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Graphene (GR) wrapped rose-liked Bi,0,CO3; (WBGR) core/shell structures are synthesized to maximize
their contact area and quantum efficiency. The Fourier Transform Infrared spectroscopy (FTIR) and X-
ray photoelectron spectroscopy (XPS) results indicate that C-Bi bonds are formed, leading to a close
chemical interfacial connection between Bi,0,CO5 and GR as well as a concurrent a red shift at the
absorption edge (A = 430 nm). More importantly, an ultrafast electron transfer process (< 800 ps) from
Bi,0,CO; to GR via C-Bi bonds is detected in the WBGR, inhibiting the recombination of the charge
carriers and contributing to high photocatalytic activity during carbamazepine (CBZ) degradation. As a
result, the highest the apparent quantum efficiency ® (2.62%) and charge separation yield (9.4 x 10"
spin-g™') as well as quenching factor (4.51) is achieved on WBGR. Finally, radical control experiments
demonstrate that the - O, radicals, the - OH radicals and the holes participated in the photocatalytic
process. Consequently, WBGR displays the apparent rate constant (k) of 2.81x10™*s™" and is 8.67 and
4.15-fold higher than Bi,0,CO; and graphene- Bi,0,CO; (BGR), respectively.

INTRODUCTION

Over the past two decades, bismuth-based nanostructured
materials, such as Bi,Os,' BiVO,,” Bi,WOs,” Bi;M0Os,* > BiOX
(X=Cl, Br, I), and so on,®® have received a great deal of attention
due to their unique photocatalytic activities under visible-light.
For instance, a new member of bismuth-containing materials,
hierarchical Bi,0,COs3, can be synthesized without template and
deliver a promising visible-light photocatalytic performance.” '°
Furthermore, 3D hierarchical Bi,O,COj; architectures composed
of 2D nanosheets or nanoplates are favorable for efficient reactant
transport and photo-energy harvesting via the mesopores among
the nanoplates and their high specific surface area. Regrettably,
the quantum efficiency of individual Bi,O,CO; remains low due
to the fast recombination of electron-hole pairs.'" '? In additional,
the CB potential of Bi,0,COj;(0.15 V vs. NHE) is more positive
than E, (0,/-O, =-0.28 V vs. NHE).'® Therefore, there is no -Oy
radical is produced, making the major active species the holes or
the -OH radicals during photocatalytic degradation." Although it
is a promising photocatalyst, the quantum efficiency of Bi,0,CO;
should be further enhanced by coupling it with other matching
materials during practical application.

Graphene (GR), as a two-dimensional carbon atom monolayer
4 arranged in a honeycomb network, exhibits many unique
properties, such as superior charge carrier mobility, high
transparency, a large surface area, high thermal/chemical
stabilities and excellent flexibility.'> '® Therefore, graphene
(GR)-based photocatalysts
45 extensive attention since the discovery of GR in 2004.'" '® In
addition, Xu et al. also report a thoughtful and inevitable
comparison between GR- and its forebear carbon nanotube-based
photocatalysts'* ° as well as demonstrate the new role of
graphene as photosensitizer.”’ When GR is hybridized with other
so semiconductor oxides, the excellent electronic conductivity of
GR promotes the transfer of photogenerated electrons through n-n
bond interactions, inhibiting the recombination of the
photoexcited electron-hole pairs.>?* Based on these unique
properties of GR, Yu et al. have fabricated hierarchical graphene-
ss Bi;0,CO;3 composites via template-free hydrothermal method to
improve the quantum efficiency of Bi,0,CO;.* However, the
largest disadvantages of these composites are that only a small
fraction area of Bi,0,CO; makes direct contact with the
graphene, leading to relative low quantum efficiency as well as
6 the Bi,0,CO; particles tend to agglomerate, decreasing the
effective surface area during the photocatalytic degradation of
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organic pollutants.”® >’ In order to overcome these disadvantages,
an electrostatic self-assembly approach from Xu et al. and Park et
al. is introduced.?*™!

In this work, for the first time, we report on the fabrication of
Graphene-wrapped Bi,0,CO; (WBGR) core/shell structures that
highly enhance the quantum efficiency as well as photocatalytic
activity of Bi,0,CO; via maximizing their contact area using
graphene encapsulation. First, the graphene shell encapsulation
not only inhibits the aggregation of the Bi,O,CO; microspheres
but also protects them from structural destruction. Second, a
slight red shift phenomenon at the Bi,O,CO; absorption edge is
observed and is attributed to the formation of C-Bi bonds. More
importantly, an ultrafast electron transfer process (< 800 ps) is
detected via time-resolved photoluminescence (TRPL)
spectroscopy,”” indicating that the core-shell structures can
promote photoexcited electron transfer from Bi,0,CO; to GR via
chemical bonds interfacial interaction (C-Bi bonds). Specifically,
quantum efficiency is investigated via the apparent quantum
efficiency (@), charge separation yield and charge recombination
rate. The electron paramagnetic resonance (EPR)* and
photoluminescence (PL) spectroscopy results indicate that the
ultrafast electron transfer process contributes to the highest
charge separation yield (the trapped hole -O° radical spin
concentration is 9.4 x 10" spin-g™") and the lowest recombination
rate (the quenching factor is 4.51) on WBGR. In additional, we
also find that the electronic interaction and charge equilibration
between GR and Bi,0,COj shifts the Er (from 0.25V vs. NHE to
-0.27V vs. NHE) and decreases the CB potential (from 0.15V vs.
NHE to -0.37 V vs. NHE, negative than O,/-O, =-0.28 V vs.
30 NHE) of WBGR system during the photocatalytic experiment.
Therefore, electrons from WBGR can react with O, to generate
-0, radicals that can then participate in the photocatalytic
process. Finally, radical control experiments demonstrate that the
-0, radicals, the -OH radicals and the holes participated in the
photocatalytic process in WBGR. Consequently, WBGR displays
the highest apparent rate constant (2.81x10™*s™") during CBZ
degradation and is 8.67 and 4.15 times higher than that of the
Bi,0,CO; and graphene-Bi,O,CO; (BGR), respectively.
Furthermore, a correlation analysis between fast component
lifetime constant (t;) and photocatalytic activity is discussed in
the text.

EXPERIMENTAL SECTION
Materials

All of the reagents in this study are AR grade (Sigma Aldrich,
Shanghai, China) and are used as received. Distilled water is used
for all experiments.

Synthesis

The details of the synthesis of Bi,0,CO; hierarchical
microspheres, graphene-Bi,0,CO; (BGR) and graphene-wrapped
Bi,0,CO; microspheres (WBGR) are mentioned in Experiment
section S17 and S27 of Supporting Information.

Characterization

The morphology of the photocatalyst is characterized using field
emission environmental scanning electron microscopy (EFEG-
ss SEM, Model Quanta 200 FEG, manufacturer FEI) and high-

S

3

resolution TEM (Hitachi S-3000N). The crystal structure of the
photocatalyst is characterized by using X-ray diffraction (XRD,
Model D/max2550VB3+/PC, manufacture Rigaku). A Dilor
LABRAM-1B microspectrometer is used to record the Raman
spectra of the samples. Nitrogen adsorption-desorption isotherms
are obtained with a nitrogen adsorption apparatus (ASAP 2020,
USA). Chemical bonds formation is analyzed by Fourier
transform infrared (FTIR) spectrometer (JASCO FT/IR-470,
Japan) and X-ray photoelectron spectroscopy (XPS, Perkin Elmer
PHI 5000 ESCA System with Al Ka radiation at 1486.6 eV)The
optical absorption characteristics are determined with UV-visible
diffuse reflectance spectroscopy (UV-vis DRS, Model BWS002,
BWtek).

Photocatalytic degradation of carbamazepine (CBZ) and
Radicals control experiment

The details of photocatalytic experiment and analytical method of
CBZ are mentioned in Experiment S3f and S4F of supporting
information.

Apparent quantum efficiency measurement

s The apparent quantum efficiency for CBZ degradation can be

calculated using eq 1:

®=k/2.3031)ep,1 (H*
Where @ is the reaction of quantum yield (dimensionless), k is
the photodegradation rate constant of CBZ during the
photocatalytic test, I, is the light intensity of the incident light and
the number of the incident photons is determined using a radiant
power energy meter (2.18 X 10 Einstein L™ S™), €p, is the molar
absorptivity of CBZ solution at 365 nm (4.27 x 10°> cm™ M), 1 is
the path length of reduction cell and is 5 cm for 100 mL of
irradiated solution.

Electron Spin Resonance (EPR) Spectroscopy and - O, radical
Analysis

The details of EPR and - O, radical experiments are mentioned in
Experiment section S5 of supporting information.

Electrochemical measurements

The details are mentioned in Experiment section S61 of
supporting information.

Photoluminescence (PL) and the time-resolved fluorescence
spectra (TRPL)

s The PL spectra are measured at room temperature using a

Fluorescence Spectrophotometer (F-7000, Hitachi, Japan). The
excitation wavelength is 365 nm. The time-resolved
photoluminescence measurement is collected with a C5680
synchroscan streak camera (Hamamatsu, Japan). The test is
carried out at 10 K with a 365 nm (3.4 eV) wavelength pulsed
laser (Mira 900F, Coherent, USA) as an excitation source. The
pulse width is approximately 6 ps. After the excitation, the
sample emissions pass through a polarizer at a magic angle to the
laser polarization to measure the isotropic fluorescence decay.

s The emission wavelength is measured according to PL spectrum.

The temporal scanning ranges are selected as 2.5 and 200 ns, with
IRF values as fast as 60 ps and 2 ns, respectively.’ No transient
signal is observed on GR under the same condition.
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RESULTS AND DISCUSSION
Synthesis and Morphology

&
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Scheme 1 Illustration of the preparation procedure for WBGR core/shell
5 structure

WBGR

The overall fabricating procedure for the WBGR core-shell
structure microspheres is depicted in Scheme 1. First, the
Bi,0,CO; microspheres are modified using 3-
aminopropyltriethoxysilane (APTMS). Next, the positively

10 charged Bi,0,CO; microspheres are wrapped by negatively
charged GO via electrostatic interactions and direct chemical
bonding reactions between the (-NH,) groups on the Bi,0,CO;
microspheres and the (-COOH) groups on GO. Finally, GO is
reduced via hydrothermal treatment to obtain WBGR.

15 Fig. 1A displays an SEM image of the rose-shaped Bi,O,COj;
microspheres. The average size of the microspheres is
approximately 0.9 um and they have a rough surface. The SEM
with image higher magnification provided in Fig. 1B reveals that
the 3D hierarchical architectures are composed of many layers of

20 2D nanoplates approximately 15nm thick; there are numerous
nanopores in the microspheres. For the BGR, as observed in Fig.
1C, uniform Bi,0,CO; microspheres are anchored to the surface
of the fully exfoliated, near-transparent GR. In contrast to that of
the Bi,0,CO; and BGR, the surface of the WBGR (Fig. 1D)

25 displays a wrinkled morphology, confirming that the Bi,0,CO;
microspheres are wrapped by GR shells. To confirm the core-
shell structure of WBGR more thoroughly, the WBGR are
investigated using TME and HRTEM. Fig. 2A and B display the
well-defined crystallinity of the Bi,0,CO; microspheres with a

30 0.271 nm lattice fringe ascribed to the (110) crystal plane of
crystalline Bi,0,C0;.* As observed in Fig. 2C, the Bi,0,CO;
microspheres are coated by a GR shell approximately 5~10 nm
thick.

<. - P
w’"
500 nm

lum |

40 Fig. 1 SEM image of the as-prepared samples. (A) Low-magnification
SEM image of Bi,0,COs. (B) High-magnification SEM image of
Bi,0,CO5.The insert shows the hierarchically structure with a resolution
of 300 nm. (C) SEM image of BGR. (D) SEM image of WBGR.

45

Fig. 2 TEM and HRTEM of the as-prepared samples (A). Low-
magnification TEM image of WBGR. (B). High-magnification TEM
image of WBGR. (C). TEM image of GR shell on WBGR.

The formation of C-Bi bonds

so The structure and compositions of the WBGR are characterized
by XRD and Raman spectroscopy (Fig. S11 and S27). The
Brunauer-Emmett-Teller (BET) surface is determined using the
nitrogen adsorption-desorption isotherms (Fig. S37). To
understand the unique formation mechanism for the WBGR
ss core/shell structure, the chemical bonds change (after GO-coating
and the subsequent hydrothermal reduction process) is
investigated using FTIR and XPS.
Fig. 3 presents the FTIR spectra of Bi,0,CO;, BGR, and WBGR.
For every sample, four typical internal vibration modes for CO;>
o groups are observed including v, (1067 cm), v, (846 cm™), v,
(1391 and 1468 cm™), v, (670 cm™), respectively.*® For BGR and
WBGR, the absorption band at 1608 cm™! reveals the skeletal
vibration (C=C) of the GR.>” Moreover, compared to the Bi-O-Bi
(540 cm™) absorption band for Bi,0,CO; and BGR,’ the
6s absorption band for WBGR shifts toward a high wavenumber
(600 cm™) and broadens. In addition, a new absorption band at
632 cm™ is observed. The phenomenon is occurs mainly because
the change of the chemical structure when carbon is present,
resulting in a synergistic vibrational effect between the C-Bi and
70 Bi-O-Bi bonds.*® To confirm the formation of the C-Bi bonds, the
XPS spectra are provided below.

This journal is © The Royal Society of Chemistry [year]
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Fig.3 The FTIR spectra of Bi,0,CO;, BGR and WBGR.

Fig. 4 displays the XPS spectra of the Bi,0,CO;, BGR, and
WBGR. In the C 1s spectra for Bi,0,CO;, the peak at 284.8 eV is
assigned to adventitious carbon species from XPS measurement,

20 while the peak at 289.0 eV is assigned to the carbonate ion in
Bi,0,C0;.° Besides, for BGR and WBGR, the typical peaks
located at 284.6 eV refer to the C=C-C bond in GR.*’ When
comparing Bi,0,CO; and BGR, an additional shoulder-peak at
281.3 eV is observed for WBGR that is ascribed to the C-Bi bond

2 (Scheme 2)."* In addition, for WBGR, the C-N bond (285.8 eV)
formed during the dehydration condensation chemical bonding
reaction is apparent (Scheme 1).

The C-Bi bond formation can also be confirmed by analyzing the
Bi 4f spectra. In the Bi 4f spectra of Fig.4 (D), two Bi 4f peaks at

50 158.8 and 164.1 ¢V are observed every sample and are ascribed
to Bi 4f,, and Bi 4fs, of Bi-O bonds, respectively.” As seen in
Fig.4 (E), in addition to thc characteristic pcaks of Bi-O, two
other relatively weak peaks at 162.1 and 157.3 eV are observed
on WBGR that are most likely generated by the Bi-C bond.'* %

35 The C-Bi bonds formation indicates that, when GO is reduced to
GR during hydrothermal treatment, most of the oxygen-
containing functional groups (e.g., -COOH and -OH) disappear,
therefore, the m electrons on C atom cannot bond with the others
to form a delocalized large 7 bond.*® Consequently, the remaining

a0 unpaired m electrons on C atom should easily bond with Bi
species on the Bi,0,CO; surface during the hydrothermal
reduction treatment (Scheme 2).

Optical Characterization

The optical properties of the photocatalysts are probed using UV-

45 vis diffuse reflectance spectroscopy (Figure S4+ of Supporting
Information). The bandgap (inset) is obtained from DRS via the
MKS equation (i.e., [ahv]"? versus photon energy). Compared to
Bi,0,CO;5 (Eg =3.3 eV) and BGR (Eg =3.13 eV), we observed a
red-shift in the visible-light absorption edge for WBGR (Eg

so0 =2.88 eV). This phenomenon occurs mainly because the C-Bi
bonds are formed.

Photocatalytic Activity

The photocatalytic activity of the as-prepared samples is
evaluated by photocatalytic degradation of CBZ under light
ss illumination (Fig. 5). After 180 min, the CBZ concentrations
Bi,0,CO; and BGR are 14.09 mg/L and 9.63 mg/L, respectively,

with relative low removal rates. Over the WBGR photocatalyst,
the CBZ removal is approximately 95.4%, almost complete
removal. Fig 5 also reveals that the apparent rate constants (k).
For WBGR, k is 2.81x10™* /s and is 8.67 and 4.15 times higher

than that of Bi,Q,CO; and BGR. resnectively
than that of B1,0),C0); angd BOK, respectively.,

=
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Fig. 4 XPS spectra of the as-prepared samples. (A). The C 1s XPS spectra
of Bi,0,CO;. (B). The C 1s XPS spectra of BGR. (C). The C 1s XPS
spectra of WBGR. (D). The Bi 4f XPS spectra of Bi,0,CO; and BGR.
(E). The Bi 4f XPS spectra of WBGR.
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Fig. 5 The degradation efficiency (C/Cy) as a function of elapsed time on
Bi,0,CO;, BGR and WBGR (solid line) and the apparent pseudo first
105 order rate constants (k) as a function of elapsed time on Bi,0,CO;, BGR
and WBGR during the CBZ photocatalytic experiment (dash line).

The apparent quantum efficiency, Charge separation yield
and electron transfer dynamics

The superior photocatalytic activity of WBGR is mainly caused
o by the GR shell encapsulation because the interfaces contact area
is maximized, forming C-Bi chemical bonds. To verify that the
GR shell interface benefits the interfacial charge transfer and
charge separation over WBGR, charge separation yield, the
apparent quantum efficiency (®) and quenching factor as well as

4 | Journal Name, [year], [vol], 00-00
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electron transfer dynamic is investigated using EPR, PL and
TRPL. As observed in Fig. 6A, EPR is utilized to track the
photoexcited trapped hole-centers (0).** *"" ** A simulated O
spectrum is displayed for comparison with an experimental
spectrum acquired from Bi,0,CO; microspheres after 30 min of
UV irradiation under high vacuum. The photo-excited state of the
Bi,0,CO; is described by eq (2-4). After separation and follow
by persistent trapping of the photo-excited holes and electrons,
the O center and the trap state of electrons (Bi"*) are formed.
Bi,0,CO3+ hv—=> e + h'yp )

h*yg + O*= O trapped hole 3)

€ cp + Bi*= Bi™ trapped electron (n=0, 1,2) (4)

The corresponding EPR spectrum for BGR reveals that the spin
signal for O stabilized on BGR is a little stronger than that of
Bi,0,CO;. Specifically, compared to Bi,O,CO; and BGR,
WBGR exhibits much stronger signal for O™ radicals stabilized on
the Bi,0,CO; microspheres. This stronger O  radical signal
indicates that the h* and e are separated efficiently instead of
recombination; therefore, more h* can react with O% to generate
O radicals. However, due to the physicochemical spin
characteristics of Bi, Bi"" is difficult to detect via EPR. Therefore,
the apparent quantum efficiency is measured to quantitatively
analyze the separation of photoexcited hole-electrons pairs.
According to eq (1), the apparent quantum efficiency (®) for
CBZ degradation by Bi,O,CO;, BGR and WBGR are 0.30%,
0.63% and 2.62%, respectively, indicating that the quantum
efficiency of WBGR is enhanced via GR encapsulating.

Fig. 6B displays the apparent quantum efficiency and quantitative
analysis of the persistently trapped photoexcited charges on
Bi,0,CO;, BGR and WBGR. We defined the spin concentration
of the O radical as the charge separation yield. Compared to
Bi,0,CO; (approximately 1.5 x 10'7 spin-g™), there is a slight
increase in the spin concentration of O radical for the BGR
(approximately 3 x 10'7 spin-g™"). The result indicates that some
electrons located in the CB or in shallow trap states transfer
readily to GR because its excellent electronic conductivity.
Consequently, the recombination of photoexcited hole-electron is
inhibited and the charge separation yield of BGR increases.
However, the contact area between the Bi,0,CO; and GR
remains quite limited for BGR. Therefore, the improvement is not
significant. For WBGR, the highest charge separation yield of 9.4
x 10" spin-g™' is observed; simultaneously, the highest quantum
efficiency (2.62%) is achieved. This large improvement is
attributed to maximized contact area between the Bi,0,CO; cores
and GR shells. More of the photoexcited electrons in apparent
Bi,0,CO; are transferred to the GR shell than for BGR. In
additional, in contrast to the physical absorption in BGR, the
interfacial connection between the Bi,0,CO; and GR is achieved
by chemical bonds (C-Bi bond) in WBGR (Scheme 1 and 2). This
close connection should facilitate ultrafast charges transfer and
separation, achieving high charge separation yield with WBGR
finally. Meanwhile, the C-Bi bonds formation red shifts the
absorption edge of the WBGR, enhancing the light energy ability
and utilization to generate more of the excited hole-electron pairs.
The lower recombination rate on WBGR is also confirmed using
PL spectra. As observed in Fig. 7A, the PL peaks of the as-
prepared samples are similar. Specifically, the WBGR exhibits an
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Fig. 6 (A). EPR spectra of O- centers on Bi,0,CO3;, BGR and WBGR
after 30 min light irradiation. (B). Quantitative analysis of trapped
photoexcited hole (O-) and the apparent quantum efficiency on

Bi202CO3, BGR and WBGR.

obviously decreased emission signal relative to the Bi,0,CO; and
BGR, indicating that there is lower recombination rate on
WBGR. To quantify these differences, a quenching factor for
each as- prepared sample is obtained by weighting the integrated
PL intensity from 250 to 550 nm against that from Bi,0,CO;, as
follow:*
Quenching factor = integrated PL intensity (Bi,O,COj3)/integrated
PL intensity (samples) o)
The quenching factor of Bi,0O,CO;, BGR and WBGR is 1, 1.33
and 4.51, respectively. This result is consistent with the
quantitative analysis of the high charge separation yield and the
photocatalytic activity mentioned above.
Electron transfer dynamics are key processes contributed to the
charge separation yield and photocatalytic activity of WBGR.
Therefore, TRPL is introduced to gain further insight into
underlying electron transfer dynamics process and their effect on
the photocatalytic activity. To quantitatively analyze the PL
lifetime based on the TRPL measurement, we can use exponential
functions to fit the TRPL curves. Here, two parameters, the fast
and slow time constants, are introduced to approximately
evaluate the electron transfer kinetics (Fig. 7C).8

1(t) = Sy Aje¥/®
As shown in Fig. 7B, all the decay curves are well described by
two components of exponential functions. The lifetimes of
harvesting excited electrons of Bi,0,CO;, BGR, WBGR are 9.83
ns, 8.07 ns and 0.88 ns (fast time constants 1;) as well as 127.3
ns, 123.9 ns and 118.6 ns (slow time constants 1,), respectively.
In general, some electrons excited to the CB will immediately
relax to the bottom of the CB to form polarons. Subsequently, the
polarons will react with the holes, generating luminescence
emissions. This process of directly forming self-trapped exciton
(STE) refers to the fast time constants of luminescence. However,
the slow time constant is most likely a result of shallow traps
(near the CB of Bi,0,C0O3) in which the shallow trapped electron
would be thermally re-excited to the CB and then relaxed to the
bottom of CB. We call this delayed process as indirect STE state,
and it generates the slow time constants.** The difference
between the slow time constants of the as-prepared samples is not
obvious. Therefore, the slow component is not affected by GR
encapsulation. However, the fast time constant on the WBGR
(0.88 ns) is much faster than that of Bi,0,CO5 (9.83 ns) or BGR
(8.07 ns). Therefore, the fast time component is the dominant
process during charge separation. During this process, the
electrons transfer from Bi,0,COj3 to GR in the form of non-
radiative transfer; therefore, the luminescence (radiative transfer)

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00—00 | 5



Journal of Materials Chemistry A

Table 1. A summary of all performed characterization and the main experiments observation.

Samples Sper (m*g"')  Bandgap Charge The apparent PL Quenching Fasttime  Slow time The apparent The
(eV) separation yield quantum factor with constant (ns) constant (ns) rate constant conduction
(10spin-g") efficiency (%)  respect to k(10°-s") band potential
Bl‘zOzCOz ECB (V VS.
NHE)
Bi,0,CO; 36.3957 3.30 1.5 03 1.0 9.83 127.3 324 0.15
Graphene- Bi,0.CO;  46.1827 3.13 3.0 0.63 1.33 8.07 1239 6.77 -0.10
(BGR)
Graphene-wrapped 542813 2.88 94 2.62 451 0.88 118.6 28.4 -0.37
Bi,0,CO; (WBGR)
decreases dramatically on WBGR, generating the fastest time =e
s constants (0.88 ns). To confirm this conclusion, 5 ns range aid cic,

. . . Charge seperation yield B 1
experiments are performed (Fig. 7D). The luminescence decay Quenching factor 3 ° =
(approximately 90% in amplitude) has a time constant of 800 ps. ¥ 06 g 1.8
However, the luminescence decay on Bi,0,CO; and BGR are o 5 o B o

o . . . . » = _ 43.=
negligible, according to their small amplitude. We attribute this O ul gl's
1 rapid luminescence decay process in WBGR to the ultrafast 3 2§
. . . 3 o)
transfer of the photoexcited electrons via the excellent electronic 02+ 8 .21 C
o o o ” By © 1"
conductivity of GR and the C-Bi bonds at the connection . . 5
interface. 00-> T i T . et

The correlation analysis between the fast lifetime constants (t;)
15 and C/Cy, charge separation yield and the PL quenching factor
are further summarized. Fig. 8 contains a plot of the characteristic
lifetime versus the photocatalytic activity, charge separation yield
and the quenching factor. A shorter lifetime indicates there is an
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35 Fig.7 (A). The photoluminescence (PL) spectra on Bi,0,COs, BGR and
WBGR. (B). Time-resolve fluorescence spectra (TRPL) on Bi,0,COs,
BGR and WBGR (200 ns scanning range with an IRF of 2ns). The solid
line displays the curve fitting. (C). The fast (red) and slow (blue) delay
components on WBGR, respectively. (D). Time-resolve fluorescence
40 spectra (TRPL) on Bi,0,CO;, BGR and WBGR (2.5 ns scanning range
with an IRF of 60 ps). The solid line shows the curve fitting.

The correlation analysis between the fast lifetime constants (t;)
and C/C,, charge separation yield and the PL quenching factor
are further summarized. Fig. 8 contains a plot of the characteristic

ss lifetime versus the photocatalytic activity, charge separation yield
and the quenching factor. A shorter lifetime indicates there is an
efficient interface for electrons transfer that lowers the
recombination rate and raises the charge separation yield (trapped
hole -O"). Finally, the photocatalytic activity is improved. By the

so concept of correlation analysis, the electronic lifetime can be used
as a new approach to evaluate the photocatalytic activity of
materials.

60 Fast lifetime constant (11)/ ns

Fig.8 The correlation analysis between fast component lifetime constant
(1)) and charge separation yield (trapped hole center O™ spin
concentration), charge recombination rate (quenching factor), and
photocatalytic activity (C/C,).

s Table 1 displays a summary of all performed characterizations
and the main experiment observations.

Radical reaction mechanism

To validate the proposed radical reaction mechanism for

photocatalytic CBZ degradation over WBGR, several control
70 experiments are performed under UV-vis light,* as displayed in

Fig. 9A. Fig. 9B displays the PL signal associated with the

nitroblue tetrazolium (NBT) from the reaction between NBT and

the O, radicals. As shown in Fig. 9A, when a radical scavenger,

such as benzoquinone (BQ) for the -O, radical, is added, the CBZ
ss removal moderately decreases, indicating that the -O, radical
may act as reactive oxygen species that participates in the
photocatalytic degradation on WBGR. The relative process is
displayed in (eq 6-9). Fig S57 displays the MS plots of Bi,0,CO;
and WBGR, Vy, is calculated from the x intercepts of the linear
region. For n-type seminconductor, Vy, equals to Ef and is an
inherent property of the semiconductor.” The MS plots of
Bi,0,CO; show that the Er of Bi,O,COs is approximately 0.25 V
vs. NHE, which is more positive than E, (O,/-O,” =-0.28 V vs.
NHE); therefore, there is no -O, radical production on Bi,O,CO;
ss (Fig. 9B indicates that the NBT transformation percentage on
Bi,0,CO;3 and BGR is zero). However, the Er of WBGR is -0.47
V vs. Ag/AgCl (equivalent to -0.27 V vs. NHE), an obviously
negative shift compared to that of Bi,0,CO; (0.05 V vs.
Ag/AgCl, equivalent to 0.25 V vs. NHE). It is generally accepted
that the CB potential is approximately 0-0.2 V more negative
than the Er (Here, we set this value as 0.1 V). Therefore, the
negative shift in the Er of WBGR causes the WBGR Ecg to shift
from 0.15 V to -0.37 V vs. NHE (more negative than O,/-O, = -
0.28 V vs. NHE). Consequently, the -O, radical is generated on
»s WBGR (Fig. 9B demonstrate that the NBT transformation

=

g
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percentage on WBGR is 88%) and participates in the
photocatalytic reaction (eq 6-9). We know that the calculated
work function of GR is -4.42 eV vs. vacuum (equivalent to the Eg
of GR, -0.08 V vs. NHE), 46 which is more negative than the Eg

s of Bi,0,CO3; therefore, the photoexcited electrons transfer occurs
from the Bi,O,CO; to GR when they are in contact during the
photocatalytic experiment. Consequently, the accumulation of
electrons and the electronic interactions in the Bi,0,CO;-GR
system inevitably causes a shift of the apparent Fermi level (Eg")

10 in the Bi,0,CO;3-GR system.47’ 8 The results are similar with Gao
et al. and Zhu et al. reports, in which the negative shift in the
Fermi level causes the Ecg of G-BWO shift from 0.16 V to -0.36
V and from 0.09 V to -0.30 V in the graphene-Bi,WOq system,
respectively. !>

15 In additional, when a radical scavenger for -OH is added, the
CBZ conversion is significantly hindered (eq 9). In particular,
CBZ removal of values down to 27% is observed when a
scavenger for holes (AO) is added, meaning that holes and
subsequent generated -OH are the dominant oxidation species

20 during the photocatalytic process (eq (10-12)) with WBGR. The
-0, radical, the -OH radical and holes participate in the
photocatalytic ~ degradation WBGR; therefore, the
photocatalytic activity is enhanced significantly. The entire
radical reaction mechanism is presented as follows:

over

se+0,—= -0y (6)
.0, + H,0— -HO, + OH" )
-HO,+ H,0 — H,0, + -OH 8)
H,0, + -0, — -OH + OH +0, )
-OH + CBZ — oxidation products  (10)

30 h* + CBZ — oxidation products (11)
h*+H,0 — -OH + H* 12)

Conclusions

In summary, we successfully demonstrated that the remarkable

35 enhancement of quantum efficiency is achieved via maximizing
the contact area between graphene and Bi,0,COj; using graphene
encapsulation. Consequently, WBGR displays an excellent
photocatalytic activity in the degradation of CBZ benefited from
the hierarchical feature of Bi;O,COj; and the formation of C-Bi

40 bonds interface. This work opens up a new application of
graphene as a chemical bonds connective shell in the ultrafast
electrons transfer dynamics of the photocatalysts. Therefore,
graphene-wrapped functional nanoparticles may have a great
potential in the field of environmental and energy storage as well

45 as conversion, such as water treatment, green catalysis, fuel cells
and carbon dioxide conversion.

50
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Fig. 9 (A) Radicals control experiments using different radical scavengers
on WBGR during the CBZ photocatalytic degradation; Benzoquinone
(BQ) as scavenger for superoxide radicals (-O,); AgNOs as scavenger for
70 electrons; Tert-butyl alcohol (TBA) as scavenger for hydroxyl radicals
(-OH); ammonium oxalate (AO) for holes; (B). UV-vis absorption spectra
of NBT on Bi,0,CO3;, BGR and WBGR.
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