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Chlorine Radical-Mediated Photocatalytic C─C Coupling of Methanol
to Ethylene Glycol with Near-Unity Selectivity

Guang-Xing Dong, Meng-Ran Zhang, Su-Xian Yuan, Min Zhang,* and Tong-Bu Lu*

Abstract: The selective activation of inert C─H bonds in
methanol under mild conditions to synthesize high-value
C2 products remains a formidable challenge, primarily
due to the competing high reactivity of O─H bonds.
Herein, we pioneer a chlorine radical-mediated strat-
egy to redirect the photocatalytic reaction pathway for
methanol conversion toward ethylene glycol (EG). Effi-
cient C─H bond activation is achieved by constructing
a Z-scheme heterojunction photocatalyst (ZnIn2S4/TiO2-
Cl) composed of chlorinated TiO2 (TiO2-Cl) and ZnIn2S4

with efficient charge separation. Photogenerated holes
in this system preferentially oxidize surface-adsorbed
Cl− to chlorine radicals (Cl•). These radicals drive a
thermodynamically favorable hydrogen atom transfer
via hydrogen abstraction, cleaving the C─H bond of
methanol to form hydroxymethyl radicals (•CH2OH).
Subsequent C─C coupling of •CH2OH intermediates,
synergistically combined with a self-sustaining Cl−/Cl•
cycle, produces EG with exceptional selectivity (96.7%)
and yield (21.6 mmol g−1) while suppressing overoxida-
tion. In contrast, nonchlorinated catalysts predominantly
utilize photogenerated holes for O─H bond cleavage
under identical conditions, yielding only C1 products
(HCHO, HCOOH). This work not only establishes a
solar-driven approach for methanol valorization but
also advances mechanistic insights into radical-mediated
pathway control in heterogeneous photocatalysis.

Methanol, the simplest monohydric alcohol, is a cornerstone
of industrial chemistry, serving as a critical feedstock for
energy production, pharmaceuticals, construction materials,
and chemical synthesis.[1,2] Recent advancements have priori-
tized its upgrading to expand applications, enhance economic
viability, and drive sustainable industrial development.[3–5]

Conventional thermal catalytic processes predominantly acti-
vate O─H or C─O bonds in methanol, yielding C1 derivatives
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such as formic acid or dimethyl ether.[6–13] However, the
selective activation of inert C─H bonds to form C─C
linkages—essential for synthesizing high-value multicarbon
alcohols like ethylene glycol (EG)—remains a formidable
challenge as thermal approaches fail to suppress competing
bond cleavage.[14–17] In recent years, numerous studies on
photocatalytic methanol conversion have demonstrated that
solar-driven photocatalytic technology enables bond activa-
tion under mild conditions, making it a sustainable alternative
to conventional approaches.[18–29] Notably, certain photocat-
alysts enable photocatalytic C─H activation to produce EG
through precise modulation of composition and structure,
steering substrate adsorption selectivity.[26–29] Nevertheless,
the intrinsic inertness of C─H bonds and the propensity of
photogenerated holes to cleave O─H bonds have hindered
progress.

Hydrogen atom transfer (HAT), a thermodynamically
driven mechanism involving hydrogen abstraction from C─H
bonds by radical acceptors (X•), offers a promising strategy
for selective C─H activation.[30] Although reactive oxygen
radicals (•OH, •OR) often lead to overoxidation,[31] halogen
radicals such as Cl• exhibit superior selectivity due to
their higher bond dissociation energies (BDEs) compared
to C─H bonds (see Table S1).[32–36] Despite this potential,
Cl•-mediated photocatalytic systems for methanol-to-EG
conversion remain unexplored. To demonstrate this concept,
we engineered a Z-scheme heterojunction photocatalyst,
ZnIn2S4/TiO2-Cl, to redirect photocatalytic methanol dehy-
drogenation pathways. The formation of a Z-scheme hetero-
junction promotes the separation of photogenerated charge
carriers while retaining strong redox potential. Critically,
chlorinated TiO2-Cl generates Cl• radicals under irradiation,
which selectively abstract hydrogen from the C─H bond
of methanol, forming •CH2OH intermediates. Subsequent
radical coupling produces EG with 96.7% selectivity and a
yield of 21.6 mmol g−1, with concurrent chlorine regenera-
tion ensuring catalytic stability. Conversely, nonchlorinated
analogs favor C1 products (e.g., HCHO and HCOOH).

Individual ZnIn2S4 and TiO2 (before and after
chlorination) were synthesized according to previously
reported methods.[37,38] The composites, ZnIn2S4/TiO2 and
ZnIn2S4/TiO2-Cl, were prepared via an in situ loading strategy
(see Scheme S1 for synthesis details). Transmission electron
microscopy (TEM) analysis revealed that both TiO2 and
TiO2-Cl exhibit an irregular sheet-like morphology with an
average lateral size of 15−20 nm, confirming that chlorination
minimally affects TiO2 morphology (Figure 1a–c). Pristine
ZnIn2S4 displays nanosheet morphology (Figure 1d), whereas

Angew. Chem. Int. Ed. 2025, e202510993 (1 of 6) © 2025 Wiley-VCH GmbH

https://orcid.org/0000-0002-0275-9497
mailto:zm2016@email.tjut.edu.cn
mailto:lutongbu@tjut.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202510993&domain=pdf&date_stamp=2025-06-18


Communication

Figure 1. TEM images of a) and b) TiO2, c) TiO2-Cl, d) ZnIn2S4, and e)
ZnIn2S4/TiO2-Cl. f) HRTEM image of ZnIn2S4/TiO2-Cl.

ZnIn2S4/TiO2-Cl demonstrates well-dispersed TiO2-Cl sheets
anchored on ZnIn2S4 nanosheets (Figure 1e). High-resolution
TEM (HRTEM) imaging further identified distinct lattice
fringes with spacings of 3.5 and 4.1 Å, matching the (101)
plane of anatase TiO2 and the (006) plane of hexagonal
ZnIn2S4, respectively (Figure 1f), thereby verifying the
successful formation of the heterojunction. Energy-dispersive
X-ray spectroscopy (EDS) elemental mapping demonstrated
homogeneous distribution of Zn, In, S, Ti, O, and Cl
across the related surfaces of TiO2, TiO2-Cl, ZnIn2S4, and
ZnIn2S4/TiO2-Cl (Figures S1–S4), supporting the effective
synthesis of both pristine and composite materials. X-ray
diffraction (XRD) patterns (Figure S5) confirmed that
pristine ZnIn2S4 and TiO2 are in good agreement with their
standard reference data (JCPDS No. 65-2023 for ZnIn2S4 and
No. 21-1272 for TiO2).[37,39] Notably, the XRD profile of TiO2-
Cl remained nearly identical to pristine TiO2, indicating that
chlorination preserves the anatase crystalline structure.[38]

For the ZnIn2S4/TiO2-Cl composite, the coexistence of
characteristic diffraction peaks from both components
further validates the successful integration of TiO2-Cl with
ZnIn2S4.

Photocatalytic methanol conversion reactions were con-
ducted in a custom-built distillation reactor (Figures 2a
and S6), which collects high-boiling-point products at the
bottom to minimize overoxidation. As shown in Figure 2b,
pristine TiO2 primarily produced C1 derivatives (HCHO
and HCOOH) with trace CO2, indicating poor selectivity
toward C─C coupling. The ZnIn2S4/TiO2 composite exhibited
analogous catalytic behavior, with enhanced C1 product yields
(e.g., HCHO increased from 0.2 to 1.6 mmol g−1). However,
no detectable C2 products such as EG were observed,
suggesting that photogenerated holes alone are insufficient
to drive methanol coupling. In contrast, using chlorinated
TiO2 (TiO2-Cl) as the catalyst achieved significant EG pro-
duction (2.9 mmol g−1, 94.5% selectivity) with negligible CO2

generation, highlighting its superior C─C coupling capability.
Meanwhile, it was observed that the chlorine content in
TiO2-Cl exhibited a time-dependent relationship with the
chlorination time, reaching equilibrium at 24 h (Figure S7a).
Additionally, the photocatalytic activity for EG production

Figure 2. a) Schematic of the reaction system. b) Product yields using
different photocatalysts, with EG selectivity calculated as:
selectivity = n(EG)/(n(EG) + n(HCHO) + n(HCOOH)), where n(EG),
n(HCHO), and n(HCOOH) represent the yields of EG, HCHO and
HCOOH, respectively.

was positively correlated with the chlorine content (Figure
S7b). Therefore, a 24-h chlorination treatment was optimal
for achieving maximum equilibrium chlorine content on the
catalyst surface, thereby enhancing photocatalytic activity.
By integrating TiO2-Cl with ZnIn2S4 to form a Z-scheme
heterojunction, the EG yield surged to 21.6 mmol g−1 (96.7%
selectivity), outperforming standalone TiO2-Cl by nearly an
order of magnitude. Notably, H2 was consistently detected
as the sole reduction product via gas chromatography across
all catalytic systems. Further, calculations on the electron-
hole consumption ratio (e−/h+) revealed that the values of
e−/h+ for all photocatalytic systems are close to 1 (Table S2),
confirming the stability of the reduction pathway. Moreover,
the chlorinated samples exhibited a significantly reduced yield
and selectivity for the high-boiling-point product EG, along-
side increased H2 production, compared to the distillation
system (Figure S8a,b). This trend indicates that EG undergoes
further oxidation, highlighting the unique advantage of the
custom-built distillation reactor in suppressing overoxidation
of high-boiling-point products.

To elucidate the marked differences in product selectivity
between chlorinated and nonchlorinated catalysts, interme-
diate trapping measurements were performed to probe the
underlying reaction pathways. Electron paramagnetic reso-
nance (EPR) spin-trapping experiments with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as trapping agent confirmed that
catalysts are indispensable for initiating radical generation.
In nonchlorinated systems (TiO2 and ZnIn2S4/TiO2), only
the DMPO─OCH3 adduct signal was detected (Figure 3a),
indicating dominant O─H bond cleavage generating methoxy
radicals (CH3O•), critical intermediates for C1 product forma-
tion (HCHO and HCOOH). In contrast, chlorinated systems
(TiO2-Cl and ZnIn2S4/TiO2-Cl) predominantly exhibited the
DMPO─CH2OH adduct signal (Figure 3b), demonstrating
preferential C─H bond activation to form hydroxymethyl
radicals (•CH2OH), essential for EG synthesis. Notably, both
composite catalysts (ZnIn2S4/TiO2 and ZnIn2S4/TiO2-Cl)
show stronger EPR signals than their standalone counter-
parts, aligning with their enhanced photocatalytic activities.
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Figure 3. EPR spectra of a) DMPO-OCH3 and b) DMPO-CH2OH. In situ
FTIR spectra under different light irradiation times on c) ZnIn2S4/TiO2
and d) ZnIn2S4/TiO2-Cl.

Complementing the EPR findings, in situ Fourier transform
infrared (FTIR) spectroscopy further elucidated the reac-
tion pathways. For ZnIn2S4/TiO2, time-dependent spectra
(Figure 3c) revealed intensified peaks at 1118 cm−1 (CH3O•),
1347 cm−1 (HCOO•), 1478 cm−1 and 1454 cm−1 (•OCOH),
aligning with the C1 product pathway.[40] Conversely, the
FTIR spectrum of ZnIn2S4/TiO2-Cl displays prominent peaks
at 1542 cm−1 and 1671 cm−1, assigned to •CH2OH interme-
diates (Figure 3d).[41] These results unequivocally establish
that chlorine incorporation redirects the reaction pathway
from O─H to C─H bond activation, enabling selective EG
synthesis via •CH2OH coupling.

X-ray photoelectron spectroscopy (XPS) measurements
were further performed to investigate surface elemental evo-
lution. The O 1s spectrum (Figure S9a) exhibits two distinct
peaks: a high-binding-energy peak attributed to lattice oxygen
(Olatt) and a low-binding-energy peak corresponding to
surface-adsorbed H2O/hydroxyl groups (Oads).[42] Chlorina-
tion time-dependently suppressed the Oads signal, indicating
progressive surface oxygen depletion. Concurrently, the Cl 2p
spectrum (Figure S9b) revealed two peaks at 198.0 eV (Cl
2p3/2) and 199.5 (Cl 2p1/2). The peak observed at 198.0 eV can
be attributed the formation of Ti─Cl bonds,[43] supporting a
substitution mechanism involving Cl− replacing surface oxy-
gen species (HCl + HO − Ti → Ti−Cl + H2O).[44,45] To vali-
date the generation of Cl• radicals, molecular trapping exper-
iment utilizing N,N-diallyl-4-methylbenzenesulfonamide as
a probe molecule was conducted under light irradiation.
In the ZnIn2S4/TiO2-Cl system, 1H and 13C NMR analyses
revealed the characteristic signals of the radical cyclization-
derived adduct (Figure S12). This observation provides
unambiguous evidence for the formation of Cl• radicals
during the photocatalytic process.[46,47] Complementarily,
EPR studies using N-tert-butyl-alpha-phenylnitrone (PBN)
detected a PBN─CHOH─Cl signal in the ZnIn2S4/TiO2-Cl
system (Figure S13), directly evidencing the transient Cl•
and •CH2OH radicals. These data collectively demonstrate

Figure 4. a) Yields of products with ZnIn2S4/TiO2 or ZnIn2S4/TiO2-Cl as
the photocatalyst under different quenchers. b) Mass spectra of H2
generated over ZnIn2S4/TiO2-Cl with CD3OH or CH3OD as feedstocks.
c) Schematic diagram of the proposed reaction pathway for CH3OH
conversion with ZnIn2S4/TiO2 or ZnIn2S4/TiO2-Cl as the photocatalyst.

that photogenerated holes oxidize surface Cl− to Cl• radicals,
which subsequently abstract hydrogen from C─H bonds of
methanol to form •CH2OH intermediates. Crucially, postre-
action XPS analysis and chlorine content detected confirmed
stable Cl retention on the catalyst surface (Figures S14 and
S15), validating efficient chlorine cycling within the system.
Moreover, repeated experiments showed that ZnIn2S4/TiO2-
Cl retained a consistent EG yield over three cycles (Figure
S16), demonstrating the stability of chlorine cycling and the
photocatalytic process.

To validate the proposed mechanism, systematic rad-
ical scavenging experiments were conducted. As shown
in Figure 4a, adding triethylamine (Et3N), a hole scav-
enger, completely suppressed methanol conversion in both
ZnIn2S4/TiO2 and ZnIn2S4/TiO2-Cl systems, confirming the
essential role of photogenerated holes. When PBN was
introduced to scavenge Cl• radicals, the nonchlorinated
ZnIn2S4/TiO2 system retained its C1 product distribution.
In contrast, the chlorinated ZnIn2S4/TiO2-Cl catalyst exhib-
ited near-complete suppression of EG production (<5%
yield) with residual C1 species (HCHO/HCOOH). This stark
contrast implies that Cl• radicals (selectively generated in
chlorinated systems) are indispensable for C─H activation
and subsequent C─C coupling toward EG, whereas their
absence redirects oxidation pathways to O─H cleavage for
C1 products. To trace the hydrogen origin in EG synthesis,
isotope labeling experiments were conducted using CD3OH
and CH3OD. Mass spectrometry analysis (Figure 4b) revealed
exclusive D2 evolution (m/z = 4) from CD3OH and pre-
dominant H2 generation (m/z = 2) from CH3OD, definitively
establishing that H2/D2 originates from C─H bond cleavage
rather than O─H bonds. This confirms EG formation via C─H
activation followed by C─C coupling. Kinetic isotope effect
(KIE) studies further corroborated C─H bond cleavage as
the rate-determining step (RDS), with KIE values (kH/kD) of
7.52 (TiO2-Cl) and 8.55 (ZnIn2S4/TiO2-Cl) (Figure S17).[48,49]
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These large KIE values (>5) align with C─H bond activation
as the RDS, solidifying the critical role of chlorination
in steering methanol dehydrogenation toward C─H bond
rupture.

To elucidate the enhanced photocatalytic performance of
the ZnIn2S4/TiO2-Cl heterojunction, we systematically ana-
lyzed its band structure and charge transfer dynamics. UV–vis
diffuse reflectance spectroscopy (DRS) data (Figure S18a)
revealed a slight redshift in the absorption edge of TiO2-Cl
compared to pristine TiO2, attributed to chlorination-induced
oxygen vacancies, as confirmed by EPR spectra (Figure
S19). Although pristine ZnIn2S4 exhibited broad visible-light
absorption up to 516 nm, the ZnIn2S4/TiO2-Cl composite
combined the absorption edges of both components, achiev-
ing enhanced light utilization across a broader spectrum. Tauc
plot analysis (Figure S18b) determined bandgap energies of
2.81 eV for TiO2-Cl and 2.21 eV for ZnIn2S4. Mott–Schottky
measurements (Figure S18c,d) further revealed conduction
band minimum potentials (ECB) of −0.60 V and −1.05 V
versus the standard hydrogen electrode (SHE) for TiO2-Cl
and ZnIn2S4, respectively. Consequently, the valence band
maximum potentials (EVB) were calculated as 2.21 V (TiO2-
Cl) and 1.16 V (ZnIn2S4) versus SHE, respectively. The
resultant staggered band alignment (Figure S20) facilitates
efficient charge separation, consistent with the observed
photocatalytic enhancement.

High-resolution XPS analysis of the ZnIn2S4/TiO2-Cl
heterojunction (Figure S21) revealed distinct binding energy
shifts compared with the individual components: a positive
shift of 0.3 eV for In 3d and a negative shift of 0.25 eV
for Ti 2p. These shifts indicate net electron transfer from
ZnIn2S4 to TiO2-Cl upon interfacial contact, generating an
interfacial built-in electric field that facilitates photogen-
erated carrier separation. In situ illuminated XPS (Figure
S22) further confirmed the Z-scheme photogenerated charge
transfer mechanism: under light irradiation, the In 3d binding
energy shifted negatively (electron accumulation in ZnIn2S4),
whereas the Ti 2p binding energy shifted positively (hole
retention in TiO2-Cl). These observations directly support
that photogenerated electrons from TiO2-Cl recombine with
photogenerated holes from ZnIn2S4, preserving the high
redox potentials of both components—ZnIn2S4 electrons
(−1.05 V versus SHE) for H2 evolution and TiO2-Cl holes
(2.21 V versus SHE) for Cl− oxidation. Transient photocur-
rent responses and electrochemical impedance spectroscopy
(EIS) measurements (Figure S23a,b and Table S3) validated
enhanced charge kinetics, with the heterojunction exhibiting a
1.84-fold increase in photocurrent density and a 46.7% reduc-
tion in charge transfer resistance compared to standalone
components. These synergistic effects collectively enhance
Cl• radical production, driving efficient C─H activation and
selective photocatalytic conversion.

Based on the mechanistic insights and structure–activity
relationships elucidated above, distinct reaction pathways
are proposed for methanol conversion over chlorinated
and nonchlorinated catalysts, as schematically illustrated in
Figure 4c. In both systems, photogenerated carriers in the
ZnIn2S4/TiO2 and ZnIn2S4/TiO2-Cl heterojunctions follow
a Z-scheme transfer mechanism. However, chlorination

induces a fundamental divergence in surface chemistry, man-
ifested through two distinct mechanisms: 1) nonchlorinated
system (active site mechanism): unrecombined photogener-
ated holes migrate to the catalyst surface, acting as the
primary oxidizing species. Due to the lower activation energy
of O─H bond cleavage compared to C─H bond activa-
tion in methanol, these holes preferentially oxidize O─H
bonds, generating CH3O• radicals. Sequential oxidation of
CH3O• yields C1 products (HCHO and HCOOH), whereas
photogenerated electrons reduce protons to H2. Trace CO2

is produced via partial overoxidation of intermediates. 2)
Chlorinated system (radical-mediated mechanism): surface-
adsorbed Cl− alters the oxidation hierarchy. The ionization
energy (IE) of Cl− (Cl− → Cl• + e−; IE = 3.61 eV) is
significantly lower than the first IE of methanol (CH3OH →
CH3OH+/CH3OH• IE = 10.84 eV),[50,51] indicating that Cl−

is thermodynamically favored for oxidation. Consequently,
photogenerated holes in TiO2-Cl preferentially oxidize Cl− to
Cl• radicals. These Cl• radicals selectively abstract hydrogen
from the C─H bond of methanol via HAT, forming •CH2OH
radicals. Subsequent C─C coupling of •CH2OH intermediates
produces EG with 96.7% selectivity. The resultant Cl− is
efficiently readsorbed on the TiO2 surface, enabling a closed
chlorine cycling (Cl−/Cl•).[52] This cycle suppresses hole-
mediated overoxidation, thereby inhibiting CO2 formation.
This interfacial decoupling of hole activity from direct
substrate oxidation redirects the reaction pathway toward
selective C─H activation and C─C coupling. This strategy
highlights the unique advantage of chlorine radical-mediated
catalysis in steering reaction selectivity toward high-value
multicarbon products.

In summary, we have demonstrated a chlorine-engineered
Z-scheme ZnIn2S4/TiO2-Cl heterojunction that achieves
selective photocatalytic methanol-to-EG conversion under
ambient conditions. Surface chlorination redirects methanol
dehydrogenation pathways from thermodynamically favored
C1 products (HCHO/HCOOH) to C2 EG, delivering an
exceptional yield of 21.6 mmol g−1 with 96.7% selectivity.
EPR, in situ FTIR, isotope labeling, and scavenging exper-
iments collectively revealed a radical-mediated dichotomy
in the reaction pathways. Nonchlorinated systems priori-
tize O─H cleavage by photogenerated holes, yielding C1

derivatives. Chlorinated systems leverage Cl• radicals (via
hole-induced Cl− oxidation) for selective C─H activation
via HAT, enabling •CH2OH coupling to EG while sup-
pressing CO2 formation. The Z-scheme charge transfer
enhances carrier separation, as evidenced by photophysical
characterization, whereas the Cl−/Cl• cycle acts as a hole
scavenger to prevent overoxidation. This strategy establishes
a solar-driven, atom-efficient route for EG synthesis, cir-
cumventing energy-intensive thermal processes and offering
a paradigm for selective C─C coupling in photocatalytic
biomass valorization.
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G.-X. Dong, M.-R. Zhang, S.-X. Yuan,
M. Zhang*, T.-B. Lu* e202510993

Chlorine Radical-Mediated Photocatalytic
C─C Coupling of Methanol to Ethylene
Glycol with Near-Unity Selectivity

A Z-scheme ZnIn2S4/TiO2-Cl
photocatalyst pioneers selective
methanol C─H bond activation under
mild conditions, achieving 96.7%
ethylene glycol selectivity. By leveraging
photogenerated holes to cycle Cl−/Cl•,
the system drives hydrogen abstraction
for C─H cleavage and suppresses
overoxidation, steering methanol
valorization from traditional C1 pathways
to sustainable C2 chemistry.
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