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ABSTRACT: The oxygen evolution reaction (OER) plays a
paramount role in a variety of electrochemical energy
conversion devices, and the exploration of highly active, stable,
and low-cost electrocatalysts is one of the most important
topics in this field. The exfoliated black phosphorus (EBP)
nanosheet with a two-dimensional (2D) layered structure has
high carrier mobility but is limited by excessive oxygen-
containing intermediate absorption and fast deterioration in air.
We here report the fabrication of nanohybrids of amorphous
CoFeB nanosheets on EBP nanosheets (EBP/CoFeB). The 2D/
2D heterostructure, thanks to the electronic interactions and
oxygen affinity difference between EBP and CoFeB nanosheets,
is capable of balancing the oxygen-containing intermediate
absorption to an optimal status for facilitating the OER process. While the crystalline EBP contributes to the improved
conductivity, the amorphous coating protects EBP and thus ensures the catalytic stability. The EBP/CoFeB electrocatalyst
shows excellent OER performance with an ultralow overpotential of 227 mV at 10 mA cm™* with an ultrasmall Tafel slope of
36.7 mV dec™' with excellent stability. This study may inspire more researches to develop heterostructured nanohybrid
electrocatalysts for a diversity of electrochemical reactions.
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KEYWORDS: 2D heterostructure, amorphous CoFeB, black phosphorus nanosheets, electrocatalyst, oxygen evolution reaction

V1112 . . g 13,1 1
sites)'”'” and possess high carrier mobility,'>'* which is

he development of renewable energy can greatly
I reduce our reliance on fossil fuels and address the
emerging environmental issues inevitably arising from
the development of industry.”” In recent years, tremendous
works have been devoted to technologies of hydrogen energy”
and carbon neutralization.”> Electrocatalytic H, generation is
one of the most efficient and ecofriendly routes to achieve this
goal especially by synergy with renewable solar energy or
wind.*"® Nevertheless, the anodic oxygen evolution reaction
(OER) is sluggish in kinetics and thermodynamically has a
high energy barrier even when using benchmarked precious Ir-
or Ru-based electrocatalysts.g’10 Therefore, the development of
nonprecious electrocatalysts for OER with high activity and
stability is urgently desired.
Black phosphorus (BP) nanosheets, as a recently developed
two-dimensional (2D) material, feature the common merits of
a 2D material (e.g., high specific surface area to expose active
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WACS Publications

12418

conducive to OER electrocatalysis. Unfortunately, BP nano-
sheets likely interact with oxygen-containing species too
strongly'>'® and suffer from poor OER intrinsic activity and
instability due to defects on the edge and surface.'” It has been
recently reported that the exfoliated BP (EBP) nanosheet with
a 2D layered structure has a high carrier mobility favorable for
OER electrocatalysis but suffers from too strong absorption of
hydroxyl groups'® and fast deterioration in air.'” In this
context, it is essential to modulate the oxygen-containing
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Figure 1. (a) Schematic diagram of the synthesis of the EBP/CoFeB sample. (b) TEM image of EBP nanosheets (inset: HRTEM image). (c,
d) TEM and HRTEM images of the EBP/CoFeB sample. (¢) HAADF-STEM image and STEM-EDX mapping of Co, Fe, B, and P of the
EBP/CoFeB sample. (f) Raman scattering spectra of the bulk BP, EBP, and EBP/CoFeB samples.

intermediate absorption of EBP and protect the EBP surface by
coating it with an air-stable material with weaker absorption
capacity. Previous works generally focused on suppressing the
deterioration of BP via constructing a heterostructure of BP
and a metal-based material. Researchers designed nickel nitride
(Ni;N)-BP,”” Ni,P nanocrystals-BP,”' Co;0, nanoparticles/
BP (Co;0,@BP),”” and BP/Co,P heterostructure,” most of
which were of 0D/2D structure, devoted to passivating the
defects of BP as well as regulating the conductivity and charge
transfer.”* ™2 In these cases, however, the modulation of
oxygen-containing intermediate absorption is usually not the
major concern, and the overpotentials for OER among
nonprecious materials are still large.

Given that the main factor inducing phosphorene degrada-
tion is oxygen in air,””?® the 2D/2D structure may be more
effective for blocking the few-layer BP nanosheet from oxygen
as well as facilitating electron transfer at the interface. We
therefore strive to find 2D metal-based materials with weaker
oxygen-containing intermediate absorption capacity that can
perfectly match BP. Recently, amorphous transition metal
boride (TMB) nanosheets have been reported to possess high
OER activity, as the boron can weaken the metal—metal bonds
to further diminish the energy barrier for formation of OOH
species. However, the oxygen intermediate adsorption of TMB
tends to be strengthened and thus favorable for further
improving the performance.””*° By developing TMB hybrids
with BP, the phosphorus, with high electronegativity and O
affinity,">*" may innovate the electronic structure of TMB and
strengthen the oxygen-containing intermediate absorption to

an optimal condition. Besides, the metal-based material in
amorphous phase often possesses abundant active sites;
however, its poor conductivity unfavorably maximizes the
electrocatalytic activity.”' ~*

Bearing these points in mind, in this work, amorphous
CoFeB nanosheets were directly grown on the liquid EBP
nanosheets to form a 2D/2D nanosheet hybrid electrocatalyst
for OER. Such a heterostructure could achieve the following
desired effects. First, the heterostructure would optimize the
oxygen-containing intermediate absorption since the absorp-
tion capacity is relatively strong for EBP but rather weak for
CoFeB nanosheets. The first-principal analysis verifies that
amorphous CoFeB can generate a “fast channel” (with no
exothermic step) but is limited by its low probability, while the
EBP offers extra active sites whose affinity to OH* fulfills the
demands of the “fast channel”. Second, the EBP (crystalline)
and CoFeB (amorphous) hybrid displays the superiorities of
quick charge carrier transfer’* and abundant reactive sites,
respectively. Third, the CoFeB nanosheets protect the EBP
from degradation in the ambient environment to promote the
electrochemical stability. Hence the as-prepared EBP/CoFeB
heterostructure shows excellent catalytic performance for OER
with a small overpotential of 227 mV at 10 mA cm™?, fast
kinetics with a small Tafel slope of 36.7 mV dec™’, and long-
term durability.

RESULTS AND DISCUSSION
The synthesis of a 2D/2D EBP/CoFeB catalyst was
implemented by three steps under a N, atmosphere (Figure

https://doi.org/10.1021/acsnano.1c04715
ACS Nano 2021, 15, 12418-12428
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Figure 2. (a) OER curves of samples with a scan rate of 5 mV s™' (without iR compensation). (b) Overpotentials for OER at a current
density of 10 mA cm™2 (c) Tafel plots and (d) EIS measurement results of all the samples. (e) Chronopotentiometry tests for OER at a
current density of 10 mA cm™>. (f) Multipotential process of the EBP/CoFeB. The potential starts at 1.460 V and ends at 1.505 V with an
increment of S mV per 200 s. All the measurements were operated in 1 M KOH solution.

la). First, the EBP (Figure S1) was obtained from bulk
phosphorus by a liquid exfoliation method; then metal ions
(Co®, Fe®) were absorbed on the surface of the EBP by
electrostatic interaction, as P has lone-pair electrons;* finally
CoFeB nanosheets were grown on the EBP via chemical
reduction triggered by NaBH,. Transmission electron micros-
copy (TEM) (Figure 1b) and high-resolution TEM (HRTEM)
(inset of Figure 1b) images show that the EBP sample exhibits
2D nanosheets with an interplanar distance of 0.219 nm,
corresponding well to the (002) plane of black phosphorus.
The atomic force microscopy (AFM) image (Figure S2) of
EBP nanosheets further reveals the thickness is below 10 nm.
The pristine CoFeB sample exhibits the morphology of
wrinkled nanosheets (Figure S3a) without lattice fringes in
the HRTEM image (Figure S3b), which implies an amorphous
characteristic of CoFeB. The AFM image of CoFeB nanosheets
is also shown in Figure S4, and the line scan of the height is
consistent with a wrinkled surface morphology. The TEM
image of the EBP/CoFeB composite is also displayed in Figure
lc. The HRTEM (Figure 1d) image shows the amorphous
structure is overlapped with clear lattice fringes, indicating that
the amorphous CoFeB nanosheets are grown on the EBP
nanosheets to form 2D/2D nanosheets. ICP-OES analysis
(Table S1) reveals that the EBP/CoFeB comprises Co (39.42
wt %), Fe (17.53 wt %), B (2.17 wt %), and P (17.92 wt %),

12420

the rest being mostly oxygen and carbon, which corresponds to
a P to Co atomic ratio of 1:1.16.

X-ray diffraction (XRD) patterns also prove that the CoFeB
nanosheets are amorphous, as no obvious diffraction peak
appears (Figure $5).> All the diffraction peaks of EBP/CoFeB
can be indexed to the BP (JCPDS 73-1358).”* The peaks
located at 16.9°, 26.5° 34.2°, 35.0°, 41.1°, and 52.4° are
assigned to the (020), (021), (040), (111), (002), and (060)
planes of BP, respectively. The weak diffraction peak of BP
may be ascribed to the few-layer structure. Element mapping
analysis reveals the uniform dispersion of Co, Fe, B, and P
elements (Figure le) and highlights that the EBP nanosheet is
covered by the CoFeB nanosheet in the EBP/CoFeB. The
variations in the Raman spectra from the bulk BP to the EBP/
CoFeB heterostructure are shown in Figure 1f; three
characteristic peaks of bulk BP centered at 356.8, 430.3, and
458.1 cm™ correspond to Agl, B,y and Ag2 vibrational
modes,”” where the Ag1 represents the out-of-plane vibration
and the latter two represent the in-plane vibrations.”> After
exfoliation, three characteristic Raman peaks exhibit an obvious
red-shift, indicating the reduction of thickness and formation
of few-layer EBP nanosheets. The EBP/CoFeB shows a blue-
shift in the peaks’ position due to the interaction between EBP
and CoFeB nanosheets. It should be noticed that the in-plane
vibrations (B, and A,?) have a more obvious blue-shift (about
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Figure 3. XPS data of the (a) Co 2p peak, (b) Fe 2p peak, (c) P 2p peak, and (d) B 1s peak of the as-prepared samples.

3.5 cm™") than that of the out-of-plane vibration (A,') (about
1.8 cm™"), which suggests that CoFeB grows on the surface of
EBP and the layered structure of EBP is not destroyed.

The oxygen evolution activities of the electrocatalysts were
evaluated by a series of electrochemical measurements in an
aqueous electrolyte of 1 M KOH. Linear sweep voltammetry
(LSV) curves (Figure 2a) show that the EBP/CoFeB catalyst is
the most eflicient and has the smallest onset potential, superior
to those of the pure CoFeB and the EBP samples. The
overpotentials of the CoFeB and EBP catalyst are 247 and 386
mV at a current density of 10 mA cm™> (Figure 2b),
respectively. By contrast, the EBP/CoFeB heterostructure only
requires an overpotential of 227 mV to reach the same current
density (surpasses most of the BP- and metal boride-based
materials, Figure S6), which demonstrates that the OER
activity at the heterostructure is mostly derived from the
synergistic effect between the two parts. The overpotentials for
all the samples at the current density of 100 mA cm™ are
shown in Figure S7, and the EBP/CoFeB catalyst also displays
the highest activity, requiring only 313 mV to reach 100 mA
cm™2 In a two-electrode cell configuration, the EBP/CoFeB
catalyst also presents an excellent performance (Figure S8).
Figure 2c¢ shows that the Tafel slope of EBP/CoFeB is 36.7
mV dec™!, which is less than those of CoFeB (63.6 mV dec™)
and BP (111.6 mV dec™), indicating that the EBP/CoFeB
displays the fastest kinetics. The EBP/CoFeB presents a
smaller semicircle radius of impedance arc than that of CoFeB
during electrochemical impedance spectroscopy (EIS) meas-
urement (Figure 2d), which means the electron transfer is
significantly facilitated when the EBP support is introduced.
We speculate that the crystalline—amorphous structure can
simultaneously promote the conductivity and activity.

The stability tests were performed by chronopotentiometry
at a current density of 10 mA cm ™. The potential on EBP
sample continuously increases due to the poor stability, in
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contrast to the EBP/CoFeB nanosheet heterostructure, which
shows good durability without obvious change in potential
during a 60 h run (Figure 2e), thanks to CoFeB nanosheets’
coating protection of the EBP that leads to desired
electrochemical stability. The multipotential curve of EBP/
CoFeB (Figure 2f) shows that the current density increases
with the increase of potential (increment = S mV per 200 s)
and remains almost unchanged when the applied potential is
constant. The trends of the current densities under all the
potentials are similar, implying that the EBP/CoFeB has good
transport properties. We also investigated the electrochemical
active surface area (ECSA) by the electrochemical double-layer
capacitance (Cyq)*" to further elucidate the origin of the
superior performance of the EBP/CoFeB heterostructure. The
Cgq values are determined by the slope of the linear relationship
between the current density in cyclic voltammetry (CV) curves
and the scan rates (Figure $9).>” The Cy value of EBP/CoFeB
(129.86 mF cm™) is 16.2-fold that for EBP (8.04 mF cm™2)
(Figure S10), suggesting the existence of much more active
sites after combining with CoFeB. The Cy value of pure
CoFeB (160.12 mF cm™?) is relatively higher than that of the
heterostructure, revealing that the active sites of the
heterostructure mainly originate from the metal sites in boride,
and the intrinsic activity of the active site is improved after the
construction of the heterostructure.

The chemical and electronic states of the catalysts were
characterized by X-ray photoelectron spectroscopy (XPS).*
The XPS survey scan spectra (Figure S11) of the samples
manifest the existence of Co, Fe, B, P, and O elements. In the
high-resolution Co 2p spectra (Figure 3a), the peaks at binding
energies of 781.0 and 797.2 eV correspond to the Co 2p;/, and
Co 2p,), levels of Co®, which is consistent with previous
reports.”"** It can be seen that the Co 2p peak shifts positively
to higher binding energy (about 0.38 eV) after loading on the
EBP, which means Co has a higher interaction strength with
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Figure 4. (a) Schematic diagram of the typical processes for OER and MOR. (b—d) Study of oxygen intermediates by methanol oxidation on
CoFeB, EBP, and EBP/CoFeB. The LSV curves were collected in 1 M KOH (black) and 1 M KOH + CH,0H (purple), scan rate: 50 mV s~
Filled area shows the current difference caused by MOR. (e) XPS data of the O 1s peak for the samples.

OER intermediates” and may improve the OER activity.**
The positive shift can be ascribed to the electronegativity
difference between element P and other elements (Co, Fe, and
B) in consideration that P has the strongest electronegativity
and can extract electrons from the metal elements. As for the
Fe 2p XPS peaks (Figure 3b), two fitted peaks located at 712.1
and 725.7 eV are assigned to the Fe 2p;,, and Fe 2p, ), levels of
high-valent Fe**.*>** The combination with EBP does not give
rise to an obvious change in chemical valence of Fe, probably
because that the Fe in pristine CoFeB is already in the highest
valence state that is available for OER. Hence the metal sites
(main active sites) are more favorable for OER after
introducing the EBP. In the high-resolution P 2p spectra
(Figure 3c), peaks located at 129.8 and 130.7 eV correspond to
the original state of BP.*”** The oxidation peak at 133.3 eV is
attributed to P—O and is enhanced after coating with the
CoFeB nanosheets, which indicates slight surface oxidation
occurred during the synthesis procedures to form more P—O
bonds. A similar phenomenon was also reported for the BP/
Co,P heterostructures.”® The peak of the P 2p level shows a
slight negative shift compared with the EBP, confirming the
electronic extraction from CoFeB. The XPS peaks (Figure 3d)
of B 1s (187.3, 192.1 eV)* also confirm the formation of metal
boride, where the peak related to the B—O bond reveals the
characteristic surface oxidation of metal boride™ to further
drive the water oxidation process. The peaks for the oxidation
of B and P are obvious for the sample after the OER test
(Figure S12), especially for the POx in pure EBP sample,
revealing that the black phosphorus nanosheet in EBP is more
easily degraded than that in the EBP/CoFeB sample.

To further explore the origin of the high OER performance
of the EBP/CoFeB heterostructure, we analyze the absorption
properties of catalysts toward OER intermediates that are
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closely related to the OER kinetics under the operating
condition. The previously reported works have indicated that
the OER on metal boride undergoes a process similar to that
on the metal oxide due to its surface oxidation feature, and
boron may accelerate the surface restructuring.’** As shown
in Figure 4a, the active site of OER acts as an electrophile in an
uphill four-step catalytic cycle to continuously absorb hydroxyl
ions and release the electrons to an external circuit. XPS and
Raman spectra confirm this process: the characteristic peaks
related to oxyhydroxide (XPS: 780.1 eV in Co 2p, 529.5 eV in
O 1s; Raman: two peaks at around 600 cm™") emerged after
the OER (Figures S13 and S14). It is widely acknowledged
that OH* is a significant intermediate in the OER catalytic
cycle, and the binding energy of it is correlated with binding
energies of other oxygen intermediates (e.g, O* and
OOH*).>® Thus, it is very important to achieve a balanced
bonding energy of OH* for the OER catalyst.

It was reported that OH* can be probed by the methanol
oxidation reaction (MOR) under real operating conditions of
the OER process because the intermediates of OH* are
electrophiles that can be probed by reaction with nucleophiles
such as methanol molecules. The pathways of MOR and OER
are shown in Figure 4a.>* As such, the LSV curves are tested in
1 M KOH solution with or without methanol (1 M). The
current difference caused by MOR can reflect the extent of
surface coverage of OH®* to further embody the OH*
adsorption ability. The filled areas (Figure 4b—d) between
the curves were calculated (Scopes = 2.37, Sggp = 10.08, and
SEBp/Cores = 3.25) to quantify the current difference during the
reaction process (the area is proportional to the transferred
charge that reflects the extent of reaction; see details in the
Supporting Information), indicating that the absorption
strength toward OH* varies in the trend EBP > EBP/CoFeB
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> CoFeB. Therefore, the lower OER activity of CoFeB and
EBP can be attributed to the fact that the adsorption of OH*
on CoFeB is too weak while that of EBP is too strong. The
combination with EBP for CoFeB nanosheets strengthens the
OH* absorption. The improved catalytic performance of EBP/
CoFeB nanosheets may originate from the balanced bonding
energy of the O intermediate. The medium Tafel slope of the
EBP/CoFeB in MOR also confirms the moderate absorption
strength (Figure S15). Moreover, CV curves were measured in
KOH containing methanol to investigate the redox processes
(Figure S16). The redox peaks between 1.0 and 1.2 V vs RHE
represent the transformation between Co®" and Co’*/*,>>
and the currents at the potentials above 1.2 V are majorly
contributed by OER and MOR (related to OH* adsorption).
As marked by the dashed lines, the onset potentials for MOR
at the set of electrocatalysts trend as CoFeB (1.45 V vs RHE) >
EBP/CoFeB (1.41 V vs RHE) > EBP (135 V vs RHE),
indicating a balanced adsorption energy of OH* for EBP/
CoFeB because the more positive oxidation potential signifies a
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more difficult oxidation process, which is in agreement with
the above discussion.

The O 1s XPS spectra were further studied (Figure 4e), and
the peaks in the XPS spectra can be deconvoluted into two
peaks: the peak at 531.5 eV can be assigned to the surface O
species, and the peak at higher binding energy (532.7 eV) is
attributed to the adsorbed O species.***' Similarly, the
absorption of O species for CoFeB is too weak, resulting in
a low OER performance, whereas the absorption ability for the
EBP/CoFeB is the most appropriate. After the OER process,
new peaks at the binding energies of 780.1 eV (Figure S13a)
and 529.5 eV (Figure S13b) appear, both corresponding to the
oxyhydroxide. The proportion of oxyhydroxide (Tables S2 and
S3) deduced from XPS results (Figure S13) for EBP/CoFeB is
higher than that of CoFeB, which also arises from the
enhanced absorption of OH*.

First-principals-based analysis is proposed to discuss the role
of EPB in activity improvement. To begin with, CoFeB has an
amorphous structure that is a metastable state in thermody-
namics. As shown in Figure 1a, the formation of CoFeB can be
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viewed as a quick gathering of Co, Fe, and B atoms that are
randomly distributed in space. To simulate such a process, we
employed high-dimension neutral network atomic potentials
(HDNNPs)*°-based molecular dynamics (MD). The sche-
matic process is shown in Figure Sa, with the full movie
provided in the Supporting Information. The atomic spatial
distribution can be found in Figure 5b, which matches well
with the electron diffraction (EDX) results. Besides, the
polyhedral template matching57 result is shown in Figure Sc,
where we found no short-term ordered structure formed; this
again confirms the structure we obtained by simulated
synthesis matches the experimental results. Besides, we found
the nucleation process should be very fast, because Fe will
gather on the surface if it is a slow process (Synthesis
Simulation Details section and Figure S17 and movie S2.gif in
the Supporting Information), which is quite different from that
predicted by EDX. So when we discuss the activity, we start
from randomly picked surface sites in this structure (Activity
Study by the Cut Model section). The positions of those sites
are drawn in Figure 5d. The adsorption free energies of
reaction intermediates of the OER, namely, O*, OH¥, and
OOH*, were calculated based on Norksov’s approach™®
(detailed in the OER Activity Study Based on the Computa-
tional Hydrogen Electrode (CHE) Method section) and listed
in Figure Se. From it we saw a distribution of adsorption
energies. On the basis of these values, we compose a free
energy diagram (FED) of OER on amorphous CoFeB in
Figure Sf. The black energy levels in the steps represent the
average Gibbs free energy. And the free energy distributions
are shown with a gray-scale map. On the other hand, the FED
of BP was also plotted by orange steps in Figure 5f.

From Figure 5f we found two important facts that are
consistent with experiments. (1) About the activity of
amorphous CoFeB, for amorphous CoFeB, it can generate a
“fast channel” (with no exothermic step) along the blue FED
(a—> b > c— d— e) in Figure 5f. Within such a channel,
amorphous CoFeB will give a higher OER activity than EPB,
which is consistent with Figure 4. (2) According to Figure Sf,
one can see the step of levels b and c is located in the lighter
colored areas, indicating the unlikely formation of such a “fast
channel”, as the amount of active sites that possess suitable
adsorption energies of OH* and O* is rather low. However,
when constructing hybrids of EBP/CoFeB, extra active sites
can be offered for binding OH¥, as indicated by level b’ in
Figure 5f. That may be the key factor for EBP/CoFeB
outperforming CoFeB in OER catalysis.

CONCLUSIONS

In summary, a 2D/2D EBP/CoFeB electrocatalyst was
fabricated to optimize the adsorption/desorption of oxygen-
containing intermediate products during the OER process. The
interactions between EBP and CoFeB nanosheets give rise to
high-performance active sites with balanced oxygen inter-
mediate absorption. The crystalline EBP contributed to the
enhanced conductivity, while the CoFeB nanosheets can
protect the degradable EBP from the ambient environment
to achieve long-term electrochemical stability. This work sheds
light on the facile tuning of oxygen-containing intermediate
absorption for BP-based heterostructures and guides the design
of heterostructured nanohybrids for efficient and durable
electrocatalysis.

MATERIALS AND METHODS

Chemicals. Bulk black phosphorus (99.99%) was purchased from
Zhongke Materials Co., Ltd. Cobalt nitrate (Co(NO;),-6H,0, 99%)
and potassium hydroxide (95%) were purchased from Aladdin
Chemical Reagent Co., Ltd. N-Methylpyrrolidone (NMP, 99%) was
purchased from Macklin Biochemical Co., Ltd. Ferrous sulfate
heptahydrate (FeSO,-7H,0, 99%) was purchased from Gaojing
Chemical Co. Ltd. Sodium borohydride (NaBH,, 96%) was
purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals
were used as received without any further purification.

Synthesis of EBP. Exfoliated black phosphorus nanosheets were
synthesized by a simple liquid exfoliation method using the solvent
NMP. In brief, 40 mg of bulk black phosphorus was ground in a N,-
filled glovebox and transferred to an NMP solution (200 mL). The
mixture was put in continuous water-bath sonication at 18 kHz for 12
h and centrifuged at 6000 rpm for 15 min. The obtained supernatant
was centrifuged at 10000 rpm for 15 min and washed with N,-
saturated ethanol and deionized water to get EBP. The EBP can be
well redispersed in N,-saturated deionized water and sealed.

Synthesis of EBP/CoFeB and CoFeB. For the adsorption of
metal ions on the surface of negatively charged EBP nanosheets,
Co(NO;),-6H,0 (0.067 M) and FeSO,-7H,0 (0.033 M) were
dissolved in N,-saturated deionized water to form a homogeneous
solution, and this solution was used as solvent to replace the
deionized water during the centrifugation of EBP. The EBP with
absorbed ions was then immersed in deionized water to remove the
weakly bonded ions and redispersed in N,-saturated deionized water
(50 mL). Excess NaBH, (0.6 M, S mL) solution (serving as a
reducing agent and boron source) was slowly injected to the aqueous
dispersion under an ice bath. The surface of the EBP became darker
colored. The precipitate (denoted as EBP/CoFeB) was washed by
deionized water to remove the unreacted NaBH,, and vacuum-dried at
60 °C for 6 h.

For the preparation of pure CoFeB, excess NaBH, (0.6 M, 5 mL)
solution was directly added into a N,-saturated mixed solution of
Co(NO,),-6H,0 (0.0067 M) and FeSO,7H,O (0.0033 M) (the
volume was 100 mL) under an ice bath. The precipitate was also
washed by deionized water and vacuum-dried at 60 °C for 6 h.

Characterizations. X-ray diffraction patterns were recorded by an
X-ray diffractometer (D8 Advanced, Bruker, Germany). The
morphologies of the samples, the high-angle annular dark-field
scanning transmission electron microscopic (HAADF-STEM) images,
and energy dispersion spectra were obtained by a transmission
electron microscope (JEM-2010F, JEOL, Japan). Atomic force
microscopy was carried out on a Si substrate loaded with nanosheets
by the atomic force microscope (Multimode 8, Bruker, Germany) in
the tapping mode to measure the thickness of the nanosheets.
Chemical valence analysis was performed by X-ray photoelectron
spectroscopy (Escalab 250Xi, Thermo Scientific, America), and the
XPS spectra were referenced to C 1s emission at 284.8 eV. Raman
spectra were recorded by a Raman spectrometer (InVia-Reflex,
Renishaw, UK) equipped with a $S14 nm laser. The evaluations of
electrochemical activities were performed by an electrochemical
workstation (CHI 660E, Chenhua, China).

Electrochemical Measurements. A 5 mg amount of catalyst
powder was dispersed in a mixture of water (100 yL) and ethanol
(300 uL), and then 20 uL of Nafion solution (S5 wt % in water) was
added to this suspension. After ultrasonic stirring for 30 min, 80 yL of
the homogeneous ink was deposited onto a 1 X 1 cm® Ni foam
substrate (catalyst loading was about 1.0 mg cm™2). The Ni foam was
pretreated with diluted H,SO, solution and washed by distilled water
until the pH of the water was neutral.

Electrochemical performance was evaluated by an electrochemical
workstation. All the measurements were carried out in a 1.0 M KOH
aqueous solution. For the three-electrode configuration, the reference
electrode was a Ag/AgCl electrode, and the counter electrode was a
Pt mesh electrode. The potential (vs Ag/AgCl) was converted to the
reversible hydrogen electrode (RHE) according to the following
equation:
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Eqgp = Eyg/agar + 0.059 X pH + 0.198 V (1)

The linear sweep voltammetry test was performed at a scan rate of §
mV s~ All the LSV curves were recorded without being iR-corrected.
Double-layer capacitance values were deduced from cyclic voltam-
metry measurements, which were cycled between 1.20 and 1.30 V (vs
RHE) at different scan rates. The electrochemical impedance spectra
were measured at 1.50 V (vs RHE) from 1 X 10° to 0.1 Hz in the
same configuration as the LSV measurements. For the methanol
probe experiments, 1 M methanol was added into the KOH aqueous
electrolyte.

Quantification of the Extent of Methanol Oxidation
Reaction. The area (S) in Figure 4b—d is calculated according to
the following equations:

U(V) = scanrate X t (s) = 0.05 (Vs™*) x t (s) (2)
Q(C)=1(A)xt(s) )
S (mAVem™) = f I (mAcm™) dU (V)

- /1 (mAcm™2) d[0.05 (Vs™) x ¢ (s)] = 0.05 (Vs™) x

/ I (mAcm™) dt (s) = 0.05 X f T(A) dt (s)
(10°vs em™) = 0.05 x 107°Q (C) (Vs em™) (4)

Thus, the area (S) is proportional to the charge transfer (Q).

Machine Learning Details. When the details of the synthesis
process are demanded, ab initio molecular dynamics (AIMD) is
usually called for. However, AIMD is prohibitively expensive. One of
the best solutions to this now is the introduction of a neural network
(NN). It is able to represent functions of many variables in a
continuous way and to interpolate within the training set. Thus, it will
allow obtaining a faithful representation of the ab initio potential
energies and forces, at a much reduced cost.”” So we could say NN-
based MD is an “equivalently accurate, but faster” AIMD. Until today,
the structure of NN used to represent DFT results has gradually
reached a paradigm, that is, the high-dimensional neutral network
potentials proposed by Behler and Parrinello.’”* It decouples the
total energy of the system to a sum of atomic energies and, using the
concept of “nearsightedness” to regard the atomic potentials as
functionals of the local chemical environment up to a cutoff radius,
are computed by individual atomic neural networks.

In this paper, to simulate the synthesis of amorphous CoFeB, we
will also introduce such HDNNPs. To begin with, we downloaded a
coordinate file of CoFeB unit cells from the Web site of the material
project®’ (ID: mp-1224984). From this structure, we created bulk and
surface models to train the NN. Specifically, we built the bulk model
by a supercell of 2 X 2 X 2, and we built surface models by cleaving
facets of 011, 100, and 210, with thicknesses of 4.19, 4.84, and 5.97 A,
respectively, and extended them all by 2 X 2 supercells. Finally, we
deleted half of Fe and a quarter of B from all these models, to create a
2:1:1.5 stoichiometry of Co, Fe, and B. The total numbers of atoms
are 72 for bulk structures (16Fe, 32Co, and 24B), 54 for 011 surface
structures (12Fe, 24Co, and 18B), 36 for 100 surface structures (8Fe,
16Co, and 12B), and 54 for 210 surface structures (12Fe, 24Co, and
18B).

On the basis of these models, we use DFTMD to generate the DFT
data set (details for the parameters chosen are given in the DFT and
DFTMD Details). Three temperatures, namely, 300, 900, and 3000 K,
were chosen, where 500 data were generated for each temperature;
that is, we obtained 6000 DFT data in total to train the NN.

Among the many NN-based methods for constructing accurate
force fields, we chose here the DeePMD kit package.”” The codes
achieve a high-dimensional neutral network that preserves all the
natural symmetries during structure analysis. While efficiently being
indistinguishable from the DFT-based data, it will generate a small
volume of the force field. During the learning process, the cutoff
radius is set to S A. The maximum number of neighbor atoms that are
treated by full relative coordinates is set as 50, 32, and 32 for Fe, Co,

and B. The smoothing is set to begin from 1/5 to 2. The number of
neurons in each hidden layer numbers of the embedding nets is 10,
20, and 40, and those of the hidden layer numbers of the fitting net
are 240, 240, and 240. The prefactors of energy and force loss at the
start of the training are set to be 0.02 and 1000, while those at the
limit of the training are set to be 2 and 1. The starting learning rate,
the decay step, and the decay rate are set as 0.001, 1000, and 0.95.

DFT and DFTMD Details. All the DFT calculations are
implemented via Quantum Espresso.”’ Spin-polarized DFT calcu-
lations were performed with periodic supercells under the generalized
gradient approximation (GGA) using the Perdew—Burke—Ernzerhof
(PBE) functional for exchange—correlation and the ultrasoft
pseudopotentials for nuclei and core electrons. The Kohn—Sham
orbitals were expanded in a plane-wave basis set with a kinetic energy
cutoff of 30 Ry and the charge-density cutoff of 300 Ry. The Fermi-
surface effects were treated by the smearing technique of Methfessel
and Paxton, using a smearing parameter of 0.02 Ry. For all of the
structures, the convergence criteria are set as 107* Ry/bohr of
Cartesian force components acting on each atom and 107* Ry of total
energy. For surface structures, the k-points are set to be 3 X 3 X 1,
while those of the bulk structure are 3 X 3 X 3.

For DFTMD calculation, the time step is set to be 1 fs. The
canonical ensemble condition was imposed by a Nose thermostat with
a target temperature. For each structure, we have three target
temperatures. They are 300, 900, and 3000 K, respectively. All of the
structures are performed by S00 fs. All the snapshots are recorded for
NN training.

Synthesis Simulation Details. The synthesis simulation is done
by large-scale atomic/molecular massively parallel simulator
(LAMMPS),** with the force field generated by the DeePMD kit.
During the simulation, we put six hard plates with the expressions of z
=0 and 400, x = 0 and 400, and y = 0 and 400 to set the boundary of
the atoms, and we use a Morse potential to describe the interaction
between these plates and the atoms near them, so that every atom
approaching this plate will rebound by the Morse potential, such that
all the atoms are restricted inside a cubic box. Additionally, we have
included a gravity for all the atoms, with the direction of [—1, —1,
—1]. This means that if the temperature is low enough, all the atoms
will gradually gather at one corner of the box.

The simulation begins from a bulk structure with 1944 atoms.
During the MD, a canonical ensemble condition (NVT) was imposed
by a Nose thermostat with a target temperature of 32 000 K for 200
ps, then cooling to 600 K for another 200 ps, and finally stabilized at
300 K for the last 200 ps. In particular, for the cooling process, the
temperature of the thermostat was set to be 600 K, and the
temperature was relaxed every 1 fs. We record the evolution process
made by such a simulation in movie files S1.gif and S3.gif, Supporting
Information.

As a comparison, we also simulated the process with a much slower
cooling process, where the temperature of the thermostat was also set
to be 600 K, but the relaxation frequency was decreased to one time
per 20 fs. The evolution processes are recorded in movies S2.gif and
S4.gif, Supporting Information. We found that in such a process, while
amorphous structures can still be formed, Fe, Co, and B will not
follow a uniform random distribution. Instead, Fe and Co tend to
locate inside, leaving B on the periphery. This could be inferred from
Figure S17, and it was not consistent with the experimental EDX
results. This proves the amorphous structure used in the paper was
generated by a fast cooling process.

Activity Study by the Cut Model. After obtaining the above-
mentioned model, it is necessary to discuss the activities on the
surface sites. To do this, we first randomly pick 40 surface sites, then
cut the sites along with their neighbor atoms with a cutoff radius of 4
A. Such a cluster is put in the center of a periodic box of 10 X 10 X 10
A3, We make these cutoff models to simulate the impact from the
selected site, as well as its surroundings. The associated structure is
given in movie file SS.gif, Supporting Information. When implement-
ing DFT calculations on these clusters, half of the atoms on the
bottom are fixed in order to keep the structures in the amorphous
CoFeB.
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OER Activity Study Based on the Computational Hydrogen
Electrode (CHE) Method. When discussing the OER mechanism,
the OER is assumed to follow a classical four-proton coupled electron
transfer (PCET) process63 that is written as

H,0(1) + * - OH* + H" + e (5)
OH* — O* + H" + ¢ (6)
O* + H,0(1) » OOH* + H* + e (7)
OOH* - O, + H" + e + * (8)

The asterisk stands for the site on the surface of a certain catalyst. The
free energies of O,(g) are calculated by the equilibrium

0, + 4H*(aq) + 4e — OH* + 2H,0(1) (9)

at 1.23 V to avoid the error of DFT energy caused by the high spin of
0,.°*°” The chemical potential of H*(aq) is calculated by 1/2H,(g)
on the basis of the CHE method.*®

The chemical potentials of adsorbates X* are calculated by the
following expression:

My = Ex« — Ey + ZPEy. — TSy. (10)

The Eyx« and E: are the DFT-based total energies of active sites with
and without the adsorbates X*. ZPE and TS are the contributions
from zero points and entropies of adsorbates, whose values are listed
in Table S4. The formation free energies of OH*, O*, and OOH¥*,
denoted as Goys, Gos and Goops are defined as

Gorrr = Hope + 1/ 2y, = Ue = iy o (11)
Gox = How + Hyye = 2Ue = fiy o (12)

Goon* = Hoop+ T 3/2/‘}12* — 3Ue — Z”Hzo (13)

When calculating the values in Figure Se and f, U is set as 1.5 V. The
associated Gopr Gow and Gooy+ values for picked sites are gathered
in Table SS, with the associated optimized structures listed in Figure
S18 and Figure S19, for CoFeB and EBP, respectively.
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ABSTRACT

Mixed crystal strategy is an effective approach of improving the luminescence properties of optical
materials and has been adopted widely in many systems. In this paper, the La-mixed Gd;Si,0O7:Ce
polycrystalline samples were successfully synthesized by a sol-gel method. The crystal structure and
luminescence properties were confirmed and discussed by XRD, UV-Vis luminescence spectra, and XEL,
respectively. The vacuum ultraviolet excitation spectra and thermoluminescence glow curves were also
systematically investigated and discussed at varied temperature. A combination of the first-principles
calculations and optical characterization experiments was employed to study the electronic band
structure of host material, revealing that the band gap is narrowed and the 5d; level of Ce>* shifts to
higher energy as the La content increases. The luminescence thermo-stability and activation energy were
also measured and calculated. It indicates that thermo-stability is strongly dependent on the La con-
centration. An effective approach is developed to tune the electronic band structure, luminescence
properties and thermostability of (Gd;_xLax)2Si,O7:Ce scintillator by adjusting La/Gd ratio.

© 2020 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.

1. Introduction

stabilize the pyrosilicate phase while it can also improve the
luminescence properties of material.* As previously reported, the

Because of high light output and good energy resolution, Ce>*
doped rare-earth pyrosilicate materials are promising scintillation
and optical materials, such as Gd,Si»O7:Ce (GPS:Ce), Lu;Si,07:Ce
(LPS:Ce), and LaySi;07:Ce (LaPS:Ce).! > However, there are two
disadvantages: high-temperature phase transformation and
incongruently melting. It is difficult to obtain large size single
crystal directly from its melt and the research works were con-
strained. Mixed crystal strategy is regarded as an effective way to

* Foundation item: Project supported by the National Natural Science Foun-
dation of China (11975220, 51972291), the National Key Research and Development
Program of China (2016YFB0700204) and Natural Science Foundation of Shanghai
(16ZR1441100).
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 Qinhua Wei and Zhenzhen Zhou contributed equally to this work.

https://doi.org/10.1016/j.jre.2020.09.011

mixed crystal strategy has been applied in different materials, such
as Sc3* admixed LuBOs3:Ce,”> Y2+ admixed Gds (Al,Ga)sO12:Ce,Pr,®
Ga>* admixed Y3Al5012:Ce,” La(Br,Cl);:Ce and K(Ca,Sr)l5:Eu single
crystals.®? Mixing Sc>* was adopted to optimize LuBO3:Ce prop-
erties by tuning the 5d states location of Ce3* relative to the con-
duction band bottom.” The improved light output of Ga>* admixed
LUAG:Ce results from the elimination of the Luii antisite defects by
suppressing the shallow electron traps.'®!! Besides, because of the
decrease of energy for creation of one electron-hole pair, the
scintillation efficiency can also be enhanced by narrowing the host
band gap. The band gap and scintillation efficiency of K(Ca,Sr)I3:Eu
crystal were varied for different constituents.® As we known, the
splitting of 5d levels of Ce3* or Eu®*t is greatly affected by the
location environment and electronic band structure,'> which plays
an important role on the luminescence properties. Thus, the posi-
tive effect is achieved by modifying the electronic band struc-
ture®'>! or decreasing the thermalization length of electron-hole

1002-0721/© 2020 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
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pairs.”>'® A conclusion was proofed that the host band gap and the
energy levels of luminescence centers are mainly related with the
electronic structure of material. The band gap is a critical parameter
and can be tunable when the values of host's constituents are
varying.

In GPS:Ce system, the different crystal structures of tetragonal,
orthorhombic and triclinic modifications of GPS:Ce were obtained
by varying the doping concentration and sintering temperature.
The problems of crystal structure instability and incongruent
melting can also be solved through replacing gadolinium with
optically inactive lanthanum (La®>*)."'® In our previous reports,'® a
combinatorial method was employed to rapidly screen the effects
of La, Ce co-doping on the luminescent properties of GdSi>O-.
Meantime, the phase transformation and scintillation properties
were discussed. Compared with GPS:Ce crystal, the La>* admixed
GPS:Ce crystal presents a higher light output (42000 ph/MeV) and
more excellent energy resolution (FWHM) (5% at 662 keV).2%?!
However, the researches focus on the crystal growth, crystal
structure, temperature effect and incongruent melting prob-
lem.?! 2 The study on electronic structure and energy levels of
luminescence centers is rare. An empirical factor has been devel-
oped,?® namely, the relationship between (Lex/Lveg) and (Ra/Rp).> Lex
is the experimental light yield and Lyeg is the Vegard's law predic-
tion data. The R/Ry, is the ratio of ionic radii between substitution
and host ions. The maximum value of (Lex/Lveg) tends to decrease
when (Ra/Ryp)? is above 1.5 and the limit of the solubility range is at
Ra/R, = 1.15, which is in accordance with Goldschmidt's rules.
Based on that, the ionic radius ratio of Rj,/Rgq is about 1.1, which is
close to the empirical criterion value of 1.15%°. Therefore, choosing
La>* as the substitution ion is reasonable and beneficial. But, the
electronic structure of (Gd,La),Si»07:Ce is not fully clear. The ioni-
zation energy and the change trend of energy separation between
the trivalent lanthanide lowest 5d state and the conduction band
(CB) were also uncertain.

In this paper, the effects of lanthanum substitution on the
electronic structure, band gap, luminescence properties and
thermo-stability of GPS:Ce were investigated and discussed pre-
cisely. The first-principle calculation and optical method were
employed to study the electronic structure and band gap of La-GPS.
The thermoluminescence (TL), vacuum ultraviolet (VUV) and X-ray
excited luminescence (XEL) spectra, and photoluminescence (PL) as
a function of temperature were also discussed. Finally, the lumi-
nescence thermostability and activation energy for thermal
quenching were also presented.

2. Experimental
2.1. Samples preparation

High-purity (99.99%) Gd,0s3, Lay03, Ce (NO3); and nitric acid
(AR.), TEOS (A.R.) were used as starting materials. The 1 mol% Ce>*
doped (Gdq_xLax)2Si207 (x = 0.1, 0.3, 0.5, 1.0) crystalline powders
were synthesized by a sol-gel method. This gel was dried at 120 °C
and then calcined in a muffle furnace at 600 °C for 2 h. The pul-
verous mixtures were ground in an agate mortar, and then reacted
at 1400 °C for 10 h in Al;O3 crucibles in a weak reducing atmo-
sphere, the detail could be seen in our previous report.'>!° The
crystal structure and phase purity of the powder samples were
analyzed by X-ray diffraction (XRD) with Cu Ko radiation
(4 = 0.1541 nm) made by Bluke.

2.2. First-principle calculation methods

The crystal structural optimization and electronic structures of
(Gdq—xLay)2Sio07 were calculated based on the crystal structure of

triclinic Gd,Sip07 (98723-ICSD). (Gdq—_xLax)2Si207 was modeled by
building a cell including four structural units (44 atoms) with Gd
atoms. There are four lattice sites for Gd atom in triclinic Gd;Si;O7,
as shown in Fig. S1. One Gd atom at Gd1 site is replaced by one La
atom in model of (Gd;_xLax)2Si;07 (x = 0.125) (Fig. S2(a)). Based on
model of (Gdq_xLay)»Si>O7 (x = 0.125), another remote Gd atom at
Gd2 site is replaced by one La atom in model of (Gdj_xLay)>Si»07
(x = 0.25) (Fig. S2(b)) to avoid the interaction between La atoms as
much as possible. Based on that, the other two Gd atoms at Gd3 and
Gd4 sites respectively are replaced by two La atoms in model of
(Gdq—xLay)>Sio07 (x = 0.50) in considering about all lattice sites of
Gd atom as much as possible (Fig. 2, Fig. S2(c)). First principle
calculation was performed using density function theory (DFT) in
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA) for the exchange correlation functional, with projector
augmented-wave (PAW) pseudo-potentials, as implemented in the
Vienna ab initio simulation package (VASP).2%2” The geometry op-
timizations were performed until the total energies and the
Hellmann—Feynman forces on the atoms converged to 5 x 107> eV
and 0.2 eV/nm, respectively. The optimized lattice structures were
used for calculation both band structures and density of states
(DOS). A plane wave cutoff energy of 520 eV was used throughout
the calculation. The k-point meshes for Brillouin zone sampling
were 8 x 8 x 4, according to the Monkhorst-Pack scheme.”®

2.3. Optical property measurements

The VUV-UV excitation and emission spectra were measured at
the Beijing Synchrotron Radiation Facility (BSRF) VUV spectroscopy
workstation on a U24 beam line from 10 to 296 K. The specific
measurement details could be found in Ref.29.

The PL spectra and photoluminescence excitation (PLE) spectra
under UV light were recorded on a Hitachi F-4600 spectrometer.
The temperature dependence of PL intensity was measured in a
range from room temperature (RT) to 250 °C. The sample was kept
at each temperature for at least 30 min to stabilize the intensity.
The slits for both excitation and emission measurements were all
set as 2.5 nm and the scan speed was fixed at 240 nm/min.

The XEL was measured on an XEL spectrometer, assembled at
the Shanghai Institute of Ceramics. The X-ray tube was operated at
the condition of V = 70 kV and I = 2 mA. The TL glow curves of
crystals were determined through an FJ-427A1 TL spectrometer
with a linear heating rate of 1 °C/s from RT to 400 °C. Prior to each
TL measurement, the samples were irradiated under X-ray for 90 s.

3. Results and discussion

The phase formation process of (Gdj_xLay)2Si»O7:Ce samples
calcined at 600, 1100, 1200, 1300 and 1400 °C has been discussed in
our previous work.>"? In this paper, the (Gdi_xLax);Si»07:Ce
(x =0.1, 0.3, 0.5, 1.0) crystalline samples were prepared at 1400 °C.
The room temperature XRD patterns of samples are consistent with
the Refs. 30—33, which had a triclinic structure with P/1 space
group (JCPDS 23-247). Although the La-GPS structure is identical to
that of triclinic GPS, the lattice parameter distortion might have
occurred when the La* ion is substituted in the Gd>™ site, which
has a larger ionic radius by 10% than that of Gd>*. The monoclinic
phase structure of La;Si;07:Ce was obtained by comparison with
the lanthanum pyrosilicate (LaSi»O7, ICSD card No.71807) when
Gd3* is replaced by La** completely (see Fig. S3).

3.1. Electronic band structure

As previously discussed, the luminescence property is related
with the electronic band structure, which is affected by co-doping



Q. Wei, Z. Zhou, W. Zhang et al. / Journal of Rare Earths 39 (2021) 657—665 659

La3*. The VUV-UV excitation spectra of (Gdi_xLay)»Si,07:Ce (x = 0.1,
0.3, 0.5) crystalline at 296 K and the enlarged spectra are shown in
Fig. 1. The different excitation bands were obtained in the excitation
spectra of Ce3*, which can be assigned to five electronic transitions
from the 4f ground state to the 5d level of ce3t, labeled as 5d4, 5dy,
5ds, 5d4 and 5ds in the spectra. The excitation peak of 274 nm
should be ascribed to electronic transitions from 857/2 to 81, of Gd3*.
From the enlarged Gaussian fitting spectra of Fig. 1(b), it can be
found that the 5d; excited state has a slightly shift to high energy
(from 3.63 to 3.71 eV) when the La content is increased, as listed in
Table 1. Fig. 2 presents the VUV spectra of (Gdi_xLay)»Si»O7:Ce
(x = 0.1, 03, 0.5) samples measured at 10 K, monitored at
Aem = 313 nm and Aey, = 367 nm, respectively. The wavelength
range is from 125 to 210 nm. Combining Figs. 1 and 2, the dominant
excitation band, located at 168 nm (higher energy side), should be
assigned to the host excitation. With the increase of La content, the
dominant band of 168 nm shifts to longer wavelength (low energy).
It means that the band gap of the (Gd;_xLay)>Si»O7:Ce host becomes
narrower. The specific values are also listed in Table 1. Besides, a
new excitation band of 177 nm is also observed. Referring to the
data of Li3Gd(BO3); system,>*> the excitation band of 177 nm
should correspond to the electronic transitions from 857/2 to 6613/2
of Gd3*. Obviously, it has a heavy overlap with the band of 168 nm.
As the La content increases, the overlaps are enhanced while the
peak intensity of 177 nm is decreased sharply. Thus, a case occurs
that the edge of the conduction band is narrowing and merging the
energy level of 177 nm when the La content is increased, as dis-
cussed in Ga®* admixed LuAG:Ce system. To further validate the
changes of host band gap, the TL measurement and first-principle
calculation were adopted. Usually, in the same system, the
featured point defect of material should exist in all samples.
Therefore, the trap depth trend as a function of La content was
adopted to study the change of band gap. The two-dimensional TL
of (Gdj_xLax)2Si07:Ce (x = 0.1, 0.3, 0.5) crystalline were studied

Table 1
The optical and calculated parameter of (Gd;_,Lay),Si,07:Ce samples derived from
VUV-UV excitation spectra and PBE method.

Gd|/La ratio 9:1 7:3 5:5

Energy of 5d; (eV) 3.63 3.66 3.71
Optical data (eV) 7.08 7.04 6.88
Calculated data (eV) 4.49 4.48 4.41

and the glow curves are presented in Fig. 3. Three featured point
defects are observed in all samples at testing temperature, labeled
A, B and C. The entire glow curve has an obvious shift to lower
temperature as La content increased, qualitatively indicating that
the conduction band edge of host becomes lower, as reported in
Refs. 9,14.

The density of states and band structure of (Gdj_xLay)>Sio07
(x =0.125, 0.25, 0.5) were calculated by PBE method and are shown
in Fig. 4. In order to clarity, the Fermi level was set to be zero. With
La content increasing, the band gap energy (Eg) was obtained,
located at 4.49, 4.48 and 4.41 eV, respectively. Because of the nature
of PBE method, it is rational that the calculated absolute value
deviates from the experiment data, determined by optical method.
In view of the density of states, the valence band maximum (VBM)
consists of O-2p orbitals while the conduction band minimum
(CBM) consists of Gd-5d and La-4f orbitals. The Si states have no
contribution on the VBM and CBM. The host absorption band of
168 nm, as plotted in Figs. 1 and 2, can be ascribed to O-2p, -La-4f
and Gd-5d electron transitions. From Fig. 4, it is found that as the La
contents are raised, the CBM becomes lower, which is well in
agreement with the VUV and TL data (trap depths). The Eg of
experiment and calculation versus the La>* content is presented in
Fig. 5(a-b). The band gap is decreased clearly as La*>* concentration
increases. It is important that the band gap variation trend is the
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Fig. 1. The VUV-UV excitation spectra (a) and enlarged spectra (b) of (Gd;_4Lay),Si;07:Ce (x = 0.1, 0.3, 0.5) samples at 296 K, monitored at Aey,—367 nm.
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Fig. 2. VUV excitation spectra of (Gd;_xLay),Si»O7:Ce (x = 0.1, 0.3, 0.5) samples at 10 K,
monitored at ley, = 313 and 367 nm, the detection range is from 125 to 210 nm.

same for the three different methods (optical method, TL and PBE
method). According to the above analysis, the Gd>* related energy
band of 177 nm is near to the bottom of conduction band. The
energy separation becomes smaller as La content increases. Thus,
the lower conduction band edge is merging the energy band of
177 nm. As discussed above, the 5d; excited state of Cce3* has a
blue-shift and the 5d; level position becomes higher in the
forbidden gap with the increase of La content. The bottom of con-
duction band and the 5d; state of Ce3>* present an opposite moving
direction, which will narrow the energy separation AE (ionization
energy). The schematic diagram is shown in Fig. 5(c). The similar
electronic structure change is also observed in the
(GdyLui_x)3(GaxAlix)5012:Ce and K(Ca,Sr)l; crystals.>'® Normally,
the narrower energy separation indicates that the enhancing un-
wanted excited-state ionization of emission center will cause the
luminescence efficiency deteriorated with the increase of La con-
tent. The luminescence properties are discussed in the next.

(Gd,La),8i,0,:Ce
C

{

Gd:La=9:1

Intensity (a.u.)

50 100 150 200 250 300 350 400
Temperature / °C
Fig. 3. Two-dimensional TL grow curves of (Gd;_4Lay),Si,07:Ce (x = 0.1, 0.3, 0.5)

powders. A, B and C are TL peak of featured point defects for different temperatures,
respectively.

3.2. Luminescence properties

The emission spectra, excitation spectra and normalized spectra
of (Gdq_xLay),Si»07:Ce (x = 0.1, 0.3, 0.5, 1.0) samples (dex = 320 nm,
Aem = 366 nm) were tested and are shown in Fig. 6(a—c), the inset is
intensity of Isecond/Imax Of different samples. From Fig. 6(a, b), two
emission peaks, located at 367 and 387 nm for the (Gdgglag)a-
Siz07:Ce sample (Gd:La = 9:1), are assigned to the Ce?" electron
transition from the lowest 5d level to Fsp, and %F; of 4f sublevels.*®
Imax and Isecond correspond to the intensity of the maximum emission
peak (367 nm) and the second emission peak (387 nm) of Ce3",
respectively. Six main excitation peaks can be found, which are
located at 218, 245, 272, 291, 318 and 340 nm, respectively. Obvi-
ously, the peak of 272 nm is ascribed to the 857/2—BIJ electron tran-
sition of Gd>* while the other peaks are ascribed to the 4f-5d
electron transition of Ce3*. As La®>* concentration increases, the
excitation peaks have a shift to shorter wavelength (blue-shift),
which is well in agreement with the VUV-UV excitation spectra.
Except that, the luminescence efficiency is deteriorated while the
blue-shifting of main emission peaks of 367 and 387 nm happens, as
shown in Fig. 6(c). As described above, the type of lanthanide ions
greatly affect the energy of 5d electron of Ce>*. Therefore, when
Gd3* (9.38 nm) is replaced partly by the larger La>* (10.32 nm), the
binding energy and covalence between Ce** and anion ligands are
both decreased, which leads to change of the surrounding crystal
field environment of Ce>*. Hence, the blue-shifting of spectra can be
ascribed to the weaker crystal-field splitting. In other words, the
moderate lattice disorder results in the blue-shifting. It is also
approved that the 5d; level position of Ce*>* becomes higher as La
concentration increases. Secondly, the value of Isecond/Imax iS
enhanced for higher La concentration sample as shown in inset of
Fig. 6(c). In this system, different independent sites can be occupied
by Ce ions and the emission bands are overlapped. Therefore, the re-
absorption of different sites Ce ions occurs. This phenomenon will
have positive contribution to the luminescence thermo-stability, as
observed and reported in Refs. 37-39. Fig. 6(d) presents the emission
spectra of different proportions of Gd/La under 272 nm excited at
room temperature, the inset is the enlarged spectra. From Fig. 6(d),
the emission peaks of 367 and 313 nm, corresponding to Ce>* and
Gd3* electron transition, respectively, are rather related with the
La>* concentration. Especially for 313 nm, it is increased first and
then becomes weaker when the La* content is increased from
10 mol% to 100 mol%. It can be explained by the varied energy
transfer process, as observed and discussed in GSO:Ce and
Gdg33(5104)60> system.**#! The nearest neighbor distance of Gd>*-
Gd>* is small at low La>* concentration (Gd/La ratio is 9:1). There is a
high nonradiative energy transfer rate among Gd>* ions, resulting in
a weak emission peak of 313 nm. As the La concentration increased
gradually (Gd/La ratio is 3:7 and 5:5), it leads to the separation be-
tween the Gd3* ions. The strength of resonant energy transfer be-
tween Gd>* ions is reduced accordingly and the emission intensity is
enhanced. But, the lower emission intensity of 313 nm can be
assigned to the lower Gd3* concentration for the higher La con-
centration samples. The luminescence properties and complicated
energy transfer processes (Gd3*-Gd3*, Gd3*-Ce3* and Ce3+-Ce3™)
are varied as La>* content changed. However, the further mechanism
is not yet clear and more experiments need to be done.

The XEL properties of (Gdj—xLay),Si,07:Ce (x = 0.1, 0.3, 0.5, 1.0)
samples were determined and are shown in Fig. 7. La;Si;O7:1 mol%
Ce (LaPS:Ce) is chosen as a reference sample. According to the
integration value of the Ce>* emission intensity in XEL spectra, the
output of (Gdj_yLay);Si,07:Ce samples is deteriorated as La content
increased. The (GdpgLag1)2Si07:Ce sample presents the highest
output (about 3.6 times of LaPS:Ce sample). Through Gaussian
fitting, it is also found that the value of Isecond/Imax is enhanced and
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the varied trend of emission peaks in XEL spectra is consistent with
that of the UV excitation. Combined with the electron band struc-
ture result, it is rational and approved that the luminescence effi-
ciency becomes much worse as La>* concentration increased. In a
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word, the deteriorated luminescence efficiency results from the
narrower energy separation.

3.3. Thermo-stability

The temperature dependence of Ce3* emission spectra was
measured under the optimum excitation wavelength and is given in
Fig. 8(a—c). It is clear that the main emission peak of 367 nm
originates from the 5d-4f electron transition of Ce>*. As testing
temperature is raised, the full width at half maximum (FWHM) of
the emission band is increased, which results from the improved
electron—phonon interaction. Meanwhile, the emission peak has a
shift toward longer wavelength (red-shift) at the higher tempera-
ture as shown in the inset of Fig. 8. Based on the emission spectra of
the Ce>* luminescence, the integral emission intensity versus
temperature for different proportions of Gd/La samples was also
measured and is presented in Fig. 8(d). Usually, the thermal
quenching temperature (Ts5o) is defined as the temperature at
which the emission intensity is 50% of that at room temperature
(RT).*? The variation trend of thermal quenching temperature can
be seen obviously as La>* content rises. Thermal quenching tem-
peratures of all samples are over 500 K. It means that these samples
present an excellent thermo-stability. Except that, the lumines-
cence yields of Lag1-GPS:Ce and Lag 3-GPS:Ce samples are increased
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Fig. 6. Emission spectra (a), excitation spectra (b) and normalized spectra (c) of (Gd_Lay),Si,07:Ce (x = 0.1, 0.3, 0.5, 1.0) samples (Aex = 320 nm, Aem, = 366 nm), the inset is intensity
of Isecond/Imax Of different samples; (d) Emission spectra of (Gd;_yLay),Si,07:Ce (x = 0.1, 0.3, 0.5) samples (Aexy = 272 nm).
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by 5% while the Lag5-GPS:Ce sample is about 10%—15% when the
temperature is raised from RT to 100 °C. This phenomenon was also
observed and discussed in other pyrosilicate and B-SiAION
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phosphor.*® This is an important advantage for applications under
severe temperature conditions (well logging, nuclear stations, etc.)

Usually, a high value of activation energy (AE’) means good
thermo-stability. Based on the data of temperature-dependent PL
spectra, the activation energy of various samples was fitted and
calculated by the Arrhenius equation,** the results are shown in
Fig. 9.

- Iy
1+ cexp=hE

I(T) (1)

In Eq. (1), AE' is the thermal quenching activation energy. Iy and
I(T) are luminescence intensity of initial temperature and T tem-
perature, respectively, c is constant and k is Boltzmann's constant.
From Fig. 9, the activation energy of (Gd_xLay)2Si»07:Ce (x = 0.1,
0.3, 0.5, 1.0) can be tuned between 0.38 and 0.95 eV by varying La>*
concentration. The results show that La>* has positive contribution
to the luminescence thermo-stability. The thermal excitation of 5d
electrons has a strong effect on the thermal quenching of Ce3*
emission. Normally, the decrease of AE should lead to the decrease
of the activation energy AE’ and present a worse luminescence
thermo-stability. However, the variation trend of thermal
quenching deviates from the typical quenching model in our ex-
periments. It is interesting that this phenomenon was also found in
some other Ce>* or Eu?* doped compounds systems.*>*% To further
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testing temperatures (d).
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study the thermo-stability, the temperature dependence of
normalized emission intensity under different excitation wave-
lengths was investigated, as shown in Fig. S4. The luminescence
thermo-stability is varied under different excitation wavelengths,
but they have the same evolution tendency. The excitation wave-
length of 273 nm, ascribed to the 857/2—611 electron transition of
Gd3*, shows the best luminescence thermo-stability for the entire
wavelength. Based on the experiment data and literature3>>"2841
the abnormal variation trend of thermal quenching can be
explained as below:

In La-mixed GPS:Ce system, two types of overlapped spectra of
Ce3*t - cet and Ce3* - Gd3* are observed, indicating that the
emitted light of Gd** and Ce3* will be re-absorbed by Ce>*. Besides,
the electron that escaped from Gd3" or relaxed to 5d; state of cedt,
will recombine with the Ce3* center at later time, and then emit
light, as reported in Ref.38. Those processes have benefit to
enhanced luminescence thermo-stability. On the other hand, the
resonant energy transfer is strongly related to the environment
temperature. In this system, there are several different resonant
energy transfer processes (including Gd>*- Gd3*, Gd3* - Ce** and
Ce*- Ce3*). For the low La>* concentration sample (Gd/La = 9:1),
the resonant energy transfer between Gd3* ions is dominant. The
more energy is wasted by resonant energy transfer and shows a
worse thermo-stability. With the La®>* content increasing, the
resonant energy transfer is reduced and the dipole-dipole energy
migration is dominant. Compared with resonant energy transfer,
the dipole-dipole energy migration has a weaker relationship with
the environment temperature, indicating a better thermo-stability,
as observed and reported in Ref.41. The abnormal variation trend of
thermal quenching is rational and acceptable. However, more ex-
periments need to be done.

4. Conclusions

In summary, the (Gdj_xLax)2Si;07:1 mol%Ce polycrystallines
were synthesized by a sol-gel method. The UV, VUV, XEL spectra,
and TL were investigated systematically. The first-principles DFT-
based theoretical calculation and optical experiments demonstrate
that the band gap of (Gd—_y,Lay),Si»07:Ce material and the relative
position of 5d; state of Ce>* are varied by co-doping La**. Mean-
time, the energy separation AE becomes smaller when La** con-
centration is increased, leading to the deteriorated luminescence

efficiency. The result of luminescence thermo-stability indicates
that the method of co-doping La®* has a positive effect on
improving the luminescence thermo-stability. The activation en-
ergy AE' is altered between 0.38 and 0.95 eV. In a word, the elec-
tronic band structure, luminescence properties and activation
energy of (Gdq_y,Lay)2Si07:Ce are tuned successfully by adjusting
La/Gd ratio. More importantly, this work should be helpful to un-
derstand the relationship among composition, electronic structure
and luminescence properties.
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In some oxide photocatalysts, changing their surface structure rather than crystal structure by introducing
some defects (such as oxygen vacancies) has been proven to be effective in enhancing the separation
efficiency of photogenerated carriers and thus photocatalytic activity. To the best of our knowledge, however,
such a surface defect engineering strategy for sulfide photocatalysts has rarely been verified. The present work
shows the first case of employing pressure hydrogenation to prepare hydrogenated Znln,S; (H-ZIS)
microspheres with surface-deficient porous structures, which are favorable for furnishing sufficient surface
sulfur vacancies to realize excellent photocatalytic hydrogen evolution reactions. The hydrogen evolution rate
(HER) of H-ZIS is as high as 1.9 mmol h™* g~* (nearly 8.6 times that of the pristine ZIS sample), which rivals or

exceeds those of previously-reported ZIS-based photocatalysts under visible light irradiation. Meanwhile, the
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DOI: 10.1039/c9cp04709¢ inherent correlation between surface sulfur vacancies and photocatalytic activities of H-ZIS is also explored.

Thus, this work demonstrates the feasibility of enhancing the hydrogen evolution capability of sulfide
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1. Introduction

Interest in converting solar energy into hydrogen through direct
photocatalytic water splitting arises due to its potential applica-
tion in solving two critical global issues of fossil energy short-
age and environmental pollution.”” It is known that direct
photocatalytic water splitting for the hydrogen evolution reac-
tion involves several crucial steps, namely light absorption by
photocatalysts, transport of photogenerated carriers, and redox
reactions on the surface of photocatalysts.* Apparently, the
hydrogen evolution efficiency largely depends on the type of
photocatalyst, the separation mechanism for photogenerated
carriers, and surface reactivity. Among the currently developed
semiconductor photocatalysts, ZnIn,S, (ZIS), a typical ternary
sulfur compound, is regarded as a promising candidate for the
hydrogen evolution reaction by direct photocatalytic water
splitting due to its appropriate band gap, relatively high photo-
catalytic activity, and attractive chemical stability.>® Consider-
able investigations on the hydrogen evolution reaction by the
ZIS photocatalyst have been carried out,”® and a relatively high
hydrogen evolution rate (HER) of 600-700 pmol h™* g~* for
pure ZIS was obtained by Xia et al.'® Such a HER value, however,
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photocatalysts by the formation of sulfur vacancies through a pressure hydrogenation process.

is far below the expectation for meaningful commercial applica-
tions. Therefore, it is still a big challenge for scientists to further
improve the photocatalytic activity of ZIS and subsequently to
increase its HER.

Considering that a photocatalytic reaction takes place on the
surface of photocatalyst particles and that the surface is not
only the reaction site but also the transport route for photo-
generated carriers, the surface structure of catalysts would play
a key role in determining the final HER value. In some oxide
photocatalysts, changing their surface structure rather than
crystal structure by introducing some defects was found to be
effective in enhancing the separation efficiency of photogenerated
carriers and thus photocatalytic activity. For instance, Chen et al.**
reported that the hydrogen evolution reaction capability of TiO,
photocatalysts could be significantly improved by introducing
oxygen vacancy defects into nanocrystalline TiO, photocatalysts
by high temperature and pressure hydrogenation. The formation of
surface oxygen vacancy defects during the hydrogenation process
could alter the band gap structure of TiO, and promote the
generation, separation and migration process of photogenerated
carriers. Recently, it has been reported that the introduction of
oxygen vacancy defects in In,O; porous ultrathin sheets could not
only enhance the visible light absorption ability, but also improve
the separation efficiencies of photogenerated carriers. The obtained
visible light photocurrent density of the In,O; porous ultrathin
sheets with rich oxygen vacancies was 15 times higher than that of
the pristine In,O; ultrathin sheets.' Similar effects were also found

This journal is © the Owner Societies 2019
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in other oxide photocatalysts such as ZnO," SrTiO;," BiFeO;," etc.
by introducing surface defects though the effect scale may differ
significantly. Further studies'®'” also revealed that the concen-
tration of surface oxygen vacancies which is determined by the
hydrogenation methods and conditions is also an important factor
affecting the photocatalytic activities of hydrogenated photo-
catalysts. Considering the fact that sulfur and oxygen are in
the same main-group and have similar chemical properties, it is
reasonable to expect that the hydrogen evolution reaction activity
of ZIS photocatalysts could be enhanced by introducing surface
defects such as sulfur vacancies into ZIS photocatalysts. Very
recently, Zhu et al.'® reported the in situ hydrogenated ZIS
nanosheets (H,ZIS), which were obtained at room temperature
under UV-vis light illumination within several hours. The optimized
H,ZIS exhibited the best photocatalytic performance with a ten-fold
H, production enhancement compared to pristine ZIS nanosheets,
demonstrating the feasibility of using hydrogenation engineering
to enhance the photocatalytic activities of sulfide photocatalysts.
Though the hydrogenation of ZIS was reported in their work, to the
best of our knowledge, the pressure hydrogenation induced surface
defect engineering strategy for ZIS photocatalysts as well as the
corresponding photocatalytic mechanism has not been previously
reported and verified in the literature.

Herein, the ZIS microsphere particles were prepared by a
hydrothermal method and a pressure hydrogenation process
was employed to obtain hydrogenated ZIS photocatalysts. The
ZIS surface structure evolution, effect of surface defects and
hydrogen evolution reaction performance of the hydrogenated
ZIS microspheres are characterized and discussed. The correlation
between the hydrogenation-induced surface defect structure and
photocatalytic activity of hydrogenated products was tentatively
proposed. It was found that the stability of hydrogenation-
induced sulfur vacancies on the surface of hydrogenated ZIS
was poor, thus leading to the poor photocatalytic stability of
hydrogenated ZIS. The essential reasons for the instability of
surface sulfur vacancies are still unclear and need further
exploration. This work is important to increase our understand-
ing on the effect of surface defects on the separation of photo-
generated carriers and surface reactivity of photocatalysts. Such
a surface defect engineering strategy may also expand to other
photocatalyst materials.

2. Experimental
2.1 Preparation of pristine ZnIn,S,

All chemicals were of analytical grade and used without further
purification. 50 mL of a mixed aqueous solution containing
ZnCl, (2 mmol), In(NO3);-H,O (4 mmol) and thioacetamide
(TAA, 8 mmol) was placed in a Teflon-lined stainless steel
autoclave. The autoclave was sealed and maintained at 160 °C
for 6 hours. After the autoclave was cooled to room tempera-
ture, the obtained precipitate was collected and washed several
times with ethanol and deionized water. After drying in an oven
at 60 °C for 24 hours, the final product of pristine ZIS particles
was obtained.

This journal is © the Owner Societies 2019

PCCP

2.2 Hydrogenation of ZnIn,S,

Hydrogenation of ZIS was performed in a home-built hydro-
genation furnace. Typically, 0.5 g of the as-prepared ZIS powder
was put in a stainless steel hydrogenation reactor (with a height
of 93.5 mm and an inner diameter of 8.5 mm, possessing an
effective volume of ~5 mL, as shown in Fig. S1, ESI{) in
connection with the vacuum system. After being evacuated
to 10 Pa, the reactor was heated to 300 °C at a heating rate of
10 °C min~" and was then filled with hydrogen (purity higher
than 99.999%) at a pressure of 2.0 MPa. The inlet valve at the
top of the reactor was subsequently closed, and the reactor was
kept at high temperature and high pressure for 4 h. The total
amount of hydrogen in the reactor used for hydrogenation
treatment was calculated to be about 2 mmol according to
the ideal gas equation (PV = nRT, where P, V, T, n and R are the
pressure, volume, absolute temperature, the molar amount of
gas, and the ideal gas constant, respectively).'® After hydro-
genation treatment, the reactor was cooled down to room
temperature and the high pressure hydrogen within the reactor
was subsequently released. The hydrogenated ZIS (H-ZIS) pro-
duct was then taken out from the reactor.

2.3 Material characterization

X-ray powder diffraction (XRD) patterns were obtained on a
Bruker D2 Advance X-ray diffractometer using Cu K, irradia-
tion. The morphological microstructures of the products were
measured by field emission scanning electron microscopy
(FESEM, Hitachi-SU8010) and transmission electron microscopy
(TEM, JEOL JEM-2100F). The elemental binding energies of the
products were analyzed by X-ray photo-electron spectroscopy
(XPS, AlI-K, 1063, Thermo Fisher Scientific). The UV-visible
diffuse reflectance spectra (DRS) of the products were carried
out by an UV-visible spectrophotometer (Shimadzu UV-3600),
using BaSO, as the reference. The steady state photoluminescence
(PL) spectra and time-resolved transient photoluminescence (TRPL)
decay spectra were collected on a Hitachi High-Tech F-7000 fluores-
cence spectrophotometer with a xenon lamp as an excitation source
(4 = 300 nm). The Brunauer-Emmett-Teller (BET) specific surface
area and pore structure of the samples were characterized by a
Micromeritics Gemini VII 2390 porosimeter. The electron spin
resonance (ESR) signals were examined on a Bruker model ESR
A300 spectrometer.

2.4. Photocatalytic and photoelectrochemical measurements

Photocatalytic H, evolution experiments were performed in a
Lab-H, photocatalytic system, where a 300 W xenon arc lamp
assembled with an optical filter (A > 420 nm) was used as a
visible light source and placed vertically on top of a quartz glass
photocatalytic reactor. In a typical process, 0.2 g of the photo-
catalyst was dispersed in 100 mL of NaSOj; (0.25 M) and Na,S
(0.35 M) mixed aqueous solution under stirring in the reactor,
which was cooled by refluxing water to eliminate any thermal
catalytic effect. A certain amount of H,PtCls-6H,O aqueous
solution was then added into the dispersion to deposit the
desired amount of Pt cocatalyst (i.e., 0.5 wt%) on the surface of

Phys. Chem. Chem. Phys., 2019, 21, 25484-25494 | 25485



PCCP

the photocatalyst by an in situ photodeposition method. Prior to
irradiation, the system was evacuated several times to remove the
residual air inside, and then the dispersion was continuously stirred
in the dark for 30 min to reach the absorption equilibrium. The light
source was thereafter switched on to initiate the photocatalytic
reaction for hydrogen production, and the hydrogen production
amount was intermittently collected and analyzed online using a gas
chromatography mass spectrometer (GEL-SPJZN GC-7820, nitrogen
as a carrier gas) with a thermal conductivity detector (TCD). By
contrast, no appreciable amount of H, was produced when the
photocatalytic experiments were performed in the dark or without
the photocatalyst. To evaluate the photocatalytic stability, the
remaining photocatalyst powder in the suspension was carefully
recovered by centrifugation and washing and used for another
photocatalytic reaction. All the reported photocatalytic data in this
paper are based on the average values of three parallel experiments,
and the error bars are based on the standard deviations of three
parallel experiments.

For photoelectrochemical measurements, the working photo-
electrodes were fabricated by doctor blading a slurry, which
was prepared by mixing the obtained photocatalyst powder
and a polymer binder (PVDF) at a weight ratio of 90:10 using
N-methyl-2-pyrrolidinone (NMP) as a solvent, on an F-doped
SnO, (FTO) conductive glass. The prepared photoelectrodes were
then dried in a vacuum oven at 60 °C for 10 h. The active area of the
photoelectrodes was found to be 1.0 x 2.0 cm® Photoelectro-
chemical measurements were recorded on an electrochemical
station (CHI660E, Shanghai Chenhua Co.) using the standard
three-electrode system with the working photoelectrode, a saturated
calomel electrode (SCE) as the reference electrode, and a platinum
wire as the counter electrode in 0.5 M Na,SO, aqueous solution.
The photocurrent measurements were performed under inter-
mittent visible light (A > 420 nm) irradiation. Electrochemical
impedance spectra (EIS) were recorded by applying an AC voltage
with 5 mV amplitude in the frequency range from 0.01 Hz to
100 kHz under visible light (4 > 420 nm) irradiation.

3. Results and discussion
3.1 Structure evolution

To reveal the crystal structure evolution during high temperature
and pressure hydrogenation processes, the XRD measurements
for the ZIS and H-ZIS samples were performed. As shown in
Fig. 1, all the diffraction peaks of the pristine ZIS sample could
be well indexed to the hexagonal phase of ZIS (JCPDS card No.
065-2023).2° The XRD pattern of the H-ZIS sample was similar to
that of the pristine ZIS, indicating that the crystal structure of ZIS
did not change during hydrogenation treatment. Fig. 2(A) and
(B) show the FESEM images of the pristine ZIS and H-ZIS
samples. Both samples were composed of petaloid microspheres
with an average diameter of about 5 pm, and their surface was
made up of a large number of interlaced petaloid nanosheets. It
can be seen that the morphological structure of the ZIS sample
was nearly unchanged after hydrogenation treatment, implying
that the hydrogenation process would not significantly alter the
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Fig. 1 X-ray diffraction patterns of the prepared pristine ZIS and H-ZIS
samples.

Fig. 2 FESEM images of the (A) pristine ZIS and (B) H-ZIS samples.

morphological feature of the ZIS sample. Meanwhile, the BET
measurements show that the specific surface area of the H-ZIS
sample was 93.2 m*> g~ which was close to that of the pristine
ZIS sample (90.9 m* g "), further confirming that the hydro-
genation treatment would not significantly change the morpho-
logical structure of the pristine ZIS sample.

Fig. 3 shows the TEM images of the petal-like ultrathin
nanosheets on the surface of ZIS and H-ZIS microspheres. As
seen in Fig. 3(A) and (C), both the prepared ZIS and H-ZIS
samples consisted of petal-like ultrathin nanosheets, and the
morphological feature of the ultrathin nanosheets in the H-ZIS
sample was similar to that of the ZIS sample, which was in
agreement with the SEM results. Meanwhile, these ultrathin
nanosheets both in the prepared ZIS and H-ZIS samples
possessed a multilayered laminar structure (Fig. 3(B) and (D)),
where the presence of lattice fringes with a lattice spacing of
0.324 nm corresponding to the {102} lattice plane of the ZIS
crystal was clearly observed, confirming that the hydrogenation
treatment would not change the high crystallinity of ZIS. It is
interesting to note that the HRTEM images of the ZIS and H-ZIS
samples (respectively for Fig. 3(B) and (D)) demonstrate that the
multilayered laminar structure of the prepared ZIS was con-
tinuously free of defects, whereas many microscopic defects
(such as micropores) as denoted by the green dashed line on
the top layer and the yellow dashed line on the bottom layer
were found on the multilayered laminar structure of the pre-
pared H-ZIS sample. The observed porous feature of the pre-
pared H-ZIS sample was probably due to the massive loss of
sulfur® caused by the high temperature and high pressure

This journal is © the Owner Societies 2019
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Fig. 3 TEM and HRTEM images of the (A and B) pristine ZIS and (C and D)
H-ZIS samples.

hydrogenation treatment, and thereby surface defects of sulfur
vacancies would be formed in the H-ZIS sample as will be
discussed below.

3.2 Sulfur vacancies

It is well known that the ESR study can provide useful informa-
tion for identifying the formation of different kinds of vacancy
defects.*"** To corroborate the formation of sulfur vacancies
on the surface of H-ZIS, ESR analysis was performed. Obviously,
as shown in Fig. 4, both the pristine ZIS and H-ZIS samples
displayed one typical single Lorentzian line in the same mag-
netic field region with a g-value of 2.003. This signal could be
attributed to the unpaired electrons on the sulfur atoms of the
sulfide, demonstrating the presence of sulfur vacancies.*">*
Moreover, the ESR intensity was markedly strengthened after
hydrogenation, indicating that more electrons were captured by

— ZIS
— H-ZIS
3
g
£
n
£
2
=
o
@
&
S
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Fig. 4 ESR spectra of the prepared pristine ZIS and H-ZIS samples.
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sulfur vacancies.”®>*2 These results indicate that the hydro-
genation treatment could contribute to the generation of sulfur
vacancies in the sulfide, and that the sulfur vacancies are
capable of trapping free electrons, which helps accelerate the
transfer rate of electron-hole pairs.

To further verify the presence of sulfur vacancies in the
H-ZIS sample, XPS measurements were taken to comparatively
analyze the chemical states of the prepared ZIS and H-ZIS
samples. As can be seen from Fig. 5(A), the XPS survey spectrum
of the H-ZIS sample was similar to that of the pristine ZIS
sample, indicating that the hydrogenation process would not
change the chemical composition of ZIS. The survey spectra
confirmed the presence of Zn, In, and S elements in the
prepared ZIS and H-ZIS samples, while the other weak peaks
detected at 531.78 eV and 284.28 eV corresponding to O 1s and
C 1s were probably ascribed to adventitious carbon and oxygen
as confirmed by the unchanged peak positions in these two
samples (Fig. S3, ESIT). As shown in Fig. 5(B), the Zn 2p spectra
of pristine ZIS consisted of the two binding energies around
1044.87 eV and 1021.78 eV corresponding to the Zn 2p,/, and
Zn 2ps., spectra, respectively, confirming the valence state of
Zn>*.””?8 For the In 3d spectra (Fig. 5(C)), the two characteristic
peaks of pristine ZIS centered at 452.17 €V and 444.61 eV could
be identified as the binding energies of In 3d;, and In 3ds,,
respectively, which was correlated to the In** valence state.”” >®
Fig. 5(D) shows the S 2p spectra for the pristine ZIS and H-ZIS
samples. The binding energies of S 2p;, and S 2p3,, in the
pristine ZIS sample were located at 162.46 and 161.26 eV,
respectively, which could be assigned to $>.>* Nevertheless,
some slight peak shifts toward higher binding energies were
observed in the Zn 2p, In 3d and S 2p spectra of H-ZIS. The shift
of these XPS peaks could probably be attributed to the for-
mation of porous defects (e.g., sulfur vacancies) induced by
hydrogenation treatment, which would facilitate the transfer of
electrons from ZIS to sulfur vacancies and thus decrease the
equilibrium electron cloud density to make the binding energies
increase.>’?° In addition, from the XPS characterization the
atomic ratios of Zn/In/S in the pristine ZIS and H-ZIS samples
were determined to be 1:2.07:3.89 and 1:2.05:3.42, respec-
tively. The sulfur content in H-ZIS decreased obviously compared
to that in the pristine ZIS sample, further proving the formation
of the sulfur vacancies in the H-ZIS sample. In combination with
the above TEM and ESR results, it can be deduced that the
hydrogenation treatment could cause a massive loss of sulfur
atoms, thereby forming the observed porous defects on the
H-ZIS surface, which could be ascribed to those hydrogenation-
induced sulfur vacancies, and that such formed sulfur vacancies
could be prone to capture the electrons transferred from ZIS,
thereby promoting the separation and migration of charge carriers
within the H-ZIS sample.

3.3 Effect of sulfur vacancies

To investigate the influence of the hydrogenation-induced
sulfur vacancies on the photocatalytic performance of ZIS, the
visible light photocatalytic hydrogen production activities of
the prepared ZIS and H-ZIS samples were examined. As shown
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Fig. 5 XPS spectra of pristine ZIS and H-ZIS samples: (A) Survey, (B) Zn 2p, (C) In 3d, and (D) S 2p.

in Fig. 6, the average HER value of the pristine ZIS sample was
218.6 pmol h™* g™, which is in agreement with the previous
reports.>! In contrast, the H-ZIS sample exhibited an enhanced
photocatalytic activity with an average HER of 1905.5 umol h™" g%,
which is more than eight times higher than that of the pristine ZIS
sample and is also comparable to or even higher than the HER data
collected for the previously-reported ZIS-based photocatalysts'**>~®
as summarized in Table 1. Apparently, the hydrogenation-induced
sulfur vacancies could significantly increase the photocatalytic
hydrogen evolution activity of ZIS. In addition, to test whether
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Fig. 6 Photocatalytic H, evolution performances of the prepared pristine
ZIS and H-ZIS samples under visible light irradiation.
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any hydrogen molecules were desorbed from the surface of the
H-ZIS sample during the photocatalytic process, we used the H-ZIS
sample to perform the hydrogen evolution test in isotope D,0, and
used a high-resolution Gas Chromatography Mass Spectrometer
(GCT Premier, GC-MS) to detect D,. As shown in Fig. S2 (ESI), a
peak associated with D, was detected at a retention time of about
2.7 min, and with the increase of time, the D, amount produced
from the photocatalytic D, evolution was also increased. More
importantly, no H, peak appeared during the whole retention time,
indicating that H, could not be generated by H-ZIS in D,O and no
H, was desorbed from the H-ZIS surface during the photocatalytic
process. This also proves that the adsorption of H, on the H-ZIS
surface during hydrogenation treatment could be negligible.

One important factor that influences the photocatalytic
performance of a given photocatalyst is its optical absorption
properties. Fig. 7(A) displays the UV-vis DRS absorption spectra
of the pristine ZIS and H-ZIS samples. The absorption edge of
the pristine ZIS sample was located at about 550 nm, indicating
that the pristine ZIS sample could respond to visible light for
photocatalytic reactions. Compared to the pristine ZIS sample,
the H-ZIS sample exhibited much higher visible light absorp-
tion intensity with a red-shifted absorption edge at ca. 600 nm,
implying that the hydrogenation treatment could expand the
light absorption band of ZIS. Meanwhile, the color of ZIS
turned from orange to yellowish-brown after hydrogenation
treatment (the inset of Fig. 7(A)), also confirming the extended
light absorption capability by hydrogenation. In addition, the
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Table 1 Photocatalytic hydrogen evolution rate (HER) of H-ZIS in this work in comparison with those of the previously reported ZIS-based

photocatalysts

Photocatalysts Modification method HER (umol h™' g™ Ref.
Hydrogenated ZIS Pressure hydrogenation treatment 1905.5 Our work
RGO(3%)-Co0,/BMO/ZIS Z-scheme Heterojunction 740.4 32
MoS,/ZIS Heterojunction 1889 33
CQDs/ZIS Quantum dots loading 1767.7 10
RGO(1%)/ZIS RGO composites 132.3 34
AgInsSg/ZIS Heterojunction 949.9 35
CdS QDs(5%)/Z1S Quantum dots loading 1020 36
NH,-MIL-125(Ti) (30%)/ZIS Heterojunction 1705.6 37
g-C3Ny/nanocarbon/ZIS Z-scheme Heterojunction 1006.4 38
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Fig. 7 (A) UV-vis diffuse reflectance spectra (DRS) of the prepared pristine
ZIS and H-ZIS samples (insets are photographs of the prepared ZIS and H-
Z1S powders). (B) Plots of (xh)*'? vs. (hv) derived from the DRS spectra for
the pristine ZIS and H-ZIS samples to determine their band gap values.

bandgap values of the prepared pristine ZIS and H-ZIS samples
can be calculated from the following classical Tauc plot:***°

()" "= A(hv — Ey)

where a, h, v, Eg, A and n are the absorption coefficient, Planck
constant, the incident photon frequency, the optical band gap,
the absorption constant, and the index value, respectively.
Among them, 7 is dependent on the characteristics of the
transition in a semiconductor,*"** ie., direct transition (n =
1/2) or indirect transition (n = 2). Thus, the band-gap energy (E,)
of the semiconducting photocatalyst can be estimated from a

This journal is © the Owner Societies 2019

and indirect transition, respectively, and the intercept of the
tangent to the X axis can be regarded as the bandgap value of
the sample. Since ZIS is a direct bandgap semiconductor,*® the
band gap energy (E,) of the prepared ZIS and H-ZIS photo-
catalysts could be estimated from a plot of (av)* versus photon
energy (hv), as presented in Fig. 7(B). According to the plots, the
bandgap values for the pristine ZIS and H-ZIS photocatalysts
were calculated as 2.22 and 2.13 eV, respectively. Therefore,
it can be concluded that the hydrogenation-induced sulfur
vacancies could reduce the band gap of ZIS to some extent probably
due to the occurrence of defect levels*® within the H-ZIS sample
and thus improve the visible light absorption, which could make
some important contribution to the enhanced photocatalytic
activity of H-ZIS.

3.4 Proposed mechanism

To elucidate the photocatalytic mechanism of H-ZIS for enhanced
photocatalytic hydrogen evolution activity, the photoelectro-
chemical (PEC) measurements were carried out. The transient
photocurrent behaviors of the photocatalysts may be directly
related to the separation and migration efficiency of photo-
generated carriers.>*** Fig. 8(A) shows the transient photocurrent
behaviors of the prepared pristine ZIS and H-ZIS samples under
intermittent visible light irradiation (1 > 420 nm). Upon
irradiation, both pristine ZIS and H-ZIS could generate strong
photocurrent signals, confirming their visible light response.
More importantly, the photocurrent intensity of H-ZIS was
much higher than that of pristine ZIS, implying more efficient
photo-induced charge separation and transfer processes and a
longer lifetime of the photogenerated carriers in the H-ZIS
sample. It is worth noting that when the light was switched
on, the instantaneous over-high photocurrent spike (blue
dashed box) was observed on the H-ZIS sample due to the flux
of photoinduced carriers into the surface where they were
trapped or captured by sulfur vacancies.*>*° This also demon-
strates the role of sulfur vacancies in capturing photogenerated
electrons. Moreover, the charge separation efficiencies of the
pristine ZIS and H-ZIS samples were further investigated by the
typical EIS Nyquist diagrams shown in Fig. 8(B). The smaller arc
radius in the EIS Nyquist diagram generally means a smaller
charge transfer resistance at the interface and a higher separa-
tion efficiency of the photogenerated carriers.?” As seen, the arc
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Fig. 8 (A) Transient photocurrent responses, (B) EIS Nyquist plots, (C) steady-state PL spectra, (D) TRPL decay spectra of pristine ZIS and H-ZIS, and (E)

VB XPS spectra of H-ZIS.

radius of the prepared H-ZIS sample was much smaller than that
of the pristine ZIS sample, indicating that the hydrogenation-
induced S vacancies could significantly promote the separation
and migration of photogenerated carriers in the H-ZIS sample.

In addition, the recombination probability of photogener-
ated electrons and holes can usually be reflected from the
photoluminescence (PL) emission intensity, and a lower PL
emission intensity means a lower recombination probability.*®
To explore the influence of sulfur vacancies on the recombina-
tion probability of photogenerated electrons and holes, the
steady-state PL spectra of the prepared ZIS and H-ZIS samples
were comparatively studied. As can be seen from Fig. 8(C), the
pristine ZIS sample exhibited a strong PL emission peak at
about 550 nm, which was attributed to the emission of band
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gap transition of ZIS.*° In contrast, the PL emission intensity of
H-ZIS was much lower than that of the pristine ZIS sample,
probably due to the suppressed recombination of photoexcited
electrons and holes via band-to-band emission transition®® as
well as the non-radiative decay of the excited charge carriers to
the native defect (surface) states induced by hydrogenation.>*
In consideration of the detrimental effect of non-radiative
decay of the excited charge carriers on the photocatalytic
activity,>® in our case, the decreased PL emission intensity of
H-ZIS should be dominantly affected by the band-to-band
emission transition. This indicates that the recombination of
photogenerated holes and electrons was greatly suppressed in
the H-ZIS sample. Furthermore, the TRPL spectra of the pre-
pared ZIS and H-ZIS samples were also measured to evaluate
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the lifetime of the photogenerated carriers. The average emis-
sion lifetime (7,y) could be calculated by fitting the TRPL decay
spectra:**

Al‘L'lz +A2T22 +A3‘L'32
Aty + Axty + A3t

Tavg =

where 7 is the lifetime and A is the pre-exponential factor with
subscripts 1, 2 and 3 representing various species. According to
the fitting data shown in Fig. 8(D), the decay-time constants
could be obtained and the results are summarized in Table S1
(ESIT). It can be seen that at an excitation wavelength of
300 nm, the PL lifetime of the H-ZIS sample (67.38 ns) was
approximately twice that of the pristine ZIS sample (35.01 ns).
The longer PL decay lifetime further revealed the lower recom-
bination rate of the photogenerated carriers in the H-ZIS
sample, indicative of the more efficient separation and migra-
tion of the photogenerated carriers after hydrogenation.

In order to clarify the photocatalytic mechanism of H-ZIS for
hydrogen evolution, the valence band (VB) position of H-ZIS
was also verified using XPS measurements. As shown in
Fig. 8(E), the maximum VB position of the H-ZIS sample was
determined to be about +1.48 eV, which is consistent with the
previous results.”® Combined with the calculated band gap
value of H-ZIS from the DRS data in Fig. 7(B), the minimum
conduction band (CB) energy of H-ZIS was determined to be
about —0.65 eV. On the basis of the above discussion, the
photocatalytic mechanism of the prepared H-ZIS sample for
enhanced photocatalytic hydrogen evolution was schematically
illustrated in Scheme 1. After high pressure hydrogenation
processes, surface sulfur vacancies were generated on the ZIS
sample, and thus the band gap structure was altered. Upon
visible light irradiation, many more photogenerated electrons
and holes would be produced on the surface of the prepared
H-ZIS photocatalyst, thanks to its narrowed band gap in com-
parison with the pristine ZIS sample. The hydrogenation-
induced surface sulfur vacancies within the H-ZIS sample could
act as trapping centers for photogenerated electrons, which
would on one hand become redox active sites for promoting the
photocatalytic hydrogen production process and on the other
hand facilitate the separation and migration of photogenerated

Scheme 1 Schematic illustration of the photocatalytic mechanism of H-
ZIS for enhanced photocatalytic hydrogen evolution performance.
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electron-hole pairs. Simultaneously, the photogenerated holes
would be ceaselessly consumed by reacting with the sacrificial
agent (e.g. SO;>~, S*7) in the aqueous solution, which is also
favorable for the separation and migration of photogenerated
carriers within the H-ZIS sample. The suppression of charge
recombination would further strengthen the photocatalytic
activity of H-ZIS for hydrogen production. All these factors
ultimately contributed to the observed enhanced photo-
catalytic activity of the hydrogenated ZIS sample for hydrogen
production.

Meanwhile, of great concern was the stability of surface
sulfur vacancies in H-ZIS, which was closely correlated to the
photocatalytic stability of H-ZIS. Fig. 9(A) shows the photo-
catalytic hydrogen production results of H-ZIS under visible
light irradiation for five cycles. As seen, the HER of H-ZIS was
gradually decreased from 1902.79 pmol h™' g ' at the first
cycling test to 870.76 pmol h™' ¢~" at the fifth cycling test.
Apparently, after five cycles the photocatalytic activity of H-ZIS
was markedly decreased, revealing the poor photocatalytic
stability of H-ZIS. As a control, the pristine ZIS sample showed
much better photocatalytic stability with a photocatalytic activity
only reduced by ~12% after 5 cycles (Fig. S4(A), ESIT). Fig. 9(B)
shows the XRD patterns of the prepared H-ZIS sample before
and after the photocatalytic hydrogen production experiment. As
seen, though the intensities of the diffraction peaks of H-ZIS
were decreased after the photocatalytic hydrogen production, the
positions of the diffraction peaks of H-ZIS after photocatalytic
hydrogen production were almost identical to those before
photocatalytic hydrogen production, suggesting that the crystal
structure of H-ZIS was nearly unchanged before and after the
photocatalytic experiment. The decreased intensities of diffrac-
tion peaks of H-ZIS after photocatalytic hydrogen production
were probably due to the adsorbents or partial photocorrosion®*
on the surface of the H-ZIS sample during the photocatalytic
hydrogen production. Meanwhile, similar phenomena were also
observed in the XRD patterns of the pristine ZIS sample before
and after photocatalytic hydrogen production (Fig. S4(B), ESIT).
Moreover, the XPS survey spectrum of the H-ZIS sample after
photocatalytic hydrogen production (Fig. S5, ESIT) was basically
the same as that before photocatalytic hydrogen production.
Therefore, it can be deduced that the photocatalytic hydrogen
production process does not alter the crystal structure of ZIS. In
addition, the ESR results (Fig. 9(C)) clearly show that the ESR
intensity of the H-ZIS sample after the photocatalytic hydrogen
production experiment was much lower than that of the H-ZIS
sample before the photocatalytic experiment, indicating that the
sulfur vacancy concentration on the surface of H-ZIS was signifi-
cantly reduced after the photocatalytic experiment. This means
that the stability of the hydrogenation-induced surface sulfur
vacancies in H-ZIS was poor, thus leading to the poor photo-
catalytic stability of H-ZIS. In fact, the instability of sulfur
vacancies in H-ZIS could also be reflected from the gradual
decrease of the photocurrent intensity of the H-ZIS sample with
increasing visible light irradiation time (Fig. 8(A)). Nevertheless,
the essential reasons for the poor stability of the hydrogenation-
induced sulfur vacancies on the surface of H-ZIS are still
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Fig. 9

(A) Photocatalytic H, evolution over the prepared H-ZIS sample for several cycles under visible light illumination; (B) XRD patterns and (C) ESR

spectra of the H-ZIS sample measured before and after the photocatalytic cycling tests.

unknown, which needs to be further explored, and improve-
ments in the stability of the sulfur vacancies of H-ZIS are also
under way.

4. Conclusions

In summary, sulfur vacancies were introduced into the
hydrothermally-synthesized ZIS sample by a high pressure
hydrogenation process. The formation of sulfur vacancies on
the surface of ZIS during the hydrogenation process was
verified by HRTEM, XPS, and ESR analysis. The presence of
surface sulfur vacancies in H-ZIS was found to significantly
improve the photocatalytic hydrogen production activity, and
the photocatalytic hydrogen evolution rate of H-ZIS was more
than eight times higher than that of ZIS. The enhanced photo-
catalytic performance of H-ZIS could be attributed to the fact
that the hydrogenation-induced sulfur vacancies could act as
trapping centers for photogenerated electrons, thus facilitating
the photoinduced charge separation and transfer processes
and also suppressing the recombination of photogenerated
electrons and holes. Meanwhile, the as-formed surface sulfur
vacancies in H-ZIS were unstable during the photocatalytic
process, thus leading to the poor photocatalytic stability of
H-ZIS. Improvements in the photocatalytic stability of H-ZIS are
still underway.
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Abstract

In the present work, Er-doped BiFeO; (BFO) nanoparticles (Bi(_yEr,FeO3, where x =0.00, 0.01, 0.03, 0.05) containing
different concentrations of Er dopants were successfully prepared through a facile sol gel method. The crystalline structure,
morphological features, and chemical compositions of the obtained samples were examined by a variety of characterization
techniques, and these samples were then used as photocatalysts for the photocatalytic removal of tetracycline hydrochloride
(TC) upon visible light. The Er doping could significantly improve the optical absorption capability of the BFO especially in
visible light range, and could also boost the photocatalytic activity of the BFO for TC removal. Among all the prepared
photocatalysts, the Er3%-BFO sample yielded the highest photocatalytic efficiency of 75.8% for TC removal, which was
nearly 2.78 times that of pure BFO. On the basis of the photocurrent response, electrochemical impedance spectra, and
photoluminescence emission results, the contributions made on the significantly boosted photocatalytic activities of
Er-doped BFO could be reflected on the following aspects: (i) the improved spectral absorption especially in visible light
region, (ii) the promotion of photoinduced charge separation and migration, and (iii) the suppressed recombination
probability of photogenerated electron-hole pairs. The present work demonstrates the feasibility of employing rare earth
doping to develop highly efficient BFO-based photocatalysts for the photocatalytic removal of antibiotics.

Graphical Abstract
The photocatalytic activity of BiFeOj; for tetracycline hydrochloride removal was significantly improved by the effective
doping of Er’* rare earth ions.
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Highlights

h* + TC — Degradation products

o Effective Er doping into BiFeO3; (BFO) nanoparticles was obtained by a facile sol-gel route.
o The optical absorption properties of BFO nanoparticles was improved by Er doping.

e Er-doped BFO nanoparticles showed superior photocatalytic activities for TC removal.

e The possible photocatalytic mechanism of Er-doped BFO nanoparticles was discussed.

Keywords

1 Introduction

With the progress and development of the human society,
the water pollution problem caused by the unreasonable and
nonstandard use of antibiotics has caught more and more
attention because of the adverse effects to the aquatic eco-
system as well as the potential threat to human health.
However, the removal of antibiotic contaminations from
water and wastewater is still not ideal by means of con-
ventional remediation techniques (such as biological pro-
cesses, coagulation, flocculation, and sedimentation) [1].
Therefore, it is desired to find out an efficient and cost-
effective physicochemical method for antibiotics removal.
Over the past decade, heterogeneous photocatalysis has
been recognized as a promising practical approach for
degradation or removal of antibiotics from aqueous matrices
in view of its low cost, easy availability, strong oxidation
ability, and eco-friendliness [2, 3]. In this approach, the
development of highly efficient semiconductor photo-
catalysts is pivotal for effective photocatalytic removal of
antibiotics.

TiO,-based semiconductors have been proven as efficient
photocatalysts for photocatalytic degradation of organic
pollutant and photocatalytic water splitting because of their
relatively high photocatalytic activity, robust chemical sta-
bility, low cost, and nontoxicity [4-8]. The drawback of
TiO,-based semiconductors lies in their wide band-gap, thus
making them only absorb the ultraviolet light, which greatly
limits their practical applications. Thus, pursuing inexpen-
sive, earth-abundant, and efficient visible light photo-
catalysts is still a challenging task. Over the past decade,
perovskite-structured bismuth ferrite (BiFeO;, BFO for

@ Springer
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short) has shown great potential as an efficient visible light
photocatalyst for photocatalytic degradation of pollutants in
view of its proper band gap structure (~2.2eV), low cost,
good chemical stability, as well as its unique intrinsic
electric polarization field [9-11]. However, the relatively
poor photocatalytic performance of BFO restricts its
potential application [12], and further improving its photo-
catalytic activity is imperative for future practical applica-
tions. To date, several strategies, such as morphological
control [13], elemental doping [14], cocatalyst deposition
[15], and heterostructure construction [16], have been
employed to modify BFO with the purpose of extending its
optical response range and improving its photocatalytic
activity. Particularly, the doping of rare earth ions into the
photocatalyst has proven effective in enhancing the photo-
catalytic activity [17], on account of the electron or hole
trapping ability of the rare earth dopants within the photo-
catalyst, thus to facilitate the charge separation and migra-
tion of photogenerated carriers [18]. Moreover, the doping
of rare earth ions into semiconductors can alter the
absorption edge of semiconductors, which would enhance
the absorption of low energy photons for effectively
improving the visible light photocatalytic activity [19, 20].
Furthermore, the rare earth ions doped into semiconductors
can on one hand have a strong complex ability to adsorb
various organic pollutants because of the formation of
Lewis acid—base complex between these ions and the sub-
strate through their 4f orbitals [21], and on the other hand
probably reduce the crystallite size but increase the surface
area of oxide photocatalysts [22], which would contribute to
the enhancement of the adsorption capacity of photo-
catalysts for organic pollutants. Thus, it is suggested that the
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rare earth doping can provide BFO with better visible light
adsorption abilities and higher efficiency photocatalytic
performances. In fact, doping of BFO semiconductors is a
subject of broad interest for the past few years. Pure BFO
nanostructures doped with rare earth ions like Gd, Dy, Sm,
Pr, and Nd have been reported for photocatalytic applica-
tions in the literature [14, 23-26]. Notably, erbium (Er) is a
popular rare earth element for doping semiconductor pho-
tocatalysts because of its unique transitions of Er’" intra-f
electrons, which leads to sensitization of the photocatalyst
to visible light [27]. To our knowledge, however, the
application of Er**-doped BFO nanostructure as a photo-
catalyst has not been reported yet.

In recent years, a variety of synthetic methods have been
developed to prepare BFO powders, such as sol-gel
synthesis [28], hydrothermal synthesis [29], solid state
reaction [30], rapid liquid-phase sintering [31], co-
precipitation [32], microemulsion technique [33], and so
on. Among these methods, the sol-gel process is widely
used for preparing BFO powders and thin films because it
can easily achieve a uniform composition on the atomic or
molecular scale at a relatively low synthesis temperature
[34]. Herein, Er-doped BFO nanoparticles (Bi;_,Er,FeOs,
where x=0.00, 0.01, 0.03, 0.05) containing a different
concentration of Er dopants prepared by a facile sol-gel
approach were employed as the photocatalysts for visible
light photocatalytic removal of tetracycline hydrochloride
(TC). To explore the effect of Er doping on the photo-
catalytic performance of Er-doped BFO nanoparticles, a
variety of photoelectrochemical (PEC) techniques including
photocurrent action spectra, electrochemical impedance
spectra (EIS), and photoluminescence (PL) emission spectra
were then carried out. According to the PEC results, the
possible mechanism of Er-doped BFO nanoparticles for
enhanced photocatalytic TC removal was tentatively
discussed.

2 Experimental section
2.1 Sol-gel synthesis of Er-doped BFO nanoparticles

Er-doped BFO nanoparticles containing different con-
centrations of Er dopants (Bi;_,Er,FeO;, where x =0, 0.01,
0.03, or 0.05) were synthesized through a simple sol-gel
approach, which were labeled as BFO, Erl%-BFO, Er3%-
BFO, and Er5%-BFO, respectively. In a typical synthesis,
0.1 mol of tartaric acid was dissolved in 100 mL of ethylene
glycol under magnetically stirring. Subsequently, the
desired stoichiometric amounts of Bi(NO3);-5H,O (10x
(1—x) mmol), Fe(NO3);-9H,0 (10 mmol), and Er(NOj;);-
5H,0 (10x(x) mmol) were added to the above solution,
respectively, and carefully dissolved under magnetically

stirring for 2 h. The homogeneous precursor sol at a con-
centration of 0.1 M was then obtained. After being heated at
80 °C, the sol was dried into a gel. The gel was powdered,
and then calcined at 550 °C for 2 h in order to form a high
crystalline thombohedral structure [35]. After the calcined
powders were naturally cooled to room temperature, the
final product (i.e., the BFO or Er-doped BFO nanoparticles)
was thus obtained.

2.2 Materials characterizations

The crystalline phases of the prepared BFO and Er-doped
BFO samples were examined on a Bruker D2 X-ray dif-
fractometer using Cu K, radiation (41=1.5418 A). The
average crystalline sizes of the prepared samples were
estimated from line broadening of the corresponding X-ray
diffraction peaks using the Scherrer equation. The mor-
phological features, microstructures, and element mapping
of the prepared samples were analyzed by field emission
scanning electron microscopy (FESEM, Hitachi SU 8010)
attached with energy dispersive X-ray spectroscopy (EDS),
and a transmission electron microscopy (TEM, JEOL JEM-
2100 Japan). The inductively coupled plasma mass spec-
trometry (ICP-MS) measurements were performed on an
ICP-MS spectrometry (PE NexION 300X) to determine the
actual Er doping contents in the prepared samples. Specific
surface areas of the prepared samples were measured by
Brunauer-Emmett-Teller (BET) nitrogen adsorption—deso-
rption (Shimadzu, Micromeritics ASAP 2010) instrument.
The X-ray photoelectron spectra (XPS) of the prepared
samples were performed on a PHI 5000 Versa Probe with a
monochromatic Al K, source and a charge neutralizer in the
high vacuum analysis chamber of 10~ Torr. All the binding
energies were calibrated to the adventitious C ls peak at
284.8 eV. The ultraviolet—visible (UV-vis) diffuse reflec-
tance spectra (DRS) and the PL emission spectra were
acquired by using a Shimadzu UV-3600 spectrometer and a
fluorescence spectrophotometer (Hitachi High-Tech F-
7000), respectively. The total organic carbon (TOC) content
of the samples was analyzed by a TOC-VCPH analyzer
(Shimadzu, Japan).

2.3 Photocatalytic evaluation

To assess their photocatalytic activities, the prepared BFO
or Er-doped BFO nanoparticles were used as the photo-
catalyst for photocatalytic TC removal upon visible light
(42420 nm) irradiation. The irradiance was produced by a
300 W Xe lamp with a cutoff filter. In a typical process, 0.2
g of the prepared BFO or Er-BFO photocatalyst powder was
well dispersed in 100 mL of TC solution (30 mg/L) in a
home-built photoreaction vessel under magnetically stirring.
After the suspension was kept stirring in dark for 0.5 h, the

@ Springer



538

Journal of Sol-Gel Science and Technology (2019) 90:535-546

photocatalytic reaction was initiated by visible light irra-
diation. At intervals, 4 mL of the suspension was taken out
and the catalyst powder was removed from the solution
using a 0.22 pm nitrocellulose filter. The TC removal effi-
ciency was then estimated by detecting the absorbance of
each collected supernatant at maximum wavelength (i.e.,
356nm) on a UV-visible spectrometer (model 722,
Shanghai Precision Instruments Co., Ltd., China). The
reusability and stability of the prepared Er-doped BFO
photocatalyst were also investigated by recycling the pho-
tocatalyst powders in suspension for another four catalytic
reactions. All the photocatalytic data were the average
values of three parallel experiments with the error bars
based on their standard deviations.

2.4 Photoelectrochemical measurements

The PEC measurements (i.e., photocurrent response current
and EIS) were carried out on an electrochemical work-
station using a home-built three-electrode quartz cell in an
electrolyte solution of 0.5 M Na,SO,, where the fabricated
samples photoelectrode, a platinum wire, and a saturated
calomel electrode (SCE) were used as the working elec-
trode, the counter electrode, and the reference electrode,
respectively. To fabricate the working photoelectrode (the
active area of 1x 1cm?), a slurry was firstly prepared by
mixing the obtained sample powder (90%) and polymer
binder (polyvinylidene fluoride, 10%) in N-methyl-2-pyr-
rolidinone (NMP), and was then doctor bladed onto the
surface of FTO conductive glass. After vacuum drying at
60 °C overnight, the working photoelectrode was thus
obtained. A Xe lamp (300 W) assembled with a cutoff filter
(42420 nm), which was placed at 12 cm away from the
working photoelectrode, was used as the visible light
source. The photocurrent response spectra were detected
upon an on—off intermittent visible irradiation. The EIS
plots of the samples were acquired using a sinusoidal ac
perturbation of 10 mV upon visible light irradiation.

3 Results and discussion

The crystalline phases of the prepared samples were deter-
mined by XRD patterns, as shown in Fig. la. As for the
pure BFO, all diffraction peaks were readily indexed to the
rhombohedral phase with R3c space group (JCPDS No. 86-
1518), indicating that the rhombohedral crystalline BFO
could be successfully synthesized through the present sol—
gel process. Meanwhile, the diffraction patterns of the Er-
doped BFO samples were similar to that of the pure BFO,
validating that Er doping would not affect the crystal
structure of BFO. The magnified XRD patterns (Fig. 1b)
show that the separated (104) and (110) diffraction peaks
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Fig. 1 a XRD patterns of the prepared BFO and Er-doped BFO
samples containing different Er doping contents; b the magnified XRD
patterns ranging from 30° to 34°

Table 1 Unit cell parameters of the prepared BFO and Er-doped BFO
samples, and the actual Er doping contents in the BFO and Er-doped
BFO samples

Samples Unit cell parameters ICP-MS (Er doping
content)
a=b @A) c@A) Cell Weight Molar
volume ratio ratio (%)
(A (mg/kg)
BFO 5.5758 13.8665 374.57 0 0
Er1%-BFO 5.5745 13.8595 373.31 5140 0.96
Er3%-BFO 5.5732 13.8474 372.45 14,868 2.77
Er5%-BFO 5.5727 13.8398 372.16 24,697 4.59

located at around 32° had an obvious shift toward higher 26
values as increasing the Er dopant concentration, which
could be due to the structural distortion induced by the
substitution of smaller sized Er’* ions (0.88 A) for Bi*"
jons (1.03 A) into the lattice of BiFeO; [36]. The structural
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Fig. 2 FESEM images of the
prepared a pure BFO, b Erl1%-
BFO, ¢ Er3%-BFO, and d
Er5%-BFO, respectively; and e
Er elemental mapping of Er3%-
BFO sample

Fig. 3 TEM and HRTEM
images of the prepared a, b BFO
and ¢, d Er3%-BFO samples

distortion in BFO derived from Er substitution might bring
about the contraction in lattice parameters, unit cell, and
volume, as verified by the calculated unit cell parameters in
Table 1. In addition, the crystalline sizes were calculated
from the XRD patterns using Scherer’s formula to be 52.45,
43.82, 39.51, and 36.35nm for pure BFO, Er1%-BFO,
Er3%-BFO, and Er5%-BFO, respectively, confirming the
crystalline size of Er-doped BFO was slightly reduced with
increasing the Er doping content. This further reveals the
structural distortion of BFO induced by the Er doping.

0.396 nm

,k

The general morphologies and particle sizes of as-
prepared BFO and Er-doped BFO samples were examined
by FESEM, as shown in Fig. 2a—d. The prepared pure BFO
(Fig. 2a) exhibited agglomeration of the particles with an
irregular shape in an average particle size of 40—100 nm. As
for Er-doped BFO samples (Fig. 2b—d), each Er-doped BFO
sample also consisted of irregular nanoparticles, similar to
those of BFO, indicating that the Er-doping had no obvious
effect on the morphology of products. Meanwhile, the
uniform distribution of Er dopant element in the BFO host
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Table 2 The average crystalline

size, BET surface arca, simple Samples Average grystalline BET sugfac;: Simpli TC adsorption Photodegradation efficiency
TC adsorption efficiency in size (nm) area (m“/g) in dark (%) (TC) (%)
dark, and photodegradation BFO 524 214 27 273
efficiency of the prepared
photocatalyst samples Erl%-BFO 43.8 24.6 3.1 49.0
Er3%-BFO 39.5 27.1 35 75.8
Er5%-BFO 36.3 28.5 3.6 57.8

Calculated from XRD results by Scherrer formula

®Measured from Brunauer—Emmett—Teller (BET) nitrogen adsorption—desorption instrument

was verified by the Er elemental mapping of the Er3%-BFO
sample (Fig. 2e). According to the ICP-MS results in Table
1, the actual Er doping contents in the prepared Er-doped
BFO samples were found to be 0, 0.96%, 2.77%, and 4.59%
for BFO, Er1%-BFO, Er3%-BFO, and Er5%-BFO,
respectively, which were close to the theoretical Er doping
contents, further demonstrating the effective doping of Er’™
ions in Er-doped BFO samples. In addition, the morpho-
logical microstructures of the prepared BFO and Er-doped
BFO samples were further examined by TEM and high-
resolution TEM (HRTEM) measurements, as presented in
Fig. 3. It can be seen that both the prepared BFO (Fig. 3a)
and the Er3%-BFO samples (Fig. 3c) were composed of
irregular particles with an average particle size of ~50 nm,
which were prone to aggregate, in accordance with the
FESEM results. To further manifest the crystalline phase of
BFO and Er-doped BFO sample, the HRTEM images of
both the BFO and Er3%-BFO samples (Fig. 3c, d) were
acquired. The interplanar spacings for the pure BFO and
Er3%-BFO were 0.396 and 0.281 nm, which could be
corresponding to the (012) and (104) crystal planes of the
rhombohedral BFO, respectively. The HRTEM data further
confirm the thombohedral crystal structure of pure BFO and
Er3%-BFO nanoparticles, in accordance with the XRD
result. In addition, the specific surface areas of the prepared
pure BFO, Er1%-BFO, Er3%-BFO, and Er5%-BFO were
determined from the BET measurements to be 21.4, 24.6,
27.1, and 28.5 m%/g, respectively. The larger specific sur-
face area of Er-doped BFO samples in comparison with the
pure BFO sample would result in a stronger adsorption
capacity (as presented in Table 2), which could play a
positive role in photocatalytic activity [37].

To clarify the elemental chemical states of the prepared
Er-doped BFO sample, we carried out the XPS measure-
ments. As seen in the survey spectrum of Er3%-BFO
sample (Fig. 4a), the prepared Er3%-BFO sample was
composed of Bi, Fe, O, and Er elements (Note: the C 1s
peak should be ascribed to the adventitious carbon for
calibration during XPS measurement [38, 39]). The core-
level XPS spectrum for Er 4d (Fig. 4b) reveals that the Er
4d peaks centered at 168.80eV could be associated with
trivalent oxidation state of erbium [40, 41], suggesting that
Er't was effectively doped into BFO nanoparticles.
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Fig. 4 XPS spectra of Er3%-doped BFO nanoparticles: a survey
spectrum, b the core level spectrum of Er 4d

Moreover, the corresponding surface quantitative analysis
revealed that the measured Er content was close to its the-
oretical value, indicating a homogeneous distribution of
Er’" ions in Er3%-BFO sample. The XPS results further
confirmed the successful preparation of Er-doped BFO
nanoparticles.

The optical absorption properties of the prepared BFO
and Er-doped BFO samples were examined by the UV-vis
DRS spectra, and the results are displayed in Fig. 5. The
prepared BFO nanoparticles showed strong spectral
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absorption capability ranging from 300 to 600 nm,
demonstrating the visible light response of BFO for pho-
tocatalytic reaction. In comparison, the Er-doped BFO
samples manifested much stronger optical absorption ability
especially in the visible light region, and the absorption
intensity also increased with the Er dopant concentration.
The significantly improved visible light absorption of the
Er-doped BFO could be ascribed to the upconversion ability
of Er doping, that is, the ability to convert infrared light into
visible light [27]. Apparently, the enhanced spectral
absorption ability of BFO by Er doping would probably
boost the photocatalytic activity of Er-doped BFO for TC
removal, as discussed below. However, the band gap values
of the pristine BFO, Erl1%-BFO, Er3%-BFO, and Er5%-
BFO samples calculated from the plots of Kubelka—Munk
function [42] were 2.09, 2.16, 2.12, and 2.13 eV, respec-
tively, implying that Er doping could slightly enlarge the
band gap of BFO.

To investigate the influence of Er doping on the photo-
catalytic activities of BFO, the prepared BFO and Er-doped
BFO samples were used as the photocatalysts for photo-
catalytic TC removal upon visible light. As shown in Fig. 6a,
the concentration of TC was nearly unchanged in the absence
of any photocatalyst, suggesting that the TC structure is
stable. When the BFO photocatalyst was added, about 27.3%
of TC was decomposed after 180 min irradiation time. In
contrast, the Er-doped BFO photocatalysts exhibited much
higher TC photodegradation efficiencies. It was found that
49.0%, 75.8%, and 57.8% of TC were decomposed for the
Er1%-BFO, Er3%-BFO, and Er5%-BFO samples, respec-
tively, after 180 min visible light irradiation (Table 2).
Apparently, the Er3%-BFO sample achieved the highest
photocatalytic degradation efficiency of TC, which was ca.
2.8 times that of the prepared BFO and could be also com-
parable to those photocatalytic TC degradation efficiencies
over the previously-reported BFO-based or TiO,-based pho-
tocatalysts [43—48] as summarized in Table S1. According to
the Langmuir—Hinshelwood model [49], the TC degradation
rate constants (k) for the blank sample, the pristine BFO,
Er1%-BFO, Er3%-BFO, and Er5%-BFO calculated from the
fitting curves of In(Cy/C) versus irradiation time (f) were
(231+0.07)x 107, (1.83+0.055)x 103, (3.65+0.109) x
1073, (6.68 £0.204) x 1073, and (4.64 +0.139) x 10> min"",
respectively, as shown in Fig. 6b. The TC degradation rate
constant of the Er3%-BFO sample was about 3.6 times that of
the pristine BFO sample. It should be noted that the photo-
catalytic activity of Er5%-BFO was on the contrary decreased
though the doping amount of Er element was further
increased to 5%. This could be attributed to the fact that
excess amounts of Er dopant in BFO may act as recombi-
nation centers for photogenerated electron—hole pairs [50],
thereby resulting in low photoactivity. Thus, the doping
amount of Er elements could play an essential role in deter-
mining the photocatalytic activities of Er-doped BFO photo-
catalysts. With a proper doping amount of Er element, a
significant improvement of photocatalytic activities of BFO
could be achieved. In addition, the photocatalytic stability and
reusability were also evaluated by recycling 5 runs for pho-
tocatalytic degradation of TC over Er3%-BFO, as depicted in
Fig. 6¢. As seen, the photocatalytic degradation efficiency of
Er3%-BFO had little attenuation after 5 successive runs,
implying that the Er-doped BFO photocatalyst was quite
stable and reusable. Furthermore, the main reactive species for
photocatalytic TC removal catalyzed by Er-doped BFO were
determined by the photocatalytic trapping experiments, in
order to clarify the photocatalytic mechanism of Er-doped
BFO. Figure 6d shows the photocatalytic TC removal results
catalyzed by the Er3%-BFO photocatalyst with the addition
of different quenchers under visible light irradiation. It was
found that the photocatalytic activity of Er3%-BFO for TC
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Fig. 6 a TC removal catalyzed by the prepared BFO and Er-doped
BFO photocatalysts as a function of the irradiation time under visible
light (12420 nm). b Pseudo-first kinetics fitting data for the photo-
catalytic degradation of TC over the prepared samples. ¢ Photo-
catalytic stability of the Er3%-BFO sample by evaluating TC removal

removal was suppressed to different extents when adding tert-
butyl alcohol (TBA, a hydroxyl radicals (-OH) scavenger
[51], 2mM) or ethylene diamine tetraacetic acid (EDTA, a
hole (h) scavenger [52], 2 mM), whereas the photocatalytic
activity was significantly improved when AgNOj; (an electron
scavenger [53], 2mM) was added. More importantly, the
photocatalytic TC removal efficiency was found to be dra-
matically restrained when the trapping experiment was carried
out under N,-saturated conditions, suggesting superoxide
radicals (O,™") could play a significant role in the photo-
catalytic TC removal. From the above trapping experiments, it
can be revealed that the predominant reactive species for TC
removal catalyzed by the Er-doped BFO were superoxide
radicals, photogenerated holes, or hydroxyl radicals rather
than photogenerated electrons.

To probe into the enhanced photocatalytic mechanism of
Er-doped BFO for TC removal, the photocurrent action
spectra, EIS, and PL spectra of the prepared BFO and Er-
doped BFO photocatalysts were measured. As known, the
charge separation and migration efficiency of the photo-
induced carriers within a photocatalyst can be reflected by
transient photocurrent [54]. Figure 7a displays the typical
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for five cycles. d Photocatalytic degradation of TC over the Er3%-
BFO sample alone, and with the addition of different types of active
species scavengers (i.e., AgNO;, EDTA, and TBA) or in the absence
of O, (i.e., Np-saturated solution) under visible light (4 =420 nm)

photocurrent action spectra for BFO and Er3%-BFO pho-
toelectrodes under chopped visible light (42420 nm) irra-
diation. As shown, both BFO and Er3%-BFO
photoelectrodes could produce transient photocurrents upon
visible light irradiation. In comparison with the BFO pho-
toelectrode, the Er3%-BFO photoelectrode manifested a
much higher photocurrent intensity, implying a much more
efficient charge separation and transfer process and a much
longer charge lifetime of the photoinduced carriers in the
Er3%-doped BFO sample thus leading to the improved
photocatalytic performance. To further reveal the influence
of Er doping on the interfacial charge transfer efficiency of
BFO, the EIS Nyquist plots for BFO and Er3%-BFO pho-
tocatalysts (Fig. 7b) were obtained under visible light (4 >
420 nm) irradiation. In general, the arc radius at the high-
frequency zone in the Nyquist plot is associated with the
interfacial charge transfer process on the photoelectrode
surface, and a smaller arc radius usually signifies a higher
efficient charge separation and transfer process of photo-
induced carriers at the electrode/electrolyte interface [55].
As seen, the Er3%-BFO photoelectrode exhibited a rela-
tively smaller arc radius than the BFO photoelectrode,
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Fig. 7 a Photocurrent response spectra of the pure BFO and Er3%-
BFO photoelectrodes upon chopped visible light irradiation (1>420
nm). b EIS Nyquist plots of the pure BFO and Er3%-BFO

confirming that the photogenerated charge separation and
migration process of BFO could be effectively promoted by
Er doping, which was consistent with the photocurrent
result. Furthermore, we also conducted the PL experiments
to investigate the recombination process of photogenerated
electrons and holes within the BFO and Er3%-BFO sam-
ples. The PL emission intensity has been considered to be
correlated to the recombination probability of photoexcited
electrons and holes, and the lower PL emission intensity
implies the decreased recombination probability [56].
Figure 7c displays the PL spectra of the prepared BFO and
Er3%-doped BFO photocatalysts. As seen, the Er3%-BFO
sample had a PL emission band centered at 741 nm, which
was similar to that of BFO. Compared to BFO, the Er3%-
BFO sample exhibited a much smaller PL emission inten-
sity, confirming that the Er dopants could reduce the
recombination rate of electron—hole pairs. The reason for
low recombination rate of electron-hole pairs in the Er-
doped BFO nanoparticles could be presumed by two cases.
First, the excited electrons were trapped by surface defects
induced by the doping of Er, which could decrease the
number of recombination of electron-hole pairs [57, 58].
The second reason for the decreased PL intensity of Er3%-
BFO was the relatively smaller size of this sample as

photoelectrodes under visible light illumination (4>420nm). ¢ PL
emission spectra of the prepared BFO and Er3%-BFO samples at an
excitation wavelength of 404 nm

compared to the pure BFO sample. The decrease in the PL
intensity with decreasing the particle size might be derived
from the fact that the defects would increase while reduction
in the particle size and hence the quenching centers for non-
radiative recombination of electron—hole pairs would also
increase [59], thus leading to the quenching of lumines-
cence. Thus, the lower recombination probability of pho-
togenerated electrons and holes within Er3%-BFO would
make some important contribution to the boosted photo-
catalytic performance. Therefore, from these experimental
results, it can be demonstrated that the improved photo-
catalytic activities of Er-doped BFO could be attributed to
the augmented optical absorption capability, the promoted
charge separation and transfer process as well as the
decreased recombination probability of photogenerated
electrons and holes arising from the Er doping effect.

On the basis of the above trapping experiments and PEC
measurements, the photocatalytic mechanism for TC
removal by the Er-doped BFO photocatalysts under visible
light irradiation was proposed. Figure 8 schematically
illustrates the photocatalytic mechanism of Er-doped BFO
for TC removal. Under visible light irradiation, the Er-
doped BFO photocatalyst could be excited to produce
substantial  electron-hole  pairs. Subsequently, the
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h* + TC — Degradation products

*OH + TC — Degradation products

Fig. 8 Schematic illustration of the photocatalytic mechanism for TC
removal over the Er-doped BFO photocatalyst

photogenerated electrons would be rapidly transferred from
the conduction band (CB) to the Er’*" dopant level and then
to the photocatalyst surface, where the reactive superoxide
radicals (O,") would be formed by reacting with the
surface-adsorbed O, to further participate in the photo-
catalytic removal of TC. At the same time, the holes
remaining in the valence band (VB) would migrate to the
photocatalyst surface and thereby react with H,O to form
hydroxyl radicals (-OH) for the TC removal or directly
oxidize TC. In our case, superoxide radicals (O, ") and
holes (h™) were the predominant reactive species for TC
removal, while hydroxyl radicals (-OH) might also make
some contribution to the TC removal process. In addition,
the TOC removal efficiency during the photocatalytic TC
removal process was investigated to determine the degree of
mineralization of the pollutant. The TOC removal ratios of
TC over the prepared BFO and Er-doped photocatalysts are
shown in Figure S1. About 24.4%, 46.2%, 72.6%, and
51.3% were photocatalytically degraded by the prepared
BFO, Erl1%-BFO, Er3%-BFO, and Er5%-BFO, respec-
tively, and mineralized to CO,, H,0O, or inorganic ions
under visible light irradiation for 180 min. The TOC ana-
lysis further indicates that the Er3%-BFO photocatalyst
possessed a relatively strong mineralization ability.

4 Conclusions

To summarize, the Er-doped BFO photocatalysts with dif-
ferent Er dopant concentrations (Bi;_,Er,FeOs, where x =
0, 0.01, 0.03, or 0.05) were successfully synthesized
through a simple sol—gel approach. The doping of Er’* into
the BFO host was proven by a variety of characterization
techniques including XRD, SEM, TEM, and XPS. It was
found that the optical absorption capacity of BFO was
improved by Er doping especially in the visible light region,
and the absorbance value was also gradually increased with

@ Springer

the rise of Er dopant concentration. The photocatalytic
experiments reveal that the photocatalytic activities of all
the Er-doped BFO photocatalysts for TC removal were
much higher than the BFO photocatalyst, and the Er3%-
BFO sample achieved the highest photocatalytic TC
degradation efficiency of 75.8% which was about 2.8 times
that of the prepared BFO sample. On the basis of the
photocurrent action spectra, EIS, and PL spectra, the major
contributions to the improvement in the photocatalytic
activities of Er-doped BFO were the much more spectral
absorption capability, the more efficient charge separation
and migration process as well as the lower recombination
probability of photogenerated electrons and holes, arising
from the Er doping effect. Moreover, the stability and
reusability of the prepared Er-doped BFO nanoparticles for
photocatalytic TC removal were fairly good. Thus, this
work manifests a possibility to use Er-doped BFO as an
effective visible light photocatalyst for highly efficient
photocatalytic degradation or removal of antibiotics from
aqueous matrices.
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In this work, cobalt-phosphate (Co-Pi) cocatalyst is deposited on the surface of BiFeO3 (BFO) thin film photoanode for enhanced
photoelectrochemical (PEC) performances. The prepared Co-Pi/BFO thin film is composed of irregular rhombohedral BFO nanopar-
ticles which are uniformly covered with a layer of amorphous Co-Pi, and the corresponding PEC performance is remarkably improved
with a negatively-shifted onset potential from —0.058 V (BFO) to —0.130 V (Co-Pi/BFO). The photocurrent density of Co-Pi/BFO
thin film photoanode measured at 0 V (vs. Ag/AgCl) under visible light irradiation is as high as ~0.050 mA cm~2 (nearly 8 times
that of the prepared BFO thin film photoanode), which rivals or exceeds those of state-of-the-art BFO-based thin film photoelec-
trodes. On the basis of PEC measurement results, the enhanced PEC performance of Co-Pi/BFO photoanode can be attributed to the
higher carrier concentration, the more efficient separation and transfer process of photogenerated charges and the lower electron/hole
recombination probability induced by Co-Pi cocatalyst. In addition, the possible PEC mechanism of the Co-Pi/BFO photoanode is
also discussed. The present work validates the feasibility of Co-Pi cocatalysts coupled with other photoanode systems for pursuing

highly efficient PEC performances of water oxidation.
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In recent years, photoelectrochemical (PEC) water splitting has
become a type of industrial photosynthesis to produce usable hydro-
gen and oxygen.'” Since the discovery of PEC water splitting by
TiO, photoanode,* many other metal oxide-based photoanodes (such
as a-Fe, 03, W0;,% BiVO,)” have been developed for PEC water
splitting. Among the previously-reported oxide semiconductors, per-
ovskite BiFeO; (BFO) has recently attracted a great concern because
of its narrow bandgap, good chemical stability and low cost.® More
importantly, BFO has also been demonstrated as a promising photoan-
ode for PEC water splitting”'® under UV or visible light irradiation.
For example, Moniz et al.® used the chemical vapor deposition method
for the first time to prepare BFO thin film, exhibiting an efficient water
oxidation with an average O, evolution rate of 0.023 wmol h™! un-
der UV light irradiation. Though much progress has been made on
the PEC studies of BFO, the PEC activities of BFO thin films are
still unsatisfactory because of their poor charge-transport properties
and rapid electron-hole recombination.!"!> Therefore, it is essential
to modify the structure of BFO thin film photoanodes for improving
their PEC performances.

So far, several strategies have been developed to boost the PEC
activities of semiconductor photoanodes by improving the charge
separation/migration process and reducing the electron-hole recom-
bination at the semiconductor/electrolyte interface, including surface
passivation,'? heterojunction construction,'* elemental doping,'> co-
catalyst deposition'® and so on. Among them, the deposition of cocat-
alyst on the surface of semiconductor photoanodes has been widely
recognized as an effective way for improving PEC activities, since
the cocatalyst could reduce the PEC reaction overpotential, acceler-
ate the reaction kinetics, suppress the surface state recombination,
as well as probably offer more active sites for redox reactions.’ The
commonly-used cocatalysts are precious metals (such as Pt,'” Pd,'
Ru)'? and their oxides (such as RuO,),”’ showing notable enhance-
ment in PEC activities of a given photoanode. However, these pre-
cious metals are not suitable for extensive use as cocatalysts because
of the shortage of resources and high cost. Thus, the development of
alternative inexpensive cocatalysts with high-efficiency performance
is highly desirable. Cobalt-phosphate (Co-Pi), which was firstly re-
ported by Nocea,?! has been demonstrated as a promising cocatalyst
material for improving PEC activities, because of its fascinating ad-
vantages including relatively high reactivity, cost effectiveness, natu-
ral abundance and self-healing feature.??> A variety of semiconductor

“E-mail: dchen_80@hotmail.com; ginlaishun@cjlu.edu.cn

electrodes, such as BiVO4,>>** Zn0,% a-Fe,05,%?” W03,%® Si,” have
been modified with the deposition of Co-Pi to enhance their PEC char-
acteristics. Moreover, Co-Pi can also form an oxygen-oxygen coupling
bond on the photoanode surface and act as an active site to accelerate
the redox reaction of charge carriers,*® thus leading to enhanced PEC
performance.

Herein, for the first time Co-Pi was deposited on the surface of
BFO thin films as an efficient cocatalyst for purpose of achieving high-
efficiency PEC performance. Firstly, the deposition of a Co-Pi cocat-
alyst layer on the BFO thin film was achieved using a photo-assisted
electrodeposition method. Various characterization techniques were
then employed to clarify the enhanced PEC performance of BFO
thin film photoanodes by Co-Pi modification. In addition, the pos-
sible mechanism of Co-Pi/BFO composite photoanode for enhanced
PEC performances was also proposed.

Experimental

Preparation of BFO and Co-Pi/BFO thin films.—All chemicals
were of analytical grade without further purification. The BFO thin
films were prepared on the surface of FTO conductive glass through
a sol-gel method. Firstly, the FTO substrates (a size of 1 cm x 3 cm,
8 Q sq~!) were pretreated by successively cleaning ultrasonically in
deionized (DI) water, acetone and ethanol for 10 min followed by dry-
ing with N, flow. The BFO precursor sol for spin coating was obtained
as follows. 6 mmol of Bi(NO3);-5H,0 and 6 mmol of Fe(NO;)3-9H,0
were dissolved in 20 mL of ethylene glycol, and 1 g of Pluronic P123
(PEO-PPO-PEO) was then added as a surfactant to the above solution
with an ultrasonic treatment for 30 min. After aging 24 h, the obtained
precursor sol was then spin coated on the pretreated FTO surface at a
speed of 1400 rpm for 40 s under ambient conditions. The prepared
precursor thin films were dried on a hot plate at 150°C for 30 min, and
were then calcined in a muffle furnace at 550°C for 20 minutes. After
being cooled to room temperature naturally, the BFO thin films were
thus fabricated.

The layer of Co-Pi cocatalyst was deposited on the surface of BFO
thin films by the photo-assisted electrodeposition method as described
previously.® In a typical process, the deposition of Co-Pi was carried
out in a home-built three-electrode PEC cell under a 300 W xenon
lamp irradiation with an applied bias potential of 1 V (vs. Ag/AgCl)
in an electrolyte solution containing 0.5 mM cobalt nitrate and 0.1 M
potassium phosphate for 2 h. In the PEC cell, a Pt wire, a saturated
Ag/AgCl and the fabricated BFO thin film electrode were used as
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Figure 1. XRD patterns of the FTO substrate, the prepared BFO and
Co-Pi/BFO thin film photoanodes.

the counter electrode, the reference electrode and the working elec-
trode, respectively. The obtained Co-Pi/BFO electrode was rinsed with
deionized water and dried at room temperature.

Characterizations.—The X-ray powder diffraction (XRD) pat-
terns of the obtained thin films were examined on a Bruker D2 X-ray
diffractometer using Cu K, radiation (A = 0.15406 nm) to determine
their crystalline structure. The morphological features and elemental
compositions of the thin films were characterized by field emission
scanning electron microscopy (FESEM, Hitachi SU8010) assembled
with energy dispersive X-ray spectroscope (EDS). Transmission elec-
tron microscopy (TEM) was operated on a field emission transmission
electron microscope (JEOL, JEM-2100). The sample species for TEM
measurements were carefully peeled off from the prepared BFO and
Co-Pi/BFO thin film photoanodes. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos Axis Ultra instru-
ment with Al K, radiation to determine the chemical states of the pre-
pared samples. The photoluminescence (PL) spectra were conducted
using a Hitachi High-Tech F-7000 fluorescence spectrophotometer
under an excitation of 407 nm.

Photoelectrochemical measurements.—The PEC measurements
were conducted on a CHI660E electrochemical workstation using a
home-built three-electrode PEC cell with a platinum wire as a counter
electrode, a saturated Ag/AgCl electrode as reference electrode and
the fabricated BFO or Co-Pi/BFO electrode as working electrode in
an aqueous electrolyte solution of 0.5 M Na,SO,. The visible light
source was a 300 W xenon lamp assembled with a 420 nm long-
pass filter, and the average irradiance intensity was calibrated to be
100 mW cm~2. The linear scanning voltammetry (LSV) curves were
recorded at a scanning rate of 10 mV s~!. The photocurrent response
measurements were acquired at 0 V (vs. Ag/AgCl) potential bias under
intermittent visible light (A > 420 nm) irradiation. The Mott-Schottky
(M-S) curves were obtained at an applied frequency of 1 kHz from
—0.6 V to +0.2 V in the dark. Electrochemical impedance spectra
(EIS) were collected using an amplitude perturbation of 5 mV in the
frequency range from 10 mHz to 100 kHz under visible light (A >
420 nm) irradiation.

Results and Discussion

Characterizations of BFO and Co-Pi/BFO thin films.—The crys-
tal structure of the prepared BFO and Co-Pi/BFO thin films were char-
acterized by XRD measurements, as shown in Figure 1. It can be seen
that the XRD patterns of the two thin film electrodes were almost
identical, and the diffraction peaks were well matched with the crys-
tal phase of rhombohedral BFO (JCPDS No.36-1415) except for the
FTO substrate, confirming that the BFO thin films were successfully

Element  Weight %  Atomic %

Co 3274 12.97
P 8.60 6.47
Bi 273 0.70
Fe 1.70 0.71
o 5423 79.15
Total 100.00 100.00

Figure 2. FESEM images of the prepared (a) BFO and (b) Co-Pi/BFO thin
film photoanodes (Insets: the corresponding cross-section FESEM images); (c)
EDS pattern of the prepared Co-Pi/BFO photoanodes (Inset: SEM micrograph
of the selected area of Co-Pi/BFO thin film for EDS mapping of Co and P
elements); EDS mapping image of the (d) Co and (e) P elements in the Co-
Pi/BFO thin film photoanodes.

fabricated on the FTO surface through a sol-gel method. Meanwhile,
no other impurity peaks were found in both BFO and Co-Pi/BFO thin
films, implying that the deposition of Co-Pi cocatalyst would not af-
fect the crystal structure of BFO thin films. In addition, the diffraction
peaks of Co-Pi were undetected in the Co-Pi/BFO composite thin film
prozbably because of the amorphous or noncrystalline structure of Co-
Pi.?!

The surface morphological features of BFO and Co-Pi/BFO thin
films were investigated by FESEM. As seen in Figure 2a, the BFO thin
film was composed of numerous irregular nanoparticles with a large
number of micropores between each other. The formation of such a
porous structure could be ascribed to the thermal decomposition of
P123 surfactant. For the Co-Pi/BFO thin film (Figure 2b), however, it
can be seen that the BFO surface was covered by semitransparent sub-
stance and the surface profile became very blurred, probably because
of the deposition of a layer of amorphous Co-Pi on the BFO surface.
From the cross-section FESEM images (the insets of Figures 2a and
2b), there appeared a distinct top layer of Co-Pi on the surface of BFO
thin film for the Co-Pi/BFO thin film photoanode, and the thickness
of the Co-Pi layer was estimated to be about 460 nm. Moreover, the
EDS results (Figure 2c) demonstrate that the Co-Pi/BFO thin film
consisted of Co, P, Bi, Fe and O elements (Note: the detected other
elements (such as Sn, Al, Na) should be derived from the FTO sub-
strate), and the calculated relative atomic percent contents of Co and
P were much higher than those of Bi and Fe, implying the coverage
of Co-Pi on the BFO surface. Meanwhile, the atomic ratio of Co: Pi
was about 2: 1 in accordance with the previously reported propor-
tion of Co-Pi,?’?* and the atomic ratio of Bi: Fe (about 1: 1) was
consistent with the stoichiometric proportion of BFO. Furthermore,
the surface elemental scanning analysis (Figures 2d and 2e) proves
that the Co and P elements were uniformly distributed on the surface
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Figure 3. TEM and HRTEM images of the prepared (a, b) BFO and (c, d) Co-
Pi/BFO particles peeled from the BFO and Co-Pi/BFO thin film photoanodes.

of the Co-Pi/BFO photoanode. To further reveal the microstructural
features of the prepared BFO and Co-Pi/BFO thin films, the TEM
measurements were also performed. The BFO thin film (Figure 3a)
consisted of a large number of irregular nanoparticles with a particle
size of 20~40 nm, which were well connected with each other to form
a uniform thin film. The crystal lattices of these nanoparticles were
observed with an interplanar spacing of 0.396 nm corresponding to
the (012) crystal planes of rhombohedral BFO (Figure 3b), confirm-
ing the rhombohedral crystal structure of the prepared BFO thin film.
In contrast, the morphological feature of the Co-Pi/BFO thin film was
quite different from that of BFO thin film. As shown in Figure 3c, the
particles of the Co-Pi/BFO thin films were also irregular in shape with
a larger particle size, and these particles were covered with a layer
of amorphous substance thus making their surface profiles blurred.
There were no crystal lattice fringes detected within the particles of
the Co-Pi/BFO thin film (Figure 3d), further implying the coverage of
amorphous Co-Pi on the surface of BFO.

The chemical states of Co and P in the Co-Pi/BFO thin film were
examined by using XPS measurements. Figure 4 shows the high-
resolution XPS spectra of Co and P in the Co-Pi/BFO thin film. The
characteristic peaks of Co 2p were split at the binding energies of
780.94 eV and 796.39 eV, corresponding to the Co 2p;, and Co 2p,,,
orbits, respectively. These two split orbits of Co 2p;, and Co 2p;.,
could be assigned to Co*>* and Co®*, respectively, in good agreement
with the Co-Pi species reported in the literature.”3"3> The binding
energy of P 2p was located at about 133.2 eV (Figure 4b), which was
ascribed to the characteristic peak of P in phosphate.”!33 These XPS
results confirmed the formation of a layer of Co—Pi on the surface of
BFO thin film photoanode.

Photoelectrochemical performances.—Figure 5a shows the LSV
curves of the prepared BFO and Co-Pi/BFO photoanodes in dark and
upon visible light irradiation. As seen, the current densities of both the
photoanodes could be gradually enhanced with increasing the applied
potential upon visible light illumination, indicating the visible light
response characteristics of both photoanodes. The Co-Pi/BFO pho-
toanode exhibited a significant cathodic shift (~72 mV) of the onset
potential from —0.058 V (BFO) to —0.130 V (Co-Pi/BFO) for PEC
water oxidation compared to the BFO photoanode, validating that the
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Figure 4. High resolution XPS spectra of (a) Co 2p and (b) P 2p for the
prepared Co-Pi/BFO thin film photoanode.

PEC reaction became easier after the deposition of Co-Pi cocatalyst.
Moreover, the photocurrent density of Co-Pi/BFO photoanode was
greatly improved across the entire potential range in comparison with
the BFO photoanode. These observations demonstrate that the PEC
performances of the BFO thin film photoanode could be significantly
enhanced by the photo-assisted deposition of Co-Pi cocatalyst. To il-
lustrate the enhanced PEC performance of Co-Pi/BFO photoanode,
the transient photocurrent responses of BFO and Co-Pi/BFO thin film
photoanodes at 0 V (vs. Ag/AgCl) were measured upon intermittent
visible light irradiation, and the results were presented in Figure 5b. As
shown, a reproducible photocurrent was observed for both BFO and
Co-Pi/BFO thin film photoanodes within the five light-on/off cycling
measurements, further confirming the photoelectric responses of both
BFO and Co-Pi/BFO thin film photoanodes. The measured photocur-
rent density of Co-Pi/BFO photoanode was ~0.050 mA cm™ (nearly
ca. 8 times that of BFO photoanode), which rivals or exceeds those
of previously-reported BFO-based thin film photoelectrodes'*3+38
(Table 1), further demonstrating that the deposition of Co-Pi cocat-
alyst could significantly boost the PEC performance of BFO thin film
photoanode. Moreover, the enhanced photocurrent of the Co-Pi/BFO
photoanode also indicated a more efficient photoinduced charge trans-
fer and separation process in the Co-Pi/BFO thin film. Furthermore, the
Co-Pi/BFO thin film photoanode presented a relatively good stability
of PEC performance with an undiminished photocurrent density for
2000s (Figure 5¢), suggesting the long-term stability of the Co-Pi/BFO
photoanode with a great potential for practical PEC applications. In
addition, the PEC performance of Co-Pi/BFO thin film photoanodes
was significantly affected by the thickness of Co-Pi cocatalyst layer.
The thickness of the Co-Pi layer was controlled by adjusting the elec-
trodeposition time, and the three Co-Pi/BFO thin film photoanode
samples with different thicknesses of Co-Pi layer were prepared by
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Figure 5. (a) LSV curves obtained from the prepared BFO and Co-Pi/BFO thin film photoanodes in the dark and under visible light (A > 420 nm) illumination
at a scanning rate of 10 mV s~'; (b) Photocurrent response spectra of the prepared BFO and Co-Pi/BFO thin film photoanodes measured at 0 V (vs. Ag/AgCl)
with chopped visible light (A > 420 nm) irradiation; (c) Time-dependent photocurrent density curve of the prepared Co-Pi/BFO thin film photoanode at 0.0 V (vs.

Ag/AgCl) under visible light (A > 420 nm) irradiation.

photoassisted electrodeposition of Co-Pi layer on the surface of BFO
thin film photoanode for 1 h, 2 h and 3 h, which were denoted as Co-
Pi/BFO-1, Co-Pi/BFO-2 and Co-Pi/BFO-3, respectively. It was found
that the thickness of Co-Pi layer was increased with the electrodepo-
sition time, and the PEC performance of the Co-Pi/BFO photoanode
increased first and then decreased with increasing the thickness of
Co-Pi cocatalyst layer (Figure 6 and Table II). This means that the
deposition of Co-Pi cocatalyst layer with an appropriate thickness is
vital to achieve the optimized PEC performance of water oxidation for
the prepared Co-Pi/BFO photoanode.

To clarify the enhanced PEC performance of the prepared Co-
Pi/BFO thin film photoanode, the Mott-Schottky, EIS and PL mea-
surements were performed. As illustrated in Figure 7a, the positive
slopes of the M-S plots confirmed the n-type characteristic of the
prepared BFO and Co-Pi/BFO thin film photoanodes,” implying the

deposition of Co-Pi cocatalyst would not change the n-type charac-
teristic of BFO thin film. According to the Mott-Schottky formula,*
the slope of the M-S plot is inversely proportional to the carrier con-
centration (Np). This means that the Co-Pi/BFO thin film photoanode
possessed a higher carrier concentration than the BFO thin film pho-
toanode. Consequently, the higher Np value of the Co-Pi/BFO thin
film indicated a higher charge transfer capability, thus reducing the
photogenerated electron/hole recombination and enhancing the PEC
performance.***! Moreover, the flatband potentials of the BFO and Co-
Pi/BFO thin film photoanode, calculated from the x-intercepts of the
linear region in the M-S plots,** were found to be —0.35 V and —0.20 V
(vs. Ag/AgCl), respectively. Clearly, the flatband potential of the BFO
photoanode was positively shifted after the Co-Pi modification, im-
plying that the surface band edge bending of Co-Pi/BFO thin film pho-
toanode was greater than that of the BFO thin film photoanode, which

Table I. The PEC performance of the prepared Co-Pi/BFO thin film photoelectrode in this work in comparison with those of previously-reported

BFO-based photoelectrodes.

Illumination

Photocurrent Onset potential

Photoelectrode Electrolyte intensity density (mA cm™2) (V vs. Ag/AgCl) Ref
(001),c BiFeO3 (photoanode) 1 MNapSO4  blue light 250 mW/ecm=2  0.010 at 0.64 V vs. Ag/AgCl 0.180 34
Polycrystalline BiFeO3 (photoanode) 0.1 M KC1 UV-vis 100 mW/cm—2 0.010 at 0 V vs. Ag/AgCl 0.033 35
Polycrystalline Ti-doped BiFeO3 1 M NaOH UV-vis N/A 0.020 at 0 V vs. Ag/AgCl —0.366 36
(photoanode)
Ag/polycrystalline BiFeO3 (photocathode) 0.1 M NSOy UV-vis N/A —0.035at 0 V vs. Ag/AgCl 0.080 37
Au/(111)p. BiFeOs3 (photocathode) 0.5 M NaSOy4 UV-vis 100 mW/em™2  —0.055 at 0 V vs. Ag/AgCl - 38
(111)pe BiFeOs3 (photoanode) 0.5 M Na,SOq4 UV-vis 100 mW/cm—2 0.080 at 0 V vs. Ag/AgCl —0.352 10
Co-Pi/BiFeO3 (photoanode) 0.5 M Na,SOq4 Visible 100 mW/cm—2 0.050 at 0 V vs. Ag/AgCl —0.130 This work
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Figure 6. (a) LSV curves obtained from the prepared BFO, Co-Pi/BFO-1, Co-Pi/BFO-2 and Co-Pi/BFO-3 thin film photoanodes in the dark and under visible light
(\ > 420 nm) illumination at a scanning rate of 10 mV s~!; (b) Photocurrent response spectra of the prepared BFO Co-Pi/BFO-1, Co-Pi/BFO-2 and Co-Pi/BFO-3
thin film photoanodes measured at 0 V (vs. Ag/AgCl) with chopped visible light (A > 420 nm) irradiation

Table II. The thicknesses of Co-Pi layer, photocurrent densities and onset potential values for the prepared BFO, Co-Pi/BFO-1, Co-Pi/BFO-2 and
Co-Pi/BFO-3 thin film photoelectrodes.

Thickness of Co-Pi layer

Photoelectrode (nm)* Photocurrent density (mA cm™2) Onset potential (V vs. Ag/AgCl)
BFO / 0.006 at 0.64 V vs. Ag/AgCl —0.058
Co-Pi/BFO-1 280 0.018 at 0 V vs. Ag/AgCl —0.108
Co-Pi/BFO-2 460 0.050 at 0 V vs. Ag/AgCl —0.130
Co-Pi/BFO-3 610 0.034 at 0 V vs. Ag/AgCl —0.115

Note: *estimated from the cross-section FESEM images.
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Figure 7. (a) The Mott-Schottky plots, (b) EIS Nyquist curves and (c) PL spectra of the prepared BFO and Co-Pi/BFO thin film photoanodes.
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Figure 8. Schematic illustration of the PEC mechanism of the prepared Co-Pi/BFO photoanode in comparison with the prepared BFO photoanode.

could facilitate the charge separation and transfer as well as restrain
the electron/hole recombination,* thus leading to the enhanced PEC
performance. Figure 7b shows the EIS spectra of the prepared BFO
and Co-Pi/BFO thin film photoanodes upon visible light irradiation.
As shown, the two photoanodes exhibited typical semi-circular arcs
with different radii in the measured frequency range, and the arc radius
of the prepared Co-Pi/BFO photoanode was much smaller than that of
the prepared BFO photoanode. The smaller arc radius of Co-Pi/BFO
indicated a more efficient separation and transfer of photogenerated
electrons and holes at the electrode/electrolyte interface,* which was
beneficial to the enhanced PEC performance. In addition, the charge
recombination process of a given photoanode can be investigated by
PL spectra, in which a higher PL intensity generally means a higher re-
combination rate of photogenerated charges.***% As seen in Figure 7c,
both the BFO and Co-Pi/BFO photoanodes generated a PL emission
peak centered at 556 nm at an excitation wavelength of 407 nm. The
PL intensity of the Co-Pi/BFO photoanode was much lower than that
of the BFO photoanode, indicating a lower recombination probability
of photogenerated electrons and holes in the Co-Pi/BFO photoanode
which would contribute significantly to the improved PEC perfor-
mance. Therefore, it is believed that the enhanced carrier concentra-
tion, the improved separation and transfer process of photogenerated
charges and the decreased photogenerated electron/hole recombina-
tion probability induced by the Co-Pi cocatalytst modification would
greatly contribute to the boosted PEC performance of the Co-Pi/BFO
thin film photoanode.

On the basis of the above PEC results, the possible mecha-
nism of the prepared Co-Pi/BFO photoanode for enhanced PEC per-
formances was tentatively proposed, as schematically illustrated in
Figure 8. Upon visible light irradiation, both the BFO and Co-Pi/BFO
thin film photoanode would be excited to produce electrons and holes.
The photogenerated electrons would be transported to the FTO sub-
strate, while the photogenerated holes would be reversely transported
to the electrode/electrolyte interface for participating in the PEC water
oxidation at the surface of photoanode. For the bare BFO photoanode,
the transfer of the photogenerated holes to the electrode/electrolyte
surface was relatively slow because of the slow kinetics of water oxi-
dation as well as the more negative flatband potential of the BFO thin
film surface. In this case, the photogenerated holes within the BFO
photoanode would be accumulated near the electrode/electrolyte sur-
face thus to increase the recombination of photogenerated electrons
and holes at the surface, which could dramatically lower the PEC per-
formance. After the Co-Pi modification, however, the separation and
transfer process of photogenerated holes within the BFO photoan-
ode could be effectively promoted, since the deposited Co-Pi cocat-
alyst could capture the photogenerated holes from the valence band
of BFO for water oxidation reaction. During the water oxidation re-
action, the Co®* species in the Co-Pi cocatalyst could be oxidized to

Co** by accepting the photogenerated holes from the valence band
of BFO, and the obtained Co** species could be further oxidized to
Co** by reacting with another hole. These Co** species, possess-
ing strong oxidization, would then directly react with H,O for water
oxidation, accompanying by reducing Co** to their original valence
state (Co>*).2” Apparently, the Co-Pi cocatalyst could effectively fa-
cilitate the charge separation and transfer of photogenerated holes at
the BFO electrode/electrolyte interface and suppress the electron/hole
recombination, thus leading to the improvement of the overall PEC
performance.

Conclusions

In summary, Co-Pi cocatalyst was successfully deposited on the
surface of BFO thin film photoanode by photo-assisted electrochem-
ical deposition for enhanced PEC performance. It was found that the
deposited Co-Pi cocatalyst was amorphous and uniformly covered on
the BFO thin film surface, and the Co-Pi/BFO thin film photoanode
exhibited significantly enhanced PEC performance. After the Co-Pi
modification, the photocurrent density of BFO thin film photoanode
was remarkably improved within the entire potential range with a
remarkable cathodic shift of the onset potential to only ca. 0.24 V
(vs. Ag/AgCl). The transient photocurrent measurements reveal that
the photocurrent density of Co-Pi/BFO photoanode was ca. 8 times
that of the BFO photoanode under visible light irradiation. The Mott-
Schottky, EIS and PL measurements confirm that the boosted PEC
performance of the Co-Pi/BFO thin film photoanode could be as-
cribed to the enhanced carrier concentration, the improved separa-
tion and transfer process of photogenerated charges and the decreased
photogenerated electron/hole recombination probability induced by
the Co-Pi cocatalytst. In addition, the possible mechanism of the Co-
Pi/BFO thin film photoanode for enhanced PEC performance was also
discussed. This work demonstrates that Co-Pi can be an attractive can-
didate as a highly efficient cocatalyst to couple with other photoanode
systems for highly efficient PEC water oxidation.
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ABSTRACT

In this work, a series of WS,/ZnIn,S, composite photocatalysts containing different WS,
cocatalyst amounts were prepared through a facile hydrothermal approach. The prepared
WS,/Znln,S, composite photocatalysts were characterized by means of X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
UV—vis diffuse reflectance spectra (DRS), and their visible-light driven photocatalytic
hydrogen evolution performances were also investigated. It was revealed that the loading
of WS, cocatalyst could greatly boost the photocatalytic hydrogen evolution activity of
Znln,S,, and the 3% WS,/ZnIn,S, sample achieved the highest hydrogen production rate of
199.1 umol/h/g, which was nearly 6 times higher than ZnIn,S, and was even comparable to
the conventional Pt/ZnIn,S, photocatalyst. The improved photocatalytic performance of
WS,/Znln,S, could be ascribed to the promotion of separation and migration of photo-
generated charge carriers derived from the heterostructure formed at the interface be-
tween ZnIn,S, and WS,. Thus, this work proves a great potential of WS, as a cost-effective
cocatalyst for semiconductor-based photocatalytic hydrogen production.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

photoelectrochemical hydrogen production from water split-
ting by titania in 1972 [1], much effort has been made to pur-
sue efficient photocatalytic hydrogen production over

With the rapid increase of global energy demand and envi-
ronmental pollution, it is urgent to explore a clean renewable
energy. Over the last several decades, hydrogen energy
has been widely recognized as a potential sustainable
and renewable energy resource. Since the discovery of

* Corresponding author.
** Corresponding author.

semiconductors for producing clean hydrogen energy by uti-
lizing inexhaustible solar energy [2]. So far, a variety of metal
oxides, such as TiO, [3], ZnO [4], titanates [5,6], tantalates [7]
and niobates [8], have been explored for photocatalytic
hydrogen production. Because of their wide band gaps,
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however, these photocatalysts can only respond to UV light
which occupies merely 4% of the whole solar spectrum, thus
greatly restricting the solar energy utilization efficiency. In
view of this, it is indispensable to explore visible light photo-
catalysts covering a wide solar spectrum for pursuing high-
efficiency photocatalytic hydrogen evolution.

In recent years, ternary chalcogenide ZnIn,S, has been
regarded as an excellent photocatalyst because of its good
visible light absorption ability, suitable band-edge positions,
low toxicity and favorable chemical stability [9]. For example,
Lei et al. [10] reported that ZnIn,S, nanoparticles were suc-
cessfully synthesized through a hydrothermal approach for
visible light photocatalytic water splitting. Chen et al. [11]
synthesized hexagonal ZnIn,S; microspheres and cubic
ZnIn,S, nanoparticles respectively, which exhibited efficient
photocatalytic activities for degradation of pollutant organic
dyes. Despite these advances, however, the photocatalytic
activity of ZnIn,S, itself is still not ideal [12] and needs to be
further improved for potential practical applications. It is
widely accepted that the coupling of cocatalysts can effec-
tively boost the photocatalytic activities of semiconductor
photocatalysts for hydrogen evolution, since a suitable
cocatalyst can dramatically reduce the hydrogen evolution
overpotential, restrain the recombination of photogenerated
charge carriers of a given photocatalyst as well as probably
offer some redox reaction sites for hydrogen evolution [13].
Currently, the commonly used cocatalysts for photocatalytic
hydrogen evolution are noble metals like Pt [14], Pd [15], Au
[16] and their oxides like RuO, [17] benefiting from their rela-
tively low hydrogen evolution overpotential and outstanding
driving dynamics for hydrogen evolution reaction (HER). In
2012, Li et al. [18] prepared Pt/ZnIn,S; nanocomposites by
depositing Pt nanoparticles as a cocatalyst on the ZnIn,S,
surface, which exhibited enhanced photocatalytic hydrogen
evolution efficiencies. Apparently, these precious metals are
too expensive to use widely in photocatalytic hydrogen evo-
lution, and thus the development of inexpensive transition
metal cocatalysts is highly desirable.

Recently transition metal sulfides, such as MoS, [19-21],
NiS [22,23] and WS, [24], have been proven as efficient co-
catalyst alternatives to noble metals (e.g., Pt, Pd) for photo-
catalytic hydrogen evolution [25]. Particularly, tungsten di-
sulfide (WS,) as an emerging layered transition metal
dichalcogenide (TMD) has attracted much concern in view of
its graphite-like layered structure with unique structural and
electrical properties [26], and considerable progress has been
made toward the development of WS, cocatalyst-coupled
photocatalysts for photocatalytic hydrogen production from
water splitting [24,27—34]. It has been reported that the WS,
cocatalyst could provide rich active sites and lower the acti-
vation barriers for redox reactions thus to enhance the pho-
tocatalytic efficiency [25]. Moreover, the indirect-to-direct gap
transition of WS, would occur when bulk WS, is reduced to
few-layer WS, nanosheets [35], and the in-plane carrier
mobility in WS, nanosheets is relatively high [36]. Further-
more, the coupling of WS, cocatalyst can enhance the utili-
zation efficiency of light illumination because of its narrow
band gap-induced strong absorption in the visible-light region
[37], and probably mitigate the photocorrosion issue and
improve the photostability of CdS photocatalyst [27]. More

importantly, the WS, cocatalyst would readily form the
matched junction with sulfide photocatalysts (such as CdS)
resulting from the "outer atomic match" structure [25], which
would increase the intimate contact between the WS, cocat-
alyst and sulfide photocatalyst thus facilitating the transport
of photoexcited carriers at the WS,/semiconductor interface.
These features make WS, nanosheets very suitable as a
promising noble-metal-free cocatalyst in combination with
ZnIn,S, photocatalysts for efficient photocatalytic hydrogen
evolution. To the best of our knowledge, however, the influ-
ence of WS, cocatalyst on the photocatalytic hydrogen evo-
lution activity of ZnIn,S, has not yet been investigated.
Herein, a facile hydrothermal method was adopted to prepare
WS,/Znln,S, composite photocatalysts where WS, was served
as a cocatalyst for visible light photocatalytic hydrogen pro-
duction. As expected, the prepared WS,/ZnIn,S, composite
photocatalysts displayed considerably improved photo-
catalytic hydrogen production efficiency in comparison with
Znln,S, alone. Moreover, the effect of the loading amount of
WS, cocatalyst on the photocatalytic H, production activity of
WS,/ZnlIn,S, composites was comparatively studied. In addi-
tion, a possible photocatalytic mechanism of WS,/ZnIn,S,
was also proposed.

Experimental
Synthesis of WS,/ZnlIn,S, nanocomposites

WS, nanosheets were firstly synthesized by using a simple
hydrothermal approach according to the previous report [38].
The WS,/ZnlIn,S, composites were also prepared by means of
a facile hydrothermal process, and the obtained composite
samples containing 1 wt%, 3 wt%, and 5 wt% WS, loading
amount were named as 1% WS,/ZnIn,S,, 3% WS,/Znln,S, and
5% WS,/Znln,S,, respectively. In a typical synthesis process, a
certain amount of WS, nanosheets was first dispersed by
ultrasonication in 100 mL of water for 1 h, followed by suc-
cessively adding 2.0 mmol of ZnCl,, 40 mmol of
In(NOs);-4.5H,0 and 8 mmol of thioacetamide (TAA), which
was kept stirring for 30 min. The obtained solution was then
carefully transferred into a 150 mL Teflon-lined stainless steel
autoclave. After being sealed, the autoclave was maintained at
160 °C to perform a hydrothermal reaction for 6 h, which was
then cooled naturally to room temperature. The resulting
precipitates were filtrated and washed with deionized water
and absolute ethanol for several times, followed by vacuum
drying at 60 °C for 6 h. Thus, the WS,/ZnIn,S, composite
photocatalysts were obtained. For comparison, the pure
Znln,S, particles were synthesized using the same process
without adding WS,. Moreover, Pt cocatalyst was also loaded
on the ZnIn,S, surface by in-situ photodeposition method for
comparison, and the loading amount of Pt was determined
using the energy dispersive X-ray spectrometry (EDS).

Characterizations
The crystal phase structures of the prepared samples were

measured in the range of 26 = 10°—80° on a Bruker D8 Advance
X-ray diffractometer (XRD) by Cu K, radiation (1 = 0.15418 nm).
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The microstructural morphologies of the obtained samples
were analyzed by means of a Hitachi SU8010 field-emission
scanning electron microscope (FESEM) equipped with
an energy dispersive X-ray spectrometer and a JEOL
JEM-2100 transmission electron microscope (TEM). The
ultraviolet—visible (UV—vis) spectrometer (Shimadzu UV-
3600) was employed to detect the UV—vis diffuse reflectance
spectra (DRS) of the prepared samples based on the BaSO,
reflectance standard. The photoluminescence (PL) spectra
were measured on a Hitachi High-Tech F-7000 fluorescence
spectrometer at room temperature at an excitation wave-
length of 2 = 298 nm.

Photoelectrochemical measurements

The photoelectrochemical (PEC) measurements of the ob-
tained samples were carried out on a CHI660E electrochemical
workstation (CH Instruments) in a home-built quartz cell with
a three-electrode configuration (i.e., a working electrode, a
platinum wire counter electrode, and a saturated calomel
electrode (SCE) reference electrode), and a 300 W Xe lamp with
a cut-off optical filter (A > 420 nm) was used as a visible light
source. To fabricate the working electrode, a slurry was firstly
prepared by dispersing 20 mg of the sample powder in 5 ml of
a mixed solution of deionized water, isopropanol, and per-
fluorosulfonic acid in a molar ratio of 40:20:1 under stirring.
Subsequently, the slurry was spin-coated five times on a pre-
cleaned FTO glass substrate. After vacuum drying at 60 °C
overnight, the working electrode was thus obtained. Photo-
current response spectra were tested in a 0.5 M Na,SO,
aqueous solution upon intermittent visible light irradiation,
and electrochemical impedance spectra (EIS) were examined
by imposing an external ac perturbation of 5 mV within a
frequency range from 0.01 Hz to 100 kHz upon visible light
irradiation. Mott-Schottky analysis was performed from
—1.0 V to +1.0 V in the same three-electrode configuration
with an applied frequency of 1000 Hz in the dark.

Photocatalytic hydrogen evolution

The photocatalytic measurements for hydrogen production
were performed in a closed quartz glass reactor in connection
with a gas circulation system, and a 300-W xenon lamp
assembled with a UV cut-off filter (A > 420 nm) was used as the
light source which was positioned 25 cm away from the
reactor. The average irradiance intensity was measured to be
15 mW cm~2 by a radiometer (FZ-A, Photoelectric Instrument
Factory of Beijing Normal University, China). Typically, 0.1 g of
the prepared photocatalyst powders was fully dispersed in
100 mL of 0.35 M Na,S and 0.25 M Na,S03; aqueous solution in
the quartz reactor by intense magnetic stirring. Prior to the
light irradiation, the dispersion was continuously stirred in
the dark for 30 min to reach the absorption equilibrium, and
meanwhile the whole configured gas-tight system was evac-
uated several times to get rid of the residual air inside. After
that, the light source was switched on to initiate the photo-
catalytic reaction for hydrogen production, and the hydrogen
production amount was analyzed online by using a gas
chromatograph (GEL-SPJZN GC-7820). Note that the suspen-
sion was kept stirring and the thermal effect of the

photocatalytic reactor was eliminated by refluxing cooling
water during the whole photocatalytic process. By contrast,
the hydrogen production amount was negligible when the
photocatalytic reaction was performed in the dark or without
the photocatalyst. To evaluate the photocatalytic stability, the
3%WS,/Znln,S, powders in the suspension after the photo-
catalytic hydrogen evolution test were carefully recovered by
centrifugation and washing and used for another photo-
catalytic reaction. This photocatalytic process was repeated
three times.

Results and discussion

The XRD patterns of pure ZnIn,S, and WS,/ZnIn,S, compos-
ites with different proportions of WS, (1%, 3%, 5%) are pre-
sented in Fig. 1. As shown, the diffraction peaks of the
prepared pure ZnIn,S, sample were in good accordance with a
hexagonal phase of ZnIn,S, (JCPDS No. 65-2023) [39]. For the
WS,/ZnIn,S, composites, the XRD patterns were similar to
that of the prepared ZnlIn,S,, implying that the loading of WS,
cocatalyst would not influence the crystal structure of
Znln,S,. Notably, in the WS,/ZnIn,S, composites, there
occurred a diffraction peak at the position of around 13°,
which was indexed to the (002) crystal plane for WS, [38].
Moreover, the diffraction peak intensity of (002) crystal plane
gradually increased with increasing the WS, content in the
composites.

Fig. 2 presents the FESEM images of the prepared ZnIn,S,,
WS, and 3% WS,/ZnIn,S, samples. As can be seen, the pre-
pared ZnlIn,S, sample (Fig. 2A) had an irregular granular shape
with a wide range of particle size from several hundred
nanometers to tens of micrometers, which were prone to
agglomerate, and the prepared WS, sample (Fig. 2B) was
composed of a large number of wrinkled 2D nanosheets in
consistent with the previous report [38]. With respect to the
sample of WS,/ZnIn,S, composite (Fig. 2C and D), the ZnIn,S,
particles were coupled with WS, nanosheets with no obvious
aggregation, indicating that the coupling of WS, nanosheets

Znin,S,

1"A7WS2IZnInZS4
— 3%WS,/ZnIn,S,
— 5%WSZIZnIn284

(102)

# WS

—
o
-
-
~

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 1 — X-ray diffraction (XRD) patterns of the prepared
ZnIn,S,; and WS,/ZnIn,S, composite photocatalysts.
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Fig. 2 — SEM images of the prepared ZnIn,S, (A), WS, (B), and 3% WS,/ZnIn,S, at low (C) and high (D) magnification.

would effectively mitigate the agglomeration of ZnIn,S, par-
ticles. The morphological microstructures of the prepared
ZnIn,S, and 3% WS,/Znln,S, samples were further revealed by
TEM and high-resolution TEM (HRTEM) measurements. The
prepared ZnIn,S, particles (Fig. 3A) were irregular in shape,
and each particle was made up of numerous three-
dimensionally spatially-connected nanocrystals. The HRTEM
image of the prepared ZnIn,S, particles (Fig. 3B) identified the
lattice spacing of 0.33 nm, belonging to the (102) crystal plane
of hexagonal ZnIn,S, [40]. Meanwhile, the prepared WS,

nanosheets possessed a wrinkled flaky structure consisting of
5—-10 multilayer 2D sheets (Fig. 3C and D). The typical
TEM image of WS,/ZnIn,S, composites (Fig. 3E) confirmed the
hybridization structure of WS, and ZnIn,S,, where ZnIn,S,
nanoparticles were well encapsulated by the wrinkled 2D
WS, nanosheets. This indicates that the agglomeration of
Znln,S, nanoparticles was greatly suppressed after the
coupling of WS, nanosheets. Moreover, the HRTEM image
(Fig. 3F) revealed the close contact between ZnIn,S, nano-
particles and WS, nanosheets, which could make possible the

i, / '1.33“:

(102)

ZnIn2Ss (102)

~/ 033mm
[

Fig. 3 — TEM and HRTEM images of the prepared (A, B) ZnIn,S,, (C, D) WS,, and (E, F) 3% WS,/ZnIn,S, composite

photocatalyst.
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Fig. 4 — (A) UV—vis DRS of the prepared ZnIn,S,; and WS,/ZnIn,S, composite photocatalysts; (B) the plots to determine the

band gaps for each sample.

heterostructure formation between ZnIn,S, and WS,, thus
facilitating the charge separation and improving the photo-
catalytic activity of ZnIn,S,.

Fig. 4 presents the UV—vis DRS spectra of the prepared
samples. As seen, the prepared ZnIn,S, sample exhibited
strong optical absorption from the UV to visible light region
with an absorption edge at ca. 520 nm, demonstrating the
visible light response of the prepared ZnIn,S; for photo-
catalytic reaction. In comparison with the ZnIn,S, sample, the
WS,/ZnIn,S; composite samples displayed an obvious
enhancement in the visible light absorption, which could be
ascribed to the coupling of WS,, and the visible light absorp-
tion intensity increased with the increase of WS, amount in
the composites. According to the Tauc Plot equation [41], the
band gap values of the prepared ZnIn,Ss, 1% WSy/ZnIn,S,, 3%
WS,/ZnIn,S, and 5% WS,/Znln,S, samples could be deter-
mined to be about 2.32, 2.24, 2.13 and 2.04 eV, respectively
(Fig. 4B), confirming that the band gap value was decreased
with increasing the WS, content in the WS,/ZnIn,S, com-
posites. Obviously, the improved visible light absorption
arising from the coupling of WS, would contribute to the
photocatalytic performance of ZnIn,S,, as will be discussed
below.

The photocatalytic hydrogen production activities of the
prepared ZnIn,S, and WS,/Znln,S, nanocomposites were
examined in the presence of Na,S/Na,SO3 aqueous solution
under visible light (A > 420 nm) irradiation, and the results are
shown in Fig. 5(A) and (B). As seen, hydrogen was undetected
when using WS, as a photocatalyst alone, implying that WS,
itself was inactive for photocatalytic hydrogen evolution in
agreement with the previous reports [30,32]. In the absence of
WS,, the prepared ZnIn,S, photocatalyst exhibited a
comparatively low photocatalytic activity with a hydrogen
evolution rate of 33.3 pmol/h/g. In contrast, the photocatalytic
activities of WS,/ZnIn,S, composite photocatalysts were
much higher than that of ZnIn,S,. When 1 wt% of WS,
cocatalyst was loaded, the hydrogen evolution rate was
enhanced to 59.2 pmol/h/g. With increasing the WS, loading
amount to 3 wt%, the hydrogen evolution rate was further
enhanced, reaching the maximum value of 199.1 pmol/h/g.
When the loading amount of WS, in the composite was
further increased to 5 wt%, however, the photocatalytic H,

evolution rate on the contrary dropped off to 84.5 umol/h/g.
The decreased photocatalytic activity arising from the heavy
loading of WS, could be attributed to the shading effect of WS,
cocatalyst, which could hinder the light absorption of ZnIn,S,
[42,43]. Moreover, Pt cocatalyst was also loaded on the ZnIn,S,
surface by in-situ photodeposition method for comparison.
The 3 wt% Pt/ZnIn,S, photocatalyst presented a H, evolution
rate of 224.6 ymol/h/g under a similar reaction condition,
indicating that WS, cocatalyst could be comparable to con-
ventional Pt cocatalyst. In addition, the photocatalytic stabil-
ity of WS»/ZnlIn,S, for hydrogen evolution was also evaluated.
As shown in Fig. 5(C), the hydrogen evolution activity of the 3%
WS,/ZnIn,S, photocatalyst after 3 cycling tests was largely
retained, revealing the pretty good photocatalytic stability of
the composite.

To elucidate the effect of the coupling of WS, cocatalyst on
the photocatalytic activity of ZnIn,S,, the separation and
migration of photogenerated charges of the prepared ZnIn,S,
and WS,/ZnIn,S, photocatalysts were studied by using pho-
toelectrochemical measurements. Fig. 6(A) presents the
photocurrent response spectra of the ZnIn,S, and 3% WS,/
ZnIn,S, photoelectrodes upon intermittent visible light irra-
diation, respectively. As seen, both the ZnIn,S, and 3% WS,/
ZnIn,S, photoelectrodes could respond rapidly to the on/off
visible light irradiation, confirming the visible light response
characteristic of ZnIn,S,. More importantly, the 3% WS,/
ZnIn,S, photoelectrode displayed a much larger photocurrent
intensity, which was ca. 7 times that of the ZnIn,S,, implying a
much more efficient separation and migration efficiency of
the photogenerated charges in the WS,/ZnIn,S, sample thus
leading to the boosted photocatalytic activity. In addition, EIS
measurements were also conducted under visible light irra-
diation to analyze the charge transfer process at the semi-
conductor/electrolyte interface. As can be seen in Fig. 6(B), the
pure ZnIn,S, presents a larger radius than the 3% WS,/ZnIn,S,
composite, suggesting that the loading of WS, cocatalyst
would facilitate the charge separation and transfer process of
ZnIn,S,. Furthermore, the suppression of charge recombina-
tion in ZnIn,S, by the coupling of WS, was supported by PL
emission spectra. Fig. 6(C) shows the PL spectra of the pre-
pared ZnIn,S, and 3% WS,/ZnIn,S, samples. As seen, the bare
ZnIn,S, displayed a strong PL emission centered at 545 nm,
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Fig. 5 — (A) The photocatalytic H, evolution performance over the prepared ZnIn,S,; and WS,/ZnIn,S, composite
photocatalysts; (B) the histogram of the obtained H, evolution rates over the prepared WS,, ZnIn,S;, WS,/ZnIn,S, and
Pt/ZnIn,S, composite photocatalysts; and (C) photocatalytic hydrogen evolution over the 3% WS,/ZnIn,S, photocatalyst for

several cycles under visible light (A > 420 nm) irradiation.

which could be attributed to the intrinsic band gap emission
and the defect in ZnIn,S, [44]. While the PL emission of the 3%
WS,/ZnIn,S, sample was similar to that of bare ZnIn,S,, a
dramatic decrease of PL intensity was observed. The lower PL
intensity of WS,/ZnIn,S, sample indicated a delay in recom-
bination rate of photogenerated charges, thus improving the
photocatalytic activity.

Furthermore, Mott—Schottky measurements were per-
formed to determine the conduction band (CB) edge potential
of the prepared photocatalysts. As shown in Fig. 7, the slopes
in the Mott-Schottky plots were positive, indicating the n-type
characteristic of the prepared ZnIn,S; and 3% WS,/ZnIn,S,
samples [45]. Moreover, the flat—band potentials derived from

the x intercepts of the linear region could be approximately
considered as the Ecp potentials [46]. Thus, the Ecp potential of
the 3% WS,/ZnIn,S, sample was estimated to be ca. —0.78 V vs.
NHE, which was more positive than that of ZnIn,S, (-0.94 V
vs. NHE). The Ecp positive shift of 3% WS,/ZnIn,S, was prob-
ably due to the change of the fermi level arising from the
interaction between ZnIn,S; and WS, cocatalyst. Combined
with the bandgap values obtained by the DRS result, the
valence band (VB) potentials could be estimated as 1.38 eV and
1.35 eV for the prepared ZnIn,S,; and 3% WS,/ZnIn,S,,
respectively.

On the basis of the obtained band edge positions of ZnIn,S,
and WS,/Znln,S,, the possible photocatalytic mechanism of
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Fig. 6 — (A) Photocurrent-time curves of the prepared ZnIn,S, and 3%WS,/ZnIn,S,; composites with visible light on/off cycles
at 0 V (vs. SCE) in 0.5 M Na,SO, aqueous solution; (B) EIS spectra for the prepared ZnIn,S, and 3%WS,/ZnIn,S, samples in
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and 3% WS,/ZnIn,S, samples at an excitation wavelength of 298 nm.



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 18261—-18269

18267

sx10°4 A .
-
..
4x10°- e
nl'
— ]
e 3x10° -
o X ..-
‘i‘&: ....
G 2x10° -
=] -
- .-
1x10°  Mw t
t_',.-"l = Znln,Sy
0

1/C% (F2cm™)

Potential (V vs. NHE)

-1.2 -0'.8 -0I.4 010 0:4 018 1.2

3.0x10'{ B
2.5x10" -
2.0x10" 4 "
1.5x10" - =
1.0x10" "

5.0x10°+ LTR—_

= 3% WS,/ZnIn,S,

o'o T = T T T T
-1.2 -0.8 -0.4 0.0 04 0.8 1.2
Potential (V vs. NHE)

Fig. 7 — Mott-Schottky plots for (A) ZnIn,S,; and (B) 3% WS,/ZnIn,S, in 0.5 M Na,SO, aqueous solution.

WS,/ZnIn,S,; composites was proposed, as schematically
illustrated in Fig. 8. Upon visible light illumination, ZnIn,S,
nanoparticles could be excited to produce photogenerated
electrons and holes. The same process would also occur in
WS, nanosheets. For the pure ZnIn,S, sample, the generated
electrons and holes could be easily recombined, thus leading
to the poor photocatalytic activity. When ZnIn,S, was coupled
with WS,, however, the excited electrons from the CB of
Znln,S, would rapidly transfer to WS, because of the lower
conduction band position of WS, [47]. In this case, the sepa-
ration of photogenerated electron-hole pairs within ZnIn,S,
would be greatly enhanced, which could be probably ascribed
to the heterostructure formed at the interface between
ZnIn,S,; and WS,. The accumulated electrons in WS, would
then reduce H" to generate H, on account of the lower Ecp
potential of WS,/ZnIn,S, than the reduction potential of H*/
H,. At the same time, the photogenerated holes would also
transfer stepwise from the VB of WS, nanosheets to the VB of
ZnlIn,S, nanoparticles because of the more positive Eyp po-
tential of WS, (1.56 eV vs. NHE) [48] as compared to that of
Znln,S4, and these photogenerated holes would further react
with the sacrificial agents (such as $?~, SO37) [49] for oxidation
process. Consequently, the probability of photogenerated
charge recombination considerably decreased, thus leading to

E (VS. NHE) (eV)
=

3 —
s> S0,>

Oxidation

Fig. 8 — Schematic illustration of the proposed mechanism
for visible light photocatalytic hydrogen evolution over the
WS,/ZnIn,S, composite photocatalyst.

the significantly enhanced photocatalytic activity of WS,/
ZnlIn,S, for hydrogen evolution.

Conclusions

In summary, a series of WS,/ZnIn,S, composite photo-
catalysts were successfully synthesized for highly enhanced
visible light photocatlaytic H, evolution. The WS, nanosheets
were firstly prepared via a simple hydrothermal method, and
the obtained WS, cocatalyst was subsequently realized to
couple with ZnIn,S; by also using a facile hydrothermal
method. It was revealed that the WS,/ZnIn,S, composites
exhibited much higher photocatalytic activities for hydrogen
evolution than pure ZnIn,S,4, and the photocatalytic activity of
Znln,S, was greatly affected by the loading amount of WS,
cocatalyst. Among all the prepared WS,/ZnIn,S, photo-
catalysts, the 3% WS,/ZnIn,S, photocatalyst achieved the best
hydrogen evolution rate of 199.1 pmol/h/g, which was nearly 6
times higher than pure ZnIn,S, and was even comparable to
conventional Pt/ZnIn,S, photocatalysts. The improved pho-
tocatalytic performance of WS,/ZnIn,S, could be ascribed to
the efficient separation and migration of photogenerated
electron-hole pairs derived from the heterostructure formed
at the interface between ZnIn,S, and WS,.
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1. Introduction

As one of the very few multiferroic materials in which coexist
ferroelectricity and ferromagnetism behaviors in single phase at
the room temperature, perovskite bismuth ferrite (BiFeOs, BFO)
has garnered special attention for a wide range of potential appli-
cations in data storage, sensors, spintronics devices, etc [1]. Note-
worthily, recent research has drawn attention on the
photocatalytic activity of BFO, such as photocatalytic splitting
water [2] and organics degradation [3,4], owing to its narrow band-
gap (E; ~ 2.2 eV), excellent chemical stability and low cost [5]. The
narrow band gap allows carrier excitation in BFO under visible
light irradiation, and hence enables us to develop BFO-based
visible-light driven photocatalysts. For instance, Gao et al. [3] have
revealed that BFO nanoparticles exhibited photocatalytic activities
for decomposition of methyl orange under visible light irradiation.
Unfortunately, the BFO photocatalyst has fatal drawbacks, such as
the poor intrinsic carrier mobility and the fast recombination of
photogenerated electron-hole pairs, which seriously restricts the
photocatalytic activity of BFO. Therefore, much effort should be
made to improve the photocatalytic activity of BFO for practical
use.

* Corresponding author.
E-mail addresses: dchen_80@hotmail.com (D. Chen), qinlaishun@cjlu.edu.cn
(L. Qin).

http://dx.doi.org/10.1016/j.mseb.2017.03.005
0921-5107/© 2017 Elsevier B.V. All rights reserved.

To date, extensive studies have been performed to improve the
optical, ferroelectric polarization, and ferromagnetic properties of
BFO by means of metal ion doping at A site or B site or A and B site
in the ABOs lattice [6,7]. In these cases, the lattice structure of per-
ovskite BFO could be distorted by the doping metal ions, which
could modulate its electronic band structure and dipole-dipole
interaction, thus making it possible to improve the optical, ferro-
electric and ferromagnetic properties [7]. Motivated by these stud-
ies, metal ion doping could be regarded as an efficient method to
improve the photocatalytic activities of BFO [8-11], since doping
metal ions have the ability to promote the efficient separation of
photoexcited charge carriers during the photocatalytic reaction
[8]. Especially, doping of BFO with rare earth elements has proved
to be relatively more successful because of their special 4f electron
configurations which can facilitate the abruption of photogenerated
electron-hole pairs [12]. For example, Sakar et al. [10] reported that
the substitution of Dy in the host of BFO nanoparticles and nanofi-
bers was obtained by sol-gel and electrospinning methods respec-
tively, and the photocatalytic efficiency was thus enhanced,
which could be attributed to the reduced band gap energy and
enhanced delocalization of charge carriers induced by the Dy sub-
stitution. Recently, our group [11] also demonstrated the successful
substitution of Gd*>" in BFO host by a facile sol-gel method for
enhanced visible light photocatalytic activity. The Gd-doped BFO
sample containing 3% Gd dopant content exhibited the highest pho-
tocatalytic RhB degradation efficiency, which was about 2.55 times
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that of the pure BFO. The enhanced photocatalytic activities could
be ascribed to the increased optical absorption, the efficient separa-
tion and migration of photogenerated charge carriers as well as the
decreased recombination probability of electron-hole pairs derived
from the Gd doping effect. It should be noted that substitution of
Bi®* cation with rare earth ions having smaller ionic radii than
Bi®* (1.03 A), such as the above mentioned Dy** (0.912 A) [10] or
Gd3* (0.938 A) [11], is requisite to cause a more significant struc-
tural distortion in the BFO lattice for improved photocatalytic prop-
erties. In this regard, the Sm3* substitution may also introduce
sufficient degree of distortion in the BFO lattice because the ionic
radius of Sm>* (0.958 A) [13] is smaller than Bi>*, and thus probably
improve the photocatalytic properties of BFO. Though there have
been several reports on doping of Sm3* in BFO for improved mag-
netic and ferroelectric properties [ 13-15], to the best of our knowl-
edge, the effect of samarium element doping on the photocatalytic
activity of BFO has seldom been reported. In fact, samarium ions
have been demonstrated as an efficient dopant in other photocata-
lysts (such as TiO, [16], Bi;O3 [17]) for enhanced photocatalytic
activities. For example, Reddy et al. [17] reported that the photocat-
alytic activity of Bi,O3 was greatly enhanced through the doping of
samarium ions for methylene blue dye and phenol degradation
under solar irradiation. Therefore, it is of considerable interest to
investigate the feasibility of enhanced photocatalytic properties of
BFO by doping with samarium element.

To reveal the effect of Sm3* ions doping on the photocatalytic
activities of BFO, herein, samarium (Sm)-doped BFO photocatalysts
containing different Sm>* doping contents were synthesized
through a simple sol-gel method. The obtained Sm-doped photo-
catalysts were characterized by various techniques, including scan-
ning electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS) and UV-vis diffuse reflectance spec-
troscopy (DRS). The photocatalytic activities of the obtained
samples were then evaluated by photodegradation of methyl
orange (MO) under visible light irradiation. In addition, the photo-
catalytic mechanism of Sm-doped BFO nanoparticles was also
discussed.

2. Experimental
2.1. Preparation of photocatalysts

All chemical reagents were of analytical grade and used without
any further purification. A series of samarium (Sm)-doped BFO
photocatalysts with different Sm>" doping concentrations
(Bi(1_x)SmyFeOs3) (x=0.00, 0.01, 0.03, 0.05, 0.07, or 0.10) were
prepared by using a simple sol-gel method. Typically, appropriate
amounts of Bi(NO3);3-5H,0 (purity > 99.0%) (100 x (1 — x) mmol),
Sm(NOs3)3-6H,0  (purity >99.9%) (100 x (x) mmol) and
Fe(NO3)3-9H,0 (purity >98.5%) (100 mmol) in the desired
stoichiometric ratio were dissolved in 100 mL of ethylene glycol
to prepare the precursor solution. Subsequently, citric acid (3 g)
was added into the above precursor solution. After a continuous
stirring for 3 h, a homogeneous brownish-red-colored solution
was achieved. The resulting solution was further stirred vigorously
at 80 °C for 1.5 h to form the sol, which was then transferred into
an open Petri dish and dried at 100 °C for 24 h. The resultant gel
was then calcined at 550 °C for 2 h, and thus the pure BFO or
Sm-doped BFO nanoparticles were obtained.

2.2. Characterizations

The crystal structures of the obtained samples were examined
by a Bruker D2 X-ray diffractometer (XRD) using Cu K, radiation.

The morphology and composition of the samples were character-
ized by the scanning electron microscope (SEM, Hitachi SU8010)
equipped with an energy dispersive X-ray spectrometer (EDS),
and an emission transmission electron microscope (TEM) (JEOL
JEM-2100). Raman spectra were analyzed in the range of
70-700 cm ! by Renishaw inVia Raman Microscope. The chemical
elements present in the prepared samples were recorded using a
PHI 5000 Versa Probe X-ray photoelectron spectrometer with Al
K, radiation. The optical properties of the samples were deter-
mined on a UV-visible spectrophotometer (Shimadzu UV-3600)
using BaSO, as reference.

2.3. Photocatalytic measurements

The photodegradation of methyl orange (MO) aqueous solution
was conducted in a quartz glass reactor under a 300 W Xe lamp
attached with a cut-off filter (A > 420 nm) as a light source. In each
experiment, a portion of the obtained photocatalyst (0.3 g) was
suspended in 100 mL of MO solution (5 mg L™!, pH 6.8), followed
by magnetically stirring for 1h in dark to establish the
adsorption-desorption equilibrium. Note that the suspension tem-
perature was kept at room temperature to avoid the thermal effect
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Fig. 1. (a) XRD patterns of the prepared Bi(;_xSmyFeOs (x = 0.00, 0.01, 0.03, 0.05,
0.07, and 0.10) samples; (b) the magnified patterns of Bi(; _x)SmyFeOs in the range of
30°-35°.



Z. Hu et al. /Materials Science and Engineering B 220 (2017) 1-12 3

by a cooling water circulation machine during the whole photocat-
alytic process. At a given interval time, 4 mL of the suspension
solution was collected and centrifuged to remove the catalyst par-
ticles, and the MO concentration was then determined by measur-
ing the maximum absorbance at 464 nm using a UV-visible
spectrophotometer (model: 722, Precision Instruments Co., Ltd.
Shanghai, China). In terms of the photocatalytic stability test, the
remaining photocatalyst particles in suspension after a photocat-
alytic experiment were gathered and washed with distilled water
to remove the residual MO, and then dried before the next catalytic
reaction.
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3. Results and discussion

The crystal structures and phase purity of the obtained samples
were investigated by XRD measurements. Fig. 1(a) presents the
XRD patterns of the prepared Big;_x)SmyFeOs (x=0.00, 0.01, 0.03,
0.05, 0.07, and 0.10) nanoparticles containing different Sm doping
concentrations. As seen, all the diffraction peaks of pure BFO sam-
ple could be matched to a rhombohedral phase with the space
group R3c (JCPDS No. 86-1518), suggesting the successful prepara-
tion of pure BFO phase by the present sol-gel process. For the Sm-
doped BFO samples, the diffraction peaks were similar to those of
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Fig. 2. Rietveld refinement XRD patterns of (a) BiFeOs, (b) Bigg9Smg01Fe0s, (¢) Big.g7Smg 03Fe0s, (d) Big.gsSmg osFeOs, (e) Big.g3Smeo7Fe03 and (f) BiggoSmg 10Fe0s3.
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pure BFO, and no signals for samarium element or other impurities
were detected, implying that the substitution of Sm would not pro-
duce the second phase in BFO. From the magnified XRD patterns
(Fig. 1(b)), however, it can be seen that the separate (104) and

(110) diffraction peaks at around 32° in pure BFO tended to shift
toward higher 260 angles and nearly merge into a single broad peak
with increasing Sm doping concentration, suggesting that the
rhombohedral BiFeO; structure underwent some changes by Sm

Table 1

Rietveld structural parameters for Bi(;_y)SmyFeOs (x = 0.00, 0.01, 0.03, 0.05, 0.07,and 0.10) samples.
Parameters Bi(1_x)SmyFeO3

x=0.00 x=0.01 x=0.03 x=0.05 x=0.07 x=0.10

Space group R3c
Lattice parameters
a=h(A) 5.5781 5.5772 5.5745 5.5743 5.5766 5.5711
c(A) 13.8678 13.8626 13.8461 13.8402 13.8530 13.8053
Volume(A3) 373.68 373.43 372.63 372.44 373.09 371.07
Bond length
Bi-Fe 3.083 3.055 3.130 3.083 3.084 3.281
Bi-O 2.276 2.359 2.468 2.315 2.312 2.540
Fe-0O 1.885 1.770 1.743 1.783 1.838 1.835
R-factors (%)
Rwp 6.46 7.10 6.53 7.07 6.40 6.04
Ry 5.03 5.54 5.18 5.54 5.03 4.72
x2 1.665 1.736 1.660 1.720 1.647 1.519

ENT = 300 kY

Fig. 3. SEM images of as-prepared Bi(;_y)Sm,FeO3 nanoparticles (a) pure BFO, (b) Bigge7Smgo3FeO3 nanoparticles, (c) Bigg3Smgo;FeOs nanoparticles, (d) Big.goSmg.10FeO3
nanoparticles and (e) EDS spectrum of the BiggoSmg 10Fe03 nanoparticles (Note: the labeled element carbon (C) was detected from the conductive tapes).
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substitution in accordance with the previously reported other
metal ions doped BFO ceramics [18]. Note that the perovskite
structure (ABOs3) could be described by the following Gold-
schmidt’s tolerance factor (Eq. (1)) [19]:

. (ra+ro0)
t_\/j(rg+ro) M

where 1,4, 13 and 1o are the ionic radii of A, B and O in ABOs per-
ovskite structure, respectively. As the ionic radius of Sm>* ions
(0.958 A) is smaller than that of Bi>* ions (1.03 A) [13], the substitu-
tion of Sm>" ions in place of Bi>* ions would decrease the tolerance
factor, thus leading to the compression in Fe-O bond and tension in
Bi-O bond and hence the lattice distortion in BFO. In addition, the
characteristic peaks corresponding to (110), (012) and (204) in
Sm-doped BFO became broader compared with pure BFO, indicating
that the crystalline size of Sm-doped BFO was decreased. In order to
obtain more accurate structural information of all the samples, the
Rietveld refinement of X-ray diffraction pattern was also performed
by using GSAS software [20], as shown in Fig. 2. The refined struc-
tural parameters along with the profile R-factors obtained from the
Rietveld refinement of the XRD patterns are listed in Table 1. From
Table 1, the fitting parameters (Rup, Rp, and x?) indicate good agree-
ment between the refined and observed XRD patterns. The crys-

D

\\z
7\ 0.396 nm,

talline structure of all the samples is the typical rhombohedral
phase with the R3c space group, and the distortions created on dop-
ing Sm in BFO can be seen clearly from the small variations in lattice
parameters and unit cell volumes. This structure distortion could be
attributed to the differences between bismuth and samarium ionic
radii.

The typical SEM images of as-prepared Bi; _x)SmyFeOs (x = 0.00,
0.03, 0.07, 0.10) are shown in Fig. 3(a)-(d). Both pure BFO and Sm-
doped BFO exhibited an irregular shape with a relatively narrow
size distribution. For pure BFO, the particles were easily agglomer-
ated, and the average particle size was about 80-150 nm. Com-
pared to pure BFO, the Sm-doped BFO particles showed similar
morphological features, and the average particle size was also ca.
80-150 nm. The EDS pattern of Bi¢;_xSmyFeOs; (x=0.10) (Fig. 3
(e)) confirms that the obtained sample was composed of Bi, Fe, O
and Sm elements. To further study the morphological feature of
the Sm-doped BFO nanoparticles, TEM images of the pure BFO
and Bigg7Smgo3Fe03 samples were measured, as shown in Fig. 4
(a) and (b). The pure BFO and Big 97;Smg g3FeOs particles were irreg-
ular in shape, and the morphological structure of the Bigg7Smg o3-
FeO; sample was similar to that of pure BFO, which was in
agreement with the SEM results. The SEM and TEM images imply
that the doping of Sm would not change the morphological feature
of BFO. In addition, the high-resolution TEM (HRTEM) images

0.281 nm
.a\\"

(104)

Fig. 4. TEM images of (a) BFO, (b) Big97Smg3Fe03; and HRTEM images of (c) BFO, (d) Big.97Smg o3Fe0s.
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(Fig. 4(c) and (d)) reveal that the interplanar spacings for the pure
BFO and Bigg7Smgg3Fe03; sample were 0.396 nm and 0.281 nm,
which could be corresponding to the (012) and (104) crystal planes
of the rhombohedral BFO, respectively. The HRTEM images further
confirm the rhombohedral crystal structure of pure BFO and Big g7-
Smyg g3Fe03; nanoparticles.

To further verify the chemical state and elemental composition
of Sm-doped BFO, XPS measurements were performed on the pure
BFO and Sm-doped BFO samples. Fig. 5 shows the core level Sm 3d,
Bi 4f, Fe 2p and O 1 s XPS spectra of the Bigg7Smgg3FeO3; sample. In
the Sm 3d core level spectrum (Fig. 5(a)), the doublet peaks for Sm
3ds/» and Sm 3ds,, were located at 1083.5 and 1110.8 eV, respec-
tively, indicating that the dopant Sm ion was in the trivalent oxida-
tion state and no other valence state of Sm present in the sample
[21]. For the Bi 4f core level state (Fig. 5(b)), the two peaks appear-
ing at 158.3 and 163.9 eV corresponded to Bi 4f7, and Bi 4fs,
respectively, confirming that the chemical state of Bi was trivalent
oxidation in the Sm-doped BFO sample [6,22]. The representative
Fe 2p core level spectrum (Fig. 5(c)) presented a doublet peaks at
709.8 and 723.6 eV corresponding to Fe 2ps»; and Fe 2py,, respec-
tively, and a satellite peak appearing at 717.8 eV (~8 eV above the
Fe 2ps, peak) was regarded as the characteristic of the valence
state of Fe, suggesting that the Fe element was in the form of
Fe3* in the obtained Sm-doped BFO sample [23]. The O 1s spectrum
(Fig. 5(d)) could be resolved into three peaks centered around
528.9, 531.0,and 532.5eV, corresponding to the lattice oxygen,
chemisorbed oxygen and physically adsorbed oxygen, respectively
[24]. Thus, the above XPS results demonstrate the presence of Sm,
Bi and Fe in the obtained Big 9;Smg o3Fe05 sample in a form of Sm>"*,
Bi>* and Fe3*, respectively. In addition, to reveal the variation of
oxidation states in Sm-doped BFO samples with Sm dopant con-
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centration, the XPS spectra of pure BFO, BiggoSmgo;FeOs, and
Big.9oSmg 10Fe03 samples were also examined and compared with
those of the Bigg7Smgg3FeOs; sample, as shown in Fig. 6. It can be
seen that the Bi 4f, Fe 2p, O 1s and Sm 3d core level XPS spectra
of the pure BFO, Bigg9oSmggiFeOs, and BiggoSmg 0FeOs; samples
were similar to those of the Bigg7;Smgg3FeOs; sample, indicating
that Bi, Fe and Sm were also present in the +3 oxidation states in
the BiggeSmgo1FeOs and BiggoSmg 1oFeOs samples. When increas-
ing the Sm doping concentration, however, the Bi 4f peaks in Sm-
doped BFO samples were slightly shifted toward higher binding
energies in comparison with the pure BFO counterpart. This energy
shift could be ascribed to the change of electronic structures of Bi
due to the doping of Sm atoms into the lattice of BFO [17]. The XPS
results further confirm the successful doping of Sm in BFO.

As known, Raman spectra are sensitive to atomic displace-
ments, and the evolvement of Raman normal modes with increas-
ing doping concentration would probe into the lattice properties,
structural phase transitions, and spin-phonon coupling in the
doped samples [25]. Fig. 7 shows the typical Raman spectra of
the prepared pure BFO and Sm-doped BFO samples. According to
the group theory, the pure BFO with rhombohedral structure R3c
space group should generally have 13 Raman active modes
(i.e., 4A; + 9E), where the A; and E modes are Raman and infrared
active, respectively [26]. In the Raman spectrum of pure BFO (Fig. 7
(a)), however, there were only ten active modes, and the other
three active modes were missing. The absence of the three Raman
peaks may be due to the higher local stress and the existence of
point defects in the pure BFO sample [6]. According to the earlier
reported data [6,27,28], the Raman peaks at 137, 178, and
218 cm™! for pure BFO could be ascribed to longitudinal-optical
(A1) phonon modes, and the other Raman peaks at 77, 267, 329,

Bi 4f
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Fig. 5. XPS spectra of (a) Sm, (b) Bi, (c) Fe and (d) O elements for the Bigg7Smg03FeO3 sample.
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372, 463, 523, and 605 cm~! could be regarded as transverse-
optical (E) phonon modes. Fig. 7(b) shows the Raman spectra of
Sm-doped BFO samples in comparison with pure BFO. The depen-
dence of the mode frequency on Sm concentration is summarized
in Table 2. With the increase of Sm concentrations from x = 0.00 to
x =0.10, the E-1, A;-1, A;-2, A;-3 and E-3 modes, which were sub-
jected to Bi-O covalent bonds [26,29], shifted gradually to higher
mode frequencies, and the corresponding peaks were also broad-
ened. As known, the frequency of Raman modes is closely related
to the atomic masses and force constant [30]. With the substitution
of Sm>* ions in BFO, the average mass on A-site of ABO; lattice
would decrease because the atomic weight of Sm>*
(150.36 g/mol) is smaller than that of Bi** (208.98 g/mol), thus
leading to the frequency shift of the E-1, A;-1, A1-2, A;-3, and
E-3 modes. The shifting and broadening of the Raman modes
with increasing Sm concentration further demonstrate the suc-
cessful doping of Sm into BFO in accompany with the increased
lattice distortion [25], which was in accordance with the XRD
results.

To study the optical absorption characteristic of photocatalysts,
the UV-Vis DRS spectra of as-prepared Bi;_,SmyFeOs; (x=0.00,
0.01, 0.03, 0.05, 0.07, and 0.10) samples were examined and the
results are displayed in Fig. 8. Clearly, all the photocatalyst samples
exhibited strong light absorption both in the UV and visible light
region (Fig. 8(a)), demonstrating that the as-prepared Bi;_,Smy-
FeOs; could respond to visible light for photocatalytic reaction.
Compared to BFO, the Sm-doped BFO samples showed improved
absorption in visible light region, especially for the x = 0.10 sample.

According to the Tauc Plot equation (athv = A(hv — E;)"?) [31], the

7

band gap values of pure BFO and Sm-doped BFO samples could be
estimated to be about 2.17, 2.15, 2.14, 2.13, 2.12 and 2.06 eV for
the x=0.00, 0.01, 0.03, 0.05, 0.07 and 0.10 sample, respectively
(Fig. 8(b)). Obviously, the band gap value decreased with increas-
ing Sm concentration. The decrease in the band gap could be
ascribed to the rearrangement of the molecular orbital and distor-
tion in FeOg octahedral with the doping of Sm ions [32]. Thus, the
improved visible light absorption would be beneficial for the pho-
tocatalytic performance of BFO, as will be demonstrated below.
The photocatalytic performances of the obtained photocatalysts
were evaluated by photocatalytic degradation of MO under visible
light (4 > 420 nm) irradiation. Fig. 9(a) displays the photodegrada-
tion efficiencies of MO over the obtained samples as a function of
illumination time. When no photocatalyst was added, the change
of MO concentration was negligible during the whole irradiation
time, suggesting that MO is a stable pollutant. With the addition
of pure BFO or Sm-doped BFO, the MO degradation took place upon
the visible light irradiation, and the dye was photodegraded in a
stepwise manner with the color of the solution changing from an
initial deep orange to nearly colorless (inset of Fig. 9(a)). After
120 min, 58.8%, 65.4%, 86.9%, 63.4%, 62.1% and 31.5% of MO were
decomposed for the x = 0.00, 0.01, 0.03, 0.05, 0.07, and 0.10 sample,
respectively. It is obvious that the photocatalytic performances of
obtained Bi;_xSmyFeOs; photocatalyst were significantly affected
by the Sm doping concentration. With the increase of the Sm dop-
ing concentration from 0.00% to 10%, the degradation efficiency of
as-prepared Bi;_,Sm,FeOs; photocatalyst first increased and then
decreased. When the Sm doping concentration was 3%, the catalyst
gave the highest degradation efficiency, which was about 1.5 times
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Fig. 6. XPS spectra of (a) Bi, (b) Fe and (c) O elements for BFO, Big 99Smg o1Fe0s, Bigg7Smg03FeO3 and BiggoSmg 10Fe03; samples; Sm 3d XPS spectra (d) for BigggSmg o1FeOs,

Big.97Smg g3Fe05 and BiggoSmo 10Fe03 samples.
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that of pure BFO. Moreover, the linear fitting curves of In(Cyp/C) ver-
sus irradiation time (t) (Fig. 9(b)) indicate that the photocatalytic
reaction followed pseudo-first-order reaction kinetics, as fitted by
the following Langmuir-Hinshelwood model (Eq. (2)) [33]:

C
In& =kt (2)

where C, and C are the MO concentration (mg L) at different irra-
diation time of ty and t, respectively, and k is the pseudo-first-order
rate constant of photodegradation. The corresponding reaction rate
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Fig. 7. Raman spectroscopy of (a) pure BFO, and (b) as-prepared Bi(;_x)Sm,FeOs
nanoparticles.

Table 2
Raman modes of pure and Sm-doped BFO nanoparticles.

constant (k) values were calculated to be 783 x 107>, 879 x 107>,
1510 x 107>, 860 x 107>, 835 x 107>, and 389 x 10~> min~' for
the x=0.00, 0.01, 0.03, 0.05, 0.07, and 0.10 sample, respectively
(Fig. 9(c)). This further confirms that the Sm>* doping concentration
could significantly affect the photocatalytic activity of BFO photo-
catalyst, and that there was an optimum doping concentration of
Sm>* ions in BFO nanoparticles for photocatalytic performances.
The discrepancy in photocatalytic activities of as-prepared Bi;_y-
SmyFeO5; photocatalyst might be attributed to the following rea-
sons. Firstly, for the Sm-doped BFO photocatalysts, the decreased
band gap in accompany with the enhanced optical absorption in
visible light region imply that the photodegradation efficiency could
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Fig. 8. UV-vis diffuse reflectance spectra of as-prepared samples; (b) The plots to
determine the band gaps for the as-prepared Bi(;_xSmyFeOs (x = 0.00, 0.01, 0.03,
0.05, 0.07, and 0.10) samples.

Samples Assigned modes or frequencies (cm™)

A1 A2 A;-3 E-1 E-3 E-5 E-6 E-7 E-8 E-9
x =0.00 137 178 218 77 267 329 372 463 523 605
x=0.01 138 179 221 78 268 330 372 464 524 607
x=0.03 141 180 225 80 269 331 - 466 524 609
x=0.05 143 182 229 81 271 - - 467 526 610
x =0.07 145 183 231 84 272 - - 468 - 611
x=0.10 148 184 235 85 273 - - - - -
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be enhanced consequently because more charge carriers would be
probably produced upon visible light irradiation. Secondly, the
Sm>* doping could cause a lattice deformation and produce defects
in the BFO crystal. As rare earth elements are known to be good
electron acceptors [17], the defects derived from Sm dopants would
act as trapping sites to capture the excited electron, which would
probably facilitate the separation of photogenerated electron-hole
pairs and extend the lifetime of charge carriers [34], thus eventually
enhancing the photocatalytic activity. However, excess amounts of
the Sm>* dopant may act as a recombination center in BFO, thereby
resulting in low photoactivity. So it is not a surprise that there was
an optimum concentration of Sm dopants in the as-prepared
Bi;_xSmyFeOs photocatalysts for MO photodegradation under visi-
ble light irradiation.

In practical use, the photocatalyst stability is crucial. To
evaluate the stability of Sm-doped BFO photocatalyst, the
Big.97Smg 03Fe03 photocatalyst was recycled 5 runs for MO degra-
dation, as shown in Fig. 10(a). The photocatalytic activity of the
Bigg7Smg o3FeO3 photocatalyst after five runs could be largely
maintained, implying a good stability and reusability. Moreover,
the XRD patterns (Fig. 10(b)) and UV-Vis DRS spectra (Fig. 10(c))
of the Bigg7Smgg3FeOs; sample after 5 run photodegradation of
MO were almost the same as those before photodegradation,
further confirming the excellent stability, reusability and less pho-
tocorrosion of the prepared Bi;_,SmyFeOsphotocatalysts.

The photocatalytic degradation of organic pollutants is gener-
ally controlled by different kinds of reactive species, such as
photo-generated electrons (e ), photo-generated holes (h*), hydro-
xyl radicals (.OH) and superoxide radicals (O,.7) [35]. To elucidate

the reaction mechanism over Sm-doped BFO photocatalysts, the
trapping experiments were carried out to identify the dominant
reactive species of Sm-doped BFO for MO photodegradation.
Fig. 11 shows the trapping experimental results over the
Big.97Smg 03FeO3 photocatalyst with addition of different reactive
species scavengers. The addition of AgNOs (an electron scavenger
[36], 2mM) could accelerate the MO degradation efficiency,
indicating that the consumption of electrons could facilitate the
separation of photogenerated electron-hole pairs and hence result
in the enhanced photodegradation efficiency. When KI (a hole-
scavenger [37], 2 mM) was added, the photodegradation efficiency
of MO was significantly decreased to 12.8%, suggesting that the
consumption of excited holes could remarkably affect the pho-
todegradation efficiency. When tert-butyl alcohol (TBA, a hydroxyl
radicals (.OH) scavenger [38], 2 mM) was added, the photodegra-
dation efficiency of MO was slightly suppressed, indicating the
minor role of hydroxyl radicals in the MO photodegradation pro-
cess. Additionally, the addition of benzoquinone (BQ, a superoxide
radicals (0,.7) scavenger [39], 0.5 mM) dramatically suppressed
the MO photodegradation efficiency, demonstrating that the
superoxide radicals were also of great importance in MO photocat-
alytic process. Consequently, the dominant reactive species were
h* and 0,.™ rather than e” or .OH during the MO photodegradation
over the Sm-doped BFO photocatalyst.

On the basis of the above trapping experiments, the photocat-
alytic mechanism for MO degradation by the Sm-doped BFO photo-
catalysts under visible light irradiation was proposed. Fig. 12(a)
schematically illustrates the energy band structures for pure BFO
and Sm-doped BFO. As previously reported [1], the band gap
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Fig. 9. (a) Photocatalytic degradation of MO as a function of the irradiation time under visible light for the as-prepared photocatalysts; (The inset shows the color change of
MO solution during the photodegradation process by the Sm-doped BFO (x = 0.03) sample upon different irradiation time.) (b) Pseudo first order kinetics fitting data, and (c)
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structure of BFO could be determined by the orbital overlap between
the O 2p and Fe 3d levels. With respect to the Sm-doped BFO photo-
catalyst, its band gap structure could be modulated by the Sm
dopant ions. In Sm-doped BFO, the Sm 4f level was located below
the conduction band of host BFO [40], which would play as an accep-
tor lever for photoexcited electrons, as shown in Fig. 12(a). There-
fore, compared to the pure BFO, the band gap of Sm-doped BFO
would be reduced, which might promote the transport and separa-
tion of photogenerated carriers and thus improve the photocatalytic
activity. Fig. 12(b) shows the schematic diagram of the proposed
photocatalytic mechanism for MO degradation over the Sm-doped
BFO photocatalyst under visible light irradiation. Upon the visible
light irradiation, the Sm-doped BFO photocatalyst would receive
photon energy greater than or equal to its bandgap energy, and
hence substantial electron-hole pairs were excited (Eq. (3)) [41].
Subsequently, the photogenerated electrons transferred from the
Sm>" dopant level to the photocatalyst surface could react with
the surface-adsorbed O, to form reactive superoxide radicals
(02.7)(Eq. (4)), which could further participate in the photocatalytic
degradation of MO (Eq. (6)). Simultaneously, the holes after migrat-
ing to the photocatalyst surface could react with H,0 to form .OH
(Eq. (5)) for the degradation of MO (Eq. (7)) or directly oxidize MO
(Eq. (8)). On the basis of the trapping experiments, superoxide rad-
icals (0,.7) and holes (h*) were the predominant reactive species for
MO degradation (Egs. (6) and (8)), while hydroxyl radicals (.OH)
might also contribute a little to the MO degradation process (Eq.
(7)). The proposed photocatalytic mechanism of Sm-doped BFO for
MO degradation could be described as follows:

Bi(1_ySmFeO; + hv — e~ (Sm dopant level) + h* (3)
e~ (Sm dopant level) + 0, — Oy (4)
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Fig. 11. Photodegradation of MO over the Bipg7;Smgo3FeO3 sample alone, and with
the addition of different types of active species scavengers (i.e., AgNOs, KI, TBA, or
BQ).
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Fig. 10. (a) Photodegradation performance for MO with the Big g7;Smg g3FeO3 sample for five cycles; (b) XRD patterns and (c) UV-DRS spectra (Insets are the plots to determine
the band gaps) of the Bigg7Smg 03Fe03 sample before and after the photocatalytic degradation experiments for five cycles.
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Fig. 12. (a) Schematic diagram of energy band structure for pure BFO and Sm-dope
MO on the Sm-doped BFO photocatalyst.

4. Conclusions

In summary, Sm-doped BFO (Bi;_xSmyFeO3 (x=0, 0.01, 0.03,
0.05, 0.07, 0.10)) nanoparticles containing different Sm doping con-
centrations were prepared by a sol-gel method, and the effect of
Sm doping concentration on their photocatalytic properties was
studied for the first time. The XRD, Raman and XPS measurements
confirmed the successful substitution of Sm>* in the BFO crystal
structure. The UV-vis DRS spectra manifested that the band gap
of the Bi(;_x)SmyFeO3; nanoparticles decreased when increasing
Sm doping concentration. The photocatalytic experiments demon-
strated that the photocatalytic performances of the Bi;_xSm,FeO3
photocatalysts were significantly affected by the Sm doping con-
centration. With increasing Sm doping concentration from 0% to
10%, the MO photodegradation efficiency of Bi;_xSmyFeOs3 photo-
catalysts first increased and then decreased. When the Sm doping
concentration was 3%, the optimal photocatalytic degradation effi-
ciency was achieved. The optimal photocatalytic performance of
the Bigg7;Smgo3FeOs photocatalyst may be ascribed to the
increased optical absorption as well as the efficient migration
and separation of photogenerated electron-hole pairs derived from
Sm dopant trapping level in BFO. On the basis of the trapping
experiments, the predominant reactive species in the photocat-
alytic process were photogenerated holes and superoxide radicals
(02.7) rather than photogenerated electrons or hydroxyl radicals
(.OH), and the photocatalytic mechanism was also proposed. The
present work may promote understanding of scientific aspects of

bt b

Y
h* + MO—Degradation products
XMajor process

d BFO; (b) Schematic illustration of the mechanism for the photocatalytic degradation of

Sm doping in oxide photocatalysts, and the significantly improved
photocatalytic performance of Sm-doped BFO nanoparticles sug-
gests its promising applications in water treatment and environ-
mental remediation.
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ARTICLE INFO ABSTRACT

Oxygen vacancies particularly for those located on the photocatalyst surface are believed to play an important
role in its photocatalytic process. In this work, surface oxygen vacancies were introduced into hydrothermally-
synthesized BiFeO3; (BFO) nanocrystals through high pressure hydrogenation treatment, and with increasing
hydrogenation temperature the oxygen vacancy concentration would increase. The X-ray diffraction (XRD) re-
sults indicated no pronounced structure change when the hydrogenation temperature was below 200 °C. The
formation of surface oxygen vacancies on BFO nanocrystals was verified by a variety of techniques such as high-
resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), electron para-
magnetic resonance (EPR) and Kelvin probe force microscopy (KPFM). The hydrogenated BFO nanocrystals
exhibited nearly four times methyl orange (MO) photodegradation efficiency higher than pristine BFO under
visible light irradiation, and the inherent correlation between surface oxygen vacancies and enhanced photo-
catalytic activity was established. Our findings demonstrate that the formation of surface oxygen vacancies on
the hydrogenated BFO nanocrystals could narrow the band gap of BFO resulting in the improved light absorption
capability, act as trapping centers for photoinduced electrons thus to facilitate the separation of the photo-
generated electron-hole pairs as well as the production of predominant active species (hydroxyl radicals) for MO
photodegradation, suppress the recombination of photogenerated electrons and holes, and also favor the ad-
sorption of MO molecules. All these factors could contribute to the observed enhanced photocatalytic activity of
the hydrogenated BFO nanocrystals for MO degradation. In addition, the as-formed surface oxygen vacancies
were also stable at room temperature.

Keywords:
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Photocatalytic degradation
Photocatalytic mechanism

1. Introduction degradation have been already demonstrated in recent reports [9-11].

However, the photocatalytic efficiency of BFO is still low. This is largely

The interest of developing semiconductor metal oxides as photo-
catalysts for environmental purification and solar energy conversion
arises from their good chemical stability, simplicity of synthesis, and
relatively low cost [1]. For example metal oxide photocatalysts in-
cluding TiO, [2], ZnO [3], WO3 [4], BiVO4 [5], Fe;O3 [6] have been
explored for applications in removal or degradation of environmental
pollutants, splitting water to generate hydrogen energy and reducing
carbon dioxide to fuel molecules. Bismuth ferrite (BiFeOs, noted as
BFO), which is well-recognized as a multiferroic material used in
multiferroic memories [7], has been considered as a potential photo-
catalyst largely due to its narrow band gap (~ 2.5 eV) [8]. In contrast to
the wide band gap (~ 3.2 eV) of the most-investigated TiO, photo-
catalyst which can only respond to ultraviolet irradiation, the narrow
band gap of BFO allows its visible light response to be possible which
apparently will increase solar light harvesting efficiency. In fact, the
visible light photocatalytic activities of BFO for organic pollutants
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attributed to the poor carrier mobility in BFO material which limits the
separation and transport efficiency of photo-induced electron/hole
carriers. Therefore, further improving the photocatalyitc activity of
BFO materials is still a big challenge.

It is widely recognized that oxygen vacancies especially for those
located in particle surfaces would play an important role in photo-
catalytic process [12]. Mao and co-workers [13] used a high pressure
hydrogenation process to yield a disorder layer on TiO, nanoparticle
surface where substantial oxygen vacancies were formed. The obtained
black TiO, demonstrated considerable solar-driven hydrogen evolution
capability from water splitting. Wang et al. [14] used a simple heat
treatment process to prepare oxygen vacancy-rich ZnO nanocrystals.
The presence of oxygen vacancies in ZnO led to a narrow band gap and
thus facilitate its visible light absorption. Lv and co-workers [15] re-
ported that the introduction of oxygen vacancies in BiPO4 nanorods by
a vacuum deoxidation process could broaden the valence band, thus
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leading to an enhanced photocatalytic performance. Recently Tan et al.
[16] also introduced oxygen vacancies into pervoskite SrTiO; nano-
crystals using NaBH, as a reducing agent, and further confirmed the
favorable effect of oxygen vacancies on the photocatalytic activity.
Though the favorable effect of oxygen vacancies on photocatalytic ac-
tivity have been observed in various metal oxides, it is important to
note that the understanding of such a favorable effect is still very poor,
especially for the relationship between oxygen vacancies and photo-
catalytic activities.

Herein, surface oxygen vacancies were introduced into hydro-
thermally-synthesized BFO nanocrytals by a high pressure hydrogena-
tion process. The presence and enhanced density of surface oxygen
vacancies by hydrogenation were then verified via various character-
ization techniques. The inherent correlation between surface oxygen
vacancies and photocatalytic activities of the hydrogenated BFO na-
nocrystals for the first time was established.

2. Experimental
2.1. Hydrothermal synthesis of BiFeO3 nanoparticles

All chemicals were of analytical grade without any further pur-
ification. BFO nanoparticles were synthesized through a hydrothermal
process. Typically, bismuth nitrate (Bi(NO3)3-5H,0) and ferric nitrate
(Fe(NO3)3'9H,0) with a stoichiometric ratio were dissolved in distilled
water. The NaOH aqueous solution (7.5 M) was dropwisely added into
the mixed solution at a rate of 1 mL min~ ! through a burette to get a
yellowish-brown-colored precipitate. After being washed with distilled
water and ethyl alcohol several times, dried in an oven at 70 °C for 5h
and ground by a pestle and mortar, the precipitate was dispersed in
polyvinyl pyrrolidone (PVP) aqueous solution under stirring, and the
stirring was kept for 10 h to obtain a suspension. 3 M NaOH solution as
a mineralizer was then added to the above suspension, and finally the
mixed suspension was transferred into a hydrothermal reactor. The
reactor was then sealed and maintained at 200 °C for 3 h. After being
cooled down to room temperature, the process of filtration, washing
with distilled water and drying in an oven at 80 °C for 12 h was oper-
ated to obtain BFO nanoparticles.

2.2. Hydrogenation of BiFeO3 nanoparticles

Hydrogenation of BFO nanoparticles was performed in a hydro-
genation furnace. 1g of as-prepared BiFeOs; powder was put in a
stainless steel reactor which was then connected to the vacuum system.
After being evacuated by a vacuum pump to 10 Pa, the reactor was
heated to a given temperature at a heating rate of 5 °C min ' and then
was filled with hydrogen (purity higher than 99.99%) at a pressure of
2.0 MPa. After being kept for 8 h, the high pressure hydrogen was re-
lieved and the BFO sample was taken out from the reactor after the
reactor was cooled down to room temperature. The as-hydrogenated
BFO samples were denoted as HB-T-P-t, where T, P and t were the re-
action temperature (T = 120, 150, 180, 200 °C), pressure (P =
2.0 MPa) and hydrogenation time (t = 8 h), respectively.

2.3. Characterizations

X-ray powder diffraction (XRD) was performed on a Bruker D2 X-
ray diffractometer using Cu Ka radiation. The UV-visible diffuse re-
flectance spectra (UV-vis DRS) of the samples were recorded on a
UV-visible spectrophotometer (Shimadzu UV-3600) equipped with an
integrating sphere. High resolution transmission electron microscopy
(TEM) was operated on a field emission transmission electron micro-
scope (JEOL, JEM-2100) at an accelerating voltage of 200 kV. The
chemical states present in BFO and the hydrogenated samples were
analyzed using a PHI 5000 Versa Probe X-ray photoelectron spectro-
meter with Al Ka radiation, and C 1s (284.6 eV) was used to calibrate
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the peak position. In situ electron paramagnetic resonance (EPR) was
recorded at ambient temperature on a Bruker EPR A300 spectrometer.
Kelvin probe force microscopy (KPFM) experiments were performed at
room temperature and under ambient conditions using an Atomic Force
Microscope (Veeco Multimode V). A conductive Co/Cr-coated tip with a
resonant frequency of 75 kHz and a spring constant of 2.8 N/m (MESP
cantilever, Bruker) was used for KPFM measurement in noncontact
mode operation. For KPFM experiments, the sample powder was care-
fully dispersed on the surface of precleaned ITO conductive glass.
Thermogravimetric analysis (TGA) was carried out in a temperature
range of 25-800 °C under flowing O with a heating rate of 10 °C min ™!
on a Mettler Toledo SMP/PF7458/MET/600 W instrument. Room
temperature photoluminescence (PL) spectra were recorded on a
Hitachi High-Tech F-7000 fluorescence spectrophotometer with a
xenon lamp as an excitation source (Excitation wavelength A =
404 nm).

2.4. Photoelectrochemical evaluation

The photocatalytic activities of pristine BFO and hydrogenated BFO
samples were evaluated by monitoring the photocatalytic degradation
of methyl orange (MO) in aqueous solutions under visible light irra-
diation under a neutral pH condition. A 300 W Xe lamp equipped with
an optical filter (. = 420 nm) was employed as the visible light source.
An amount of 0.3 g of the catalyst was added into 100 mL of 5mgL™!
MO solution in a quartz glass reactor, which was cooled by refluxing
water to prevent any thermal catalytic effect. The photoreaction vessel
was then exposed to visible light irradiation under ambient conditions
with an average intensity of 15 mW cm ~2 produced by a 300-W Xenon
lamp equipped with an optical filter (A = 420 nm), which was posi-
tioned 25 cm away from the vessel. The irradiance intensity was mea-
sured by a radiometer (FZ-A, Photoelectric Instrument Factory of
Beijing Normal University, China). Before the light irradiation, the
suspension was ultrasonically dispersed in dark for 30 min and then
magnetically stirred for 30 min to achieve the adsorption-desorption
equilibrium. At given time intervals, 4 mL of suspension was collected
and centrifuged at 10,000 rpm for 30 min to remove the catalyst
powders. To estimate the degradation efficiency, the absorbancy of the
supernatant was detected by measuring the maximum absorbance at
464 nm using a spectrophotometer (model: 722, Precision Instruments
Co., Ltd. Shanghai, China).

For photocurrent measurements, the working photoelectrodes were
fabricated by doctor blading a slurry, which was prepared by mixing
the obtained photocatalyst powder and a polymer binder (PVDF) at a
weight ratio of 90:10 using N-methyl-2-pyrrolidinone (NMP) as a sol-
vent, on F-doped SnO, (FTO) conductive glass with an active area of 1.0
x 2.0cm? followed by drying in vacuum at 60°C for 24h.
Photocurrent measurements were recorded on a CHI660E electro-
chemical station at 0.0 V potential bias (vs. SCE) using the standard
three electrode system with the working photoelectrode, a saturated
calomel electrode (SCE) as the reference electrode, and a platinum wire
as counter electrode in 0.5 M Na,SO4 aqueous solution under visible
light (\. = 420 nm) irradiation.

3. Results and discussion
3.1. Structure evolution

Fig. 1 shows the XRD patterns of the BFO nanoparticles before and
after high pressure hydrogenation under different temperatures. It can
be seen that all diffraction peaks of the pristine BFO nanoparticles could
be indexed by a rhombohedral phase with the space group R3c (JCPDS
no. 86-1518), indicating that single crystalline BFO phase was obtained
by the present hydrothermal process. Such a BFO crystal structure
would be maintained when the hydrogenation temperature was below
200 °C. When the hydrogenation temperature was increased to 200 °C,
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Fig. 1. XRD patterns of pristine BFO and samples hydrogenated under different tem-
perature.

however, the predominant BFO phase with a trace of Bi crystalline
phase was observed. This indicates that the reduction of BFO particles
took place when they were hydrogenated under 2.0 MPa hydrogen
pressure and 200 °C temperature for 8 h.

Fig. 2 shows the TEM and high-resolution TEM (HRTEM) images of
the pristine and as-hydrogenated BFO particles (HB-180-2-8). As shown
in Fig. 2(a), the pristine BFO particles exhibited a spherical morphology
with a size of around 20 nm. After hydrogenation (Fig. 2(c)), no sig-
nificant change in particle morphology and size was observed. However
comparing with the HRTEM images in Fig. 2(b) and (d), a disordered
layer with ~ 1.0 nm thickness was clearly observed on the as-hydro-
genated BFO nanocrystals while it was still highly crystalline inside the
BFO nanocrystals. This indicates that the present hydrogenation

"o
y » \/\0.396 nm

disordered
layer
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treatment would mainly change the surface structures of BFO nano-
crystals rather than inside parts. The measured crystal interplanar
spacing was 0.396 nm for both pristine Fig. 2(b) and hydrogenated BFO
nanocrystals Fig. 2(d), further verifying that hydrogenation would not
alter the inside part of BFO nanocrystals.

3.2. Oxygen vacancies

Among all possible defects present on the surface of metal oxides,
oxygen vacancy is supposed to be the prevalent defect, which is gen-
erally one of the most important defects in determining the surface
related material properties including photocatalysis [17]. Considering
that the reduction reaction of Bi** or Fe** by hydrogen would be
certainly associated with the formation of oxygen vacancies according
to defect chemistry, it is reasonable to assume that oxygen vacancies are
the predominant defects formed on BFO nanocrystal surfaces during the
hydrogenation process. Since the formation of oxygen vacancy is gen-
erally associated with changes in chemical states of Bi and Fe in BFO
nanocrytals, the X-ray photoelectron spectroscopy (XPS) was employed
to monitor such a change. Fig. 3(a) and (b) give the high resolution
spectra of Bi 4f and Fe 2p of the pristine and hydrogenated BFO sam-
ples, respectively. In Fig. 3(a), the two peaks of pristine BFO centered at
around 157.9 and 163.2 eV could be identified as the binding energies
of Bi 4f;, and Bi 4fs,,, respectively, which is correlated to the Bi®*
valence state [18]. In Fig. 3(b), the binding energies of Fe 2p corre-
sponding to the Fe 2ps3,, and Fe 2p;,» peaks with a satellite peak in-
dicates that the Fe element was in the Fe®>* valence state in the pristine
BFO [19]. After hydrogenation treatment, however, some peak shifts to
high binding energy were observed for both Bi and Fe spectra. The shift
of these XPS peaks could be generally ascribed to the formation of
oxygen vacancy which would increase the equilibrium electron density
and thus make the binding energies increase [16]. Meanwhile, the peak
shift of both Bi and Fe to high binding energy would gradually

Fig. 2. TEM and HRTEM images of pristine BFO (a, b) and HB-
180-2-8 (c, d). The inset in (d) is the electron diffraction patterns
of HB-180-2-8, suggesting the high crystallinity of the bulk, and
the red arrows in (d) indicate the disordered layer at the boundary
of crystalline.
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Fig. 3. High resolution XPS of (a) Bi 4f and (b) Fe 2p for the pristine and as-hydrogenated BFO samples, respectively; (c)-(f) O 1s core-level XPS spectra for different samples along with
the splitted peaks and calculated relative intensity ratio (RIR) of lattice oxygen / (dangling bonds and adsorptional oxygen).

aggrandize with the increase hydrogenation temperature, and the lar-
gest shift of about 0.28 eV was observed for the HB-180-2-8 sample.
Fig. 3(c)—(f) show the O 1s core-level XPS spectra for the pristine and
hydrogenated BFO samples. It is seen that all O 1s spectra showed three
peaks. The major peak located at around 529.0 eV could be associated
with the lattice oxygen in BFO, which is the characteristic of chemical
bonding between metal and oxygen atom, while the smaller two peaks
located at around 531.2 eV and 532.4 eV were corresponding to the
dangling bonds and surface adsorption oxygen, respectively [20,21].
Generally, the presence of the dangling bonds and absorbed species (O,
0, and 0O%) in XPS spectra were supposed to be due to the formation of
surface oxygen vacancies in perovskite oxides [22]. According to the
relative intensity ratio (RIR) of O 1s (lattice oxygen)/O 1s (dangling
bonds and adsorption oxygen), the relative concentration of surface
oxygen vacancies can be roughly estimated [23]. The calculated RIR
values were 1.67, 1.42, 1.19 and 1.05 respectively for pristine BFO, HB-
120-2-8, HB-150-2-8, and HB-180-2-8, suggesting that increasing hy-
drogenation temperature would lead to a higher surface oxygen va-
cancy concentration in BFO.

Kelvin probe force microscopy (KPFM), which holds great promise
for determining the contact potential difference (CPD), is becoming a
popular tool for electronic characterization of semiconductor surfaces
that is sensitive to the local oxygen vacancy concentration [24,25]. To
provide direct evidence of the hydrogenation-induced oxygen vacancy
on the BFO surface, KPFM measurements were also performed. Fig. 4
shows simultaneously obtained topography and CPD images of as-pre-
pared BFO and hydrogenated BFO (HB-180-2-8) nanocrystals on ITO
surface measured by KPFM. In topography images, the deposited
sample particles (bright spots, indicative of an abnormal rise in surface
roughness) on the ITO surface were relatively uniform with a particle
size of 20-40 nm in agreement with the TEM results for both pristine
BFO and hydrogenated BFO (HB-180-2-8). Nevertheless, the CPD
images of the pristine BFO and hydrogenated BFO were quite different.
The typical cross-sectional CPD profiles along the lines indicated by
numbers 1, 2 and 3 in CPD images clearly demonstrate that the values
of CPD change (AV¢pp) were ~ 40 mV and ~ 140 mV for pristine BFO
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and hydrogenated BFO (HB-180-2-8), respectively. As expected, the
surface potential of hydrogenated BFO nanocrystals was much more
negative than that of pristine BFO nanocrystals. The negatively-shifted
surface potential of hydrogenated BFO identified the presence of a large
amount of oxygen vacancies on the particle surface [26], which could
act as active sites for electron trapping thus making the surface po-
tential of hydrogenated BFO nanocrystals significantly decrease. The
KPFM results confirm that the hydrogenation treatment would really
change the electronic structure of the BFO particle surface. In addition,
the in situ electron paramagnetic resonance (EPR) is another sensitive
characterization technique which is extensively used to identify the
formation of oxygen vacancy defects [27]. Fig. 5(a) shows the EPR
spectra of the pristine and hydrogenated BFO nanocrystals. For each
sample, a strong broad and symmetric signal characteristic for BiFeO3
was observed, which is consistent with the literature [28,29]. The fer-
romagnetic spin-wave resonance in EPR spectra could be divided into
two resonances segments, i.e., low field (LF) (g = ~ 2.70) and high
field (HF) (g = ~ 2.04) resonance shoulders, corresponding to the re-
sonance absorption in the cycloidal spin structure (P.y.) and the defect-
induced free spins (Pqef), respectively [29]. Specifically, the HF re-
sonance signals (P4cr) are supposed to be correlated with the free spins
induced by oxygen-vacancy related defects [29,30]. As seen, the EPR
resonance magnitudes of the hydrogenated BFO sample (HB-180-2-8)
including LF (P.y.) and HF (P4ef) resonance signals were greatly larger
than those of pristine BFO, which could be attributed to the hydro-
genation induced changes in spin structure. It was suggested that a
partial transformation of spin structure from cycloid to a canted anti-
ferromagnetic state induced by hydrogenation would happen, since the
g-factor/linewidth value of EPR spectra of the hydrogenated BFO
sample became smaller than that of pristine BFO as similar to the dis-
cussion in the previous work [29]. Meanwhile, the much stronger HF
resonance signal intensity of the hydrogenated BFO sample also implies
that the surface oxygen vacancy concentration in hydrogenated BFO
samples was significantly improved.

In order to further understand the concentration variation of surface
oxygen vacancy in as-hydrogenated BFO samples, the TGA curves were
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Fig. 4. Topography and contact potential difference (CPD) images of as-prepared (a) BFO and (b) hydrogenated BFO (HB-180-2-8) nanoparticles on ITO surface measured by KPFM. The

cross-sectional line profiles of CPD are achieved along the lines indicated by numbers 1, 2

measured in flowing O, atmosphere. As shown in Fig. 5(b), for the
pristine BFO the weight loss in the temperature range of 25-800 °C
could be roughly classified into two weight loss stages, which could be
ascribed to the removal of physical adsorption water and chemical
absorbed water respectively. For the hydrogenated BFO samples,

and 3 in CPD images.

however, a weight gain was observed between 500 °C and 800 °C. Such
a weight gain was apparently caused by the oxygen refilling on the as-
formed oxygen vacancies during high temperature, which has been also
observed in the literature [16]. The percentage of weight gain for HB-
120-2-8, HB-150-2-8 and HB-180-2-8 were 0.1 wt%, 0.3 wt% and
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Fig. 5. (a) EPR spectra of pristine BFO and hydrogenated BFO (HB-180-2-8) samples; (b) TGA curves of pristine BFO and hydrogenated BFO.

0.48 wt%, respectively, further confirming that the surface oxygen va-
cancy concentration in the hydrogenated BFO samples would increase
with the hydrogenation temperature. As expected, however, only two
weight loss stages, arising from the elimination of physical and che-
mical absorbed water, and no weight gain were observed in the whole
temperature range from the TGA curves obtained under Ar atmosphere
for both pristine BFO and hydrogenated BFO (HB-180-2-8) samples
(Fig. S1). This means no filling of oxygen vacancies under Ar atmo-
sphere during the whole temperature range, thus also demonstrating
that oxygen refilling could happen on the as-formed oxygen vacancies
in the hydrogenated BFO samples when TGA experiments were per-
formed under oxygen atmosphere.

3.3. Effect of oxygen vacancy

The presence and concentration of oxygen vacancy in metal oxides

13
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would significantly influence their optical properties [31]. Fig. 6(a)
shows the UV-vis diffuse reflectance spectra (DRS) of the pristine and
hydrogenated BFO samples. As shown, the hydrogenation treatment
could expand the light absorption band of BFO nanocrystals, and with
the increase of hydrogenation temperature the light absorption band
would further expand. The color change of BFO nanocrystals, seen from
the insets in Fig. 6(a), turned from light brown yellow to brownish
black with the increase of hydrogenation temperature, also confirming
the extended light absorption capability by hydrogenation. As have
been discussed above, it can be concluded that such an enhanced light
absorption capability of BFO nanocrystals could be mainly caused by
the increased concentration of surface oxygen vacancy during hydro-
genation. According to the classical Tauc plots [32,33] shown in
Fig. 6(b), the band gaps for the pristine BFO, HB-120-2-8, HB-150-2-8,
and HB-180-2-8 were calculated as 2.17, 2.07, 2.06 and 1.97 eV, re-
spectively. To define the electronic details of hydrogenated BFO
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Fig. 6. (a) UV-vis diffuse reflectance spectra of pristine BFO and hydrogenated samples; (Insets are photographs of pristine BFO and hydrogenated powders.) (b) Tauc plots to determine
the band gaps for the each sample; (c) VB XPS spectra of the pristine and HB-180-2-8 BFO nanocrystals; (d) illustration of energy band for pristine BFO and hydrogenated BFO with

oxygen vacancies.
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nanocrystals for specific measurement of conduction-band minimum
(CBM) and valence-band maximum (VBM), VB XPS spectra were ex-
amined. Fig. 6(c) shows the VB XPS spectra of the pristine and hydro-
genated BFO (HB-180-2-8) nanocrystals. The pristine BFO displayed the
VB band edge at ~ 2.68 eV below the Fermi level, which was the same
as the previous report [18]. Because the UV-vis DRS shown in Fig. 6(b)
has revealed that the band gap of pristine BFO is 2.17 eV, the CBM
would locate at about 0.51 eV. After hydrogenation treatment, the VBM
showed a slightly decrease for the HB-180-2-8 sample, in which the
VBM and CBM positions were 2.47 eV and 0.5 eV, respectively. The
decreased VBM was probably due to the presence of delocalized surface
impurity states arising from surface oxygen vacancies in the hydro-
genated BFO sample, as previously reported in similar VB spectra for
other hydrogenated photocatalysts [14,34]. These delocalized surface
impurity states would overlap with the VB edge, and raise the position
of the valence band, thus leading to the decreased VBM in the hydro-
genated BFO sample. The VB XPS results further confirm that the in-
creased surface oxygen vacancy concentration by hydrogenation did
alter the band structure of BFO nanocrystals, leading to the variation of
light absorption capability. Such a band structure variation could be
illustrated in Fig. 6(d). Since substantial oxygen vacancies were formed
on the BFO particle surfaces during hydrogenation treatment, the cor-
responding band gap was decreased, i.e. the VBM energy level was
raised, which was above and partially overlapping with the VB of
pristine BFO.

Except the above-mentioned band gap-related light absorption
capability, the transport and recombination of the photogenerated
electron-hole pairs is another important factor that determines the
quantum efficiency and then the degradation capability of the photo-
catalyst. In the present case, the effect of the oxygen vacancies of BFO
nanocrystals on the separation, transport and recombination of photo-
generated charges was evaluated by photoluminescence (PL) emission
spectra and photocurrent response spectra. The PL spectra (Fig. 7(a)) of
the pristine and hydrogenated BFO nanocrystals were centered at
around 406 nm, and the PL emission intensity gradually decreased with
the increase of hydrogenation temperature. The PL emission intensity
generally reflects the recombination probability of photo-induced
electrons and holes, and a low emission intensity means a low re-
combination probability [35]. Therefore, the increase of oxygen va-
cancy concentration by increasing hydrogenation temperature in BFO
nanocrystals could enhance the suppression of charge recombination.
Meanwhile, as shown in Fig. 7(b), the transient photocurrent intensities
of the hydrogenated BFO samples were larger than that of pristine BFO
sample, implying a more efficient photoinduced charge separation and
transfer process in the hydrogenated BFO sample. Moreover, the pho-
tocurrent intensity also increased with the increase of hydrogenation
temperature, and the HB-180-2-8 sample exhibited the highest
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photocurrent intensity. This confirms that the improved concentration
of surface oxygen vacancies in the BFO nanocrystals could favor the
photoinduced charge separation and transfer process, and thus would
probably enhance the photo-quantum efficiency and photocatalytic
activity of BFO.

The photocatalytic activities of the pristine and as-hydrogenated
BFO nanocrystals were evaluated by degradation of pollutant MO under
visible light irradiation (A = 420 nm). As shown in Fig. 8(a), in the
absence of photocatalyst, MO self-degradation was almost negligible.
The pristine BFO sample exhibited low photocatalytic activity for MO
photodegradation, and only about 19% of MO was decomposed after
4 h visible light irradiation. In contrast, the hydrogenated BFO nano-
crystals showed an enhanced photocatalytic activity for MO degrada-
tion. For the hydrogenated BFO nanocrystals (HB-180-2-8), 75.8% of
MO was decomposed, which was nearly four times that of pristine BFO.
In addition, to determine the main active species of hydrogenated BFO
for the degradation of MO, the trapping experiments were performed
with addition of various quenchers or under anoxic condition, and the
results are given in Fig. 8(b). It can be seen that the photocatalytic
efficiency was accelerated or nearly unchanged with addition of ethy-
lene diamine tetraacetic acid (EDTA, a hole scavenger [36], 2 mM) or in
the absence of O,, whereas the photocatalytic efficiency was restrained
when adding tert-butyl alcohol (TBA, a hydroxyl radicals (*OH) sca-
venger [37], 2mM). The trapping experiments reveal that the pre-
dominant active species for MO photodegradation by hydrogenated
BFO were hydroxyl radicals (*OH) rather than O,” or photogenerated
holes.

Based on the discussion above, the observed enhanced photo-
catalytic activity for MO degradation by hydrogenated BFO nanocrys-
tals could be explained as follows. Firstly, oxygen vacancies particularly
surface oxygen vacancies were generated on BFO nanocrystals during
high pressure hydrogenation process (Figs. 2 and 3) and thus altered
their light absorption band structure. The narrowed band gap by
oxygen vacancies as a result of hydrogenation (Fig. 6) led to an en-
hanced light absorption capability and would thus contribute to pho-
tocatalytic degradation activity (Fig. 8(a)). Secondly, the generated
surface oxygen vacancies on the hydrogenated BFO nanocrystals could
act as trapping centers for photogenerated electrons (as discussed in the
KPFM measurements, Fig. 4), which would on one hand facilitate the
separation of photogenerated electron-hole pairs and on the other hand
make the photoinduced holes conducive to producing the predominant
active species (hydroxyl radicals, *OH) with H,O on the hydrogenated
BFO surface for MO photodegradation (as demonstrated by the trapping
experiments, Fig. 8(b)). Thirdly, the formation of oxygen vacancies
generated on BFO nanocrystal surfaces could suppress the recombina-
tion of photogenerated electrons and holes and facilitate the photo-
induced charge separation and transfer process, as verified by PL and
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Fig. 7. (a) Photoluminescence (PL) emission spectra of pristine BFO and hydrogenated samples; (b) Photocurrent response spectra of pristine BFO and hydrogenated samples measured at
0.0 V potential bias (vs. SCE) with several light on/off cycles under visible light irradiation (A = 420 nm).
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Fig. 8. (a) Photocatalytic degradation efficiency of MO by different photocatalysts under visible light irradiation; (b) The trapping experiments are performed by photodegradation of MO
over the hydrogenated BFO sample (HB-180-2-8) alone, and with the addition of EDTA, TBA, or in the absence of O,; (c) XRD patterns of HB-180-2-8 detected before and after
photocatalytic degradation; and (d) O 1s core-level XPS spectra of HB-180-2-8 detected after photocatalytic degradation.

photocurrent results (Fig. 7). The suppression of charge recombination
obviously would strengthen photocatalytic degradation activity of BFO
nanocrystals. Fourthly, the presence of oxygen vacancies on BFO na-
nocrystal surfaces could also favor the adsorption of MO molecules, as
seen in the dark adsorption area in Fig. 8(a). More MO molecules ad-
sorbed by BFO nanocrystals would accelerate the degradation reaction.
All these factors contributed to the observed enhanced photocatalytic
activity of hydrogenated BFO for MO degradation.

To evaluate the stability of surface oxygen vacancies in BFO, the
XRD patterns and O 1s core-level XPS spectra of HB-180-2-8 detected
before and after degradation reaction were performed, as shown in
Fig. 8(c)-(d). It is seen that no crystal structure change occurred before
and after degradation reaction. The calculated RIR value of HB-180-2-8
after photodegradation was 1.02, which was close to that of before
photodegradation. This indicates that the surface oxygen vacancies in
BFO introduced by hydrogenation process were stable under room
temperature. However, the as-generated oxygen vacancies would be
refilled if the sample was treated at a high temperature under oxygen
atmosphere. Fig. 9 shows the photocatalytic activity for MO degrada-
tion by the hydrogenated BFO nanocrystals before and after being heat
treated at 800 °C in air. It is evident that when the as-formed surface
vacancies on BFO nanocrystals were recovered by heat treatment in air,
the photodegradation capability was subsequently deteriorated. This
again verifies that the observed enhanced photodegradation activity by
hydrogenation was originated from the presence of oxygen vacancies.

4. Conclusions

To summarize, oxygen vacancies were introduced into
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Fig. 9. Photocatalytic degradation activity for MO by the as-hydrogenated BFO nano-
crystals (HB-180-2-8) before and after being heat treated at 800 °C in air.

hydrothermally-synthesized BiFeOs; nanocrystals by a high pressure
hydrogenation process. HRTEM, XPS, EPR and KPFM results reveal that
substantial surface oxygen vacancies were formed on the surfaces of
BiFeO; nanocrystals during the hydrogenation process. With increasing
hydrogenation temperature, the oxygen vacancy concentration in-
creased. The formation of surface oxygen vacancies on BFO nanocrys-
tals was found to narrow BFO band gap, leading to an enhanced light
absorption capability. During the photocatalytic process, the generated
surface oxygen vacancies played the role of the trapping centers for
photoinduced electrons, thus promoting the separation of
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photogenerated electron-hole pairs and the production of predominant
active species (hydroxyl radicals, *OH) for MO photodegradation. The
presence of surface oxygen vacancies could also suppress the re-
combination of photogenerated electrons and holes, and facilitate the
photoinduced charge separation and transfer process. In addition, the
adsorption capability for MO molecules was also enhanced due to the
presence of surface oxygen vacancies. All these factors contributed to
the observed enhanced photocatalytic activity of the hydrogenated BFO
nanocrystals. Meanwhile, the as-formed surface oxygen vacancies were
also stable at room temperature.
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n/ v XU N 1ACs2LiLaBré:Ce (CLLB:Ce) ABHHHT. ZRATEMR. REESFEM. o/
Bm%a, MEARHS—HABEKBERE, SaHts. NANEERE, KAmEkEits
JiECLLB: Ce B2 AN, EEFICLLBIE—EUAR S E RARIE, (HEHZ B SCLLBHM —tsE =T
B, ZaiT AN, SEERBAZAFENERTIES. AUESEMNATER. LUHREE, i

LACLLB: Ce MR FLXS &, BF TSR A K P iE B AL LB ALY 22 [9) &R @@CLLB#HE‘J:%#HEH‘J%%U?DCL}

LBRIZE AT A, MIM#EITCLLB: Ce BARIA %1t KM, BIBZ AR B EHICLLB: Cef

%, BHARAD A EFEVERE. WM ERERIRR, ACLLB: CeS0K M A RNIR R ALK B E R

Hal, PURAT TR & RITR 5L R TR R i msmit

Abstract:

iCSZLiLaBrB:Ce (CLLB:Ce) is a comprehensively excellent potential n/y dual readout
iscintillation crystal with high light output, fast decay time, excellent energy
'resolution and high a /B ratio as well as excellent light output uniformity and

| temperature dependence. However, it is difficult to grow high optical quality CLLB:Ce
single crystals. It is suspected that CLLB is so incongruent as to polyerystalline, but
there is no binary or ternary phase diagram including CLLB compound at present, and the
crystallization behavior of CLLB is not clear, so that the crystal growth of CLLB cannot
| be guided by reasonable theory. Based on the application requirement and the wish to
break through the bottleneck, in this project CLLB:Ce will be taken as the research
object, and the core basic academic question is investigated, which is to draw binary
phase diagram including CLLB phase and disclose crystallization behavior of CLLB,

| encountered in crystal growth. Then to design the composition and optimize the growth
!process of CLLB:Ce crystals, prepare large-sized and high—quality CLLB:Ce crystals, and
| study the relationship between composition distribution and optical properties and dual
readout performance, are performed afterwards. Consequently the project lead to solid
foundation for the growth of Elpasolite scintillation crystals such as CLLB:Ce, as well
as contributing materials for the development of neutron detection technological
equipment and high—tech industry.

SemiE AASATD): HeEsEl e

'Keywords (FH4>84>FF) : Nuclear Radiation Detection; Light Output
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