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The quadrangular (QA) bismuth oxychloride nanoflakes (NFs) were synthesised by a simple solvothermal reaction. They were characterised
by scanning electron microscope, transmission electron microscope and X-ray diffractometer. As catalysts, the square NFs exhibited excellent
catalytic performance in the reduction of 4-nitrophenol (4-NP) and the degradation of thodamine B (RhB). The complete reduction of 4-NP to
4-aminophenol was obtained in 30 s and the nearly complete degradation of RhB in 20 min.

1. Introduction: Bismuth oxychloride (BiOCl) is a highly aniso-
tropic layered structure with excellent physical and chemical
properties [1-5]. It is also the first synthetic non-toxic pearlescent
pigment. BiOCl is widely used in photocatalysts [1, 6-10], gas
sensitive materials and pearlescent pigments [11]. Moreover, the
specific structure, morphology and composition of BiOCl have
different optical, electrical and catalytic properties [12, 13].

It is well known that 4-nitrophenol (4-NP) is a toxic organic com-
pound. It is also an intermediate for fine chemicals such as dyes and
pharmaceuticals [14]. Therefore, 4-NP is one of many pollutants in
wastewater. It is very difficult to degrade 4-NP under natural condi-
tions [15, 16]. The product obtained after the reduction of 4-NP is
p-aminophenol (4-AP), and the resulting 4-AP not only has a much
reduced toxicity, but also occupies an important position in the
chemical industry [17-19]. The main methods to remove 4-NP
are physical methods such as adsorption and chemical methods
such as microwave-assisted catalytic oxidation, photocatalytic deg-
radation and electrochemistry. However, these methods consume a
lot of energy, and some of them need to be carried out in organic
solvents. Therefore, it is necessary to study the degradation of
4-NP in water. However, the reduction of 4-NP by sodium boro-
hydride (NaBH,) catalysed by BiOCl has not been reported.

Photocatalytic technology is considered to be a highly environ-
mentally friendly and economical way to treat pollutants
[7, 20, 21]. At present, the study of BiOCI is mainly focused on
photocatalysis due to its excellent photocatalytic performance
under ultraviolet (UV) light and visible light conditions [22-24].
It is reported that controlling the composition and structure of
crystal can improve the photocatalytic performance [8].

In this work, QA-BiOCl-nanoflakes (NFs) were synthesised by
simple solvothermal method without surfactant. QA-BiOCI-NFs
showed double catalytic function here. It can reduce 4-NP and
degrade rhodamine B (RhB). QA-BiOCI-NF has the advantages
of low cost, high catalytic activity and environmental protection.

2. Experimental section

2.1. Reagents: Bismuth nitrate pentahydrate (Bi(NO3);-SH,0),
HCl, NaBH,4, RhB, 4-NP, ethylene glycol and hydrogen peroxide
(H,0,) solution (purity~30%) were purchased from Aladdin
Reagent Database Inc. (Shanghai, China). All reagents are analytic-
al grade and were used without further purification. All experiments
were performed using ultra-pure water purified by the Milli-M
system (Milford, MA).

2.2. Synthesis of BiOCl: QA-BiOCI-NF was prepared by
solvothermal method. About 0.1ml HCI and 0.5mM
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Bi(NOs3);3-5H,0 were dissolved in 10 and 40 ml ethylene glycol, re-
spectively. They were mixed under continuous stirring for 60 min at
room temperature and then transferred to an 80 ml teflon autoclave.
After that, the autoclave was reacted for 24 h at 180°C and cooled
down to room temperature. Finally, the product was cleaned by
deionised water and absolute ethanol for several times.
QA-BiOCI-NFs were obtained by freeze drying at —45°C for 12 h.

2.3. Photocatalytic activity measurement: The photocatalytic
activity of the samples was evaluated by RhB degradation under
visible light. For photocatalytic degradation under visible light, a
500 W xenon lamp (2>400 nm) was used as the analogue light
source with a light source spacing of ~20 cm. About 50 mg catalyst
was dispersed in 100 ml 10 mg/l RhB solution and treated by ultra-
sonic wave for 5 min to achieve adsorption—desorption equilibrium.
Then, 0.1 ml H,O, was added under continuous stirring and
irradiation conditions. About 3 ml aliquots were collected every
1 min. Then, the degradation of RhB was determined by centrifuga-
tion at 13,500 rpm for 1 min. The absorption peak (AP) at 554 nm
was measured by UV spectrophotometer.

2.4. Reduction of 4-NP: The reduction reaction of 4-NP in the
range of 200-800 nm was studied by UV—visible (UV—vis) absorp-
tion spectroscopy. About 0.3 g NaBH, was dissolved in water to
20 ml, then mixed with 20 ml 12.5 mM 4-NP, stirred for 10 min,
and finally added with 25 mg catalyst. Absorbance is measured
every 10s. The AP at 400nm was measured by UV
spectrophotometer.

2.5. Instruments and methods: The surface morphology of the
sample was examined with an MIRA3 XMU/XMH scanning
electron microscope (SEM) (TESCAN). Transmission electron
microscope (TEM) image was obtained using a JEOL
JEM-2010F. The crystal phase of the sample was identified using
a Bruker D8 Advance X-ray diffractometer (XRD). UV—vis spec-
troscopy (UV) was examined with U-3900H Spectrophotometer
(Hitachi). Electron spin resonance (ESR) test was measured by
Bruker ES00 ESP spectrometer. Total organic carbon (TOC) was
obtained with multi N/C 3100.

3. Results and discussion: The SEM images of QA-BiOCI-NFs
are shown in Fig. 1. As shown in Fig. 1, the BiOCl samples
show the uniform size. To confirm the morphology of the
nanosheets and get more details, TEM is shown in Fig. 2. Fig. 2a
reveals the size of the nanosheets is about 220x220 nm. In
Fig. 2b, the high-resolution TEM (HRTEM) image taken from
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Fig. 1 SEM images of QA-BiOCI-NFs (4, B)

a

Fig. 2 QA-BiOCI-NFs
a TEM images
b HRTEM pattern

QA-BiOCI-NFs displays a lattice fringe with the interplanar spacing
of 0.276 nm, corresponding to the (110) plane of BiOCI.

As shown in Fig. 3a, the peaks from Bi, Cl and S confirm the
presence of these elements in the QA-BiOCI-NFs sample. Fig. 3b
shows the XRD measurement of the sample. All the sharp diffrac-
tion peaks can be well-indexed to the tetragonal structure of
BiOCl (JCPDS Card No. 06-0249). The major diffraction peaks
with 26 values at 25.863°, 32.496° and 33.445° are indexed as
(101),(110)and (10 2) crystal planes, respectively. No other
peaks in the patterns are linked to the other impurities, demonstrat-
ing the high purity of the sample.

The reaction process and catalytic efficiency were monitored by
UV-vis absorption spectroscopy. The continuous scanning
wavelength is 200-800 nm. Initially, the aqueous solution of
4-NP was light yellow. When a certain concentration of freshly
prepared NaBH, solution was added, the solution immediately
changed from light yellow to bright yellow. The maximum AP
of the solution without NaBH, is 319 nm, which belongs to
the characteristic AP of 4-NP. When NaBH, was added, the
maximum AP of the solution red-shifted from 319 to 400 nm due
to the change of pH value, which is attributed to the characteristic
AP of 4-NP in anionic state under alkaline condition. With the
addition of a certain concentration of catalyst, the characteristic
yellow of 4-NP faded quickly and the final solution became
colourless.

As shown in Fig. 4a, the characteristic peak of 4-NP at 400 nm
decreases rapidly until it disappears at 30 s and a new 4-AP AP is
obtained at 300 nm. Without catalyst in Fig. 45 (a), the intensity
of the AP does not change significantly even if NaBHy, is excessive.
It also shows that the reduction of 4-NP to 4-AP is not easy without
catalyst. Moreover, line b indicates that the relationship between
In (C/Cy) and time is approximately linear in the presence of
QA-BiOCI-NFs. Fig. 4c¢ studies the degradation rate of 4-NP with
different concentrations at 5s, where 4, is the concentration of
4-NP at the time of measurement and A is the initial concentration
before measurement. Until the concentration reaches 4 mM, the
degradation rate reaches 100%. It takes <5 s when the concentration
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Fig. 3 Patterns of QA-BiOCI-NFs
a Energy dispersive X-ray spectroscopy
b XRD

is <4 mM, which is obviously higher than that of conventional
catalysts.

In the presence of QA-BiOCI-NFs, the possible mechanism of
NaBH, reducing 4-NP to 4-AP is as follows. First, BHy is
chemisorbed on the surface of the catalyst flake structure, then elec-
trons are transferred from BH; to QA-BiOCI-NFs, and finally 4-NP
molecule can accept electrons and convert them into 4-AP [25].

In Table 1, the catalytic activity of QA-BiOCI-NFs is much
higher than that of catalysts containing noble metals. It also
shows that QA-BiOCI-NFs has excellent catalytic activity for
borohydride-assisted reduction of 4-NP and is expected to be a
good substitute for precious metal catalysts in the future.

The photocatalytic activity of the prepared QA-BiOCI-NFs was
also investigated. Fig. 5a shows the change of photodegradation
rate of RhB with time. RhB is nearly completely degraded in
20 min. This effect is better than the reported catalysts (Table 2).
The percentage of degradation rate (4,/4,) relative to the degrad-
ation time is shown in Fig. 5b, where 4, is the concentration of
RhB after irradiation and A, is the initial concentration before irradi-
ation after the addition of QA-BiOCI-NFs to the solution. The deg-
radation kinetics of Rh-B on QA-BiOCI-NFs follows a pseudo-first-
order process. In the absence of irradiation, the 4,/4, almost does
not decline, showing that the adsorption has little effect on the deg-
radation rate. In addition, the photocatalytic activity of BiOCl
decreased after three times of operation, where 1 h is needed for a
nearly complete degradation. Obviously, this cost-less catalyst is
suitable for the disposable use.

ESR spectroscopy is used to study the mechanism for detecting
the production of ‘OH and -O3. As shown in Fig. 6, after visible
light irradiation, -OH and -O3 signals appear, but under the same
conditions, no signals are detected for the dark. Thus, the
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Fig. 4 Characteristic peak of 4-NP

a Time-dependent UV—vis absorption spectra for the reduction of 4-NP with
QA-BiOCI-NFs

b Degradation efficiency of 4-NP as a function of time by QA-BiOCI-NFs
(b) and blank (a)

¢ Degradation rate of 4-NP with different concentrations at 10 s

Table 1 Comparison of 4-NP on various noble metal catalysts

4-NP, mM  NaBH,;, mM Time, s References
QA-BiOCI-NFs 5 0.16 30 herein
Pd-Ni 5 0.03 400 [26]
Ag-Au 4.67 0.67 360 [27]
Au-Ag 0.1 6.67 >1800 [28]
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Fig. 5 Change of photodegradation rate of RhB with time

a UV-vis absorbance of RhB by the photocatalytic degradation of
QA-BiOCI-NFs

b Degradation efficiency of RhB as a function of time by QA-BiOCI-NFs
under visible light (b) and dark (a)

Table 2 Photocatalytic performance of some typical catalysts reported
previously

RhB, mg/l  Catalyst, mg/l  Time,s  References
QA-BiOCI-NFs 10 500 20 herein
Bi,S5/BiOCl 10 600 >80 [29]
Bi,WO¢/Bi 20 500 >30 [30]
Bi,WO¢ 4.8 1000 >50 [31]
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Fig. 6 ESR spectra of
a -O5 in QA-BiOCI-NFs aqueous solution irradiated by visible light
b -OH in QA-BiOCI-NFs aqueous solution irradiated by visible light
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photocatalytic process of QA-BiOCI-NFs is affected by ‘OH and
‘O3. Under visible light irradiation with energy larger than
QA-BiOCI-NFs bandgap, electrons in valence band are stimulated
into conductive band, leaving holes in valence band. These photo-
generated electrons and holes cause reductive and oxidative reac-
tions, respectively [21, 32]. In other words, the degradation
process of RhB can be described as follows:

BiOCI + hv — BiOCl(e”) 4+ BiOCI(h™) ()
h* + OH™ — -OH )

H,0, +e¢~ +H" — .OH + H,0 3)
H,0, +h* — 2. 0OH (4)

0,+¢e — -0y 5)

-OH/ - O; /h" + dyes — degradation products 6)

The comparison of QA-BiOCI-NFs with the reported catalysts in
Table 2 shows that QA-BiOCI-NFs have excellent photocatalytic
activity. Taking TOC as mineralisation index, the photodegradation
performance of the dye was further studied. Within 20 min under
visible light, the photodegradation rate of RhB was 64%, which
indicated that the dye could achieve photodegradation effect.
Therefore, QA-BiOCI-NFs material is a kind of catalyst with
excellent photocatalytic activity.

4. Conclusions: In summary, a simple hydrothermal method was
used for the preparation of BiOCI square nanosheets, which can
be used as a new catalyst for the reduction of 4-NP and the degrad-
ation of organic dye RhB. It is demonstrated that QA-BiOCI-NFs
have good catalytic activity for the degradation of 4-NP, and it
can completely degrade 4-NP within 30s. Its activity even
exceeds platinum, gold and other noble metal catalysts.
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