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Abstract: The combining of the heterostructure construction and active sites modification to re-
model the traditional wide-band-gap semiconductor SrTiO3 for improving visible light absorption
capacity and enhancing photocatalytic performance is greatly desired. Herein, we research a novel
GO/Rh-5rTiO3 nanocomposite via a facile hydrothermal method. The champion GO/Rh-S5rTiO3
nanocomposite exhibits the superior photocatalytic overall water splitting performance with an Hp
evolution rate of 55.83 umol~g*1~h*1 and O, production rate of 23.26 pmolvg*Lh*l, realizing a
breakthrough from zero with respect to the single-phased STO under visible light (A > 420 nm). More
importantly, a series of characterizations results showed that significantly improving photocatalytic
performance originated mainly from the construction of heterostructure and more active sites rooted
in Rh metal. In addition, the possible photocatalytic reaction mechanisms and the transport behavior
of photogenerated carriers have been revealed in deeper detail. This work provides an effective
strategy for heterostructure construction to improve solar utilization through vastly expanding visible
light response ranges from traditional UV photocatalysts.

Keywords: SrTiO3; GO; Rh active sites modification; photocatalytic overall water splitting;
energy conversion

1. Introduction

The excessive consumption of fossil energy has led to serious energy and environ-
mental problems [1] while promoting the research of green alternative energy sources [2].
Hydrogen is considered to be an optimal clean energy source because of its low density,
high calorific value, easy storage, and non-toxicity [3]. At the same time, its combustion
product is only water, which effectively avoids greenhouse gas emissions, so achieving
efficient, clean, and low-energy hydrogen production is significant in the current develop-
ment. Unlike fossil fuels, hydrogen is not readily available directly in nature. Fortunately,
hydrogen can be produced from primary energy sources such as coal, crude oil, natural
gas, biomass, and solar energy. Many process technologies for hydrogen production have
been developed, such as pyrolysis, fermentation, electrocatalysis, and photocatalysis [4].
Currently, the largest hydrogen production comes from coal gasification, methane steam
reforming, and methane partial oxidation technologies [5]. However, the excessive deple-
tion of fossil fuels and significant environmental issues have promoted the development of
viable alternatives. Among them, photocatalytic water splitting, which uses solar energy
and water, is a promising option [6]. In recent years, photocatalytic technology has received
widespread attention because of its clean, safe, sustainable, and longevous advantages. In
the photocatalytic system, a decisive role in the overall water splitting efficiency is played by
the photocatalyst, which is the core of the whole system [7,8]. It is well known that suitable
band structure, abundant reactive sites, and efficient photogenerated carrier separation are
the criteria for excellent photocatalysts [9,10]. However, there are very few photocatalysts
that can meet these criteria. Therefore, it is essential to study an efficient photocatalyst.
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In recent years, SrTiO3 (abbreviated as STO) has been widely used in photocatal-
ysis [11], sensors [12], dye-sensitized solar cells (DSCC) [13], and supercapacitors [14]
because of its excellent properties, including high dielectric constant, resistance to photo-
chemical corrosion, relatively stable properties, and non-toxicity [15,16]. Nevertheless, the
excessively wide energy band (~3.2 eV) of STO semiconductors leads to poor photogener-
ated electron-hole pair separation and low utilization of visible light, which results in poor
photocatalytic performance [17]. Therefore, improving the visible light utilization of STO is
a major challenge. Currently, the modification of photocatalysts involves heterostructure
construction [18,19], defect generation [20,21], elemental doping [22,23], and active sites
modification [24,25]. Ha’s group synthesized SrTiO3/TiO; heterostructures with different
morphologies by a simple hydrothermal method. The SrTiO3/TiO; heterostructures not
only facilitate the rapid separation of photogenerated electron-hole pairs but also allow
more light absorption, which has a synergistic effect that enhances the photocatalytic
activity of SrTiO3/TiO, heterostructures [26]. Deng’s group synthesized SrTiO3-SrCO;
heterostructures by a simple hydrothermal method. The SrTiO3-SrCOj3; heterostructures
facilitate the rapid separation and transmission of photogenerated carriers. Under sim-
ulated sunlight irradiation, the champion SrTiO3-SrCO5; showed a great photocatalytic
H, production rate of 4.73 mmol-h~!-g~1, which was 21 times higher than that of pure
SrTiOj3 [27]. The strategy of constructing heterostructures was applied to STO and other
semiconductors, significantly improving the utilization of visible light and the separation
and migration of charge carriers [28].

Graphene oxide (GO) is widely used for the synthesis of efficient photocatalysts be-
cause of its big specific surface area, outstanding electrical conductivity, and powerful
light absorption ability [29,30]. For example, Jung’s group combined GO with TiO, and
Zn0 to increase light utilization and reduce electron-hole pairs recombination in the com-
posite [31]. Gao’s group synthesized GO/CdS composites by a novel two-phase hybrid
method. The efficient electron transfer from CdS to GO decreased the recombination of
photogenerated carriers which improved the catalytic activity [32]. Hunge’s group has
synthesized GO/TiO, composite using a hydrothermal process. A series of characteriza-
tions showed that the occurrence of GO not only accelerates electron transfer and thus
inhibits the recombination of photogenerated electron-hole pairs but also increased light
absorption and utilization, which improved the photocatalytic activity [33]. Herein, GO
was applied to improve STO light utilization and conductivity. Meanwhile, the active sites
are also important for overall water splitting, and metal elements are usually chosen as
the electron acceptor and as the active sites for the reaction. For example, Cai’s group
successfully constructed metal /phosphide heterostructures by photo-deposition which
drove a dual active site mechanism thereby overcoming the low efficiency of precious metal
water splitting and providing an effective strategy for the preparation of high performance
water splitting catalysts [34]. The use of the Rh metal as the electron acceptors greatly
increases the exposed active sites and promotes the electron-hole separation.

In this work, heterostructure construction and active site modification strategies have
been applied to fabricate GO/Rh-STO composites by a hydrothermal process. Notably, the
prepared GO/Rh-STO composites show excellent photocatalytic overall water splitting
performance under visible light. In addition, the influencing factors to enhance the photo-
catalytic activity and the rational photocatalytic reaction mechanism were also investigated
in depth. This study combines heterostructure construction techniques (GO improved light
absorption) and active sites modification (Rh metal increased active sites) to improve pho-
tocatalytic overall water splitting performance, which provides a new strategy to transform
traditional UV catalysts into visible-light-responsive catalysts with abundant active sites
applied to energy conversion.
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2. Results and Discussions
2.1. Characterization of GO/Rh-STO Photocatalysts

The microstructure and morphological characteristics of the prepared catalysts were
analyzed by SEM, TEM, HRTEM, and EDS mapping. Figure 1a,d show the SEM and TEM
images of STO which show a smooth surface of hexagonal nanosheets without any other
impurities, thereby confirming the formation of STO nanosheets. Figure 1b shows the SEM
image of GO with a large specific surface area, clearly illustrating the disorderly stacked,
and folded sheet-like accumulation. Figure 1c,e show SEM and TEM images of GO/Rh-STO
heterostructures, showing that STO nanoparticles grown on the GO flakes. In Figure 1f,
the HRTEM image of the GO/Rh-STO heterostructure shows the heterostructure interface
between GO and STO, thereby confirming the formation of the GO/Rh-STO heterostructure.
Moreover, the clean lattice spacing of 0.224 nm matches well with the (111) plane of STO,
while GO is amorphous with no clear lattice. In addition, Figure 1g shows the HAADF
and EDS mapping images which show all elements of Sr, Ti, O, Rh, and C in the GO/Rh-
STO composite catalysts, which further confirms the formation of GO/Rh-STO composite
catalysts. The above results confirm the formation of GO/Rh-5TO heterostructures.

( l(

Figure 1. SEM images of (a) STO, (b) GO and (c¢) GO/Rh-STO; (d) TEM image of STO, (e) TEM,
(f) HRTEM, (g) HADDF and EDS mapping images of GO/Rh-STO.

2.2. The Crystal Structure and Chemical States Analysis

To better understand the structure and chemical state of pure STO and GO/Rh-
STO, XRD patterns and XPS analysis were investigated. As shown in Figure 2a, the STO
nanosheets show good crystallinity with diffraction peaks at 22.75°, 32.40°, 39.96°, 46.47°,
52.35°, 57.76°, and 67.83°, which corresponds to (100), (110), (111), (200), (012), (211), and
(220) crystal planes of the STO structure, respectively. These peaks are characteristic peaks
of STO, indexing to JCPDS card number 35-0734 [35]. The STO crystalline structure is
well-developed based on the well-defined and very sharp peaks in the XRD patterns of the
STO nanosheets. As shown in Figure 2b, the XRD pattern of GO shows an intense and sharp



Catalysts 2023, 13, 851

4 of 14

peak at 20 = 10.40° that correspond to the (001) plane of GO, which is usually determined by
the synthesis process and the number of water layers in the interplanar space of GO [36,37].
The XRD patterns of GO/Rh-STO nanocomposites clearly show GO and STO characteristic
diffraction peaks, which proves the presence of GO and STO in the nanocomposites, while
the decrease of GO characteristic peak intensity indicates that the aggregation of GO sheets
has been greatly decreased. Therefore, the XRD patterns confirmed the successful synthesis
of GO, STO, and GO/Rh-5TO nanocomposites. Figure 3a shows that there are Ti, Sr, Rh,
C, and O elements in GO/Rh-STO. As shown in Figure 3b, two symmetric diffraction
peaks (309.4 eV and 314.4 eV) appeared in the Rh 3d XPS spectrum which corresponded to
Rh 3d 5/, and 3d 35, representing Rh** rather than Rh*" or the oxide form of Rh [38,39].
This suggests that Rh is successfully modified into the STO lattice by substitution at the
Ti position. Figure 3c shows the XPS patterns of O elements in GO and GO/Rh-STO
samples. The diffraction peak of lattice oxygen in GO/Rh-STO sample shifts from 529.8 eV
to lower binding energy, which is due to the interference generated by Rh atoms entering
the STO crystal structure, and further confirms the successful modification of Rh in STO.
The XPS spectra of Ti 2p and Sr 3d of STO and GO/Rh-STO are shown in Figure 3d,e,
respectively, which show that the integration of Rh metal active sites modification and GO
heterostructure construction in the STO nanosheets does not change the XPS of Ti 2p and
Sr 3d too much. This result suggests that the incorporation of GO and the Rh metal does
not change the core structure of STO.

The XPS atomic percentage analysis of xGO/Rh-STO as shown in Table 1. The per-
centages of C atomic were 3.8%, 7.2%, 12.2%, and 16.9%, respectively, and named 3.8%
GO/Rh-STO, 7.2% GO/Rh-5TO, 12.2% GO/Rh-STO, and 16.9% GO/Rh-STO, according to
the atomic percentage analysis of XPS.

Table 1. The XPS atomic percentage analysis of xGO/Rh-STO.

GO Addition Atomic %C  Atomic %O  Atomic %Rh Atomic %Sr  Atomic %Ti
Amount (mg)
10 3.8 53.9 0.7 25.1 16.5
20 7.2 53.7 0.6 23.1 15.4
40 12.2 51.4 0.5 21.7 14.2
60 16.9 48.1 04 184 12.5
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Figure 2. (a,b) XRD patterns of the GO, STO, and GO/Rh-STO.
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Figure 3. XPS spectra of STO and GO/Rh-STO: (a) the total survey spectra, (b) Rh 3d, (c) O 1s, (d) Ti
2p, (e) Sr 3d.

2.3. Photocatalytic Performance Evaluation

The photocatalytic performance of the prepared photocatalysts was investigated by
overall water splitting for H, and O, production. As shown in Figure 4a, pure STO cannot
overall water splitting under visible light (A > 420 nm) due to the fact that it can only absorb
and utilize UV light. However, the overall water splitting of GO/STO heterostructure
can work under visible light. The champion GO/Rh-5rTiO3 nanocomposite exhibits the
superior photocatalytic overall water splitting performance with an Hy evolution rate
of 55.83 pmol-g~!-h~! and O, production rate of 23.26 pmol-g~!-h~! under visible light
(A > 420 nm), illustrating that the heterostructure construction and Rh metal active sites
modification enhanced the utilization of visible light and photocatalytic performance of
STO. As shown in Figure 4b, the Hy and O, production rates over the xGO/Rh-STO
samples are increased and then decreased with the increasing amount of GO, the possible
reason for which can be ascribed to the fact that the excess GO reduces the exposed active
sites of STO, resulting in a reduction in the overall water splitting rate. Notably, the 7.2%
GO/Rh-STO photocatalyst displays the highest H, production rate (55.83 pmol-g~!-h~1)
and O, production rate (23.26 umolog_1 -h~1) under visible light (A > 420 nm).
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Figure 4. (a) Time course of Hy and O, evolution over STO, GO/STO, GO/Rh—STO, and (b) photo-
catalytic activity of xGO/Rh—STO (x = 3.8%, 7.2%, 12.2%, or 16.9%) under visible light (A > 420 nm)

irradiation.

In recent years, there have been many works aimed at enhancing the performance
of STO overall water splitting as shown in Table 2. Modulating the morphology of STO
is also an effective strategy to improve photocatalytic activity, in addition to the forming
of composite materials. Many different morphological STO samples have been reported,
such as nanoparticles, nanosheets, nanospheres, nanorods, coral-like and flower-like micro-
spheres, etc. [40—43] The study of STO with different morphologies revealed that highly
interconnected porous structures are more favorable for reactant adsorption, light utiliza-
tion, and carrier migration. For example, flower-like STO with a large number of cavities
facilitates a reduction in photogenerated carrier recombination while facilitating the re-
flection of light to improve light utilization [42,43]. These are the keys to improving the
photocatalytic activity of STO. Morphological modulation provides a strategy to further
improve the photocatalytic activity of GO/Rh-STO. The modified STO catalysts showed
relatively high overall water splitting performance under UV light and low performance
under visible light. This work synthesized GO/Rh-STO photocatalyst and exhibited excel-
lent overall water splitting performance compared to other works under visible light. The
GO/Rh-STO composites have great potential for large-scale photocatalytic overall water
splitting applications, but their performance at present is still insufficient and much work
needs to be carried out to improve the overall water splitting performance of GO/Rh-STO
under visible light.

Table 2. The comparison of overall water splitting performance of STO-based photocatalysts in
other works.

Reactant
Materials D Catalyst Cocatalysts Solution Water Light Source H, ij 1 0> Rjte _1 Ref.
osage (mg) (mL) (umolh-1.g-1) (umolh-1.g-1)
GO/Rh-STO 100 / 100 3?2";’ Aﬁ%ﬁﬁp 55.83 2326 This work
SrTi03-C950 400 / 10 3(02‘;" Aﬁ%ﬂgp 23 1.0 [44]
StTiOs/TiO, 50 Pt (0.3 wt%) 150 3?7‘3";’ Aﬁ%fggp 106 51 [45]
SrTiOs:Rh-RGO- Ru (0.7 wt%) 300W Xe Lamp ,
BiVO,:Mo 200 Co (0.1 wt%) 120 (A > 420 nm) 14 61 [40]
Mg-doped StTiOs 25 Ni (1 wt%) 25 3‘()7‘32’ ;B%ﬁ;gp 88 42 [47]
PACrO, /SrTiOs 100 / 140 3?;\“’;’ ;B%iﬁp 15 5 [48]
Ultrafine Pt clusters on 300W Xe Lamp )
SITiO; 50 / 100 (A > 300 nm) 3 12 [49]
SrTiOs 300W Xe Lamp
(impregnation methods) 300 Pt (0.3 wt%) 150 (A > 300 nm) 38 20 (501
Rh (0.1 wt%)
TiO, /SrTiO; 100 Cr (0.05 wt%) 50 3?}‘3";’ ?8%2331’ 386 192 [51]
Co (0.05 wt%)
oxygen
vacancies 100 Pt (0.3 wt%) 60 3?22’ ?8%];1?;‘;1’ 81 40 [43]

SrTiOs
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2.4. The Influence Factors of Enhancing Photocatalytic Performance

The valence and conduction band structures are essential for the analysis of the
underlying causes of the enhanced photocatalytic activity. As shown in Figure 5a, the UV-
vis DRS of pure STO shows an absorption edge at 385 nm, consistent with the published
literature [52]. Surprisingly, the GO/STO photocatalyst has a much higher absorption
capacity for visible light compared to pure STO. Meanwhile, according to the equation
(aehv) = A (hv — Eg)n/ 2 the plotting of (whv)Y/? with respect to the energy (hv) is performed
to calculate the band gap energy due to the indirect band gap (n = 1) property of STO [53],
while the plotting of (xhv)? with respect to the energy (hv) is performed due to the direct
band gap (n = 4) property of GO/Rh-STO [33]. In Figure 5b, the band gap energies of STO
and GO/Rh-STO are calculated to be 3.20 eV and 2.09 eV, respectively, which indicates that
the combination of GO and STO greatly reduces the band gap energy and enhances the
absorption and utilization of visible radiation. In addition, Mott-Schottky measurements
were performed to investigate the conduction bands of STO and GO/Rh-STO. As shown
in Figure 5c,d, the Mott-Schottky slopes of STO and GO/Rh-STO indicate a positive
correlation, which indicates that they are all n-type semiconductors. The conduction band
potentials of STO and GO/Rh-STO are —0.41 eV and —0.65 eV (vs. NHE), respectively,
as calculated by the equation Enpg = Eag/ager + 0.059 x PH + 0.197. The VB potentials
of STO and GO/Rh-STO were determined to be 2.79 eV and 1.44 eV from the empirical
equation of Eyp = Ecp + Eg [54,55].
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Figure 5. (a) UV —vis diffuse reflectance spectra and (b) curves of («hv)!/2 and (ahv)? versus energy
(hv) of STO and GO/Rh—STO; Mott—Schottky curves of (¢) GO/Rh—STO and (d) STO.

The photoelectric properties are closely related to the transfer and separation ability of
the charge carriers of the photocatalyst. As shown in Figure 6a, the surface charge transfer
efficiency of the samples was studied by EIS and the GO/Rh-STO samples show a much
smaller semicircular diameter and much lower charge transfer resistance than pure STO.
By calculating the diameter of the semicircle obtained by EIS, the charge transfer resistance
(Ret) of GO/STO, GO, and pure STO were 103.2, 41.3, and 279.5 ), respectively, and the
conductivity (Ret~!) was from the largest to the smallest sample as GO>GO/STO>STO.
This is also demonstrated by the linear sweep voltage plot (LSV) shown in Figure 6c,
where the overpotential of GO/Rh-STO (1.19V) is smaller than that of pure STO (1.93 V)
at —10 mA-cm~?2, indicating that the conductivity of GO/Rh-STO samples is better than
that of STO. The improved electrical conductivity of GO/Rh-STO composites is due to the
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introduction of GO with excellent electrical conductivity. Furthermore, Figure 6b shows the
photocurrent responses of the prepared STO, GO, and GO/Rh-STO heterostructures, which
all exhibit stable photocurrent signals over six cycles. Notably, the photocurrent intensity
of the GO/Rh-STO samples is stronger than that of pure STO and GO, indicating that the
GO/Rh-STO composites have better separation of charge-hole pairs.

a b
@ e D —o—GO/Rh-STO ( )“ 02 Gomusto
80 —D—LEH I— ——STO £ ——STO
——GO & ——Go
£
60 | ~
:.
g Fd 4; R
: 40 o Iy 2
N $ V -
=
&
20} £
2
L 2
0 & 0
0 100 200 300 0 120 240
7'(Q) Time (s)

(c | —GORKSTO
——STO
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2 )\.z
<

15+

Current density (mA-cm
S
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Potential (V vs RHE)
Figure 6. (a) EIS Nyquist plots, the electrical equivalent circuit model of as-prepared samples is
shown in the inset of (a) including charge transfer resistance (Rct), resistance of solution (Rs), double
layer capacitance (C4;) and Warburg resistance (Ry); (b) the transient photocurrent responses and;
(c) LSV curves of STO, GO and GO/Rh—STO.

In this study of the behavior of charge separation of samples by photoluminescence
(PL) and transient photoluminescence spectroscopy (TRPL), the PL spectra of photocatalysts
at the excitation wavelength of 385 nm are depicted in Figure 7a, in which PL emission
at 480 nm on as-prepared photocatalysts is shown. As shown in Figure 7b, under the
condition of Aex = 385 nm and Aem = 480 nm, we tracked the transient photoluminescence
(TRPL) emission profile. From Figure 7b, the average decay lifetimes of GO/STO (1.6 ns)
and GO/Rh-STO (1.9 ns) composite catalysts are longer compared to pure STO (1.1 ns),
which further demonstrates the effective facilitative effect of the separation and transfer of
photoinduced charges.

(a) (b &
s Average lifetime T,
1500 ——STO i ——STO L1ins
= ——GO/STO ~ ——GOISTO L.6ns
J ——GO/Rh-STO s ——GO/Rh-STO 1915
21000 | &
2 2
E = g
500 - o
£
L

400

T
500

600 700 800
Wavelength (nm)

5
Time (ns)

Figure 7. (a) PL spectra and (b) TRPL spectra of STO, GO/STO, and GO/Rh-STO (Aex = 385 nm and
Aem = 480 nm).

Furthermore, the specific surface area was investigated in order to investigate the
factors affecting the activity of photocatalytic water splitting. As is shown in Figure 8a—c,
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the N, adsorption—desorption isotherms show that the samples GO, STO, and GO/Rh-STO
all exhibit typical type IV isotherms with H3-type hysteresis loops. This indicates the
existence of multi-porous structures in GO, STO, and GO/Rh-STO. The BET surface area of
the GO/Rh-STO (22.537 m? /g, Figure 8a) composites was significantly larger compared to
that of STO (4.15 m? /g, Figure 8c), which was mainly attributed to the large specific surface
area of GO. In addition, the composition of GO/Rh-STO nanocomposites was analyzed by
Raman spectroscopy. As shown in Figure 8d, STO has secondary Raman scattering from
160 cm ™~ to 451 cm ™!, which leads to a continuous broadband. STO shows its characteristic
peaks at 171, 245, 307, 609, 674, and 1044 cm ! [56,57] and GO shows its characteristic
peaks at 1393 cm ™! (D-band) and 1596 cm~! (G-band). Two additional bands of GO/Rh-
STO were obtained at 1392 (D-band) and 1595 cm~! (G-band) [58], which confirmed the
presence of GO. Therefore, the Raman spectra illustrate the successful preparation of
GO/Rh-STO nanocomposites.
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Figure 8. Nitrogen adsorption—-desorption curves of (a) GO/Rh—STO, (b) GO, (¢) STO, and (d) Raman
spectra of GO, STO, and GO/Rh—STO.

2.5. Photocatalytic Mechanism Research

Based on the above experimental results, the mechanism of the photocatalytic reaction
on GO/Rh-STO heterostructure is shown in Figure 9. According to the above study, the
VB and CB energy levels of STO were confirmed to be 2.79 eV and —0.41 eV, respectively.
The Fermi energy level of GO is —0.008 V with respect to NHE [59]. The CB energy
level of STO is —0.41 eV, which is positive for the Fermi energy level of GO. As a result,
the photoexcited electrons are rapidly transferred from the CB of STO to GO, thereby
suppressing the photoexcited e~ /h* pairs’ recombination and improving their separation
efficiency. During the photocatalytic experiments, when the light starts being exposed on
the photocatalyst, STO absorbs the light and the e~ production of STO transfers from VB
to CB and the h* were left at VB of STO. Due to the solid-solid tight contact interface, GO
facilitates the rapid transfer of e~ to the Rh active sites. The e~ transfers quickly to the
Rh active sites and produces Hy with H*. Meanwhile, h* on the VB of STO produces O,
with water, because the valence band maximum for the STO is located at a more positive
position than the O, /H,0O energy level [60].
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Figure 9. Schematic representation of possible photocatalytic degradation mechanism.

3. Experiment
3.1. Materials

Titanium butoxide (C1H304Ti), sodium hydroxide (NaOH), strontium chloride
(SrClp), rhodium(III) chloride trihydrate (RhCl3-3H,0O), and graphite powder were obtained
from Shanghai Aladdin Technology Co., Ltd. (Shanghai, China). Ethanol (C;H50OH),
hydrochloric acid (HCI), sulphuric acid (H,SO,), hydrogen peroxide solution (HyO5),
sodium nitrate (NaNO3), and potassium permanganate (KMnOy) were obtained from
Shanghai Sinopharm Co., Ltd. (Shanghai, China). All reagents involved in the experiments
were of analytical grade (purity > 99.0%) and the water used throughout the study was
deionized water (DI).

3.2. Synthesis and Preparation
3.2.1. Synthesis of Graphene Oxide (GO)

GO was synthesized using a modified Hummer method which is reported in the other
literature [61]. In short, 100 mL H,SO, (98%) was added to a round-bottom flask (500 mL)
in an ice bath with stirring at 450 rpm. Graphite powder (5 g), NaNOj3 (1.6 g), and KMnOy4
(10 g) were added to concentrated sulfuric acid. An amount of 100 mL H,O was added
to the mixture when the color of the reaction mixture turned light gray. After increasing
the temperature of the reaction vessel to 102 °C for 2 h, HO, (40 mL) was added. The
reaction mixture was washed with 5% HCI until the filtrate became colorless after stirring
the reaction mixture for 1 h. Then, we obtained graphite oxide after washing 3 times with
H,0 and dried it in a desiccator at 60 °C. Finally, we obtained GO by ultrasonication of the
dispersed graphite oxide in water.

3.2.2. Synthesis of Strontium Titanate (STO)

The STO nanoparticle was synthesized via a hydrothermal route [62]. Firstly, SrCl,
(0.01 mol) was added to an autoclave (50 mL) followed by 30 mL of water. After stirring
for 20 min, 3.4 mL titanium butoxide was added, then 0.8 g NaOH. After stirring for 2 h,
the autoclave was heated to 195 °C and held for 23 h. After the completion of the reaction,
the reaction was washed by centrifugation several times and dried at 60 °C. Finally, we
obtained STO white powder.

3.2.3. Synthesis of GO/Rh-STO Composite Catalysts

GO/Rh-STO composites were synthesized by the hydrothermal method [63]. Firstly,
SrCl, (0.01 mol) and RhCl3-3H,0 (50 mg) were added to an autoclave (50 mL) followed by
30 mL of water. After stirring for 20 min, 3.4 mL titanium butoxide was added, then 0.8 g
NaOH. After stirring for 30 min, 20 mg GO was added. After stirring for 2 h, the autoclave
was heated to 195 °C and held for 23 h. After the completion of the reaction, the reaction
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was washed by centrifugation several times and dried at 60 °C to obtain GO/Rh-STO
precursor powder. Finally, we obtained the GO/Rh-STO composite catalysts by annealing
at 200 °C in ambient for 2 h. The xGO/Rh-STO composites were synthesized by changing
the amount of GO (10 mg, 20 mg, 40 mg, 60 mg). The percentages of C atomic were
3.8%, 7.2%, 12.2%, and 16.9%, which named 3.8% GO/Rh-STO, 7.2% GO/Rh-STO, 12.2%
GO/Rh-STO, and 16.9% GO/Rh-STO, respectively, according to the C atomic percentage
analysis of XPS in Table 1.

3.3. Evaluation on Efficiency of Photocatalysts

The evaluation of the overall water splitting performance was performed on a CEL-
PAEM-D8 photocatalytic activity evaluation system (CEL-PF300-T9) equipped with a 300W
xenon lamp (Beijing Zhongjiao Jinyuan Technology Co., Ltd., Beijing, China) and a cutoff
filter allowing A > 420 nm. Briefly, 0.1 g of catalyst was dispersed in an light reactor
containing 100 mL of water, connected to the photoreaction system, and then evacuated.
The reactor was irradiated with a 300w xenon lamp as the light source for performance
testing. The produced H; and O, were evaluated hourly on a gas chromatograph (GC 7920)
using high-purity Ar as the carrier gas, and the amounts of H; and O, were calculated
from their standard curves.

3.4. Characterization

The structure and crystalline phase of the samples were analyzed by XPS (Thermo
Fisher Scientific K-Alpha, Waltham, MA, USA) and XRD (Rigaku Ultima IV, Tokyo, Japan).
X-ray photoelectron spectroscopy (XPS) analysis was conducted on a Thermo Fisher Sci-
entific K-Alpha photoelectron spectroscopy at 5.0 x 1071 mbar. X-ray diffraction (XRD)
patterns of the samples were collected with a scan rate of 0.02°. The morphology was
observed on a field emission scanning electron microscope (Hitachi Regulus 8100, Tokyo,
Japan) and a field emission transmission electron microscope (FEI Talos F200X G2, Waltham,
MA, USA). Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
images were obtained by an FEI Talos F200X G2 instrument at an accelerating voltage
of 200 kV. The diffuse reflectance UV-visible (DRS) was recorded with a PE Lambda 750.
The specific surface area was analyzed on an N, adsorption—desorption device (TriStar
II 20, Waltham, MA, USA) at 77 K, and the samples were degassed at 120 °C for 6 h
in a vacuum before the measurements were taken. The photoluminescence (PL) spec-
tra and transient photoluminescence spectra (TRPL) were measured using an Edinburgh
FLS-1000 spectrofluorometer.

3.5. Electrochemical Tests

The electrochemical properties of the samples were tested on a CHI600E electrochem-
ical workstation. The platinum electrode, ITO glass (1 cm x 2 cm) coated by sample,
and Ag*/AgCl electrode served as counter electrode, working electrode, and reference
electrode to build the three-electrode system in 0.5 M H,SOy electrolyte.

4. Conclusions

In conclusion, we reported a GO/Rh-5rTiO3 composite that was prepared by a simple
hydrothermal process for overall water splitting. The champion catalyst realized H
production rate of 55.83 umol-g~!-h~! and O, production rate of 23.26 umol-g~1-h~!
under visible light (A > 420 nm). The studies of microstructure, physicochemical properties,
and photoelectric behavior demonstrated that the GO/Rh-5rTiO3 heterojunction can work
under visible light, which greatly improves the utilization of sunlight. Moreover, the Rh
metal as the electron acceptor, which greatly increases the active sites and promotes the
electron-hole separation and transfer. This work provides a new strategy to transform
traditional UV catalysts into visible-light-responsive catalysts with abundant active sites.
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