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ANOCOMPOSITES of TiO,@Ni-doped or Co-doped graphene oxide (GO) have been

sucessfully prepared and are employed for photocatalytic water splitting. TEM images
showed doted nanostructure and scattered-appearance of Co, Ni with and TiO, nanoparticles
on GO sheet. The XRD patterns proved the existence of the crystal planes of Ni, Co and TiO,
nanoparticles on GO. Moreover, the absorption spectrum of the prepared samples showed a
better percentage of absorption of the visible light upon introducing NiO or CoO. EDX analysis
results confirmed the presence of Co, C, O, and Ti elements in the sample. Interestingly, both
n-TiO,/p-NiO/GO and n-TiO,/p-CoO/GO heterojunctions photocatalysts improved the photo-
catalytic activity for water splitting nonetheless with different mechanisms. The n-TiO,/p-NiO/
GO photocatalyst showed a higher hydrogen production rate of 0.3 mmole/min/g than that
of n-TiO,/p-CoO/GO. The generated e/h pairs in the TiO, part of the catalyst is kept through
the effect of the electric field formed by the p-NiO/n-TiO, heterojunction while Co presence
narrows the bandgap and promotes both hydrogen evolution reactions at the conduction and
valence band of heterojunctions.

Keywords: Graphene oxide, TiO, nanoparticles, Photocatalyst, Water splitting.

Introduction

Hydrogen is usually considered as a clean form
of energy. Recently, it received lots of attention
in the energy market as an energy carrier [1].
The dominant production process of hydrogen
includes fossil fuel as a precursor. Hydrogen
as a fuel is admitted to the proton exchange
membrane (PEM) fuel cell to generate electricity
and water vapor with an efficiency of more than
70%. However, still the debates of storing and
supplying the hydrogen hider it is widespread as
an alternative energy carrier. Therefore, numerous
researchers are investigating the components of the
PEM fuel cell as well as the innovative routes for
hydrogen production and storage. Alternatively,
water is the most suitable and abundant source

of hydrogen. Different ways, including water
reduction, photocatalytic water splitting and
water purification have been investigated [2,3].
Hitherto, intensive researches are devoted to the
solar energy-based hydrogen production. In their
midst, photocatalytic water splitting has received
intense attention [4,5] due to the concentrated
researches in nanostructured catalysts.

Typically, the activity of photocatalysts depend
crystal size, shape, structure and modification.
Metal desposition on TiO, is significantly
enhanced photocatalytic activity when of titania
due to the attraction of electrons to the metal
particles on TiO, [6]. The incorporation of CoO on
titanate nanotube enhances the activity of anatase
under solar irradiation, the improvement proceeds
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via preventing the recombination of hole-electron
and modification band gap[7].

Another modification method is the coupling
of TiO, with carbon materials. TiO, modified
with carbon nanomaterials have been previously
investigated for photocatalytic activity. It was
previously proved that graphene and modified
neodymium/GO incorporated withtitaniaenhances
the absorption ability and electron transfer rate of
TiO, as well as shifting the absorption edge of
TiO, to the visible-light region. Consequently,
it is expected that the synergistic effect of
incorporating GO with titania nanoparticles will
promote the photo-catalytic reactions both at
conduction and valence bands [8,9]. Moreover,
graphene oxide (GO) is a potential photocatalytic
material due to its excellent solubility, and tunable
bandgap [10].

Herein, the effect of introducing Ni, and Co,
to the lattice of GO, and incorporating with titania
nanoparticles has been examined. The Ni sample
will be denoted as n-TiO,@p-NiO/GO while the
Co samples will be denoted as n-TiO,@p-CoO/
GO henceforth. The effect of such incorporation
on the photocatalytic activity towards water
splitting under the visible light irradiation has also
been investigated.

Experimental

Catalyst preparations:

In the preparation step, all the chemicals are
obtained from the Sigma Aldrich Co. (UK) and
used without further modification. A mixture of
H,PO/H,SO, with mass ratio 9/1 respectively
was added to a mixture of two grams of graphite
powder and one gram of NaNO,. The reaction
beaker is placed in an ice bath with stirring to
control the temperature below 20 °C. Then,
slowly 12 g of KMnO, was added to the solution
at a temperature of 35 °C with continuous stirring
for 1 h. Afterward, both H,O, and distilled water
were added to the mixture with continuous
stirring for 30 min to get a brownish-yellow color
of GO. The GO is separated by filtration, double
washed with distilled water and dried at 70 °C for
an hour. The doping process was done through
dissolving one gram of GO in 50 ml of ethanol
with stirring, and then the solution is subjected
to sonication for 30 min. Afterward, Co and Ni
acetate (with a proper mass) was added to the
solution and boiled under reflux to 100 °C for
10 h. Finally, filtration is necessary to collect the
solid product. To incorporate the TiO,, the doped
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GO is suspended in 15 ml of ethanol and stirred
at 100 rpm a 70 °C. Then, a suitable mass of the
titanium isopropoxide as a precursor of TiO, is
added with continuous stirring until the solution
loses most of the ethanol. Afterward, the mixture
is placed in a furnace under vacuum at 800°C for
three hours. In these experiments, the mass of GO
and transition metal was fixed, and the mass of
TiO, nanoparticles varies in such a way that the
mass ratio is (GO: Ni/Co: TiO, = 10: 1: (1 to 5))

Characterization

To wverify the doping and incorporating
processes, TEM images have been captured
by JEOL JEM 2010 transmission electron
microscope (TEM), operating at 200 kV, (JEOL
Ltd., Japan). Analysis of TEM images has been
done by Image] 1.47v™ software. To detect
the phase and crystallinity of the prepared
nanocatalyst, the analysis is done by X-ray
diffraction (Rigaku Co, Japan) with CuKa (A =
1.54056 A) radiation at a scan rate of 0.05°s " over
arange of 26 angles from 5 to 80°. The absorption
spectra of the photocatalyst were investigated by
spectroscopic analysis using Agilent HP 8453
UV-visible spectroscopy system, Germany. In
addition, the p-CoO(GO)/n-TiO,sample was
analyzed by X-ray Microanalysis using TEAM™
EDS Analysis provided by EDAX (the operating
conditions are: accelerating voltage 30 kV, current
8nA, beam diameter 6 pm, decreased vacuum in
the chamber with the pressure of 50 Pa).

Application as a photocatalyst

The hydrogen production experiment has been
conducted for each nanocomposite separately. At
the start, 50 mg of the catalyst was added to 50
ml of solution mixture of water and methanol
(4:1, viv) in pre-purged sealed container. The
gas collected from the opening and accumulates
in a simple inverted graduated cylinder. From
the observation of the displacement of water in
the graduated cylinder with time, the volume
of the gas can be calculated and The produced
was determined with time intervals by hydrogen
sensor. In each run, a magnetic stirrer is used to
agitate the solution to reduce the hydrodynamic
barrier of gas evolution during the photocatalytic
reaction. The experiments have been done under
solar irradiation from 12:00 ~ 13:00 in July 2018
in MiniaCity, Egypt. (Latitude: 28° 06° 35.6” N
Longitude: 30° 45° 1.1 E). The experiments
have been done in consecutive days and fixed
time to diminish the effect of fluctuation of solar
radiation. Basically, the photocatalytic water
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splitting reaction produces one-third oxygen gas
and two-thirds hydrogen gas. M. S. Mahmoud et
al. [11] indicated experimentally that the hydrogen
gas comes from water and ethanol. Moreover,
they proved experimentally that CO, gas is not
generated by collecting the evolved gases above
Ca(OH), solution, where no turbidity is observed.

Results and Discussion

Characterizations of the nanocomposite

Figure 1 (a) shows the TEM image of the
prepared n-TiO,@p-CoO/GO. It was evident that
the GO sheet appears with small, scattered dots
for Co and/or TiO, nanoparticles with an average
outer diameter of ca. 52 nm. Moreover, the image
shows a relatively random distribution of the
nanoparticles inside the GO sheet, which can
generate a local active site and facilitate the photo-
catalytic reaction. Figure 1 (b) shows the TEM
image of n-TiO,/p-NiO/GO. The appearance of
black scattered dots inside GO sheet is evident. The
diameter of dots is nanosized of 12 nm. TiO,@NiO-
GO composite showed lower sized nanoparticle
thant that of TiO,@CoO-GO composite, that could
affect the photocatalytic activity of nanocomposite.

Subsequently, the crystal structure of the
nanocomposite is confirmed by the XRD analysis.
Figure 2 shows the XRD pattern of the Co/Ni-
doped GO incorporated titania nanoparticles in
comparison with the pure GO sample. For GO,
the XRD pattern of GO shows a broad peak at 26

of 10.1° (002) with an inter-layer space of ~0.34
nm and as well strong diffraction peak is located
at 20= 24.7°). For the prepared samples, the
observed broad and noise peaks could be related
to the nature of the incorporation action of Co/Ni-
doped GO and TiO, nanoparticles. Besides, GO
peaks is probably shifted, indicating the effect of
doping and incorporation on the crystal structure
and morphology of the GO layer. The existence of
diffraction peaks at 2 values of 9.8 ©,24.2°,27.8 °,
33.8 °, and 48.2 ° matching with the crystal planes
of (200), (110), (310), (301), and (020) of titania
nanoparticles (JCPDS card no 27-0124). For Co
sample, small peaks appear at 2 values 44.2° and
51.5 ° matching with Co crystal planes of (002)
and (101), respectively (JCPDS 05-0727). Such
peaks prove the appearance of Co in the crystal
structure of the GO. A similar finding is extended
to the Ni sample, where a small peak at 2 values
37° and 34.5 ° matching with Ni crystal planes of
(111) and (200), respectively (JCPDS 04-850).
It is worthy mentioned that the intensity of the
peaks of the prepared sample is lower than that of
the pure titania nanoparticles indication the low
crystallite size. Furthermore, incorporating Co
or Ni doped GO with TiO, material induces the
formation of smaller crystallites and decrease of
crystallinity [7].

In quest of estimating the visible light
absorption of the prepared samples compared to
pure TiO,, Fig. 3 shows the UV-vis absorption

Fig. 1. TEM image of: (a)TiO2@Co00O-doped GO nanoparticles (GO:Co:TiO2= 10: 1: 1), (b) TiO2@NiO-doped

GO (GO:Ni:TiO2= 10: 1: 1).
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Fig. 2. The XRD patterns of the (Co/Ni)-doped GO incorporated Titania nanoparticles compared with pure GO,

TiO,, Ni element, and Co element.

spectra of the GO, titania (anatase), and Co/Ni-
doped GO incorporated with titania nanoparticles.
The fundamental absorption edge (A, ) for TiO,
anatase nanoparticles can be observed at 385
nm, which corresponds to the bandgap of 3.2 eV
[12]. The major absorption region for the pure
anatase is in the UV region at about 385 nm.
By comparing the spectrum of pure anatase and
TiO,@Co0O-doped GO and TiO,@NiO-doped
GO, it is clear that introducing of CoO and NiO to
composites broadened the absorption edge of the
GO and TiO, that is shifted to the visible region.
With reference to the solar spectrum in the visible
region (100%), the absorption of visible radiation
has increased to 39.8% and 62.3% for TiO,@CoO-
doped GO and TiO,@NiO-doped GO samples,
respectively. This finding can be considered as a
potential reason for the improved performance of
the TiO,@CoO-doped GO and TiO,@NiO-doped
GO nanocomposites compared to both the GO and
pure TiO,. Mathematically, the direct bandgap of
the prepared nanocomposites can be calculated
using the following equation [13]:

(ahv) = A(hv — E,)™? Eq (1)

Where a is the absorption coefficient, % is
the Planck constant, v is the photon frequency
(hv = 1240/wavelength), 4 is the proportionality
constant, Eg is the bandgap, and nis a constant.
Different values of nare assumed according to
whether the bandgap is direct or indirect. It takes
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a value of n=1 for indirect allowed and n= 4 for
the direct allowed absorption according to the
optical transition type of the photocatalyst. The
inset of Fig. 3 shows the plot of (akv)? versus
photon energy at n=4 (direct allowed bandgap). It
was showed that the bandgap values of Co TiO,@
CoO-doped GO and TiO,@NiO-doped GO
nanoparticles are 2.72, 2.6 eV, respectively. This
indicated that the bandgap energies for TiO,@
Co0O-doped GO and TiO,@NiO-doped GO are
lower than that of anatase TiO,. This finding is
agreement with previously stated [14]. It was
presence of transition the p-type metal oxide on
GO sheet forms a heterojunction with n-type
TiO, which generates the synergistic effect via
promoting the extension of electron/hole lifetime
due to difference Fermi levels.

In order to determine the atomic composition
of the samples, the EDX analysis has conducted
to p-CoO(GO)/n-TiO,. Figure 4 shows the EDS
analysis of the sample. It is evidence that the
report shows the appearance of C, Ti, and Co with
atomic % of 67.91,23.89 and 3.48 %, respectively.
However, this data misjudge the exact percentage
of oxygen attached to both carbon and titanium
atoms due to the nature of EDS analysis, which
works only for a thin layer (few microns or less)
on the surface.

Photo-catalytic activity study
Figure 5(a) displays the volume of hydrogen
generated as a function of time for different ratios
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of Co/Ni- doped GO incorporated Titania nanoparticles.
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Fig. 4. The EDS ofCo-doped GO incorporated Titania nanoparticles

of n-TiO,/p-NiO/GO. It is clear that the ratio of
GO: Ni: TiO,= 10:1:2 provided a comparatively
better evolution rate of 150 umol H,/min. More
introduction of TiO, nanoparticles showed a less
rate of hydrogen production. Moreover, Fig.
5(b) shows the volume of hydrogen generated
vs. time for different ratios of Co-doped GO and
TiO, nanoparticles. It is evident that the best ratio
of GO: Co: TiO, was 10:1:5, which induced an
average rate of hydrogen reduction of 62.5 pmol
H,/min.

A comparison between the GO, TiO,
nanoparticles, and the two types of photocatalysts
is shown in Fig. 5(c). It is clear that n-TiO,@p-
NiO/GO has the highest rate of hydrogen

production (150 pmol H, 8 atalys ‘I min™). It was
worthy noted that hydrogen production rate of
n-TiO,@p-NiO/GO is 2.4 fold higher than that of
n-TiO,@p-CoO/GO (62.5 pmol Hzlgmlyst'l. min)
and 5 folds higher than that of TiO, nanoparticles
(30 pmol H, g I min™).

catalyst

The theoretical number of electrons in the
conduction band of a semiconductor is given by
[27]:

Ncb — AT3/2€7Egap/2kT Eq (2)

where A4 is constant = 4.83x10%' (electronsm™
K=?2), E,  is the bandgap energy (eV), k is the
Boltzmann constant, and 7 is the temperature
(~303 K). For n-TiO,/p-NiO/GO, the value of

Egypt. J. Chem. 62, No. 9 (2019)
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N, = 0.6229x10* electrons. m? (11.212x10°

B
electrons. 8 catalyst )

It has been reported formerly that both
NiO and CoO are p-type while TiO, is n-type
semiconductor [15-17]. The bandgap of NiO,
Co0, and TiO, are 2.6, 2.6 and 3.2 eV, respectively
as shown in Table 1.

The n-type TiO2 provides more electrons
that can easily transfer to the conduction band,
as the energy level between the donor and the
conduction band is low. They tend to form more
levels above the Fermi level, thus skewing the
electron distribution higher.

The inner electric field generated by the
p-n junction region efficiently transferred the
photogenerated holes into VB band of NiO or CoO
and the photogenerated electron transfer into the
conduction band of TiO2 as well. Subsequently,
recombination of photogenerated electron-hole
pairs was constrained [3]. The photogenerated
electrons were involved in reduction reactions of

12

water into H2.

Accordingly, the coupling of TiO2 with GO
doped with NiO and CoO results in; i) Improve the
visible light absorption ii) Enhance the electron/
hole separation iii) Prolong the recombination
of the electron/hole charge carrier. The main
enhancement mechanism for the charge transfer
step is achieved through the electron transfer
through the interface between the base and
dopant metal oxides. This can be clarified by the
development of an inner electric field, which thus
impedes the electron/gap recombination activity
[18].

GO has a significant effect on enhancing
H2 production via i) facilitating the electron
mobility ii) promotes the electron injection into
the conduction band of the Ni and Co dopant
iii) acting as a photocathode site for hydrogen
evolution reaction due to the presence of m*-
orbitals.

In case of p-NiO(GO)/n-TiO,, both band gaps
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Fig.

5. (a) The hydrogen specific evolution as a function of time for different Ni-doped GO incorporated Titania

nanoparticles, (b) The hydrogen specific evolution as a function of time for different Co-doped GO
incorporated Titania nanoparticles. (c) A comparison between the hydrogen evolution using pure
Titania nanoparticles, pure GO, and for the top results obtained by using both Ni and Co- doped GO

incorporated Titania nanoparticles.

TABLE 1. The VB and CB levels of appearing oxides.

Levels of bands versus NHE in eV

Semiconductor
CB
TiO, (Anatase) -0.25
NiO -1.5
CoO -1
GO -0.75

VB
2.95
4.1
1.6
1.55

Ref.
Eg
3.2 [19]
26 [20]
26 [18]
2.3 [15]
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of NiO and TiO, are 2.6 and 3.2 eV, respectively.
Furthermore, at the interface between NiO and
TiO,, a space charge region will build up due to
the formation of p-n heterojunction result in a
localized electrical field between NiO and TiO,
[21]. Consequently, the generated e/h* pairs in the
TiO, due to UV light irradiation will be maintained
through the effect of the electric field formed
by the p-NiO/n-TiO, heterojunction as shown
in Fig. 6. The photon-induced holes in the TiO,
transferred NiO. Therefore, the charge separation
is taken place preventing recombinatrion that
results in forward of photocatalysis reaction of
H, generation. As well, the expected lifetime
of e/h pair is considerably prolonged as a
result of the inhibition of their recombination.
Accordingly, the rate of hydrogen evolution
reaction is increased. As well, in p-CoO/ n-TiO,
heterojunction, the generated e/h* pairs of TiO,
particle upon light irradiation will be maintained
through the effect of the electric field formed
by the p-CoO/n-TiO, heterojunction as shown
in Fig. 6 Meanwhile, p-CoO has lower negative
CB potential energy than that of NiO, thus, the
probability of inhibition of charge recombination
of p-NiO/n-TiO, is higher that p-CoO/n-TiO,
heterojunction. Therefor, higher improving of the
photcatalytic H, production rate of TiO,@NiO/
GO was achieved rather than TiO,@CoO/ GO.
This is attributed to TiO,@NiO-GO composite
nanoparticle size (12 nm) is 4 folds lower than that
of TiO,@CoO-GO composite, thus another effect
of quantum effect was involved in improving
the photocatalytic activity of TiO @NiO/ GO
nanocomposite. Previously, doping of TiO, with
metals improved the photocatalystic actvity via
suppressing the recombination of photogenerated

(Eg=3.6 eV)

TiO,
(Eg=3.2 eV)

+ve Potential energy (vs. SHE) -ve

e

& &
h
[ |
h* h*

100
—ﬁ'
&
—
Y . S
NiO

holes and electrons[23,24].

Generally, the performance of a photocatalyst
is obtained by calculating the efficiency of
conversion of photons to electrons as follows:

- ";elecrrons Eq (3)
photons
Where, N is the number of electrons

electrons

involved in the photo-reduction reaction, and
N orons is the number of photons incident in the
reaction area. The N, can be obtained from
the rate of hydrogen generation form Fig. 5 (for
n-TiO,/p-NiO/GO = 150 pumol H, gmlyst" min
. This rate provides the number of electrons
involved in hydrogen evolution step. Similarly,

N can be calculated from:
photons

_ 1
N’pthOTLS‘ B Ephotons [ photon™] B (4)

Where [ is the solar intensity in Js' (258-
266.7 Wm?) [25], and E o 1s the photon
energy (3.97x10" in J photon'). Therefore, the
photon flux is 6.506 x 10* photons/s m?* solar.
This calculation shows that the prepared catalyst
has achieved approximately 3.11 % conversion
of photons to electrons. Although it is a small
conversion percentage, it indicates that this
photocatalyst focuses on increasing the absorbance
of photons and providing prolonged time for more
water molecules to be photo-oxidized.

For comparison the obtained results with
related works, Table 2 shows the rate of hydrogen
evolution for various types of photocatalysts. It
is noticed that the rate of hydrogen production

i L A 4
9 =—
I
............ Mt HTH
CoO %_}
(Eg=2.6 eV) o
oJ
TiO —i

e
‘h* h*

Type Il heterojunction

Fig. 6. Proposed mechanism for photocatalytic water splitting by Ni/Co-doped GO incorporated Titania

nanoparticles.
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by Fe/Co-Titania nanotube is higher than that
previously obtained [32,33]. This reveals that
the n-TiO,/p-NiO/GO nanoparticles could be a
promising photocatalyst candidate in the photon-
induced water splitting reaction. But, the stability
of the photocatalyst should be examined well
before claiming its effectiveness.

Conclusion

The preparation and characterization of p-n
junction by incorporating p CoO/NiO doped GO
with n-TiO, nanoparticles has been investigated.
TEM images showed the appearance of small,
scattered dots for Co, Ni and TiO, nanoparticles
within the GO sheet. TEM shows a relatively
random distribution of the nanoparticles inside

the GO sheet with quantum dot sized NiO. XRD
patterns showed the existence of diffraction peaks
that verifies the presence of the TiO,, Co, and Ni
nanoparticles. The EDS analysis confirmed the
presence of cobalt, carbon, oxygen, and titanium
in the sample. n-TiO,@p-NiO/GO photocatalyst
showed a hydrogen evolution rate of 150 that is
higher than that of n-TiO,@p-CoO/GO; 61 umol
H, gmlym“ min’. p-NiO/n-TiO, heterojunction
showed better activity than p-CoO/n-TiO, due
to more negativity of CB of p-NiO than that of
p-Co0. Accordingly, the two nanocomposites
showed good photocatalytic activity toward water
splitting under the visible light irradiation, which
was concluded by the distinct increase in the
hydrogen evolution rate compared to the TiO,.

TABLE 2. A comparison of the hydrogen evolution rate for different nanocatalysts

Type of photocatalyst Initial rate of hydrogen evolution Ref.
Graphene sheet @TiO, 12.27 pumolg™ min™! [26]
r-CD/Pt 11.4 pmolH, g' min™ [27]
Pt/TiO, nanosheet 5.6 pmolH, g™' min™ [28]
TiO, 100 umol H, g™ min™ [29]
Znln,S, 25.75 pmol H, g™ min™' [30]
Graphene /Ni(OH), 1.83 umol H, g™' min™* [31]
Ag PO,-TiO,-Graphene Oxide 3.67 umol H, g™' min™ [32]
MoS_/Graphene Oxide 7.5 pmol H, g"' min™! [33]

TiO,@NiO -GO nanoparticles
TiO,@NiO -GO nanoparticles

150 pmol H, g "' min!

catalyst

62.5 pmol H, g "'min!

catalyst

Current study

Current study
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