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Abstract: Visible-light-driven hydrogen production through photocatalysis has attracted enormous
interest owing to its great potential to address energy and environmental issues. However, pho-
tocatalysis possesses several limitations to overcome for practical applications, such as low light
absorption efficiency, rapid charge recombination, and poor stability of photocatalysts. Here, the
preparation of efficient noble metal-semiconductor hybrid photocatalysts for photocatalytic hydro-
gen production is presented. The prepared ternary Rh-TiO,-CeO, hybrid photocatalysts exhibited
excellent photocatalytic performance toward the hydrogen production reaction compared with their
counterparts, ascribed to the synergistic combination of Rh, TiO;, and CeO,.

Keywords: metal-semiconductor hybrids; hydrogen production reaction; photocatalysis; ternary

nanostructure

1. Introduction

The increasing energy demand of modern society promotes enormous research en-
deavors on exploiting renewable and carbon-free energy sources, among which solar
energy is recognized to be a promising candidate [1-4]. The massive utilization of fossil
and nuclear fuels represents serious environmental threats such as, pollutant emissions,
and waste formation [1], whereas, as an attractive strategy to utilize solar energy, the
production of hydrogen by solar energy has emerged as a promising strategy and can
generate clean hydrogen fuel, which can be used for many applications such as industrial
hydrogen reactions and fuel cells [5-10]. Among various materials, semiconductors, such
as TiO, [11], ZnO [12], InP [7], Cu,O [5], CdS [13], and CeO, [14], have been considered as
representative photocatalysts for hydrogen production by water splitting owing to their
appropriate band structures for water reduction/oxidation, low cost, and high tolerance for
photostability. However, single-component semiconductor photocatalysts exhibit signifi-
cant limitations for practical application owing to their low photocatalytic efficiency arising
from a limited light absorption window and fast electron-hole recombination [15-18].

Semiconductor hybrids including noble metal nanocrystals (NCs) with broad size-
distributions have attracted considerable attention owing to their unique properties com-
pared with bulk catalysts [19,20]. Among a myriad of nanostructures, nano-sized semi-
conductor photocatalysts, incorporating noble metal NCs with small sizes and high dis-
tributions, exhibit great potential for various photocatalytic reactions arising from their
maximum atom-utilization efficiency, unique electronic structure, and abundance of low-
coordinated surface atoms in the noble metal nanostructures. Based on recent develop-
ments for preparing nano-sized semiconductor photocatalysts, various approaches have
recently been developed to increase the conversion efficiency of solar energy into hydrogen,
such as surface atom control, metal and/or non-metal elemental doping, defect formation,
and morphology control [21]. Of these many strategies, the preparation of photocata-
lysts by depositing small-sized noble metal nanostructures on binary semiconductors is
one of the most promising approaches for boosting photocatalytic performance [4,22,23].
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The formation of the Schottky junction at interfaces between noble metals and semicon-
ductors can endow efficient extraction of photogenerated charges, thereby suppressing
the recombination of charge carriers [15]. In particular, since many unsaturated surface
atoms that are more active for hydrogen production reactions consist of small-sized noble
metal nanostructures compared with bulk material, they can effectively promote hydro-
gen production [24]. In addition, photocatalysts composed of noble metal nanostructures
with small sizes provide effective cost reduction. On the other hand, combining two
different types of semiconductors is a promising strategy for boosting photocatalytic perfor-
mance [25]. Unlike single-component semiconductors, semiconductors composed of two
different semiconductors with complementary band structures can promote the efficiency
of solar energy absorption. In addition, precisely controlled conduction band (CB) and
valence band (VB) alignment of semiconductor photocatalysts can increase the efficiency
of charge separation and migration, resulting in the suppression of electron-hole charge
recombination [26-28]. Therefore, coupling two types of semiconductors with different
band structures can further improve photocatalytic performance.

Herein, ternary Rh—TiO,—CeO; hybrid photocatalysts containing Rh NCs with a di-
ameter of less than 4 nm to achieve synergistic advantages by a combination of binary
semiconductors and small-sized noble metal were prepared. For the preparation of ternary
Rh-TiO,—CeO; hybrid photocatalysts, CeO, and Rh domains were grown on the TiO,
powder dispersed in an aqueous mixture including urea. CeO; can absorb light with a
longer wavelength compared to TiO; due to its smaller band gap energy (2.85 eV) than
that of TiO, (3.22 eV) [29]. Furthermore, since CB and VB edges of CeO, are more negative
than those of TiO,, photo-induced electrons and holes can be efficiently accumulated in CB
and TiO; and VB of CeOy, respectively, which can lead to the retardation of electron-hole
charge recombination. The Rh NCs can effectively capture the electrons from the semicon-
ductor and promote the reduction reaction [30]. Owing to synergistic effects by ternary
compositions, the Rh—TiO,-CeO, hybrid photocatalysts exhibited superior photocatalytic
activity for hydrogen production compared to Rh—TiO; hybrids and TiO; photocatalysts.

2. Results and Discussion

Rh-TiO,—CeO;, and Rh-TiO; hybrid photocatalysts were prepared by seed-mediated
methods growing Rh and CeO; on as-prepared bulk anatase TiO;. The crystalline and
compositional features of the Rh-TiO,—CeO; hybrid, Rh-TiO, hybrid, and TiO, photocata-
lysts were measured using X-ray diffraction (XRD) measurement (Figure 1). All samples
showed typical diffraction peaks of anatase TiO,, which signifies the preservation of the
crystal structure of anatase TiO, during the growth of CeO, and Rh. The XRD patterns
for the Rh-TiO,—CeO; hybrid photocatalysts showed inherent peaks corresponding to
face-centered cubic (fcc) CeO,. The diffraction patterns of inherent Rh were not observed
due to its low content in both Rh—TiO,—CeO; and Rh-TiO, hybrid photocatalysts. X-ray
photoelectron spectroscopy (XPS) measurements for the Ti 2p, Rh 3d, and Ce 3d core levels
of the Rh-TiO,-CeO; hybrid, Rh-TiO, hybrid, and TiO, photocatalysts were performed,
indicating the successful formation of Rh-TiO,—CeO, hybrid photocatalysts (Figure 2).
In XPS spectra, the Ti 2p binding energies of the Rh—TiO,—CeO, and Rh-TiO, hybrid
photocatalysts showed higher values than that of TiO;, photocatalysts. For instance, the Ti
2p3/2 binding energies of the Rh-TiO,-CeO, hybrid, Rh-TiO, hybrid, and TiO, photocat-
alysts are 458.73, 458.72, and 458.39 eV, respectively (Figure 2a,c,e). The intimate contact
of constituent elements for the Rh-TiO,—CeO, and Rh-TiO, hybrid photocatalysts can
account for these changes in electronic structure.

To further investigate the formation of Rh NCs and the morphology of the products,
transmission electron microscopy (TEM) images of the Rh—TiO,—CeO; hybrid, Rh-TiO,
hybrid, and TiO, photocatalysts were obtained. Representative TEM images of the prepared
samples are shown in Figure 3. Figure 3a,b show that pure TiO, possesses smooth surfaces.
Compared with pure TiO,, Rh-TiO; hybrid photocatalysts showed the formation of highly
distributed Rh NCs (3.1 & 0.4 nm) on bulk TiO, (Figure 3c,d). Rh-TiO,—CeO; hybrid
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photocatalysts also possessed small-sized Rh NCs with an average diameter of 3.8 = 0.5 nm
and CeO, nanostructures distributed on the bulk TiO, (Figure 3e—g). The high-resolution
TEM (HR-TEM) image of the Rh-TiO;—CeO, hybrid photocatalysts indicates that the d-
spacing for adjacent lattice fringes in the NCs was 2.2 A, which matches well with that of

the (111) planes of Rh (Figure 3h) [31].
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Figure 1. XRD patterns of the Rh-TiO,-CeO, hybrid, Rh-TiO, hybrid, and TiO, photocatalysts.
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Figure 2. XPS spectra of (a,c,e) Ti 2p, (b) Ce 3d, and (d,f) Rh 3d for different photocatalysts.
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Figure 3. TEM images of (a,b) TiO;, (¢,d) Rh-TiO, hybrid, and (e-g) Rh-TiO,—-CeO; hybrid photocat-
alysts. (h) A high-resolution TEM image focused on Rh NC in Rh-TiO,-CeO; hybrid photocatalysts.

To further verify the formation of Rh-TiO,—CeO; and Rh-TiO; hybrid photocatalysts,
the compositional structure of the Rh-TiO,—CeO; and Rh-TiO; hybrid photocatalysts was
investigated by elemental mapping images for Rh, Ti, Ce, and O (Figure 4). Figure 4a
shows that Rh and Ce signals were highly distributed on the bulk TiO,. In addition, the
formation of Rh-TiO; hybrid photocatalysts was verified through Rh signals observed
on bulk TiO; in the elemental mapping images (Figure 4b). The Rh/Ti/Ce and Rh/Ti
atomic ratios of the Rh—TiO,—CeO; and Rh-TiO; hybrid photocatalysts determined by
energy dispersive X-ray spectroscopy (EDS) measurement were 0.3/87.2/12.5 and 0.5/99.5,
respectively. In addition, the Rh/Ti/Ce atomic ratio of the surface for the Rh-TiO,—CeO,
hybrid photocatalysts was 4.2/31.1/64.7 obtained from XPS measurement.

Figure 4. Elemental mapping images of (a) Rh-TiO,—CeO, and (b) Rh-TiO, hybrid photocatalysts.
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The UV-Vis diffuse reflectance spectroscopy (DRS) of Rh—TiO,—CeO; hybrids, Rh-TiO,
hybrids, and TiO, photocatalysts was obtained to estimate the optical properties yielded
upon the combination of Rh NPs, TiO;, and CeO; domains. As expected, TiO; absorbed
only UV light due to its band gap of 3.22 eV (Figure 5a,d). In contrast, although the Rh—TiO,—
CeO; hybrid photocatalysts also showed similar band gaps to the Rh—TiO, hybrid and TiO,
photocatalyst (Figure 5b—d), they exhibited visible light absorption at wavelengths longer
than 400 nm (Figure 5a). The slightly extended light absorption of the Rh-TiO,—CeO,
hybrid photocatalysts can be attributed to the incorporation of CeO, and Rh domains
into TiO,, which can yield enhanced solar energy conversion efficiency for Rh-TiO,-CeO,
hybrid photocatalysts. The VB XPS pattern of Rh-TiO,-CeO; hybrid photocatalysts shows
the onset at 2.58 eV.
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Figure 5. UV-Vis DRS of (a) Rh—-TiO,-CeO; hybrid, Rh-TiO, hybrid, and TiO, photocatalysts
and corresponding plots of the (ahv)*5 versus photon energy (hv) for (b) Rh-TiO,~CeO, hybrid,
(c¢) Rh-TiO; hybrid, and (d) TiO, photocatalysts.

The band structure of Rh—-TiO,—CeO, hybrid photocatalysts was constructed based
on the results of the UV-Vis DRS and VB XPS of Rh-TiO,—CeO, hybrid photocatalysts
(Figure 6). Photo-induced holes in the VB of the TiO, domain transfer to the VB of the CeO,
domain due to their more positive potential (Process 1 in Figure 6). Meanwhile, photo-
induced electrons are accumulated in the CB of the TiO, domain through two pathways,
such as the transfer of photo-induced electrons from the CB of the CeO, domain and the
formation of electrons in the CB of the TiO, domain (Process 2 in Figure 6). The electrons in
the CB of TiO, can migrate to Rh NCs, which leads to the production of hydrogen through
a reduction reaction (Process 3 in Figure 6).
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Figure 6. The schematic diagram of photocatalytic hydrogen production over Rh-TiO,-CeO, hybrid
photocatalysts under irradiation.

To verify the advantages of the ternary Rh-TiO,—CeO, hybrid photocatalysts for
photocatalytic hydrogen production, the amounts of hydrogen evolved by the Rh-TiO,—
CeO; hybrid, Rh-TiO, hybrid, and TiO, photocatalysts during irradiation were measured
using GC measurement. The photocatalytic hydrogen production reaction was performed
under visible light irradiation (A > 400 nm) in a methanol/water mixture (v/v = 1/3), in
which methanol was used as a hole scavenger. Figure 7a,b show the amounts of hydrogen
evolved of the Rh-TiO,-CeO; hybrid, Rh-TiO, hybrid, and TiO, photocatalysts during
photocatalysis and corresponding hydrogen production rates. Apparently, the photocat-
alytic activity of the photocatalysts was dependent on their constituents. Noticeably, the
Rh-TiO,—-CeO; hybrid photocatalysts exhibited the most remarkable photocatalytic activity
for hydrogen production among the different photocatalysts (Figure 7a,b), demonstrating
that the formation of ternary hybrid photocatalysts constructed with two different TiO, and
CeO, semiconductors and Rh NCs can lead to notable solar energy conversion efficiency.
The hydrogen production rates of the Rh-TiO;—CeO, hybrid, Rh-TiO; hybrid, and TiO,
photocatalysts were 48.3, 25.6, and 5.8 umol g~! h™!, respectively, which signifies that
the hydrogen production rate of the Rh-TiO,—CeO, hybrid photocatalysts was 1.9 and
8.3-fold larger than those of the Rh-TiO, hybrid and TiO, photocatalysts, respectively
(Figure 7b). The higher photocatalytic activity of the Rh—TiO,—CeO, hybrid photocatalysts
can be attributed to efficient electron and hole transfer between interfaces of TiO, /CeO,,
the efficient co-catalyst effect by Rh NCs, and enhanced visible light absorption capabilities.
Based on the band structure of Rh—TiO,—CeO; hybrid photocatalysts (Figure 6), photo-
induced electrons formed in CeO, migrate to the CB of TiO,, whereas photo-induced holes
are accumulated in the VB of CeO,, resulting in efficient charge separation. The efficient
electron and hole transfer in the Rh-TiO,—CeO, hybrid photocatalysts can suppress the
charge recombination, which can effectively promote photocatalytic hydrogen production.
Furthermore, Rh NCs can not only efficiently capture the electrons from both TiO, and
CeO,, but also encourage the reduction reactions for producing hydrogen [29]. Taken
together, the efficient photocatalytic performance of the Rh-TiO,-CeO; hybrid photocata-
lysts compared to the Rh-TiO; hybrid and TiO, photocatalysts can be attributed to positive
synergistic effects upon combining Rh, TiO,, and CeO,. The hydrogen production activity
of the Rh—TiO,—CeO; hybrid photocatalysts was compared with those of recent TiO, or
CeO»-based photocatalysts (Table 1).
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Figure 7. (a) Amount of evolved hydrogen during photocatalysis with different photocatalysts
under visible light irradiation (A > 400 nm) and (b) the corresponding hydrogen production rates.
(c) Recyclability of the Rh—TiO,—CeO, hybrid photocatalysts for photocatalytic hydrogen produc-
tion. Each photocatalysis cycle was conducted for 4 h. (d) Photocurrents, (e) PL, and (f) HER of
different photocatalysts.

Table 1. Comparative results for photocatalytic H, evolution based on previous reports using TiO,
or CeO,-based photocatalysts in the literature.

Photocatalyst I(];)a;l(;lattll(()):: Additive II’{r T)tztfcftilj; Ref.
leé?g?l\zl; Xe){aﬂ%g%r?fnw) Methanol 43 umol h~! g_1 [32]
MoSe, /TiO, Xe ;a>m4p2((J3I(1)21W) Methanol 5.14 pmol h—1 [33]
Cooiumm XERRONY s st G
lgac}%}ince)zi Merc)\uiy;gl;r; I;ES W) Methanol 8.25 umol h™1 g_1 [35]
BCN-TiO, Xe;aip;(()SI(l)&W) Triethanolamine  68.5 umol h~1 g~! [36]
Rh-TiO,-CeO, Xeiai%(()i??nw) Methanol 48.3 umol h~1 gfl This Work

The photocatalytic stability for the hydrogen production reaction was further esti-
mated with Rh-TiO»—-CeO; hybrid photocatalysts. To confirm the photocatalytic stabilities
of the Rh-TiO,—CeO, hybrid photocatalysts, their hydrogen production rates were exam-
ined by three cycles of repeated hydrogen production reactions under standard conditions.
The Rh-TiO,—CeO; hybrid photocatalysts exhibited nearly retained hydrogen production
activity over three repeated photocatalysis cycles (Figure 7c), which indicates the good
recyclability of the catalysts.

To unveil the superior photocatalytic activity of Rh—TiO,—CeO; hybrid photocatalysts
compared to the Rh-TiO, hybrid and TiO, catalysts, photocurrent responses of differ-
ent photocatalysts were measured to estimate their charge generation and transfer rates
(Figure 7d). The Rh-TiO,-CeO, hybrid photocatalysts showed higher photocurrent density
compared to that of the Rh—TiO, hybrid and TiO, catalysts, demonstrating that the CeO,
and Rh can improve the separation of photo-induced electron-hole pairs. Furthermore,
photoluminescence (PL) measurement performed for investigating the electron transfer
process revealed that significant quenching of PL is observed after a combination of CeO,
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and Rh into TiO; (Figure 7e). In addition, compared with TiO, catalysts, Rh—TiO; hy-
brid photocatalysts exhibited higher current density (Figure 7d) and lower PL intensity
(Figure 7e), respectively. These findings verify that the recombination of electron-hole
pairs is effectively suppressed by incorporating both CeO, and Rh components. On the
other hand, to further investigate the benefit of the Rh domain as a co-catalyst, an elec-
trochemical hydrogen evolution reaction (HER) was performed with different samples
(Figure 7f). In HER polarization curves, the potentials are —0.28, —0.34, and —0.51 V
vs. RHE at 10 mA cm 2 for the Rh-TiO,—CeO, hybrid, Rh-TiO, hybrid, and TiO, pho-
tocatalysts, respectively. This result indicates that the Rh domain promotes the proton
reduction to hydrogen. Particularly, the higher HER activity of Rh—-TiO,—CeO, hybrid
photocatalysts than Rh—TiO, hybrid photocatalysts signifies the promotion effect by the
Rh-CeO, combination.

3. Materials and Methods
3.1. Chemicals

RhCl3 (thodium(III) chloride, 98%, Sigma-Aldrich), Ce(NO3)-6HO (cerium(IIl) ni-
trate hexahydrate, 99.99% trace metals basis, Sigma-Aldrich), urea (NH,CONH,, 99.0%,
Samchun chemical), and TiO; (titanium(IV) oxide, anatase, powder, 99.8% trace metals
basis, Sigma-Aldrich) were used as received. Deionized water (18.2 M()-cm) was used to
prepare the reaction mixtures.

3.2. Preparation of Rh—TiO»—CeO, and Rh—TiO, Hybrid Photocatalysts

In a typical preparation of Rh—TiO,—-CeO, hybrid photocatalysts, 2.0 g of ureaand 0.5 g
of TiO, powder were dispersed in 8.0 mL of deionized water. The mixtures were sonicated
for 30 min. Then, 10 mL of an aqueous mixture containing 0.967 mmol of Ce(NO3)-6H,O
and 0.165 mmol of RhCl; was added to the above mixture with vigorous stirring. The
resultant mixture was heated to 95 °C and kept at 95 °C for 24 h with vigorous stirring.
Subsequently, wet precipitate was collected by centrifugation and washed two times with
deionized water. Then, the wet precipitate was dried at 150 °C for 6 h and finally was
calcined at 500 °C in air for 2 h.

For the preparation of Rh—TiO, hybrid photocatalysts, all synthetic conditions are
identical except adding Ce(NO3)-6H,O.

3.3. Characterization

DRS was measured with a UV-Vis absorption spectrometer (Shimadzu UV-2600). TEM
and EDS elemental mapping images were obtained with a JEOL JEM-2100F transmission
electron microscope operating 200 kV after placing a drop of hydrosol on carbon-coated
Cu grids (200 mesh). XRD patterns were obtained with a Bruker AXS D8 DISCOVER
diffractometer using Cu Ka (0.1542 nm) radiation for 26 at 20 to 80°. XPS measurements
were conducted using a Thermo VG Scientific Thermo VG Scientific Sigma Probe spec-
trometer with Al K« X-ray (1486.6 eV). XPS data were calibrated using the C 1s peak
at 284.5 eV. PL measurements were performed using an aqueous photocatalyst mixture
(1 mg mL~!) with Horiba Fluoromax-4. Photocurrent responses and electrochemical HER
were conducted in a three-electrode cell using potentiostat (CHI 600E). Ag/AgCl (NaCl
3 M) and Pt wire were used as the reference and counter electrodes, respectively. For
measurement of photocurrent responses for photocatalysts, photocatalysts (5 mg) loaded
on FTO were irradiated under visible light (A > 400 nm) using a Xe lamp (300 W, Newport
66902). For electrochemical HER, 100 pg of photocatalysts was loaded on glassy carbon
electrode (Diameter size: 5 mm). The linier sweep voltammetry (LSV) measurements
were performed in the range potentials from —0.6 to 0.2 V (vs. RHE) with a sweep rate
of 5mV s
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3.4. Photocatalysis Experiments

Photocatalytic hydrogen production was performed under visible light irradiation us-
ing a Xe lamp (300 W, Newport 66902) and a UV-cut on filter (A > 400 nm). The intensity of
light in the cell was measured to be 100 mW cm 2. For photocatalytic hydrogen production
experiments, 1.0 mg of photocatalysts was dispersed into 20 mL of methanol/deionized wa-
ter (3/1) mixture. The amount of hydrogen produced during photocatalysis was detected
using gas chromatography (GC, Agilent Technologies 7890B).

4. Conclusions

In summary, an efficient synthetic method for the preparation of ternary Rh-TiO,—
CeO; photocatalysts with small size and a high distribution of Rh NCs on binary TiO,—
CeO, photocatalysts was developed in this work. The Rh-TiO,—-CeO, hybrid photocatalysts
showed extended light absorption compared to the TiO,-CeO, hybrid and TiO; photocata-
lysts. This improved photocatalytic activity can be ascribed to the synergistic combination
of Rh, TiO,, and CeO;. It is expected that the present strategy will be valuable toward
the development of advanced photocatalysts for hydrogen production reactions, and this
design can be extended to semiconductor-metal hybrid catalysts with distinct functions.
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