
1State Key Laboratory of Catalysis, Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, 
Dalian, China. 2University of Chinese Academy of Sciences, Beijing, China. 3Department of Chemical and Pharmaceutical Sciences, INSTM Research 
Unit, ICCOM-CNR Trieste Research Unit, University of Trieste, Trieste, Italy. 4Synchrotron SOLEIL, Saint Aubin, Paris, France. 5State Key Laboratory of 
Molecular Reaction Dynamics and Collaborative Innovation Centre of Chemistry for Energy Materials (iChEM), Dalian Institute of Chemical Physics, 
Chinese Academy of Sciences, Dalian, China. 6Ernst Ruska Centre for Microscopy and Spectroscopy with Electrons and Peter Grünberg Institute, 
Forschungszentrum Juelich GmbH, Juelich, Germany. *e-mail: wangfeng@dicp.ac.cn

In the search for alternatives to the use of fossil fuels, H2 produc-
tion has been the subject of intense research due to its potential 
as a clean energy carrier1. Solar-driven H2 production over semi-

conductor photocatalysts in which photogenerated electrons are 
used to reduce protons has long been investigated as one pathway2,3. 
The process also generates holes that, if not involved in oxidizing 
the substrate, can oxidize the semiconductor itself under light irra-
diation4, resulting in low light to hydrogen energy transformation 
efficiency and photocorrosion of the semiconductor5,6. To minimize 
these issues, consumption of the holes by sacrificial reagents gener-
ally accelerates the hydrogen evolution rate and prolongs the life-
time of the catalyst7. However, such processes produce waste and the 
obtained hydrogen energy sometimes cannot counteract the energy 
required to produce the sacrificial reagents. Therefore, employing 
sacrificial reagents that are easily oxidized, produced from renew-
able raw materials and whose oxidation products have added value 
is essential to solve this challenge.

Molecules present in second-generation biomass (for example, 
agricultural and urban organic wastes), mostly originating from 
photosynthesis8, are ideal sacrificial reagents4. Due to the abundance 
and high annual yield of biomass (120 billion tonnes of total dry veg-
etative biomass)9, exploiting it for H2 production can significantly 
contribute to renewable energy production10,11. Many kinds of bio-
mass, such as alcohols, sugars and lignocellulose, have been used to 
consume holes, leaving electrons to reduce protons to H2 (refs. 12,13),  
but oxidative products derived from biomass are often considered 
to be essentially waste. Since a variety of chemicals and fuels can 
be produced from biomass14–17, it would be highly desirable to  

simultaneously generate H2 using photogenerated electrons, while 
also utilizing the photogenerated holes to produce valuable chemi-
cals or fuels18. This could help to alleviate our reliance on fossil car-
bon sources19,20 and also decrease the cost of biomass-derived H2.

In this context, lignocellulose-derived downstream products, 
such as 2,5-dimethylfuran (2,5-DMF) and 2-methylfuran (2-MF) 
are compelling candidates for the production of diesel fuels21,22. They 
can be selectively produced (>95% yields) from 5-hydroxymethyl-
furfural and furfural, which are produced from the abundant and 
easily available lignocellulose (Supplementary Fig. 1)23–29. In par-
ticular, the importance of 2-MF as a feedstock to provide branched-
chain alkanes has been highlighted30,31. To produce diesel fuels from 
these platform molecules, the carbon chain must be lengthened to a 
certain degree before hydrodeoxygenation (HDO), which converts 
oxygenated compounds into alkanes (Fig. 1). In particular, produc-
tion of branched-chain alkanes is desirable for enriching diesel fuels. 
Previously, chain growth has been achieved mainly by aldol conden-
sation32, hydroxyalkylation31,33 and oligomerization (Supplementary 
Fig. 2)34. Among all the catalysts that promote chain growth, homo-
geneous acids and bases have outperformed heterogeneous ones 
in terms of their high activity and selectivity31,35, but serious corro-
sion of the reactors and difficulty with the recycling of the catalysts  
has increased the cost of the diesel fuels. Thus, a green and sus-
tainable synthetic methodology to increase the chain length would  
be welcome.

Here, we demonstrate the coproduction of H2 and diesel fuel 
precursors (DFPs) from 2,5-DMF and 2-MF over a Ru-ZnIn2S4 
photocatalyst. We show that both 2,5-DMF and 2-MF (as pure 
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compounds or in mixture) undergo dehydrocoupling, producing 
oxygenated compounds with a number of carbon atoms typical of 
diesel fuels. After HDO, a complex mixture of alkanes, containing 
a large fraction of branched chains, is obtained. We suggest that Ru 
dopants improve charge separation efficiency, thereby accelerating 
C−H activation for the photocatalytic dehydrocoupling reactions 
with coproduction of H2.

Catalyst characterization
The Ru-ZnIn2S4 catalyst was prepared by a one-pot hydrother-
mal method. The Ru content was determined to be 0.46 mol% by 
inductively coupled plasma atomic emission spectroscopy (ICP-
AES). X-ray diffraction (XRD) patterns of pristine ZnIn2S4 and 
Ru-ZnIn2S4 show diffraction patterns typical of hexagonal ZnIn2S4 
(Fig. 2a)7. Shift of the (006) reflection to a higher angle suggests Ru 
is incorporated into the ZnIn2S4 lattice. The Ru-ZnIn2S4 catalyst 
presents as nanoflowers with sheet-like wrinkles (Supplementary 
Fig. 3a,b). Their sizes are mostly located in the range of 0.6–
1.6 μm (Supplementary Fig. 3c). High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
images (Supplementary Fig. 3d–f) reveal the lamellar structure of 
Ru-ZnIn2S4. The lattice fringe of 0.33 nm in Fig. 2b is attributed 
to the (102) interplanar distance8, and the thickness of the slab is 
~6 unit cells in the (001) direction (Supplementary Fig. 3g)36. Fast 
Fourier transform (FFT) patterns can be interpreted from the hex-
agonal structure in Fig. 2b. In agreement with these results, the XRD 
patterns present very broad peaks for the reflections (hkl), with a 
high l value (Fig. 2a). An energy-dispersive X-ray (EDX) map in the 
STEM shows a uniform dispersion of zinc, indium and sulfur ele-
ments (Supplementary Fig. 3h). No large Ru or RuS2 particles and 
clusters are observed, consistent with the XRD results.

X-ray absorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) spectroscopies were car-
ried out to characterize the local structure and the mean oxidation 
state of the metals present in the Ru-ZnIn2S4 material. The XANES 
spectra and the Fourier transformed (FT) k3-weighted EXAFS 
signals at the Zn and In K edges are presented in Supplementary 
Fig. 4 for the Ru-ZnIn2S4 and ZnIn2S4 samples, together with the 

respective standard materials (ZnS and In2S3). The fitting results 
for the EXAFS signals at the Zn and In K edges are summarized 
in Supplementary Table 1. The local structure around the Zn ions 
is described by four sulfur ions, while the EXAFS signal originat-
ing from the indium ions suggests the presence of five sulfur ions, 
divided into two groups and showing the presence of two In–S dis-
tances. This situation is related to the fact that indium is hosted into 
two different sites within the crystallographic structure of ZnIn2S4: 
a distorted tetrahedral site and a distorted octahedral site, with the 
same population. As a result, an overall coordination number (CN) 
of around five is obtained. Notably, a slightly higher Debye–Waller 
factor is obtained for In–S with respect to the Zn–S case, to com-
pensate the various In–S distances observed for the two crystallo-
graphic sites.

The XANES/EXAFS spectra acquired at the Ru K edge for the 
Ru-doped ZnIn2S4 sample is presented in Fig. 2c–e, together with 
the extracted EXAFS signal χ(k) and the magnitude of the FT signal. 
XANES results for Ru-doped ZnIn2S4 samples resemble those for the 
RuS2 material, suggesting a comparable structural environment for 
Ru dopants (Fig. 2c). Notably, Ru metal originates an EXAFS signal 
with a completely different feature (Fig. 2d,e). The EXAFS signals 
of Ru-doped ZnIn2S4 were fitted to extract information about the 
local environment around the Ru ions (Fig. 2f and Supplementary 
Table 1). For the Ru-ZnIn2S4 sample, the first coordination shell 
around Ru is well fitted, including two contributions. The major 
type of neighbour, accounting for ~92 at% of Ru, agrees well with 
sulfur ions with CN very close to five. These results indicate that 
the dopant Ru mostly exists as isolated entities that are incorporated 
within the ZnIn2S4 lattice in a substitutional position for indium 
ions (substitutional Ru ions, Fig. 2f). Together with substitutional 
Ru ions, a minor contribution to the EXAFS signal originates from 
a Ru–Ru distance with very small CN and a Ru–Ru distance longer 
than that expected for standard Ru metal (Supplementary Table 1). 
This situation can be related to the formation of tiny metallic Ru 
clusters in which the Ru–Ru distance is elongated. A similar elonga-
tion has already been reported in the literature for very small Ru(0) 
nanoparticles in which the CN was much lower than that of bulk 
metal37, and has also been observed for other metals, such as Pd38.
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Fig. 1 | Conceptual process diagram for the production of diesel fuels from lignocellulosic waste. The diagram presents a possible process for the 
production of diesel fuels from second generation biomass. Methylfurans can be obtained by chemical processing of lignocellulosic wastes and 
oligomerized, forming oxygenated compounds in the C10–C20 range. These DFPs can be easily separated from unreacted methylfurans by distillation and 
finally converted into hydrocarbons by HDO. The key point of this process is the oligomerization step, which could be easily performed in a photocatalytic 
way using the Ru-ZnIn2S4 catalyst presented in this work. The photocatalyst operates under irradiation with visible light, yielding dimers, trimers and 
tetramers with high selectivity and coproducing H2, which can partially fulfil the requirement of the HDO step.
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Visible-light-driven coproduction of H2 and DFPs
2,5-DMF and 2-MF are selectively obtained from processing hexo-
san- and pentosan-containing lignocellulose, respectively22,29,31, and 
both are competitive candidates for diesel fuel production. The 
Ru-doped ZnIn2S4 proved to be active in catalysing the direct dehy-
drocoupling of 2,5-DMF and 2-MF to H2 and DFPs under visible-
light irradiation, better than other metal-doped ZnIn2S4 catalysts 
(Supplementary Fig. 5). The reactions are thermodynamically uphill 
(∆G ≈ 0.32–0.34 eV, Supplementary Table 2), requiring simultaneous 
cleavage of the unactivated C−H bond and release of H2 (refs. 39,40).

Here, dehydrocoupling of 2,5-DMF yielded mainly H2 
(40.3 mmol gcatalyst

−1), dimers (C12, 4.69 g gcatalyst
−1) and trimers (C18, 

1.84 g gcatalyst
−1) as products; a small amount of tetramers (C24, 

0.24 g gcatalyst
−1) was produced in 12 h (Fig. 3b and Supplementary 

Fig. 6a). Amounts of higher oligomers were negligible. The conver-
sion of 2,5-DMF was 15.2% after 12 h of irradiation. The identified 
products involve dimeric and trimeric isomers generated because of 
radical resonance from furfuryl sites to furan rings (Supplementary 
Table 3, Supplementary Note 1 and Supplementary Fig. 7). Time 
profiles of trimers and tetramers show induction periods, imply-
ing that trimers and tetramers were produced from dimers in con-
secutive reactions. Higher oligomers were less inclined to form due 
to steric hindrance for C−C coupling. As a result, the selectivity of 
DFP decreased a little to 96% and branched-chain DFPs increased 
slightly to 44%; these values were maintained after 12 h of reaction 
(Supplementary Fig. 8a).

The production rates of H2 and DFPs were further improved 
to 6.0 mmol gcatalyst

−1 h−1 and 1.04 g gcatalyst
−1 h−1, respectively, with 

Ru-Zn2In2S5 catalyst (Supplementary Fig. 5). Scaling up the reac-
tion by 20× using Ru-ZnIn2S4 catalyst under irradiation with 86 W 
LEDs for 48 h afforded DFPs in 28.0 wt% isolated yield. Notably, the 
dehydrocoupling of 2,5-DMF over Ru-ZnIn2S4 shows an apparent 
quantum yield (AQY) of 15.2%, approximately twice that when over 
ZnIn2S4 (8.0% of AQY), implying the promotional effects of Ru dop-
ants. The Ru-ZnIn2S4 catalyst became a bit less active within 50 h 
and then maintained this activity (Fig. 3c). H2 and total liquid prod-
ucts were generated with the same trends, indicating electrons and 
holes were simultaneously consumed. After reaction for 100 h, the 
selectivities of DFPs and branched-chain DFPs were 97% and 43%, 
respectively (Fig. 3d). The Ru-ZnIn2S4 catalyst showed no signifi-
cant change after reaction according to XRD, TEM and X-ray pho-
toelectron spectroscopy (XPS) results (Supplementary Figs. 9–11).

The dehydrocoupling of 2-MF to DFPs over Ru-ZnIn2S4 
shows similar trends but with a slower reaction rate (Fig. 3e and 
Supplementary Fig. 6b) and a lower AQY (1.9%). The branched-
chain DFPs increased from 25% to 35% during 12 h of reaction 
(Supplementary Fig. 8b). Unlike 2,5-DMF, tetramers (C20) here 
also have an adequate chain length to be included in DFPs, which 
was thus produced with 100% selectivity. Notably, in all of these 
reactions, weakly coloured liquids were obtained after photo-irra-
diation, demonstrating that uncontrollable oligomerization of the 
substrates is a very marginal process (Supplementary Fig. 12).

Cross-coupling of 2-MF and 2,5-DMF was conducted with 
a volume ratio of 3:1 as an example targeting a diesel fuel with 
more abundant constituents (Supplementary Fig. 6c). The identi-
fied products are presented in Supplementary Table 4. The most 
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abundant product was from the coupling reaction of two 2,5-DMFs 
through furfuryl carbon (C12-2, 1.49g gcatalyst

−1) even if the 2,5-DMF 
was less concentrated than 2-MF in the reaction mixture (Fig. 3f). 
This result is in agreement with the higher reactivity of 2,5-DMF 
compared to 2-MF (Fig. 3b,e). As evidence of the occurrence of the 
cross-coupling reaction, C11-3 (2-(2-(furan-2-yl)ethyl)-5-methyl-
furan) was generated with a productivity of 0.79 g gcatalyst

−1, together 
with C16 and C17 isomers (Supplementary Table 4). As expected, the 
dehydrocoupling of this mixture shows an AQY (6.6%) between 
that of 2,5-DMF and 2-MF alone.

To demonstrate the feasibility of this method to produce diesel 
fuels, particularly with branched-chain alkanes as constituents, a 
self-prepared Pd/Nb2O5 was initially used to screen the reaction 
conditions in the HDO of DFPs to alkanes (Supplementary Table 5 

and Supplementary Fig. 13a–c). However, Pd/Nb2O5 alone afforded 
oxygenate intermediates with a yield of 40% in transforming DFPs 
obtained from the mixture of 2,5-DMF and 2-MF. To improve 
the selectivity of the alkanes, Lewis acid Yb(CF3SO3)3 was used in 
combination with Pd/Nb2O5 to enhance the dehydration activity 
(Supplementary Table 6)41. Figure 3g shows the yields of products 
versus the number of carbon atoms. The total alkane yield is 76%, 
consisting of dimers and trimers (Supplementary Fig. 13d–f and 
Supplementary Table 4). Except n-dodecane and n-undecane, other 
products were mostly branched-chain alkanes, including 4-eth-
yldecane and C16–C18 branched-chain alkanes, with a total yield 
of 24%. The formation of branched-chain alkanes demonstrates 
that the photocatalytic method produces branched-chain DFPs. 
Although we have successfully realized the coproduction of H2 and 
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DFPs by photocatalysis, the yields of DFPs are lower than those of 
thermocatalytic processes31.

Mechanism of dehydrocoupling of 2,5-DMF on ru-ZnIn2S4
The reaction mechanism of photocatalytic dehydrocoupling of 
2,5-DMF was studied by using toluene as a model molecule. 
Toluene was transformed to products similar to those of 2,5-
DMF and 2-MF (Supplementary Figs. 6d and 14). However, 
toluene is more symmetric and has greater aromaticity, result-
ing in fewer kinds of products and more stable intermediates. 
The reaction mechanism was studied using a 2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPO) trapping experiment. Addition 
of radical-trapping reagent TEMPO prohibited the formation of 
C−C coupling products (Fig. 4a), suggesting a radical mecha-
nism42. The occurrence of C−H bond activation was verified 
by the formation of TEMPH, TEMPOH and a small amount of 

H2 (0.03 mmol gcatalyst
−1). The formation of the TEMPO-benzyl 

adduct (Supplementary Fig. 15) directly indicates that the ben-
zyl radical was formed during photo-irradiation43. In agreement 
with this, the cross-coupling reaction of p-xylene and p-methyl 
anisole afforded three dimers in the ratio 1:2.90:2.14 (Fig. 4b),  
matching 1:2m:m2 with m equal to 1.46 (ref. 44). All these results 
agree with a radical mechanism whereby oxidizing the benzyl C–H 
bond by photogenerated holes gives benzylic radicals followed by 
their coupling. The hydrogen kinetic isotope effects (KIE) of the 
photocatalytic dehydrocoupling of toluene were then measured 
over Ru-ZnIn2S4 catalysts. When toluene and toluene-d8 were 
equivalently mixed and subjected to reaction, KIE based on the 
amount of hydrogen and deuterium atoms at the benzyl sites of 
bibenzyl was calculated to be 7.7 ± 0.2 (Supplementary Table 7). 
The primary KIE coincides with a C−H bond-breaking event  
contributing to the rate-limiting step45.
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Similar to toluene, dehydrocoupling of 2,5-DMF starts with oxi-
dizing the furfuryl C−H bond by photogenerated holes. Before C−C 
coupling, part of the furfuryl radicals migrates to furan rings due 
to resonance46, thus giving a variety of isomer products. It is likely 
that secondary-carbon radicals of C12-2 have larger steric hindrance 
than the primary-carbon radicals, and thus have long enough life-
times to migrate to furan rings and afford C18-4 rather than C18-3 
(see Supplementary Table 3 for their molecular structures) as the 
predominant trimer.

The proposed reaction mechanism of visible-light-driven dehy-
drocoupling of 2,5-DMF is shown in Fig. 4c. The n-type Ru-ZnIn2S4 
semiconductor has a valence band (VB) top potential of 1.49 V (versus 
reversible hydrogen electrode (RHE), Supplementary Fig. 16), larger 
than the oxidation potential of 2,5-DMF (Supplementary Fig. 17),  
thus justifying that the photogenerated holes of Ru-ZnIn2S4 are 
oxidizing the substrate. After excitation by visible light, photogen-
erated holes oxidize the furfuryl C−H bond of 2,5-DMF, affording 
furfuryl radicals and protons. The furfuryl radicals undergo reso-
nance, and after C−C coupling, form dimeric isomers. Dimers react 
with 2,5-DMF or themselves, yielding trimers and tetramers as the 
DFP constituents. Meanwhile, the generated protons interact with 

photogenerated electrons in the conduction band (CB, −0.85 V  
versus RHE) and are reduced to H2.

Studies of ru-ZnIn2S4 by operando XaNES/EXaFS
The Ru-ZnIn2S4 catalyst was studied by operando XANES/EXAFS, 
by suspending the catalyst in 2,5-DMF/CH3CN solution and irra-
diating with a 450 nm laser diode. The results showed that the 
most significant modifications take place at the Ru edge (Fig. 5a 
and Supplementary Fig. 18): the XANES/EXAFS results evolve 
during the first 2 h of irradiation and are constant after that time. 
The XANES spectrum of this sample can be reasonably fitted by a 
combination of the spectrum from Ru metal and Ru-ZnIn2S4 fresh 
material with a 22% contribution from the Ru metal, indicating that 
Ru is partially reduced to metallic Ru by photogenerated electrons. 
In agreement with this, the fit of the EXAFS spectrum (Fig. 5b and 
Supplementary Table 8) revealed an increase in the CN of Ru–Ru to 
2.0 and a decrease of the CN to 4.4 in the Ru–S shell. This can be 
rationalized by considering that as Ru is reduced and exposed on 
the surface, forming very small metal clusters, metal atoms from 
the clusters have a very low Ru–S CN because interaction between 
Ru and sulfur ions is present only at the interface between the 
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metal clusters and the support. Therefore, as the contribution of Ru 
clusters increases, the Ru–S mean CN decreases. The reduction of 
substitutional Ru ions can be reasonably linked to the deactivation 
observed during the first 2 h of irradiation, suggesting that Ru clus-
ters are marginally involved in the C–H activation and in coupling 
of the formed radicals, but we cannot exclude that they are involved 
in the H2 evolution steps. The above results also imply that Ru ions 
hosted in the ZnIn2S4 matrix indeed promote the photocatalytic 
activity of ZnIn2S4 in dehydrocoupling reactions, because depletion 
of these species corresponds to a partial loss of catalytic activity of 
the photocatalyst. Notably, the XANES signals at Zn and In K edges 
are only marginally affected by irradiation (Supplementary Fig. 19) 
and no significant modifications were observed by analysis of Zn 
and In EXAFS signals (Supplementary Table 8).

ru dopants in improving charge separation efficiency
Doping Ru into a ZnIn2S4 lattice results in the bandgap narrowing 
from 2.45 to 2.34 eV and the absorption tail rising up to 800 nm 
(Supplementary Fig. 20a); this is derived from destruction of the 
long-range order of the atomic structure by Ru dopants in the lat-
tice47. Following irradiation at 450 nm, the increase in surface poten-
tials is ascribed to photogenerated holes transferring from the bulk 
to the surface (Fig. 5c)48,49. A variation in the contact potential dif-
ference (CPDlight – CPDdark) of 87 mV was obtained for Ru-ZnIn2S4, 
which is higher than that of pristine ZnIn2S4 (33 mV). The higher 
surface potential variation of Ru-ZnIn2S4 can be ascribed to the pro-
motion of charge separation efficiency, which leads to a larger pho-
tovoltage. Furthermore, the CPD signal decay of Ru-ZnIn2S4 became 
slower than that of pristine ZnIn2S4 when turning off the light. Both 
results agree with suppressed hole–electron recombination36. In line 
with this, the photoluminescence spectrum of Ru-ZnIn2S4 shows 
decreased intensity relative to ZnIn2S4 (Supplementary Fig. 20b). Ru 
dopants also prolong the lifetimes of charge carriers, as proved by 
transient absorption kinetics (Fig. 5d). The positive signals of ZnIn2S4 
and Ru-ZnIn2S4 probed at 774.3 nm represent electrons in an excita-
tion state50. The signals were bi-exponentially fitted and two distinct 
lifetimes were obtained7. Doping Ru into ZnIn2S4 improves both 
the short- and long-lived lifetimes (τ1 from 93 ± 14 to 176 ± 38 ps; τ2 
from 1.6 ± 0.3 to 3.9 ± 1.2 ns), presumably due to improved density 
of defects caused by Ru-induced destruction of the long-range order 
of the ZnIn2S4 matrix. The long-lived charge carrier lifetime can be 
attributed to slow electron–hole recombination when the holes are 
trapped at defects (Supplementary Fig. 21)36. In agreement with this, 
the relative amplitude of the long-lived lifetime increases from 56% 
to 77%. The consistency of the improved charge separation efficiency 
and AQY confirms the role of Ru ions substituted in the positions of 
indium ions in promoting the reactivity of the ZnIn2S4 catalyst.

Conclusions
This work presents the conversion of lignocellulose-derived 2,5-
DMF and 2-MF to H2 and DFPs through dehydrogenative C−C 
coupling using visible light over a Ru-doped ZnIn2S4 catalyst with 
AQY up to 15.2%. Photogenerated holes oxidize the furfuryl C−H 
bond of 2,5-DMF/2-MF, delivering protons and furfuryl radicals 
that, through C−C coupling, form the desired DFPs. Meanwhile, 
the protons are reduced to H2 by concomitantly generated electrons. 
After HDO reaction, the DFPs are converted into ~C10–C18 alkanes 
consisting of straight- and branched-chain alkanes, making the die-
sel fuels comparable to petroleum diesel in terms of alkane constitu-
ents. Moreover, feedstocks derived from hexosan and pentosan are 
readily converted into H2 and DFPs over the Ru-ZnIn2S4 photocata-
lyst. Ru ions hosted in the ZnIn2S4 matrix improve light harvesting 
and charge separation efficiency, thereby facilitating C−H activa-
tion for the coproduction of H2 and DFPs. Future works should 
focus on improving the yields of C−C coupling products with 
respect to other thermocatalytic processes or chemical synthesis  

by the development of more efficient catalysts to further improve 
the AQYs of dehydrocoupling reactions.

Methods
Reagents. ZnSO4·7H2O (99.5%), InCl3·4H2O (99.9%), thioacetamide (TAA, 99%), 
cetyl trimethyl ammonium bromide (CTAB), 2,5-dimethylfuran (2.5-DMF, 99%) 
and 2-MF (98%) were purchased from Shanghai Aladdin Bio-Chem Technology 
Co. RuCl3·xH2O (99.9% metal basis with a Ru content of 36‒38%) was purchased 
from Shenyang Research Institute of Refractory. NbCl5 (99+% based on Nb) was 
purchased from Strem Chemicals. (NH3)4Pd(NO3)2 (98%) was purchased from 
Shanghai Makclin Biochemical Co. 2,5-DMF and 2-MF were redistilled before use; 
other reagents were used as received without further purification.

Preparation of pristine ZnIn2S4 catalyst. ZnIn2S4 was prepared according to a 
literature procedure51. Briefly, ZnSO4·7H2O (294.0 mg), InCl3·4H2O (624.2 mg) 
and CTAB (260.6 mg) were dissolved in 20 ml of MilliQ water in a 100 ml beaker 
and magnetically stirred for 30 min at room temperature followed by the addition 
of TAA (604.8 mg) into the solution. After being stirred for another 30 min, the 
mixture was transferred to a 50 ml stainless Teflon-lined autoclave, tightly sealed 
and heated at 160 °C for 20 h. The autoclave was then naturally cooled to room 
temperature. Caution: toxic H2S gas is generated. After being washed with absolute 
ethanol (4 × 25 ml) and MilliQ water (2 × 25 ml), a yellow solid was obtained after 
being dried in vacuum at 60 °C for 12 h. The yield was more than 95%.

Preparation of Ru-ZnIn2S4. Ru-doped ZnIn2S4 was prepared by a hydrothermal 
method. Briefly, ZnSO4·7H2O (294.0 mg), InCl3·4H2O (624.2 mg) and CTAB 
(260.6 mg) were dissolved in 20 ml of MilliQ water in a 100 ml beaker and 
magnetically stirred, followed by the addition of RuCl3 aqueous solution (384 μl, 
13.86 mmol l−1) dropwise. After stirring for 30 min at room temperature, TAA 
(604.8 mg) was added into the solution, which was stirred for another 30 min. The 
mixture was transferred to a 50 ml stainless Teflon-lined autoclave, tightly sealed 
and heated at 160 °C for 20 h. The autoclave was cooled to room temperature 
naturally after the reaction. Caution: toxic H2S gas is generated. After being washed 
with absolute ethanol (4 × 25 ml) and MilliQ water (2 × 25 ml), a dark yellow solid 
was obtained after being dried in vacuum at 60 °C for 12 h. The yield was more 
than 95%.

Preparation of Pd/Nb2O5. Nb2O5 was prepared by a solvothermal method 
according to the literature52. Briefly, 10 mmol of NbCl5 was dissolved in 80 ml of 
absolute ethanol (NbCl5/ethanol solution) by ultrasonication. Into another flask 
was added 2.0 g of CTAB, followed by 30 ml of absolute ethanol. Once the CTAB 
had totally dissolved under stirring, the prepared NbCl5/ethanol solution was 
added dropwise over 10 min. The system was kept stirring at 35 °C for 1 h before 
being transferred to a Teflon-lined autoclave and heated at 160 °C for 24 h. After 
reaction, the system was cooled to room temperature naturally and washed with 
absolute ethanol (3 × 25 ml) followed by MilliQ water (3 × 25 ml); a light grey solid 
was obtained after being dried in vacuum at 60 °C for 12 h. The crude Nb2O5 was 
calcined at 500 °C for 5 h (ramp rate of 2 °C min−1) to yield the Nb2O5 material.

Pd/Nb2O5 with a Pd loading of 2.0 wt% was prepared by an impregnation 
method. Briefly, 500 mg of the prepared Nb2O5 was dispersed in 20 ml of MilliQ 
water with stirring, into which was added (NH3)4Pd(NO3)2 aqueous solution 
(8.642 mmol l−1, 10.4 ml). The system was stirred for 4 h before rotary evaporation 
at 65 °C, and then dried at 100 °C for 2 h. The orange Pd/Nb2O5 solid was obtained 
after calcination at 500 °C for 3 h (ramp rate of 10 °C min−1).

Photocatalytic coproduction of H2 and DFPs. Photocatalytic reactions were 
conducted in a home-made quartz photoreactor equipped with blue light-emitting 
diodes (LEDs; emission at 455 nm)53. Briefly, photocatalyst, methylfurans and 
CH3CN were added into the reaction tubes, before replacing the atmosphere with 
Ar. The reaction tubes were irradiated for a desired reaction time under stirring. 
The autogenous temperature, measured by thermocouple, was ~42 °C. Caution: 
protection by wearing eye goggles to shield 455 nm light is mandatory to avoid 
injuring the eyes.

Standard reaction conditions: 10 mg of catalyst, substrate (0.5 ml of 2,5-DMF 
or 0.5 ml of 2-MF or a mixture of 0.25 ml of 2,5-DMF + 0.75 ml of 2-MF), 0.5 ml of 
CH3CN, Ar atmosphere, 9 W blue LEDs (455 nm), irradiation for 12 h.

Catalyst lifetime evaluation conditions: 200 mg of Ru-ZnIn2S4, 25 ml of 2,5-
DMF, 25 ml of CH3CN, Ar atmosphere, 86 W blue LEDs, irradiation for 100 h.

Scaled-up reaction conditions: 200 mg of Ru-ZnIn2S4, 5 ml of 2,5-DMF + 15 ml 
of 2-MF, 10 ml of CH3CN, Ar atmosphere, 86 W blue LEDs, irradiation for 48 h.

Thermocatalytic HDO of DFPs. Before the HDO reactions, the photocatalytic 
reaction products underwent centrifugation at 10,000 r.p.m. min−1, filtration 
through a 0.22 μm nylon syringe filter, rotary evaporation at 40 °C and finally 
purification by column chromatography (CH2Cl2, petroleum ether = 1:20) to 
totally remove the Ru-ZnIn2S4 catalyst, unreacted substrate and CH3CN. For HDO 
reactions, 20 mg of Pd/Nb2O5, 0.02 mmol of Yb(CF3SO3)3, 50 mg of the pretreated 
DFPs and 3.0 ml of n-tetradecane/cyclohexane solution (internal standard) were 

NaTurE ENErgy | VOL 4 | JULY 2019 | 575–584 | www.nature.com/natureenergy 581

7

http://www.nature.com/natureenergy


Articles Nature eNergy

added into a Teflon-lined reaction autoclave. Thereafter, the reaction system 
was filled with 3.0 MPa of H2 then maintained at 120 and 210 °C for a period, 
successively.

Qualitative analysis of the components of DFPs. The molecular structures of 
the diesel fuel components were deduced according to the produced alkanes 
because the selectivity of dealkylation and isomerization is below 3% according 
to Supplementary Table 3. The diesel fuel components were qualitatively analysed 
by gas chromatography–mass spectrometry (GC-MS, Agilent 5975C with a triple-
axis detector) based on the characteristic fragment ion peaks (FIPs) in a mass 
spectrogram. A detailed description of the analytic methods, deduced structures of 
the diesel fuel components and corresponding NMR/MS spectra are provided in 
Supplementary Notes 1 and 2, Supplementary Tables 3 and 4 and Supplementary 
Figs. 22–57, respectively.

Quantitative analysis of H2. H2 was quantified with He as the internal standard. 
After the reactions, He was injected into the reaction systems, mixed well, then 
followed by analysis by GC equipped with a thermal conductivity detector (GC-
TCD, Techcomp 7900) with Ar as the carrier gas. Supplementary Fig. 58a shows 
the calibration curves of H2 and He, respectively, together with fitting lines. The 
produced H2 can be calculated by the following equation:
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where n(H2) is the H2 produced in the reaction system (mmol), I(H2) and I(He) 
are the TCD responses of H2 and He, respectively, and V(He) is the volume of He 
injected into the reaction system. The produced H2 is expressed as n(H2)/mcatalyst, 
where mcatalyst is the mass of the catalyst.

Quantitative analysis of DFPs. DFPs were quantified with mesitylene as the 
internal standard. After analysing H2, mesitylene was added into the reaction 
system, which was mixed well. The mixture was filtered through a 0.22 μm nylon 
syringe filter and analysed by GC equipped with flame ionization detector (GC-
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where gdimers
,gtrimers, gtetramers and

−gC 212
 are the relative responsive factors of dimers, 

trimers, tetramers and C12-2, respectively; 
−fC 212

 is the relative mass calibration 
factor (RMCF) of C12-2; −mC 212

, mmesitylene and mcatalyst are the mass of C12-2, 
mesitylene and the catalyst, respectively; −MC 212

, Mmesitylene and Mproduct 
are the molecular weights (Mw) of C12-2, mesitylene and product, respectively; 

−AC 212 , Amesitylene, Aproduct, Adimers, Atrimers, Atetramers, Adimers,B and Atrimers,B are the GC area
of C12-2, mesitylene, product, dimers, trimers, tetramers, branched-chain dimers 
and branched-chain trimers, respectively. In the calculation of the selectivity 

of branched-chain DFPs in the case of the 2-MF substrate, the branched-chain 
tetramers were also included. 

−fC 212
 was experimentally determined with isolated 

C12-2 (Supplementary Figs. 22 and 58b).

Quantitative analysis of diesel fuels. After HDO reaction, the mixture was filtered 
through a 0.22 μm nylon syringe filter and analysed by GC-FID. The RMCFs of n-
undecane, n-dodecane and n-octadecane are very similar, with n-tetradecane as the 
internal standard (Supplementary Fig. 58c–e), so the RMCF of n-octadecane was 
used to quantify the C15–C18 alkanes. The yields of Cn alkane were calculated with 
the following equations:
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where fCn
 is the RMCF of the corresponding alkane; mCn

, −mn tetradecane and mDFPs are 
the mass of Cn alkane, n-tetradecane and DFPs, respectively; ACn

 and −An tetradecane 
are the GC area of Cn alkane and n-tetradecane, respectively; MCn

 is the Mw of Cn 
alkane and Mave is the mean Mw of the DFPs.

AQY measurements. The AQYs of the photocatalytic dehydrocoupling of 2,5-
DMF, 2-MF and their mixture were measured over Ru-ZnIn2S4 and ZnIn2S4 with 
blue LEDs (input power of 27.2 W, 452 ± 10 nm) by top irradiation. The number of 
photons reaching the top of the reaction solution was measured with a calibrated Si 
photodiode (LS-100, EKO Instruments). The AQYs (η) for the formation of DFPs 
were calculated using the following equation:
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where ndimers, ntrimers and ntetramers are the formed dimers, trimers and tetramers, 
respectively, and NA, I, t and S represent Avogadro’s constant, light intensity, 
reaction time and irradiation area, respectively.

Mechanistic studies using toluene as a model compound. The radical mechanism 
of the dehydrocoupling reaction has been demonstrated by studying the products 
of a radical trapping experiment performed with the following conditions: 1.0 ml 
of toluene, 31 mg of TEMPO (0.2 mmol), 10 mg of Ru-ZnIn2S4, Ar atmosphere, 9 W 
blue LEDs (455 nm), irradiation for 12 h. The products were determined by GC-MS 
analysis. In the cross-coupling experiments, a mixture of 0.5 ml of p-xylene + 0.5 ml 
of p-methyl anisole was used as the substrate instead of toluene.

Powder XRD patterns. XRD patterns were collected with a PANalytical X-Pert 
PRO diffractometer, using Cu-Kα radiation at 40 kV and 20 mA. Continuous scans 
were collected in a 2θ range of 10–80°.

TEM. Samples for TEM were prepared by dispersing catalyst in ethanol and 
sonication for 20 min. The suspension (15 μl) was loaded onto a Cu TEM grid and 
dried. TEM images were obtained using a JEOL JEM-2100.

X-ray absorption spectroscopy. X-ray absorption spectra (named here µX both 
for normalized linear absorption coefficient or fluorescence yield), in the near edge 
(XANES) and extended (EXAFS) energy ranges, were measured at the SAMBA 
beamline54 of Synchrotron SOLEIL; spectra at the Ru K edge were collected by 
measuring the Kα emission of Ru with a four-diode Si drift detector Vortex ME4 
from Hitachi. Dead time correction was applied on the basis of the calibrated 
estimate from DxpMap DSP cards by XIA Ltd. In and Zn data were measured in 
transmission and fluorescence mode; the transmission mode was preferred for 
data analysis. EXAFS data analysis was carried out with theoretical standards 
from Feff 8.455 and with the software Horae56 for data handling and fitting. All fits 
were carried out in R-space (3 ≤ k ≤ 10 Å−1; 1 ≤ r ≤ 3 Å; EXAFS data have been k1 
weighted). The amplitude reduction factor (S0

2) was estimated by fitting the EXAFS 
signal of finely meshed Ru metallic powders and its value was fixed to 0.87(5). 
Similarly, it was found to be 0.9 for Zn and In K edges.

Ex situ samples were analysed after deposition of the powders on 
polyvinylidene fluoride (PVDF) membrane. Operando spectra were acquired using 
conditions very similar to those used for the photocatalytic tests. Briefly, 10 mg 
of the Ru-ZnIn2S4 photocatalyst was suspended in 0.5 ml of 2,5-DMF and 0.5 ml 
of CH3CN within a vial transparent to X-ray and visible light and closed with a 
Teflon/silicone septum (quartz vial with 0.5 mm wall for Ru and In K edges and 
polystyrene vial for Zn K edge). After removal of air by an Ar stream, the vial was 
placed in the X-ray path of the SAMBA beamline and maintained under stirring 
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during acquisition of spectra. During operando experiments, the photocatalyst 
was irradiated with a 450 nm diode emission laser, with an irradiation power of 
100 mW cm−2 over a spot with a diameter of 0.5 cm2. Irradiation was performed for 
7.5 h, during which acquisition of EXAFS spectra was performed every 5 min.

CPD. CPD was recorded using a Kelvin probe force microscope (KPFM). The 
fluorine-doped tin oxide (FTO) glasses (resistivity, 0.01 Ω cm) were cleaned 
according to the literature48. Briefly, the original FTO glasses were cleaned with 
acetone (30 min), ethanol (30 min) and H2O (30 min) by ultrasonics. A suspension 
of ZnIn2S4 or Ru-ZnIn2S4 in ethanol, obtained by ultrasonication for 5 h, was then 
added dropwise (five drops; each drop of suspension was added after the ethanol 
of the previous one had dried). Before KPFM measurements, the FTO glasses were 
treated in vacuum at 150 °C for 2 h. KPFM and atomic force microscopy images 
were taken on a Bruker Dimension V SPM system equipped with Pt/Ir coated tips 
(resonant frequency 72 kHz). Images were acquired at scan rates of 0.5 Hz and the 
tip lift height was set to100 nm in the tapping mode for potential mapping. The 
irradiation wavelength was 450 nm. CPD is defined as the difference between the 
work functions of the tip and sample.

Ultrafast transient absorption spectroscopy. The femtosecond transient absorption 
set-up used for this study was based on a regenerative amplified Ti:sapphire laser 
system from Coherent (800 nm, 35 fs, 6 mJ per pulse and 1 kHz repetition rate), 
nonlinear frequency mixing techniques and a Femto-TA100 spectrometer  
(Time-Tech Spectra). Briefly, the 800 nm output pulse from the regenerative 
amplifier was split into two parts with a 50% beamsplitter. The transmitted part was 
used to pump a TOPAS optical parametric amplifier, which generated a wavelength-
tunable laser pulse from 250 nm to 2.5 μm. A 400 nm laser was used as the pump 
beam. The reflected 800 nm beam was split again into two parts. One part, less than 
10%, was attenuated with a neutral density filter and focused into a 3 mm TiO2 
window to generate a white light continuum from 430 nm to 800 nm for use as a 
probe beam. The probe beam was focused with an Al parabolic reflector onto the 
sample. After the sample, the probe beam was collimated and then focused into 
a fibre-coupled spectrometer with CMOS sensors and detected at a frequency of 
1 kHz. The intensity of the pump pulse used in the experiment was controlled by a 
variable neutral-density filter wheel and kept at 70 μJ cm−2. The delay between the 
pump and probe pulses was controlled by a motorized delay stage. The pump pulses 
were chopped by a synchronized chopper at 500 Hz and the absorbance change was 
calculated with two adjacent probe pulses (pump-blocked and pump-unblocked). 
All experiments were performed at room temperature. The sample for measurement 
was dispersed in ethanol and held in a 2 mm quartz curvette after centrifugation at 
2,000 r.p.m. for 10 min to remove the unstable suspension.

Data availability
Additional and supporting data are provided in the Supplementary Information. 
Further data that support the plots within this Article and other findings of this 
study are available from the corresponding author upon reasonable request.
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