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ABSTRACT
Pomelo peel was firstly used as the precursor with activating agent KHCO 3 to prepare few
layered graphene nanosheets (GS) through gas stripping method. The precursor graphitized and
transformed to few layered graphene nanosheets gradually because of the preset temperature
program and KHCO3. GS-4-1100, possessed the highest graphitization (ID/IG = 0.14, I2D/IG = 0.923)
in 2~3 layers, at the edges. Taking advantages of the excellent electronic transmission performance
and unique two-dimensional structure of both graphene and porous graphitic carbon nitride (g-C3N4),
2D/2D graphene/g-C3N4 nanosheet composite was fabricated for photocatalytic hydrogen evolution.
The results showed that nano-copper (Cu NPs) performed the hydrogen evolution rate of 1.09 mmol
g−1 h−1, while that of GS/CN-2 reached 2.91 mmol g−1 h−1 with in situ 5.49wt% Cu NPs. GS/CN-2/Cu
turned out to be a stable and clean photocatalyst for hydrogen production.
KEYWORDS: g-C3N4, photocatalyst H2 production, pomelo peel graphene nanosheets

INTRODUCTION
The development of clean renewable energy has attracted considerable concern because of the
worsening environmental pollution and the shortage of energy. Hydrogen energy has the
advantages of renewable and zero carbon emission with high energy conversion efficiency as one
of the ideal energy sources.1-6 As is well-known that photocatalytic hydrogen evolution is an effective
way to deal with energy crisis and different kinds of environmental problems in the future. Graphene
as a two-dimensional structure of carbon atoms in crystal has a very high specific surface area (2600
m2 g-1), excellent electrical conductivity and electron mobility (200000 s -1 cm2 V-1), can effectively
transfer light electrons or holes, reduce the composite of carrier. So, with the help of graphene’s
unique electronic transmission characteristics, photocatalytic materials prepared with
semiconductor and graphene composite can significantly improve the efficiency of photocatalysis
and is expected to play a role in energy and environmental protection. 7-11 It has been reported that
graphene combined with g-C3N4 can enhance the photoconversion efficiency of the material and
therefore promote the performance photocatalytic hydrogen production. 12-21 In these composite
catalytic systems, graphene reduces recombination rate of the electron-hole pair and also
prevents semiconductor aggregation to some degree as an electron transfer substrate, which greatly
improves the photocatalytic performance of the system.22-24
Furthermore, graphitized carbonitride (g-C3N4) is a kind of carbon-based materials, which has
been proved to be efficient and versatile supporting materials in recent years. Nitrite is one of the
most promising surface modification materials with good chemical stability, thermal stability, low
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density, super hardness, water resistance and biocompatibility.6, 19, 21, 25-28 In addition, because these
materials are easy to prepare, they are of reference value compared with other contemporary
scaffolds. Normally during the synthesis of g-C3N4, the precursors are thermochemically
decomposed into porous materials with high surface areas. It is worth noting that g-C3N4 is an
inherently photoactive material with a suitable band gap of 2.73 eV,29-30 so it is expected to be widely
used in a wide range of applications, including visco-mediated conversion.
In recent years, graphite oxide reduction,31-33 chemical vapor deposition (CVD),34-37 epitaxial
growth3, 38-39 and other methods40-42 have been reported for graphene synthesis. However, these
methods are too time-consuming and not environmental to produce high-quality graphene on a large
scale. Biomass waste is cheap, non-toxic and abundant to prepare graphene, which meets the need
of successfully synthesize graphene in a simple and environment friendly way and has attracted
increasing attention. Therefore, reliable biomass precursors are the key to explore simple and
reliable methods for graphene nanosheet synthesis. Up to now, some kinds of regenerate biomass
have been utilized as precursors to synthesize graphene nanosheets, biomass tar 43, agricultural
and forestry residues44, spruce bark 45 and kelp46 included. Moreover, KOH has been utilizing
widespread as activating agent for developing graphene 45, 47-49, generating the porous structure with
different carbon precursor with complicated reaction process. However, it’s likely to mix the carbon
material in KOH solution to ensure mixing well due to the deliquescence of KOH. Thus, oxygen
content in the product reaches higher level after complicated reaction process. Instead, using
activating agent KHCO3 can improve carbon content of graphene and simplify the reaction process
and may result in more environmental and efficient synthesis of biomass-derived few layered
graphene in large scale.
In this work, pomelo peel was firstly chosen as the raw material to synthesis few layered
graphene nanosheets (GS) by gas stripping method with KHCO 3 as activating agent. The mixture
constantly exfoliated into released gas(CO、H2O and CO2) and collapsed, contributing to the preset
temperature control program and activating agent KHCO 3. Based on our previous work50-55, 2D/2D
graphene/g-C3N4 (GS/CN) nanosheet was developed with the prepared few layered graphene
nanosheets by above process and melamine in popular ways to further improve their performance
of hydrogen evolution. Moreover, the influence of the graphitization temperature and the ratio
between the pomelo peel and activating agent KHCO3) on the graphitization were conducted
systematic research. To measure the photocatalytic efficiency of GS/CN, an efficient and convenient
in situ method was performed to generate the copper nanoparticles (Cu NPs) with lactic acid as
sacrificial electron donor under visible light in vacuum environment. GS/CN-2/Cu performed highest
hydrogen evolution rate and steady activity in photocatalytic H2 evolution circulation.

Results and discussion
Preparation process and characterization of GS
In the whole synthetic process, pomelo peel was the carbon precursor while KHCO3 was the
activating agent caused the graphitization and carbonization of the samples. KHCO 3 began to
decompose to K2CO3, H2O and CO2 rapidly till 262.4℃.56 Afterwards, K2CO3 was decomposed to
K2O and CO2 when the temperature is above 700 ℃. The intermediate product CO2 would be
reduced by C to release CO while K2CO3 reacted with C and produced K and CO. According to Eq.
①③④, the rich K solid in the samples could take part in the reduction–oxidation cycles, during which
carbon materials were etched constantly.57 There was a lot of gas released out, causing
homogeneous and continuous corrosion and leading to rich micro/mesoporous and layered
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amorphous structure at the same time. The gas further intercalated into the carbon lattice by
overcoming the van der Waals attraction, resulting in an in-situ synergic exfoliation in the time of
graphitization. Additionally, the K generated in the REDOX reaction is effectively embedded in the
carbon lattice, resulting in the carbon lattice expansion during the activation process. 58 The samples
irreversibly collapsed and shrank due to the high temperature and the heavy consumption of raw
materials, having great impact on the microscopic morphology and increasing the graphitization
degree and specific surface furtherly.
As shown in Fig 1 (a), Raman spectroscopy was carried out to characterize the graphitization
and crystallinity degree of the samples. Three characteristic peaks of graphene showed in the
K2CO3 + 2C → 2K + 3CO↑

①

C + CO2 → 2CO

②

2K + CO2 → K2O + CO↑

③

K2O + CO2 → K2CO3

④

Raman spectra were summarized, including D band, G band and 2D band, respectively. 37 The peak
D at about 1330 cm−1, originated from the breathing pattern of outerplanar vibration of disordered
sp3-bonded carbon atoms, was used to characterize structural defects at the edge of or in graphene
samples. The peak G at approximately 1590 cm−1 ascribed to the in-plane vibration of sp2-hybridized
carbon atoms in a two-dimensional hexagonal lattice. The G band can effectively reflect the number
of graphene layers and be highly susceptible to stress. The peak 2D at near 2690 cm −1 caused by
the second order of zone-boundary phonons and was sensitive to stacking of graphene
nanosheets.37 Generally, the intensity ratio of D band to G band (ID/ IG) was applied to characterize
the defect density or degree of ordering of graphene. 32
With higher mixing ratio of activating agent, the ID/IG values became no more than 0.20 because
graphene would be corroded and collapse from large scale to pieces with plenty of activating agent,
leading to structural collapse and a mass of defect irreversibly. The ID/IG values of GS-2-1100, GS3-1100, GS-4-1100, GS-5-1100 and GS-6-1100 were 1.07, 0.61, 0.14, 0.17 and 0.20, respectively,
indicating that full dose of activating agent corroded graphene into fragments and results in large
area defects and irreversible structural collapse of graphene ensured good crystallinity and ordering
micro-structure of the graphene nanosheets.32 The intensity ratio of G to 2D band (IG/I2D) of GS-61100 was 1.006, indicating highest graphitization degree and least layers (≤3 layers) feature among
GS-X-1100 while that of GS-4-1100, GS-5-1100 were 1.015 and 1.128 respectively.59 However, the
yield of GS-4-1100 was 21.5% while GS-6-1100 with 5.06% in yield only. For environmental
consideration, GS-4-1100 were chosen to further study the influence of calcination temperature on
the structure of graphene, but not GS-6-1100 with a little higher IG/I2D values. Obviously, as shown
in Fig 1 (b), IG/I2D values increased whether the calcination temperature was higher or lower,
indicating that 1100℃ was the appropriate calcination temperature for KHCO 3 to activating the
carbon precursor to be graphitized and from ordered structure.
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Figure 1. Raman spectrum of GS-X-1100 (a) and GS-4-Y (b), XRD spectrum of GSX-1100 (c) and g-C3N4, GS+g-C3N4, GS-4-1100, GS/CN (d).
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Fig. 1(c), showed the X-ray diffraction (XRD) patterns of GS-X-1100, among which GS-4-1100
and GS-5-1100 hold greater crystallinity degree, indicating that plenty of potassium hydroxide has
distinct impact on the graphitization of GS. However, GS-6-1100 appeared to display weak and
sharp peak locating 26o, indexed as the (002) plane of graphene, with high degree of graphitization
and almost invisible peak at 43.1o, indexed as the (101) plane of graphene, possibly caused by the
corrosion of excess activating agent.60-61 The XRD results coincided with the Raman’s patterns that
adequate activating agent contribute to high graphitization. In Fig 1(d), the characteristic peak of gC3N4 at 27.8o, corresponding to the superimposed reflection (002) plane between the layers of C3N4
conjugated aromatic system, could not observed in the XRD patterns of GS/CN compared to sample
g-C3N4 and GS+g-C3N4. GS may possess far better crystal form than g-C3N4 or the characteristic
peak of g-C3N4 drifted into the peak at 26 o in GS/CN due to the influence of GS-4-1100.
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Figure 2. UV−vis diffuse reflectance spectrum of GS-4-1100, GS/CN and g-C3N4 (a)
and PL spectra of GS/CN (b).
To evaluate the light-absorbing capacity properties and verify the photocatalytic activity of samples,
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UV-vis absorption spectra were measured (Fig 2 (a)). The UV-vis patterns of GS-4-1100 and GS/CN
obviously had higher absorption intensity than that of g-C3N4. The absorption intensity of the physical
mixture GS+g-C3N4, consisted of GS-4-1100 and g-C3N4 in a ratio of 5:4 (mentioned above in section
GS/CN nanosheets synthetic procedures), was only slightly less that of above two. The UV-vis
absorption spectra showed that GS-4-1100 successfully improved the capacity of light absorption of
g-C3N4 and GS/CN performed better, especially range ultraviolet to infrared region. The result was
bound up with the high graphitization of GS-4-1100, as a photosensitizer, enlarging the absorption

Figure 3. AFM picture of GS-4-1100.
range and improving the absorption capacity.62 However, the low absorption of g-C3N4, mixed in
GS+g-C3N4, range ultraviolet to infrared region is not conducive to the separation of photogenerated
electrons and holes, resulting in the low efficiency of GS+g-C3N4 in hydrogen evolution.
Photoluminescence (PL) spectra shown in Fig 2 (b) was measured under 500 nm exciting light
to explore the crucial factor affecting the hydrogen evolution rate, the separation efficiency of
electron hole pair in nanocomposites. Generally, carrier recombination rate is positively correlated
with PL emission intensity while the electron−hole pairs lifetime is opposite. 63 GS/CN showed a
distinct fluorescent band around 531 nm and there was a small gap between each other in the
spectrum. The GS/CN-2 showed lowest fluorescence intensity, suggesting that it could possess
highest charge transfer rate and maximum electron−hole pairs life span and could perform best
photocatalysis activity for hydrogen generation.
Atomic force microscopy (AFM) patterns showed in Fig 3 revealed the cross-sectional thickness
of GS-4-1100 in the randomly selected area with a vertical distance at approximately 0.7 nm. Since
the reported height of mono layer graphene was ~0.34 nm, GS-4-1100 should be 2~3 layered
graphene contained abundant 2 layers characteristic at the edges, which coincided perfectly with
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the Raman results discussed above.59

Figure 4.TEM spectrum of GS-4-1100 (a)&(e), GS/CN-2 (b), (c)&(d) and GS/CN-2/Cu
(f),
Fig(g)&(h).
4(a)&(e) revealed the high-resolution TEM (HRTEM) patterns of GS-4-1100, clearly showing
the characteristic of graphene in few layers (typically 2 or 3 layers at the edges), between which the
interlayer distance was 0.348 nm. And the thickness of single layer graphene was well known as
0.34nm. 64 The result was coincided with the relative discussion in all experimental results above.
As shown in Fig 4(b)&(c), the irregular polygon shown in the TEM images of GS/CN-2 should be
the original microstructure of pomelo peel, which was also discovered in the HRTEM patterns shown
in Fig 4(f). The overlapping 2D nanosheets of graphene and g-C3N4 layered upon layers, suggesting
that graphene and g-C3N4 were synthesized into multi-layer stacks in 2D/2D structure.65 Diaphanous
layered structure emerged distinctly by introducing 2D g-C3N4 nanosheets, which was also observed
in HRTEM patterns of GS/CN-2/Cu. The solid materials in the reactor were collected after
photocatalytic hydrogen evolution continued for 3 h. The TEM images of the graphene nanosheets
in different magnification with Cu nanoparticles adhered revealed that the lattice spacing was 0.21
nm, corresponding to the (111) plane of metallic Cu. In addition, some Cu nanoparticles became
reunited in the right of Fig 4(g), indicating that Cu NPs successfully formed in situ during the
photocatalytic process.66

Figure 5. SEM spectrum of GS-3-1100 (a), GS-4-1100 (b), GS-5-1100 (c),
GS-6-1100 (d), GS/CN-2(e)&(f).
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Scanning electron microscopy (SEM) was carried out to characterize the microstructures and
morphology features of the samples. In Fig 5 SEM patterns showed regular microstructures of GSX-1100, demonstrating porous hexagonal ring honeycomb layered structure wrinkled in fold
randomly and distinctly. And the influence of different addition of KHCO 3 on graphene nanosheets
was also discovered. Pomelo peel, the original material corroded by KHCO3, could proceed
carbonization and graphitization to form elementary porous structure and gradually enlarged to
mesopores during the synthesis reaction. The SEM images revealed that the amount of pore reach
the maximum as the mass ratios of activating agent KHCO 3 to carbonized materials was 4:1 at the
same activating temperature, offering abundant active sites and minimizing the distance of ion
diffusion.42 Less KHCO3 added was inadequacy to graphitize the carbonized materials while
excessive activating agent caused larger pores and less reactive site per unit area. As shown in Fig
5(e)&(f), lamellar structure in GS/CN-2 taking shape as the wall of the holes was unfolding, widely
covering the surface of graphene nanosheets. Such lamellar structure suggesting that graphene
and g-C3N4 were synthesized into multi-layer stacks.

Photocatalytic Hydrogen Evolution.
The photocatalytic hydrogen evolution was performed in the lactic acid aqueous solution,
irradiated by Xe lamp in visible light. GS-4-1100 mentioned above possessed the highest level of
graphitization and Cu/GS-4-1100 performed well in the hydrogen evolution (0.97 mmol g-1 h-1) in the
standard case. The influence of the content of GS in GS/CN were performed with GS-4-1100 in the
standard case. The result showed in Fig 6(a) revealed that the hydrogen evolution rate of GS/CN2/Cu was the highest one (2.05 mmol g-1 h-1) at 57.1% of the GS content in GS/CN. The outstanding
GS/CN-2 sample with about half GS content performed best in the hydrogen evolution measurement,
indicating that the equivalent raw material melamine may transform into sandwich-like structure in
GS/CN. For reference, the relatively low performance of g-C3N4 and GS+g-C3N4 in the hydrogen
evolution measurement Fig 6(b), caused by low absorption of g-C3N4 range ultraviolet to infrared
region, could be the evidence for the above argument. As shown in Fig 6(c), with the rising volume
of copper acetate, the hydrogen release rate of GS/CN-2/Cu reached the maximum (2.91 mmol g-1
h-1) at 5.49wt% of the theoretical content of copper acetate. As the content of copper acetate
increased, the excessive amount of copper NPs caused agglomeration and further increased the
particle size of Cu NPs, going against the separation of the pore and electrons, resulting in a low
rate of hydrogen evolution. GS/CN-2 had no photocatalytic activity, showing that GS/CN-2 did not
produce photoelectrons. Besides, the hydrogen evolution rate of Cu NPs and GS-4-1100 was
relatively low (1.00 mmol g-1 h-1 and 0.97 mmol g-1 h-1 respectively) while that of other GS/CN
samples were higher. Obviously, taking advantage of high graphitization, graphene acted as an
electronic conductive channel in the composite catalyst, thus effectively facilitating the separation of
photogenic carriers. These results contributed to the rapid transfer of photoelectrons from Cu NPs
to the edge of GS/CN-2, inhibiting the recombination of photoelectron pairs. Meanwhile, Cu NPs
spread over GS/CN-2 and thus avoided the agglomeration of Cu NPs.
The life of photocatalyst was one of its main characteristics. Under the standard conditions, the
cyclic stability of GS/CN-2 was performed under visible light irradiation through 5 consecutive
accumulations for 30 h in total. Fig 6(d). Remarkably, due to the reduction of GS/CN-2, the reusing
activity gradually increased, becoming a photocatalyst to promote water decomposition and improve
electrical conductivity. The results showed that the GS/CN-2 performed remarkable photocatalysis
stability.
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Figure 6. H2 evolution rate of GS and GS/CN (a), GS/CN-2 with different Cu content (b), g-C3N4, GS-4-1100, GS/CN-2 and GS+g-C3N4
(c) and photocatalytic H2 evolution circulation of GS/CN-2 in standard case for 30 h in total (d).

Conclusion
In general, few layered graphene nanosheets was explored with pomelo peel as raw material in
gas stripping method for the first time. Such convenient, reliable and environment friendly way
ensured the high graphitization degree and specific surface area, contributing to the combination of
temperature control and activating agent KHCO3. 2D/2D GS/CN-2 nanosheet was successfully
synthesized with the remarkable GS-4-1100 and melamine, possessing higher photocatalytic activity
with 5.49wt% in-situ Cu NPs for hydrogen production from water splitting. The special pore structure
controlled by the adding ratio of KHCO3 and melamine had great impact on carrier mobility and
efficient separation of electron pairs, the key factor for photocatalysis activity. In addition, GS/CN-2
performed a slow steady increase photocatalysis activity during the 5 cycle of measurement. This
work provides a reliable and expedite way to compound few layered graphene nanosheet composite
with high photocatalysis hydrogeneration activity derived from biomass waste.

EXPERIMENTAL SECTION
Preparation of GS.
The pomelo peel was cleaned with deionized water for three times and dried at 100 ℃ for 6h
in a vacuum drying oven, and then the yellow solid with sweet perfume was grounded to obtain the
pomelo peel powder. 29.1 g aforesaid powder was heated to 500 ℃ for 2 h at a heating rate of 1 ℃
min-1 under nitrogen atmosphere and subsequently raised the calcination temperature to 800 ℃
8

for 1 h at the heating rate of 3 ℃ min-1 in the tube furnace. The carbonized materials were cooled
down to room temperature at the rate of 5℃ min-1 and then cleaned with deionized water for three
times, and dried at 80 ℃ in conventional oven overnight, resulting in 5.0 g black power. The
obtained material was uniformly mixed with KHCO3 power (the mass ratios of KHCO3 to carbonized
materials was 2:1, 3:1, 4:1, 5:1 and 6:1) placed in KH250DE-type ultrasonic cleaner (HECHAUNG
ultrasonic instrument co. LTD) and stirred in a constant temperature magnetic stirrer for 1 h after
grinding with agate mortar for 30 min. The as-prepared black power was put into the tube furnace
and heated to 800 ℃ for 2 h and therewith raised to the activation temperature (1000 ℃, 1100℃
and 1200 ℃) for 1 h with a heating rate of 3 ℃ min-1 under a nitrogen atmosphere, cooling down
to the room temperature at the rate of 5 ℃. The obtained samples were cleaned with diluted HCl
solution (0.1 mol L-1) and deionized water for three times respectively to remove residual inorganic
impurities until reaching to a pH value of 7, followed by drying at 80 ℃ in a vacuum drying oven
overnight and reserved for later. The final product was obtained and denoted as GS-X-Y where X
represented the KHCO3/C weight ratio in g/g and Y referred to graphitization temperature in ℃.

GS/CN nanosheets synthetic procedures.
150 mg melamine uniformly mixed with GS (10 mg, 30 mg, 50 mg, 70 mg and 90 mg) was
placed in KH250DE-type ultrasonic cleaner and stirred in a constant temperature magnetic stirrer
for 1 h after grinding with agate mortar for 30 min. The as-obtained samples were put into the tube
furnace and annealed at 550 °C in a muffle furnace for 4 h accompanied by a heating rate of 10 °C
min-1 under nitrogen atmosphere, cooling down to the room temperature at the rate of 5 ℃. Bulk gC3N4 was prepared from melamine according to a standard literature method. 65 Briefly, 5.00 g of
melamine only was annealed at above condition to obtain 0.75 g yellow solid, yield in 15%. Since
the mass of graphene achieved constant weight during the synthesis process of GS/CN after
graphitization, the theoretical content of GS in the samples is 30.77%, 57.14%, 68.97%, 75.68%
and 80.00 wt% respectively. And the mass of the output was as stated above. The collected samples
were donated as GS/CN-1, GS/CN-2, GS/CN-3, GS/CN-4, GS/CN-5 respectively. For reference, a
sample which was uniformly mixed up with 30 mg GS and 22.5 mg g-C3N4 was prepared without
further processing, corresponding to GS/CN-2 and donating as sample GS+g-C3N4.

Enhancing Photocatalytic hydrogen evolution with GS/CN
The photocatalytic experiments were carried out in a Pyrex reactor (300 mL) with airtight gas
circulation, connecting to an evacuation system. Without further processing, the photocatalysts was
added into the reactor with 10 mL lactic acid as sacrificial electron donor, 10 mL 2 mmol L −1 copper
acetate solution and 50 mL deionized water in standard procedure. GS/CN/Cu nanocomposite was
synthesized by in situ photoreduction method.51 Different volumes of 2 mmol L−1 copper acetate
solution (0 m, 2 mL, 4 mL, 6 mL, 8 mL, 10 mL and 12 mL) , 10 mL lactic acid and 10 mg GS/CN
were added into the reactor, and then corresponding volume of deionized water was added (58 mL,
56 mL, 54 mL, 52 mL, 50 mL and 48 mL, respectively) to ensure the volume of liquid added was 70
mL . And the theoretical content of Cu NPs in GS/CN/Cu could be 0wt%, 1.83wt%, 3.66wt%,
5.49wt%, 7.31wt%, 9.14wt% and 10.97wt%, respectively. The aqueous solution, stirring with
magneton, was irradiated by a 300 W Xe lamp (PLS-SXE 300CUV, Perfect light. Co. Ltd., Beijing)
with a visible light intensity of 158 m W cm−2 after completely degassing for 1 h without any filter. At
the meantime, in order to keep the temperature of reaction system at room temperature, a flow of
cooling water is employed. During irradiation time, macroscopic Cu NPs were generated on the
9

surface of GS/CN when 15.6 mL 2 mmol L−1 copper acetate solution was added, and GS/CN was
reduced at the same time. The theoretical Cu NPs content in GS/CN/Cu is 11.35wt%, 20.38wt%,
27.74wt%, 33.86wt%, 39.02wt% and 50.00wt%, respectively. Online gas chromatography (Tian Mei,
GC-7900, 5 Å molecular sieve column, nitrogen as a carrier gas) was used to determine the
hydrogen evolution with nitrogen as carrying gas in the system, connecting to a thermal conductivity
detector (TCD).

Characterization
Raman spectra were collected by Laser Confocal Raman Microscopy system (Lab RAM Aramis,
H.J.Y., France), exciting at the wavelength of 532 nm.
In order to characterize the variety structure of the materials, X-ray diffraction (XRD) (Bruker D8
Advance) measurements were carried out using graphite monochromatized Cu-Ka (λ = 1.5406 Å)
radiation, in which the 2θ range from 5° to 80°.
Fourier transform infrared (FTIR) spectra of the samples were obtained on a Bruker Tensor 27
spectrometer，using the KBr tableting method. The Brunauer-Emmett-Teller (BET) specific surface
area was based on nitrogen adsorption and desorption isotherms measured at 77 K, determining
by a surface area and porosity analyzer (ASAP 2020, American).
Field-emission scanning electron microscopy (FESEM, Hitachi, S-4800) and energy-dispersive
X-Ray spectroscopy (EDS) images were collected to obtain microstructural characterization and the
elemental mapping of desired regions, respectively.
Transmission electron microscopy (TEM) were performed on FEI Tecnai G2 F20 TEM. The UV–
vis diffuse reflectance spectra (DRS, Hitachi U-3010 spectrophotometer) were collected, with
BaSO4 as a reference, by the Kubelka-Munk approach at room temperature, ranging from 200 nm
to 800 nm.
Steady-state/time-resolved photoluminescence emission spectra (320 nm excitation) were
recorded with a fluorescence spectrophotometer at room temperature (Edinburgh Instruments,
FLSP-920).
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