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Abstract
Exploring new heterostructured photocatalysts for photocatalytic hydrogenation reaction with water as
proton source and investigating the corresponding intrinsic step-by-step mechanism are of great
interests. Here we develop a novel S-scheme heterojunction through theoretical design and implemented
by solvothermal growth of Ce2S3 nanoparticles onto electrospun TiO2 nano�bers. The low-dimensional
(0D/1D) heterostructure unveils enhanced photocatalytic activity for aniline production by nitrobenzene
hydrogenation with water as proton source. Density functional theory (DFT) calculations indicate the
electrons transfer from Ce2S3 to TiO2 upon hybridization due to their Fermi level difference and creates
an internal electric �eld at the interface, driving the e�cient separation of the photoexcited charge
carriers, which is authenticated by in-situ X-ray photoelectron spectroscopy along with femtosecond
transient absorption spectroscopy. The step-by-step reaction mechanism of the photocatalytic
nitrobenzene hydrogenation to yield aniline is revealed by in-situ diffuse re�ectance infrared Fourier
transform spectroscopy, associated with DFT computational prediction.

Introduction
Photocatalytic hydrogenation with water as proton source has been explored as a promising approach in
organic synthesis and is widely applied in current pharmaceutical and �ne chemical industries.1, 2 Aniline
is one type of important organic compounds and intermediates in the production of pharmaceuticals,
food additives, agrochemicals, dyes and so on.3, 4 In the past years, catalytic hydrogenation has been
widely studied for reducing nitrobenzene to aniline using Pt, Pd, Au or transition metals as cocatalysts,
which usually requires harsh reaction conditions and greatly increases the product cost and fabrication
di�culty.5–9 In addition, the intrinsic hydrogenation mechanism, which is important to uncover the
underlying reasons for the improved photocatalytic activity, was neglected up to now. Thus, developing
new photocatalysts to achieve e�cient photocatalytic hydrogenation activity with water as proton source
and understanding the reaction mechanism are recognized as major challenges.

TiO2 nano�bers are used as a matrix with intriguing properties featuring short charge transport length,

inert aggregation and increased surface area.10–13 Nevertheless, like other mono-component
photocatalysts, the photocatalytic e�ciency of unitary TiO2 nano�bers is still far away from practical

application due to the rapid recombination rate of photogenerated electron/hole pairs.14–18 A traditional
type-II heterojunction is widely used for the electron/hole separation of a photocatalyst. However, its
asserted charge-transfer mode fails to separate photogenerated charge carriers in terms of dynamics.
Moreover, photoinduced electrons and holes accumulate on oxidation and reduction photocatalysts,
respectively, causing weakened redox ability from a thermodynamic perspective.19–22 Recently, a step-
scheme (S-scheme) heterojunction that is composed of oxidation photocatalyst and reduction
photocatalyst was developed, which offers a feasible solution to the dilemma that traditional type-II
heterojunction confronts.23, 24 In the S-scheme heterojunction, the futile photogenerated electrons and
holes are eliminated through recombination, while the powerful electrons with strong reduction ability in
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the conduction band (CB) of reduction photocatalyst and the holes with strong oxidation ability in the
valance band (VB) of oxidation photocatalyst are preserved to engage in photocatalytic reactions. Such
transfer pathway of the photogenerated charge carriers is distinct from that of traditional type-II
heterojunctions, which facilitates e�cient charge carrier separation and, in the meantime, remains their
strong redox capability.25–28 In macroscopic level, the charge-transfer route (electrons transfer from low
CB to high CB) in the heterojunction resembles a “step”, thus is named step-scheme (S-scheme)
heterojunctions.19

TiO2 is recognized as an oxidation photocatalyst with relatively weak reduction ability. To improve its
photocatalytic hydrogenation performance, it is required to explore a reduction photocatalyst with
relatively negative CB position to combine with TiO2 and form a preferable heterojunction. Ce2S3, a
promising reduction photocatalyst with a bandgap of 2.1 eV, has been barely investigated for catalyzing
organic transformations. The CB and VB positions of Ce2S3 are located at − 0.91 eV and 1.19 eV (vs.

NHE), respectively.29–31 Our calculation on work function of TiO2 and Ce2S3 (Supplementary Fig. 1)
indicates upon the combination of the two materials, an S-scheme heterojunction could be formed.
Experimentally, the TiO2/Ce2S3 heterostructure was synthesized by electrospinning, low temperature
solvothermal and calcination methods (see Methods section for details). Such novel hybrid nano�bers
show boosted aniline production by photocatalytic hydrogenation of nitrobenzene with water as
hydrogen source. In-situ X-ray photoelectron spectroscopy (XPS) and femtosecond transient absorption
spectroscopy (fs-TAS), as well as kinetic pro�les were investigated to verify the S-scheme charge transfer
pathway. In-situ diffuse re�ectance infrared Fourier transform spectroscopy (DRIFTS) together with
density functional theory (DFT) calculations have shed light on the step-by-step reaction mechanism
toward hydrogenation of nitrobenzene to aniline. Isotope labeling experiment con�rmed water being the
sole hydrogen donor. This work provides a unique mechanism viewpoint for e�cient aniline production
by nitrobenzene hydrogenation with water as proton source driven by S-scheme charge-transfer route
within TiO2 nano�ber-based photocatalyst.

Results And Discussion
Characterization of TiO2/Ce2S3  heterostructure. The obtained TiO2/Ce2S3 heterojunctions were denoted
as TCx, where T and C represent TiO2 nano�ber and Ce2S3 nanoparticle, respectively; x is the mole
percentage of Ce2S3 with respect to TiO2. As can be seen from the �eld emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM) images, Ce2S3 nanoparticles
uniformly deposited on the surface of TiO2 nano�bers (Fig. 1a, b). The phase structure of the hybrid
nano�bers was determined by X-ray diffraction (XRD) (Supplementary Fig. 2) and high-resolution
transmission electron microscopy (HRTEM). Two sets of lattice spacings of 0.352 and 0.325 nm,
corresponding to anatase (101) and rutile (110) planes, respectively, were observed in HRTEM image
(Supplementary Fig. 3b). The lattice spacings of TiO2, as well as Ce2S3, appeared in the HRTEM image
simultaneously (Fig. 1c) for the hybrid nano�bers. The energy-dispersive X-ray spectroscopy (EDX)
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spectrum (Fig. 1d) and the high-angle annular dark �eld (HAADF) image (Fig. 1e) both revealed the
existence of Ti, O, Ce and S elements in the composite sample TC5, further con�rming the formation of
TiO2/Ce2S3 nanohybrids.

The surface chemical states of the samples were studied by X-ray photoelectron spectroscopy (XPS).
Two symmetrical peaks (Ti 2p3/2 and Ti 2p1/2) assigning to Ti4+ ions can be seen in the high resolution
XPS spectra of Ti 2p of TiO2 and TC5 (Fig. 2a). The Ce 3d spectra can be resolved into two pairs of spin-
orbit peaks as shown in Fig. 2b. The peaks located at 885.8 and 903.9 eV were attributed to the state of
Ce3+ in Ce2S3. The other pair of peaks at 882.4 and 900.5 eV were assigned to the satellite peak of Ce.
Noticeably, in TC5 sample, the binding energies (BEs) of Ti 2p and O 1s (Supplementary Fig. 4a) shifted
0.2 eV towards a lower value comparing with those of pristine TiO2; conversely, the BEs of Ce 3d and S 2p
(Supplementary Fig. 4b) of TC5 became more positive in comparison with those of Ce2S3, implying the
electrons transfer from Ce2S3 to TiO2 upon hybridization in dark. Such electron transfer between TiO2 and
Ce2S3 resulted in an internal electric �eld (IEF) pointing from Ce2S3 to TiO2, which will drive the e�cient
separation of photoinduced charge carriers as revealed by in-situ XPS (discussed below) and form S-
scheme TiO2/Ce2S3 heterojunctions to promote the photocatalytic performance.

The difference of work functions (Φ), which can be explored by the contact potential difference (CPD)
between the samples and the standard gold tip of Kelvin probe instrument, is an essential parameter
leading to the electron transfer within duplicate semiconductor heterostructures in dark. As shown in Fig.
2c, the CPD of TiO2, TC5 and Ce2S3 reached a stable value in dark. The work function (Φ) and Fermi level
(EF) can be calculated by the following equations:

Φ = Φtip + e × CPD (1)

E F = −Φ (2)

where e represents the electron charge, Φtip is the standard work function of the gold tip (~ 4.25 eV).32 As
shown in Fig. 2d, the work functions of TiO2, TC5 and Ce2S3 were estimated to be 4.31, 4.27 and 3.99 eV,
respectively, indicating that the Fermi level of TiO2 is lower than that of Ce2S3 (− 4.31 vs. −3.99 eV),
consistent with our above DFT analysis (Supplementary Fig. 1). Once they begin to contact with each
other, the electrons tend to transport form Ce2S3 to TiO2, forcing the phases to reach a same Fermi level
(− 4.27 eV) and thus creates an IEF at TiO2/Ce2S3 interfaces directing from Ce2S3 to TiO2 (Fig. 2d), which
is in accordance with above XPS results.

Insights into charge separation mechanism of S-scheme heterojunction. To explore the charge separation
mechanism, the band structures of TiO2 and Ce2S3 were �rst to investigate. The VB XPS spectra showed
that the energy levels of valence band maximum (VBM) of TiO2 and Ce2S3 were 2.67 and 0.95 eV (vs.
NHE), respectively (Supplementary Fig. 5a). The �at-band potentials of TiO2 and Ce2S3 were 0.07 and
0.05 eV (vs. NHE), respectively, derived from the Mott-Schottky plots (Supplementary Fig. 5b). Combined
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with the band gap of TiO2 (3.27 eV) and Ce2S3 (2.01 eV) (Supplementary Fig. 5c), the positions of VBM
and the conduction band minimum (CBM) of TiO2 and Ce2S3 were derived as shown in Supplementary
Fig. 5d.

Based on the above XPS, DFT calculation and CPD analyses, the Fermi level of TiO2 was lower than that
of Ce2S3, inducing the electrons to �ow from Ce2S3 to TiO2 upon contact with each other, forming an IEF
directing from Ce2S3 to TiO2, meanwhile bending the energy bands of TiO2 and Ce2S3 at interfaces. Upon
light excitation, the VB electrons of TiO2 and Ce2S3 both jumped to their CBs. Driven by the interfacial IEF
and bent bands, the photoinduced electrons in TiO2 CB transferred to Ce2S3 VB spontaneously and
recombined with the holes in Ce2S3 VB. While the powerful photogenerated electrons in Ce2S3 CB and the
holes in TiO2 VB were preserved to engage in photocatalytic reactions. Such charge-transfer route
resembles ‘‘step’’ in macroscopic level (from TiO2 CB to Ce2S3 CB) and letter of “N” in microscopic level,
following the S-scheme charge transfer pathway (Fig. 3a), which can e�ciently separate the
photogenerated electron-hole pairs and in the meantime maintain the high redox ability of electrons in
Ce2S3 CB and holes in TiO2 VB, respectively. Therefore, the obtained S-scheme TiO2/Ce2S3

heterojunctions will endow excellent photocatalytic nitrobenzene hydrogenation activity.

To evidence the charge-transfer route in S-scheme heterojunction more intuitively, in-situ XPS spectra
were measured under light irradiation (Fig. 2a, b and Supplementary Fig. 4). Obviously, the BEs of Ti 2p
and O 1s for TC5 shifted positively, while the BEs of Ce 3d and S 2p of TC5 showed a negative shift under
light irradiation, with reference to the corresponding BEs in the XPS spectra in dark. Such shifts soundly
proved that the photoexcited electrons in TiO2 CB transferred to Ce2S3 VB under light irradiation. From
macroscopic perspective, electrons in the TiO2/Ce2S3 nanohybrids steps from low energy level (TiO2 CB)

to high energy lever (Ce2S3 CB), following the S-scheme charge-transfer pathway.33–35

The S-scheme charge transfer dynamics was further investigated by the femtosecond transient
absorption spectroscopy (fs-TAS), which is widely recognized as the most powerful method to disclose
the photoinduced charge transport mechanism in semiconductors.36–38 As depicted in Fig. 3b-e, a
pronounced negative peak at 645 nm was observed for both TiO2 and TiO2/Ce2S3 nanohybrids (TC5),
which can be interpreted as the stimulated radiation of TiO2 and corresponded to the recombination of

photoinduced electrons and holes.39–41 This assignment was further con�rmed by the experiment
performed in the presence of an electron scavenger (AgNO3), in which the signal virtually disappeared
(Supplementary Fig. 6), indicating that the photogenerated electrons were trapped by the electron
scavenger with no electrons to recombine with the holes. Through monitoring the signal strength at 645
nm with different delay times, we noticed that the composite sample TC5 exhibited weaker intensity than
pure TiO2 nano�bers, suggesting less recombination of photocarriers in TC5 than in pristine TiO2.
Moreover, the spectroscopic nature of the charge carriers of TC5 altered at a much slower rate after 50 ps,
indicating a relatively slow recombination of electrons and holes over the nanohybrids. The decay
kinetics at 645 nm within 100 ps of TiO2 and TC5 were �tted and analyzed using a tri-exponential
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function and the results were presented in Fig. 3f and Table 1. In general, the whole series of process can
be partitioned into three-time regions. The shortest lifetime (τ1) corresponds to the process of electron

trapping, which means the photoexcited electrons in CB quickly relax into the impurity state of Ti3+ �rst,
and this process is the fastest. The nanohybrids TC5 possessed more Ti3+ than pure TiO2 as evidenced
by electron spin resonance (ESR) spectra shown in Supplementary Fig. 7. Herein, for TC5, more
photogenerated electrons in TiO2 CB were trapped by the impurity state, leading to longer lifetime of τ1

(3.92 ns) in comparison with pure TiO2 (1.88 ns). The lifetime τ2 is assigned to the process of interfacial
electron transfer from the impurity state of TiO2 to Ce2S3 VB, and τ3 can be ascribed to the recombination
of holes in TiO2 VB with electrons at the impurity state. When Ce2S3 nanoparticles deposited on TiO2

nano�bers, the photoexcited electrons in TiO2 can �nd a new relaxation channel via Ce2S3, which leads to
longer lifetime of τ2 (TC5: 43 ns, TiO2: 27 ns) (inset of Fig. 3f) and thus shorter lifetime of τ3 (TC5: 39 ns,
TiO2: 103 ns) (Fig. 3f) comparing with pristine TiO2. It is worth noting that as the delay time prolonged,
the kinetic trace curves rose tardily again, especially for TC5 (Supplementary Fig. 8), which was owing to
the fact that free electrons trapped at the impurity state slowly released later and thus prolonged the
lifetime. Therefore, it is apparent that the rapid surface trapping of the electrons as well as a timely and
spatial charge separation occurred in the TiO2/Ce2S3 nanohybrids led to the suppressed electron-hole
recombination and supported the formation of S-scheme charge transfer between TiO2 and Ce2S3.
Accordingly, the schematic illustration of the S-scheme charge transfer mechanism in TiO2/Ce2S3

nanohybrids was depicted in Fig. 3g.42

 
Table 1

Parameters derived from �tted
kinetics at 645 nm within 100 ps

for TiO2 and TC5.

Sample τ1

(ps)

τ2

(ps)

τ3

(ps)

TiO2 1.88 27 103

TC5 3.92 43 69

The transient photocurrent responses for TiO2 and TC5 were recorded to rea�rm the charge separation
between TiO2 and Ce2S3 (Supplementary Fig. 9a), where the composite TC5 exhibited a higher
photocurrent density compared with pure TiO2, testifying the superior charge separation e�ciency of
TiO2/Ce2S3 nanohybrids. Interestingly, under initial light irradiation, TC5 exhibited an obvious
photocurrent decrease; when light was switched off, the photocurrent dropped steeply then increased
smoothly. Such unique phenomenon was supposed to be induced by the trapping of electrons by the
impurity state of Ti3+. Upon light irradiation, the electrons �rst jumped from VB to CB, then quickly
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trapped by the impurity state, resulting in the instantaneous decrease of photocurrent. Accordingly, when
the light was off, the photocurrent declined then rose steadily, indicating that the trapped electrons
gradually migrated to the cathode. Herein, the electron trapping at the impurity state is bene�cial to the
separation of photogenerated electron-hole pairs and can improve the photocatalytic performance, as
also evidenced by above fs-TAS results. Additionally, the electrochemical impedance spectra (EIS) of
TiO2, TC5 and Ce2S3 (Supplementary Fig. 9b) showed that the composite TC5 exhibited the smallest
semicircle in comparison with pristine TiO2 and Ce2S3, indicating that the TiO2/Ce2S3 nanohybrids
revealed lowest charge transfer resistance. The polarization curves of TiO2, TC5 and Ce2S3 under UV light
irradiation (Supplementary Fig. 9c) showed that the overpotential for TC5 was lower than that of TiO2

and Ce2S3, indicating better reduction capability of TiO2/Ce2S3 nanohybrids. These electrochemical
results proved that Ce2S3 nanoparticles could form S-scheme heterojunction with TiO2 nano�bers
promoting the electron transfer and separation of electron-hole pairs. Based on these analyses, it is
expected that the TiO2/Ce2S3 S-scheme heterojunction shall exhibit excellent performance toward
photocatalytic hydrogenation of nitrobenzene to aniline.

Photocatalytic nitrobenzene hydrogenation over TiO2/Ce2S3  hybrids. The photocatalytic nitrobenzene
hydrogenation performance of the resultant samples was evaluated by using H2O as hydrogen source.
Controlled experiments demonstrated that no aniline was detected in dark or in the absence of either H2O
or nitrobenzene, indicating that the light irradiation, input H2O and nitrobenzene were indispensable for
the photocatalytic hydrogenation reaction. As shown in Fig. 4a and b, pristine TiO2 nano�bers and Ce2S3

nanoparticles showed relatively lower production rate of aniline owing to the rapid recombination and
lower utilization of photoinduced charge carriers. After depositing Ce2S3 nanoparticles on TiO2

nano�bers, the concentration of aniline was greatly enhanced and achieved the maximum yield of 99%
when TC5 was irradiated for 90 min. Such excellent photocatalytic hydrogenation performance of
TiO2/Ce2S3 nanohybrids was in our expectation and outperformed most photocatalysts with deposited

noble metals as cocatalysts.43–45 Nevertheless, further loading of Ce2S3 (e.g., TC7) would deteriorate the
photocatalytic activity of the nanohybrids because the overloading could shield the light absorption of
TiO2. Note that the preserved holes in TiO2 VB oxidized triethanolamine (TEOA) to produce
diethanolamine (DEA), prolonging the lifetime of electrons in Ce2S3 CB. To determine the hydrogen source
of the hydrogenation reaction, an isotope-labeling experiment was conducted by replacing H2O with D2O
over TC5. As shown in Fig. 4c, the total ion chromatographic peak at 3.79 min corresponded to aniline,
which produced two main ion signals, as well as some fragment peaks in the mass spectrum. The m/z
values of 95 and 67 were assigned to aniline (C6H5D2N) and the fragmentation benzene of aniline
(C6H5D), respectively, verifying that the hydrogen source was the input water rather than any other
hydrogen-containing agents such as triethanolamine or organic solvents. To better demonstrate the
liability of the resultant samples, we evaluated the recyclability and stability of the catalyst TC5 for
photocatalytic hydrogenation. As shown in Supplementary Fig. 10, after �ve-time cycles, neglecting the
in�uence of the catalyst loss during washing and drying processes, the decay of the aniline yield was
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hardly perceptible. The applied photocatalyst showed no detectable change in phase and morphology,
evidenced by the XRD pattern (Supplementary Fig. 11), FESEM and TEM images (Supplementary Fig. 12).
The chemical states were consistent with those of the fresh one as reveled by XPS spectra in
Supplementary Fig. 13. All the results suggest the acceptable photostability of TiO2/Ce2S3 nanohybrids
during the photocatalytic nitrobenzene hydrogenation reaction.

The adsorption of the reactant and the desorption of the product on the heterostructured photocatalyst
were calculated using DFT theory. Supplementary Fig. 14 compared the optimized H2O and nitrobenzene
molecules adsorbed on TiO2 and Ce2S3. The adsorption energy (Ead) of H2O on anatase TiO2 (− 0.9 eV),
rutile TiO2 (− 1.16 eV) and Ce2S3 (− 1.01 eV) was comparable, indicating that H2O was adsorbed equally
on TiO2 and Ce2S3 from a thermodynamic perspective. However, Ce2S3 was located at the outer shell of
TiO2 nano�bers. H2O had shorter diffusion distance to reach Ce2S3, enabling preferential adsorption on
the Ce2S3 rather than the inner TiO2 in a kinetic view. Further investigation shows that nitrobenzene
preferred adsorption on Ce2S3 with more negative adsorption energy (− 1.76 eV) than on anatase TiO2 (− 
1.34 eV) or rutile TiO2 (− 1.46 eV), suggesting that Ce2S3 was the prior adsorption site for both reactants.
We also investigated the desorption energy of aniline on each photocatalyst (Supplementary Fig. 15). The
aniline demanded less energy to desorb from Ce2S3 (0.46 eV) than from rutile (1.13 eV) or anatase TiO2

(0.49 eV). The results manifest that Ce2S3 nanoparticles are in favor of both reactant adsorption and
product desorption, which de�nitely behave as the active sites (not TiO2 nano�bers) for the
photocatalytic hydrogenation of nitrobenzene.

The intermediate species was explored with in-situ DRIFTS to uncover the mechanism of the
photocatalytic hydrogenation reaction (Fig. 4d). As H2O and nitrobenzene vapors were introduced into the
system in dark, there appeared characteristic absorption bands belonging to the adsorbed H2O (2350

cm− 1) and nitrobenzene (2860 and 2965 cm− 1). Their intensities gradually increased with the adsorption
time, con�rming the simultaneous adsorption of H2O and nitrobenzene on the photocatalyst. Upon light

irradiation, new absorption band appeared at 3230 cm− 1 corresponding to (N) − OH species, while the
bands at 1653 and 3435 cm− 1 could be assigned to N = O and –NH, which belonged to the intermediate
species during the photocatalytic hydrogenation reaction. In addition, the − NH2 absorption band of

aniline was also detected at 1157 cm− 1 under light irradiation, suggesting the production of aniline. The
most likely pathway for photocatalytic hydrogenation of nitrobenzene to aniline was proposed as follows
(Supplementary Fig. 16):
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where the asterisk denotes the photocatalyst and Ph represents the benzene ring.

To con�rm the reaction mechanism, we performed DFT calculations on Gibbs free energy change of each
elementary reaction (Supplementary Fig. 16). As shown in Fig. 4e and Supplementary Fig. 17, the
photocatalytic nitrobenzene hydrogenation reaction was an exothermic and spontaneous process,
indicating that the proposed hydrogenation pathway is reasonable in a thermodynamic view. However,
the desorption of aniline was endothermic and required an extra energy, which was the rate-limiting step
for all the samples. As mentioned above, the desorption energy of aniline on Ce2S3 surface (0.46 eV) was
lower than that on anatase and rutile TiO2 surfaces (0.49 and 1.13 eV) (Fig. 4f), which implied that Ce2S3

is more bene�cial for aniline desorption and promotes the photocatalytic hydrogenation reaction.

In summary, we have constructed a unique TiO2/Ce2S3 S-scheme heterojunction photocatalyst for
enhanced aniline production by nitrobenzene hydrogenation with water as proton source. DFT calculation
and CPD results revealed the Fermi level of TiO2 was lower than that of Ce2S3, implying electrons transfer
from Ce2S3 to TiO2 as evidenced by XPS, which bent the bands and created an IEF at the interfaces.
Under light irradiation, the photoinduced electrons in TiO2 CB would immigrate to Ce2S3 VB driven by the
bent bands and IEF, con�rming the formation of S-scheme heterojunction between TiO2 and Ce2S3 and
achieving e�cient separation of photocarriers, thus improve the photocatalytic performance greatly. In-
situ XPS and fs-TAS spectra further con�rmed the charge-transfer route of S-scheme heterojunction. In-
situ DRIFTS together with DFT calculations shed light on the step-by-step photocatalytic reaction
mechanism toward hydrogenation of nitrobenzene to aniline intuitively and detailedly. Isotope (D2O)
tracer results veri�ed that the hydrogen was from water rather than from other hydrogen-containing
agents. This work provides a pathway for the design of S-scheme photocatalysts and mechanism
insights into boosted photocatalytic nitrobenzene hydrogenation performance.

Methods



Page 10/21

Synthesis of electrospun TiO2  nano�bers. All the chemicals were of analytic grade. Poly(vinyl
pyrrolidone) (PVP, MW = 1300000) was purchased from Tianjin Bodi Chemical Co., Ltd and others were
purchased from Shanghai Chemical Company. Typically, tetrabutyl titanate (TBT, 4.0 g) and PVP (1.5 g)
were added into ethanol (20.0 g) and acetic acid (4.0 g) to form a transparent pale-yellow solution after
magnetic stirring for several hours under room temperature. Then the solution was transferred into a 20
mL syringe in an electrospinning setup. The voltage, solution feeding rate and needle-to-collector distance
of electrospinning were set to be 20 kV, 2.5 mL h− 1 and 10 cm, respectively. Afterwards, the collected TiO2

precursor was annealed at 550°C for 2 h with a heating rate of 2°C min− 1 in air.

Preparation of TiO2/Ce2S3  heterostructures. Typically, 0.03 mmol of Ce(NO3)3·6H2O (equivalent to 1
mol% Ce2S3) and 0.06 mmol of hexamethylenetetramine were dissolved in 30 mL of water and 30 mL of
ethanol to form a transparent solution. Then 1.5 mmol of TiO2 nano�bers were added into the above
solution to form a suspension. The suspension was transferred to a 100 mL Te�on-lined stainless steel
autoclave and then heated in an oven at 75°C for 12 h. The solid product was washed with deionized
water and ethanol for three times and then dried at 60°C in air. The obtained product was the TiO2/CeO2

precursor. For comparison, the precursor containing 0.5, 3, 5 and 7 mol% CeO2 were also synthesized by
varying the amounts of Ce(NO3)3·6H2O and hexamethylenetetramine. To synthesize TiO2/Ce2S3

heterostructures, the TiO2/CeO2 precursors (~ 20 mg) were mixed with 0.1 g of thiocarbamide and

calcined at 600°C for 2 h at a heating rate of 10°C min–1 in Ar atmosphere. The obtained TiO2/Ce2S3

heterostructures were labelled as TCx, where T and C represent TiO2 and Ce2S3, respectively; x is the mole
percentage of Ce2S3 in TiO2/Ce2S3 hybrids (x = 0.5, 1, 3, 5 and 7).

Characterization. XRD patterns were performed on a D/Max-RB X-ray diffractometer (Rigaku, Japan) with
Cu Kα radiation. The morphology of samples was observed by a �eld emission scanning electron
microscope (JSM 7500F, Japan). TEM images were recorded on a Titan G2 60–300 electron microscope
equipped with an EDX spectrometer. UV-visible DRS was collected on a Shimadzu UV-2600 UV-visible
spectrophotometer (Japan). XPS was carried out on a Thermo ESCALAB 250Xi instrument with Al Kα X-
ray radiation. In-situ XPS was conducted under the same condition except that UV light irradiation was
introduced. The steady-state PL emission spectra were collected on a Fluorescence Spectrophotometer
(F-7000, Hitachi, Japan). TRPL spectra were recorded on a �uorescence lifetime spectrophotometer (FLS
1000, Edinburgh, UK) at an excitation wavelength of 375 nm. The in-situ FTIR analyses were carried out
on Nicolet iS 50 spectrometer (Thermo �sher, USA) in two sequential steps. Initially, the photocatalyst
was allowed to adsorb nitrobenzene and H2O for 1 h in dark. The mixture of nitrobenzene and H2O vapors
were purged into the sample chamber with the continuous N2 �ow, which continuously passed through
the solution containing nitrobenzene, H2O and TEOA. Then, a 3 W-LED light of 365 nm was turned on and
illuminated for 2 h to in-situ monitor the photocatalytic hydrogenation of nitrobenzene. For CPD
measurement, the samples were prepared by coating them on an ITO substrate and connected to the
standard gold tip by the inner circuit. Electron paramagnetic resonance (EPR) was performed on an ESR
spectrometer (MEX-nano, Bruker) with a modulation frequency of 100 kHz and a microwave power of 15
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mW. Electrochemical measurements were conducted on an electrochemical analyzer (CHI660C, CH
Instruments, Shanghai), in which Pt wire, Ag/AgCl (saturated KCl) and 0.5 M Na2SO4 solution functioned
as counter electrode, reference electrode and electrolyte, respectively. Polarization curves were obtained
by linear sweep voltammetry (LSV) with a scan rate of 5 mV s− 1. All applied potentials were converted
with respect to reversible hydrogen electrode (RHE), namely, ERHE = EAg/AgCl + 0.059 pH + 0.197 V.
Overpotential (η) = 0 – ERHE.

Femtosecond Transient Absorption Spectroscopy (fs-TAS) was performed on a pump–probe system
(Helios, Ultrafast System) with the maximum time delay of ~ 8 ns using a motorized optical delay line
under ambient conditions. The pump pulses at 350 nm (~ 20 µW average power at the sample) were
delivered by an ultrafast optical parametric ampli�er (OPera Solo) excited by a regenerative ampli�er
(Coherent Astrella, 800 nm, 35 fs, 5 mJ, 1 kHz), seeded with a mode-locked Ti:sapphire oscillator
(Coherent Vitara, 800 nm, 80 MHz) and pumped with a LBO laser (Coherent Evolution-50C, 1 kHz system).
A small amount of 800 nm femtosecond pulses from the regenerative ampli�er were used to pump a
sapphire crystal to create a 420–800 nm white light continuum as probe pulses. The TA spectra were
�tted with Surface Xplorer software by the convoluted multi-exponential function:

ΔA(t) = e− (
t−t0

tp
)

2

∗
N

∑
i=1

A ie−
t−t0

τi

9
where t is the probe time delay, t0 is time zero, tp=IRF/(2·ln2), IRF is the width of instrument response
function (full width half maximum), Ai and τi are amplitudes and decay times, respectively, * is
convolution. The minimum number of components N to satisfactorily �t the experimental data is three.

Photocatalytic activity testing. The photocatalytic activity testing was performed in a 50 mL Quartz
reactor. Typically, 15 mg of catalyst, 120 µL/100 mL of nitrobenzene, 4 mL of 1,4-dioxane, 1 mL of
ultrapure water and 0.5 mL of TEOA were added in the reactor. Then the reactor was sealed and purged
with N2 for 15 times by Multi-Atmosphere Controller (PLA MAC 1005, Beijing PerfectLight, China).
Afterwards, the reactor was irradiated with a LED light (wavelength: 365 nm, PCX-50C Discover, Beijing
PerfectLight, China) at 30°C. After reaction, the mixture was �ltered to remove solid catalysts and then
analyzed by a gas chromatograph (GC-2014C, Shimadzu Corp., Japan) equipped with a �ame ionization
detector (FID) and a capillary column (HP-5, 30 m× 0.32 mm× 0.25 µm, Agilent Technologies, USA). The
column was maintained at 70°C for 8 min, then heated to 250°C at 40°C min− 1 and maintained for
another 2 min. The pressure of carrier gas was set to 80 kPa. The temperatures of the injector and the
detector were set to be 250 and 270°C, respectively. For reusability testing, the used catalysts were
washed twice by ethanol, dried at 60°C in a vacuum oven and reused in the next reaction cycle. The
isotope labeling experiment was conducted by using D2O (99.9%, Macklin) instead of ultrapure water as
the hydrogen source. The protocol of photocatalytic activity testing was the same with that mentioned
above. The products were analyzed by gas chromatography-mass spectrometry (TRACE 1300 and ISQ
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7000, Thermo scienti�c, USA) equipped with the capillary column (HP-5, 30 m× 0.32 mm× 0.25 µm,
Agilent Technologies, USA). Helium was the carrier gas with pressure set to 60 kPa. The temperatures of
the injector, ion source and MS transfer line were set to be 250, 230 and 250°C, respectively.

Computational details. The DFT calculations were carried out by using the Vienna Ab initio Simulation
Package (VASP). The exchange–correlation interaction was described by generalized gradient
approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional. The Brillouin zone was
integrated with a Monkhorst–Pack 2×2×1 k-point grid and plane-wave energy cutoff of 520 eV for all
calculations. Anatase (101)-(1×3), rutile (110)-(3×2) and Ce2S3 (001)-(√2×√2)R45° surfaces were built for
adsorption energy calculations with DFT-D3 correction. A vacuum of 20 Å was used to eliminate
interactions between periodic structures. Ce2S3 (001) surface was selected for simulation due to its
lowest surface energy within the low-index facets (supplementary Table 1). The bottom half of atoms of
the slab was �xed for structural relaxation. The convergence criteria for energy and force were 10− 5 eV
and 0.02 eV/Å, respectively. All the parameters were optimized in terms of accuracy and computational
time using results of preliminary calculations. The adsorption energy (Eads) of adsorbate on TiO2 or
Ce2S3 surface slabs is de�ned as Eads = Eslab+adsorbate – Eslab – Eadsorbate, where Eslab+adsorbate, Eslab and
Eadsorbate are the energies of surface slab with adsorbate, surface slab and adsorbate, respectively. The
work function is de�ned as Φ = EV – EF, where EV and EF are the electrostatic potentials of the vacuum
and Fermi levels, respectively.
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Figure 1

Morphology and structure of TiO2/Ce2S3 heterojunction. a FESEM, b TEM and c HRTEM images of TC5.
d EDX spectrum of TC5. e HAADF image and EDX elemental mappings of Ti, O, Ce and S elements in
TC5.
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Figure 2

Electron transfer between TiO2 nano�bers and Ce2S3 nanoparticles. High resolution XPS spectra of a Ti
2p and b Ce 3d of TiO2, Ce2S3 and TC5. In-situ XPS spectra were collected under UV-vis light irradiation.
c CPD pro�le of TiO2, TC5 and Ce2S3 under dark condition. d The band structure of TiO2 and Ce2S3, as
well as the schematic diagram for the electron transfer and the formation of IEF between TiO2 and Ce2S3
upon contact.
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Figure 3

Insights into the charge separation mechanism of S-scheme heterojunction. a Schematic illustration of
TiO2/Ce2S3 S-scheme heterojunction under UV light irradiation for photocatalytic nitrobenzene
hydrogenation. The pseudocolor plots and transient absorption spectra recorded at indicated delay times
measured with 350 nm excitation: b, c pure TiO2 nano�bers and d, e TiO2/Ce2S3 nanohybrids (TC5). f
The corresponding transient absorption kinetic traces of TiO2 and TC5 at 645 nm within 100 ps. g
Schematic illustration of the charge transfer mechanism in the TiO2/Ce2S3 composite system.



Page 20/21

Figure 4

Performance and mechanism insights into photocatalytic hydrogenation reaction. Photocatalytic
activities of nitrobenzene hydrogenation over TiO2, TCx and Ce2S3 under UV light irradiation: a time
course of the concentration of aniline, b the yield of aniline at the light irradiation time of 90 min
catalyzed by different photocatalysts. c Mass spectra of the aniline product and total ion
chromatography (inset) obtained by using D2O (not H2O) as hydrogen source for the photocatalytic
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nitrobenzene hydrogenation over TC5. d In-situ DRIFTS spectra on the TC5 for the adsorption of a mixture
of H2O and nitrobenzene vapor for 60 min in dark and photo-irradiation for another 120 min; the signals
were recorded every 10 minutes. e Gibbs free energy diagram of the photocatalytic hydrogenation of
nitrobenzene to produce aniline over Ce2S3 (001) slab. f Gibbs free energy change of the aniline product
desorbing from anatase TiO2 (101), rutile TiO2 (110) and Ce2S3 (001) slabs, with the free energy of each
slab combined with free PhNO2 as the reference. The cyan, red, green, violet, light pink, brown and blue
spheres stand for Ti, O, Ce, S, H, C and N atoms, respectively.
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