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Lignin valorization is a challenge for chemical and materials scientists due to its complex molecular struc-
ture and intra- and inter-molecular assembly. Although catalytic conversion of lignin into small aromatic
organic molecules has been widely investigated, it faces the problems of low selectivity and complex pro-
ducts. Herein, we report a direct electrochemical conversion method for the selective oxidation of indus-
trial lignin to produce short-chain carboxylic acids (SCCAs) with a wide range of concentrations. In an
electrolytic cell, lignin is chemically converted to SCCAs by H,O, with titanium silicate-1 (TS-1) as a cata-
lyst. H,O, is generated in situ by the recombination of H* and HO,™ in a three-compartment cell by sep-
arately introducing hydrogen (H,) and oxygen (O,) as the sources of protons and HO,™ into the anode
and cathode compartments. We have achieved a record-high concentration of SCCAs up to 109.8 mg
mL™* through the catalytic depolymerization of lignin. A high concentration of SCCAs of 80.1 mg mL™
could also be achieved at a cell voltage of 2.13 V by coupling the 2e™-ORR and water oxidation using air
and 1 M aqueous H,SO, solution as feedstocks. Our approach could eliminate the additional economic
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consumption and environmental hazards caused by the transportation and storage of commercially con-
centrated and stabilized H,O,. Aside from the SCCAs produced in this process, the formation of new car-
boxyl groups in the lignin residue during the oxidation reaction greatly broadens the application potential
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Introduction

Carboxylic acids are a class of essential chemicals widely used
in materials, pharmaceuticals, food preservation, cosmetics,
pesticides, and other manufactured chemicals, due to the
special properties of their carboxylic group (acidity, polarity,
surface properties, etc.)."”> Most of the carboxylic acids are pro-
duced through tandem oxidation processes of petrochemical
feedstocks or biological fermentation of food resources.’ The
use of waste or renewable biomass as feedstock can effectively
reduce our dependence on non-renewable carbon resources.”®
Lignin, the second-most abundant renewable polymer, is cur-
rently mostly produced as waste in pulping and bioethanol
industries and is commonly burned to produce energy.
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Consequently, the use of some of the lignin resources as raw
materials to convert them into high-value-added products can
effectively enhance the value of industrial waste without
affecting the energy balance of the pulping industry.”

In plant cell walls, lignin is biosynthesized by coupling
reactions between three primary precursors (Fig. S1t), ie.,
p-coumaryl (4-hydroxycinnamyl), coniferyl (4-hydroxy-3-meth-
oxycinnamyl), and sinapyl (4-hydroxy-3,5-dimethoxycinnamyl)
alcohols.®® The heterogeneous and complex structural charac-
teristics of lignin, including C-O bonds (p-O-4, a-O-4, a-O-y,
4-0-5), C-C bonds (p-5, p-p, p-1, 5-5), a complex three-dimen-
sional configuration and intra- and inter-molecular n-x inter-
actions, make it difficult to generate products with regular
structures.’®*? The highly selective conversion of lignin
becomes a recognized challenge, although various processes
were developed, including acid/base catalysis,"® enzymatic
hydrolysis,"* pyrolysis (thermolysis),"*'® oxidation,"” reduction
(hydrogenolysis),'® etc. Among these widely investigated
methods, oxidation has been the most commonly used lignin
depolymerization method, which is technically employed in
the modern pulp bleaching processes.’® Simultaneously, car-
boxylic acids, phenolic compounds, and furan and benzene
compounds are produced in different bleaching stages of pulp
treatment. These generated compounds are usually considered

Green Chem., 2023, 25, 3127-3136 | 3127


http://rsc.li/greenchem
http://orcid.org/0000-0002-1101-2571
http://orcid.org/0000-0001-9573-600X
http://orcid.org/0000-0002-6781-2826
https://doi.org/10.1039/d3gc00324h
https://doi.org/10.1039/d3gc00324h
https://doi.org/10.1039/d3gc00324h
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc00324h&domain=pdf&date_stamp=2023-04-17
https://doi.org/10.1039/d3gc00324h
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC025008

Published on 09 March 2023. Downloaded on 7/21/2025 5:18:27 PM.

Paper

A Traditional process for in-situ generatation of H,O,

2.5-4.0 MPa mixed gas

H, and O, Diluted with CO, or N,

View Article Online

Green Chemistry

B Electrochemical process

HOR or OER

383

AT RR s
[

under High-pressure
— - Diluted i Direct
Lignin Suspension H,SO0, in HOO- SCCAs out
Noble metal Catalysts (AuPd etc.) Lignin + TS-1
________________________ 000 80000 0,9Q 905000 /'~y
. . ! b i
H Catalyst ! ......’. ....... ‘.O....‘. — embrane :
;i Ha+ O, > H,0, | 2911 | oo Catalysts ;
ORR

Fig. 1 Schematic illustration of the two different methods for producing short-chain carboxylic acids (SCCAs) from lignin using in situ generated
H,0,. (A) Traditional direct synthesis of H,O, with diluted H, and O, gases and noble-metal catalysts (e.g., AuPd alloy) for lignin conversion.
Alcohols, such as methanol and t-BuOH, were chosen as co-solvents for enhancing the solubility of H,. Sophisticated catalyst structural design was
considered to prevent the degradation of in situ generated H,O,. (B) Direct electrosynthesis of H,O, with pure H; and O, introduced into the anode
and cathode compartments separately. Diluted H,SO,4 was chosen as the lignin dispersion solvent and product carrier. A cation exchange membrane
was used at the anode side, and a PTFE membrane was used as a liquid barrier at the cathode side. The catalysts were dispersed on a gas diffusion
layer (GDL). The produced short-chain carboxylic acids (SCCAs) were collected directly from the three-compartment cell.

to be industrial waste, bringing a series of environmental pro-
blems, although in-depth basic research on lignin oxidation
was carried out and convincing research results were
obtained.”***' Therefore, the development and application of
new technological processes for lignin conversion to achieve
industrial-scale production of lignin-derived chemicals have
stimulated the interest of researchers.**?

Oxidation reactions can not only weaken the stacking force
of n—x interactions but also form hydroxyl and carboxyl groups
by inserting oxygen functional groups into lignin side-chains
and/or aromatic rings, becoming some of the most potential
methods for the preparation of lignin-derived chemicals,>*>°
especially chemicals containing carboxyl groups. In this
context, the most studied oxidants in lignin oxidation are
molecular oxygen, KMnO,, nitrobenzene, metal oxides, and
hydrogen peroxide (H,0,). Among these oxidants, the H,O0,
oxidation of lignin is highly promising since water is the only
product of H,0, after the reaction, and no heteroatoms are
introduced into the low molecular-weight organics.>®™>” This
avoids the problems of complex post-treatment in industrial
applications. In the current pulp bleaching industry, H,O, is a
commonly used bleaching agent that can remove lignin from
unbleached pulp with high selectivity.”® The significant
decrease in pH during H,0, bleaching proves the formation of
a large amount of carboxyl-containing products.*® In addition,
industrial lignin resources including alkaline lignin and enzy-
matic hydrolysis lignin have been utilized for the preparation
of short-chain carboxyl acids (SCCAs) by H,0, oxidation,***"
confirming that lignin is an excellent source candidate for the
preparation of SCCAs. However, H,0, is currently produced
through the anthraquinone process with high energy con-
sumption and waste production.’*”* The H,0, concentration
produced by this conventional method is only 1-2% by weight,
and energy-intensive concentration and complex purification
processes are necessary to produce a marketable commodity.>*
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In addition, harsh storage and transportation conditions
increase application costs due to the unstable and hazardous
characteristics of highly concentrated H,O, solutions.

The direct catalytic synthesis process of H,O, using hydro-
gen (H,) and oxygen (O,) provides a new route in small-scale
H,0, applications (Fig. 1A). Catalysts such as gold-palladium
(AuPd) and palladium-tin (PdSn) have been developed for
such reactions with high selectivity (>95%) for in situ H,0,
generation.>?® Nevertheless, the flammability of high-
pressure H, and O, mixtures is a disadvantage that necessi-
tates that the mixture must be diluted with N, or CO,, which
limits the synthesis of highly concentrated H,0,. In addition,
methanol or ¢-butanol needs to be added to improve the solu-
bility of H, to increase the rate of H,O, synthesis.>” In the
present work, an electrochemical process for the direct syn-
thesis of H,0, is proposed to avoid the problems caused by
the strategy of high-pressure production of H,0,. Pure H, and
O, can be safely introduced separately into anode and cathode
compartments to achieve the in situ synthesis of H,0, at
various concentrations by coupling the 2e™ O, reduction reac-
tion (2e7-ORR) and the H, oxidation reaction (HOR) (Fig. 1B).
The direct electrochemical formation of H,O, in such a three-
compartment cell reduces the cost of transportation and
storage of concentrated H,0,, as well as the risk associated
with high-pressure equipment,*®** and becomes a potential
process for industrial application including lignin conversion.

Results and discussion

Reaction procedures for electrochemical production of short-
chain carboxylic acids

In our designed direct-electrochemical lignin conversion
device, a state-of-the-art platinum-carbon (Pt/C) catalyst was
chosen for the HOR to convert H, to H" with low overpoten-
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tials on the anode side. For the cathode, the research on elec-
trocatalysts with high selectivity for the 2e™-ORR to H,0, is
much less explored than that for the 4e -ORR to water.”® To
meet the needs of industrial applications, surface-oxidized
carbon black (O-CB) was applied as the cathode catalyst for the
selective 2e-ORR, because of its low cost, high selectivity, and
high faradaic efficiencies (FEs) as described in the ESI
(Fig. S2-S47).*>*! This single-step process could overcome the
challenges of the traditional H,0, application in lignin oxi-
dation, using a three-compartment cell, as a mature lignin
conversion method. Fig. 2A shows the current-voltage (I-V)
curve of the three-compartment cell with O-CB and Pt/C as
electrocatalysts at the cathode and anode compartments,
respectively. Pure H, and O, gases were directly introduced
without any dilution treatments, and a 1 M aqueous H,SO,
solution with a fixed flow rate of 60 mL h™' continuously
flowed through the electrolytic cell with an electrode geometric
size of 1 cm™". At a current of 10 mA cm™2, H,0, can be syn-
thesized in situ at a rate of 0.20 mmol cm™> h™" at —0.01 V
without external energy input and even output electricity. The
selectivity for H,O, generation was always higher than 90%
over the entire voltage range (Fig. 2B). Different concentrations
of H,0, could be obtained by adjusting the flow rate of the
H,S0, solution (Fig. 2C). For efficient catalytic conversion of
lignin with in situ-generated H,0,, titanium silicate-1 (TS-1)
was chosen as the catalyst to enhance the oxidation activity by
promoting the formation of hydroxyl and superoxide rad-
icals.*” Although many titanium-based catalysts have been
developed for the catalytic oxidation process with H,0,, TS-1 is
still considered the industrial standard catalyst for reactions of
H,0, applications.”*** The morphological characterization of
TS-1 zeolites was observed with SEM (Fig. S5t), and the
powder XRD pattern indicates the presence of an ordered
orthorhombic, MFI topology TS-1 framework (Fig. S67).
Through this industrially available route, enzymatic hydro-
lysis lignin and commercial TS-1 (10 wt% based on lignin)
were mixed and loaded into an O-CB//H,SO,//Pt/C cell for
in situ H,0, oxidation treatment. We observed a correlation
between the reaction conditions (i.e., temperature and H,SO,
flow rates) and catalytic performance toward the direct conver-
sion of lignin to SCCAs (Fig. 2D). Concerning the temperature
conditions, the concentration of SCCAs significantly increased
from 60 °C to 95 °C under different H,SO, flow rates. Likewise,
concentrations of SCCAs significantly increased with decreas-
ing H,S0, flow rates due to the increased concentration of the
in situ generated H,O,, with the highest concentration of
SCCAs being up to 109.8 mg mL ™" (32.9 wt%, based on the
weight of the initial lignin). The results indicate that the reac-
tivity of the lignin conversion reaction was extremely sensitive
to temperature and the concentration of H,0,. Moreover, cata-
lyzed and non-catalyzed reactions were compared at an H,SO,
flow rate of 0.6 mL h™" and 95 °C, confirming that the TS-1
catalyst improved the conversion efficiency of lignin to SCCAs
with almost twice the concentration obtained without the
addition of TS-1. The microporosity and hydrophobicity of the
TS-1 catalyst, as well as the presence of titanium atoms, can

This journal is © The Royal Society of Chemistry 2023
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enhance the H,0, reaction performance by reducing the elec-
tron density of the O-O bond, making it susceptible to nucleo-
philic attack on lignin by H,0,-derived radicals.***> The main
short-chain carboxylic acid products include four monocar-
boxylic acids (MCAs), such as formic acid, acetic acid, propio-
nic acid, and lactic acid, and seven dicarboxylic acids (DCAs),
such as oxalic acid, propanedioic acid, tartaric acid, malic
acid, succinic acid, fumaric acid and maleic acid. Among all
products of SCCAs, the contents of formic acid, acetic acid,
and propionic acid accounted for more than 80% of all pro-
ducts, especially propionic acid exceeded 60% of the total
product content. Our device could continuously output
~100 ppm SCCA solution in a 100 hour test at a fixed flow rate
of 2 mL h™ and a cell voltage of ~0 V without external energy
input (Fig. 2E). Compared with traditionally used commercial
H,0, produced by the anthraquinone process, the electro-
chemical in situ H,0, production method for biomass refinery
is safe for human and environmental health. The method
eliminates the need for transporting and storing hazardous
bulk H,0,. A long-term operation test was also conducted for
direct conversion of lignin at a cell current density and H,SO,
flow rate of 40 mA cm™" and 2 mL h™", and the device operated
stably and continuously output SCCAs with the concentration
decreasing over time from ~4200 ppm to ~500 ppm during
50 hours of operation until the lignin could not be further oxi-
dized (Fig. 2F).

Simulation of industrial production of short-chain carboxylic
acids

To establish the industrial viability, we also used the reaction
of water oxidation to O, to release H' instead of the HOR at
the anode side using a commercial IrO, electrode to simulate
the conditions of no H, supply in the industrial production
process. 1 M H,SO, solution was circulated at a flow rate of
30 mL h™ on the anode side to reduce ionic resistance, and
no SCCAs entered the H,SO, solution circulated at the anode
side due to the blocking of the CEM membrane. A high H,0,
production rate of 2.79 mmol cm~> h™" could be obtained at a
cell voltage of 2.19 V in an O-CB//H,SO,//IrO, cell (Fig. 3A and
B). The selectivity for H,0, production was always higher than
80% (Fig. 3B), which was just slightly lower than that achieved
with the O-CB//H,SO,//Pt/C cell with pure H, and O,.
Considering the more stringent conditions, the use of air
instead of O, also enabled in situ synthesis of H,0,, albeit at a
higher voltage than when pure O, was introduced (Fig. 3C). As
the flow rate of the H,SO, solution that flowed through the cell
decreased, the concentration of the output SCCAs increased
significantly (Fig. 3D). A high concentration of SCCAs of
80.1 mg mL™" could be observed at an H,SO, flow rate of
0.6 mL h™". A 50 hour stability test for continuous generation
of SCCAs confirmed that lignin conversion could also be
achieved when only air and H,SO, solutions were applied
(Fig. 3E). The concentration of SCCAs decreased from
~3300 ppm to ~600 ppm in this long-term test, which could
also enable the direct conversion of lignin to SCCAs.

Green Chem., 2023, 25, 3127-3136 | 3129
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Fig. 2 Direct electrochemical production of short-chain carboxylic acids (SCCAs) from lignin using pure H, and O,. (A) /-V curve for an O,//
H,50.4//H, flow cell (1 cm?) in which Pt/C was chosen as the catalyst at the anode side, and oxygen-doped carbon black (O-CB) was selected as the
catalyst at the cathode side. (B) The FEs and H,O, production rates at different voltage potentials. (C) H,O, production concentrations at an overall
current density of 80 mA cm~2 and different diluted H,SO, flow rates. (D) SCCA concentrations at different H,SO, flow rates and temperatures at a
fixed current density of 80 mA cm™2 The SCCAs were collected in the first hour under different conditions. (E) The long-term operation test of

SCCA production with concentrations of around 100 ppm at a fixed current density of 10 mA cm

~2 with negligible energy input. (F) Stability test for

the continuous production of SCCAs at a fixed current density of 40 mA cm™2. The concentration of SCCAs gradually decreased with reaction time,
indicating that lignin continued to degrade in this long-term test. The structures of the residues at 10 h and 50 h are elucidated in detail in sub-
sequent texts. The 1 M diluted H,SO, flow rate was 2 mL h™t in the long-term tests shown in (E) and (F) at the reaction temperature of 80 °C.
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Fig. 3 Direct electrochemical production of short-chain carboxylic acids (SCCAs) from lignin by coupling the 2e™-ORR and water oxidation. (A) I-V
curve of the O-CB//H,50,4//IrO, cell in which 1 M H,SO, solution was circulated at the anode side (30 mL h™?) for improving the ionic conductivity,

and H,O was oxidized to form O, and protons. The flow rate of 1 M H,S
production rates at different voltage potentials of the O,//H,SO4//H,SO

O, solution flowing through the cell was 60 mL h~L. (B) The FEs and H,0,
4 cell. (C) I-V curve and FEs of the O-CB//H,SO4//IrO, cell when O, was

replaced with air. (D) SCCA concentrations at different H,SO, flow rates flowing through the cell. A fixed current density of 80 mA cm™2 and temp-
erature of 95 °C were chosen with air and 1 M H,SO, solution as cathode and anode feedstock, respectively, in the O-CB//H,SO4//IrO; cell. The
SCCAs were collected at different H,SO,4 flow rates flowing through the cell in the first hour. (E) Stability test for continuous production of SCCAs at
a fixed current density of 40 mA cm™2 using the O-CB//H,50,//IrO, cell by the 2e™-ORR and water oxidation at the reaction temperature of 80 °C.

Mechanism studies

The potential mechanism was investigated using guaiacol and
1,2-dimethoxy benzene as monomeric models, and several aryl-
glycerol-B-aryl ether (B-O-4 structure) lignin models with guaiacyl
(G) and/or syringyl (S) nuclei, erythro or threo stereostructures,
with or without terminal hydroxyl groups as dimeric models,
respectively. The synthetic route to the dimeric model com-
pounds, the quantitative method of the erythro and threo stereoi-
somers, and the structures of model compounds used for
mechanism studies are listed in the ESI (Fig. S7-S97). TS-1-cata-
lyzed H,0, oxidation of monomeric models guaiacol and 1,2-

This journal is © The Royal Society of Chemistry 2023

dimethoxy benzene was found to generate different DCAs,
mainly including malic acid, succinic acid, tartaric acid, etc.,
with total yields of 8.7 and 8.2 wt% at the conversion yields of
32 and 25 wt%, respectively. In the oxidation of the non-pheno-
lic dimeric lignin model compounds, not only different MCAs
(7.1 wt%) containing formic acid, acetic acid, and lactic acid but
also different DCAs (20.5 wt%) containing propanedioic acid,
tartaric acid, malic acid, succinic acid, fumaric acid and maleic
acid were detected at the conversion yield of 80 wt%. In the oxi-
dation of the phenolic dimeric lignin model compounds,
different MCAs (11.1 wt%) and DCAs (18.5 wt%) were detected
at the conversion yield of 95 wt%. A relatively high amount of

Green Chem., 2023, 25, 3127-3136 | 3131
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propionic acid was detected only when the lignin dimeric model
contained terminal phenolic hydroxyl groups (2.5 wt%). These
results pointed out that MCAs were mainly derived from the
side-chain oxidation of lignin, while DCAs were primarily
derived from the oxidative ring-opening reaction of the aromatic
rings, although oxalic acid, lactic acid, malonic acid, etc., may
also be derived from the oxidation of aromatic rings. The struc-

A Corncob Lignin

B After Oxidation (10 h)

View Article Online

Green Chemistry

ture of the lignin models with or without terminal hydroxyl
groups affected the distribution of SCCA product yields, possibly
due to the easy nucleophilic attack of the hydroxyl group by
hydroxyl and superoxide radicals followed by the electron
rearrangement on aromatic rings.

Fig. 4 shows the 2D HSQC NMR spectra of industrial enzy-
matic hydrolysis lignin (typical industrial lignin isolated from

C After Oxidation (50 h)
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Fig. 5 A schematic diagram of the proposed lignin oxidation mechanism by H,O, to directly produce SCCAs.

corncob with S, G and H nuclei and C-O and C-C side-chain
structures) before and after the direct conversion treatment of
the long-term test in an O-CB//H,SO,//Pt/C cell. The aliphatic
regions (top panels of Fig. 4A-C) revealed that 32.9% of the
B-ether linkages were cleaved at 10 h, and all were cleaved
during the 50 hour treatment. The phenomenon was also
observed in phenylcoumaran (p-5 linkage) and spirodienone
(B-1 linkage) structures. The aromatic regions (middle panels
of Fig. 4A-C) indicated that the assignment of syringyl nuclei
(S) decreased with the reaction of 10 h and disappeared at 50 h.
The aromatic regions also revealed that the S unit was oxidized to
the benzylic ketone analogue S’ unit, although the content of the
S’ unit also gradually decreased during the continuous proces-
sing. Overall, this preliminary study demonstrates that the electro-
chemical in situ generation of H,O, in combination with the TS-1
catalyzed direct conversion of lignin generates free radicals that
can simultaneously nucleophilically attack the side chain and
aromatic ring of lignin to achieve efficient conversion of lignin to
SCCAs. At the same time, the polymerization of lignin occurred,
which was manifested by the disappearance of G, and Gg signals
and the presence of the G5 signal. The content of p-coumaric acid
(pCA), a typical structure in herbaceous plants, decreased signifi-
cantly and became one of the main source structures of lignin
oxidation to produce SCCAs, especially propionic acid.***” The
carboxyl group content in the lignin residues was significantly
increased to 2.52 mmol g~ (10 h) and 2.74 mmol g™ (50 h),
from the 0.46 mmol g~* of the raw corncob lignin measured by
aqueous potentiometric titration using an automatic potentio-
metric titrator (809 Titrando, Metrohm Corp., Switzerland), which
greatly broadened the feasibility of lignin applications.***°

Conclusions

In summary, we have identified a highly effective electro-
chemical method for direct conversion of lignin to high con-
centration SCCAs by the in situ generated H,O,. Radicals
derived from H,0, can selectively attack the lignin side chain
to break the conjugated C3-side structures and the lignin aro-

This journal is © The Royal Society of Chemistry 2023

matic ring part to achieve a ring-opening reaction of the phe-
nylpropane structure to generate the corresponding SCCAs
(Fig. 5). The optimized catalyst system that simulated indus-
trial conditions could perform using only air and H,SO, solu-
tion as feedstocks and was potentially suitable for large-scale
industrial applications. The prepared SCCAs could be utilized
in organic reagents, esterification agents, plasticizers, preser-
vatives, pharmaceutical intermediates, and other high-value
applications. This approach could form a basic method for
extended chemical transformations that depends on in situ
generated H,0, and TS-1.

Experimental
Materials

The enzymatic hydrolysis lignin (EHL) derived from corncob
was provided by Shandong Longlive Biotechnology Co., Ltd.
The EHL was purified by sequential alkali dissolution and acid
precipitation treatment before use. TS-1 was purchased from
Rhawn Corporation. All commercially available chemicals and
solvents except those mentioned were purchased from Macklin
and Aladdin Corporation and used as received unless stated
otherwise. Deionized H,O was used in all the experiments.

Synthesis of oxygen-doped carbon black (O-CB) catalysts

Oxygen-doped carbon black (O-CB) catalysts were prepared as
described in a previous report.”® In brief, 1.0 g of commercial
carbon black (XC-72R, Cabot, USA) was added to 600 mL of
12 mol L™ HNO; and refluxed at 85 °C for 1 h, 3 h, 6 h, 9 h,
and 12 h, respectively. After the slurries were cooled down to
room temperature, they were centrifuged and washed with
water until neutral pH values. Finally, the samples were dried
at 70 °C in a vacuum oven. The functionalized carbon blacks
were obtained with different surface oxygen doping levels.

Rotation ring disk electrode (RRDE) test

The ORR activities of O-CB were measured using linear sweep
voltammetry (LSV) with a rotation ring disk electrode (RRDE)
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in a typical three-electrode system (PINE Instrument, USA). To
prepare the O-CB working electrode, 3.3 mg of O-CB was
mixed with 10 pL of Nafion 117 (dissolved in 1 mL of ethanol)
to obtain a homogeneous catalyst slurry by ultrasonication.
6 pL of the as-prepared catalyst slurry was pipetted on the
rotating disk glassy carbon electrode with a 0.1 mg cm™> mass
loading. The O-CB cast electrode was vacuum dried before use.
0.1 M Na,SO, was saturated with high-purity O, as an electro-
lyte. A continuous flow of O, was used as a shielding gas for
the electrolyte. A platinum wire and Ag/AgCl electrode were
used as the counter and reference electrodes, respectively. All
the potentials against Ag/AgCl were calculated by converting to
the reversible hydrogen electrode (RHE) using the equation E
(vs. RHE) = E (vs. Ag/AgCl) + 0.197 V + 0.0591 x pH. The H,0,
selectivity was calculated using the following equation: H,0,
(%) =200 X (Lting/N)/(Laisk * Iring/N), where Ling and g are the
ring and disk currents, respectively, and N is the ring collec-
tion efficiency, determined to be 0.32 in a solution of 2 mM
K;Fe(CN)g and 0.1 M KNO;.

Electrochemical cell performance test

For the two-electrode cell for direct electrochemical production
of H,0,, commercial Pt/C on a gas diffusion layer (GDL) (1 mg
cm ™) was used as the anode, and around 0.5 mg cm™> O-CB
loaded on a GDL was prepared as the cathode. Typically,
10 mg of O-CB was mixed with 0.5 mL of Nafion 117 solution
(5% diluted in ethanol), then sonicated and pipetted onto the
GDL and vacuum dried before use. For the O,/H,SO,//H, cell,
50 sccm of humidified O, and H, were introduced into the
cathode and anode, respectively. A commercial IrO, electrode
was applied when the anode side was replaced with 1 M H,SO,
solution circulating at a flow rate of 30 mL h™". The O, gas was
also replaced with air when pure O, was not supplied for
mimicking more severe H,0, production conditions. All
electrochemical tests were performed with Admiral
Instruments Squidstat™ Plus and Donghua DH7000 electro-
chemical workstations. Industrial lignin (200 mg) and TS-1
(10 wt% based on lignin) were mixed and loaded on the three-
compartment cell for the direct electrochemical conversion of
lignin. In the experiments to prepare SCCAs by direct electro-
chemical oxidation of lignin at different temperatures and
H,SO, flow rates, the output SCCAs in the first hour were col-
lected for quantification.

Synthesis, characterization, and reaction of lignin model
compounds

The dimeric compounds with f-aryl ether bonds were syn-
thesized according to the method of Adler et al.>' The detailed
synthesis route is shown in Fig. S7.7 The structure of com-
pound (2-(2-methoxyphenoxy)-1-(3,4,5-trimethoxyphenyl)
propane-1,3-diol) was identified by NMR, and the content of
each isomer was quantified by the method described in the
previous paper.’**® Degradation experiments of each model
compound were performed with sealed bottles. The reaction
conditions were as follows: 10 mg of the model compound,
30 mL of solvent containing 5 mL of 1,4-dioxane, 25 mL of
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1 mol L™! H,SO, solution, and 1 mL of commercial H,O,
(30 wt%) at a reaction temperature of 95 °C.

H,0, and SCCA concentration quantification and faradaic
efficiency (FE) calculations

In a two-electrode cell, the produced concentration of H,O,
was determined by redox titration with KI aqueous solution,
according to the reported procedures.”*”®> The faradaic
efficiency (FE) for H,O, production is calculated according to
the following equation:

FE = generated H,O,(molL™!) x 2 x 96485(C molL ™)
x flow rate(mL s ™) /jiotal (MA) x 100

The quantification of SCCAs was conducted with a high-
performance liquid chromatography instrument (HPLC,
Agilent 1260 Infinity II) equipped with an ultraviolet-visible
(UV-Vis, 1260 VWD) absorption detector at 210 nm. In HPLC
analyses, an HPLC column, Ultimate AQ-C18 (length: 250 mm,
inner diameter: 4.6 mm, and particle size: 5.0 pm, Welch,
Shanghai, China), was used at an oven temperature of 30 °C
with a solvent flow rate of 0.7 mL min™. 20 mM dibasic
sodium phosphate solvent with a pH of 2.60 adjusted using
phosphoric acid containing 1% methanol was used as mobile
phase A. Methanol was used as mobile phase B. The solvent
system used for quantification of SCCAs was run at a gradient
A/B (v/v) of 100/0 for 9 min, from 100/0 to 50/50 within 11 min,
and held for 5 min and equilibrated for 5 min.

2D heteronuclear single quantum coherence (HSQC) NMR
analysis

For 2D heteronuclear single quantum coherence (HSQC) NMR
analysis, 80-90 mg lignin in 0.6 mL of dimethyl sulfoxide-de
and 40 pL of chromium(m) acetylacetonate (0.01 M) were
added to an NMR tube. The 2D HSQC NMR characterization of
each lignin sample was performed on a Bruker AVANCE III HD
600 MHz spectrometer equipped with a 5 mm BB probe.
Sufficient amounts of scans consisting of 4096 by 256 points
were collected.
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