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ABSTRACT: Visible light-driven C−C bond formation has
attracted increasing attention recently, thanks to the advance in
molecular photosensitizers and organometallic catalysts. Never-
theless, these homogeneous methodologies typically necessitate
the utilization of noble metal-based (e.g., Ir, Ru, etc.) photo-
sensitizers. In contrast, solid-state semiconductors represent an
attractive alternative but remain less explored for C−C bond-
forming reactions driven by visible-light irradiation. Herein, we
report that photocatalytic pinacol C−C coupling of benzaldehyde
to hydrobenzoin can be achieved on two-dimensional ZnIn2S4
nanosheets upon visible-light irradiation in the presence of a
sacrificial electron donor (e.g., triethylamine). We further
demonstrate that it is feasible to take advantage of both excited
electrons and holes in irradiated ZnIn2S4 for C−C coupling reactions in the absence of any sacrificial reagent if benzyl alcohol is
utilized as the starting substrate, maximizing the energy efficiency of photocatalysis and circumventing any byproducts. In this case,
industrially important benzoin and deoxybenzoin are formed as the final products. More importantly, by judiciously tuning the
photocatalytic conditions, we are able to produce either benzoin or deoxybenzoin with unprecedented high selectivity. The critical
species during the photocatalytic process were systematically investigated with various scavengers. Finally, such a heterogeneous
photocatalytic pinacol C−C coupling strategy was applied to produce a jet fuel precursor (e.g., hydrofuroin) from biomass-derived
furanics (e.g., furfural and furfural alcohol), highlighting the promise of our approach in practical applications.

KEYWORDS: photocatalysis, C−C coupling, semiconductor, biomass valorization, jet fuel precursor

■ INTRODUCTION

The development of atom-economic and step-efficient C−C
bond formation has long been one of the central themes in
organic synthesis. The last century has witnessed a great
advance in C−C bond-forming strategies thanks to many
elegant molecular catalysts consisting of transition-metal
complexes.1−3 These homogeneous C−C coupling strategies
demonstrate outstanding functional group tolerance, wide
versatility, high yield, and excellent selectivity; hence, they have
become an essential tool kit in the arsenal of organic chemists.
Nevertheless, a common drawback of these classical C−C
coupling reactions is that they typically require substrates with
leaving groups (e.g., halogen, alkylsilyl, boronic acid, and
carboxylate substituents) and expensive reagents and produce
stoichiometric/toxic byproducts. The overall atom economy of
these C−C coupling strategies is rather mediocre. Following
the principles of green chemistry, it is highly desirable to
explore more atom-economic and step-efficient C−C bond-
forming approaches under ambient conditions with less or no
byproducts. Within this context, pinacol C−C coupling of
carbonyls and alcohols stands out as a promising approach,
especially when it can be accomplished under ambient

conditions with green energy input such as visible-light
irradiation.
Carbonyls and alcohols are among the most ubiquitous

functionalities in organic molecules. Ketyl radicals generated
from carbonyls through umpolung (polarity reversal) of the
carbon−oxygen double bonds can initiate C−C bond
formation. However, because of the higher activation-energy
barrier, strong reducing agents, such as SmII, TiII, Zn, Mn, Mg,
Al, and so forth, are required for the umpolung of carbonyl
groups.4−8 Unfortunately, the use of stoichiometric equivalent
of strong reducing agents poses severe issues of air sensitivity,
functional-group tolerance, unwanted side reactions, and a
large quantity of unavoidable waste products.
Hence, a greener and catalytic strategy is very appealing.

Arguably, the greenest driving force for a chemical reaction is
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light. It is well recognized that molecular photosensitizers have
emerged as a powerful tool in organic synthesis during the last
2 decades. Indeed, photocatalytic generation of ketyl radicals
from carbonyls following a proton-coupled electron transfer
(PCET) process is a manifestation of the power of organic
photocatalysis.9−17 For instance, Rueping et al. reported that
an alkyl ammine can be oxidized by an excited Ir-based
photosensitizer to yield an α-ammonium radical which can act
as a hydrogen bond activator to induce the umpolung of
carbonyls to generate ketyl radicals via a PCET step.18 The
produced ketyl radicals dimerize to form desired diol products.
Nevertheless, those homogeneous photocatalytic approaches

usually require expensive molecular photosensitizers, many of
which contain high-cost noble metals such as Ir and Ru.
Second, the requirement of sacrificial reagents which are used
in large excess inevitably leads to a large amount of byproducts.
These byproducts are not only hard to be separated from those
desirable products but also undergo unclear degradation
pathways, posing environmental concerns. In contrast,
heterogeneous semiconductor-based photocatalytic systems
offer an alternative approach due to their relatively easier
preparation, potentially lower cost, and straightforward
separation (phase separation) and recyclability. Additionally,
two-half reactions (oxidation and reduction) can be potentially
achieved simultaneously utilizing one semiconductor.19−21

Along with the rapidly increasing interest in energy catalysis,
particularly in the fields of solar-energy capture, conversion,
and storage, semiconductor-based photocatalytic systems have
been frequently investigated for small-molecule activation and
transformation reactions.22−25 However, most reported semi-
conductor systems for photocatalytic pinacol coupling are only
UV-light responsive.26−29 Only recently, a few elegant works
utilizing visible-light irradiation for pinacol coupling have
emerged.30−33 For instance, McClelland and Weiss reported
the visible light-driven transformation of benzyl alcohol to C−
C coupled products on CdS quantum dots.30 Unfortunately, a
mixture of hydrobenzoin, deoxybenzoin, and benzil with poor
selectivity was obtained. Wang et al. reported the generation of
benzoin or deoxybenzoin with mediocre yields of 61 or 64%
together with low selectivity of each product.31

It is necessary to mention that hydrobenzoin, benzoin, and
deoxybenzoin are all useful commodity chemicals. Hydro-
benzoin and its derivatives have a wide range of applications in
fine synthesis (particularly in chiral chemistry).34 Benzoin is an
important feedstock for the synthesis of a variety of value-
added chemicals, including additives, dyestuff, photoinitiator
precursors, and pharmaceuticals.32,35,36 Deoxybenzoin is an
important precursor for the synthesis of carbocycles, hetero-
cycles, and a large number of natural products with biological
activities.37−40 However, it is a challenge to realize the
production of hydrobenzoin, benzoin, or deoxybenzoin from
pinacol C−C coupling with very high selectivity, not even to
mention on one semiconductor with visible-light irradiation.
Our group has initiated a program focusing on organic

transformations via semiconductor-based photocatalysts. Here-
in, we report a ketyl radical-initiated C−C coupling reaction on
semiconductors from three aspects (Scheme 1). (i) C−C bond
formation from benzaldehyde to hydrobenzoin is achieved via
two-dimensional ZnIn2S4 nanosheets with the aid of a
sacrificial electron donor, triethylamine (TEA). (ii) In order
to circumvent the use of sacrificial reagents and maximize the
utilization of both excited electrons and holes of the
semiconductor, benzyl alcohol is employed to realize C−C

coupling in the absence of any sacrificial reagents. By
judiciously tuning reaction conditions, synthesis of benzoin
and deoxybenzoin with unprecedented high selectivity is
obtained. (iii) We further demonstrate the application of this
ketyl radical-initiated C−C coupling strategy in the production
of a biofuel precursor, hydrofuroin, from the homocoupling of
furfural. Furfural is a biomass-derived platform chemical, and
its dimerization product hydrofuroin, a C10 compound, can
act as a jet fuel precursor.

■ RESULT AND DISCUSSION
ZnIn2S4 was selected as our target semiconductor because of
its suitable band structure not only exhibiting visible-light
absorption but also encompassing a wide redox potential
window.41−43 A microwave-assisted solvothermal method was
developed in our group to synthesize ZnIn2S4 in a very time-
efficient manner. A variety of ZnIn2S4 samples could be readily
synthesized at different temperatures, and the one obtained at
120 °C was characterized thoroughly because of its optimal
photocatalytic performance (see Result and Discussion in later
sections). X-ray diffraction (XRD) characterization of ZnIn2S4
confirms its hexagonal crystal structure (JCPDS: 03-065-
2023)44 (Figure 1a), and its scanning electron microscopy
(SEM) image indicates a nanosheet morphology (Figure 1b),
which is further confirmed by transmission electron micros-
copy (TEM) (Figure 1c). High-resolution TEM (HRTEM)
image shows clear lattice fringes of 0.322 nm and 0.293 nm,
which belong to (102) and (104) crystal planes of hexagonal
ZnIn2S4 (Figure 1d). TEM elemental mapping images of
ZnIn2S4 are presented in Figure 1e, demonstrating the uniform
distribution of Zn, In, and S in the entire sample, and atomic
ratio of Zn/In/S is close to 1:2:4 (Figure S1). In addition, the
survey and high-resolution X-ray photoelectron spectroscopy
(XPS) results are plotted in Figures S2 and 1f, respectively.
Those most prominent peaks observed at 1022.1, 445.1, and

Scheme 1. Our Approach Utilizing ZnIn2S4 as a
Photocatalyst for Pinacol Coupling Reactions and Its
Application in the Production of a Jet Fuel Precursor from
Biomass-Derived Furanics
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161.7 eV are assigned to Zn 2p3/2, In 3d5/2, and S 2p3/2
features, respectively. The spin orbit separation for each
element are 23.0, 7.5, and 1.2 eV for Zn 2p, In 3d, and S 2p
spectra, respectively. Furthermore, the ratios of those two
peaks in each spectrum are 1:2 (Zn 2p), 2:3 (In 3d), and 1:2
(S 2p), which are well consistent with the anticipated valence
states of Zn2+, In3+, and S2− in ZnIn2S4.

45,46

Photocatalytic homocoupling of benzaldehyde in the
presence of TEA was adopted as the initial reaction to screen
the activity of synthesized ZnIn2S4 candidates. A series of 2 h
photocatalysis in acetonitrile using ZnIn2S4 prepared at 80, 90,
100, 110, 120, and 130 °C demonstrates that the semi-
conductor obtained at 120 °C exhibited the highest
benzaldehyde conversion as well as the highest yield of the
desirable C−C coupling product, hydrobenzoin (Table S1,
entry 1−6). Therefore, all of the following experiments were
conducted using ZnIn2S4 synthesized at 120 °C unless noted
otherwise. Control experiments performed in the absence of
either one of the following items, light, catalyst, and TEA prove
their necessity in achieving C−C coupling of benzaldehyde
(Table S1, entry 7−9). It was also noticed that the addition of
water would apparently result in an improvement in both

benzaldehyde conversion and hydrobenzoin yield (Table S1,
entry 10−13). For instance, 10% (v/v) water in acetonitrile led
to the 100% conversion of benzaldehyde within 2 h
photocatalysis and the yield of hydrobenzoin (79%) was also
higher than that obtained in pure acetonitrile (49%). Once the
water volume percentage was larger than 70%, nearly
quantitative hydrobenzoin could be obtained.
In order to gain more insights of the reaction kinetics in

different solvent mixtures, the concentration evolution of
benzaldehyde, hydrobenzoin, and the side-product benzyl
alcohol was quantified via high-performance liquid chromatog-
raphy (HPLC). The concentration of each compound was
calculated based on their corresponding calibration curves
(Figures S3 and S4). Figure 2a plots the conversion profile of
benzaldehyde, while Figure 2b shows the yields of hydro-
benzoin and benzyl alcohol over time in different solvent
mixtures of acetonitrile and water. Their HPLC traces are
included in Figure S5. It is apparent that in pure acetonitrile,
even after 4 h photocatalysis, the conversion of benzaldehyde
was only ∼80% and the yield of hydrobenzoin was ∼70%.
However, upon the addition of water, the consumption of
benzaldehyde was much faster and the yield of hydrobenzoin

Figure 1. Physical characterization results of synthesized ZnIn2S4. (a) XRD together with its standard pattern (JCPDS: 03-065-2023), (b) SEM,
(c) TEM, (d) HRTEM, and (e) TEM elemental mapping images of ZnIn2S4. (f) High-resolution XPS spectra of Zn, In, and S in ZnIn2S4.
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also rapidly increased. It should be noted that in CH3CN/H2O
(v/v: 1/9), benzaldehyde was almost completely converted to
hydrobenzoin within half an hour photocatalysis using our
ZnIn2S4 photocatalyst (Figure S6).
A control experiment conducted in CH3CN/D2O demon-

strated that there was no deuterium atom incorporated in the
final product hydrobenzoin fragment, implying that the
hydrogen source might not be water but TEA (Figure S7).
This observation is in agreement with the previous reports.47

However, the occurrence of isotope exchange between the
hydroxyl group of hydrobenzoin and D2O cannot be excluded.
A plausible reaction scheme is postulated in Figure 2c. Upon
light irradiation, the generated excited hole in ZnIn2S4 oxidizes
TEA to a radical cation, which is able to release a proton (H+)
to the semiconductor surface, resulting in a hydrogen pool.48

In the meantime, benzaldehyde is reduced by the excited
electron of ZnIn2S4 and an overall PCET step produces the
critical ketyl radical. If the concentration of ketyl radical is high
on the semiconductor surface, radical homocoupling will take
place and the desirable hydrobenzoin will be formed. However,
if hydrogen (H•) is captured by the ketyl radical, benzyl
alcohol will be produced. The lower solubility of benzaldehyde
in water relative to that in acetonitrile likely induces higher
concentration of ketyl radical on the ZnIn2S4 surface once
more water is added to the reaction solution, hence leading to
higher yield and selectivity of hydrobenzoin.
We next explored the versatility of this homocoupling

strategy to other benzaldehyde derivatives. In order to

maintain reasonable solubility of these aromatic substrates in
the photocatalysis solution, a mixture of CH3CN/H2O (v/v:
3/7) was utilized for all of the following experiments. As
tabulated in Table 1, all electron-withdrawing substituents

(−CN, −CF3, −F, and −Cl) at the para position of the
benzene ring resulted in nearly quantitative conversion of the
parent aldehydes to the final C−C coupling products with
nearly unity yields within 0.5 h photocatalysis (Figures S8−
S11), in agreement with the fact that electron-withdrawing
groups render the aldehyde group easier to be reduced and
favor the formation of ketyl radicals. On the other hand, the
presence of electron-donating substituents inevitably lowered
the yield and selectivity of the C−C coupling products
(Figures S12 and S13) because of the more negative reduction
potential of their aldehyde groups and thus slow the formation
of the critical ketyl radicals on the ZnIn2S4 surface.
The above photocatalytic C−C coupling of benzaldehyde

still requires the utilization of a sacrificial electron donor, TEA,
which wastes the oxidation power of excited holes in ZnIn2S4
upon irradiation and leads to inevitable byproducts. It would
be more appealing if both excited electrons and holes of the
semiconductor photocatalyst could be utilized to drive C−C
bond formation reactions in the absence of sacrificial reagents
and produce no byproducts. Given the oxidation power of the
valence band in ZnIn2S4, we anticipated it would be able to
oxidize benzyl alcohol and yield a ketyl radical as an
intermediate. It is expected that two reaction pathways can
take place following the formation of the in situ formed ketyl
radical. Pathway I involves a second oxidation step and results
in benzaldehyde and H2. However, as demonstrated earlier,
benzaldehyde can be further reduced to initiate the C−C
coupling process. On the other hand, if the initially formed
ketyl radicals appear in high concentration on the ZnIn2S4
surface, they can homocouple to produce hydrobenzoin
immediately (pathway II). Because no sacrificial electron

Figure 2. Photocatalytic coupling of benzaldehyde. (a) Benzaldehyde
conversion and (b) yields of hydrobenzoin (solid sphere) and benzyl
alcohol (hollow sphere) over time [condition: 10 mM benzaldehyde,
1 mL TEA, 10 mg ZnIn2S4, room temperature, 10 mL mixture solvent
of CH3CN/H2O (volume ratios shown as legends), blue LED]. (c)
Postulated reaction pathways from benzaldehyde to hydrobenzoin
and benzyl alcohol.

Table 1. Photocatalytic C−C Coupling of Benzaldehyde and
Its Derivativesa

aCondition: 10 mM aldehyde substrate, 1 mL TEA, 10 mg of
ZnIn2S4, 3 mL of CH3CN, 7 mL of H2O, blue LED, 0.5 h (6 h for
yield shown in parenthesis).
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donors are present in the reaction solution, there is a
possibility that the newly formed hydrobenzoin would be
further oxidized during photocatalysis. Indeed, as plotted in
Figures 3, S14, and S15, benzoin and deoxybenzoin were

detected as the final major products with yields of 58 and 40%,
respectively, together with the formation of additional H2
(Figure S16). Therefore, the overall yield of C−C coupling
products was 98%. Hydrobenzoin was formed as an
intermediate with a maximum yield of ∼70% reached within
2 h of photocatalysis and continuous irradiation led to its
consumption and rise of benzoin and deoxybenzoin. It should
be noted that benzaldehyde was indeed detected during the
entire photocatalysis period; however, its yield remained low
(∼10%) during the first 5 h and nearly disappeared in the
second half of photocatalysis. Heterocoupling between benzyl
alcohol and benzaldehyde was conducted as a control
experiment. After photocatalysis, benzaldehyde was consumed
with a conversion of ∼80% (Figure S17), further confirming
the feasibility of benzaldehyde reduction. As mentioned earlier,
both benzoin and deoxybenzoin are very useful commodity
chemicals. However, in industry, either toxic catalysts and/or
expensive reagents are required for the synthesis of benzoin
and deoxybenzoin. For instance, benzoin is produced from the
condensation of benzaldehyde, which is usually catalyzed by
toxic CN− or N-heterocyclic carbene.49−51 Deoxybenzoin is
normally synthesized from benzene and phenylacetic acid
utilizing AlCl3-catalyzed C−C coupling. Functionalization of
phenylacetic acid to form phenylacetyl chloride is a
prerequisite for this process and stoichiometric PCl3 or
SOCl2 as the chlorine source is needed. Even though
alternative processes have been reported, they typically require
expensive reagents or complex pre-functionalization steps.52−54

Hence, our photocatalytic C−C coupling for the one-step
synthesis of benzoin and deoxybenzoin represents a great
advance in their green production if high selectivity for each
product could be achieved.
In order to probe the impacts of potential intermediates on

the overall photocatalytic C−C coupling of benzyl alcohol on
ZnIn2S4, control experiments using two different scavengers,
including HCOONa and K2S2O8, were performed. HCOONa
and K2S2O8 can act as excited hole and excited electron
scavengers, respectively. A short duration of 2 h photocatalysis
was purposely designed to minimize the complete conversion
of benzyl alcohol for these experiments. HPLC spectra before

and after photocatalysis are plotted in Figure S18, and the
conversion of benzyl alcohol, yields of C−C coupling products,
and benzaldehyde are compared in Figure 4a. The parent

control experiment produced C−C coupling products with a
total yield of 70% and benzyl alcohol conversion approached
80%. Upon the addition of HCOONa, benzyl alcohol
conversion was substantially suppressed to 38%, demonstrating
the necessity of excited hole in the transformation of benzyl
alcohol. As a competent excited electron scavenger, K2S2O8 is
able to consume excited electrons very effectively. As clearly
demonstrated in Figure 4a, the presence of K2S2O8 almost
completely suppressed the formation of C−C coupling
products (yield: 2%), whereas benzaldehyde was produced
with nearly unity yield and selectivity. This result is consistent
with the fact that benzyl alcohol oxidation to benzaldehyde
only requires excited holes, while excited electrons are critical
for the formation of ketyl radicals (from the back reduction of
benzaldehyde) and hence C−C coupling products. To further
prove the generation of radicals, a radical trapping experiment
was conducted using 1,1-diphenylethylene as a trapping
reagent. Gas chromatography−mass spectrometry (GC−MS)
spectra show only a small amount of hydrobenzoin (Figure
S19), demonstrating that the addition of 1,1-diphenylethylene
nearly inhibited its formation, further confirming a radical-
involved mechanism for the photocatalytic benzyl alcohol C−
C coupling. In addition, the direct detection of 1,3,3-triphenyl-
1-propanol (Figures S19 and S20) proves that ketyl radicals
were formed during photocatalysis. Overall, these control
experiments with different scavengers and trapping reagent
demonstrate that excited electrons/holes and radicals are all

Figure 3. Photocatalytic coupling of benzyl alcohol. (a) Plausible
reaction of photocatalytic C−C coupling reactions using benzyl
alcohol as the starting substrate. (b) Conversion of benzyl alcohol and
yields of products over time during photocatalysis. Condition: 10 mM
benzyl alcohol, 10 mg ZnIn2S4, 3 mL CH3CN, 7 mL H2O, blue LED.

Figure 4. Mechanism study and recyclability of photocatalytic
coupling of benzyl alcohol. (a) Conversion of benzyl alcohol and
yields of benzaldehyde and C−C coupling products using different
scavengers. Condition: 10 mM benzyl alcohol, 10 mM scavenger, 10
mg of ZnIn2S4, 3 mL of CH3CN, 7 mL of H2O, blue LED, 2 h. (b)
Conversion of benzyl alcohol and yields of products using the same
ZnIn2S4 catalyst for three consecutive photocatalysis cycles.
Condition: 10 mM benzyl alcohol, 20 mg of ZnIn2S4, 3 mL of
CH3CN, 7 mL of H2O, blue LED, 18 h. (c) Postulated reaction
pathways from benzyl alcohol to benzoin and deoxybenzoin.
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crucial species for the success of photocatalytic C−C coupling
reactions of benzyl alcohol achieved on ZnIn2S4.
Besides activity, robustness is another important parameter

in assessing the performance of a photocatalyst. In particular,
convenient recyclability is an additional advantage of solid-
state photocatalysts relative to homogeneous counterparts. As
displayed in Figures 4b and S21, after three consecutive
photocatalysis cycles utilizing the same ZnIn2S4 photocatalyst,
the yield of C−C coupling products was still higher than 90%.
Post-photocatalysis XPS characterization (Figure S22) further
confirmed the same composition and unchanged valence state
of each element in ZnIn2S4 compared to the pristine sample.
Overall, these results prove the excellent stability and
recyclability of our ZnIn2S4 for long-term photocatalysis
applications.
In addition, another control experiment was performed in

CH3CN/D2O to investigate the hydrogen incorporation into
the final C−C coupling products. Mass spectroscopy analysis
(Figure S23) confirmed that no deuterium atoms were
detected in benzoin, which was consistent with the nature of
hydrogen abstraction of all steps toward the final formation of
benzoin. However, the formation of deoxybenzoin requires the
dehydration of hydrobenzoin and an enol intermediate is
generated. The tautomerization from enol to deoxybenzoin
may include hydrogen exchange with solvent D2O, which
eventually leads to the formation of deuterated deoxybenzoin.
Taking together all previous results, a plausible reaction

pathway for the C−C coupling of benzyl alcohol on ZnIn2S4 is
proposed in Figure 4c. Upon light irradiation, both excited
electrons and holes are generated in ZnIn2S4. The nanosheet
morphology of ZnIn2S4 allows fast migration of excitons to the
photocatalyst surface. The oxidation power of excited holes
will induce oxidation and deprotonation of benzyl alcohol and
yield ketyl radicals, which could be further oxidized to
benzaldehyde after subsequent oxidation and deprotonation.
However, the newly formed benzaldehyde on the catalyst
surface can be back reduced to ketyl radicals because the
excited electrons of ZnIn2S4 have sufficient reducing power.
Dimerization of the in situ generated ketyl radicals will lead to
hydrobenzoin, which can be further consumed in two
pathways: (i) oxidation and deprotonation to produce benzoin
or (ii) dehydration to form deoxybenzoin.
As implied in the proposed mechanism, deoxybenzoin is a

dehydration product of hydrobenzoin. It has been generally
accepted that acidic environment would facilitate the
dehydration process.55,56 Hence, we reasoned that a small
amount of acid might favor the formation of deoxybenzoin in
the absence of water, which in turn would increase the
selectivity of deoxybenzoin. Indeed, as shown in Figure 5a,
with the addition of 1 equivalent of acetic acid, nearly complete
consumption of benzyl alcohol was achieved within 2 h
photocatalysis in pure acetonitrile, and hydrobenzoin was
accumulated from the very beginning with a maximum yield of
65% at 1.5 h. Afterward, hydrobenzoin was consumed along
with the increasing formation of deoxybenzoin whose final
yield was 73%. The nuclear magnetic resonance (NMR)
spectra collected before and post photocatalysis are compared
in Figure S24. In contrast, upon the addition of water, which
would suppress dehydration, the major product was benzoin
with a yield of 83% (Figures 5b and S24). In addition, the main
products can be easily separated from byproducts by column
chromatography (Figure S25). These unprecedented high
yields of benzoin and deoxybenzoin demonstrate that we were

able to produce industrially important feedstock chemicals
with high selectivity via judiciously modulating the photo-
catalytic conditions.
Our proposed mechanism (Figure 4c) implies the presence

of a hydrogen pool on the photocatalyst surface, which is
beneficial for the back reduction of benzaldehyde to ketyl
radical. Hence, we reason that if a hydrogen evolution
cocatalyst exists on ZnIn2S4, H2 production will take place
more efficiently and the final organic product should remain as
benzaldehyde. With this hypothesis in mind, we prepared Ni/
ZnIn2S4 as a new photocatalyst because Ni is an excellent H2
evolution catalyst57,58 and assessed its activity toward the
photocatalytic transformation of benzyl alcohol and H2
evolution. The XPS spectra of Ni/ZnIn2S4 are included in
Figure S26, confirming the anticipated composition and
valence state of each element in Ni/ZnIn2S4.

59,60 Inductively
coupled plasma (ICP)−atomic emission spectroscopy meas-
urement indicates 2 wt % Ni in Ni/ZnIn2S4 (Table S2). Figure
6a plots the conversion of benzyl alcohol and yields of

benzaldehyde and hydrobenzoin over time using Ni/ZnIn2S4
as the photocatalyst. It is apparent that nearly quantitative
transformation of benzyl alcohol to benzaldehyde was
observed and the yield of hydrobenzoin remained very low.
The corresponding HPLC and 1H NMR spectra of this
photocatalysis could be found in Figures S27 and S28. Also, a
quantitative amount of H2 was generated during this process

Figure 5. Photocatalytic coupling of benzyl alcohol. (a) Conversion of
benzyl alcohol and yields of products over time during photocatalysis.
Condition: 10 mM benzyl alcohol, 10 mM acetic acid, 10 mg of
ZnIn2S4, 10 mL of CH3CN, blue LED. (b) Conversion of benzyl
alcohol and yields of products over time during photocatalysis.
Condition: 10 mM benzyl alcohol, 10 mM acetic acid, 10 mg of
ZnIn2S4, 7 mL of CH3CN, 3 mL of H2O, blue LED.

Figure 6. Photocatalytic oxidation of benzyl alcohol. (a) Evolution of
benzyl alcohol conversion and yields of benzaldehyde and hydro-
benzoin during photocatalysis. Condition: 10 mM benzyl alcohol, 10
mg of Ni/ZnIn2S4, 3 mL of CH3CN, 7 mL of H2O, blue LED. (b)
Benzyl alcohol conversion and yields of benzaldehyde and hydro-
benzoin for three consecutive photocatalysis cycles using the same
Ni/ZnIn2S4 photocatalyst. Condition: 10 mM benzyl alcohol, 20 mg
of Ni/ZnIn2S4, 3 mL of CH3CN, 7 mL of H2O, blue LED, 2.4 h.
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(Figure S29). In addition, Ni/ZnIn2S4 demonstrated robust
stability for long-term photocatalysis. As shown in Figures 6b
and S30, three consecutive photocatalysis processes using the
same Ni/ZnIn2S4 only resulted in modest decrease in
benzaldehyde yield which remained as ∼90% after three
cycles. Post-photocatalysis XPS characterization (Figure S31)
further verified the robustness of Ni/ZnIn2S4. Besides metallic
Ni, NiS is also an efficient cocatalyst for H2 production.61

Therefore, to further confirm the effect of the cocatalyst,
another control experiment was conducted utilizing NiS/
ZnIn2S4 as the photocatalyst. Similar to Ni/ZnIn2S4, NiS/
ZnIn2S4 exhibited an excellent activity for benzyl alcohol
upgrading with nearly quantitative yields of benzaldehyde and
H2 production (Figure S32).
The above success of photocatalytic C−C coupling reactions

of aromatic aldehydes and alcohols prompt us to expand its
practical applications, such as production of value-added
chemicals and fuels from sustainable carbon source (e.g.,
biomass). Among many biomass-derived platform chemicals,
furfural is one of the few examples which have been produced
on an industrial scale and exhibits great potential for the
production of biofuels.62−67 Wang et al. recently reported that
photocatalytic conversion of a furfural-derived molecule, 2-
methylfuran, on Ru/ZnIn2S4 was able to produce a mixture of
furan-incorporated dimers, trimers, and tetramers, which can
act as diesel fuel precursors.63 Subsequent deoxyhydrogenation
of these diesel fuel precursors led to the formation of a mixture
of hydrocarbons with carbon numbers in the range of C10 to
C20. However, 2-methylfuran itself is a downstream
deoxyhydrogenation product of furfural, and it has not been
produced on an industrial scale yet. Furthermore, the slow
reaction rate and mediocre yields of 2-methylfuran coupling
products render this approach less attractive for practical
applications. Therefore, it is more appealing to attempt direct
coupling of furfural (or its one-step products) to produce
biofuels, ideally with well-controlled carbon length. Encour-
aged by our photocatalytic C−C coupling results obtained on
ZnIn2S4, we first assessed the possibility of photocatalytic
furfural homocoupling in the presence of a sacrificial electron
donor, TEA. The 1H NMR spectra shown in Figure 7
demonstrate that furfural could be completely coupled to yield
hydrofuroin as the final product. In addition, TEA could be
further replaced by furfural alcohol (a one-step product of
furfural). Equivalent addition of furfural and furfural alcohol in
the photocatalysis solution also resulted in the formation of
hydrofuroin with a yield above 90%. Mass analysis also
indicates the formation of furoin and deoxyfuroin (Figure S33)
as minor products. The hydrofuroin yield over time exhibited a
rapid reaction rate during the initial 4 h with a yield of ∼56%
(Figures S34 and S35). Moreover, a large-scale production of
hydrofuroin from the heterocoupling between furfural alcohol
and furfural was realized with an isolated yield of ∼75%
(Figure S36). It has been demonstrated that a one-step
deoxyhydrogenation of hydrofuroin will yield C10H22 as the
final product with high yield (>85%), which falls in the middle
of the carbon range of jet fuels (C5 to C16).68

■ CONCLUSIONS
In conclusion, we have reported that ZnIn2S4 nanosheets are
very effective in promoting photocatalytic homocoupling of
benzaldehyde with the aid of a sacrificial electron donor (e.g.,
TEA). We further demonstrated that it was feasible to
circumvent the employment of TEA and the photocatalytic

C−C coupling could be equally achieved on ZnIn2S4 when
benzyl alcohol was used as the starting substrate. The critical
species, including excited electrons, excited holes, ketyl
radicals, and adsorbed hydrogen pool are crucial for the
success of its C−C bond formation. Furthermore, unprece-
dented yields of industrially important feedstock chemicals,
benzoin and deoxybenzoin, could be formed with high
selectivity through fine tuning of the photocatalytic conditions.
Finally, our photocatalytic C−C coupling strategy was
extended to transform a biomass-derived platform chemical,
furfural, to a jet fuel precursor, hydrofuroin. Not only
homocoupling of furfural could be realized on ZnIn2S4 with
the assistance of TEA but also heterocoupling between furfural
and furfural alcohol was also able to produce the desirable C−
C coupling products in the absence of any sacrificial reagents,
highlighting the promise of our semiconductor-based photo-
catalytic C−C coupling in practical applications.

■ EXPERIMENTAL SECTION
Synthesis of ZnIn2S4. ZnIn2S4 was synthesized following a

microwave-assisted method. Briefly, 0.0595 g of Zn(NO3)2·
6H2O, 0.1203 g of In(NO3)·xH2O, and 0.1202 g of
thioacetamide were dissolved in 20 mL of water. The solution
was adjusted to pH 2.5 with the addition of 0.5 M HNO3. The
resulting solution was subjected to microwave treatment at a
certain temperature (80, 90, 100, 110, 120, and 130 °C) for 10
min. Subsequently, the prepared ZnIn2S4 was washed with

Figure 7. 1H NMR spectra of photocatalytic homocoupling of furfural
and heterocoupling of furfural and furfural alcohol. 1H NMR spectra
of (1) furfural, (2) furfural alcohol, (3) products from furfural
homocoupling (condition: 10 mM furfural, 10 mg of ZnIn2S4, 9 mL of
CH3CN, 1 mL of H2O, 1 mL of TEA, blue LED, 4 h), and (4)
products from furfural and furfural alcohol heterocoupling (condition:
10 mM furfural, 10 mM furfural alcohol, 1 mM 1,3,5-trimethoxyl
benzene as the internal standard (labeled as “s”), 10 mg of ZnIn2S4, 9
mL of CH3CN, 1 mL of H2O, blue LED, 16 h).
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water and methanol thoroughly via centrifugation and dried
under vacuum at room temperature.
Synthesis of Ni/ZnIn2S4. A simple chemical reduction

method was applied to the synthesis of Ni-loaded ZnIn2S4
(Ni/ZnIn2S4). Specifically, 80 mg of ZnIn2S4 was dispersed in
a NiCl2 (6.7 mg) solution (18 mL). After ultrasonication for
30 min, the above suspension was mixed with a 2 mL solution
containing 0.4 M NaBH4 and 2.5 M NaOH, followed by
stirring at room temperature for 1 h. The synthesized Ni/
ZnIn2S4 was collected by centrifugation, washed with water
and methanol thoroughly, and dried under vacuum at room
temperature.
Synthesis of NiS/ZnIn2S4. A modified hydrothermal

method was applied to the preparation of NiS/ZnIn2S4.
61

0.08 g of ZnIn2S4, 7 mg of Ni(OCOCH3)2·4H2O, and 2.1 mg
of thioacetamide were dispersed in 20 mL of deionized H2O by
stirring and ultrasonication for 1 h. The above suspension was
transferred to a 40 mL Teflon autoclave and heated at 120 °C
for 4 h. The final solid was collected by centrifugation, washed
with water and methanol thoroughly, and dried under vacuum
at room temperature.
Physical Method. SEM (FEI XL30, 15 kV) was used to

characterize photocatalyst samples. A scanning electron
microscope (FEI Talos F200X) equipped with super-EDX
operating at 200 kV was used to conduct element mapping.
XRD patterns were collected on a Philips X’Pert Pro PW3040/
00 (PAN 2 Analytical) instrument. The scan range was set
from 10 to 90° (in 2θ) with a Cu-tube operated at 45 kV and
40 mA. XPS measurements were carried out on an X-ray
photoelectron spectrometer (K-alpha, Thermo Fisher Scien-
tific, USA) using a monochromatic Al Kα X-ray source. C 1s
peak at 284.6 eV was used as an internal standard for spectral
calibration. Each sample was sputtered by 1 keV Ar+ for 60 s to
remove adventitious contaminants on the surface.
Photocatalytic Experiments. Generally, a mixture of 10

mg of photocatalyst, 10 mM organic substrate, and 10 mL of
solvent were added in a sealed 25 mL round-bottom flask.
After ultrasonication for 30 min, the mixture was bubbled with
N2 for 10 min. Subsequently, the suspension was irradiated
under royal blue light (λirr = 440−460 nm) using an 8 W light-
emitting diode (LED) (SinkPAD-II, Luxeon Star LEDs) for a
certain period of time. For scavenger control experiments, the
concentration of each scavenger was 10 mM.
Radical Trapping Experiments. Based on the literature,31

1,1-diphenylethylene was applied to trap the radical
intermediates in photocatalytic benzyl alcohol transformation.
Briefly, 5 mmol 1,1-diphenylethylene, 2.5 mmol benzyl alcohol,
50 mg of ZnIn2S4, and 25 mL of acetonitrile were added in a
sealed 100 mL round-bottom flask. After ultrasonication for 30
min, the mixture was bubbled with N2 for 20 min.
Subsequently, the suspension was stirred and irradiated
under royal blue light (λirr = 440−460 nm) using an 8 W
LED (SinkPAD-II, Luxeon Star LEDs) for 60 h. Subsequently,
the reaction mixture was centrifuged and washed to remove
the catalyst. A small amount of the liquid mixture (50 μL) was
diluted in acetonitrile (1.5 mL) and analyzed via GC−MS. For
the other liquid portion, the solvent was evaporated and the
reaction mixture was purified on silica gel (eluent: hexane/
ethyl acetate = 10/1).
Product Quantification. HPLC on an Agilent Technol-

ogies 1260 Infinity II at 25 °C was used to analyze organic
products. The HPLC was equipped with an ultraviolet−visible
detector and a 4.6 mm × 150 mm Shim-pack GWS 5 μm C18

column. A mixture of eluting solvents (A: 5 mM ammonium
acetate aqueous solution and B: CH3CN) was utilized. The
elution was composed of 40% A and 60% B for 11 min run
time, and the flow rate was 0.5 mL min−1. The products were
identified and quantified from the calibration curves of
standard chemical solutions. The 1H NMR spectra were
measured on a Bruker Advance III HD Ascend 400 Hz NMR.
GC−MS were measured on MassHunter for Agilent GC−MS
with standard electron impact sources. The temperature was
set from 70 °C (1 min) to 280 °C (1 min) with a ramp rate of
15 °C/min.
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