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The selective cleavage of C-C/C-O linkages in lignin represents a key step toward achieving the chemical conversion of this
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biomass to low molecular weight products under ambient conditions. Photoelectrosynthetic solar cells offer a promising

method to address the energy intensive depolymerization of lignin for the production of biofuels and valuable chemicals.
While first introducing electrocatalytic approaches to lignin reforming, this feature article gives an in-depth overview of recent
progress using dye-sensitized photoelectrosynthtic solar cells (DSPECs) to initiate the cleavage of C-C/C-O bonds in lignin
and related model compounds. This approach takes advantage of N-oxyl mediated catalysis in organic electrolyte and presents
a promising direction for the sustainable production of chemicals currently derived from fossil fuels.

1 Introduction

Dye-sensitized photoelectrochemical cells (DSPECs) have
been studied at a fundamental level for the production of solar
fuels—that is, the conversion of water to O2 and H2 or the
oxidation of water coupled to the reduction of CO2 for the
generation of reduced carbon products. Several research groups
have contributed to the development of DSPECs over the last
decade with the universal goal of achieving light-driven water
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oxidation.> The DSPEC is largely based on the design of a dye-
sensitized solar cell (DSSC), first reported in 1991.5 While
employing similar molecule-semiconductor interfaces to
achieve light absorption and charge separation, the ability of a
DSPEC to carry out net catalysis distinguishes these two classes
of solar cells. Progress in generating solar fuels has occurred
through improvements to the semiconductor layers,” 8 molecular
chromophores,* ° and catalysts used.’® 1* However, DSPECs
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have yet to demonstrate efficiencies for solar energy conversion
to fuel higher than a fraction of a percent.* 2 While this might
make the application of DSPECs for other important catalytic
processes counterintuitive, one need recognize that water
splitting presents a daunting challenge to achieve via a
photoelectrocatalytic process. Both the thermodynamic (>1.23
eV) and Kinetic (four-electron oxidation) requirements of
converting water to dioxygen make this a challenging reaction to
initiate and sustain at a semiconductor—dye/catalyst-aqueous
electrolyte interface.'® Other catalytic processes, especially ones
involving fewer electron counts and/or less thermodynamically
demanding reactions, could prove viable for performing with a
DSPEC that incorporates semiconductor and molecular
components specifically tailored for the targeted chemical
reaction(s). With this motivation, Sherman, Yoo, and Leem
research groups have developed photoelectrocatalytic processes
for oxidative chemical transformations in primary aliphatic
and/or benzyl alcohols by combining a DSPEC and aminoxyl
radical mediators (ARMs).14-20
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Figure 1. General lignin structure, containing various linkages,
including aryl ether (B-O-4, a-O-4), phenylcoumaran (-5), resinol (8-
B), and 5-5, and three primary subunits (S, G, and H units).

Lignin is a three-dimensional amorphous and interlinked
biomacromolecule, representing the largest aromatic component
in lignocellulosic biomass, and is comprised of three primary
monomeric subunits: p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S). Interunit linkages mainly consist of the aryl ether
(B-O-4, a-O-4), phenylcoumaran (B-5), and resinol (B-p) groups,
as shown in the representative structures of native lignin in
Figure 1.2%22 Lignin provides structural integrity and rigidity in
plants and helps defend against pathogen attack in nature,?3 while
it is a major recalcitrance factor in pulping and biological biofuel
conversion processes.?* Therefore, lignin is typically removed
from biomass for effective utilization of carbohydrates like
cellulose in traditional biomass-related processes. Unfortunately,
the use of the separated lignin has been limited to a combustion
energy source in many pulping industries, and only 2% of lignin
was further utilized as a surfactant, wood adhesive, or other non-
fuel application. Recently, lignin has been intensively studied as
an alternative feedstock for petroleum-based platform chemicals
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and fuels due to its natural abundance, relatively high energy
content (=26 kJ/g), and aromatic nature.?>3! The successful
utilization of lignin will generate a new revenue stream for
current biorefinery processes and would improve the economic
competitiveness of existing cellulose-based product streams. The
B-O-4 linkage is the most common recurring linkage between
monomeric units (40 - 80% of total linkages) in lignin.®? The
selective cleavage of the C—C and C—O bonds in the B-aryl ether
linkage is crucial in facilitating the depolymerization of lignin
followed by the production of targeted low molecular weight
aromatic compounds.33 3* However, the selective cleavage of the
C—0 and/or C—C bonds in lignin is still a major challenge due to
the heterogeneity and complexity of the structure of lignin.

The prospect of using lignin as a renewable and alternative
source of aromatic compounds in place of petroleum has
motivated several approaches for carrying out lignin
depolymerization. Over the last few decades, diverse lignin
conversion strategies have been intensively investigated for
producing value-added products including thermal (e.g.,
pyrolysis,3>37 gasification3® 39), reductive,*> 4! and oxidative
cracking methods.*>#4 Thermal degradation approaches can
readily decompose lignin to bio-oil at elevated temperatures
(400-600 °C), however, this approach faces fundamental
problems including low selectivity of aromatic products and
unwanted water and char formation.*> 46 The reductive
conversion approach degrades and transforms lignin via
hydrogenolysis, hydrodeoxygenation, and hydrogenation with a
redox catalyst and hydrogen donors. This method is relatively
selective for the production of aromatic compounds, but reliance
on noble-metal catalysts (e.g., Pt, Ru, Pd) and hydrogen gas has
motivated the search for effective inexpensive transition-metal
catalysts (e.g., Ni, Fe, Cu) and other hydrogen sources (e.g.,
hydrogen donor solvents) to avoid limitations related to
transportation and storage of hydrogen gas.*” Oxidative cracking
is the alternative approach which targets hydroxyl groups of
lignin. This approach requires relatively mild reaction
conditions. However, conventional thermochemical oxidation
methods lead to uncontrollable side reactions resulting in
diminished selectivity and efficiency for the production of the
targeted aromatic compounds.*® For instance, direct C—C bond
cleavage of in lignin requires elevated temperature (e.g., 80 °C)
and extended periods (>40 h) which leads to the low selectivity
(less than 60%) of cleavage products via a homogeneous
catalysis system (Figure 2a).*® 50 Recently, direct
electrocatalytic,51->* photocatalytic methods,6: 33 5 or the
combination of electrocatalysis and photocatalysis®® 57 have
been developed for efficient lignin decomposition. For example,
we recently reported the photocatalytic cleavage of C—C and
C-O bonds at room temperature using dye-coated TiO2
nanoparticles (Figure 2b).%6 Polypyridyl ruthenium complexes
containing carboxylic acid moieties immobilized on TiO2
nanoparticles were used as a photocatalyst to perform oxidative
cleavage of a phenolic lignin model compound in acetonitrile
solution.6

The catalytic cleavage of the C—O and C—C linkages in lignin
has remained a scientific puzzle for both industrial and academic
scientists. For example, the C(sp®)—C(sp®) bond is quite stable at
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Figure 2. General lignin oxidative cleavage strategies and
characteristics. (a) Thermal catalytic cleavage strategy. (b)
Photocatalytic process. Reprinted with permission from reference 16.
Copyright 2022 American Chemical Society. (c) Electrocatalytic
oxidation and photocatalytic reductive cleavage in a two-step process.

room temperature, with a bond dissociation enthalpy (BDE) of
69.2 kcal/mol.5" %8 Thus, a photochemical lignin degradation
strategy using a two-step process (peroxidation followed by the
aryl ether linkage cleavage) was introduced to address the
aforementioned challenges.® 56 57 Nguyen et al. reported that the
photocatalytic depolymerization method exhibited controllable
lignin decomposition reactions by utilizing a two-step
oxidation/reduction method.5” This method first activated lignin
to weaken the bond dissociation energy of C—O bonds and then
cleaved the C-O bonds at room temperature using the
photocatalysts. Luo et al. also introduced the photocatalytic
degradation of lignin using porous organic polymers with
stepwise oxidation and reduction.%® The Stephenson group has
reported a highly selective two-step—alcohol oxidation followed
by reductive cleavage—depolymerization of native lignin at
ambient temperature via electrochemical and photochemical
approaches (Figure 2c).5”

According to the Web of Science (September 2022), a key
word search of scientific publications with “lignin” and either
“electrocatalysis” or ‘“photocatalysis” returns 236 hits. The
network map with the keyword analysis results by the full
counting method via VOSViewer ® is presented in Figure 3. As
the network map indicates, lignin research has mainly been
conducted with photocatalysis for deconstruction purposes with
the keywords  “depolymerization", "photodegradation",
"conversion", and "cleavage” closely associated. Moreover, the
map indicates that lignin oxidation is the main degradation
reaction in terms of photocatalysis. VVery recently, we reported
on the oxidative photoelectrochemical transformation of lignin
under mild condition.?® This photoelectrocatalytic oxidation
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ChemGomm

catalysts

kingtics adsgiption

electragatalysis rempval

wastegwater

-
nanoparticles
electrochemigal oxidation.

biomass
Giod o :
chemicals ® w tioz L
i
convgrsion
valorigation cleayage Lo
o><|ﬁon water
Dbl N W photodegradation
depolynyization phothysns

@

lignocellul@sic biomass >
& g 0S| titaniumpdioxide
mech@nism
perfogmance
hydrogenolysis

aerobic @xidation
graphitic cagbon nitride

visible-lightgphotoredox

Figure 3. The network map with keyword co-occurrence in scientific
publications on “lignin” with either “electrocatalysis” or
“photocatalysis” searched by Web of Science.

process leads to enhanced selectivity and effective chemical
transformations of aliphatic and/or benzylic alcohols under
ambient conditions.14 15 1920 Qur recent work on developing
DSPEC processes incorporating ARMs for achieving benzyl
alcohol oxidations and lignin degradation will be discussed later.
The photoelectrocatalytic mechanisms and the key mechanistic
pathways of chemical transformation for solar or visible light
driven lignin degradation will also be considered.

2 Electrocatalytic Approaches to Chemical
Oxidations

Electrocatalytic oxidation methods provide controlled
tuneable approaches to lignin degradation under galvanic
conditions.>* 81 The direct electrochemical transformation of
lignin in which C—O and/or C—C bonds were cleaved has been
reported.5? This approach requires applied bias (e.g., 1.45 V vs
SCE) to drive the reaction.’® The morphology and surface
structure of the anode alloy used (e.g., Ni, Co, Fe) need to be
considered as most lignin oxidation occurs by adsorption on the
surface of the anode. In comparison to this direct
electrooxidation  process, aminoxyl radical mediated
electrochemical oxidation enables similar types of lignin
conversion. Using this mediated electrochemical approach can
significantly reduce the necessarily applied potential and lead to
excellent chemoselectivity of the products formed by lignin
depolymerization at room temperature.’* In the indirect
mediator-assisted electrocatalytic oxidation of lignin, the
mediator provides an easy route for proton/electron transfer from
the electrode/electrolytic solution to target lignin oxidation sites.

The aforementioned electrocatalytic and photocatalytic
methods were widely investigated for selective C—O and C—C
bond cleavage in lignin. Examples, as shown in Figure 4, include
electrocatalysis coupled with an oxidizing agent that was used

4| J. Name., 2012, 00, 1-3
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Figure 4. Selective examples of C—O and/or C—C bonds
cleavages: (a) Cu—Cp bond cleavage, (b) Cp—O ether bond
cleavage, and (c¢) Cayi—C. bond cleavage. The recently
developed redox methods in mild conditions are present in red
for photochemical methods and in blue for electrochemical
strategies.

for C«—OH or C,—OH oxidation as the first step for selective
Cp—O or C4—Cp cleavage (Figures 4a and 4b).5% %4 As for photo-
induced lignin conversion, Ir-based photocatalysts were used for
the reductive cleavage of Cp—O bonds (Figure 4b).56
Additionally, 4-acetamido-2,2,6,6-tetramethylpiperidine N-oxyl
(ACT)-mediated electrolysis was reported to effectively cleave
the Cayi—Cq bond with ~ 45% vyield of two major cleavage
products, 2,6-dimethoxybenzoquinone (52%) and 2-(2-
methoxyphenoxy)acetic acid (36%) as shown in Figure 4c.%*
ACT-mediated electrocatalytic approaches allow for excellent
control over the reaction and thus high yields of the resulting
products. Therefore, these methods are considered cost-effective
and ‘green’ processes and present an attractive approach for
industrialized valorisation.

3 Photoelectrochemical oxidation approaches

Photoelectrochemical ~ (PEC)  approaches to artificial
photosynthesis build of the concepts of electrocatalysis and
photocatalysis. While electrocatalytic lignin oxidation generally
requires high applied overpotential and exhibits low product
selectivity, PEC approaches require more mild applied bias conditions
and has been shown to promote good selectivity for product
formation. In comparison with colloidal photocatalytic systems, PEC
approaches using heterogeneous electrode interfaces enable easy
recovery of the light absorber and (if surface immobilized) of the co-
catalyst. Moreover, back-side illumination of the transparent
conducting oxide substrates used to fabricate PEC photoelectrodes
addresses one of the biggest challenges of colloidal photocatalysis in
dark-colored lignin solutions where light does not penetrate into
solution, resulting in low photocatalytic efficiencies. Generally
performed under mild ambient conditions, PEC solar cells capture and
convert solar energy into stored energy in the form of chemical fuels,
such as hydrogen gas (equation 1) or reduced carbon-based fuels (i.e.,
methanol, equation 2).5-67
2H20 — 2H2 + O2 (1)
2H20 + CO2 — CH30OH + O2 (2)

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) The Honda-Fujishima photoelectrochemical cell with
TiO2 as a photoanode. (b) Illustration of a single semiconductor
nanoparticle with the water oxidation catalyst and the reduction
catalyst.

A first demonstration of solar water splitting was described by
Honda and Fujishima which used ultraviolet (UV) bandgap excitation
of an anatase titanium dioxide (TiO2) photoanode.%® In Figure 5a,
direct 3.2 eV bandgap excitation of TiO2 generates oxidizing holes
(h*) at the TiO2—electrolyte interface and mobile charge carriers at the
conduction band (CB) potential following charge separation.
Researchers have also performed water splitting with colloidal TiO2
nanoparticles decorated with surface loaded water oxidation catalysts
(WOC) and hydrogen evolution reaction (HER) catalysts (see Figure
5b).%9 In this way, charge separation occurs from TiO2 to different
catalysts. However, rapid charge recombination and back electron
transfer (BET) still exist and impact the light conversion efficiency.”
71

Given the limited flux of UV photons at ground level, the use of
TiO2 as the primary light absorber greatly limits the potential
efficiency of the PEC system. Efforts to extend light absorption to
visible wavelengths with oxide semiconductor-based absorbers
include the use of doped TiO2 materials’?7® and the use of other oxides
with suitable band alignments and band gaps in the visible range such
as BiVOs,7® Fe203,”” WO3,® and others.” An alternative approach to
the use of a direct band gap absorber is to increase the light absorption
range of a TiOz-based electrode with an immobilized monolayer
surface coating of a molecular dye. As mentioned earlier, PECs using
this type of electrode are referred to as dye-sensitized
photoelectrochemical cells (DSPEC).8%-83

Metal complex or complex ion chromophores have been
widely used in DSPECs for water splitting or CO2 reduction due
to their excellent photophysical properties.8* Ruthenium(ll) tris-
bipyridine (bpy), [Ru(bpy)s]?*, is one of the conventional metal-
based chromophores used in DSPECs due to its wide light
absorption range from near-UV to visible light, the high
chemical stability of the metal-to-ligand-charge-transfer
(MLCT) excited state, and the high potential of the Rus*/2*
couple (E'12 = 1.4 V vs. NHE).%8  For example, Ru
chromophores containing anchoring moieties (e.g.,. phosphonate
or carboxylate groups) covalently bond to semiconductor oxide
surfaces.88 While the phosphonate anchoring groups form a more
robust linkage to TiO2, carboxylate surface anchored Ru
chromophores show higher electron injection efficiency.? The
scheme in Figure 6a shows a phosphonate anchor group
containing [Ru(bpy)s]?* chromophore on a TiO2 nanoparticle.
Figure 6b outlines the photodynamic steps initiated upon

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (a) Illustration of a Ru-based chromophore and
semiconductor assembly. (b) Photodynamics of the Ru(ll)
chromophore on a TiO2 surface, electron injection from a singlet state
and a triplet state into the conductive band, and back electron transfer
to oxidized Ru®*.

excitation of the Ru chromophore.®%-°2 Marcus-Gerischer theory
indicates that injection from the initial *MLCT state occurs at the
femtosecond timescale. Alternatively, injection from the lowest
SMLCT state occurs on the picosecond timescale. A sufficiently
positive applied bias to the DSPEC photoanode serves to drive
charge collection at the ohmic contact and limits back electron
transfer (BET) to surface oxidized chromophores.®3 %

The use of dye-sensitized photoanodes in photovoltaic solar
cells (i.e., DSSCs) represents a mature technology.® 82 However,
recent DSSC related research has targeted improved overall solar
conversion efficiencies through the development of novel dye
structures and redox mediator species.?®% In the context of
photoelectrosynthetic solar cells (where a photoelectrosynthetic
cell is a type of PEC that performs overall endothermic cell
chemistry), Treadway et al. first described the use of a [(4.,4'-
(CO2H)2bpy)(4,4’-Mezbpy)Ru(11)(dpp)Ru(11)(tpy) (OH2)]*+
(4,4'-(CO2H)2bpy = 2,2'-bipyridine-4,4'-dicarboxylic acid; 4,4'-
Mezbpy = 4,4'-dimethyl-2,2"-bbipyridine; dpp = 2,3-bis(2-
pyridyl)-pyrazine; tpy = 2,2:6',2"-terpyridine) complex
adsorbed on a mesoporous nano-structured TiO2 electrode for the
conversion of 2-propanol to acetone.’ The first demonstration of
a dye-sensitized photoanode capable of driving the water
oxidation half reaction was reported in 2009 through a
collaboration of the Mallouk and Gust, Moore, Moore research
groups.?® This first report used a modified [Ru(bpy)s]** dye
containing separate bipyridine ligands, one with phosphonic acid
groups (for adsorption to the TiO2 surface) and another with a
malonic acid functional group for binding to colloidal IrO2:nH20
nanoparticles which served as the water oxidation catalyst. The
development of dye-sensitized photoanodes for water oxidation
progressed rapidly after this first report with notable
improvements including the development of [(2,2'-bipyridine-
6,6'-dicarboxlyate)L2Ru(ll)]-type catalysts (Ru(bda), L usually
an N-cyclic aromatic ligand),10 100. 101 the use of core-shell
electrode surfaces,” 8 and methods for stabilizing the photoanode
surface.192 103 Several review articles offer comprehensive and
in-depth overview of this research which is outside the scope of
the present discussion.# 11 65, 104-106
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4 Aminoxyl mediated photoelectrochemical
oxidation approaches

Combining the concepts of mediated electrocatalysis,
especially in the context of C—C or C—O bond cleavage of
lignin, with that of dye-sensitized photoelectrochemical cells has
given rise to aminoxyl mediated DSPECs for biomass
conversion or alcohol oxidation in non-aqueous media.> 19 20
Work related to the development of this specific type of DSPEC
will be discussed below, and the later sections will give a detailed
review of the recent work related to lignin conversion and
mechanistic pathways.

PEC Alcohol oxidation. As mentioned above, one of the first
reports for a non-regenerative photoelectrochemical cell utilizing a
dye-sensitized photoanode demonstrated the viability of this approach
through the conversion of 2-propanol to acetone.?® While much of the
focus in developing DSPECs has centered on overall water splitting,
several studies have tested dye-sensitized photoanodes in the context
of driving organic oxidations, whether as a sacrificial chemical stand-
in for water oxidation or as the targeted chemistry outright. For
instance, light driven hydroquinone oxidation has been used to test the
photocurrent activity of organic-dye sensitized photoanodes®” and
served as a half reaction coupled to hydrogen production in a tandem
DSPEC system.!® |n a similar way, triethanolamine (TEOA),
ethylenediaminetetraacetic acid (EDTA), and nicotinamide adenine
dinucleotide (NADH) have been used as irreversible sacrificial donors
to better understand the photodynamics in the context of DSPECs. 0%
110

Efforts in purposefully driving targeted organic conversions
photoelectrochemically with dye-sensitized photoanodes has
extended from the observed catalytic ability of
[Ru(tpy)(bpy)(OH2)]?* and related Ru(Il) complexes for driving
organic oxidations in aqueous solution.1t- 112 In this direction,
Pho et al. studied the activity of a terthiophene—
[Ru(tpy)(bpy)(OH2)]?* dyad attached via phosphonic acid linker
to TiO2 for the light driven oxidation of phenol and benzyl
alcohol.**3 With either substrate, photochemical activation of the
Ru center to the Ru'V=0 state preceded alcohol oxidation. High
photocurrents in the presence of phenol implied a faster rate of
catalysis compared with benzyl alcohol. Stable long-term
photocurrents were observed with both substrates, and the
addition of 4-tert-butylpyridine noticeably improved the long-
term photocurrent stability with benzyl alcohol substrate under
the pH 4.35 acetate buffered conditions of the study. Following
up on this work, Jiang et al. reported a chromophore—catalyst
assembly on mesoporous TiO: electrodes for carrying out phenol
and benzy! alcohol oxidation in aqueous solution.*** In this case,
the surface assembly featured a [Ru(phenq)(tpy)]?* (phenq = 2-
(quinol-8'-yl)-1,10-phenanthroline) catalyst, and as opposed to a
surface immobilized dyad complex, the chromophore
([Ru(bpy)z]**) and catalyst centers were connected via a
polystyrene backbone and the polymeric assembly deposited on
the photoanode surface using a layer-by-layer (LbL) self-
assembly method. Increasing photocurrents under mild applied
bias (0.2 V vs. Ag/AgCl) in response to increased concentrations
of phenol and benzyl alcohol demonstrated the viability of this
poly-electrolyte LbL approach for establishing DSPEC

6 | J. Name., 2012, 00, 1-3

photoanode surfaces as an alternative to the use of acid anchoring
groups.

Using co-immobilized phosphonic acid derivatives of the
[Ru(bpy)s]** chromophore (RuP) and [Ru(Mebimpy)(bpy)(OH2)]?*
catalyst (Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine),
Song et al. demonstrated overall benzyl alcohol dehydrogenation
(egn. 3) using a DSPEC.'> As opposed to just studying the anodic
half reaction (alcohol oxidation), this approach illustrates how a
DSPEC could be leveraged to produce two value added products
(benzaldehyde and molecular hydrogen) from a low value precursor
(benzyl alcohol). While requiring an applied bias of 0.2 VV vs. NHE
(pH 4.5 acetate buffered electrolyte), the production of benzaldehyde
and hydrogen gas products were verified with faradaic efficiencies of
26% and 87%, respectively. Recent work by Badgurjar et al. has
elaborated on this approach using the same Ru(ll) catalyst but with a
BODIPY-based (boron dipyrromethene) molecular light absorbers on
SnO@TiO2 electrode surfaces.'** While supporting low overall
efficiency for the photoelectrolysis of benzyl alcohol, this work does
show the inherent flexibility of DSPECs for tuning the light absorbing
properties of the photoanode surface, with the BODIPY dyes
extending light absorption to wavelengths longer than 650 nm.

PhCH20H — PhCHO + H» (3)

Each of the studies mentioned above used a Ru(ll) based
complex as the catalyst to facilitate the photo-driven oxidation
of the organic substrate (i.e., benzyl alcohol). As remarked
earlier, aminoxyl radicals also serve as effective catalysts for
controlled alcohol oxidations.'” Recent studies have examined
the utility of coupling bismuth vanadate, a 2.4 eV bandgap n-
type semiconductor, with N-oxyl mediators to achieve specific
organic oxidations such as the conversion of 5-
hydroxymethyfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA) with TEMPO8.119 or the formation of 1-tetralone from
tetralin  mediated by N-hydroxysuccinimide (NHS).120
Specifically in the case of benzyl alcohol oxidation, BiVOs-
based photoanodes, both with NHS' and TEMPO,* have
demonstrated the production of benzaldehyde with faradaic
efficiencies of >85%. This reaction has also been the focus of
dye-sensitized photoanode based systems relying on TEMPO to
mediate the production of benzaldehyde both with the TEMPO
dissolved in the electrolyte® and with surface bound
chromophore-TEMPO dyad or triad type surface adsorbates.'??
These studies highlight recent efforts in developing
photoelectrosynthetic solar cells for the production of fine
chemicals and hydrogen fuel that complement our work
described in  the sections below targeting the
photoelectrochemical conversion of lignin.

Secondary benzyl alcohol oxidation. According to previous
studies,33 42 56.57 3 two-step process (selective preoxidation followed
by aryl ether linkage cleavage) has proven to be an efficient means for
the production of aromatic products from lignin. This section
describes the photocatalytic oxidation of the C,—OH as the initial step
of photocatalytic cleavage of the 3—O—4 linkages in lignin according
to our recent study.?® The C-O bond dissociation energy of the p—O—
4 linkage can be significantly reduced upon the oxidation of the a- or
y-carbon.®® 58 QOur previous work demonstrated the oxidation of
alcohols (e.g., phenol and benzyl alcohol) using a Ru-polypyridyl
based catalyst adsorbed onto a TiOz electrode in aqueous solution.'*3

This journal is © The Royal Society of Chemistry 20xx
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114 The observation that Ru-polypyridyl complexes are reactive with
respect to organic oxidations in aqueous media has led to the focus
here on solar light-driven chemoselective oxidation (e.g., 2° benzylic
alcohol oxidation) experiments using a lignin model compound in a
DSPEC under mild conditions. To probe light driven electron transfer
between RuC and N-hydroxyphthalimide (NHPI), as well as the
ability of the oxidized NHPI to catalyze the formation of a C.-ketone
from a lignin model compound, photocurrent current experiments
were conducted as shown in Figure 7a. TiO2-RuC photoanodes were
measured in acetonitrile electrolyte with on/off illumination cycling
using a 200 mW cm=2 AM 1.5G light source. Under an applied bias of
0.75 V vs. SCE, the photocurrent in the presence of NHP1 and Model-
ol (green trace in Figure 7b) significantly exceeds that without the co-
catalyst, NHPI/2,6-lutidine (LTD), or the light illumination present in
solution (red trace in Figure 7b). The enhanced photocurrent in the
presence of NHPI, as well as the sustained photocurrents under
illumination, indicate that RuC can support light-driven oxidation to
form the N-O* radical, which can subsequently carry out HAT with
Model-ol.

To investigate if Model-one was in fact the product of the
photocurrent activity, a 20-hour continuous illumination experiment
using the above described conditions was performed and the species
present in solution monitored by gas chromatography and *H NMR.
Based on the results, an >90% conversion of Model-ol to Model-one
was obtained over the 20 h experiment, with less than 10% conversion
observed during the same time length with no illumination or with
illumination but no NHPI/LTD co-catalyst present in solution (Figure
7c¢). The faradaic efficiency (FE) was calculated to be 78% with ~4 C
of charge consumed during the 20 h illumination. This DSPEC system
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was also applied to veratrylglycerol-B-guaiacyl ether model
compound which closely resembles the structure of the B-aryl ether
linkage in natural lignin. According to the results of 2D heteronuclear
single quantum coherence (HSQC) NMR analysis, the contour of the
B-position of the linkage was remarkably shifted, consistent with
oxidation of the Cq, with a >70% conversion yield of C-OH to C=0
and a FE of 72%. This indicates that the PEC can effectively and
selectively oxidize the hydroxyl group at a-position of the model
compound (Figure 7d). These results provide strong evidence for the
viability of a PEC to perform lignin decomposition via sequential
oxidative and reductive photocatalytic C-O bond cleavage.
Selective oxidative cleavage of Caryi—Cq in a phenolic
lignin model compound (LMC). Selective cleavage of
C—C/C-0 bonds is a useful chemical transformation in organic
synthesis and chemical industry. This chemical transformation
can be used for the depolymerization of biomacromolecules
(e.g., lignin) because a C—C/C—0O bond is one of the main
targeted linkages to be cleaved in lignin.'?® Among the
C-C/C-0O bond cleavages, the direct cleavage of Caryi—Ca
generally requires a high temperature (e.g., 80 °C) and long
reaction periods (> 40 h).5% 124 For example, metal-based
catalysts (e.g., copper (Cu) or vanadium (V)73 were
investigated for selective C—C bond cleavage lignin
substrates. Interestingly, the cleavage reaction pathways are
dependent on the presence of phenolic moieties in lignin. Our
recent study reported visible light driven heterogeneous
photocatalytic Cayi—C. bond cleavage with a phenolic lignin
dimer at room temperature.’® This study focused on the
photocatalytic oxidative cleavage of the Caryi—Cq (B-O-4 of aryl
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Figure 7. (a) Schematic of photocatalytic conversion of lignin model compound in a DSPEC-LC. (b) Photocurrent—time traces at TiO2-Ru
films with increasing the N-hydroxyphthalimide (NHPI) and 2,6-lutidine (LTD), 0 (red), 1.5 (blue), 3 (pink) and 5 (green) mM each with
control group performed by bare TiOz2 (black) films with 30 s light off/on cycles in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs),
2.5 mM 2-phenoxy-1-phenylethanol (Model-ol) in acetonitrile; Egppt = 0.4 V. lllumination with 200 mW-cm visible light, & > 400 nm. (c)
Conversion of photocatalytic oxidation of lignin model compounds with and without NHPI/LTD pair and light illumination. 2Standard
condition: Model-ol (2.5 mmol), LTD (5 mmol), and NHPI (5 mmol) under the illumination (AM1.5G, 2 sun, 200 mW cm?) with an applied
bias of 0.4 V versus Ag/Ag*. (d) 2D HSQC NMR spectra of veratrylglycero-B-guaiacyl ether model compound before and after photocatalytic
oxidation in the DSPEC-LC system. Reprinted with permission from reference 20. Copyright 2020 American Chemical Society.
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ether linkage) bonds by using a designed TiO2 nanorod array
(TiO2 NRA) type PEC incorporated with an aminoxyl radical
mediator (ARM-PEC). Our recent publications have detailed the
use of both mesoporous and nanorod-based TiO2 photoanodes
modified with RuC (TiO2-RuC) and shown high photocurrents
and excellent conversion efficiencies with ACT or NHPI for
generating oxidized LMC products.'® 1% 20 To prove electron
injection of photoexcited RuC* to TiOz and hole transfer of RuC
to ACT, the electrochemical and photoelectrochemical
measurements were conducted with a TiO2-RuC photoanode,
ACT, and a phenolic LMC. As displayed in Figure 8, the TiO2-
RuC in a neat electrolyte shows a characteristic redox couple
(black voltammogram, E12=1.09 V vs Ag/Ag*) for the surface-
bound RuC""!'. Upon the addition of ACT, a new wave with a
pronounced cathodic onset starting at approximately 0.3 V vs
Ag/Ag* was observed (red voltammogram), indicating a
diffusional character. Then, the steady-state current occurred at
potentials > 0.7 V vs Ag/Ag* attributed to the oxidation of ACT
to the oxoammonium species ACT*. The addition of LMC with
ACT in solution introduces a strong catalytic wave with the
formation of the ACT* species (blue voltammogram). On the
basis of these results, the direct electrochemical activation of this
catalytic process occurs at a higher applied bias (> + 0.4 V vs.
Ag/Ag*). Thus, the photochemical behavior of the TiO2-RuC
photoanode was carried out at more negative applied bias (+ 0.1
V vs Ag/Ag*) under illumination with visible light (1 sun)
indicating effective photocatalytic activation of the DSPEC

system shown in Figure 8b. The photocurrent with increasing
concentration of ACT exceeds 190 pA cm™ (green), indicating
that RuC can support light-driven oxidation of ACT to form the
ACT* by RuC(lll), and then reforming the ground state RuC(ll)
upon light absorption and electron injection from RuC to the
conduction band of TiO:2 (Figure 8c). These results provide
strong evidence for the viability of a PEC to perform the targeted
chemical transformation in lignin via photocatalytic selective C—
C bond cleavage at low applied potentials under ambient
conditions. A 5-hour continuous illumination experiment was
performed with the photoanode under 1 sun condition in the
presence of the ACT and LMC under ambient conditions. The
species present in the solution were monitored by gas
chromatography FID, GC-MS, NMR, and 2D heteronuclear
single quantum coherence (HSQC) NMR analysis. Based on the
results, an excellent selectivity > 91% from LMC to selective
Caryi-Cq cleavage products was obtained and confirmed by 2D
HSQC NMR (Fig. 8d). The photoexcited RuC photocatalyst
activates an ACT to catalyze the oxidative cleavage of Caryi-Ca
in a phenolic lignin dimer generating two cleavage products 2-
(2-methoxyphenoxy)acrylaldehyde (88%) and
dimethoxybenzoquinone (95%) (Figure 8e), with a FE of 79%.
Based on interfacial dye loading, a high photo-turnover number
(PTON) was observed (>3000) for this system, which indicates
the high efficiency of PEC-induced lignin conversion.
Interestingly, the LMC plays the important role of a sacrificial

hv
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Figure 8. (a) CVs of FTO/TiO2-RuC films (black), the same with ACT (red), and both ACT and a lignin model compound (LMC) (blue). (b)
Photocurrent—time traces at FTO/TiO2-RuC films with increasing concentration of the ACT, 0 (black), 1 (red), 2 (blue) and 3 (green) mM
each with control group performed by the films with 60 s light off/on cycles in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) in
acetonitrile; Eappi = 0.1 V vs Ag/Ag*. lllumination with 100 mW-cm-2 visible light. (c) Schematic for the visible light induced charge transfer
between surface bound RuC and ACT in a PEC. (d) Proposed mechanism for photocatalytic oxidative cleavage of LMC. (e) Aromatic regions
of 2D HSQC NMR spectra of the LMC before and after photoelectrocatalytic reactions in the DSPEC system. Reprinted with permission from

reference 19. Copyright 2021 American Chemical Society.
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mediator in a DSPEC system.® 20 This system showed excellent
photocatalytic activity to facilitate controlled selective bond
cleavage of C—C/C—O bonds without additional heat energy or
high applied potential bias. The possible reaction pathways for
the oxidative bond cleavage in a photoelectrochemical cell
follows a series of photodynamic events: (1) photoexcitation of
the surface-bound Ru(ll) photocatalysts, (2) electron and hole
generation (TiOz2(e-) and Ru(lll), respectively) following
electron injection into TiO2 NRAs, (3) electron transfer from
ARM to Ru(lll), (4) formation of oxidized ARM™* that should
activate HAT-mediated oxidative cleavage of lignin substrates,
and (5) the intramolecular proton transfer for a direct C—C or/and
C-0 bond cleavage (depending on a hydrogen atom transfer
mediator) and ARM catalyzed dehydration to produce aromatic
compounds. The oriented one-dimensional TiO2-NRA with
controllable porosity has exhibited great performance with
regards to electron transport in dye-sensitized solar cells.12> 126
In comparison with randomly packed mesoporous TiO:z films,
the TiO2 NRAs are perpendicular to the substrate which enables
faster  electron/hole  transport and  slower charge
recombination.*?” Our recent studies exhibited the photocatalytic
cleavage of the C-C o-bond of a specific lignin model compound
containing phenolic moieties with short reaction time and the
visible light illumination in a HAT-DSPEC under ambient
conditions.

5 Mechanistic pathways of C-C/C-0 bond
cleavages

Possible reaction mechanisms for the oxidation of Co—OH and
selective cleavage of Co—Cp/Cp—0O, and Cayi—Co bonds via
photocatalysis were proposed. The oxidation of the secondary alcohol,
C«—OH, of a LMC (1) is initiated by the visible light absorption by
the photocatalyst, RuC" that was immobilized on the photoanode
semiconductor surface, resulting in the formation of the excited state
(RuC'"*), which is sufficiently reducing to sensitize TiO2 (Figure 9a).
The produced RuC"" is then reduced to the original ground state RuC"
following a PECT process assisted by the NHPI/LTD pair. Oxidation
of NHPI generates the active form of the co-catalyst, the PINO
radical, which is thermodynamically competent to selectively abstract
a hydrogen atom from the C. of the LMC 1. The resulting o-
hydroxybenzoic radical species (Intl) formed after HAT catalysis
undergoes a second one electron/one proton oxidation, either by the
reaction with a second equivalent of phthalimide N-oxyl (PINO) or
via oxidation by RuC"' and proton loss to the solution, resulting in the
formation of the ketone product (2). It is worth to note that the reaction
of 1 equiv. of LMC 1 at the TiO2 photoanode requires the absorption
of two-photon equivalents and the generation of 1 equiv. of product 2
and 2 equiv. of H* in solution. The RuC photocatalyst and NHPI/LTD
co-catalyst are recovered during this photocatalysis process and can
react with additional lignin equivalents following light absorption at
the surface.

Possible reaction mechanisms for visible-light-driven cleavage of
Co«—Cp/Cp—0O bonds in a non-phenolic LMC (3) with RuC-TiO:
nanoparticles (NPs) is shown in Figure 9b. The photoexcited RuC'*
formed on TiO2 NPs under visible illumination drives charge

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. Proposed reaction mechanisms of (a) photo-induced
chemoselective oxidation of Co—OH in a HAT mediated DSPEC; (b)
cleavage of Co—Cp/Cs—O bonds in a non-phenolic LMC using RuC-
TiOz2 NPs in the absence and presence of HAT mediator, respectively;
and (c) selective cleavage of Cayi—Cq bond in a phenolic LMC in a
HAT coupled DSPEC cell. Reprinted with permission from references
16, 19, and 20. Copyright 2020, 2021, and 2022 American Chemical
Society.
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separation by electron injection to TiO2 NP. After electron transfer
from two equiv. of RuC"' to the LMC 3, the primary alcohol oxidized
intermediate (Int2) is formed. Then, reduction of Int2 by TiOz(e-) or
RuC'"™ generates a ketyl radical anion species which undergoes Cs—O
o-bond cleavage to produce the cleavage intermediates Int3 and
Int4.128 Then, proton transfer and retro-aldol C.—Cj cleavage reaction
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afford fragmentation products 4 and 6. It is noted that the acetaldehyde
product (5) was unable to detect by NMR, which could be ascribed to
the evaporation of acetaldehyde during the purification process.

A unique chemical transformation pathway was observed for
photocatalytic conversion of phenolic LMCs in a HAT coupled
DSPEC cell, which is the cleavage of Caryi—Cq bond (Figure 9c). After
photoexcitation of the surface-bound photocatalyst RuC on the TiO2
photoanode, the excited state RuC'/* is formed, followed by the
separation of electron and hole to generate TiO2 (¢7) and RuC"!. Upon
the hole transfer from Ru'"! to the ACT (R2N-O¢) mediator in solution,
the ground state RuC'" regenerates. Oxidation of R2N-O- after hole
transfer generates the oxoammonium R2N*=0 (ACT*) which is a
strong oxidizing agent. The photochemical formation of ACT*, and
the build-up of a pool of ACT* near the photoanode surface then
initiates a series of steps which ultimately lead to the cleavage of the
Caryi—Cq bond for the formation of product 8 and 9. One equiv. of the
oxoammonium likely oxidizes the primary C,—OH group in 8,
resulting in the formation of Int 5. The phenoxy radical species is then
formed via a PCET process assisted by R2N-O+ (Int6). Upon a serial
of SET process, the resulting semi-quinone intermediate is imperative
to observe the products of Caryi—C. bond cleavage. It is worth to noting
that LMCs that do not contain the para-hydroxyl group could not
undergo such Caryi—C, bond cleavage and this leads us to infer the
importance of the radical resonance form in Int6. The consumption of
1 eq. of R2N-O¢ possibly proceeds to form the Caryi—O bond in Int7,
followed by Cayi—Co bond cleavage, reforming of R:N*=O, and
formation of products 8 and 9.

6 Outlook and summary

Photocatalytic and electrocatalytic biomass conversions have
realized the utilization of lignin model compounds and real lignin
with promising yields and selectivity. Here, the PEC process
incorporated with ARM can provide the following key
advantages: (i) The ability to oxidize lignin without the use of
stoichiometric  sacrificial oxidants, (ii) controlled lignin
processing with chemical specificity through judicious choice of
electrode materials and mediator catalysts, and (iii)
photoelectrocatalytic oxidation under mild conditions can
provide excellent selectivity for the desired oxidized products
and improve existing oxidative degradation methods with
complex macromolecules in the agrochemical and
pharmaceutical industries. However, there are still several issues
that need to be addressed. For example, the applied bias in
electrocatalysis for lignin transformation needs to be minimized
for excellent selective oxidative cleavage reactions. Therefore,
the combination of photocatalysis and electrocatalysis for lignin
depolymerization is essential to use the minimal applied bias and
thereby decrease the energy cost of the system. Second, while
photocatalysis could contribute to energy input for lignin
reforming, it is challenging for light illumination to reach all
molecules of photocatalysts in a dark-colored lignin solution,
resulting in insufficient usage of solar energy in a
homogeneously photocatalytic reaction for lignin conversion.
Also, catalytic methods that could carry out varying chemical
transformation processes in a one-pot reaction are essential for
complete usage of real lignin, though several bond dissociation

10 | J. Name., 2012, 00, 1-3

pathways have been reported for lignin model compounds via
electrocatalysis and photocatalysis, including Cs—0O, Co—Cp, and
Cayi—Co bond cleavage, respectively.50: 128-130 Therefore, the
design of a DSPEC targeting chemical transformation in lignin
has considered the following: (i) fabrication of dye-sensitized
photoanodes and photocathodes that could efficiently convert
photon energy to electrical current, (ii) understanding the
interaction between photocatalysts and mediators, (iii)
overcoming the challenges of using photocatalysis in dark-
colored lignin solutions, (iv) studying of the mechanism for
various chemical transformations in lignin using DSPEC cells,
including Cp—O, Cu—Cp, and Caryi—C. bond cleavage, and (v)
finding a way to realize complete depolymerization of the inter-
linked lignin with the cleavage of various C—O and C—C bonds.

Our designed DSPEC is, to our best knowledge, the first
approach that uses photoelectrochemical HAT mediated
catalysis to achieve visible light-driven lignin reforming in
organic media. This dye-sensitized TiO2 photoanode with HAT
co-catalyst also shows promising performance for heterogeneous
photo-reforming of real lignin solutions using back-side
illumination of the electrode. This presents a vital step toward
developing a DSPEC capable of carrying out complete lignin
depolymerization. Moreover, different chemical bonds (e.g.,
Cp—0, Cu—Cp, and Caryi—Cy) can be selectively cleaved based on
the selection of the HAT co-catalysts and the structure of the
LMC. The ultimate goal of this work is to selectively break down
phenolic-containing biomacromolecules such as lignin to value
added chemicals and biofuels, under mild conditions, with the
only energy input from sunlight. Future work in the development
of DSPEC:s for lignin conversion will focus on expanding on the
combinations of photocatalysts and co-catalysts used to gain
greater insight for controlling the lignin conversion pathway. In
addition, developing photocathode interfaces to drive photo-
reduction reactions related to lignin conversion should lead to
tandem DSPEC systems that can operate without any applied
electrical bias.

In summary, lignin can be selectively reformed via C—C and
C—0 bond cleavage to obtain value-added aromatic compounds.
The selectivity is dependent on many factors, such as the use of
mediators, acidic or basic conditions, chemical structures of
lignin substrates, etc. Processing these chemical transformations
under milder conditions (e.g., room temperature, no stoic. acids
or bases) by using electrocatalysis or photocatalytic methods
could preserve most of the functional structures and prevent the
formation of undesired by-products, thus enhancing the
selectivity and yields. Therefore, our designed mediator-assisted
DSPECs for lignin degradation present a high potential to
achieve excellent lignin utilization to obtain valuable chemicals.
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