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Methane Production from Carbondioxide in Polluted Areas Using Graphene
Doped Ni/ NiO Nanocomposite via Photocatalysis  

Introduction
The continuous increase in atmospheric CO2 concentration is 
considered to be a key driver that induces climate change [1]. 
The prospect of unwanted climate change or climate heating−
desertification has compelled investigations into the means to 
normalize atmospheric CO2 concentrations. As is well known, 
CO2 is a highly stable molecule, requiring significant energy 
input for its reduction [2]. In this regard, sunlight is considered 
to be the most useful energy source for promoting CO2 
conversion into useful hydrocarbon products, such as methane 
or ethane, offering the possibility of turning sunlight into fuels 
compatible with the current energy infrastructure [3].

Diminishing fossil fuel resources and increasing the 
atmospheric level of CO2 have raised great concerns in recent 
years regarding future energy supply, and controlling the 
effects on global climate [4-6]. Natural photosynthesis is a 
process in which CO2 is reduced in the presence of water, and 
carbohydrates and oxygen are produced, which is a solar to 
chemical energy conversion. This natural process has attracted 
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Abstract
Background: Photocatalysis for the production of solar fuels and particularly to perform CO2 reduction with 
a sufficiently high efficiency depends to the presence of H2 and absence of H2O using graphene doped Ni/ NiO 
nanocomposite. 

Objective: To examine the methane production from carbondioxide in polluted areas using graphene doped Ni/ 
NiO nanocomposite via photocatalysis with the use of dimethylaniline and xylene as electron donors. 

Methods: With 2 mg/l graphene doped Ni/ NiO nanocomposite with a Ni content of 19% wt from 786 μmol/h CO2 
gas 563 μl CH4/g Ni.h was obtained at 160oC temperature and the quantum yield was detected as 1.99%. It was 
found that H2O has a negative influence on the photocatalytic activity. Under continuous flow operation, water 
molecules were easier desorbed from the graphene doped Ni/NiO photocatalyst 

Results: The maximum CH4 production rate was 650 μl/h for 2.4 mg of graphene doped Ni/ NiO nanocomposite after 
a detectione time of 17 min. Dimethylaniline and xylene were used as electron donors and 1.2 ml/l dimethylaniline 
and 0.9 ml/l xylene enhanced the CH4 productions by 8% and 12% as quenching factor.

Conclusion: Photocatalysis methods was effected for methane production from carbondioxide in polluted areas 
using graphene doped Ni/ NiO nanocomposite with the use of dimethylaniline and xylene as electron donors. 
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a great deal of attention by researchers as a promising strategy 
to supply alternative energy and response the demand for global 
energy [5,6]. More than 100 years ago, Giacomo Ciamician 
suggested to implement the science of photosynthesis for 
designing solar fuels [7]. Given that, the photocatalytic 
reduction of CO2 into hydrocarbons, which is so-called 
artificial photosynthesis, has been considered as an efficient 
approach [5]. Being thermodynamically stable (bond enthalpy 
of C = O in CO2 is +805 kJ/mol), and unable to absorb light in 
the wavelengths of 200–900 nm, photoreduction of CO2 is a 
difficult task, and needs an appropriate photosensitizer, such as 
a semiconductor catalyst. Despite the difficulties accompanied 
by this process, the potential rewards are well worth a try [8]. 
Therefore, much more efforts have been put in practice to 
attain the following goals: 
1. reducing the complications of global warming, resulted 

from the increased atmospheric CO2 concentration; 
2. utilization of clean hydrocarbon fuels, such as methane, 

methanol, and ethane, as fossil fuel alternatives; and 
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3. developing facile and clean methods using sunlight as 
unlimited source of energy [9].

The photoreduction of CO2 consists of multi-electron steps, 
which leads to various products such as CO, CH4, higher 
hydrocarbons, alcohols, aldehydes, and carboxylic acids [10]. 
The mechanism of this process is rather complex, so that trying 
the potential pathways, simultaneously terminates to different 
products. This has inspired many researchers to focus on 
investigating the mechanism and controlling the selectivity of 
the reaction. The following criteria are generally required for 
an effective system used for photoreduction of CO2: 
1. more positive redox potential for the photo-induced holes 

on the valence band (VB) of the semiconductor compared 
to the redox potential of O2/H2O; 

2. more negative redox potential for the photo-generated 
electrons on the conduction band (CB) of the 
semiconductor in relation to the redox potential value of 
CO2 to the formed reduced products (e.g. CH4/CO2); 

3. effective adsorption of CO2 or CO3
-2 on the surface of 

the photocatalyst; iv) highly stable photocatalyst [11,12]. 
Equations (1) to (8) present the multistep reactions 
involved in the reduction of CO2. As can be seen, the 
process involves several multiple electron transfer steps, 
which makes it kinetically difficult to progress. The 
reduction potentials for photoreduction of CO2 in the 
presence of H2O into several products are given versus 
NHE at pH=7.0 (Eqs. 1-8):

  CO2 + ē → Cō2
·
             E = -1.90V       (1)

  CO2 + 2H+ + 2ē → HCOOH         E = -0.61V (2)
  CO2 + 2H+ + 2ē → CO + H2O             E = -0.53V (3)
  CO2 + 4H+ + 4ē → HCHO + H2O        E = -0.48V (4)
  CO2 + 6H+ + 6ē → CH3OH + H2O       E = -0.38V (5)
  CO2 + 8H+ + 8ē → CH4OH + 2H2O     E = -0.24V (6)
  2H+ + 2ē → H2           E = -0.41V (7)
 2H2O + 4h+ → O2 + 4H+        E = 0.82V (8)

One of themost important objectives in CO2 photoreduction 
studies is to obtain selective products [13]. Despite so many 
research activities in this area, selectivity of the product, as 
well as the conversion efficiency have not been significantly 
improved. Hence, the research in this area should more focus 
on providing valuable hydrocarbons and facile separation of 
the products. For this purpose, extensive understanding of 
CO2 reduction mechanism is required; because this process 
comprises several dependent factors and parameters [14]. The 
photocatalyst composition, the reductant, and the solvent used 
in the reaction systemare important factors, which are affecting 
the products [15]. As observed in Equations (1) to (8), the 
alteration of the number of electrons and protons can give rise 
to different products. Correspondingly, to produce CO, the 
reaction of CO2 with two protons and two electrons is required, 
while eight electrons and eight protons are required for 
producing CH4 [16]. Another challenge in CO2 photoreduction 
reaction is to enhance the efficiency of the reaction. Indeed, 
rapid recombination of electron/hole (ē/h+) pairs is a key 
reason for decreased quantum efficiency. Consequently, fast 
recombination of these charges and poor light absorption 

cause low CO2 conversion efficiency, which limits the practical 
utilization of the photocatalysts for CO2 reduction [17,18].

In particular, graphene, known as a single atomic layer of 
graphite arranged in six-membered rings of carbon atoms, 
is an expeditiously sparkling rising star on the horizon of 
materials science. The picturesque honey-comb-like and two-
dimensional (2D) sp2 hybridized graphene has become a hot 
spot on scientific research due to its extraordinary electrical, 
mechanical and thermal properties such as excellent mobility of 
charge carriers (250000 cm2/V.s), large surface area (calculated 
value = 2630 m2/g), high thermal conductivity (~5000 W/m.K), 
optical transparency and good chemical stability [19-21].

Up to now, different approaches have been developed to 
prepare individual or few layers of graphene sheets by 
exfoliating graphite flakes. The solution-phase isolation of 
graphene from graphite, which is the most common route, 
can be categorized in two different approaches. The first and 
most regularly used method is the modified Hummer’s method 
using strong oxidizing agents to chemically exfoliate graphite 
to individual graphene oxide (GO) with abundance of oxygen 
moieties [22,23]. However, it is widely known that exfoliated 
GO exemplifies poor electronic conductivity resulting from the 
interruption of the π system by substitution with a significant 
amount of defects (oxygen functional groups) [24]. Therefore, 
various reducing agents such as NaBH4 have been used to 
reduce GO for the restoration of sp2 hybridized network 
[25]. The second approach employs the ultrasonic energy 
to directly exfoliate graphite in a suitable solvent such as 
N,N-dimethylformamide (DMF) to yield solvent exfoliated 
graphene (SEG) [26]. Without employing the use of strong 
oxidizing agents, we developed a facile, low-cost and efficient 
approach by performing acid pre-treatment for the first time 
to introduce minimal oxygen-containing groups on the 
SEG (referred to as acid treated SEG (ATSEG)) for a better 
interfacial contact with composites. It is anticipated that the 
electrical mobility of the ATSEG-based nanocomposites with 
a longer electronic mean free path was enhanced as compared 
to that of GO-based nanocomposites [27].

Photoassisted CO2 reduction by H2 has been frequently 
reported using materials containing noble or critical metals, 
such as Pd, Ru and In in its composition [28-31]. For the sake of 
sustainability, it would be more convenient the use of abundant, 
non-critical first-raw transition metals in the process, Ni being 
an obvious candidate considering its availability and the fact 
that Ni supported on mixed silica alumina (Ni/SiO2-Al2O3) 
is a commercial catalyst for the thermal CO2 methanation. 
CO2 methanation is one of the few exothermic reactions 
involving CO2 as substrate and it can be conveniently carried 
out in a thermal process using Ni/SiO2-Al2O3 as catalysts at 
temperatures above 400oC to reach high conversions and 
rates [32-36]. The advantage of the photoassisted reaction is 
that it can be performed in the range of temperatures in which 
the thermal process does not occur or gives only low CO2 
conversions due to the low reaction rates. To shift equilibrium 
towards the products in an exothermic reaction, low reaction 
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temperatures, but with adequate rates, are more favorable and 
this could be reached in the photoassisted process.

Continuing with this line of research, it is of much current 
interest to find other Ni containing materials that can exhibit 
even higher activity than Ni/SiO2-Al2O3 for the photoassisted 
CO2 reduction by H2 to CH4 and to gain information about 
the mechanism of the photo-assisted process. In the present 
manuscript, it will be reported that NiO/Ni nanoparticles 
(NPs) supported on few layers defective graphene (fl-G) is 
a suitable photocatalyst to promote the photoassisted CO2 
reduction by H2 with specific rates and quantum yields of about 
642 μmol·g/Ni.h and 1.98%, respectively. Graphene (G) is a 
one-atom thick sheet constituted by sp2 carbons in hexagonal 
arrangement. Among the unique properties of G besides their 
high electric and thermal conductivity, others that important 
from the catalytic point of view are its high specific surface 
area (about 2500 m2/g and its strong interaction with supported 
metal NPs as consequence of the favorable overlap of the 
extended π orbital of G with the d orbitals of the metal atoms 
[37,38]. In addition, G and other 2D related materials have 
been successfully employed not only as support, but also as 
additive in catalysts for photocatalytic CO2 reduction [16,39-
42]. It is, therefore, of interest to demonstrate the general 
ability of graphenes to increase the photocatalytic activity of 
active components also for other photoassisted CO2 reductions. 
In the present manuscript a defective G material obtained by 
pyrolysis from a natural polysaccharide that contains carbon 
vacancies, holes and residual oxygenated functional groups 
was used. Preparation of this type of defective G from 
alginate has been already reported in the literature and fully 
characterization is available [43]. It appears that, as it has been 
well established in semiconducting photocatalysts [44-46]. the 
presence of graphene results in a remarkable enhancement of 
the efficiency of Ni to promote the photoassisted process.

Nickel oxide nanostructures were synthesized via solid-
state thermal decomposition of Ni(acac)2 nanostructure as 
precursor that was prepared by sublimation method [47]. 
Furthermore, NiO/graphene nanocomposite was prepared 
by the pre-graphenization method that provides a large 
amount of sites for loading of NiO. Besides, photocatalytic 
activity of the synthesized NiO/graphene nanocomposite was 
studied by degradation of methyl orange (MO) as a pollutant. 
The results of photocatalytic experiments showed that the 
degradation percentages of MO in existence of the as-prepared 
nanocomposite under UV and visible light irradiation were 
about 90.3% after 75 min, and 78% after 180 min, respectively, 
so this product can be used as an effective photocatalyst [48].

In this study, Photocatalysis for the production of solar fuels 
and particularly to perform CO2 reduction to CH4 with a 
sufficiently high efficiency depends to the presence of H2 and 
absence of H2O using graphene doped Ni/ NiO nanocomposite.

Materıals and Methods

Materials and Procedures
Alginic acid Na salt from brown algae (Sigma) was pyrolized 
under Ar atmosphere at 900ºC with a heating rate of 10ºC/
min for 2 h to obtain few-layers graphene (fl-G). Ni NPs were 
deposited by incipient wetness impregnation, adding dropwise 
a 10 ml Ni (II) chloride hexahydrate solution over preformed 
fl-G powders under constant stirring. After this time, the 
Ni(x)-G (x: wt.% Ni) photocatalyst was filtered and washed 
with mili Q water and acetone until the complete removal of 
chloride. The solid catalysts were, then, dried overnight in an 
oven at 80°C. The fl-G powders were reduced under H2 flow 
(100 ml/min) at 500oC for 2 h with a heating rate of 10ºC/
min. The resulting material was dried in a vacuum desiccator at 
110oC to remove the remaining H2O and stored under ambient 
atmosphere before its use as photocatalyst. The amount of 
Ni present in the samples was determined by inductively 
coupled plasma-optical emission spectrometry by immersing 
the catalysts into aqua regia at room temperature for 12 h and 
analyzing the Ni content of the resulting solution.

Characterization
Powder XRD (X-ray diffraction analysis) patterns were 
recorded on a Shimadzu XRD-7000 diffractometer using Cu 
Kα radiation (λ = 1.5418 Å, 40 kV, 40 mA) at a scanning 
speed of 1o /min in the 10-80o 2θ range. Raman spectrum was 
collected with a Horiba Jobin Yvon-Labram HR UV-Visible 
NIR (200-1600 nm) Raman microscope spectrometer, using 
a laser with the wavelength of 512 nm. The spectrum was 
collected from 10 scans at a resolution of 2 /cm. 

X-Ray Photo Spectroscopy (XPS) spectra were measured on 
a SPECS spectrometer equipped with a Phoibos 150 9MCD 
detector using a non-monochromatic X-ray source (Al and 
Mg) operating at 200 W. The samples were evacuated in the 
prechamber of the spectrometer at 1x10−9 mbar. The measured 
intensity ratios of the components were obtained from the 
area of the corresponding peaks after nonlinear Shirley-type 
background subtraction and corrected by the transition function 
of the spectrometer.

Transmission electron microscopy (TEM) images were 
recorded in a JEOL JEM 2100F under 200 kV accelerating 
voltage. Samples were prepared by applying one drop of the 
suspended material in ethanol onto a carbon-coated copper 
TEM grid, and allowing them to dry at room temperature.

Diffuse reflectance UV-Vis spectra (DRS) in the range of 200–
800 nm were recorded on a Cary 5000 spectrophotometer from 
Varian.

Photocatalytic tests
A photoreactor (51 ml) with a quartz window and a Ni alloy 
thermocouple was load with Ni(x)-G photocatalyst. H2 and 
CO2 were introduced in stoichiometric amounts up to achieve 
a final pressure of 1.3 bar. The photoreactor was heated at 
different temperatures prior irradiation by means of a heating 
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mantle equipped with thermocouple and controller, and when 
the desired temperature was stabilized the photocatalyst was 
irradiated with a UV-Vis light from a 300 W Xe lamp. Note 
that the time required before temperature equilibration can be 
about 30 min. At that moment the lamp is switched on and 
this is the initial time of the experiments. No change in the 
gas phase composition was observed at initial reaction time. 
The CH4 formation was followed by direct measurement of 
the reactor gases with an Agilent 490 MicroGC having two 
channels both with TC detectors and Ar as carrier gas. One 
channel has MolSieve 5A column and analyses H2, O2, N2 and 
CO. The capability of our Micro GC apparatus to detect CO 
using Ar as carrier gas has been tested using Abell Linder® 

steel cylinders containing certified N2:CO mixtures at different 
concentrations (20, 10 and 5 vol.%) (Fig. 1). The second 
channel has a Pore Plot Q column and analyses CO2, CH4 and 
up to C4 hydrocarbons. Quantification of the percentage of 
each gas was based on prior calibration of the system injecting 
mixtures with known percentage of gases.

(a)

(b)
Figure 1: (a) Raman spectrum of fl-G from alginate pyrolysis 
and subsequent exfoliation recorded upon 512 nm laser 

excitation (b) XRD pattern of Ni(23)-G photocatalyst.

Preparation of NiO nanoparticles
In this synthesis, NiO nanoparticles were synthesized by 
the thermal decomposition of Ni(acac)2 nanostructures as 

a precursor that was prepared via sublimation method. 0.1 
g of the precursor was placed in a crucible and was heated 
up to 500oC for 120 min. Then, the precipitation was cooled 
to room temperature and the final product was characterized 
by XRD, Scanning Electron Microscopy (SEM), TEM, 
Energy dispersive X-ray spectroscopy (EDS) and magnetic 
properties of the product was investigated by Vibrating sample 
magnetometer (VSM).

Synthesis of GNS from GO
In this study, the used GO was prepared by a modified 
Hummers method from natural graphite and reduced through 
the described method in previous work [49,50].

Preparation of NiO/graphene nanocomposite
The NiO/graphene nanocomposite was synthesized via a pre-
graphenization technique. Briefly, 0.1 g from obtained NiO NPs 
(0.4 mmol) was added to the black suspension of graphene (0.5 
mg/ml) and magnetically stirred for 20 min at 90oC. Finally, the 
above mixture was put in a household microwave oven (Haier, 
2450 MHz, 750 W) for 10 min and then it was cooled to room 
temperature, naturally. Subsequently, the black precipitation 
was filtered, washed with distilled H2O and absolute alcohol, 
and dried at 100oC for 12 h in a vacuum oven. The resulted 
black powder was collected for the following characterization. 
The product was characterized by XRD, SEM and UV-vis 
spectroscopy.

Photocatalytic CO2 Conversion 
In the photocatalytic CO2 conversion experiment, an empty 
photoreactor (stainless steel; V = 15.4 cm3) was purged with CO2 
gas (1000 mg/l in He) and vacuum simultaneously to remove 
any air or other impurities before and after the loading of the 
photocatalyst [51]. The photocatalyst (50 mg) was loaded into 
the photoreactor; moist CO2 gas (1000 mg/l in He) was passed 
through a water bubbler, which then enters the photoreactor. 
The photocatalyst-loaded photoreactor, filled with a mixture 
of CO2 and H2O vapors mixture, was then illuminated by a 
100 W Xenon solar simulator (Oriel, LCS-100) with an AM1.5 
filter for 1 h, and the reaction products (500 μl) were analyzed 
using a Shimadzu GC-2014 gas chromatograph (Restek Rt-Q 
Bond column, ID = 0.53 mm, and length = 30 m) equipped 
with flame ionization (FID) and thermal conductivity (TCD) 
detectors. The hournormalized photocatalytic CH4 evolution 
rate is calculated using Eq. 9.

 
Five cycles of CO2 photoreduction were performed to test the 
stability of the same sample; after every test, the photoreactor 
was purged with Ar gas and vacuum, then re-filled with CO2 
gas (1000 mg/l in He), followed by a 1 h illumination for the 
next testing cycle.

Results and Dıscussıons

Photocatalyst preparation and characterization
NiO-Ni NPs supported on fl-G with different Ni content were 
prepared adding different amounts of 4 hydrated NiCl2 to fl-G 
dispersions, followed by subsequent thermal reduction of Ni+2 
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by H2 atmosphere at 500oC for 2 h. After chemical reductions, 
the resulting samples were stored under ambient for at least 
one day before being uses as photocatalyst. This exposure 
to the ambient can cause some oxidation of the Ni, as it will 
be discussed below. The Ni content of each sample has been 
confirmed by ICP-OES elemental analysis. The different 
samples under study and their respective Ni contents (wt.%) 
are summarized in Table 1.

Samples Ni(wt%)a Size (nm) T o t a l 
Catalyst 
a m o u n t 
(mg)

CH4(µmol/
gNi.h

fl-Ga - - 26.12 0
Ni(6)-G 6.61 - 20.17 0
Ni(14)-G 14.42 8.0±2.0 25.40 329.01
Ni(23)-G 23.02 8.5±3.50 40.10 642.68
Ni(23)-G b 23.02 8.5±3.52 39.60 0
Ni(23)-G c 23.02 8.5±3.56 25.20 0
Ni(26)-G 26.10 13.7±6.0 37.30 303.09
Ni-Al2O3/
SiO2

65.30 6.22±1.14d 14.40 358.50

NiO - < 50 12.73 31.12
NiO-fl-G 23.01 25.41 69.86
Ni(23)-Gf 23.06 8.5±3.50 25.54 0

a) The difference in weight corresponds to the percentage of 
graphene; 
b) Room temperature; 
c) Dark conditions; 
d) Photocatalysts pre-activated under H2 atmosphere at 200oC, 
at 4 h and subsequent reaction at room temperature under light 
illumination.
Table 1: The Ni content in the NiO/Ni-G samples with Ni 
average particle size and total catalyst amount. Experimental 
conditions: at 200oC, at 2240 W/m2, at 300 W Xe lamp 
irradiation, at PH2 = 1.05 bar and at PCO2 = 0.25 bar, 

respectively.

Raman spectroscopy was employed to characterize the 
defective fl-G used as support. The Raman spectrum revealed 
the typical 2D (2700 /cm), G (1580 /cm) and D (1350 /cm) 
bands characteristic to the defective G obtained from the 
pyrolysis of alginate (Fig. 1a). The defects correspond to 
carbon vacancies and holes generated by evolution of CO2 
and CO during the pyrolysis and to the presence of residual 
oxygen (about 7 wt.%) remaining from the composition of the 
polysaccharide precursor after pyrolysis. XRD pattern of the 
Ni(23)-G photocatalyst revealed that the NiO/Ni NPs were 
highly crystalline and mainly constituted by Ni metal (Fig. 
1b). Diffraction peaks corresponding to NiO, Ni(OH)2 or Ni2O3 
were undetectable in the diffractogram as can be appreciated 
in Fig. 1b.

SEM and TEM images of NiO
The SEM image of the as-synthesized NiO is shown in Fig. 
2a. In this image, are shown the particles with size about 50 

nm. The TEM and Selected area electron diffraction (SAED) 
images of the NiO NPs are illustrated in Fig. 2b and Fig. 2c, 
respectively. Uniform NiO NPs with size about 20 nm can 
be seen in Fig. 2b. The SEAD pattern indicates that the NiO 
NPs are polycrystalline. They are further indexed as the cubic 
phase (Fig. 2c). The HRTEM image of the NiO NPs is shown 
in Fig. 2d. The interplanar spacing is about 0.24 nm, which 
corresponds to the (1 1 1) plane of the cubic crystalline NiO. 
Therefore, the HRTEM image further verifies the cubic nature 
of the synthesized NiO NPs.

 

(a)

 

(b)

 

(c)
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(d)
Figure 2: (a) SEM image of NiO and (b) TEM image of NiO , 

(c) SAED pattern of NiO and (d) HRTEM image of NiO.

XRD pattern and EDS spectrum of NiO
XRD pattern of NiO NPs is shown in Fig. 3a. It is indexed 
as a püre cubic structure with according to the literature 
value (JCPDS card no. 78-0429, Space group: Fm-3m, a = 
b = c = 4.1771). The crystallite size was estimated using the 
Scherrer equation is about 30 nm [52]. Fig. 3b shows the EDS 
microanalysis of the obtained NiO NPs. The Ni and O elements 
in this spectrum were characterized and there were no peaks, 
so, the purity of the synthesized NiO NPs was confirmed.

(a)

 

(b)
Figure 3: (a) XRD pattern and (b) EDS spectrum of the 

obtained NiO.

SEM image and XRD pattern of NiO/graphene 
nanocomposite
Fig. 4a and Fig. 4b show the low and high magnification 
FESEM images of the NiO/graphene nanocomposite. From the 
high magnification image (Fig. 4b), it is clear that the product 
consists sheet-like structures that NiO NPs (20-30 nm) put 
on them. The purity of the NiO/graphene nanocomposite was 
confirmed by X-ray diffraction (XRD) pattern. The diffraction 
peaks (1 1 1), (2 0 0), (2 2 0), and (3 1 1) in Fig. 4c can be 
indexed to the cubic phase NiO with space group of Fm/ 3m 
(JCPDS No. 78-0429) and the broad peak located at 26.5 (0 0 
2) corresponds to layered GNS [49]. Presence of NiO crystals 
in the graphene-based composite was confirmed by the other 
diffraction peaks in this pattern (Fig. 4c), this result was 
supported by SEM image and TEM image (Fig. 2a and 2b).

 

(a)
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(b)

(c)
Figure 4: (a) Low magnification FESEM image, (b) high 
magnification FESEM image and (c) XRD of the NiO/

graphene nanocomposite.

The presence of NiO/Ni NPs on the fl-G sheets was observed 
by HRTEM and confirmed by FESEM, EDS and elemental 
mapping (Fig. 5). Fig. 5a corresponds to a representative 
HRTEM image of NiO/Ni-G showing that NiO/Ni NPs are 
homogeneously distributed on fl-G sheets. For comparison, 
an image of fl-G sample, prior to Ni deposition, has been also 
presented as Fig. 5b as well as in Fig. 6. The supported NiO/
Ni NPs have a round morphology, as can be observed in the 
magnified image presented in Fig. 5c, with diameters typically 
smaller than 10 nm, increasing average particle size with the 
Ni loading on the G sheet. The histogram corresponding to the 
particle size distribution for the Ni(23)-G is presented in Fig. 
5d. From the measurement of a statistically relevant number of 
Ni NPs and average particle size of 8.5 ± 3.5 nm was estimated 
for this sample in spite of the relatively high Ni loading. High-
resolution TEM allowed to measure 0.18 nm for particle 
lattice fringe that corresponds to the interplanar distance of the 
200 facets of fcc Ni metal particles thus, confirming that the 
particles are mainly constituted by Ni0 [53].

 

(a)

 

(b)

 

(c)
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(d)
Figure 5: HRTEM images of (a) Ni(23)-G photocatalyst, (b) 
fl-G; (c) the NiO/Ni NP and (d) the particle size distribution.

High-resolution XPS peaks of Ni 2p and their corresponding 
best deconvolution to the different Ni oxidation states are 
presented in Fig. 6. The Ni 2p3/2 peak shows the presence of 
two components centered at 853.6 eV and 856.3 eV that can be 
attributed to Ni0 and Ni+2, respectively. These binding energies 
are shifted to higher values compared to those reported in the 
literature for Ni0 and Ni+2 at 852 and 854 eV, respectively, 
indicating the occurrence of charge transfer from NiO/Ni NPs 
as electron donor to G. Previously, a shift to higher binding 
energy values of 2 eV was also observed for Ni NPs adsorbed 
on G [54]. Moreover, in the present case, the Ni0 is as a minor 
component of the experimental XPS Ni 2p3/2 peak. Therefore, 
in addition to Ni0 as the predominant phase characterized by 
XRD, XPS shows the presence of NiO determined by the 
prominent satellites observed in the Ni 2p3/2 and Ni 2p1/2 
peaks. To reconcile both observations, it is worth reminding 
that while XRD probes the whole sample, XPS only provides 
information of the outermost nanometers of the metal NPs that 
are more prone to undergo spontaneous oxidation by exposure 
to the atmosphere. In addition, XRD is useful characterize 
crystalline NiO and the presence of NiO as amorphous material 
due to its thin dimensions would be undetectable by XRD. 
Therefore, XPS provides two important pieces of information 
the presence of NiO on the NPs and the charge transfer from 
NiO/Ni NPs to fl-G, implying a notable interaction between 
them. It should be reminded that even though the preparation of 
the Ni-G samples was made by H2 reduction of Ni+2-G at 500oC 
for 2 h, the samples were stored under ambient conditions and 
this should lead to a fast passivation of the surface of the Ni 
NPs with the formation of some NiO overlayers.

The C 1s XPS peak (Fig. 6) shows a major component centered 
at 284.5 eV corresponding to graphenic sp2 C, as well as other 
contributions at 285.5, 286.6 and 289.2 eV corresponding to C 
atoms bonded to O atoms corresponding to ketones, epoxides 
and carbonyls groups, respectively. The XPS peak of O 1s (Fig. 
6) can be adequately deconvoluted in two main components 
corresponding to oxygen atoms bonded to C through single 
or double bonds. The presence of a component at 529.4 eV 
corresponding to NiO was also observed, although as a minor 
component [55]. However, the component at 531.1 eV related 
to Ni(OH)2 could not be identified, confirming NiO as the 

main oxide component in the Ni 2p3/2 that should form a thin 
coating on the major metallic Ni NPs [55].

Figure 6: Experimental XPS Ni 2p peaks for the Ni(23)-G 
sample.

VSM analyses
Magnetization curves of NiO NPs and NiO/graphene 
nanocomposite at room temperature are shown in Fig. 
7a and Fig. 7b, respectively. NiO NPs and NiO/graphene 
nanocomposite depict a pseudo-single domain and 
superparamagnetic behavior, respectively, although bulk NiO 
has now been antiferromagnetic [56]. Pseudo-single domain 
behavior of NiO and superparamagnetism characteristic of 
NiO/graphene nanocomposite is confirmed by two signs: The 
‘S’-shaped curve and low coercivity (Hc = 214.2 Oe for NiO 
NPs), the saturation magnetization, Ms = 1 emu/g is reached at 
an applied field of 6000 Oe [57].

(a)
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(b)
Figure 7: Magnetization versus applied magnetic field at room 
temperature for (a) pure NiO nanostructures and (b) NiO/

graphene nanocomposite.

Superparamagnetism occurs in NPs, which are single-domain, 
i.e. composed of a single magnetic domain and this is possible 
when their diameter is below 50 nm, depending on the materials. 
When an external magnetic field is applied to an assembly of 
superparamagnetic NPs, their magnetic moments tend to align 
along the applied field, leading to a net magnetization. The 
magnetization curve of the assembly, i.e. the magnetization 
as a function of the applied field, is a reversible S-shaped 
increasing function [58]. This change in magnetic property of 
bulk and NiO NPs and NiO/graphene nanocomposite can be 
ascribed to finite size effect and unique structure of graphene. 
With decreasing size of magnetic particles: 1) finite size effect 
becomes more important and 2) the presence of defects, lattice 
expansion, broken nature of exchange bonds, and fluctuations 
in the number of atomic neighbors cause disorder of surface 
spin and frustration [59].

Recently, extensive studies have been reported about particle 
size dependent magnetic properties and finite size versus 
surface effects on magnetic properties of NiO systems have 
been studied and these investigations show that the strong 
interplay between finite size effects, surface and interface 
effects, and defects or oxygen vacancies cause the magnetic 
properties in NiO become very complex [60-63].

UV–vis absorption spectra
The diffuse reflectance UV-Vis spectra of Ni(23)-G and G 
samples are shown in Fig. 8a and Fig. 8b. As can be observed 
there, the only contribution of the Ni NPs in the NiO/Ni-G 
photocatalyst absorption is in the UV region, below 350 nm 
[64,65]. NiO should present a prominent band centered at 
500 nm, however, in the present case this band could not be 
detected, thus confirming Ni metal as the principal oxidation 
state in the NPs as indicated by XRD and that the layer of NiO, 
detectable only by XPS, has to be thin.

(a)

(b)
Figure 8: Specific CH4 production rate of Ni(23)-G 
photocatalyst as a function of (a) the light intensity and (b) 
temperature. Experimental conditions: at total catalyst amount 
in the light intensity: 25 mg, at total catalyst amount in 
temperature experiments: 36 mg, at 200oC, at 2240 W/m2, at 

PH2 = 1.05 bar and at PCO2 = 0.25 bar, respectively.

In Fig. 8, the specific CH4 production initial rate is clearly 
dependent of the irradiation power, confirming that, under the 
present conditions, the CO2 methanation is a photoassisted 
process. The apparent quantum yield at 200oC in the 
photocatalytic CO2 reduction using the Ni(23)-G photocatalyst 
was estimated of 1.98 %. On the other hand, the specific CH4 
production initial rate at constant illumination varied also 
as a function of the reaction temperature. As commented 
before, reactions performed at room temperature resulted in 
negligible CH4 production initial rate (see Table 1). Heating 
the photoreactor at 150oC resulted in CH4 evolution rates below 
100 μmol/gNi.h. However, temperature of 250oC produced 
CH4 at a specific rate of 850 μmol/gNi.h. The dependency of 
the specific CH4 production rate with the temperature of the 
system allows us to calculate an apparent activation energy of 
38.6 kJ/mol for the process (Fig. 9a and Fig. 9b). 
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(a)

(b)
Figure 9: (a) CH4 production versus photocatalysis time and (b) 
CH4 evolution using the Ni(23)-G photocatalyst. Experimental 
conditions: at 200oC, at 2240 W/m2, at 34.7 mg Ni(23)-G, at 

PH2 = 1.05 bar and at PCO2 = 0.25 bar, respectively.
 

To gain understanding on the mechanism of the photoassisted 
CO2 methanation promoted by NiO/Ni-G as photocatalyst and, 
particularly, the possible role of photogenerated electrons and 
holes, a series of experiments adding probe molecules were 
performed. Especifically, a series of photocatalytic tests were 
carried out adding compounds with increasing ability to act 
as electron donors. It was assumed that if the mechanism of 
the photoassisted reaction involves charge separation, the 
presence of additives that could act as sacrificial electron donor 
or acceptor agents should enhance or stop, respectively, the 
photocatalytic activity. Ideally the presence of these electron 
donor/acceptor additives should not influence the thermal 
methanation mechanism, at least, in a large extent.

Optical band gap (Eg) may be evaluated based on the optical 
absorption spectrum using the following Equation [66] (Eq. 
10):
 (Ahv)n = B(hv - Eg)   (10)
Where;
hυ : the photon energy, 
A : absorbent, 
B : a material constant and n is 2 or 1/2 for direct and 
indirect transitions, respectively.

The optical band gap for the absorption peak is obtained by 
extrapolating the linear portion of the (Ahυ)n curve versus hυ 
to zero. No linear relation was found for n = 1/2, suggesting 
that the prepared NiO NPs are semiconductors with a direct 
transition at this energy. The band gap of as-prepared NiO/
graphene nanocomposite was calculated about 3.3 eV (Fig. 5d) 
which is similar to the values reported by other researchers 
[67,68]. It has a red-shift to that of bulk NiO (3.5 eV) which 
could be ascribed to the interaction of NiO with graphene 
backbone and large surface of NiO/graphene nanocomposite 
[69,70].

Photocatalytic activity and its mechanism
The two mechanisms for photocatalytic activities of pure NiO 
and NiO/graphene nanocomposite were proposed as follows:

The proposed photocatalytic mechanism for pure NiO NPs 
(Equations 11 to 17):
 UV + NiO → NiO● (h+ + ē)       (11)
 h+  + H20 → H+ + oOH   (12)
 2h+  + 2H20 → 2H+ + H202   (13)
 H202→  

oOH + oOH   (14)
 ē + 02 → oō2    (15)
 oō2 + 20Ho + H+ → H202 + 02  (16)
 H202 → oOH + oOH   (17)
 
The proposed photocatalytic mechanism for NiO/graphene 
nanocomposite (Equations 18 to 21):

NiO + hv → (ēCB) + (h+
VB) → graphene (ē + h+) (18)

NiO (ēCB) + O2,ads → oŌ2 NiO → H20  oH + NiO  (19)
NiO (h+

VB) + OHads  s → oH + NiO   (20)
graphene (ē) + O2,ads →  oŌ2 + graphene → H20  oH +  graphene
      (21)
Although no changes in the XP spectrum of Ni(23)-G before 
and after the reaction could be observed, we were interested in 
ascertain the presence of NiO under the reaction conditions, 
particularly considering the reductive conditions and the 
temperature of the methanation. The experimental XPS analysis 
of Ni(23)-G prior reaction was compared to that measured in 
situ under the reaction conditions. Thus, a Ni(23)-G sample 
was submitted to H2 atmosphere at 200oC for 4 h, measuring 
in situ the Ni 2p peak in the XPS spectrum without exposure to 
the ambient. As can be observed, the component related to Ni0 
(nearly 853 eV) becomes higher under the reaction conditions 
compared to the sample prior to the reaction. However, the 
XPS component corresponding to NiO is still bigger than that 
of the Ni metal. In fact, the relative percentage of Ni0 in the 
sample before and under in situ conditions changed from 15% 
to 23.5%, respectively. These measurements clearly confirm 
that in spite of the reductive conditions, the thin layer of NiO 
should be still present, particularly at initial reaction times 
that is when the NiO/Ni-G photocatalyst exhibits the highest 
photocatalytic activity. It can be, therefore, suggested that it 
is in this outermost part of NiO in contact with Ni where the 
reaction takes place.

To gain further information on the reaction mechanism and 
the role of Ni in the process, Ni(23)-G was placed in a sealed 
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reactor and exposed to a H2 atmosphere at 200oC for 4 h and 
then, the sample was allowed to cool down under Ar flow 
ensuring the complete removal of H2 gas. Subsequently, the 
reactor was load only with CO2 and submitted to the general 
reaction conditions at 200oC and 2240 W/m2 illumination. 
After 18 h reaction, a detectable amount of CH4 was measured, 
suggesting the formation of Ni-H species in the first step, 
without the need of photoactivation that subsequently are able 
to promote photoassisted CO2 reduction as reported before 
[71].

According to these mechanisms, it can be said that graphene 
layers can postpone the recombination process, so the 
performance of nanocomposite is better than pure NiO NPs. 
Furthermore, high surface area, the high separation rate 
of charge carriers, excellent structure, and great electrical 
and optical properties of graphene layers of nanocomposite 
can increase the photocatalytic yield of the graphene-based 
nanocomposite.

Therefore, the photoassisted CO2 reduction using Ni(23)-G as 
promoter was carried out in the presence of dimethylaniline, 
anisole and p-xylene as electron donors (oxidation potentials 
of 0.91, 1.93 and 2.18 V vs. Ag/AgCl, respectively) and 
4-nitrobenzene as electron acceptor quenchers. Note that 
according to their boiling points the sacrificial agents are in 
all cases in the gas phase at the reaction temperature. It was 
observed that the presence of N,N-dimethylaniline (0.16 
mmol) increases the specific CO2 reduction initial rate by a 
factor over 2.5, reaching a value of 1600 μmol/gNi.h. CH4 
was also formed in the presence of anisole as electron donor, 
although at much slower initial reaction rate than in the case 
of N,N-dimethylaniline in accordance with its higher oxidation 
potential. In contrast, the presence of p-xylene (oxidation 
potential of 2.18 V vs. Ag/AgCl) completely stopped the 
production of CH4, since this aromatic molecule would not be 
able to quench the holes on Ni(23)-G due to its high oxidation 
potential (Fig. 10). In the presence of nitrobenzene acting as 
electron acceptor quencher, CO2 reduction was also quenched, 
due to the preferential trapping of electrons by nitrobenzene 
that has a lower reduction potential compared to CO2. Note 
that it would be hard to explain any influence of the presence of 
electron donor/acceptor quenchers at this small concentration 
if a photothermal mechanism were operating.

Figure 10: CH4 production as function of the sacrificial agent 
oxidation potential. The CH4 production rate experimental 
conditions: at 1 h, at 2240 W/m2, at 300 W Xenon lamp,  at 
200oC, at PH2 = 1.05 bar, at PCO2 bar and at 20 μl sacrificial 

agent, respectively.

Transient absorption measurements were carried out to 
provide support to the generation of charge separation due 
to the interaction of  NiO/Ni NPs and fl-G. Aimed at this 
purpose, an Ar-purged fl-G dispersion in acetonitrile (1 mg/
ml) was submitted to 355 nm laser pulse excitation and the 
transient spectrum was acquired at 30 ns (Fig. 11a). As can be 
obtained in Fig. 11 the transient spectrum of the fl-G dispersion 
corresponds to a continuous band decreasing in intensity 
towards the red part of the spectrum [72]. This behavior has 
been observed previously in similar graphenic materials 
and attributed to the charge separation state decaying in 
microsecond time scale [72]. In a second control, commercial 
NiO NPs (< 50 nm) from Aldrich were partially reduced in 
an aqueous N2H2 solution (50% vol) to NiO/Ni as determined 
by XRD in order to simulate the NiO/Ni NPs that are present 
on the NiO/Ni-G samples, Then, the partially reduced NiO/Ni 
NPs were dispersed in acetonitrile (1 mg/ml) and the transient 
spectrum was also acquired upon 355 nm laser excitation (Fig. 
11a). A negative signal corresponding to the bleaching of NiO/
Ni ground state absorption was observed. Finally, a small 
aliquot of the dispersed NiO/Ni NPs corresponding to 0.5 mg 
was added to the fl-G suspension (2 mg) in acetonitrile and 
the transient spectrum recorded at 30 ns upon 355 nm laser 
excitation (Fig. 11a). It was observed that addition of NiO/
Ni NPs induces quenching of the signal observed for the fl-G 
dispersion, supporting the interaction of the charge separation 
state of fl-G flakes and the NiO/Ni NPs.

The transient signals of the fl-G, NiO/Ni NPs and fl-G 
containing Ni NPs were monitored at different wavelengths, 
obtaining for all the wavelength identical results. Fig. 11b 
shows the kinetics of the transient signal decay of the three 
samples monitored at 415 nm. As can be observed, the sample 
containing fl-G presents a transient decay that can be fitted to a 
single exponential with a lifetime of 36 ns (Fig. 11b).
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(a)

(b)
Figure 11: (a) Transient spectra and (b) kinetics of Ar-purged 
fl-G (black), NiO/Ni NPs (red) and fl-G with Ni NPs (blue) 
suspensions. Experimental conditions: at Laser excitation 355 
nm, at fl-G acquisition time: 30ns, at fl-G acquisition time: 500 

ns and at Transient kinetics: at 415 nm, respectively.

Therefore, to understand the role of the temperature on the 
photocatalytic process, a series of experiments adding to 
the reaction vessel small aliquots of H2O, in the range of 
the amounts that should be formed in the methanation, were 
carried out (Fig. 12). It was reasoned that the value of the 
activation energy determined from the Arrhenius plot of the 
logarithm of the relative initial reaction rates with the inverse 
of the absolute temperature is relatively low for a transition 
state involving bond cleavage, while this value of activation 
energy is more common for the heat of H2O desorption from the 
photocatalyst surface. It should be noted that H2

18O formation 
was detected in the 13C18O2 labelled experiments. According 
to the stoichiometry (Eq. 21), methanation of CO2 should also 
produce two H2O molecules and that at low temperatures these 
molecules could be preferentially adsorbed on the surface of 
the photocatalyst, resulting in the inhibition of the reaction.

Figure 12: Specific CH4 production rate measured at different 
reaction temperatures (a) without or upon (b) the addition of 10 
μl of H2O and (c) the addition of 20 μl of H2O. Experimental 
conditions: at 2240 W/m2, at 25 mg Ni(23)-G catalyst, at PH2 

= 1.05 and at bar, PCO2 bar, respectively.

In addition of 10 μl H2O or 20 μl H2O in the reaction media 
resulted in a detrimental effect on the specific CH4 production 
rate, proportional to the amount of H2O, the higher the amount 
of H2O present at any of the temperatures studied, the lower the 
specific CH4 production rate (Fig. 12). However, it is proposed 
that a possible role of the temperature in the system could be to 
favor H2O desorption from the photocatalysts surface, giving 
an opportunity for H2 and CO2 activation. The amount of H2O 
formed at final reaction times should correspond to the addition 
of 890 μl and that the amount of H2O tested in Fig. 12 is similar 
to the amount formed at the early stages of methanation. Even 
with these relatively low H2O concentrations, their negative 
influence is already clearly observed in Fig. 12.

Therefore, it is clear that H2O is a strong poison of the 
photomethanation and, it is proposed that the role of the 
temperature is to desorb this generated H2O acting as poison 
from the catalyst surface. Finally, the photocatalytic activity 
of the NiO/Ni-G catalyst was evaluated under continuous 
flow operation. Continuous flow is very convenient to test 
photocatalyst stability and the influence of the contact time 
on the conversion. In the present study, 14.79 ml/min total 
flow containing, 76.8% N2, 18.8% H2 and 4.4% CO2 was 
passed through a cylindrical quartz reactor containing 50.7 
mg Ni(23)-G photocatalyst loaded on the top of a fritted glass 
filter inside the reactor. Considering the 0.75 ml photocatalyst 
volume and the gas flow, the contact time of CO2 with the 
irradiated catalysts was 3.1 s. The cylindrical photoreactor 
was heated at 200oC by means of an electrical heating ribbon 
controlled with a thermocouple and the irradiation was 
carried out using the same light source used in the previous 
experiments, but the light intensity at the photocatalyst was 
754.7 W/m2.

Basic principle of photocatalytic CO2 reduction
The basic principle of CO2 reduction with H2O photocatalysis 
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occurs when the energy of the photons is enough to promote 
the electrons (Fig. 8) in the VB to jump to the CB. This occurs 
in three steps: 
• photon absorption and electron–hole pair generation,
• charge separation and migration to surface reaction sites 

or to recombination sites, and
• surface chemical reactions at the active sites containing 

donor oxidants at the VB holes and acceptor reductants at 
the electron center (Fig. 4). Numerous defects associated 
with these photocatalytic principles have been identified 
by researchers. During photocatalysis, cation radicals can 
be produced by injecting charges from an excited molecule 
into the CB of graphene (Fig. 8) [73].

Irradiation is usually the initial process of CO2 reduction 
with H2O photocatalysis; thus, the excitation of electrons by 
photons at the ground state is the prerequisite. Periodically, 
the photoexcitation of electrons at the ground state also occurs 
in most of the materials adsorbed on the surface of graphene 
for example, the reaction occurring in dye-sensitized solar 
cells [74-77]. Different pathways are mainly experienced by 
the charge carriers. Most individual graphene materials are 
primarily used for water splitting and oxidation/reduction (Fig. 
12) in both suspension and electrode systems [78,79].

As commented above, the photoassisted CO2 reduction by 
NiO/Ni-G requires the combination of heating and irradiation 
to occur. The influence of light intensity and temperature on 
the photocatalytic CO2 reduction reaction using Ni(23)-G was, 
therefore, studied to establish this dependency. The results are 
presented in Fig. 8.

CO2 reduction with H2O
Recently, the increased population as well as industrialization 
has been detrimental to the environment including the 
atmosphere [80,81]. Recent increase in CO2 has remained to 
be a major issue on this planet [82,83]. CO2 produced with 
H2O from burning fuels from the domestic to industrial 
level has contributed significantly to the atmospheric air 
pollution, resulting in the current global warming the world 
is experiencing [84-87]. There has been an introduction of 
alternative advanced strategies to cut down the production of 
CO2. The SDG 7 has been identified for clean and renewable 
energy as one of the best mechanisms to reduce the production 
of CO2 with H2O in the atmosphere [88,89]. Therefore, due to 
the increasing demand of fuel and production on the industrial 
scale, the contribution of CO2 is still high. Technologies 
have been developed to reduce the amount of produced CO2. 
Among others, the photocatalytic reaction is one of the best 
technologies for CO2 reduction (Fig. 13) [50].

 

Figure 13: The photoreduction of CO2 with H2O to CO.

In order to confirm the origin of the C source in the CH4 
production and the formation of H2O according to Eq. 22 
13C18O2 was used as substrate and the obtained products were 
analyzed after 2 h reaction under optimal conditions by GC-
MS spectroscopy (Fig. 10).
CO2 + 4H2 → CH4 + 2H2O  ∆G = -115 KJ / mol (22)

The analysis shows a mix of 14% of unlabeled 12CH4 and 86% 
of 13CH4, indicating that a minor portion of the produced CH4 
does not come from the labelled substrate. The most likely 
origin of the unlabeled CH4 should be the C atoms of fl-G. 
In order to confirm this hypothesis a stability experiment was 
performed submitting Ni(23)-G sample at reaction conditions 
(200oC and 2240 W/m2) under Ar atmosphere, and measuring 
the CO2 evolution (Fig. 11). As can be observed a small amount 
of CO2 was observed to evolve under these conditions for the 
first 20 h. After this period, the CO2 amount remained constant, 
confirming, on the one hand, the presence of small amounts 
of CO2 originated from fl-G and, on the other hand, that the 
photocatalyst is photostable at long reaction times. It should 
be, however, reminded that the blank experiment with fl-G in 
where formation of CH4 was not observed, indicates that even 
for this contribution of unlabeled CH4, the presence of NiO/Ni 
is needed. In the same experiment using 13C18O2, observation 
of H2

18O was also detected (Fig. 10), confirming the formation 
of H2O in the methanation. CH4 production efficiencies was 
showed for different N/NiO-graphene nanocomposites ratios 
during photocatalysis process in Table 2. 99% maximum 
CH4 production efficieny was measured at Ni/NiO(23)-G 
nanocomposite after CO2 reduction during photocatalysis 
process, at 200oC, at 2240 W/m2, at 300 W Xe lamp irradiation, 
at PH2 = 1.05 bar and PCO2 = 0.25 bar, respectively (Table 2).
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Samples CH4 production (%) Samples CH4 production (%) Samples CH4 production (%)
Ni(6)-G 5 NiO(6)-G 13 Ni/NiO(6)-G 24
Ni(10)-G 7.5 NiO(10)-G 21 Ni/NiO(10)-G 40
Ni(14)-G 10 NiO(14)-G 30 Ni/NiO(14)-G 61
Ni(20)-G 18 NiO(20)-G 42 Ni/NiO(20)-G 85
Ni(23)-G 25 NiO(23)-G 53 Ni/NiO(23)-G 99

Table 2: CH4 production efficiencies at different Ni/NiO-graphene (G) nanocompoasite samples, at 200oC, at 2240 W/m2, at 300 
W Xe lamp irradiation, at PH2 = 1.05 bar and PCO2 = 0.25 bar, respectively.

Zhou and co-workers described the facile in situ synthesis of 
a graphene (g-C3N4)–N-TiO2 heterojunction as a competent 
photocatalyst for the selective photoreduction of CO2 with 
H2O to CO. The composites of graphene, i.e., carbon nitride 
and N2-doped TiO2 composites (g-C3N4–N-TiO2) were in situ 
synthesized by the thermal treatment of well-mixed urea and 
Ti(OH)4 in an alumina crucible with a cover at different mass 
ratios. These results prove that graphene has high photocatalytic 
CO2 reduction with H2O as compared to its precursors [90].

Photo-assisted CO2 reduction with H2O by H2 has been 
repeatedly described using fabrics covering noble or analytical 
metals, such as Pd, Ru and In [28-31,91,92]. It was found 
that H2O formed in the photocatalytic reaction of NiO/Ni 
NPs supported on defective graphene via photo-assisted CO2 
reduction with H2 has a negative influence on the photocatalytic 
activity and studies further confirmed that H2O desorption 
is one of the reasons why the system requires heating [93]. 
Therefore, it is anticipated that a promising function of 
temperature in the system can be to promote H2O desorption 
from the photocatalyst surface, providing an opportunity for 
H2 and CO2 activation [36,38].

Conclusıon
The preparation of NiO/graphene nanocomposite can help 
to delay the recombination process, so the photocatalytic 
performance improves. Hence, NiO/graphene nanocomposite 
was identified as an effective adsorbent and photocatalyst 
in waste-water treatment because of it shows an excellent 
performance to remove pollutants, rapidly.

Finally, in the present study, it has been shown that NiO/Ni 
NPs supported on fl-G is a suitable photocatalyst to perform 
methanation of CO2 at temperatures about 200oC, reaching 
specific CH4 formation rates of 642 μmol/gNi.h that are 
about double than that measured for Ni NPs supported on 
high surface area silica-alumina and apparent quantum yields 
of 1.98%. 99% maximum CH4 production efficieny was 
measured at Ni/NiO(23)-G nanocomposite after CO2 reduction 
during photocatalysis process, at 200oC, at 2240 W/m2, at 300 
W Xe lamp irradiation, at PH2 = 1.05 bar and PCO2 = 0.25 bar, 
respectively.

In addition to, the positive effect of graphene appears to be 
due to the photoinduced electron transfer from excited NiO/
Ni NPs to the graphene sheet. Experimental evidence indicates 
that the role of the temperature is to desorb H2O formed also in 
the process, causing apparent deactivation of the photocatalyst. 

Under optimal conditions and under continuous flow, 
photocatalyst deactivation was reduced probably to the more 
favorable H2O removal. Mechanistic data using electron donor, 
acceptor quenchers and observation of fl-G charge separated 
stated quenching by NiO/Ni NPs support that the reaction 
mechanism involves photogenerated charge separation derived 
from photon absorption in the UV region.
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