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Designing defect-engineered semiconductor heterojunctions can effectively promote the charge car-
rier separation. Herein, novel ceria (CeO,) quantum dots (QDs) decorated sulfur-doped carbon nitride
nanotubes (SCN NTs) were synthesized via a thermal polycondensation coupled in situ deposition-
precipitation method without use of template or surfactant. The structure and morphology studies indi-
cate that ultrafine CeO, QDs are well distributed inside and outside of SCN NTs offering highly dispersed
active sites and a large contact interface between two components. This leads to the promoted forma-
tion of rich Ce** ion and oxygen vacancies as confirmed by XPS. The photocatalytic performance can be
facilely modulated by the content of CeO, QDs introduced in SCN matrix while bare CeO, does not show
activity of hydrogen production. The optimal catalyst with 10% of CeO, loading yields a hydrogen evolu-
tion rate of 2923.8 wmol h=! g=! under visible light, remarkably higher than that of bare SCN and their
physical mixtures. Further studies reveal that the abundant surface defects and the created 0D/1D junc-
tions play a critical role in improving the separation and transfer of charge carriers, leading to superior

solar hydrogen production and good stability.

© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

The increasing energy consumption and depletion of fossil re-
sources have forced mankind to search for sustainable and clean
energy [1]. Hydrogen is a promising clean energy for its environ-
mental friendliness and high energy density. Photocatalytic hydro-
gen production from water utilizing renewable solar energy is rec-
ognized as an ideal route to address global energy and environ-
ment issues [2]. Although various materials such as metal oxides,
sulfides, and nitrides have been reported for active hydrogen evo-
lution, their efficiencies are still restricted by photocorrosion, poor
visible light absorption, unsuitable band structure, and fast charge
recombination [3,4].

As one of the most important rare earth material, ceria (CeO,)
has been extensively used as three-way catalysts, oxygen sensors,
electrolytes, photoactive materals in solar cells, and photocatalysts
for hydrogen generation and pollutant degradation [5,6]. This is
mainly due to a variety of novel properties such as superior redox
ability, high oxygen storage capacity, and physicochemical stability
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[7]. In particular, the valence change from Ce** to Ce3* gives rise
to the formation of oxygen vacancies on CeO, surface for keep-
ing the charge balance, which are beneficial for visible light har-
vesting and charge carrier separation [8,9]. Hence the surface de-
fects (Ce3*/Ce** redox pairs and oxygen vacancies) in CeO, play an
important role in improving the photocatalytic performance. Nev-
ertheless, the inherently rapid recombination of electron-hole and
severe aggregation of CeO, still restrict its photocatalytic efficiency
in practical applications [10,11].

To accelerate the carrier separation and enhance the photocat-
alytic activity of CeO,, one method is to fabricate stable nanostruc-
tured CeO, to regulate the surface defect structure [12,13]. For in-
stance, quantum dots (QDs) possess particular properties of high
surface energy, large surface area, abundant exposed atoms, and
strong quantum confinement effect [14]. A high level of surface
defects is inevitably produced when the size of CeO, is reduced to
several nanometers, which can not only serve as the active sites for
molecular adsorption and activation, but can also capture charges
to suppress the recombination of electron-hole pairs [15,16]. How-
ever, at present most QDs should be synthesized and stabilized in
the presence of organic surface ligands which may have detrimen-
tal effects on the catalytic activity [17,18].
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Construction of CeO, based heterojunctions coupled to other
semiconductors is considered as another effective strategy to fa-
cilitate the charge transfer [10,19]. Polymeric carbon nitride (CN)
has gained tremendous interest as an efficient metal-free photo-
catalytic material for hydrogen evolution [20]. In particular, it was
reported that doping sulfur into CN framework could modify the
electronic and optical properties as well as the carrier mobility of
CN [21,22]. Previous studies showed that CN could form n-n junc-
tions with CeO, by virtue of their matched band positions and the
photocatalytic activity can be improved versus the single compo-
nent [23-26]. Zou et al. reported a two-step self-assembly method
to synthesize cubic CeO,/CN composites with enhanced photocat-
alytic hydrogen evolution arising from the stronger interfacial ef-
fects [23]. Humayun et al. reported that the efficient elimination of
2,4-dichlorophenol was achieved over CeO,/CN due to the greatly
improved charge separation [24]. Liang and coworkers prepared
CN@Ce0, hollow heterostructure via a hard template method and
found that the photocatalyst after H, reduction had rich oxygen
vacancies and excellent photocatalytic activity for CO, reduction
[25]. However, most of these works involved a complicated mul-
tistep process for the fabrication of CeO,/CN junctions. Few litera-
tures focused on the surface defects and the relationship of defect
structure-photoactivity.

Here, aimed at modulating the defect structure and promot-
ing the charge separation, we designed highly dispersed CeO,
QDs/sulfur-doped CN nanotubes (SCN NTs) heterojunctions using
an in situ deposition-precipitation strategy for superior visible-light
photocatalytic hydrogen production. SCN NTs were prepared first
through the thermal polymerization of supramolecular aggregates
without use of template, and then CeO, QDs were in situ deposited
on the inner and outer surfaces of SCN NTs. The introduction of
SCN NTs not only provides more active sites for photocatalysis but
also offers a tubular matrix for the dispersion and stabilization of
ceria QDs. This leads to the activation of CeO, and the precise
modulation of surface defects with abundant Ce3+ jons and oxy-
gen vacancies, charge separation efficiency, and photocatalytic per-
formances.

2. Experimental
2.1. Materials

Melamine, methanol, ammonium hydroxide, and cerium nitrate
hexahydrate were purchased from Sinopharm Chemical Reagent
Co., Ltd. Trithiocyanuric acid was supplied by Aladdin Industrial
Corporation. All chemicals were of analytical grade and used as re-
ceived.

2.2. Synthesis of SCN NTs

SCN NTs was prepared via the thermal polymerization of
supramolecular aggregates [27]. Typically, equimolar amounts of
trithiocyanuric acid and melamine were dispersed in a mixture
solvent of deionized water and methanol, followed by ultrasonic
treatment for 10 min and stirring at room temperature for 12 h.
The yellow suspension was filtered, rinsed with deionized water,
and dried at 70 °C. The resulting powder was finally annealed at
500 °C for 2 h in a tube furnace under Ar atmosphere.

2.3. Synthesis of CeO, nanoparticles (NPs)

CeO, NPs were synthesized by a deposition-precipitation
method. 1 g of cerium nitrate hexahydrate was dissolved in 30
mL of deionized water forming a colorless and transparent solu-
tion. After dropwise addition of 5 mL of NH3+H,O under stirring,
the resulting purple Ce(OH)3 precipitate was filtered and dried at

60 °C, yielding the yellow product of CeO, [28], which was finally
calcined at 250 °C for 4 h under Ar atmosphere.

2.4. Synthesis of CeO, QDs/SCN NTs

The fabrication process of CeO, QDs/SCN NTs is shown in Fig. 1.
Different amounts of cerium nitrate hexahydrate were dissolved in
deionized water. 500 mg SCN NTs were then dispersed into the
Ce(NO3); solution under ultrasonication for 15 min followed by
dropwise addition of NH3+H,0. The products were filtered, dried,
and calcined at 250 °C for 4 h under Ar atmosphere. The ob-
tained composites were denoted x% CeO,/SCN where x% indicates
the weight percent of CeO, in the hybrids.

2.5. Characterization

The crystal structure was analyzed by X-ray diffraction (XRD)
patterns acquired using Cu Ko radiation (20 mA, 40 kV). The mor-
phology and microstructure were investigated by a scanning elec-
tron microscopy (SEM, Hitachi) and a transmission electron mi-
croscopy (TEM, JEOL). The CeO, content in the composites was
measured by a thermogravimetric analyzer (TGA, Diamond TG
6300) in air atmosphere. The optical properties were studied by
UV-vis diffuse reflectance spectra (DRS) on a JASCO V-750 appara-
tus. The nitrogen sorption experiments were performed on a Mi-
cromeritics TriStar 11 3020 analyzer to obtain the surface areas and
pore size distributions of the catalysts. X-ray photoelectron spec-
troscopy (XPS) was carried out on an ESCALAB 250Xi apparatus.
The peak positions were calibrated with the C 1s signal of con-
taminated carbon at 284.8 eV as the reference. The time-resolved
photoluminescence (PL) decay spectra were excited at 325 nm and
recorded at 460 nm with an Edinburgh FLS980 spectrometer.

Electrochemical measurements were performed on a CHI760E
electrochemical workstation with a standard three-electrode cell in
0.5 M Na,SO4 electrolyte solution. The FTO glass, platinum wire,
and Ag/AgCl electrode (in saturated KCl) were used as the working
electrode, counter electrode, and reference electrode, respectively.
The working electrode was prepared as follows: 10 mg photocat-
alyst was dispersed in 1 mL ethanol under sonication for 20 min
with the addition of a drop of Nafion to make a slurry. The slurry
was then coated onto a FTO glass (1 cm x 1 cm) and finally cal-
cined at 150°C for 2 h.

2.6. Photocatalytic test

The photocatalytic hydrogen production experiments were per-
formed in a quartz reactor connected to a closed circulating sys-
tem. Typically, 50 mg photocatalyst was suspended in 100 mL
aqueous solution containing 20 vol% triethanolamine (TEOA). The
loading of 1 wt% Pt co-catalyst was conducted by in situ photode-
position of H,PtClg. After evacuation for 30 min to remove the air,
the system was irradiated with a 300-W Xe lamp equipped with
a 400 nm cutoff filter. The reaction temperature was kept at 15 °C
by using the cooling water. The generated gaseous products were
quantified by a FuLi GC-9790 gas chromatograph with a thermal
conductivity detector.

3. Results and discussion
3.1. Morphology and structure of CeO, QDs/SCN NTs

The crystal structures of SCN NTs, CeO, NPs, and CeO, QDs/SCN
NTs were studied by XRD as displayed in Fig. 2(a). The diffraction
peaks of CeO, NPs are located at 28.5°, 33.0°, 47.6°, 56.4°, 59.0°,
69.5°, 76.7°, 79.3°, and 88.6°, indexed to (111), (200), (220), (311),
(222), (400), (331), (420), and (422) planes of cubic CeO, (JCPDS
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Fig. 1. Scheme of the synthesis of CeO, QDs/SCN NTs.
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Fig. 2. (a) XRD patterns and (b) TGA curves of SCN, CeO,, and CeO, QDs/SCN NTs.

no. 34-0394). Pristine SCN has two characteristic diffraction peaks
at 13.3° and 27.5°, assigned to (100) plane of in-plane packing
and (002) plane of interlayer stacking of aromatic system, respec-
tively [20]. This indicates that the trithiocyanuric acid-melamine
supramolecular aggregates have been polymerized to graphitic CN
under the synthesis conditions. After decoration with CeO, QDs,
the main peak of SCN at 27.5° overlaps with the strongest peak of
CeO, at 28.5°. The CeO, characteristic peaks become stronger with
increasing CeO, loading in the CeO,/SCN composites. The peak po-
sitions of SCN have not changed but the peak intensity declines
slightly. This reveals that the crystal structure of SCN is well main-
tained in the CeO, QDs/SCN NTs. Moreover, the CeO, diffraction
peaks of Ce0,/SCN are obviously broader than that of CeO, NPs,
indicative of a much smaller particle size based on the Debye-
Scherrer equation [25].

The content of CeO, in CeO,/SCN composites is measured by
TGA in Fig. 2(b). No distinct weight loss is observed for pure CeO,
NPs when it is heated up to 800 °C under air atmosphere. In
contrast, SCN NTs begin to lose weight above 500 °C and burn
out at about 680 °C. For CeO, QDs/SCN NTs, the decomposition
temperature decreases below 350 °C because the introduction of
CeO, accelerates the oxidation of SCN. Thus, the content of CeO,
in Ce0,/SCN composites can be calculated from the residual mass

after burning with values of 4.2%, 9.2%, 17.6%, 28.9%, and 38.0%, re-
spectively, in accordance with the dosage of CeO, introduced.

The morphologies of the samples were investigated by SEM. As
shown in Fig. 3(a and b), pure SCN with a hollow tube-like struc-
ture have been successfully fabricated. The SCN tubes have thin
walls and possess a diameter from 200 to 500 nm and a length
from 2 to 10 pm. Pristine CeO, are agglomerated NPs with a mean
grain size of around 10-16 nm (Fig. 3c and d, Fig. S1). After load-
ing of CeO,, the tubular morphology was maintained, as illustrated
in Fig. 3(e and f). No obvious CeO, particles are observed scanning
across the whole specimen of 10% CeO,/SCN. This implies that the
SCN NTs may be decorated with very tiny CeO, particles forming
uniformly dispersed and tightly contacted heterojunctions.

Fig. 4(a-c) shows the typical TEM images with different magni-
fication of CeO, QDs/SCN NTs. Many black dots belonging to CeO,
are homogeneously anchored on the inner and outer surfaces of
1D SCN NTs. The CeO, QDs in 10% CeO,/SCN have an average par-
ticle size of about 2-3 nm, which is much smaller than pristine
CeO,, particles of 10-16 nm. This is due to the restrained aggrega-
tion and increased dispersion of CeO, crystals in SCN matrix and
in line with the results obtained from XRD analysis. HRTEM image
in Fig. 4(d) shows clear lattice fringes with a d-spacing of 0.31 nm,
corresponding to the (111) plane of CeO, (JCPDS no. 34-0394).
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Fig. 3. SEM images of (a,b) SCN, (c,d) CeO,, and (e,f) 10% CeO,/SCN.

Fig. 4. (a-c) TEM images, (d) HRTEM image,

Fig. 4(e) displays the dark field image of 10% CeO,/SCN with
the EDS mapping of C, N, S, Ce, and O. The sample clearly shows
a hollow tubular morphology and all the elements are distributed
evenly along the tubes. These results further confirm the forma-
tion of intimately contacted CeO,/SCN heterojunctions with CeO,
QDs uniformly deposited inside and outside of SCN NTs. This
0D/1D structure can offer more exposed active sites, large surface
area, maximum interfacial contact, and high light scattering, which
could further strengthen the synergistic effect between CeO, and
SCN on improving the photocatalytic properties. In addition, this
microstructure is also conducive to fast charge transport through
the well-defined tubes, leading to accelerated carrier separation
and enhanced photocatalytic performance.

The surface area and pore structure of SCN, CeO,, and 10%
Ce0,/SCN were studied by N, adsorption-desorption experiments.
As shown in Fig. 5(a), all samples present characteristic type IV
isotherms according to the IUPAC classification, suggesting the ex-
istence of mesoporous structures. The specific surface area of 10%
Ce0,/SCN (59.1 m?/g) is larger than that of pristine SCN (47.4
m2/g) and pristine CeO, (55.5 m?/g) due to the smaller parti-
cle size and higher dispersion of CeO,. This indicates that 10%
Ce0,/SCN can offer more active sites and reaction centers for cat-
alytic reactions and would consequently show a better photocat-
alytic performance. The pore size distributions of pristine CeO, and
SCN are centered at 3.7 and 29.1 nm, respectively, with the pores

and (e) EDS mapping images of 10% CeO,/SCN.

generated by the packing of CeO, particles and SCN tubes (Fig. 5b).
Moreover, the BJH curve of 10% CeO,/SCN is related to the combi-
nation of pristine SCN and CeO,, further confirming that the pore
structure of SCN in 10% CeO,/SCN is unchanged after deposition of
CeO, QDs, which is in agreement with the results of XRD, SEM,
and TEM.

3.2. XPS analysis

The surface composition and chemical state of catalysts were
further identified by XPS. The survey scan in Fig. 6(a) mani-
fests the existence of C, N, O, and Ce in 10% CeO,/SCN. Fig. 6(b)
demonstrates that the C 1s spectra of SCN have three peaks at
284.8, 288.2, and 293.6 eV attributed to sp> C-C bonds of the
surface adventitious carbon, sp2-hybridized carbon of N=C-N, and
T -excitation, respectively [8,29]. The N 1s spectra of SCN in Fig.
6(c) can be fitted into four peaks located at 398.6, 399.8, 401.1,
and 404.5 eV, which can be assigned to sp2-bonded nitrogen (C-
N=C), sp3-bonded nitrogen (N-(C)3;), amino functional groups, and
charging effects, respectively [30,31]. Note that the C 1s and N 1s
peaks of 10% CeO,/SCN move to higher binding energies compared
with pristine SCN, indicative of the strong interaction between in-
timately contacted CeO, QDs and SCN NTs in the heterojunctions.
The signal of S 2p spectra is very weak due to a very low content
(0.11%, Fig. 6d). The peaks at around 164 and 169 eV are related
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to the formation of S-N bonds in SCN framework and the sulfur correspond to lattice oxygen and surface chemisorbed oxygen, re-
oxide released during thermal polymerization [27]. The O 1s spec- spectively [33,34].

tra in Fig. 6(e) show that pure SCN has a weak O 1s peak at 532.2 The high resolution spectra of Ce 3d can be deconvoluted into
eV relevant to -OH group or chemisorbed H,0 [32]. The O 1s sig- eight peaks (Fig. 6f). For pristine CeO,, the peaks centered at 883.8
nals at around 529 and 531 eV for pristine CeO, and 10% Ce0O,/SCN and 902.2 eV derive from 3ds;; and 3ds, of Ce3*, whereas those at
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882.2, 888.6, and 898.2 eV are indexed to 3dsp, of Ce** and those
at 900.7, 907.3, and 916.5 eV are indexed to 3ds, of Ce** [35,36].
For 10% Ce0,/SCN, the binding energies of Ce>*+ (884.1 and 902.9
eV) are much higher than that of pristine CeO, while the peaks
of Ce*t shift to lower binding energies (881.9, 888.5, 897.8, 900.5,
906.9, and 916.3 eV). The peak shifts are probably due to the
chemical state change of Ce ions in 10% CeO,/SCN [16]. The co-
existence of Ce3* and Ce*t indicates the generation of Ce3*/Ce*+
redox electron pairs on the catalyst surface, which is favorable for
the storage and release of reactive oxygen species [8,37]. The con-
centration of Ce3* is calculated using the relative peak area of Ce3+
and Ce** [38], with values of 21.5% and 31.6% for pristine CeO, and
10% Ce0,/SCN, respectively. More Ce3* ions are produced in 10%
Ce0,/SCN than in pristine CeO, particles because of the smaller
size and more exposed surface of CeO, QDs. Therefore, the den-
sity of surface defects in CeO, can be regulated via the CeO,-SCN
heterojunction construction and hence results in the regulation of
photocatalytic activity.

In general, Ce3* ions and surface oxygen vacancies appear syn-
chronously in ceria for keeping the charge balance [39,40]:

2Ce™ + 0y = 2Ce** + Oy + 1/20,(g). (1)

Where O; and Oy represent the oxygen atom of lattice oxy-
gen and the oxygen vacancy with charge of plus two, respectively.
Therefore, the obviously higher content of Ce3* in 10% Ce0O,/SCN
indicates that more surface oxygen vacancies are generated which
favors the adsorption and activation of water molecules in pho-
tocatalytic water splitting [11,16]. Moreover, oxygen vacancies can
serve as the capture centers for photogenerated electrons that
consequently suppress the recombination of electron-hole pairs
[41,42]. This would lead to enhanced photocatalytic activity of 10%
Ce0,/SCN because of a higher content of Ce3+ and oxygen vacan-
cies compared with pristine CeO, NPs.

3.3. Photocatalytic hydrogen evolution

The catalytic performances of CeO,/SCN composites were eval-
uated by the photocatalytic hydrogen evolution reaction (HER) un-
der visible-light irradiation. As depicted in Fig. 7(a and b), pristine
CeO,, is inactive in hydrogen production from water splitting due
to the severe recombination of charge carriers. Pristine SCN shows
a steady H, evolution with a total amount of 293.24 umol and a
HER rate of 1466.2 umol h~! g=1 after 4 h of irradiation. The dis-
persion of CeO, QDs on SCN NTs leads to the precise modulation of
photocatalytic performances. The HER rate first rises and then de-
clines as the CeO, loading increases from 5% to 40%. More specif-
ically, the highest activity is achieved over 10% CeO,/SCN with a
HER rate up to 2923.8 umol h=! g~!, which is 2 times higher
than pristine SCN NTs. This HER value is much larger than that
of most CN or CeO, based photocatalysts reported previously, such
as TiO,/CN [43], Cu,O/CN [44], CeOy/carbon [45], CdS/CeO, [46],
Ce0,/CN [47]. On account of the inactivity of bare CeO,, the cre-
ation of homogeneous CeO,/SCN heterojunctions gives rise to the
activation of CeO, for photocatalytic hydrogen evolution. Moreover,
only a small amount of CeO, with 10% loading is used for the reg-
ulation of optimal performance because CeO, QDs is evenly dis-
persed and have intimate interaction with SCN NTs. In contrast,
excess CeO, QDs will cover the active sites on SCN surface and
act as the recombination center for photogenerated electron-hole
pairs [48]. This has resulted in the activity decline as CeO, content
exceeding 10%.

For comparison, the performances of the physical mixture of
SCN and CeO, are also tested. Fig. 7(c) shows that the H, evo-
lution over CeO,-SCN mixture is also enhanced but less efficient
compared with CeO,/SCN hybrids, and the optimal CeO, content
turns out to be 30%. This is mainly ascribed to the poor contact

Table 1. Fitting results of PL decay curves.

Sample A 71 (ns) Ay 7, (ns) X2
SCN 0.038 1.68 0.004 9.75 1.221
10% CeO,/SCN 0.062 1.88 0.007 10.51 1.138

and bad dispersion of CeO, NPs on SCN NTs by the simple physi-
cal mixing. These results indicate that the dispersion of CeO, and
interfacial contact between the two components play crucial roles
in the activity enhancement of CeO,/SCN composites.

To explore the stability of the photocatalyst, a long-time experi-
ment of 10% CeO,/SCN is performed under the same conditions. As
shown in Fig. 7(d), the amount of H, is increased linearly within
14 h of visible-light irradiation. The sample was then collected af-
ter stability experiment and used for XRD, TEM, and XPS character-
ization, which demonstrate that the crystal structure, morphology,
and chemical states of 10% CeO,/SCN are almost unchanged after
photocatalytic reaction (Figs. 8 and S2). In addition, the concen-
tration of Ce3* in the used sample is calculated to be 30.9% (Fig.
S2), nearly identical to that of the fresh one (31.6%). These results
clearly show that 10% CeO,/SCN is a stable photocatalyst for solar
hydrogen production.

3.4. Photocatalytic mechanism

It is reported that the surface defects and the junction creation
are conductive to promoting the interfacial charge transfer in pho-
tocataysis [11,49]. The charge separation efficiency was evaluated
by the electrochemical impedance spectra (EIS) and transient pho-
tocurrent responses. Fig. 9(a) shows the Nyquist EIS plots of the
as-prepared samples under visible light. Generally, a smaller arc
radius implies a lower interfacial charge-transfer resistance and
hence a higher charge transfer efficiency [50]. Compared with pris-
tine SCN, 10% CeO,/SCN shows a much smaller arc radius, indica-
tive of the promoted carrier separation. In addition, 10% CeO,/SCN
displays obviously bigger photocurrent than SCN and CeO,
(Fig. 9b), validating that the generation of abundant surface defects
and the intimate heterojunctions between CeO, QDs and SCN NTs
can greatly accelerate the separation of photogenerated charge car-
riers.

Furthermore, time-resolved PL decay curves were measured to
probe the charge transfer dynamics of the samples [51]. As ex-
hibited in Fig. 9(c), the time-resolved PL spectra of SCN and 10%
Ce0,/SCN show obvious decay while the PL signal of CeO, is too
weak to measure the attenuation. The plots were well fitted by the
following equation with two decay components [52,53]:

I(t) = A exp (;—]t) + Ay exp (g) (2)

Where [(t), T, and A represent the PL intensity, the lifetime,
and the pre-exponential factor, respectively. The fitting results are
listed in Table 1. Note that 10% CeO,/SCN has much larger values
of 71 and 7, (1.88, 10.51 ns) than pristine SCN (1.68, 9.75 ns) re-
vealing a slower PL attenuation with longer carrier lifetime. This
further indicates faster charge separation and thus higher photo-
catalytic performance for 10% CeO,/SCN.

The optical absorption properties were characterized by UV-vis
DRS (Fig. 10a). The absorption edges of SCN and CeO, are located
at 469 and 475 nm. The CeO,/SCN composite samples have ab-
sorption curves similar to pristine SCN. A tailing absorption rang-
ing from 450 to 600 nm is observed for the composites and SCN
due to the modification of light harvesting by S doping [54]. The
band gap energies of SCN and CeO, are calculated according to the
Tauc relationship using the absorption data by the following for-
mula [55]:

ahv =A (hv — Eg)"? (3)
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Where «, v, h, and Eg refer to the absorption coefficient, light
frequency, Planck constant, and band gap energy, respectively. A is
a proportionality constant. n lies on the optical transition type of
semiconductors with values of 4 and 1 for SCN and CeO,, respec-
tively [56,57]. The Tauc curves are then plotted with band gap en-
ergies determined to be 2.42 and 2.76 eV for SCN and CeO,, re-
spectively (Fig. 10b).

The valence band (VB) XPS spectra were measured to deter-
mine the band structure of SCN and CeO, (Fig. 11a), which demon-
strate values of 2.10 and 2.04 eV assigned to the energy dif-
ference (AEr_yg) between VB and the Fermi level [58]. The va-
lence band maxima (VBM) of SCN and CeO, are estimated to be
1.76 and 2.23 V using the formula Egug/V = & + AEpyp - 444
(Erye: potential of standard hydrogen electrode, ®: the electron
work function (4.10 and 4.63 eV for SCN and Ce0,)) [59,60]. Com-
bined with their band gap energies, the conduction band minima
(CBM) of SCN and CeO, are calculated to be -0.66 and -0.53 V,
respectively. The CBM and VBM potentials of SCN are shown to
be more negative than that of CeO,. Due to their well-matched

band positions, the decoration of CeO, QDs on SCN tubes re-
sults in the formation of Type II heterojunctions at the composite
interfaces [61].

The possible mechanism of the enhanced photocatalytic hydro-
gen evolution of 10% CeO,/SCN is depicted in Fig. 11(b). When the
composite is illuminated by visible light, both SCN and CeO, can
be excited by photons with energy higher than their band gaps and
produce photogenerated electrons and holes. Driven by the built-in
electric field at the interfaces, the holes in the VB of CeO, would
easily transfer to SCN with a more negative VBM potential; the
electrons in the CB of SCN quickly migrate into CeO,, leading to
efficient spatial separation of charge carriers on the heterojunction
interfaces. Then, the separated holes on SCN can oxidize TEOA into
TEOAT; the electrons on CeO, are captured by Pt particles and re-
duce H* to large amount of hydrogen. Meanwhile, the accumulated
electrons on Ce0, will result in partial reduction of Ce** to Ce3+,
while the holes on SCN can further oxidize Ce3* to Ce**, leading to
the cycle of Ce3+/Ce** redox pairs with constant Ce3* content as
confirmed by XPS. Therefore, the presence of abundant Ce3*+ and
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oxygen vacancies could greatly suppress the electron-hole recom-
bination, giving rise to considerably enhanced photocatalytic activ-
ity compared with pristine SCN and CeO,.

4. Conclusions

In summary, we developed a facile thermal polycondensation
coupled in situ deposition-precipitation strategy for the synthe-
sis of Type II CeO,/SCN heterojunctions with improved photocat-
alytic performance. The homogeneous dispersion of CeO, QDs on
the inner and outer surfaces of SCN tubes promotes the formation
of surface defect structure with a high content of Ce3* ions and
oxygen vacancies, which leads to the activation of CeO, and pre-
cise modulation of the charge separation efficiency and photocat-
alytic performances. The HER rate first rises and then declines as
the CeO, loading increases. The highest activity is observed over
10% Ce0,/SCN with a HER rate of 2923.8 pumol h~1 g1, signif-

icantly higher than that of pristine SCN and their physical mix-
tures. In addition, the sample shows a steady H, evolution un-
der long-time visible-light irradiation up to 14 h without obvious
activity decrease and structure change. Such an activity improve-
ment relates to the unique structure with many favorable proper-
ties. The 0D/1D structure can offer more exposed active sites, large
surface area, maximum interfacial contact, and high light scatter-
ing, producing the synergistic effect between CeO, and SCN on
improving the photocatalytic properties. In addition, the Type II
heterostructure with abundant surface defects are conducive to in-
terfacial charge separation and transport along the well-defined
tubes, leading to accelerated carrier transfer efficiency and en-
hanced photocatalytic performance. This work offers a novel strat-
egy to design hybrid materials with boosted performance by sur-
face defect engineering and heterojunction creation which can be
potentially applied in heterogeneous catalysis and solar energy
conversion.
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