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ABSTRACT: Lignin, characterized by its amorphous, heavily polymerized
structure, is a primary natural source of aromatic compounds, yet its
complex constitution poses considerable challenges in its transformation
and utilization. Therefore, the selective cleavage of C−C bonds represents
a critical and challenging step in lignin degradation, essential for the
production of high-value aromatic compounds. In this study, we report a
simple electrocatalytic approach for lignin valorization via C−C bond
cleavage by developing a nonmetallic electrocatalyst of carbon-based
materials. It is found that the hydrophilicity and hydrophobicity of the
electrocatalyst have a significant effect on the degradation process. Under
mild conditions, the hydrophilic carbon paper exhibits 100% substrate
conversion, yielding 97% benzaldehyde and 96% quinone with ionic liquid
electrolytes. The mechanism study shows that the carbon catalyst with
higher surface defects favors electron transfer in the oxidative cleavage process of C−C bonds. These results signify a substantial
advancement in lignin degradation, offering an environmentally friendly, metal-free electrochemical route.
KEYWORDS: Lignin, Degradation, Nonmetallic electrocatalyst, Hydrophilicity, Ionic liquid

1. INTRODUCTION
Given the substantial consumption of fossil fuels and their
limited storage, there is a pressing need to explore alternative
energy and chemical resources.1,2 Therefore, the development
and utilization of renewable bioenergy, particularly lignocellu-
lose, the world’s most abundant bioenergy source, has received
a great deal of attention. Lignin, a major component of
lignocellulosic biomass (15%−30% by weight), emerges as a
promising renewable feedstock for the production of
alternative fuels, platform compounds, and high-value chem-
icals.1−4 However, the low reactivity and market value of lignin
result in its underutilization, often being relegated to a
byproduct in bioethanol production and pulping industries.3

Lignin’s complex, amorphous polymeric structure, comprising
bonds between C−O and C−C units, is formed by the
enzymatic dehydrogenation polymerization of phenylpropionic
acid monomers (e.g., sinapyl alcohol, conifery alcohol, and p-
coumary alcohol), creating linkages like β-O-4, α-O-4, β-5,
β−β, 4-O-5, 5-5, and β-1.1−4 However, its structural complex-
ity and low reactivity lead to a mere 2% utilization rate, with
the majority being burned.5 Therefore, the development of
suitable methods to convert lignin into high-value bulk
chemicals is particularly important and urgent. Currently, the
efficient utilization of lignin remains a significant challenge and
a bottleneck in biomass valorization. Existing lignin depolyme-
rization methods, such as oxidation,6,7 hydrogenolysis,8,9

pyrolysis,10,11 catalytic depolymerization,12,13 and electroly-
sis,14,15 each with its own set of challenges and opportunities.
Electrocatalytic degradation of lignin has the advantages of

controllable reaction and environmental sustainability, emerg-
ing as a promising method for lignin degradation valor-
ization.16−21 Current research in this area predominantly
focuses on electrochemical oxidation at the anode. This
involves a variety of materials including transition metals (e.g.,
Ni, Co),22 metal alloys (e.g., mixtures of Ni, Co, Fe, Ti),23

metal oxides (e.g., IrO2, PbO2, SnO2),
24,25 and mixed metal

oxide anodes.26 He et al. reported the depolymerization of
ethanol organosolv lignin from different sources using cost-
effective nickel foam as the working electrode under alkaline
conditions, which achieved a maximum yield of 17.5% for
vanillin and syringaldehyde.27 Furthermore, Duan and Wang et
al. explored the electrocatalytic oxidation of Cα-Cβ bonds
employing Pt atoms dispersed on nitrogen-doped carbon
nanotubes (Pt/N-CNTs), achieving an impressive 99%
substrate conversion and 81% aldehyde yield.28 Despite these
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advances, this field still faces challenges such as low yields,
poor selectivity, and reliance on noble metals.
Therefore, developing efficient, environmentally benign, and

stable electrocatalytic methods for lignin degradation is of
paramount importance, particularly considering the challenges
associated with lignin’s limited solubility in conventional
solvents. In this scenario, ionic liquids (ILs) stand out due
to their favorable solvation properties for both organic
substances and lignin.4,29,30 At the same time, ILs offer a
range of advantages, including wide electrochemical window,
non-volatility, high thermal stability, non-flammability, ex-
cellent solubility in organic and inorganic substances, coupled
with designability, making them promising candidates as
electrolytes.31−34 Consequently, the electrocatalytic decom-
position of lignin in ILs has attracted extensive attention in
recent research.
Among all types of natural lignin bonds, the β-O-4 bond

constitutes the most prevalent linkage in natural lignin
(approximately 50%). The dissociation energies of different
aliphatic C−O and C−C bonds are 293 and 314−494 kJ
mol−1, respectively, indicating a substantial energy requirement
for selective C−C bond cleavage.1−3,7,28 While notable
advancements have been made in breaking Cα-O bonds to
yield ketones and phenols, research on the selective cleavage of
C−C bonds remains largely unexplored. Specifically, the study
of electrocatalytic cleavage of C−C bonds in lignin, especially
using nonmetallic electrodes in ILs, is still in its infancy and is a
promising area of future research.
Building upon existing research, we propose an investigation

into the electrocatalytic oxidation of C−C and C−O bonds in
lignin model compounds, employing ILs and metal-free
electrodes under mild conditions (see Scheme 1).28,35 This
method contrasts with traditional thermal catalysis by avoiding
harsh reaction conditions, high temperatures and the need for
hydrogen sources. Unlike electrocatalysis employing noble
metal electrodes, our approach does not require expensive
noble metals or strong alkaline solutions. Herein, we employ
carbon electrodes for the electrocatalytic cleavage of C−C and
C−O bonds in lignin model compounds dissolved in ILs.
Specifically, under optimum conditions, the yield of aldehyde

and quinone is as high as 90%, along with the conversion rate
exceeding 90%. At the same time, H2 is produced as a by-
product at the counter electrode. These findings suggest a
promising, sustainable alternative to conventional lignin
degradation methods, with potential implications for green
chemistry and renewable resource utilization.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Acetonitrile (MeCN) and

methanol (HPLC grade, 99.9%), KClO4 (AR) were obtained
from Aladdin Co. Ltd. (Beijing, China). The 1a−1h substrates
and H2

18O used in the study were obtained from Macklin Co.
Ltd. (Shanghai, China). N-Propyl-N-methylpyrrolidinium bis-
(trifluoromethyl sulfonyl)imide ([Py13][NTf2], 98%), N-butyl-
N-methylpyrrolidinium trifluoromethanesulfonate ([Py13]-
[OTf], 98%), trimethylpropylammonium bis(trifluoromethyl
sulfonyl)imide ([N1113][NTf2], 98%), N,N-diethylmethylam-
monium trifluoromethanesulfonate ([N221][OTf], 98%), N-
ethylimidazolium bis((trifluoromethyl) sulfonyl)imide
([Emim][NTf2], 98%), and 1-ethyl-3-methylimidazolium
tetrafluoroborate ([Emim][BF4], 98%) ILs were purchased
from Qingdao aolike new material technology Co. Ltd.
(Qingdao, China). The structures of these ILs are shown in
the ESM (Figure S1). Hydrophilic carbon paper (HL cp),
carbon fiber cloth (HL cfc) and Hydrophobic carbon paper
(HB cp), carbon fiber cloth (HB cfc), Nafion-117 membrane
were provided by the Shanghai Chuxi industry Co. Ltd.
(Shanghai, China). Deionized water was made in the
laboratory. The RuO2−IrO2/Ti mesh was provided by the
Northwest Institute for Nonferrous Metals Research (Xi’an,
China).
2.2. Electrolysis of Lignin Model Compounds. The

electrochemical oxidation of lignin model compounds was
conducted using a constant potential method on a
PARSTAT3000A-DXelectrochemical workstation (Princeton
Instruments, Inc., USA). The reaction was carried out in a
three-electrode H-cell system with a Nafion-117 membrane.
An IL-MeCN solution (14 mL, 0.5 mL H2O) containing 15
mM lignin model compounds was used in the anode chamber,

Scheme 1. Different Strategies of Lignin Depolymerization28,35
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while 10 mL of 0.5 M H2SO4 solution was used in the cathode
chamber. Carbon cloth or paper (∼1.2 × 3 cm2) was used as
the working electrode. The counter electrode was RuO2−
IrO2/Ti of the same size. For reference electrode, we employed
an Ag/Ag+ electrode, consisting of an Ag-wire immersed in 10
mM AgNO3 solution in a glass tube with a porous plug.
2.3. Catalyst Characterization. Morphologies and

structures of the nonmetallic carbon electrodes were
characterized using a field-emission scanning electron micro-
scope (SEM, model SU8020). The surface composition of the
electrodes was analyzed by X-ray photoelectron spectroscopy
(XPS) on an ESCALAB 250Xi spectrometer using a 75-150 W
Al Kα cathode source under ultrahigh vacuum, and the C 1s
line was used to calibrate all raw XPS spectra at 284.80 eV.
Raman spectroscopy was performed using an OPTIMA
8000infrared spectrometer (Renishawn). The scanning range
is 200−2500 cm−1, the excitation light source is λ = 325 nm,
the laser intensity is 1%, the scanning time is 8, and the
exposure time is 2−10 s. The Surface contact angle between
the nonmetallic carbon electrode and electrolyte was measured
by a contact angle measuring instrument (LSA60, LAUDA,
Germany).
2.4. GC-MS and HPLC Analysis. Degradation products

were analyzed using a gas chromatography coupled with a mass
spectrometer (GC-MS, Shimadzu GC-2030). This system was
equipped with an Rtx-5MS Ultra Inert capillary column (30 m
× 250 μm × 0.25 μm) and an AOC-6000 Plus headspace
sampler. For analysis, the samples were first gasified at 170 °C
for 1 min, and then injected through headspace, followed by
testing with a 10:1 split ratio. Degradation products of lignin
model compounds were analyzed by an high-performance
liquid chromatography (HPLC, LC-20ADxr) equipped with a
SPD-20A UV detector and a C18 column (250 mm × 4.6 mm
i.d., 5 μm). The mobile phase consisted of a mixture of
methanol and water with a volume ratio of 3:2 or 2:3 (1h, GG)
at a flow rate of 0.5 mL min−1 and a temperature of 35 °C.
Quantification of the observed products were carried out at
254 nm using an external standard method. The conversion of
lignin model compounds and the yields of products were
calculated using the following eqs 1 and 2:

= ×C C Cconversion (%) ( ) 100/0 t 0 (1)

= ×C Cyield (%) 100/products 0 (2)

where C0 represents the initial concentration of the lignin
model compound, Ct represents the lignin model compound
concentration at the sampling time, and Cproducts represents the
product concentration.

3. RESULTS AND DISCUSSION
3.1. Electrocatalytic Cleavage of Lignin Dimers. In

direct electrooxidation, electrochemical processes mainly occur
on the anode surfaces, making the choice of anode material a
crucial role in determining the catalytic activity.21 In this study,
we investigated the electrooxidation of lignin model com-
pounds using various commercial electrode materials, includ-
ing HL cfc, HB cfc, HL cp, HB cp, and RuO2−IrO2/Ti (Figure
1), in the presence of the typical IL [Emim][NTf2] as the
electrolyte. As shown in Figure 1b, all five materials can
degrade the lignin model compound to varying degrees, and
surprisingly, the readily available carbon materials exhibit the
same and even superior conversion ratios compared to the
noble metal electrode. At the same time, the product yields of
four carbon materials are also much higher than that of the
noble metal electrode. These results indicate that carbon
materials have a significant advantage over noble metals for the
electrocatalytic degradation of lignin. The obvious difference in
product yields may be attributed to the high electrocatalytic
activity of noble metals, which can further oxidize aromatic
compounds into carbon dioxide and water.36 It is worth noting
that the main product of benzaldehyde, which can only be
produced through Cα−Cβ bond cleavage, suggesting the
oxidative cleavage ability of the C−C bonds by carbon
materials, which is generally thought to be reserved for noble
metals.28 Further examination of the carbon materials reveals
differences in their cleavage abilities. Firstly, carbon paper
delivers a higher product yield compared to carbon fiber cloth,
implying the structural effect of carbon materials on catalytic
performance. Secondly, within the same carbon structure,
hydrophilic carbons demonstrate a better conversion ratios and

Figure 1. Electrooxidation performance of the anode catalytic system. (a) Electrocatalytic oxidation of the C−C bond of 1c. (b) Conversion and
product yields of 1c under different catalysts at the same catalytic conditions. (c) Reaction−time curve of 1c under different catalysts.
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product yields than that of hydrophobic carbons, suggesting
the surface chemistry effect on the catalytic process. Based on
the reaction-time curves (Figure 1c), it can be seen that the
HL cfc exhibits the highest degradation rate in the first 6 h,
which further proves the better catalytic feature among
hydrophilic carbons. With time increasing, HL cp, HL cfc,
and HB cp can achieve the same substrate conversion ratio
after 8 h, indicating that time is an essential factor in evaluating
the catalytic performance.
3.2. Carbon Materials Characterization. In order to gain

insight into the catalytic difference among various carbon
materials, we performed SEM, Raman, XPS, and contact angle
characterizations (Figure 2). SEM images show that all four
kinds of carbon materials are composed of carbon nanorods
(Figure S2). The major difference lies in surface morphology,
with cfc exhibiting regular woven mesh structure, whereas cp
has a large specific surface area due to the presence of
micropores (Figure 2a−d). The increased specific surface area
is advantageous for exposing more active sites, thereby
enhancing its catalytic activity. Considering the hydrophilic
effect in the degradation experiments, we performed the
contact angle experiments using electrolytes to mimic the real
reaction interface between the electrode and electrolyte.
Principally, good wettability of electrolytes on the electrode
can promote the electrocatalytic reaction, and vice versa. As
expected, the wettability of HL cp and HL cfc is better than
that of HB cp and HB cfc, which explains the enhanced
degradation efficiency (Figure 1b). The wetting behavior is
usually related to the surface chemistry of materials, and thus
XPS and Raman characterizations were employed. The spectra
of C 1s show the presence of C−C, C−O−C, and O−C�O
bonds,37,38 indicating the existence of oxygenic functional

groups on the surface of these carbon materials. To quantify
the oxygen content, the peak area ratios of C−C, C−O−C,
and O−C�O bonds of HL cp, HL cfc, HB cp, and HB cfc
were calculated, which are 1:0.16:0.11, 1:0.16:0.10,
1:0.13:0.12, and 1:0.12:0.05. These results demonstrate that
HL cp and HL cfc have significantly higher levels of oxygenic
functional groups compared to HB cfc. To further confirm the
surface chemistry feature of the carbon materials, we
conducted Raman characterizations (Figures 2e and f),
which exhibit typical D-band and G-band peaks at 1348 and
1598 cm−1, respectively. Based on prior studies, the D-band is
associated with the defects in carbon, while the G-band arises
from the graphitic carbon phase.38 The intensity ratio of D-
band to G-band (ID/IG) can be used to quantify the defect
level in carbon materials.39,40 The calculated ID/IG values for
the four carbon materials are 1.26 (HL cp) > 1.22 (HL cfc) >
0.97 (HB cp) > 0.81 (HB cfc). According to the literature,
higher levels of structure defects induces changes in electronic
structure and energy bands, thus giving carbon materials more
active sites in electrocatalytic reactions.41,42 Therefore, the
different hydrophilicity and activity defects of carbon materials
contribute to variations in the electrocatalytic degradation
performance. Specifically, HL cp, characterized by better
hydrophilicity and a higher level of activity defects, should
exhibit the best activity for the electrocatalytic degradation of
1c, which is consistent with our experimental finding in
Section 3.1. Based on these results, HL cp was selected as the
electrode material for catalytic reactions in the following study.
3.3. Electrocatalytic Study. The successful cleavage of the

C−C bond demonstrates the potential application of ILs as
electrolytes, offering a viable alternative to alkaline solutions in
lignin depolymerization.16,29−31,43−45 To identify more suitable

Figure 2. Structural characterization of carbon catalysts. SEM image, contact angle, and high-resolution XPS spectra of C 1s for (a) HB cfc, (b) HB
cp, (c) HL cfc, and (d) HL cp. (e,f) Raman spectrogram of HB cfc, HL cfc and HB cp, and HL cp.
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types of ILs, different combinations of cations and anions were
employed to perform the electrochemical depolymerization
experiments, as summarized in Table 1. Acetonitrile (MeCN)
was chosen due to its compatibility with lignin dissolution and
its capacity to reduce electrolyte viscosity, thus enhancing
conductivity. Encouragingly, these ILs exhibit better con-
version ratios and product yields compared to the inorganic
salt solution. Among the six systems evaluated, [Emim][NTf2],
[Py13][NTf2], [N1113][NTf2] and [Py13][OTf] show higher
conversion rates exceeding 90%, while [Emim][BF4] exhibits
the lowest conversion. An examination of viscosity and
conductivity of the electrolyte systems shows that the
conversion of 1c decreases with the increase of electrolyte
viscosity (Table S1). That’s because the higher viscosity
restricts the efficiency of ion transport and further slows down
the electrocatalytic reaction. Consequently, the higher viscosity
of the [Emim][BF4] system results in a lower conversion ratio.
Despite the much lower viscosity of saturated KClO4-MeCN

solution compared to ILs, its ultra-low conductivity leads to
the lowest conversion ratio.
Another important observation is the influence of ILs on

product yield. It can be seen that anions tend to affect the
product yield compared to cations, with [NTf2]‑ facilitating the
highest yield of aldehyde and quinone. Even when [Emim]-
[BF4] and [Emim][NTf2] ILs exhibit similar conversion rates
for 1c, the product yields still increase from 74.48% and
72.80% to 86.8% and 80.2%, respectively. In other words,
[NTf2]‑ creates a more favorable environment for stabilizing
the products, possibly owing to its size and charge density.44 In
addition, according to previous study, the strong electro-
negativity of [NTf2]‑ facilitates electron delocalization between
Cβ−H bonds, thus promoting the cleavage of C−C bonds and
product yield.45,46 Given the higher conversion and product
yield achieved with the [Emim][NTf2]-MeCN system, we
selected it for further study.
Besides the IL structure, several factors, including volume

ratio of electrolytes, electrode potential, and substrate

Table 1. Electrooxidation Results of 1c with Different IL-MeCN Electrolytesa

entry conversion 1c (%) yield 2c (%) yield 3c (%)

[Emim][NTf2]-MeCN 90.77 86.81 80.28
[Py13][NTf2]-MeCN 91.42 81.07 80.16
[N1113][NTf2]-MeCN 92.06 84.57 79.29
[Py13][OTf]-MeCN 98.67 61.11 78.04
[N221][OTf]-MeCN 88.49 75.56 73.48
[Emim][BF4]-MeCN 88.20 74.48 72.80
MeCN(Saturated KClO4) 83.35 48.74 77.85

aReaction conditions: ILs-MeCN (V:V=1:1) with 15 mM 1c, cathode electrolyte (0.5 M H2SO4), divided cell, constant potential control.

Figure 3. Electrocatalytic oxidation of different lignin model compounds.
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concentration, also affect the catalytic depolymerization of
lignin. Inspired by this, a series of optimization experiments
were carried out. As previously discussed, the conductivity of
electrolytes is closely correlated with the conversion ratio, we
modulated the proportion of ILs dissolved in MeCN. When
pure IL is used as the electrolyte, only 20% substrate
conversion and 15% and 8% product yields can be achieved.
However, with the increase of MeCN volume, both substrate
conversion and product yield first increase and then decrease
slightly, reaching their peak at an equal volume mixing (Figure
S4a). This result can be explained by the changes in viscosity
and conductivity at different IL concentrations (Table S2).44

Compared to the volume ratios of electrolytes, the electrode
potential has a more significant impact on lignin depolymeriza-
tion. The CV curve recorded on glassy carbon electrode
(GCE) with 20 mM 1c has an obvious oxidation peak at 1.5 V,
which corresponds to the oxidative cleavage of lignin dimers
(Figure S5). Therefore, potential-controlled electrolysis of 1c
was explored at potentials of 1.0, 1.5, and 2.0 V (Figure S4b).
With increasing potential, the conversion exhibits an upgoing
trend from 19.7% to 100%, while the product yield increases
first and then decreases. At the high potential of 2.0 V, not only
can 1c be electrocatalytically degraded, but the product would
be further oxidized to small molecules,36 explaining the
decreased product yield at high potentials. Therefore, an
optimal potential is beneficial to optimize the depolymerization
performance and ensuring electrolyte stability, as ILs can
remain stable only within a specific electrochemical window
(Figures S6-7). Another critical factor is the concentration of
the substrate. At high concentrations, the substrate can
overcover the catalyst surface, blocking the reaction.
Conversely, at low concentrations, the reaction efficiency
drops due to the underutilization of the active sites. Based on
our experiments, the conversion rate is nearly 95% within the
concentration range of 5−25 mM, then the product yield
decreases slightly beyond this range (Figure S4c).

3.4. Substrate Scoping. To expand the scope of this
protocol, we evaluated various lignin α-O-4, β-O-4, and Cα-Cβ
dimers (1a−1h) with different substituents under the
optimized conditions (Figure 3). The conversion ratio of
1a−1g is above 90%, but the presence of greater steric
hindrance of 1h leads to a lower conversion ratio. The main
products of lignin model compounds degradation are the
phenol, aldehydes and quinone (Figure S8-15). Notably, the
successful degradation of 1f to aldehyde further demonstrates
that the nonmetallic carbon catalyst has the ability to break the
Cα-Cβ bond in lignin. For 1b−1e and 1g, the degradation
products of aldehydes and quinones prove the breaking of both
the Cα-Cβ and β-O-4 bonds of substrates during the
degradation process. The product of p-benzoquinone suggests
the conversion of phenol into quinone, a process easily
oxidizable from phenol, as confirmed in our study on the
electrocatalytic oxidation of phenol (1a), where a high yield of
p-benzoquinone was indeed detected, in agreement with
previous studies.47,48 Comparing 1b and 1e, we observed
that when hydroxyl groups are substituted on the phenol ring
(1e), the substrate conversion is nearly 100% and the product
yield of p-benzoquinone is as high as 96%. That’s because the
presence of hydroxyl group makes the addition of oxygen to
the benzene unnecessary, which reduces reaction steps and
hence improves efficiency. Similarly, comparing 1c and 1d, we
found that hydroxyl substitution on Ca can also promote the
product yield. Similar to 1b and 1e, the cleavage of C−C bond
in 1c results in the generation of phenylacetaldehyde in one
step, avoiding multistep oxidation processes.28,49 These results
indicate that the substitution of hydroxyl groups on the phenol
ring or Ca can promote substrate degradation and product
formation by reducing reaction steps. For substrates 1g and 1h,
which feature increasingly complicated substituents, the
product yields are significantly reduced due to greater steric
hindrance.
3.5. Electrocatalytic Oxidation Mechanism. Based on

the above experimental results, we put forward the electro-

Figure 4. Electrocatalytic oxidation mechanism with carbon catalysts and IL electrolyte.

Chem & Bio Engineering pubs.acs.org/ChemBioEng Article

https://doi.org/10.1021/cbe.3c00122
Chem Bio Eng. 2024, 1, 357−365

362

https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00122/suppl_file/be3c00122_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00122?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00122?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00122?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00122?fig=fig4&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


catalytic degradation mechanism, as shown in Figure 4. First,
compound 1c loses an electron at the HL cp electrode, while
Ca−OH loses a proton (H+ ) to form the intermediate 1c′.
The rearrangement of electrons on the Ca-O bond to form 1c″
results in the splitting of the C−C bond to produce phenoxy
ether radical (3c′) and aldehyde (2c).50,51 Then phenoxy ether
radical 3c′ undergoes further oxidization to produce phenol
and small molecules such as CO or CO2.

28,48 Subsequently,
phenol loses four electrons and is further oxidized to p-
benzoquinone (3c) (Figure S16).47,48 To verify the source of
oxygen in p-benzoquinone, an oxygen isotope labeling
experiment was carried out using H2

18O as the electrolyte.
The results show that p-benzoquinone has the mass-to-charge
ratio of 108 and 110 when both H2O and H2

18O are added to
the electrolytic system (Figure S17). It means that the carbon
atom of phenol can combine with the hydroxyl group of H2O
to form p-benzoquinone (3c). Furthermore, free radical
scavenger experiments were also performed and it demon-
strates that the presence of Tert-butyl alcohol in the electrolyte
significantly slows down the degradation process, which
supports the proposed free radical mechanism (Figure S18).
As for the lignin dimers without hydroxyl substitution on Ca
position, such as 1d and 1e, the electrocatalytic mechanism
involves the oxidation of either the phenol ring or the phenolic
hydroxyl group, leading to the cleavage of the C−O bond
(Figures S19 and S20).

4. CONCLUSION
In summary, the mild cleavage of C−C bonds of lignin model
compounds has been achieved by constructing an electro-
catalytic oxidation system consisting of carbon-based catalysts
and IL electrolyte. It was revealed that the hydrophilicity and
hydrophobicity of the carbon catalysts had a great influence on
the degradation performance, with hydrophilic carbon paper
demonstrating optimal performance. The study also identified
the optimum reaction conditions under which different lignin
dimers could be completely degraded via C−C and C−O bond
cleavage. Based on the degradation mechanism, we found that
the presence of hydroxyl groups on the phenol ring or at the Ca
position can promote substrate degradation and enhance
product yield by reducing reaction steps. Overall, these
findings point new insights into catalyst design for lignin
depolymerization and provide a fundamental understanding of
lignin depolymerization.
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