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ABSTRACT: The attenuation of greenhouse gases, especially
CO2, as one of the main causes of global warming and their
conversion into valuable materials are among the challenges that
must be met in the 21st century. For this purpose, hierarchical
ternary and quaternary hybrid photocatalysts based on graphene
oxide, TiO2, Ag2O, and arginine have been developed for combined
CO2 capture and photocatalytic reductive conversion to methanol
under visible and UV light irradiation. The material’s band gap
energy was estimated from the diffuse reflectance spectroscopy
(DRS) Tauc analysis algorithm. Structural and morphological
properties of the synthesized photocatalysts were studied using
various analytical techniques such as Fourier transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). The calculated band gaps for GO−TiO2−Ag2O and GO−TiO2−
Ag2O−Arg were 3.18 and 2.62 eV, respectively. This reduction in the band gap showed that GO−TiO2−Ag2O−Arg has a significant
visible light photocatalytic ability. The investigation of CO2 capture for the designed catalyst showed that GO−TiO2−Ag2O−Arg
and GO−TiO2−Ag2O have high CO2 absorption capacities (1250 and 1185 mmol g−1, respectively, at 10 bar and 273 K under
visible light irradiation). The amounts of methanol produced by GO−TiO2−Ag2O and GO−TiO2−Ag2O−Arg were 8.154 and 5.1
μmol·gcat1·h−1 respectively. The main advantages of this study are the high efficiencies and selectivity of catalysts toward methanol
formation. The reaction mechanism to understand the role of hybrid photocatalysts for CO2 conversion is deliberated. In addition,
these catalysts remain stable during the photocatalytic process and can be used repeatedly, proving to be enlightening for
environmental research.

1. INTRODUCTION
In recent years, climate change has been admitted, following a
quasi-scientific consensus, not only as a reality, but also as a
new issue to which our societies, threatened by its
consequences, must find a solution. The causal relationship
between anthropogenic emission of greenhouse gases and
global warming has now been established by the vast majority
of experts.1 Among the greenhouse gases, that is, H2O, CO2,
CH4, N2O, and O3, CO2 is responsible for more than 60% of
the greenhouse effect. Consequently, it is imperative to reduce
CO2 emissions and minimize the possibility of destructive
global warming. CO2 capture and its reduction into value-
added products and fuels is an important emissions reduction
technology to address global warming and energy needs. Due
to the high stability of CO2 and the complexity of the reactions
for its transformation, the practical implementation of these
methods requires the development of effective, inexpensive,
stable, and selective catalysts. Different methods for the
reduction and conversion of CO2 into value-added products
have been explored, including biodegradation by plants and

algae and thermal, electrochemical, or photocatalytic reduc-
tions in which CO2 is converted into value-added products.

2−5

Among these, artificial photosynthesis, which consists of
reproducing and improving the processes and mechanisms at
work in plants, could well be the origin of a scientific and
industrial revolution (Figure 1).6 These objectives can be
achieved by the design of innovative semiconductor photo-
catalysts. The photocatalytic process consists of producing
electron/hole (e−/h+) pairs, e−/h+ recombination, and capture
of photogenerated e−/h+ by the adsorbed compound at the
surface of the semiconductor photocatalyst, resulting in
reduction and/or oxidation reactions. The rapid recombination
of the e−/h+ pair is disadvantageous to the whole process and
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limits the photocatalytic efficiency.7−9 A number of semi-
conductor photocatalysts have been widely used for the
reduction of CO2 into fuels, such as TiO2, CdS, ZnO, and
In2O3. Among them, TiO2 has attracted a lot of attention as a
photocatalyst due to its lower cost.10−15 Nonetheless, TiO2
exhibits weak performance due to the fast electron/hole (e−/
h+) pair recombination rate and large band gap energy, being
active only under UV light irradiations, disadvantages that
need to be overcome to become an active photocatalyst.9,16−20

To overcome some of these limitations, different approaches
can be considered such as (i) adding a sacrificial agent, (ii)
depositing metallic nanoparticles, or (iii) the use of semi-
conductors with a narrow band gap.21−24 Due to their higher
absorption rate, lower toxicity, and higher stability, amines
have been used, as a sacrificial electron donor, in the field of
artificial photosynthesis by researchers from the 1970s to the
present day.25,26 The use of sacrificial amines allows the
photoreduction of CO2 to take place, when the position of the
valence band (VB) of the photocatalysts is negative compared
to the standard oxidation potential of H2O, and at the same
time accelerates the separation rates of the electron−hole pairs
and therefore improves the photoreduction of CO2.

26−30

Graphene oxide (GO) is another very favorable option in the
photocatalytic field, which contributes to the effective
degradation of CO2. The excellent absorption and conductivity
capacity of GO in combination with TiO2 can be considered a
versatile composite for photocatalysts.15,31−34 Considering the
above-mentioned facts, in our study, we developed a
photocatalytic system based on titanium dioxide (TiO2)
associated with GO, using arginine as a sacrificial agent. For
this purpose, hierarchical ternary and quaternary hybrid
photocatalysts based on GO, TiO2, Ag2O, and arginine have
been developed for combined CO2 capture and photocatalytic
reductive conversion to methanol under visible and UV light
irradiation. The creation of a heterojunction between TiO2 and
Ag2O allows for overcoming the limitation of the photo-
catalytic activity of TiO2. Indeed, the association of these
narrower gap semiconductors will not only allow an extension
of the activation spectrum of composites in the visible range
but also an optimal delocalization of the photo-induced
charges.33,35−37 The participation of different components in
the designed photocatalyst leads to synergistic effects favorable
to the photoreduction of CO2 into methanol.

2. EXPERIMENTAL SECTION
All chemicals were provided by Merck and Sigma-Aldrich and
were used without further purification. Melting points were

determined using the Electrothermal 9100 apparatus. Soni-
cation for the synthesis of the catalyst was performed using
Elma at 60 Hz. The Fourier transform infrared (FTIR) spectra
were obtained through a Shimadzu IR-470 spectrophotometer.
The X-ray diffraction (XRD) pattern was obtained using a D8-
Advance Bruker. The scanning electron microscopy (SEM)
images of the photocatalyst were recorded via a TESCAN
instrument. Transmission electron microscopy (TEM) images
were provided using a Philips EM208S. Elemental analysis of
the photocatalytic was performed by energy-dispersive X-ray
spectroscopy (EDS) analysis using a TESCAN4992. Gas
chromatography (GC) was performed using a Shimadzu GC
2010. Diffuse reflectance spectroscopy (DRS) was performed
using a Shimadzu 2550, 220 V.

2.1. Preparation of Graphene Oxide. GO was prepared
using a modified Hummer’s method. In a typical procedure, 1
g of graphite powder and 1 g of sodium nitrate were dispersed
in 23 mL of sulfuric acid (98%) in a vessel, and the mixture
was stirred at 66 °C for 1 h. The reaction vessel was then
immersed in an ultrasonic bath for 30 min to thoroughly
disperse the particles in the reaction medium. The temperature
of the ultrasonic bath was cooled down to 10 °C by adding ice.
Next, powdered potassium permanganate (KMnO4, 3 g) was
slowly added to the reaction vessel for over 1 h under magnetic
stirring. During the addition of KMnO4, the reaction vessel was
placed in an ice bath to keep the temperature below 10 °C.
Subsequently, the ice bath was removed, the temperature was
increased to 35 °C, and the reaction mixture was stirred for 30
min, after which 50 mL of water was slowly added. The
reaction medium was then heated at 98 °C for 30 min, leading
to a brown suspension. The brown suspension was diluted with
700 mL of distilled water and then treated with 12 mL of H2O2
(30%). After the addition of H2O2, a bright yellow color was
observed, which determined that the reaction was completed
and graphite was converted into graphite oxide. The reaction
mixture was centrifuged, washed with deionized water and HCl
(5%) repetitively, and dried at 60 °C.38,39

2.2. Preparation of TiO2−Ag2O. Titanium oxide (TiO2,
0.24 g, 3 mmol) was dispersed in an aqueous solution of silver
nitrate (AgNO3, 22 mL, 0.023 M), and the suspension was
stirred for 1 h. The suspension was then exposed to UV light
(UV lamp 254 nm, the intensity of 5.4 mW/cm2) under
stirring for 15 min. The pH of the mixture was adjusted to 9 by
dropwise addition of 0.5 M NaOH. The TiO2−Ag2O
precipitate was washed with deionized water until neutraliza-
tion and dried in an oven at 80 °C.40

Figure 1. (a) Photosynthesis and (b) artificial photosynthesis.
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2.3. Preparation of GO−TiO2−Ag2O. TiO2−Ag2O (1
mg) was fully dispersed in MeOH (35 mL) by probe
sonication (90 watts) for 90 min. Then, 0.3 mg of GO was
added, and probe sonication was applied for 10 min. The
resulting dispersion was stirred at room temperature by
magnetic stirring for 24 h and then dried in the oven at 60
°C (Figure 2a).

2.4. Preparation of GO−TiO2−Ag2O−Arg. 0.2 g of
GO−TiO2−Ag2O was dispersed in 10 mL of distilled water
using probe sonication for 90 min (90 watts). Then, 0.4 g of L-
arginine (Arg) was added and sonicated for 30 min. The
reaction medium was then refluxed under stirring for 5 h. The
obtained GO−TiO2−Ag2O−Arg was kept in the oven at 60 °C
to dry (Figure 2b).

2.5. Photocatalytic Procedure for the CO2 Capture
and Conversion to Methanol. The apparatus used for the
photocatalytic absorption/reaction of CO2 is schematically
shown in Figure 3. The reactions were carried out under UV

and visible light radiation. The UV light photoreaction was
carried out in a Pyrex glass photoreactor with a volume
capacity of 100 mL, equipped with a water circulation jacket
(model LAUDA ALPHA RA8 with a temperature accuracy of
±0.1 K) and a magnetic stirrer. Depending on the type and
purpose of the test, the visible or ultraviolet light source was
used. The light source was located at a constant distance from
the reactor. The reactor was evacuated before each experiment
was run using a vacuum pump. CO2 was provided from a
storage tank and a stainless-steel gas container with an
approximate volume of 445.106 cm3, which was installed
between the storage tank and the photoreactor.
Valves were used to control the CO2 flow from the storage

and gas container to the photoreactor. The temperature of the
gas container was measured using a Chromel-Alumel Type K
with an accuracy of ±0.1 K. The pressure inside the
photoreactor and the gas container was measured using two
pressure sensors (model BD Sensor with an accuracy of ±1

Figure 2. (a) General structure GO−TiO2−Ag2O and (b) general structure GO−TiO2−Ag2O−Arg.
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kPa). Temperature and pressure transmitters were connected
to a personal computer in which the temperature and pressure
data were recorded. By adjusting the valves, CO2 gas was
introduced into the reactor.41,42 Equilibrium was reached when
the pressure and the temperature inside the photoreactor
reached a constant value. The initial and final pressures of CO2
in the photoreactor were used to calculate the amount of CO2
absorbed. For details of the procedure and calculations, we
refer the readers to refs 41 and 42 and the next subsection.

2.5.1. Photocatalytic Capture of CO2. The photocatalyst
(0.4 g) was placed in the Pyrex glass reactor containing 80 mL
of dimethylformamide (DMF). CO2 was introduced and
allowed to flow in contact with the catalyst to achieve a
sorption equilibrium. The average optimal time for each test
under UV and visible light was 4 h. The amount of absorbed
CO2 (α), was calculated using eq 143

n

n
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l
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2=
(1)

where nDMF denotes the moles of DMF and nCO
l

2
represents the

moles of absorbed CO2, which was calculated from eq 2, where
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g
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where R is the universal gas constant and Z is the gas
compressibility factor calculated by the Peng−Robinson
equation of state.44Vgc, P, and T are the volume, pressure,
and temperature of the gas inside the reactor, respectively.
Subscripts 1 and 2 refer to before and after CO2 injection,
respectively.
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In eq 4, V and Vs are the volume of the reactor and the
volume of the solvent, respectively. Peq, designates the pressure
of the nonabsorbed CO2, that is, the difference between the
pressure before and after the absorption of CO2. The data and
the corresponding diagrams are presented in Section 3.2.

2.5.2. Photoreduction of CO2 to CH3OH under UV/Visible
Light. For the conversion of CO2 to methanol under ultraviolet
and visible light, 0.1 g of the catalyst was transferred to the
reactor containing DMF (18 mL) and a magnetic stirrer. To
increase the solubility of CO2, an aqueous NaOH solution (1
mL, 0.1 M) was added to the reaction mixture. The
photoreactor was then connected to the CO2 pressure
regulator, and a specific volume of CO2 was injected into the
reactor. During the photocatalytic production of methanol, the
maximum reaction temperature reaches 40 °C, under visible or
ultraviolet light, which is in the appropriate temperature range
according to previous reports.45−47 Once the reaction was
complete, samples were removed from the photoreactor using
a pipette, and after being centrifuged, they were subjected to
GC analysis to determine the amount of methanol produced.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Catalysts. Figure 4

illustrates the FTIR spectra of GO, GO−TiO2−Ag2O, and
GO−TiO2−Ag2O−Arg. The FTIR spectrum of GO shows an
absorption band at ∼3400 cm−1 and other peaks at 1736 and
1620 cm−1, corresponding to OH, C�O, and C−O stretching.
The absorption band observed at 550−750 cm−1, in both
GO−TiO2−Ag2O and GO−TiO2−Ag2O−Arg, is due to the
metal−oxygen vibrations. The peaks at ∼1640 and 3400 cm−1

correspond to the deforming and stretching vibration of OH,
respectively. The existence of a very broad absorption band in
the spectrum of GO−TiO2−Ag2O−Arg from 2600 to 3700
cm−1 is due to the O−H, N−H, and saturated C−H stretching
overlaps. The broad absorption band at 1550 to 1750 cm−1 is
due to the C�O and C−O stretching vibrations, as well as
N−H bending vibrations regarding Arg.
The morphology, crystal structure, and composition of the

prepared catalysts were studied using SEM, XRD, and EDS
analyses. SEM images of TiO2−Ag2O, GO−TiO2−Ag2O, and
GO−TiO2−Ag2O−Arg are shown in Figure 5a−c. Figure 5a

Figure 3. Experimental setup for measuring CO2 absorption: (1) CO2 cylinder, (2) gas container, (3) (V1−V6) valves, (4) (PS1 and PS2) pressure
sensors, (5) visible or UV light source, (6) thermometer, (7) reaction reactor, (8) magnetic stirre,r (9) circulating water bath, (10) monitor and
interface, and (11) computer.
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reveals that the TiO2−Ag2O surface has a porous structure and
Ag2O nanoparticles are evenly loaded on TiO2.
The SEM image of GO−TiO2−Ag2O (Figure 5b) reveals

the almost uniform deposition of TiO2/AgO2 particles on the
surface of GO sheets. The change in the morphology observed

in the SEM image of GO−TiO2−Ag2O−Arg (Figure 5c)
confirms the addition of the amino acid arginine.
Figure 6a illustrates the XRD model of GO−TiO2−Ag2O.

As can be seen, all the peaks can be attributed to TiO2, Ag2O,
and GO according to the standard models JCPDS 00-001-
1292, JCPDS 43-0997, and JCPDS 75-2078 respectively. The
two peaks at 2θ values of 25.4 and 26.7 in the XRD pattern of
GO−TiO2−Ag2O, matching to anatase (101) and rutile (110)
phases, respectively, prove the biphasic nature of TiO2. L-
arginine has an amorphous structure that causes a large bump
distributed in a wide 2θ range in the XRD pattern of the
sample (Figure 6b).
The EDS analysis was carried out to determine the surface

elemental composition of GO−TiO2−Ag2O, giving a general
mapping of the sample. As depicted in Figure 7 the presence of
C, O, Ti, and Ag can be easily identified; C and O atoms can
be attributed to GO and metal oxide.
The shape and size distributions of GO−TiO2−Ag2O were

evaluated by TEM analysis. TEM images with different
magnifications (50, 100, 200, and 300) are shown in Figure
8. The presence of black dots on the GO sheets is apparent.
Proper distribution of metal oxides is observed throughout the
GO layers, which increases the interactive role of the
constituent components in the catalyst structure. This
distribution of metal oxide nanoparticles on GO sheets can
generate local active sites and facilitate the photocatalytic
reaction. As shown on the 100 nm scale, the Ag2O particles are

Figure 4. FTIR spectra of GO, GO−TiO2−Ag2O, and GO−TiO2−
Ag2O−Arg.

Figure 5. SEM images of (a) TiO2−Ag2O; (b) GO−TiO2−Ag2O; and (c) GO−TiO2−Ag2O−Arg.
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located next to and on the TiO2 particles; also, as shown on
the 50 nm scale, TiO2 and Ag2O are located on the GO
surface, which not only confirms the correct placement of the
metal oxides together but also results in better electronic
transmission.

3.2. Diffuse Reflectance Spectroscopy. The optical
properties of GO−TiO2−Ag2O and GO−TiO2−Ag2O−Arg
were investigated by UV/vis diffuse reflectance spectroscopy

Figure 6. XRD patterns of (a) GO−TiO2−Ag2O and (b) GO−TiO2−Ag2O−Arg.

Figure 7. EDS analysis of GO−TiO2−Ag2O.

Figure 8. TEM images of GO−TiO2−Ag2O with different
magnifications.
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[Figure S1a (see the Supporting information)]. Tauc plots
were employed to estimate the band gap of the semiconductor
samples. The band gaps of GO−TiO2−Ag2O and GO−TiO2−
Ag2O−Arg were 3.18 and 2.62 eV, respectively, as exhibited in
Figure S1b,c. Consequently, the GO−TiO2−Ag2O photo-
catalyst is more active in the UV region, while the activity of
GO−TiO2−Ag2O−Arg is extended into the visible spectrum
due to its lower band gap energy. The addition of arginine
(Arg) alongside the combination of rutile and anatase phases
improved the degree of absorption of visible light and thus
enhanced the photocatalytic performance of the catalyst.

3.3. Photoluminescence Spectroscopy. The photo-
luminescence of the GO−TiO2−Ag2O catalyst illustrates that
the emission position is from 380 to 450 nm [Figure S2a (see
the Supporting information)]. In comparison, the emission for
the GO−TiO2−Ag2O−Arg catalyst appears at a position in
wavelength range from 350 nm to about 500 nm [Figure S2b
(see the Supporting information)]. It should be noted that the
GO−TiO2−Ag2O−Arg catalyst has a larger PL absorption
surface than the GO−TiO2−Ag2O catalyst, which results in
better photocatalytic activity in the visible region (Figure S2b).

3.4. Investigation of the Amount of CO2 Absorption
by Catalysts under Different Conditions. The absorbing
capacity is defined as the maximum molar amount of CO2
absorbed per mole of the photocatalytic activity for capture
and reduction of CO2 to methanol under UV and visible light
irradiation using the as-prepared GO−TiO2−Ag2O and GO−
TiO2−Ag2O−Arg catalysts. The amount of CO2 capture was
examined in the presence of GO−TiO2−Ag2O and GO−
TiO2−Ag2O−Arg catalysts under UV and visible light
irradiation, at different temperatures using different solvents.
The results are presented in the form of an absorption pressure
diagram. The vertical axis represents the equilibrium pressure
(the pressure of CO2 not being absorbed into the reactor), and
the horizontal axis represents the rate of absorption of CO2 per
mole of the solvent (α). A higher value of α indicates better
and greater absorption of gas by the catalyst. For each
experiment, seven injections were carried out. The rate of gas
absorption varies depending on the solvent, catalyst, temper-
ature, and light.
Figure S3 shows the CO2 absorption measured at 40 °C

under ultraviolet light, using 0.04 g of the photocatalyst. The
results revealed that the absorption of CO2 in the presence of
GO−TiO2−Ag2O is higher than in the presence of GO−
TiO2−Ag2O−Arg due to the proportionality of the energy gap
of GO−TiO2−Ag2O and ultraviolet light. The CO2 absorption
under visible light is presented in Figure S4. The absorption
performance of GO−TiO2−Ag2O−Arg was better than that of
the pure solvent as well as GO−TiO2−Ag2O. In another
experiment, the effect of light on the catalysts and their
absorption at ambient temperature was investigated. The
amount of the catalyst used is 0.04 g (Figure S5). As can be
seen from these graphs, the rate of catalyst absorption in the
light is much higher than that in the dark, which is another
confirmation of the sensitivity of the light to the synthesized
catalysts and their better performance in light than in darkness.
In another study to determine whether arginine amino acids

are capable of absorption or all of these absorption processes
proceed by an optical mechanism, a comparison was made
between CO2 absorption without arginine by the GO−TiO2−
Ag2O−Arg catalyst. The amounts of each of the substances
used in this experiment were 0.04 g. As can be seen, the
absorption rate of an arginine-functionalized catalyst is much

higher than that of arginine. As can be seen, the absorption rate
of an arginine-functionalized catalyst is much higher than that
of arginine (Figure S6).
To evaluate the recyclability of the photocatalyst, they were

reused at room temperature and under visible light for CO2
capture, and the results showed that the performance of the
catalyst did not drop significantly (Figures S7 and S8).
As shown in Figure S8, the CO2 absorption rate for the

reused catalyst has not changed significantly compared to that
of the fresh catalyst; therefore, the catalyst can be reused
several times with significant activity.
The obtained results revealed that GO−TiO2−Ag2O−Arg

shows enhanced activity under visible light compared to GO−
TiO2−Ag2O, which is in agreement with the results obtained
for the band gaps. The comparison of the performance of the
two catalysts in the presence of light and in the dark also
revealed that the process of CO2 absorption by the catalysts is
considerably improved by light.
According to Table 1, the highest absorption of CO2 is

observed for GO−TiO2−Ag2O−Arg at ambient temperature

under visible light, while GO−TiO2−Ag2O exhibits a higher
absorption of CO2 at ambient temperature under UV light.
However, overall, the GO−TiO2−Ag2O−Arg catalyst showed
higher absorption. The chemical reaction between CO2 and
arginine, which has been grafted on the surface of the
photocatalyst, would limit the presence of CO2 in the
molecular form in the solvent and therefore reduce the partial
pressure of CO2 at equilibrium and would increase the
concentration gradient of CO2 at the gas−liquid interface and
therefore increase the absorption flux. The absorption
performance also depends on the contact temperature and
was improved at room temperature, leading to better
absorption of CO2 in the liquid phase.

3.5. Photoreduction of CO2 to CH3OH. Following a
series of experiments on CO2 absorption and conversion, CO2
was converted to methanol at this step of the reaction under
visible light for the catalyst of GO−TiO2−Ag2O−Arg and
ultraviolet light for the catalyst of GO−TiO2−Ag2O at 40 °C,
performed separately. Finally, the amount of the product
produced by each of the catalysts was measured by GC. The
GC results from the two catalysts GO−TiO2−Ag2O−Arg and
GO−TiO2−Ag2O are shown (Figures S9 and S10). The
standard pure solvent courier is also shown (Figure S11).
As can be seen, in about 3:30 min, a courier related to

methanol is observed, which is completely consistent with the
courier from the standard methanol sample, and they appear in

Table 1. Comparison of CO2 Absorption Capacity of the
Catalysts under Different Conditions at 10 bar

entry catalyst
temp
(°C) light

CO2 absorption
(mmol/g)

1 GO−TiO2−Ag2O−Arg r.t. UV 1237.815
40 UV 690.27
r.t. vis 1255.461
40 vis 786.544
r.t. dark 988.296

2 GO−TiO2−Ag2O r.t. UV 1209.27
40 UV 988.695
r.t. vis 1183.32
40 vis 621.502
r.t. dark 910.845
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an instant. The next long peak that has been removed from the
frame is related to the DMF solvent, which is quite natural due
to the high concentration of the solvent (Figures S9 and S10).
Also, in order to ensure that arginine amino acid without a

substrate could not produce methanol, a test was performed
with 0.1 g of arginine and the same test conditions were
applied with other catalysts, which showed that no methanol
was produced in this experiment, which shows that arginine
amino acid does not have the ability to synthesize methanol
under the same conditions (Figure S12).
As can be seen from the data in Table 2, the amount of the

surface area under the peak for the non-functionalized catalyst

was higher than that for the functionalized catalyst with
arginine. The amount of methanol produced in the presence of
GO−TiO2−Ag2O under ultraviolet light was 32.616, and it
was 20.385 μmol/gCat in the presence of GO−TiO2−Ag2O−
Arg under visible light. A comparison of photocatalyst activity
was made with that of previously reported catalysts for the
formation of methanol, and the results are tabulated in Table 3.
As can be seen, the small amount of methanol produced by
most photocatalysts under visible light is a significant
drawback, limiting their practical application in the reduction
of CO2 to methanol. Some of the reported photocatalysts
(entries 2 and 3) showed only a good conversion rate in a UV
light environment.

3.6. Probable Photocatalytic Mechanism. The VB and
conduction band (CB) energy levels of the two semi-
conductors are ideally staggered, leading to a type II
heterojunction. This results in a new chemical potential
between the semiconductors. This phenomenon considerably
increases the spatial separation of the charges on either side of
the heterojunction, thus limiting the recombination of the
charges and increasing the lifetime of the charge carriers. In
addition, the oxidation and reduction reactions take place on
two different semiconductors. The photoreactions that

occurred during the photoreduction of CO2 at the surface of
GO−TiO2−Ag2O−Arg are presented in eqs 5−7.

GO TiO Ag O Arg h h e2 2 + ++
(5)

H O h 1/2 O 2H2 2+ ++ + (6)

CO 6H 6e CH OH H O2 3 2+ + ++
(7)

The CO2 absorbed by L-arginine on the surface of the
photocatalyst is reduced to CH3OH in a multi-step process
involving (i) photogeneration of electrons−hole pairs by light
absorption, (ii) electron excitation, (iii) transfer to the catalyst
surface, and ultimately (iv) water oxidation by the holes
(Figure 9).8,56−59

4. CONCLUSIONS
Anthropogenic CO2, and more particularly that emitted by the
combustion of fossil resources, is at the origin of global
warming. Therefore, there has been more interest in the
capture and valorization of greenhouse CO2 into value-added
products. However, the development of visible light photo-
catalysts for CO2 reduction into value-added products is a
challenge, and heterogeneous catalysts play a key role in
achieving the goals. In this article, we report a photocatalytic
process for combined CO2 capture and selective photocatalytic
conversion to methanol under visible and UV light irradiation,
using the newly designed hierarchical ternary and quaternary
hybrid photocatalysts based on TiO2−GO−Ag2O and arginine
as a sacrificial agent. The designed catalysts, GO−TiO2−
Ag2O−Arg and GO−TiO2−Ag2O, besides promising CO2
capture, have enhanced performance for selective photo-
reduction of CO2 to methanol at 40 °C, under visible (32.616
μmol/g−1) and UV (20.385 μmol·g−1) light irradiation,
highlighting their potential use as a novel and eco-friendly
photocatalyst. These fairly remarkable performances under
visible light can come from different effects: (1) the presence
of a small proportion of the rutile phase of TiO2 in composites,
which makes it possible to absorb wavelengths up to 420 nm,
(2) the presence of GO, authorizing the absorption of a
significant part of the visible spectrum and consequently the
possibility of oxidizing H2O directly on GO, (3) the formation
of the TiO2−GO heterojunction, resulting in better charge
separation and possible photosensitization of TiO2, (4) the

Table 2. Surface Area of the Methanol Peak Produced by
the Catalysts

catalyst the area below the methanol peak

GO−TiO2−Ag2O(0.1 g) 2,601,501.7
GO−TiO2−Ag2O−Arg(0.1 g) 1,725,104.5
arginine (0.1 g) 0

Table 3. Comparison of the Activity of the Catalyst in the Synthesis of CH3OH with That of Some of the Other Catalysts
Reported in the Literature

entry catalyst (g) react. cond. light/time (h) product (μmol/g catalyst) ref.

1 V−TiO2 (0.2) Vis/4 CH3OH (4.6) 48
Cr−TiO2 (0.2) CH3OH (2.94)
Co−TiO2 (0.2) CH3OH (6.53)

2 Ag−TiO2 (0.1) UV−Vis/8 and 6 CH3OH (29) 49
CH3OH (15)

3 N-doped TiO2 (0.6) UV−Vis/2 CH3OH (20) 50
4 N−TiO2 (0.1) Vis/2 CH3OH (0.2) 51
5 FeTiO3/TiO2 (0.05) UV−Vis/3 CH3OH (1.386−1.296) 52
6 Cu/Fe−TiO2−SiO2 CH3OH (4.12) 53
7 Ti-sillica film CH4/CH3OH (11) 54
8 g-C3N4 (0.1) UV−Vis/1 CH3OH (0.26) 55

amine-functionalizedg-C3N4 (0.1) UV−Vis/1 CH3OH (0.28)
9 GO−TiO2−Ag2O (0.1) UV/4 CH3OH (32.616) this work
10 GO−TiO2−Ag2O−Arg (0.1) Vis/4 CH3OH (20.385) this work
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deposition of Ag2O NPs on GO, which can induce surface
plasmon resonance (SPRs) and therefore increase the number
of “visible” photons absorbed by GO, and (5) the use of
arginine as an effective promoter to enhance the absorption
rate of CO2. The prepared catalysts were found to be more
active than the other similar catalysts previously reported.
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