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ABSTRACT

Graphitic carbon nitride absorbs light in the visible region, but the electron-hole recombination rate
is very fast. Decreasing the electron-hole recombination rate is very important in order to attain high
efficiency. In this paper, this goal was achieved by the decoration of graphitic carbon nitride with
Bi,WO,. Bi,WO,@ g-C\N, and g-C N, were prepared using a hydrothermal method in the presence of
octadecyltri methyl ammonium bromide as a surfactant. The prepared materials were characterized
by many techniques. The photo catalytic activity of Bi, WO,@ g-C N, is 1.9 times better than g-C N,
at methanol production. In addition, Bi,WO,@ g-C,N, exhibits photo catalytic stability for methanol
production, which enables many reuses of the photo catalyst.
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1. Introduction

Photo catalysis has attracted interest in many fields
of scientific research and industrial applications. In photo
catalysis, a catalyst is used in reactions under illumination
of ultraviolet (uv) or visible radiation. Graphitic-carbon
nitride (g-C,N,) has a sheet-like structure similar to that of
graphite. This type of C,N, structure has attracted research-
ers’ attention in the field of photo catalysis because of its
favorable properties, which include a narrow band gap,
non-metallic structure, physical and chemical stability, and
bio compatibility [1]. However, the high recombination rate
of the electron-hole pair and the poor visible light harvest-
ing hinders its efficiency as a photo catalyst [1,2]. Research-
ers often try to prepare g-C,N, then decorate or dope it with
an element or a group with the aim to reduce the recom-
bination rate of the electron-hole pair and enhance visible
light harvesting. Examples are abundant in the literature,
for instance, TiO, has been used to improve the properties
of g-C,N, [3-6]. Metals and combinations of metals such
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as Zn and its compounds [7-9], Fe [1,10,11], W [12,13], Sn
[14], Ni [15], and Cr [16] have been added to g-C,N, to
improve its photo catalytic efficiency. Silver has been added
to g-C,N, not only to improve the properties but also to add
a new dimension in the applications of antibacterial activ-
ity [17-20]. Non-metals such as graphene oxide and others
were also added to g-C,N, [21].

In this work, I report a new composite in which Bi, WO,
decorates g-C,N, that was synthesized and characterized.
In the preparation method, we used octadecyltrimethyl
ammonium bromide as a surfactant for the first time in
these types of syntheses. As an application of the synthe-
sized material, the visible-light photo catalytic reduction of
carbon dioxide using Bi,WO, @ g-C,N, was studied.

2. Experimental
2.1. Preparation of photo catalysts

In this procedure, two mixtures (A and B) were pre-
pared. Mixture A: 5 g of octadecyltrimethyl ammonium
bromide (OTAB) was dissolved in 20 mL of distilled water
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under magnetic stirring. Then, 0.01 M of urea was added
to OTAB solution drop wise. Mixture B: Bi(NO,),-H,O and
Na,WO,-2H,0 were dissolved in 50 mL of bidistilled water
under magnetic stirring. To prepare composites of various
wt% of Bi,WO,, namely, 0.5, 1.0, 1.5, and 2.0, stoichiometric
amounts of these materials were added each time to pre-
pare the four solutions.

To complete the synthesis of the decorated nanocom-
posite, Mixture A was added drop wise to mixture B, after
which the resulting mixture was transferred to a Teflon-lined
stainless steel autoclave and heated for 10 h at 200°C. The
produced material was separated, washed many times
and dried in an oven at 100°C for 12 h. To prepare g-C,N,,
mixture A was transferred to a Teflon-lined stainless steel
autoclave and heated for 10 h at 200°C, then the product
material was separated, washed many times and dried in
an oven at 100°C for 12 h.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded
with a Bruker axis D8 with CuKa radiation (A = 1.5418 A).
The accelerating voltage and the emission current were
40 kV and 35 mA, respectively. Data were obtained over the
20 range of 5-80°, with a step width of 0.02° and a scan rate
of 5° min™. The ultraviolet-visible (UV-Vis) spectroscopy
measurement was carried out on a UV-Vis-NIR spectropho-
tometer (V-570, Jasco, Japan), using BaSO, as the reference
standard. Photoluminescence (PL) spectra were measured
using a Shimadzu RF-5301 fluorescence spectrophotometer
at room temperature, with the excitation light of 350 nm
from a xenon lamp. The transmission electron microscopy
(TEM) investigation was performed with a JEOL-JEM-1230
transmission electron microscope. The specific surface area
was measured by using a Nova 2000 series Chromatech
apparatus and calculated by the Brunauer-Emmett-Teller
(BET) equation. A Thermo Scientific K-ALPHA spectrome-
ter was utilized to obtain X-ray photo electron spectroscopy
(XPS) measurements.

2.3. Photo catalytic tests

The photo catalytic performance was studied for
the photo catalytic reduction of CO, under visible light.
First, the required dose of the photo catalyst was dis-
persed in 50 mL of 0.08 M sodium bicarbonate solution.
The dimensions of the reactor used are 30 cm x 15 cm x
5 cm. To remove oxygen from the reaction mixture, nitro-
gen gas was bubbled through the reaction mixture for 1 h.
To obtain adsorption-desorption equilibrium, the reaction
mixture was stored in the dark for 30 min. Then, a 500 W
high-pressure Xe lamp was used as a source of irradiation,
and we used 2 M NaNO, solution to cut off the UV region
below 400 nm. The obtained methanol was analyzed using
GC-FID. The yield of evolved methanol can be calculated
by dividing the total amount of methanol evolved by the
reaction time. There was no methanol detected for all tested
samples when the reaction was carried out in the dark only.
Also, there was no methanol detected for all tested samples
when the reaction was carried out using the source of irra-
diation only.

3. Results & discussion
3.1. Characterizations of materials

Fig. 1. shows XRD patterns of the five synthesized
composites, g-C,N,, 0.5 wt % Bi,WO @ g-C\N, 1.0 wt %
Bi,WO.@ g-C N, 1.5 wt % Bi,WO,@ g-C\N, and 2.0 wt
% Bi,WO,@ g-C,N,. The patterns reveal the pure g-C,N,
phase in all five composites with no peaks of Bi,WO,,
which could be explained by the low percentage of Bi,WO,
that was present. The patterns also show there is no shift
in peaks of g-C,N, which means successful decoration
of g-C,N, by Bi WO The crystallite sizes of g-C,N,, 0.5
wt%31WO@gC v 10wt % Bi,WO@ g-CN,, 1.5 wt
% Bi,WO,@ g-C.N, and20wt%81WO@gCN are 16,
14, 12, 10 and 9 nm, respectively, as calculated by the
Scherrer formula. It is clear that Bi,WO, doping results
in a decrease of crystallite sizes of g—C3N4. This may be
due to the addition of Bi,WO, to g-C,N, preventing the
growth of g-C.N, and thereby decreasing its crystalinity
and size.

Fig. 2 shows TEM images of g-C.N,, 0.5 wt % Bi, WO, @
g-C,N,, 1.0wt % Bi,WO,@g-C,N,, 1. 5wt % Bi WO @g -C, N
and 2.0 wt % B12W06@ g-C3N4. The results reveal that the
decoration and dispersion of Bi,WO, above the surface of
g-C,N, were increased by 1ncreasmg the weight percent
of Bl WO from 0 to 1.5 wt %, while the dispersion was
decreased above 1.5 wt %. The 1.5 wt % Bi ,WO,@ g-C.N,
sample was measured by HRTEM as shown in Fig. 2F The
presence of lattice spacing at 0.315 nm and 323 nm confirm
the presence of Bi,WO, phase (113) and g-C,N, phase (002)
for the 1.5 wt % Bi,WO,@ g-C,N, sample, respectively, as
shown in Fig. 2F.

Fig. 3 shows XPS spectra of Bi4f, Ols, W4f, Cls and
N1s species for the 1.5 wt % Bi,WO,@ g-C.N, sample. It
shows two peaks for Bidf, and Bidf. spat 158.2 and 163.4
eV, respectively confirming the bismuth ion (Bi** ion) as
shown in Fig. 3A. Fig. 3B shows one peak for Ols at 529.1
eV, confirming the oxygen ion (O* ion). Fig. 3C shows two

g_CsN4
—— 0.5wt % Bi,WO,@g-C3Ny4
—— 1.0wt % Bi,WO,@g-C3Ny

—— 1.5t % Bi,WO,@g-CaN,

/ \ ——— 20wt % Bi,WO,@g-CaN,

2
2
2
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Fig. 1. XRD patterns of g-C,N,, 0.5 wt % Bi,WO,@ g-C.N,, 1.0

wt % Bi,WO,@ g-C N 15wt%B12W06@g-CN *and 2.0 wt %

Bi,WO,@ g-C N, samples.
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peaks for W4f | and W4f,  at 34.4 and 36.5 eV, respec-
tively, confirming the tungsten ion (W® ion). The results
from Figs. 3A-3C confirm the presence of Bi,WO, in the
nanocomposite structure. Fig. 3D shows two peaks for Cls
at 287.6 and 284.5 eV, confirming the carbon ion (C=N).
Fig. 3E shows one peak for N1s at 399.0 eV, confirming
the nitrogen ion (C=N-C). The results from Figs. 3D and
3E confirm the presence of g-C,N, in the nanocompos-
ite structure. Therefore, the nanocomposite structure is
Bi,WO,@ g-C.N,.

The specific surface area of g-CN,, 0.5 wt % Bi,WO,@
g-C.N, 1.0wt % BiWO@g-CN,, 1. 5 wt % Bi,WO,@g-C\N,

3Ty

30 nm

Fig. 2. TEM images of g-C,N, (A), 0.5 wt % Bi,WO,@ g-C\N, (B), 1.0 wt % Bi, WO, @ g-C,N

% Bi,WO,@ g-C,N

and 2.0 wt % Bi,WO,@ g-C )N, samples was measured by
a Nova 2000, resulting in values of 70, 69.8, 69.7, 69.6 and
69.5 m?/g, respectively, as shown in Table 1. Therefore, the
addition of Bi,WO, to g-C,N, had no significant effect on the
BET surface area of g-C, N
UV-Vis spectra of g—C N, 0.5 wt % Bi,WO,@ g-CN

1.0 wt % BiwO,@ g-C\N,, 15 wt % B1WO@g—CN and
2.0 wt % BiZWOﬁ@ g-C,N, samples (Fig. 4) reveal a red shift
of absorption edges of g-C N, toward higher wavelengths
going from 0.5 to 2.0 wt % from Bi,WO,. The values of band
gap energy of g-CN,, 0.5 wt % Bi,WO,@ g-CN,, 1.0 wt %

3T

BL,WO,@ g-C)N, 1.5 wt % Bi,WO.@ g C,N, and 2.0 wt %

3Ty

0315 nm
Bi:-WO:(113)

-C ,.\ (002)

, (C), 1.5 wt % Bi,WO,@ g-C.N,(D) , 2.0 wt

,(E) and the HRTEM image for 1.5 wt % Bi,WO @ g-C N, (F).
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Fig. 3. XPS spectra of XPS spectra of Bi4f (A), Ols (B), W4f (C), Cls (D) and Nls (E) species for the 1.5 wt % Bi,WO, @ g-C )N, sample.

Table 1

BET surface area of g-C,N, and B,WO,@g-C,N, samples

Samples Surface area (m?/g)
g-CN, 70

0.5 wt % B,WO,@g-C,N, 69.8

1.0 wt % B,WO,@g-C,N, 69.7

1.5 wt % B,WO,@g-C,N, 69.6

2.0 wt % B,WO,@g-C.N, 69.5

Bi,WO,@ g-C\N, samples calculated from their respective
UV-Vis spectra were 2.43,2.27,2.25,2.02 and 2.01 eV, respec-
tively, as shown in Table 2. These results indicate narrowing
of the band gap, and therefore higher visible light photo
catalysis efficiency.

Pl spectra of g-C,N,, 0.5 wt % Bi,WO,@ g-C.N,, 1.0
wt % Bi,WO,@ g-CN,, 1.5 wt % Bi, WO,@ g-C,N, and 2.0
wt % Bi,WO,@ g-C,N, samples (Fig. 5) show peak inten-
sities decrease in the following order g-C\N, > 0.5 wt %
Bi,WO,@ g-C N, > 1.0 wt % Bi,WO,@ g-C,N, > 1.5 wt %
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Table 2
Band gap of g-C,N, and B,WO,@g-C,N, samples
Samples Band gap, eV
g-C.N, 243
0.5 wt % B,WO,@g-C,N, 2.27
1.0 wt % B,WO,@g-C,N, 2.25
1.5 wt % B,WO,@g-C,N, 2.02
2.0 wt % B,WO, @g-C N, 2.01
— 9CN,

——— 0.5t % Bi,WO,@g-C3N4
—— 1.0wt % Bi,WO,@g-C3N4
—— 1.5wt % Bi,WO,@g-C3N4
—— 20wt % Bi,WO,@g-C3N4

Absorbance, a.u.

PR VR IO U RPN EPU U NRPU NI RPR U R R
200 250 300 350 400 450 S00 550 600 650 700 750 800 850 900

Wavelength, nm

Fig. 4. UV-Vis spectra of g-C,N,, 0.5 wt % Bi,WO,@ g-C\N,, 1.0
wt % Bi,WO @ g-CN,, 1.5 wt % Bi,WO,@ g-C N, and 2.0 wt %

Bi,WO,@ g-C.N, samples.

Bi,WO,@ g-C)N, > 2.0 wt % Bi,WO,@ g-C.N,. The values
of band gap energy of g-C,N,, 0.5 wt % Bi,WO,@ g-C.N,,

1.0 wt % Bi,WO,@ g-C N, 15wt%B1WO@gCN and
2.0 wt % Bi,WO.@ g-C N, samples calculated from their
Pl emission spectra were 2. 42, 2.26, 2.24, 2.01 and 2.00,
respectively, confirming data observed from the UV-Vis
spectra.

3.2. Evolution of photo catalytic performance

The type of photo catalyst, dose of 1.5 wt % Bi, WO, @
g-C.N, photo catalyst, recycling, and reuse of 1.5 wt %
Bi,WO,@ g-C N, were studied to measure the photo cata-
lytic performance for methanol production under visible
light conditions.

The effect of the type of photo catalyst on hydrogen evo-
lution was studied under the following conditions: 500 W
Xe lamp light source; 1 h reaction time; 0.4 g/L dose of
photo catalyst; 50 mL volume of aqueous solution. Fig. 6
shows the effect of type of photo catalyst on the amount
of methanol evolution. The g-C,N, sample almost has a
0.4 pmol amount of evolved methanol. The performance of
0.5 wt % Bi,WO,@ g-C.N,, 1.0 wt % Bi,WO,@ g-CN,,
wt%B1WO@g—CN and20wt%B1WO@gCN sam-
ples for methanol evolution was increased from 0.46° 0.76
pmol, respectively, due to the decreased band gap of 0.5

- g-C3N4

— 0.5wt % Bi,WO,@g-C3Ny4

— 1.0wt % Bi,WO,@g-C3Ny
1.5 wt % Bi,WO,@g-C3Ny

—— 2.0wt % Bi,WO,@g-C3Ny

Intensity, a.u.

_
! | L | L 1

480 500 520 540 560 580 600 620 640
Wavelength,nm

Fig. 5. Pl spectra of g-C,N,, 0.5 wt % Bi,WO,@ g-C\N,, 1.0 wt % Bi-
,WO,@ g-C.N, 15wt%81WO@g-CN andZOwtO/c)BlWO@

3 v

g-C,N, samples.
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Fig. 6. Effect of the type of photocatalyst on evolved methanol.

wt % Bi,WO,@ g-C,N,, 1.0 wt % Bi,WO,@ g-C,N,, 1.5 wt %
Bi,WO,@ ¢g-C.N, and 2.0 wt % Bi,WO,@ g-C,N, from 2.27,
2.25,2.02 and 2.01 eV by Bi,WO, doping.

The effect of dose of 1.5 wt % Bi,WO,@ g-C,N, photo
catalyst on the amount of methanol evolution was studied
under the following conditions: 500 W Xe lamp light source;
1 h reaction time; the dose of photo catalyst changed from
0.4 to 2.0 g/L; 50 mL volume of aqueous solution. Fig. 7
shows the effect of dose of 1.5 wt % Bi, WO,@ g-C N, photo
catalyst on evolved methanol. Methanol evolution increased
from 0.75 to 0.90 p mol when the dose of 1.5 wt % Bi,WO @
g-C,N, photo catalyst was increased from 0.4 to 1.2 g/L,
respectively. This could be explained by the increase in the
number of available sites for a photo catalytic reaction as
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Fig. 7. Effect of the dose of the 1.5 wt % Bi,WO,@ g-C,N, photo-
catalyst on evolved methanol.
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Fig. 8. Recycling and reuse of the 1.5 wt % Bi,WO,@ g-C,N, pho-
tocatalyst on evolved methanol.

the dose increase resulted in more photo catalytic activity.
Upon increasing the dose of photo catalyst above 1.2 g/L,
the amount of evolved methanol decreases to 0.73 umol.
This may result from the hindrance of light penetration due
to the high concentration of photo catalyst particles in the
reaction solution.

Recycling and reuse of 1.5 wt % Bi,WO,@ g-C,N, photo
catalyst on evolved methanol was studied under the fol-
lowing conditions: 500 W Xe lamp light source; 1 h reac-
tion time; 1.2 g/L dose of photo catalyst; 50 mL volume of
aqueous solution. Fig. 8 shows the recycling and reuse of
the 1.5 wt % Bi,WO,@ g-C\N, photo catalyst on evolved
methanol. Itis clear that the 1.5 wt % Bi, WO, @ g-C,N, photo
catalyst has photo catalytic stability and can be used and
recycled many times.

Visible Light Irradiation

& 0,
e Q5
- O
&
© (@)
Bi; WOy

OH+H"

H.O

Fig. 9. Photocatalytic mechanism of the 1.5 wt % Bi,WO@
g-C N, photocatalyst.

3.3. The photo catalytic mechanism

The photo catalytic reduction of CO, to methanol was
shown in Fig. 9 and equations one through four. When the
Bi,WO,@ g-C )N, nanocomposite was irradiated by visible
light, the electron-hole pairs were generated on the surface
of the Bi,WO,@ g-C.N, nanocomposite, as shown in Fig. 9.
The effect of Bi, WO, in the Bi, WO,@ g-C N, nanocomposite
is to act as an electron acceptor, thereby hindering the e-h
recombination rate. This leads to a carbon dioxide reduc-
tion by excited electrons and methanol production as out-
lined in equations 1 to 4 [22,23].

CO, +e oy —=-CO; 1)
H,O+h*,, >H" +0OH" 2
H +e oy —H- 3)
.CO,” +6H -+h*,, - CH,OH + H,0 )

4. Conclusions

G-C,N, and Bi, WO, @ g-C N, were prepared by a hydro-
thermal method in the presence of octadecyltrimethyl
ammonium bromide, which acted as a surfactant. The
hydrothermal method in the presence of a surfactant result
in the formation of g-C N, decorated with Bi,WO,. A red
shift is also observed because of the doping of Bi,WO,.
The photo catalytic activity of BiWO.@ g-C.N, was 1.9
times better than g-C N, at methanol production. Bi, WO, @
g-C,N, shows photo catalytic stability for methanol produc-
tion even with repeated use.
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