The Cu,Ag; electrocatalyst is unique
that the copper (Cu) and silver (Ag) work cooperatively to
stabilize the H,C(OH)O™ intermediate due to the separate d-
bands of Cu and Ag which facilitates the C-H bond cleavage in
the electrochemical oxidation of formaldehyde to formate.®

2.2 Benzyl alcohol oxidation

Compared to other alternative oxidation reactions, electro-
chemical oxidation of alcohols shows massive promise with

m |
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HO > H,0 HO0 T > HCHO

Anode: 40H — O, + 2H,0 + 4e"
Eanode = 1.23V = 0.059 (pH) vs NHE
Cathode: 4H,0 + 4e" — 2H, + 40H-
Ecathose = 0 V — 0.059 (pH) vs NHE

Anode: 2HCHO + 40H- — 2HCOO" + H, + 2H,0 + 2e"
Eianode =022 V — 0.059 (pH) vs NHE

Cathode: 2H,0 +2e" — H, + 20H"

Ecatnode = 0V — 0.059 (pH) vs NHE

2H,0 — O, + 2H, Ege =-1.23V HCHO + OH- — HCOO- + H, =022V
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Fig. 1 Schematics of (a) conventional electrocatalytic water electrolysis
under alkaline conditions and (b) electrocatalytic water reduction coupled
with formaldehyde oxidation under alkaline conditions. Figure adapted
from ref. 6. Copyright 2023 The Author(s).
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various candidates such as methanol, ethanol, benzyl alcohol,
and glycerol which is a simple triol compound. For example,
methanol has been shown to be able to produce formate as a
value-added product, and the cell voltage is 1.427 V to achieve a
current density of 10 mA cm™? coupled with the HER.'® While
glycerol oxidation could produce formate with a cell voltage of
1.36 V to achieve 10 mA cm ™2 with the HER,?? its oxidation also
presents the potential to produce dihydroxyacetone or glycer-
aldehyde at 0.05 and 0.09 V vs. RHE, respectively.”’ The
electrochemical oxidation of benzyl alcohol, on the other hand,
produces benzaldehyde and/or benzoic acid using both first-
row transition and noble metal electrocatalysts with the pro-
duct selectivity tuned by the electrode materials and reaction
conditions.'® As illustrated in Table 1, alcohol oxidation reac-
tions typically occur at much lower potentials compared to the
OER, which generally requires approximately 1.56-1.73 V vs.
RHE to achieve a current density of 10 mA cm™>.**

The electrochemical oxidation of benzyl alcohol reaction is
particularly attractive for its ability to operate at high current
densities (>250 mA cm ™ 2) for over 24 hours coupled with H,
production,'® making it suitable for industrial applications.
Moreover, the electrochemical approach removes the use of
explosive oxidizers like potassium permanganate (KMnO,),
offering a green alternative for the synthesis of benzaldehyde
or benzoic acid. The electrochemical oxidation of alcohols can
not only produce value-added products but also provide
insights into electrochemical oxidation of more complex mole-
cules containing hydroxyl (-OH) functional group(s).

Fundamentally, the electrochemical oxidation of benzyl
alcohol not only provides a green alternative for the conven-
tional synthesis of benzaldehyde and benzoic acid under mod-
erate conditions but also serves as an important model system
for understanding biomass conversion electrochemically. One
key intermediate in the oxidative valorization of biomass is
5-hydroxymethylfurfural (HMF), which is derived from cellulo-
sic biomass and can be oxidized to 2,5-furandicarboxylic acid
(FDCA). FDCA is a potential alternative to terephthalic acid in
polyethylene terephthalate (PET) plastics.>® The electrochemi-
cal oxidation of HMF to FDCA involves a more complex reaction
of converting the hydroxymethyl and the aldehyde groups of
HMF into carboxyl groups. Recent research has explored the
electrochemical and photoelectrochemical oxidation of HMF
with Ni-based electrocatalysts and achieved important under-
standing of the system.>** In addition to developing more
stable and efficient catalysts that deliver satisfactory FDCA
yields, effective separation and purification of the products
are also crucial.>® The insights gained from the electrochemical
oxidation of aldehyde and alcohol will help contribute to the
understanding of the conversion of these biomass-derived
intermediates.

As described above, the electrochemical oxidation of benzyl
alcohol (Scheme 1) is a reaction of significant importance. The
thermodynamic potentials of the electrochemical oxidation of
benzyl alcohol and benzaldehyde®” (Scheme 1) are lower than
that of the OER process. As a result, significantly higher current
densities for the electrochemical oxidation of benzyl alcohol are

Chem. Commun., 2025, 61, 3421-3435 | 3423
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Table 1 Examples of selected alcohol oxidation

Molecule & concentration  Electrolyte  Electrode Anode potential at 10 mA cm > (Vvs. RHE)  Product Ref.
Methanol (3 M) 1 M KOH Mo-CO,4N 1.356 Formate 19
Glycerol (0.1 M) 1 M KOH Ni-Mo-N 1.30 Formate 20
Benzyl alcohol (0.1 M) 1 M KOH Au/CoOOH  1.30 (340 mA cm ™ ?) Benzyldehyde, benzonic acid 18

typically observed at the same anode potential when compared to
the OER."® Key variables controlling the efficiency and selectivity of
the electrochemical oxidation of benzyl alcohol include the metal
electrocatalysts,”® the electrolyte’® and the operating conditions.'® A
high yield of benzaldehyde, exceeding 90%, has been achieved
using a Ni(OH), electrocatalyst with an organic-aqueous mixed
electrolyte in the direct electrochemical oxidation of benzyl
alcohol.'”” From a fundamental study perspective, voltametric
analyses are frequently applied as an analytical tool. The onset
potential and peak current in the experimental cyclic voltametric
data could provide information of the direct benzyl alcohol oxida-
tion. In addition, the cyclic voltametric data is used to investigate
the relationship between the redox properties of the electrocatalysts
and benzyl oxidation.® To achieve the electrosynthesis of benzyl
alcohol oxidation, a flow-cell setup is commonly applied to evaluate
its performance coupled with a chosen cathode reaction.’®'® As the
reaction yield and selectivity vary with the dynamic changes of the
electrocatalysts,”'® there is growing research interest in under-
standing the reaction mechanisms of benzyl alcohol on metal/
metal oxide-based electrocatalysts.”’

A deeper understanding of the reaction mechanism has
enabled the development of various electrochemical strategies
to optimize the reactions and expand the applicability to benzyl
alcohol derivatives.'® Recent efforts have investigated the use of
organic-water interfaces for the electrochemical oxidation of
benzyl alcohol. This approach shows promise in addressing the
challenge of low solubility of some benzyl alcohol derivatives."
These mechanistic insights of benzyl alcohol will be discussed
in greater details in Section 4.

o]
E®=0.143 V vs NHE N E°=0.036 V vs NHE

20H" 20H"

2H;0, 2e~ Hz0, 2e~

Scheme 1 Electrochemical oxidation of benzyl alcohol in alkaline elec-
trolytes which generates benzaldehyde and benzoic acid. The standard
potential for the oxidation reaction shown corresponds to the anode
potential that will lead to an isoergic equilibrium (AG® = 0) between the
oxidized and reduced molecule under standard state conditions, when
protons are reduced to H, at the cathode.?”

oxidant
—

oxidant
—

Scheme 2 Selective oxidation of benzyl alcohol with oxidants.
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3. Chemical oxidation of benzyl
alcohol

The selective oxidation of benzyl alcohol to benzaldehyde or
benzoic acid can be achieved through various chemical methods
such as the use of stoichiometric oxidants or O, as a milder
oxidant coupled with different catalysts (Scheme 2). Benzyl alcohol
could be selectively oxidized to benzaldehyde or fully oxidized to
benzoic acid. The strength of the oxidants, catalysts, and reaction
conditions (e.g: temperature and time) could be tuned to achieve
the desired products.”® Each method has its own advantages,
disadvantages, and specific applications based on the desired
products, environmental impact, and industrial scalability.

On an industrial scale, benzyl alcohol oxidation is commonly
performed using expensive stoichiometric oxidants such as
dichromate, chromic acid, and permanganate to produce ben-
zoic acid. Alternatively, commercial hydrogen peroxide (H,O,)
can be used as a more moderate oxidant to promote the reaction
at relatively low temperatures, and benzyl alcohol could be
selectively converted to benzaldehyde.*® The use of more envir-
onmentally friendly oxidants, such as molecular oxygen or air,
can also produce high yields of benzaldehyde. However, these
reactions generally require elevated temperatures and the
presence of catalysts.”® This process, known as the aerobic
oxidation, is considered a more environmentally friendly
approach compared to using hazardous chemical oxidants like
dichromate or permanganate. The challenge with aerobic oxida-
tion lies in activating the oxygen double bond (O—O) at low
temperature, often necessitating the use metal-based catalysts,
such as noble metals (e.g., Pd, Au), transition metal oxides or
metal oxide supported metal catalysts. The electrochemical
oxidation of benzyl alcohol relies on metal electrocatalysts, such
as Au, Ni, or Co, to facilitate the process of proton and electron
transfer. In both liquid-phase aerobic oxidation and electroche-
mical oxidation, the liquid-solid interfacial properties play a
critical role in determining reaction efficiency and selectivity.
Insights from liquid-phase aerobic oxidation of alcohols on solid
catalysts are particularly valuable for understanding the interac-
tions between alcohol and catalysts.

3.1 Aerobic oxidation of benzyl alcohol

In performing aerobic oxidation of benzyl alcohol in the liquid
phase, several factors must be considered including catalysts,
solvents, temperature, and pressure. These factors should also
be considered from a holistic perspective. For example, the
interaction between the catalysts and reactants is significantly
influenced by the solvent used, as water-induced effects can
enhance their interactions during alcohol oxidation.*' For
aerobic oxidation of benzyl alcohol, it was determined that

This journal is © The Royal Society of Chemistry 2025
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there are two primary reaction paths: (1) an alkoxy pathway
leading to toluene, benzaldehyde, and benzyl ether, and (2) a
carbonyloxyl pathway (‘‘neutral carboxylate’”) leading to benzoic
acid, benzene, and benzyl benzoate.** The catalyst system plays
a key role in tailoring the reaction product selectivity, and Pd
and Au are the most commonly used systems. For example, the
metal oxide supported bimetallic system, PdFe/TiO,, demon-
strated high selectivity in oxidizing benzyl alcohol into benzal-
dehyde outperforming other bimetallic combinations through
the in situ production of H,0, from molecular H, and 0,.*?
Additionally, the polymer supported bimetallic AuPd/polyani-
line catalyst was shown to enhance the selectivity of benzyl
alcohol oxidation to benzaldehyde, achieving a maximum con-
version rate of 98% at 100 °C, likely due to the modified valence
d-band occupation of the bimetallic system.*® This bimetallic
catalyst approach has been investigated in the electrochemical
oxidation of formaldehyde, where the different d-bands of Cu
and Ag contribute to stabilizing reaction intermediates.®
Beyond Pd and Au, the liquid-phase oxidation of benzyl alcohol
can also be catalyzed by various first-row transition metal
catalysts, such as MnO, clusters, which exhibit good activity
and selectivity towards benzaldehyde formation.**

To gain deeper insight into the reaction mechanism from a
surface chemistry perspective, it is essential to consider the
coverages of atomic hydrogen, atomic oxygen, and surface hydro-
xyls on the catalyst surface. A thorough understanding of how
these species adsorb onto metal surfaces is critical for elucidating
reaction pathways and designing more effective catalysts.

3.2 Surface chemistry of benzyl alcohol oxidation on noble
metals

Although the aerobic oxidation of benzyl alcohol typically
occurs in the liquid phase, studies conducted in the gas phase
using single crystals and ultrahigh vacuum (UHV) techniques
have significantly advanced our understanding of the funda-
mental reaction mechanisms. These studies effectively bridge
surface science with catalytic processes, offering valuable
insights into the reaction’s underlying principles.*

The surface chemistry of benzyl alcohol is very dynamic. The
reaction of benzyl alcohol was shown to be highly dependent on
its adsorption orientation, where the adsorption orientation can
be manipulated by covering the metal catalyst surface with surface
oxygen. For example, temperature-programmed desorption (TPD)
and high-resolution electron energy loss spectroscopy (HREELS)
experiments showed that surface oxygen has many uses, acting as
a Brgnsted base to abstract the hydroxyl hydrogen of the benzyl
alcohol, as well as a nucleophile to oxidize aldehydes and
carboxylates.*® On a clean Pd(111) surface, the aromatic ring of
benzyl alcohol interacts strongly with the surface, orienting itself
almost parallel to the metal surface. Similarly, at low coverages of
surface oxygen, the benzyl alcohol proceeds through a flat-lying
benzaldehyde adsorbate to produce CO and benzene. However, at
high coverages, the benzyl alcohol is more upright producing
deoxygenation products and toluene.*®

Au, as a well-studied model catalyst, exhibits interesting
selectivity with a strong size dependence and has gathered

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematics of aldehyde formation on O/Au(111) via two pathways:
the B-H elimination (top pathway) of alkoxys or introduced externally
(bottom pathway, blue). Adapted with permission from ref. 39. Copyright
2010 American Chemical Society.

research interest for this property.®” After the surprising discov-
ery of Au nanoparticles’ high activity as a low-temperature CO
oxidation catalyst, extensive research into Au nanoparticles for
oxidation reactions were initiated.>® Aerobic oxidation of alco-
hols catalyzed by Au has been widely explored, especially for
organic synthesis involving carbonyl and carboxyl compounds,
serving as a model for oxygen activation. Among various sub-
strates, benzyl alcohol and glycerol have been the most thor-
oughly studied ones. Generally, the adsorption and catalytic
properties of Au strongly depend on its surface properties.”® A
study of the interaction between benzyl alcohol and a clean
Au(111) surface revealed that the remarkable selectivity achieved
in the Au-mediated oxidation of benzyl alcohol is associated with
conditions where benzyl alcohol adsorption exceeds the surface
atomic oxygen.*® Under such conditions, the kinetic barrier for
aldehyde formation is sufficiently lower than that for benzoate,
which ultimately leads to benzoic acid, to ensure a selective
oxidation to benzaldehyde.’® The general reaction pathways of
aldehyde from alcohol oxidation on a Au(111) surface with
atomic oxygen are summarized in Fig. 2.%°

These surface studies emphasize the critical role of benzyl
alcohol adsorption on the catalyst surface in determining product
selectivity. However, in the presence of a liquid electrolyte and an
electrochemical interface, adsorption processes behave substan-
tially more complex.'* Gaining a deeper understanding of these
dynamic adsorption processes in the electrochemical oxidation of
benzyl alcohol is essential for interpreting the reaction mecha-
nism, and needs further investigation.

3.3 Computational studies of metal-catalyzed alcohol
oxidation

In addition to the experimental surface chemistry studies, the
advances in surface science theory have significantly improved
our understanding of the mechanisms governing alcohol oxida-
tion, especially from the perspective of alcohol adsorption on
metal surfaces.

In the alcohol oxidation reactions, the catalyst must bind
alcohol strongly enough to break the necessary chemical
bonds, but weakly enough to release relevant intermediates or
products. This is known as the Sabatier’s principle, which often

Chem. Commun., 2025, 61, 3421-3435 | 3425
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creates an inherent upper limit on catalyst activity. Meanwhile,
reaction dynamics are affected by the structure of the d-band of
the metal catalysts, an important descriptor in predicting the
chemistry of metal catalysts.”” The d-band model links the
energy of the d-band of the metal to the adsorption energies of
adsorbates, directly affecting the energy barriers in catalytic
reactions. This occurs because the position of the d-band center
dictates the energy of electronic states involved in the adsor-
bate-surface bond.

Density functional theory (DFT) studies play an important
role of predicting the most thermodynamically favored orienta-
tion of molecular adsorption. One DFT study with van der
Waals interaction found that ethanol prefers to adopt a parallel
orientation on the metal surfaces which enhances its attraction
to the oxidation products and the metallic surfaces.*’ In
another study, the adsorption energies of benzyl alcohol and
benzaldehyde were calculated on TiO,-supported PdZn catalyst
surfaces to understand the high selectivity of the PdZn
component.*> Since benzyl alcohol adopts a more stable
configuration on Pd, it is identified as the primary metal
component responsible for the observed high activity of the
catalyst. Conversely, benzaldehyde is more stable on the Zn
component of the bimetallic system. Therefore, Zn is proposed
to play a role in enhancing reaction selectivity.*> In the aerobic
oxidation of benzyl alcohol, computational comparisons of the
oxygen adsorption on Pd and Au surfaces were also conducted.
The calculations demonstrated that the AuPd alloy decreased
the oxygen adsorption energies relative to pure Pd, which in
turn enhanced the selectivity of the AuPd alloy in benzyl alcohol
oxidation.** These studies highlight the critical role of the
metal catalyst surface in influencing the molecular orientation
and bonding strength during alcohol oxidation, which directly
impacts the subsequent reaction activity and selectivity. The
addition of functional groups to benzyl alcohol derivatives
creates a wider range of possible surface adsorption orienta-
tions and energetics. Both experimental and computational
studies should account for how these changes in surface
chemistry might influence reaction activity and selectivity.

In the liquid-phase reactions, the involvement of water
molecules and organic solvent molecules adds another layer
of complexity to the surface chemistry. While organic solvent-
free oxidation of benzyl alcohol is a green approach, experi-
mental studies have shown that small amount of organic
solvent in water is one way to tune the adsorption behaviors
of both benzyl alcohol and the product benzaldehyde.** Com-
putational modelling has proven invaluable in elucidating the
influence of solvent effects on the energetics of alcohol and its
oxidation intermediates, as well as identifying the rate-limiting
steps in alcohol oxidation. For example, one study on methanol
electrooxidation on Au reveals that incorporating both implicit
solvent effects and explicit solvation can more stabilize the
product formic acid compared to models in a vacuum.*®> While
both implicit and explicit solvent models identify the same
potential-determining step and yield similar theoretical limit-
ing potentials, the more advanced model suggests that alde-
hyde and formate formation may also play a competitive role in

3426 | Chem. Commun., 2025, 61, 3421-3435
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the potential-determining step, a possibility the simpler model
overlooks.”> Advanced models are needed to enhance under-
standing of the interactions between larger benzyl alcohol
molecules or their derivatives and metal surfaces in the presence
of solvents, as well as their impact on the oxidation reaction.

3.4 Electronic substituent effects in benzyl alcohol oxidation

In the oxidation of benzyl alcohol, the electronic effects of
substituents on the benzyl ring play a significant role in
determining the rate and pathway of the reaction as they can
change the local electron density of the molecule and surface
interaction with the catalyst in heterogeneous catalysis.

The catalytic performance in the oxidation of substituted
benzyl alcohol depends on the electronic and steric effects of the
substituents on the phenyl ring. Substituents that are electron-
withdrawing or bulky lead to longer reaction times for the
complete conversion of benzylic alcohols. For example, in the
selective oxidation of substituted benzyl alcohol to the corres-
ponding aldehydes using copper-manganese mixed oxide (CuM-
n,0,) nanoparticles catalyst, substituted benzyl alcohol with
electron withdrawing groups (e.g. -NO,) at the para-position of
the phenyl ring exhibited slower conversion rates compared to
unsubstituted benzyl alcohol while electron donating groups
(e.g. -CH; and —~OCHj) accelerate the reaction.*® Similar to this
observation, it was also shown that the Au-catalyzed oxidation of
substituted benzyl alcohol was promoted by electron-donating
groups like -OCH; compared to electron-withdrawing groups.®”
This is interesting as the opposite trend of the electronic sub-
stituent effects is often observed for benzyl alcohol oxidation
with liquid oxidants. The results indicated that electron density
on the phenyl ring induced by the substituents played an
important role in the reactivity of the oxidation reaction.

Hammett developed the Hammett equation in physical
organic chemistry, which relates the reaction rates or equili-
brium constants of a chemical reaction to the electronic proper-
ties of substituents on an aromatic ring."” The Hammett study
provides a quantitative way to understand how substituents on
aromatic rings influence reaction rates and equilibria, and has
been applied for the heterogenous catalysis of benzyl alcohol
oxidation on metal oxide supported Au catalysts.*® Hammett
studies are typically performed by substituting the para posi-
tion of a phenyl ring and measuring differences in the reaction
rates. The electron-donating or electron-withdrawing ability of
the substituent is quantified by its substituent constant.*® The
Hammett studies were conducted on Au/metal-oxide catalyzed
benzyl alcohol oxidation. Two substituents of benzyl alcohol,
including the electron donating group ~OCH; and the electron
withdrawing group -CF;, were studied.’® The reaction rate of
the -OCHj; substituted benzyl alcohol oxidation is higher than
that of the —-CF; substituted one.*® The reaction mechanism of
benzyl alcohol and its derivative was proposed to proceed in
three steps (Fig. 3) of alcohol adsorption, deprotonation of the
hydroxyl group to form an alkoxide (BnO~), and the rate-
determining hydride transfer to the Au nanoparticle.*® The
early stage of the hydride transfer results in the development
of a partial positive charge on the benzylic carbon, which is

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic of the equilibria of alcohol binding, deprotonation and
hydride transfer. Adapted with permission from ref. 48. Copyright 2020
American Chemical Society.

sensitive to the electron-donating or -withdrawing ability of the
aryl substituent. It was found the substituents induce two
competing effects, including affecting the alcohol affinities
for the metal catalyst and the surface coverage of alkoxide.
Benzyl alcohol with electron donating groups such as -OCHj3; is
electron-rich but is less acidic. The adsorption of electron-rich
alcohol is more favored, which further affect the deprotonation
equilibria and increase the number of active alkoxides.*®

In benzyl alcohol oxidation catalyzed by Au, where alcohol
deprotonation is required prior to rate-determining hydride
transfer, electronic substituents of the benzyl alcohol impact
the reaction by impacting the surface coverage of the active
intermediate.*® When studying the electronic substituents, all
the surface processes need be accounted for.

4. Electrochemical oxidation of benzyl
alcohol molecules and mechanistic
studies

In theory, any successful chemical oxidation reaction should
have an electrochemical equivalent, and the reverse should also
hold true, assuming the specific chemical oxidant is identified.”®
However, in practice, the two methods are not directly parallel
but often serve as complementary approaches. Once the numer-
ous variables involved in the electrochemical process are opti-
mized, the method offers several advantages. These include
simplified workup procedures, as no chemical oxidant or by-
products need to be removed—often requiring only the removal
of solvent and electrolytes. Additionally, electrochemical oxida-
tion can be cost-effective, especially when the initial investment
in equipment is excluded, and it frequently results in higher
yields.*®

In the electrochemical oxidation of benzyl alcohol, the
electrochemical potential of the electrode materials where the
alcohol adsorbs and undergoes oxidation can be regulated.
Because of this, a more complex interfacial environment is also
presented as the surface charges and the electrochemical
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potentials control the reactant adsorption and reactivity. In
the presence of a liquid electrolyte and an electrochemical
interface, adsorption processes behave substantially differently
than those in the gas phase. Understanding these adsorption
processes becomes an important component for designing
effective electrocatalysts.™

As an alternative anode reaction to the OER in the produc-
tion of H,, the electrochemical oxidation of benzyl alcohol and
its derivatives is typically performed in aqueous electrolytes
with anodic bias. To outcompete effectively with the OER
kinetically, it is reasonable to assume that the electrode mate-
rials should not be effective towards the OER. However, experi-
mental studies have demonstrated that both noble metal and
first-row transition metal catalysts—despite their varying effec-
tiveness as OER catalysts—can efficiently facilitate the electro-
chemical oxidation of benzyl alcohol and its derivatives. The
influence of the redox chemistry of the electrodes and electro-
Iytes has attracted research attention to gain deeper mecha-
nistic insights into electrochemical oxidation of benzyl alcohol.

4.1 Noble metal electrocatalyst for benzyl alcohol oxidation

As an electrocatalyst, Au enables the oxidation of alcohol
molecules with a small overpotential under alkaline conditions
via the on-surface formation of adsorbed hydroxide.”* While
surface hydroxyl groups adsorbed on the Au metal surface are
crucial for catalyzing the electrochemical oxidation of alcohols,
further oxidation of the metal can lead to the formation of
surface-poisoning oxides. Consequently, the oxidation activity
of alcohols depends on the metal’s resistance to forming these
surface-poisoning oxides. This poisoning effect can be observed
in the cyclic voltammograms (CVs) of alcohol oxidation on
noble metal electrodes under alkaline conditions.

The electrochemical oxidation of alcohol molecules on
noble metal surfaces such as Au and Pt often shows interesting
voltametric features. Double oxidation peaks are often observed
for the electrochemical oxidation of alcohol molecules in the
cyclic voltammetry (CV) in both the forward and reverse
scans.”® This is closely associated with the redox features of
the noble metals. The formation of the surface oxide on the
noble metal electrode is considered to poison the active sites
for alcohol oxidation and the reduction of the metal oxide
surface re-actives the catalytic sites.>® The oxidation of the
alcohol in the reverse scan in the CVs is often observed after
the metal oxide is reduced to its metallic phase. Depending on
the type of alcohol molecules and the noble metal electrodes,
the relative magnitudes of the currents in the forward and
reveres scans vary. While the reduction of some metal electro-
des leads to higher current in the reverse scan, implying a more
active surface, others show the opposite.>* To avoid this surface
deactivation due to metal oxidation formation, a recent study
showed a strategy of functionalizing the electrode surface with
polymer, which is effective to enhance the electrochemical
oxidation of methanol on Pt electrodes.>?

As Au is effective for the electrochemical oxidation of
alcohols under alkaline conditions, it is an inefficient electro-
catalyst for the OER.>®> A mechanistic investigation of the
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electrocatalytic role of Au in the OER under alkaline conditions
would provide further insights into its catalytic role in the
electrochemical oxidation of benzyl alcohol and guidelines of
controlling reaction selectivity. It was found that hydroxide ion
adsorption on a Au(111) single crystal electrode leads to oxide
formation when hydroxide ion surface concentration exceeds
one third of a monolayer. At negatively charged surfaces,
adsorbed hydroxide ions creates a highly polar surface bond,
but as the surface charge density becomes more positive, this
polarity decreases significantly, with oxide formation occurring
at higher charge densities.’® The chemical identify of the
surface species of Au at different pH values was determined
with spectroscopic studies, in which it reveals that the surface
of Au forms the B-oxide layer at anodic potentials at high pH
values (Fig. 4).°” Although this study primarily aimed to eluci-
date the reaction mechanism of the OER at different pH values,
it also offers valuable insights into alcohol oxidation reactions,
where the surface redox properties of Au are crucial.

The electrochemical oxidation of benzyl alcohol to benzal-
dehyde on Au requires the removal of two protons and two
electrons. As shown Fig. 5, one possible mechanism starts with
the deprotonation of the hydroxyl group in alkaline electrolytes.
Such dependence of the activity of Au as an electrocatalyst
towards alcohol oxidation is highly dependent on the pH,
necessitating a distinction between the roles of the base and
the Au. A study correlating the electrochemical oxidation effi-
ciency of alkyl alcohols with their pK, values revealed that more
acidic alcohols exhibit lower onset potentials.”® It was sug-
gested that the initial deprotonation at the hydroxyl group is
catalyzed by the base, while the subsequent deprotonation at
the -CH, group is promoted by the Au surface.’® This proposed
reaction mechanism agrees with the aerobic oxidation of benzyl
alcohol catalyzed by Au nanoparticles.*®

In addition to the view that base catalysis is the main driver
behind the high oxidation activity of many alcohols, the impor-
tance of the surface-bound hydroxyl groups on the Au(111)
model surface in alkaline electrolytes was highlighted in the
computational study of electrochemical oxidation of glycerol,
which has two primary alcohol groups and one secondary
alcohol group.®® The reaction barriers on the OH-covered

Alkaline

Acidic pH

Fig. 4 Proposed mechanism for electrocatalytic water oxidation on gold.
In the high-pH region, the rate-limited step of oxygen evolution
is deprotonation of Au(OH)s involving a decoupled proton-transfer
step. Adapted with permission from ref. 57. Copyright 2020 American
Chemical Society.
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Fig. 5 Proposed mechanism for electrocatalytic oxidation of benzyl
alcohol on gold. Adapted with permission from ref. 51. Copyright 2021
the Authors.

Au(111) surface were substantially lower than those on the
pristine surface, which explains the higher activity of glycerol
oxidation under alkaline conditions. At low OH coverage,
computational studies confirmed the presence of dual active
sites, where both OH-covered Au and pristine Au participate in
catalyzing the protonation processes of glycerol.>®

These studies demonstrate that the electrochemical oxida-
tion of benzyl alcohols is highly sensitive to the redox chemistry
of the Au surface under alkaline conditions.

4.2 Transition metal electrocatalysts for benzyl alcohol oxidation

Compared to noble metal Au, first-row transition metal-based
based electrocatalysts, such as Ni, Co and Fe, are effective OER
catalysts in alkaline electrolytes®®™®' and have also been inves-
tigated in the electrochemical oxidation of alcohols especially
benzyl alcohol.>”? Interestingly, these catalysts are effective for
both the OER and the electrochemical oxidation of benzyl
alcohol. For example, porous Ni-based electrocatalysts with
three-dimensional hierarchical structures have been used for
the electrochemical oxidation of benzyl alcohol on the anode
for H, production. This low-cost electrocatalyst achieved almost
unity faradaic efficiencies.” Despite the fact that Ni and Co
hydroxides are great OER catalysts, they were shown to electro-
chemically oxidize benzyl alcohols at a large current density of
over 400 mA cm > without the interference of the OER.%?
In addition, the product of the oxidation reaction was able to
be separated with conventional crystallization technique.®?
Similar to Ni and Co electrocatalysts, the Fe/Co (oxides) hetero-
structures have also been shown to be an excellent bifunctional
OER and benzyl alcohol electrochemical oxidation catalyst.>®
A current density of 10 mA cm™ > was achieved at a cell voltage
of 1.42 V to simultaneously drive water splitting and the
electrochemical oxidation of benzyl alcohol, which is lower
than the 1.48 V required for water splitting alone.”® The
faradaic efficiency of the HER at the cathode is approximately
99.4%, with the Co/Fe composite anode yielding benzaldehyde
and benzoic acid as products from the electrochemical oxida-
tion of benzyl alcohol.?®

Since first-row transition metals often act as dual electro-
catalysts for both the OER and alcohol oxidation, it remains a
question whether these two reactions share similar mechan-
isms when catalyzed by transition metal electrocatalysts. Unlike
noble metals, where oxide formation can inhibit alcohol oxida-
tion, the electrochemical oxidation of alcohols on first-row
transition metal oxides often follows the concurrent oxidation

This journal is © The Royal Society of Chemistry 2025
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of the transition metal electrode. Consequently, there is grow-
ing research interest in understanding how transition metals
facilitate the electrochemical oxidation of benzyl alcohol and
other alcohols. Early kinetic studies of the electrochemical
oxidation of alcohols in alkaline conditions using oxide-
covered Ni, Ag, Cu, and Co anodes proposed that hydrogen
was abstracted from the alcohol by the oxide species rather
than direct electron transfer to the anode.®®

The Choi group revealed new reaction mechanism of nickel
oxyhydroxide (NiOOH), an OER electrocatalyst that has been
extensively investigated, in electrochemical oxidation of benzyl
alcohol.”*® Since the oxidation of benzyl alcohol is initiated
following the oxidation of the Ni metal cations (Fig. 6(a)), their
studies aim to answer the question of whether the oxidation of
benzyl alcohol depends on the applied potentials. They devel-
oped a 3-step rate deconvolution procedure and found that
there are two pathways for the electrochemical oxidation of
benzyl alcohol on NiOOH electrode including a potential-
dependent oxidation mechanism and an indirect oxidation
mechanism (Fig. 6(b)). In addition, the new pathway found in
this study implies hydride transfer from benzyl alcohol to Ni**
sites in NiOOH in the electrochemical oxidation process.’ Since
NiOOH oxidizes alcohols via two dehydrogenation mechan-
isms, hydrogen atom transfer and hydride transfer, it has also
been explored in selectively oxidizing the secondary alcohol
group of glycerol.®

In a different study, the dependence of the catalytic activities
of Ni-Fe thin film electrodes on the redox activities was
evaluated for the electrochemical oxidation of benzyl alcohols
as Fe doping can change the electrochemical potential (E°) of
the Ni(OH),/NiOOH redox species. A linear correlation between
electrochemical oxidation of benzyl alcohol potentials and Ni
redox peak positions (E°) was identified under various alkaline
microenvironment conditions, confirming the observation that
the formation of the conductive metal oxyhydroxide phase is
necessary for benzyl alcohol oxidation.”

The reaction mechanism of the benzyl alcohol oxidation was
primarily investigated computationally with DFT. The adsorp-
tion energy of benzyl alcohol was computed on the B-NiOOH
surface. It was found the strongest adsorption of benzyl alcohol
occurs on the oxygen vacancy, but it competes with the OH™
ions from electrolyte to fill the vacancy. Because of this, two
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Fig. 6 (a) Cyclic voltammograms of electrochemical oxidation of benzyl

alcohol in alkaline electrolytes and (b) the deconvoluted reaction mecha-
nism for 10 mM benzyl alcohol electrochemical oxidation. Adapted with
permission from ref. 9. Copyright 2020 American Chemical Society.
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Fig. 7 Benzyl alcohol oxidation mechanisms and their corresponding free
energy pathways on the edge site of B-NiOOH (with or without Fe-doped).
Schematic representation of reaction intermediates for the benzyl alcohol
oxidation process via the (a) redox mechanism and (b) vacancy-driven
mechanism. Adapted with permission from ref. 7. Copyright 2023 Amer-
ican Chemical Society.

reaction mechanisms, which are redox mechanism and
vacancy-driven mechanism, were both examined (Fig. 7).” A
key difference between these two mechanisms is the site of the
initial deprotonation of benzyl alcohol. In the redox mecha-
nism, the proton is first removed from the -CH, group, whereas
in the vacancy-driven mechanism, the proton is removed from
the -OH group when benzyl alcohol adsorbs onto the oxygen
vacancy.” The vacancy-driven mechanism of NiOOH-catalyzed
benzyl alcohol oxidation is analogous to the Au-catalyzed
mechanism in terms of the first deprotonation step (Fig. 5).

A recent study demonstrated experimentally and computa-
tionally that the oxygen vacancy of NiOOH affects the reaction
mechanism of the electrochemical oxidation of methanol.®”
The in situ surface-enhanced infrared absorption spectroscopy
(SEIRAS) showed that formate and (bi)carbonate are formed
after the onset of the methanol oxidation, with their distribu-
tions dependent on the applied potentials.®® These spectro-
scopic results were corroborated by DFT-computed reaction
profiles over an oxygen vacancy, suggesting that the methanol
oxidation mainly proceeds through the formate-involving path-
way. In this pathway, methanol is initially reacted to produce
formate as the major product, while increasing potential drives
the further oxidation of formate to (bi)carbonate.®®

4.3 Cooperative effect of noble and transition metal
electrocatalysts for benzyl alcohol oxidation

With both Au and transition metal electrocatalysts being effec-
tive towards alcohol oxidation, a cooperative effect of Au
nanoparticles supported on cobalt oxyhydroxide nanosheets
(Au/CoOOH) was recently reported."® The Au/CoOOH electro-
catalyst was used as the anode to drive the electrochemical
oxidation of benzyl alcohol coupled with the HER process, and
a high current density of 340 mA cm > was achieved at a
potential of 1.3 V vs. RHE in 1 M KOH with 0.1 M benzyl
alcohol at room temperature.'® The reaction mechanism of the
superior composite electrocatalyst was investigated with com-
putational tools and the reaction pathway was proposed
(Fig. 8). In a typical alcohol electrooxidation reaction over Au
catalyst, the alcohol molecules tend to interact with Au to form
adsorbed R-CH,O* species at a moderate potential after
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deprotonation of the hydroxyl group, which is then oxidized by
the in situ formed electrophilic OH* species adsorbed on Au
(Au(OH),gs) at higher potentials. This is followed by catalytic
deprotonation of the beta-hydrogen (C-Hg) of alcohol from the
-CH, group to give corresponding ketones and carboxylates."®
This is the same reaction mechanism of aerobic oxidation
benzyl alcohol catalyzed by supported Au nanoparticles.*® Since
Koper and co-workers reported that the presence of adsorbed
CO on a Au(111) surface could strengthen OH adsorption on Au
at low potentials, which promotes C-Hjp elimination and elec-
trochemical oxidation of alcohols,®® the role of COOOH in the
Au/CoOOH system was proposed to provide reactive adsorbed
OH species for the benzyl alcohol oxidation at the interface.'®

Similar to this observation, it was reported in another study
that incorporation of Ni in AuNi alloys also facilitate the
formation of Au(OH),qs species and thus improve the electro-
chemical oxidation of glycerol.®”

Since Au and transition metals, like Ni and Co, operate within
different potential ranges for their redox transformations,
exploring the dynamic adsorption profiles of benzyl alcohol
and its intermediate, benzaldehyde, would be valuable. Building
on previous studies, the combination of Au and the oxygen
vacancy on transition metal oxyhydroxides presents an intri-
guing system to explore. Additionally, studying the product
selectivity when combining these two types of electrocatalysts
needs further investigation. Metal doping in transition metal
electrocatalysts and the effects of different conductive substrates
have proven effective in modifying the OER process.®®®"68:69
Although the electrochemical oxidation of benzyl alcohol and
the OER involve different reaction mechanisms, it would also be
interesting to investigate how doping transition metal electro-
catalysts to alter their redox properties and varying the conduc-
tive noble metal substrates impact these reactions.

4.4 Electronic substituent effects in electrochemical oxidation
of benzyl alcohol

To electrochemically oxidize benzyl alcohol by removing elec-
trons and protons, the next question centers on the nature of
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the highest occupied molecular orbital (HOMO), as this is the
orbital that will most readily lose an electron.”® Since toluene
oxidizes at 1.96 V vs. Ag/0.1 M AgNO; and methanol oxidizes
beyond 2.5 V vs. Ag/0.1 M AgNO;, it is anticipated that the
oxidation potential of the m electrons should be lower than that
of the oxygen electrons.”® In benzyl alcohol, the two functional
groups should largely retain their individual identities and
electrochemical properties, as there is no direct conjugation
between them. It has been shown that the oxidation potentials
of benzyl alcohol are sensitive to substitution on the phenyl
ring. The half-wave potential for benzyl alcohol (2.0 V vs. Ag/
0.1 M AgNO;) is higher than those of p-methylbenzyl alcohol
(1.59 V vs. Ag/0.1 M AgNO;), and p-methoxybenzyl alcohol
(1.25 V vs. Ag/0.1 M AgNO,;).”° This implies that the electron
donating groups make the electrochemical oxidation of benzyl
alcohol more feasible.

The electronic effects on the electrochemical oxidation of
benzyl alcohol using a hierarchically porous Ni catalyst were
investigated, revealing that benzyl alcohol, 4-nitrobenzyl alco-
hol and 4-methylbenzyl alcohols (molecular structures shown
in Scheme 3) were all electrooxidized without significant influ-
ence from the electronic substituents.”> However, the onset
potentials of these molecules were largely determined by the
desirable oxidation potential of the Ni catalysts regardless of
the differing intrinsic thermodynamics of the alcohol oxidation
reactions and their functional groups.”> This observation is
similar to an early study of electrochemical oxidation of a range
of primary alcohols and secondary alcohols at a Ni anode in
aqueous alkaline solution, in which most of the organic com-
pounds oxidize at the same potential, following the oxidation of
the Ni electrode.”

More recently, the plasmon-assisted electrochemical oxidation
of 4-(hydroxymethyl)benzoic acid (4-HMBA) (Scheme 3), a deriva-
tive of benzyl alcohol, was demonstrated with nanostructured
plasmonic Au electrodes under alkaline conditions.”” 4-HMBA is
one of the most essential intermediates in the synthetic process of
Eprosartan, which is a new antihypertensive drug. 4-HMBA has
been widely used in the field of medicine and chemical synthesis

Ho WO electron
donating
groups
o 0
’ ne””
4-mathyl benzyl alcohol  4-methoxy benzyl alcohol
HO H ¥
electron
withdrawing
groups
ZAa
4-chloro benzyl alcohol  4-nitro benzyl alcohol  4-hydroxymethyl benzoic acid

Scheme 3 Benzyl alcohols with different substitutions at the para
position.
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ments in 0.1 M KOH electrolyte and. Reproduced with permission from the
S| of ref. 72. Copyright 2022 AIP Publishing.

and can also be used in the synthesis of photocatalytic and
photoelectric materials.”®> In the study of the (photo)electro-
chemical oxidation of 4-HMBA, CV analysis (Fig. 9(a)) revealed
that its rate of electrochemical oxidation is slower compared to
that of benzyl alcohol.”” This agrees with the observation in
aerobic oxidation of benzyl alcohol catalyzed by Au in which the
electron withdrawing group on the para site of benzyl alcohol
impedes the reaction kinetics.’” Furthermore, electrochemical
quartz crystal microbalance (EC-QCM) studies revealed distinct
mass changes associated with alcohol adsorption, oxidation and
Au surface oxidation and reduction for both 4-HMBA and benzyl
alcohol (Fig. 9(b)-(d)).”> The potential for the formation of
poisoning AuO, with benzyl alcohol is more anodic than with
4-HMBA, as indicated by the mass increase in the EC-QCM
measurements (Fig. 8(c) and (d)). This suggests that the -COOH
electronic group alters the surface adsorption of 4-HMBA com-
pared to benzyl alcohol, potentially contributing to the differ-
ences in their observed reactivities.

The various experimental phenomena related to the electro-
nic substituent effects in the electrochemical oxidation of
benzyl alcohol may be influenced by the choice of electrode
materials, experimental conditions, and the steric effects of the
substituents. Future studies, both experimental and computa-
tional, are needed to provide further insights into this topic.

4.5 Operando/in situ studies of the electrochemical oxidation
of alcohols

The mechanisms of electrochemical oxidation of benzyl alcohol
remain a topic of debate. A fundamental understanding of the key
electrocatalytic and interfacial reactions for different molecules is
crucial for precise control of the reaction process, tailoring product
selectivity, and designing targeted catalysts. Thus, the develop-
ment of advanced in situ and operando characterization techniques
is essential for real-time analysis of key intermediates and active
catalytic species at various applied potentials. Additionally, DFT
calculations serve as a powerful tool to explore preferred reaction
pathways. Integrating current operando techniques with more
advanced simulations will enhance our understanding of struc-
tural evolution and the reaction mechanisms."
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For example, in situ Raman and in situ X-ray absorption
spectroscopy (XAS) were applied to investigate the reaction
mechanism of B-Ni(OH), in the OER and alcohol oxidation.
In situ electrochemical Raman studies showed that the Ni**-O
bending and stretching modes were observed during the OER
after the oxidation potential of Ni metal cations at 1.35 V vs.
RHE while these modes were only observable at more anodic
potentials above 1.60 V vs. RHE in alcohol oxidation (Fig. 10).
This study proposed that for B-Ni(OH),, the alcohol oxidation
activity origin is a B-Ni(OH)O intermediate rather than
Ni**°0,H, or the OER intermediates.”

Another example of the operando studies is using Raman
and FT-IR to reveal the reaction mechanisms of the electro-
chemical oxidation of phenol to benzoquinone.”® The operando
spectroscopic studies showed that the Fe single atoms in
nitrogen-doped hierarchically porous carbon supported FeRu
help to avoid the excessive oxidation of the desired products.”

5. Photo-assisted oxidation of
alcohols

In addition to chemical and electrochemical oxidation of benzyl
alcohol, photochemical and photoelectrochemical oxidation
introduce light as a new variable to control the reaction. Research-
ers have employed optically active catalysts or electrocatalysts,
such as semiconductors, plasmonic metal nanoparticles, or a
combination of both, to facilitate the oxidation of benzyl alcohol.
Another approach involves integrating photovoltaics (PV) to drive
the electrochemical reactions with light. The following discussion
will focus on the first scenario.

5.1 Photocatalytic oxidation of benzyl alcohol

Semiconductors are often used in photocatalytic oxidation
reactions due to their innate ability to generate electron-hole
pairs. Reactive oxygen species (ROS) such as the superoxide
radical (*O,”) and the hydroxyl radical (*OH) can be produced
from the photogenerated holes on semiconductors. These ROS act
as replacements for liquid oxidants such as permanganate, chro-
mate, and hydrogen peroxide.”® ROS play an important role in the
selectivity of products, such as the selective conversion of benzyl
alcohol to benzaldehyde. Titanium dioxide (TiO,) is one the most
commonly studied semiconductor system,””””® and metal nano-
particles such as Au are often coupled with the semiconductors to
facilitate surface electron and hole separation.”

More recently, plasmonic metal nanoparticles such as
Au have been applied in supporting the oxidation of benzyl
alcohols with visible light. For example, plasmonic Au nano-
particles supported on bismuth oxychloride (BiOCl) were used
to photocatalyze the selective oxidation of benzyl alcohol with
0, under visible light.® The reaction mechanism of this
selective benzyl alcohol oxidation was proposed to be related
to the energetic electron and holes generated by the plasmonic
Au nanoparticles and the oxygen vacancies on BiOCl.

Oxygen vacancies on BiOCI were proposed to facilitate the
trapping and transfer of plasmonic hot electrons to adsorbed
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0O,, producing *O, " radicals, while plasmonic hot holes remain-
ing on the Au surface mildly oxidize benzyl alcohol to corres-
ponding carbon-centered radicals (Fig. 11).%° Compared to the
O, adsorption on the oxygen vacancies, it would be interesting
to study the possible competing adsorption of benzyl alcohol
on the oxygen vacancy, as it has been shown that the oxygen
vacancy plays an important role for benzyl alcohol adsorption
in electrochemical oxidation approach.”

5.2 Photoelectrochemical oxidation of benzyl alcohol

In photoelectrochemical (PEC) oxidation of water, semiconduc-
tors are often paired with electrocatalysts. The semiconductors
absorb light to generate electron-hole pairs, while the electro-
catalysts act as hole collectors, facilitating water oxidation.®"
The applied potential plays a crucial role in controlling surface
band bending in the semiconductors, which in turn affects the
surface charge separation process.

Similar strategies have been employed in the photoelectro-
chemical oxidation of benzyl alcohol on various photoanode
materials. For example, bismuth vanadate (BiVO,), a semicon-
ductor that absorbs visible light, has been utilized for the
efficient selective conversion of benzyl alcohol to benzaldehyde.
While Co-based hydroxide has been combined with BiVO, to
drive PEC water oxidation, the active *OH species derived
during water oxidation further promote the selective oxidation
of benzyl alcohol.” Studies with this photoanode have shown
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varying rates of aldehyde production for different substituted
benzyl alcohols, attributed to differences in steric and electro-
nic effects of the substitutions. Electron-donating groups on
the benzyl ring were found to favor reactivity more than
electron-withdrawing groups.”® Additionally, BiVO, has been
demonstrated as a photoanode for the selective oxidation of
glycerol to glycolaldehyde,®” providing insights into electroche-
mical C-C bond cleavage and coupling.

In addition to semiconductors, plasmonic metal has also
been demonstrated in assisting oxidation reactions of alcohols.
Plasmon-assisted electrocatalysis represents a novel approach
where plasmonic metal materials are used as electrodes and/or
electrocatalysts to drive reactions by introducing visible and near-
infrared light into the system.** For instance, the plasmon-
enhanced electrocatalytic oxidation of glucose has been demon-
strated using Au nanoparticles and visible light. It is proposed that
hot holes generated by Au nanoparticles under resonant light
illumination facilitate the oxidation of hydroxide anions into *OH
radicals, which then diffuse through the solution to accelerate
glucose oxidation.** More recently, plasmonic effects have been
applied to the electrochemical oxidation of 4-HMBA. A nanostruc-
tured Au electrode serves both to absorb light and catalyze the
oxidation reaction. 4-HMBA was electrochemically oxidized to 4-
carboxybenzaldehyde and terephthalic acid, with the reaction
kinetics significantly enhanced under visible light illumination.”
It is suggested that the nanostructured Au electrode increases the
percentage of Au(OH),4s on the electrode surface through energetic
holes generated by resonant light, thereby enhancing the dehy-
drogenation of the hydroxyl group to form benzyl alkoxide, which
further leads to the oxidation of 4-HMBA.”> Although plasmon
effects have been shown to enhance several electrocatalytic reac-
tions, the precise role of photothermal effects versus energetic
charge carriers in electrocatalysis remains debated,**® and
requires further research to clarify the enhancement mechanisms.

6. Future work

To further tune the (photo)electrocatalytic oxidation of benzyl
alcohol and its derivatives to desired products, it is essential to
investigate not only the impact of the electrocatalyst or electrode,
but also the broader interfacial environment. Since the adsorp-
tion of reactant molecules involves replacement processes, it is

This journal is © The Royal Society of Chemistry 2025
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crucial to consider how factors such as solvent, electrolyte, and
electronic substituents of benzyl alcohol affect the adsorption of
reactants, intermediates, and products under electrochemical
conditions, and how these factors influence subsequent
reactivity.

Given the diverse experimental phenomena observed regarding
the electronic substituent effects in the electrochemical oxidation
of benzyl alcohol, further research is needed to correlate the
substituent effects with the reaction activity and selectivity. This
study intersects several fields, including surface chemistry, electro-
catalysis, and (physical) organic chemistry, requiring both experi-
mental and computational approaches to elucidate the reaction
mechanisms at the molecular level. Leveraging tools from physical
organic chemistry, such as Hammett studies, which provide
mechanistic insights into active site electronics, could be valuable
for understanding the electrochemical oxidation of benzyl alcohol
and its derivatives.

This highlights the need to assess how electronic changes
affect the adsorption, dehydrogenation, and activation of benzyl
alcohol at the liquid-solid interface under different electrochemi-
cal potentials through both experimental and computational
studies. A deeper understanding of the kinetic coupling between
liquid-phase and surface reactions is also crucial. Moreover,
integrating light into the electrochemical oxidation of benzyl
alcohol and its derivatives introduces new opportunities for
exploring different reaction mechanisms, activity, and selectivity
and new electrode systems.

7. Conclusions

In summary, the electrochemical oxidation and photoelectro-
chemical oxidation of benzyl alcohol and its derivatives are an
important model system as an alternative anode reaction for
the OER to produce H, and understanding the biomass con-
version. Given the various oxidation pathways, gaining deeper
mechanistic insights is essential to understand the similarities
and differences among these systems. This understanding will
aid in selecting the most appropriate method and tailoring the
reaction more precisely. Interdisciplinary research combining
surface chemistry, organic chemistry, electrochemistry, and
catalysis will enhance the potential for optimizing this impor-
tant industrial reaction.
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