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Concurrent and dual N-doping of graphene/ZnO
nanocomposites for enhanced Cr(vi)
photoreduction activity under visible-light
irradiation
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Simultaneous and dual N-doping of two components in reduced graphene oxide/ZnO nanocomposites
were successfully achieved by thermally annealing a GO/Zn(HCOs), precursor in an NHs atmosphere. In
this facile preparative procedure, NHz was used not only as the reagent for in situ reduction of GO but
also as the source for N-doping. Detailed characterizations showed that the nitrogen element was
successfully and simultaneously incorporated into the crystal lattice of ZnO and graphene phases in the
composites and the formation of oxygen vacancies was also achieved. The photocatalytic tests indicated
that N-doping of graphene/ZnO (NG/NZO) nanocomposites exhibited the higher Cr(vi) photoreduction
activity than graphene/ZnO, virgin N-doped ZnO (NZO) and the sample prepared via simple physically

mixing. The mechanistic study demonstrated that the remarkable photocatalytic activity of NG/NZO
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Accepted 9th August 2020 photocatalysts was due to the synergistic effect of simultaneously N-doping two phases in the

composites and the existence of oxygen vacancies, and mainly included the increased electrical
conductivity of N-doped graphene (NG), the expansion of visible light harvesting capability of NZO and
the effective separation of electron—hole pairs of the oxygen vacancies.
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Introduction

Semiconductor-mediated photocatalysis technology has attrac-
ted considerable attention for environmental and energy-
conversion applications owing to its advantages such as low
cost, non-toxic nature, ready availability and reusability of solar
energy.”” Among various photocatalysts,*® although TiO, is
extensively investigated and widely employed, ZnO is believed to
exhibit better performance than TiO, and considered to be an
alternative photocatalyst to TiO, due to its lower cost, higher
electron mobility and quantum efficiency.®®* Unfortunately,
pure ZnO as a wide band gap semiconductor (E, = 3.37 eV) is
photo-catalytically active only under UV light irradiation.
Therefore visible-light responsive ZnO-based -catalysts are
highly desirable due to abundant visible-light energy and
considerable effort has been made to extend the photo-response
of ZnO to the visible light region, including surface modifica-
tion, semiconductor coupling, band gap modification and non-
metal or metal doping.” Among these methods, doping with
non-metal elements is a well-established way to shift the
threshold absorption of the photocatalysts from the UV region
into the visible region.’ In particular, N-doping is thought to be
the most suitable doping strategy due to the atomic size and
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electronegativity of nitrogen being closest to oxygen.” Numerous
NZO as visible-light active photocatalysts have been intensively
investigated for removal of organic and metal pollutants.®”

Another well-known drawback about pure ZnO is the fast
recombination of photo-induced electron-hole pairs and photo-
corrosion effect during the long-time irradiation.’ Several
research highlighted that surface modification using materials
with delocalized conjugated structures (e.g. graphene,'*** pol-
yaniline™ and Cg, (ref. 15)) could greatly suppress photo-
corrosion and improve the photoexcited carrier separation
due to the fast electron transfer across the interface of the
composites.

Graphene, single-layer carbon atoms densely packed into
a two-dimensional, honeycomb lattice, attracted lots of atten-
tion due to its unique properties'®*® and potential applications
in energy storage materials,"** polymer composite mate-
rials,>?**> sensors,> nano-electronics,” etc. However, the zero
band gap of pristine graphene limits its some applications,
especially associated with the catalytic properties. Both theo-
retical and experimental studies have revealed that nitrogen
doping provides an effective approach to tailor the electronic
property and chemical reactivity of the graphene.*®*® Upon
nitrogen doping in the monolayer graphene, the Fermi level
shifts above the Dirac point>” and the density of state near the
Fermi level is suppressed.”® Therefore, the band gap between
the conduction band (CB) and the valence band (VB) will be
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opened, making NG a promising candidate used in semi-
conductor devices.” Meanwhile, NG demonstrated great
enhancement of electronic conductivity due to the recovery of
the sp® graphene network and the decrease of defects within the
plane associated with nitrogen incorporation, which makes NG
a good semiconductor supporter, for example, NG/CdS photo-
catalyst displayed higher photocatalytic activity than reduced
graphene oxide (RGO)/CdS and graphene oxide (GO)/CdS due to
the enhanced electron transportation from CdS to NG,* which
also accounted for the remarkable enhanced photo-activities of
NG/MoS, (ref. 31) and NG/ZnSe photocatalysts.** These results
suggest that NG as a candidate component of semiconductor
composites considerably improves the photocatalytic perfor-
mance of the resulting photocatalysts.

It has been reported that nanomaterial hybridized with NG
shows considerable performance in a variety of applications,
such as in water splitting,***® CO, reduction,***” super capaci-
tors and battery devices,***° photocatalytic degradation.®>*!
However, to our best knowledge, few works has been done on
NG/NZO nanocomposites. In this article, we report a facile
approach to achieve simultaneous N-doping of two components
in RGO/ZnO composites by thermal annealing.

GO/Zn(HCOs3), precursor in NH; atmosphere. In this
synthetic procedure, NH; was used not only as the agent for in
situ reduction of GO but also as the nitrogen source for N-
doping. The photocatalytic activity test indicated that NG/NZO
nanocomposites exhibited higher Cr(vi) photoreduction
activity than graphene/ZnO, virgin NZO and the sample
prepared via their simple physically mixing.

Results and discussion

NG/NZO nanocomposites with different graphene loadings
were prepared by thermal annealing of GO/Zn(HCO;), precur-
sors in NH; atmosphere as depicted in Scheme 1. In this
process, NH; was used not only as the agent for in situ reduction
of GO** but also as the nitrogen source for simultaneous N-
doping of two components of the resulting products.*»** To
demonstrate the successful N-doping of both components,
a variety of characterizations were conducted.

Characterization of NZ/NZO photocatalysts

Fig. 1a presents the XRD patterns of bare ZnO, NZO and NG/
NZO with different graphene loadings. For bare ZnO, the
diffraction peaks at 31.7°, 34.4°, 36.2°, 47.6°, 56.6°, 62.8°, 66.4°,
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Scheme 1 Schematic preparation of NG/NZO nanocomposites.
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Fig. 1 XRD patterns of (a and b) bare ZnO, NZO and NG/NZO with
different graphene loadings.

67.9°, 69.1°, 72.7° and 77.0° were indexed to (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004) and (202) facet crystal
planes of the ZnO hexagonal wurtzite phase (JCPDS no. 36-
1451).** All the NZO and NG/NZO composites with different
graphene loadings exhibited similar XRD patterns to bare ZnO
and no other crystallite phases were detected, indicating that
the presence of GO or RGO didn't result in the growth of new
crystal or changes in preferential orientation of ZnO.”> From
Fig. 1b, compared with the three major diffraction peaks of
ZnO, including (100), (002) and (101) peaks, all the XRD peaks
exhibited red-shift, which showed that the incorporation of
nitrogen caused a slight distortion of the lattice.*® It was worth
noting that there were no apparent peaks detected for RGO in
NG/NZO composites. This might be due to two possible causes.
One was the low amount and relatively low diffraction intensity
of RGO in the composites, and the other was probably due to
the disappearance of the layer-stacking regularity after graphite
exfoliation.™®

TGA curves were used to analyse the content of catalysts. As
shown in Fig. 2, there were several stages of weight loss for NZO
and NG/NZO nanocomposites, which could be attributed to
different substances changes in the air atmosphere. As for NZO,
obvious weight loss was observed from 300 to 600 °C, which
might be due to decomposition of surface hydroxyl groups.*®*
However, the weight loss from 200 to 350 °C for NG/NZO
nanocomposites was due to the burning of N-graphene in air.
Compared with NZO sample, NG/NZO nanocomposites were
relatively stable. Fig. 3 shows the typical SEM images of (a and b)
0.4-NG/NZO and (c and d) 0.4-physical mixing N-doping of
graphene/ZnO (PM-NG/NZO). It was clearly seen that aggregated
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Fig. 2 Thermograms of NZO and NG/NZO with different graphene
loadings.
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Fig. 3 SEM images of (a and b) 0.4-NG/NZO and (c and d) 0.4-PM-
NG/NZO composite.

spherical ZnO nanoparticles with the mean size of several
nanometers randomly and densely distributed on graphene
sheet in 0.4-NG/NZO nanocomposites (Fig. 3a and b), indicating
that GO sheets acted as the substrate for the formation of the
ZnO precursor during the chemical precipitation process and
good interfacial interaction between NG and NZO phases of the
composite. Compared to chemically prepared 0.4-NG/NZO
composite, bare ZnO phase of PM-NG/NZO displayed more
disordered agglomerates composed of larger diameter size
(Fig. 3c and d) and this phenomena was also found in two-
dimensional (2D) layered nanocomposites because the planar
2D material provided more substrates for the nuclei formation
and the subsequent spatial confinement of the oxide crystalline
growth‘10715,44

Fig. 4 presents the typical HRTEM images of 0.4-NG/NZO
and 0.4-PM-NG/NZO composite. The 2D graphene and ZnO
phases were clearly observed from all the HRTEM images of 0.4~
NG/NZO and 0.4-PM-NG/NZO composites. From Fig. 4a-c¢, NZO
nanoparticles of irregular sphere-like with the 5-20 nm diam-
eter or interconnected rod-like with the range of 50-200 nm
length and 20-50 nm diameter were detected on the surface on
NG sheets. Obviously, in some regions from the HRTEM
images, graphene sheets acted as a substrate bridge to connect
NZO nanoparticles and consequently NG sheets were densely
decorated by NZO nanoparticles. Most importantly, most of the
NZO particles were found attached on NG sheets, demon-
strating that the nuclei and growth of NZO precursors occurred
on the surface of GO sheets and subsequent close contact and
strong interfacial interactions between NG and ZNO phase in
NG/NZO composite were achieved.

From Fig. 4d, the hexagonal wurtzite ZnO phase in NG/NZO
composite was identified as the dominant phase because only
one kind of lattice fringe with an interplanar distance of
0.28 nm (Fig. 4d) identical to that of in 0.4-PM-NG/NZO
composite (Fig. 4f), which was the (100) facet of hexagonal
wurtzite ZnO. Furthermore, the graphene sheets were not
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Fig. 4 HRTEM images of (a—d) 0.4-NG/NZO and (e and f) 0.4-PM-
NG/NZO composite.

perfectly flat and showed deformed, silk-like structure with
obvious wrinkles (Fig. 4b and e). What is more, compared to
that in 0.4-PM-NG/NZO composite where some aggregation of
graphene nanosheets could be detected (Fig. 4f), graphene in
0.4-NG/NZO was considerably transparent, indicating that the
graphene was very thin probably because colloidal GO sheets
used in the precursor preparation process were totally exfoliated
in aqueous solution.

XPS was further conducted to reveal the elemental compo-
sition and chemical surrounding of N species in NG/NZO
composite. From Fig. 5a, 0.4-NG/NZO and 0.4-PM-NG/NZO
composites exhibited similar XPS spectrum profile and the
full-scale XPS spectrum confirmed the chemical composition of
Zn, O, C and N elements in NG/NZO composite. The XPS peaks
at 284.6, 400.6, 532.1, and 1021.5 eV were assigned to the
binding energies of C 1s, N 1s, O 1s and Zn 2p, respectively.
High-resolution XPS spectra of Zn 2p, C 1s and N 1s are shown
in Fig. 5b and c, respectively. The binding energy values of Zn 2p
1/2 and Zn 2p 3/2 in 0.4-NG/NZO composite were observed at
1021.5 and 1044.5 eV, slightly lower than those for 0.4-PM-NG/
NZO composites (Fig. 5b). Such shift toward low energy was also
found in other reports***® and this might be ascribed to the
interaction between NG and NZO of the doped composite. The
high-resolution C 1s spectra of the original GO (Fig. 5¢) could be
further deconvoluted into four different peaks at 284.7 (C-C/

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) XPS survey spectra and (b) Zn 2p peaks of 0.4-NG/NZO and
0.4-PM-NG/NZO composites; (c) high-resolution C 1s spectra for the
original GO and 0.4-NG/NZO composite; (d) high-resolution N 1s
spectrum for 0.4-NG/NZO composite; (e) high-resolution O 1s
spectrum for 0.4-NG/NZO composite.

C=C), 286.3 (C-0), 287.8 (C=0) and 289.0 eV (O-C=0),"
indicating that oxygenated groups were abundant either on the
basal planes or at the sheet edges of GO and these oxygen
species provided active sites for nitrogen doping into graphene
framework.*” After treatment at high temperature, the C 1s
spectrum profile of 0.4-NG/NZO composite was very different
from that of the original GO. The deconvoluted C 1s peaks of
GO, especially those assigned to C=0 and C-O, almost dis-
appeared and new C 1s peaks at 285.3 and 289.4 eV corre-
sponding to C=N and C-N in the graphene of 0.4-NG/NZO
composite,®® demonstrating that most of the oxygen-
containing functional groups of GO were successfully removed
and N-doping was achieved upon thermal annealing in NH;
atmosphere.”* Dai et al. demonstrated that N-doping of gra-
phene lattice and effective reduction of GO could spontaneously
occur for GO annealed in NH; and oxygen groups on GO sheets
were found responsible for reactions with NH; and C-N bond
formation.** Therefore, the new C 1s peaks manifested the
successful N-doping of graphene component in this NG/NZO
composite. The weak N 1s peak of 0.4-NG/NZO composite was
further fitted into three peaks located at 397.5, 399.7, and
400.4 eV, respectively. The peak at 397.5 eV was ascribed to the
anionic N in O-Zn-N linkage, i.e., the doping of N in crystal
lattice of ZnO.**** The peak at 399.7 eV was due to pyridinic-N,

This journal is © The Royal Society of Chemistry 2020
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demonstrating the formation of C=N bonds at the edges or
defects of graphene and the peak at 400.4 eV attributed to
pyrrolic-N, where the N atoms were bonded to two carbon atoms
incorporated into the five membered heterocyclic rings to
contribute two p-orbital electrons to the 7 system.> The N
content in the doped composite was ~1.75 at% as estimated
from the XPS data. The XPS results indicated that nitrogen was
successfully and simultaneously incorporated into the crystal
lattice of ZnO and graphene phases in the composite. Addi-
tionally, Fig. 5e exhibited the high-resolution XPS spectra of O
1s. The spectrum showed two prominent and well separated
transitions at 529.95 and 530.97 eV, which could be attributed
to the lattice oxygen and the presence of oxygen vacancies.**>*
The optical properties of NZO, 0.4-PM-NG/NZO and NG/ZNO
composites with different graphene loadings were probed by
UV-Vis DRS spectroscopy. As shown in Fig. 6a. Bare ZnO
prepared by the same method in this study exhibited band edge
absorption at about 400 nm, but with little absorption of visible-
light (the data was not listed in Fig. 6a). For NZO, it displayed
a red-shifted adsorption edge about 410 and its adsorption
further extended to visible light region, which was a typical
photo-adsorption feature reported for N-doped ZnO, proving
that narrowing the band gap of the resulting semiconductor was
achieved by N-doping. For all the NG/NZO samples, red-shift
adsorption edges were further observed compared to NZO and
the trend became more pronounced as the graphene content
increased, which suggested that narrowing the band gap of the
photocatalysts was straight correlated with the graphene
amount. This phenomenon that the graphene or doped gra-
phene affected the band gap of the resulting composites was
also found in other reports,*** probably due to the well-
bonded interfaces formed between the semiconductors and
the graphene phase in the chemical preparation process.**
Furthermore, compared to bare NZO, all the NG/NZO samples
exhibited wide and continuous background absorption in
visible light region. Previous studies confirmed introduction of
graphene could significantly improve the visible-light response
of the semiconductor-based photocatalyst'®** and these obser-
vations demonstrated that the presence of graphene could
increase the surface electric charge of the oxides in the
composite and thus lead to modifications of the fundamental
process of photoinduced electron-hole pair formation.
However, in this work, the adsorption intensity was not linear
with the graphene content and the maximum absorbance was
observed for 0.4-NG/NZO, probably because more graphene

——0.4PMNG/NZO )
——0.4-PM-NG/INZO
INZ

Absorbance (a.u.)

35 40
Energy (V)

200 300 400 500 600 700 800 28 30
wavelength (nm)

Fig.6 UV-Vis DRS spectra of (a) NZO, 0.4-PM-NG/NZO and NG/NZO
with different graphene loadings and (b) plots of (ehv)*? versus hv of
composites.
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Table 1 Calculation of CB and VB potentials of nanocomposites

Sample Eq (eV) E. (eV) Eyg (eV) Ecg (eV)
NzO 2.98 4.50 2.78 —0.20
0.4-NG/NZO 2.85 4.50 2.72 —0.13

could enhance the light scattering and shield the light
adsorption. The N-doping amount was probably to be
maximum value at the 0.4% GO loading. Considering the
correlation of adsorption intensity with the photocatalytic
performance under the visible light irradiation, it is not difficult
to understand the photocatalytic activity of the NG/NZO
composites in Cr(vi) reduction because the absorbance in
visible light range followed in the order: 1.0-NG/NZO < 0.8-NG/
NZO < 0.6-NG/NZO < 0.2-NG/NZO < 0.4-NG/NZO. These results
demonstrated that the as-synthesized NG/NZO could be visible-
light-driven photocatalysts with superior catalytic performance.

Meanwhile, the band gap of NG/NZO composites was esti-
mated by the equation: («/w)"* = A(hv — E,), the energy of band
gap (E,) was calculated, where «, hv and A are the absorption
coefficient, photon energy and a constant.** As indicated in
Fig. 6b, the estimated band gaps of NZO, 0.2-NG/NZO, 0.4-NG/
NZO, 0.6-NG/NZO, 0.8-NG/NZO, 1.0-NG/NZO and 0.4-PM-NG/
NZO were 2.98 €V, 2.86 eV, 2.85 eV, 2.77 eV, 2.80 eV, 2.57 eV
and 2.97 eV, respectively. These results further confirmed that
introduction of graphene could narrow the band gap of the
photocatalysts, which potentially facilitated the rapid trans-
mission of photo-generated charge carriers.>® According to
previous reports by researchers, oxygen vacancies could also
narrow the band gap and increase the light absorption range of
the catalyst, thus the performance of photocatalytic was
significantly enhanced.’**” It was generally believed that the
migration direction of photo-generated carriers depended on
the position of the band edge of the semiconductor.*® Therefore,
theoretical prediction of conduction band (CB) and valence
band (VB) for NZO and 0.4-NG/NZO were reckoned by equa-
tions: where X is the electronegativity of the semiconductor
(5.79 eV), E. is the energy of free electrons on the hydrogen scale
(about 4.5 eV) and E, is the band gap energy of a semi-
conductor.® The CB and VB edge positions for NZO and 0.4-NG/
NZO were listed in Table 1, which was conducive to the subse-
quent mechanism analysis.

Eyg = X — E. + 12E, (1)

ECB = EVB - Eg (2)

The separation efficiency of photo-generated electron-hole
pairs is usually evaluated via PL spectra. Fig. 7a showed PL
spectra of 0.4-PM-NG/NZO and 0.4-NG/NZO photocatalysts.
Compared with the 0.4-PM-NG/NZO sample, 0.4-NG/NZO
nanocomposites exhibited evidently lower PL intensity, indi-
cating its higher separation rate of the photoexcited charge
carries, thus the higher photocatalytic performance. Transient
photocurrent responses were investigated for 0.4-PM-NG/NZO
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Fig. 7 (a) PL spectra of 0.4-PM-NG/NZO and 0.4-NG/NZO photo-
catalysts and (b) photocurrent responses of 0.4-PM-NG/NZO and 0.4-
NG/NZO photocatalysts under visible-light irradiation.

and 0.4-NG/NZO photocatalysts. It was found that there was
an extreme obvious peak at around 520 nm, which was attrib-
uted to oxygen defects in the PL spectrum.®® Many researchers
had reported the existence of oxygen vacancies in the fluores-
cence spectrum. Such as, Guo et al. found the center of photo-
luminescence caused by VO depends on the initial states of Ey,,
and 2.6 eV is minimum excitation energy for the PL centered at
530 nm.*® Wu et al. reported that the green luminescence
attributed to the oxygen vacancy and assigned the location
centred at about 530 nm.** Vanheusden et al. observed a strong
correlation between the green 510 nm emission by combining
optical absorption, and photoluminescence spectroscopy.®
Therefore, the existence of oxygen defects in the N-doped ZnO
system was proved, which was also beneficial to the rapid
transfer of photo-generated carriers.*

As shown in Fig. 7b, the 0.4-NG/NZO sample showed a steady
photocurrent generation under simulated solar irradiation and
exhibited much enhanced photocurrent intensity in compar-
ison to that of the 0.4-PM-NG/NZO. Combined with the PL and
photocurrent responses results, these analyses obviously
demonstrated that the N-doped and the loading of graphene
could improve the carrier mobility.

Photocatalytic activity of aqueous Cr(vi) reduction under
visible-light irradiation

Fig. 8 presents the photocatalytic activity of aqueous Cr(vi)
reduction over various samples under visible light irradiation.
From Fig. 8a, blank test was carried out without any catalysts

Time (h)

o

Fig. 8 (a) Photocatalytic reduction of aqueous Cr(vi) over various
photocatalysts under visible light irradiation. The Cr(vi) concentration is
40 mg L™! and the photocatalyst dosage is 0.1 g. (b) Apparent reaction
rate constants for photocatalytic reduction of Cr(vi).
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under light exposure and there was no obvious changes of Cr(vi)
concentration, suggesting that direct photolysis didn't induce
the reduction of aqueous Cr(vi). In dark adsorption trial,
adsorption equilibrium was observed within 4 h for 0.4-NG/NZO
nanocomposites and thus the 18.1% adsorption removal ratio
of Cr(vi) was calculated. With an initial Cr(vi) concentration of
40 mg L', NZO exhibited 53.6% photoreduction ratio of Cr(vi)
within 6 h of visible light irradiation, higher than bare ZnO
(37.2%), indicating that N-doping could improve the photo-
catalytic performance of ZnO catalyst.” Moreover, the photo-
catalytic activity of G/ZnO toward Cr(vi) reduction was increased
to 69.4%, further demonstrating that modification of graphene
was an effective method to improve the visible-light driven
photocatalytic performance of ZnO-based semiconductors.'
Notably, compared to those of bare NZO and ZnO, the reduction
of aqueous Cr(vi) proceeded quite rapidly in the presence of NG/
NZO photocatalysts, strongly suggesting that simultaneous N-
doping into the lattice of graphene and ZnO phases of the
nanocomposites could greatly enhance the photocatalytic
activity of NG/NZO photocatalysts. Nevertheless, the photo-
catalytic activities of NG/NZO nanocomposites of various
graphene/ZnO mass ratios differed greatly. After 6 h of visible
light irradiation, the photoreduction ratios of aqueous Cr(vi)
over 0.2-NG/NZO, 0.4-NG/NZO, 0.6-NG/NZO, 0.8-NG/NZO and
1.0-NG/NZO were found to be 86.4%, 89.0%, 79.0%, 61.2% and
73.9%, respectively. These results obviously indicated that the
graphene loading played an important role in determining the
photocatalytic reduction activity of as-prepared NG/NZO
samples under visible light. Up to an amount of 0.4 wt% of
graphene, the photoreduction activity of the NG/NZO photo-
catalysts increased remarkably, with increasing the loading of
graphene and N-doping and the presence of oxygen vacancies,
which could be attributed to the increasing conductivity and the
expansion of visible light range, thus accelerating carrier
mobility. However, their photocatalytic activities decreased
gradually when the graphene loading exceeded 0.4%. Similar
phenomenon about the photocatalytic activity dependent on
the graphene loading were also observed in several reports®-**%*
and this was probably because excessive graphene nanosheets
could block the absorption of incident illumination and thus
reduce the efficiency of charge separation, which was supported
by UV-Vis DRS spectra of NG/ZNO composites shown in Fig. 6.

In general, the photocatalytic reactions should follow the
pseudo-first-order kinetics model: —In(C/C,) = kt, where k and ¢
are the apparent reaction rate constant and irradiation time, C
and C, were the concentrations of reactant at time ¢ and 0,
respectively.” As displayed in Fig. 8b, the corresponding k
values for the photoreduction of Cr(vi) 0.2-NG/NZO, 0.4-NG/
NZO, 0.6-NG/NZO, 0.8-NG/NZO, 1.0-NG/NZO and 0.4-PM-NG/
NZO, were calculated to be 0.31055, 0.32840, 0.24499, 0.14487,
0.22539 and 0.02832 h™', respectively, which revealed the
photocatalytic efficiency of 0.4-NG/NZO was about 11.5 times
higher than that of 0.4-PM-NG/NZO. These results emphasized
the important role of graphene loading and N-doped in
photoreduction of Cr(vi) under visible light and promoted the
migration of electrons.

This journal is © The Royal Society of Chemistry 2020
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Cr(VI)
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Fig. 9 Mechanism for of Cr(v) removal catalyzed by NG/NZO
composites under visible light irradiation.

Mechanism for photoreduction Cr(vi) removal

Based on the systematic investigation, the removal mechanism
for Cr(vi) over NG/NZO composites under visible light illumi-
nation was proposed as shown in Fig. 9. Firstly, NZO composite
was photoexcited under visible light of energy higher than its
band gap, generating electron-hole pairs. And oxygen vacancies
not only acted as the centers to capture electrons that enhance
the separation efficiency of electron-hole pairs but also accel-
erated the charge carriers transport, leading to an enhanced
photo-activity. Thus, Cr(vi) was rapidly adsorbed onto the
surface of NZO composites and interacted with electrons to
reduce Cr(u). Afterwards, it was considerable that introduction
of GO, which provided many active sites to promote the
migration more electrons at the CB position of NZO to the NG
surface. This transfer facilitated the electron-hole pairs sepa-
ration, thence greatly promoting the photocatalytic reduction of
the Cr(vi) solution.

Experimental
Preparation of NG/NZO

The precursor GO/Zn(HCOj3), with different theoretical loadings
of GO was prepared by a procedure similar to our previous
work.® In brief, ZnSO,-7H,0 (21.57 g) dissolved in 100 mL H,O
and different volume of GO solution was added. Then the
solution was ultrasonicated for another 30 min to ensure the
uniform adsorption of Zn** onto the surface of GO nanosheets.
Aqueous solution (50 mL) containing NH,HCO; (12.45 g) was
added dropwise into the above solution at 60 °C under vigorous
stirring within 10 min. Afterward, this mixture solution was
kept stirring for 4 h. The black precipitate GO/Zn(HCOj3), was
collected by vacuum filtration, washed several times and dried
in vacuum oven at 60 °C for 24 h. Finally, this product was
calcined at 500 °C for 8 h under NH; atmosphere to give the
powder NG/NZO nanocomposites. The as-prepared NG/NZO
samples with 0.2%, 0.4%, 0.6%, 0.8% and 1.0% theoretical
mass weight of GO based on ZnO in the composites were named
as 0.2-NG/NZO, 0.4-NG/NZO, 0.6-NG/NZO, 0.8-NG/NZO and 1.0-
NG/NZO, respectively.

For comparison, bare ZnO and NZO were prepared with the
same procedure without the use of GO and their annealing was
done in N, and NH; atmosphere, respectively. RGO/ZnO
composite was also prepared by the identical procedure with
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the final calcination done in N, atmosphere. Pure NG was
prepared via thermal annealing of GO powder at 500 °C for 8 h
under NH; atmosphere. Physically mixed composite composed
of 0.4% weight amount of NG based on NZO (0.4-PM-NG/NZO)
was prepared by physically mixing NG and NZO in ethanol.

Characterization

Scanning electron microscopy (SEM) images were obtained with
a Hitachi SU8020 scanning electron microscope with accelera-
tion voltage of 20 kV. High-resolution transmission electron
microscopy (HRTEM) was performed on a FEI Tecnai G2 F20
field-emission transmission electron microscopy at an acceler-
ating voltage of 200 kv. The powder X-ray diffraction (XRD)
patterns were recorded on a PANalytical X'Pert Pro powder dif-
fractmeter with Cu-Ka. radiation (A = 1.5418 A) with a scan step
of 0.013°. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a Thermo Fisher ESCALAB 250 Xi
photoelectron spectrometer using monochromatic Al Ko X-ray
source (hv = 1486.6 eV). Thermo Gravimetric Analysis (TGA)
was carried out in air on Netzsch STA 449 C thermo gravimetric
analyzer at a heating rate of 10 °C min '. UV-Vis diffuse
reflectance spectroscopy (DRS) was carried out on a Hitach UV-
4100 UV-Vis spectrophotometer using BaSO, as the reference
sample. The photoluminescence spectra (PL) were measured
with a fluorescence spectrophotometer (F-7000, Japan) using
a Xe lamp as excitation source with optical filters. Photocurrent
response was detected by linear sweep voltammetry (LSV) in
0.2 M Na,SO, solution using 300 W xenon lamps as light source.

Photocatalytic experiments

The photocatalytic activity of NG/NZO composites was evalu-
ated by photoreduction of aqueous Cr(vi) under visible light and
all the experiments were conducted in a BILON-GHX-V photo-
chemical reactor (Shanghai Bilon Instruments Manufacture
Co., Ltd) with a 500 W Xenon lamp with maximum wavelength
emission at 470 nm as the visible-light source. In each run,
50 mL aqueous Cr(vi) solutions of different concentration in the
presence of the photocatalysts were maintained. The initial
solution pH was adjusted by 0.01 mol L' HCI aqueous or
0.01 mol L™* NaOH solutions. Prior to irradiation, the mixture
solution was magnetically stirred for 60 min in the dark to
ensure the adsorption-desorption equilibrium. The concentra-
tion of Cr(vi) after equilibration was measured and taken as the
initial concentration (C,) to discount the adsorption in the dark.
During the irradiation, 4 mL of the reaction solution was
withdrawn at certain time intervals and centrifuged to separate
the photocatalyst from the solution. The Cr(vi) concentration in
the supernatant solution was determined spectrophotometri-
cally at 540 nm using the diphenylcarbazide method** (UV-1000
UV-Vis spectrophotometer, Shanghai Spectrum Instruments
Co., Ltd). For comparison, the blank experiments to test the
Cr(v1) stability under irradiation without any photocatalysts and
the dark experiments to test the physical adsorption capacity of
the photocatalysts were conducted with no irradiation under
the identical conditions.
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Conclusions

In summary, NG/NZO nanocomposites were successfully
prepared via a facile approach to achieve simultaneous N-
doping of two components in RGO/ZnO composites by
thermal annealing GO/Zn(HCO;), precursor in NH; atmo-
sphere. The photocatalytic activity test indicated that NG/NZO
nanocomposites exhibited higher Cr(vi) photoreduction
activity than graphene/ZnO, virgin NZO and the sample
prepared via their simple physically mixing. The improvement
of photocatalytic performance was derived from the synergy
effect of bi-component N-doping and the existence of oxygen
vacancies, which could be attributed to the increased electrical
conductivity of NG, the narrowed band gap energy by oxygen
vacancies and the expansion of visible light absorption range by
NZO, thereby accelerating hugely photo-generated -carrier
mobility. This paper not only synthesized NG/NZO photo-
catalysts also provided new synthesis methods, which exhibited
potential applications for water treatment and environmental
remediation.
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