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CO, conversion into methanol under ambient
conditions using efficient nanocomposite
photocatalyst/solar-energy materials in aqueous
mediumt

Mohsen Lashgari (2*@ and Sanaz Soodi®

A promising route to solve the CO, issue is its photocatalytic back-conversion to H-based solar fuels/
chemicals, particularly methanol — being widely used as a strategic material in chemical/energy-related
industries. Herein, the authors address this globally interesting problem and demonstrate how through
an effortless hydrothermal route and using earth-abundant elements, two efficient carbon nanotube
(CNT)-based heterojunction photocatalyst/solar-energy materials, viz. CNT/NiO and CNT/NiO/Fe,Os are
synthesized and employed for methanol production. The investigations revealed that both binary and
ternary composites could selectively (=93%) produce methanol using CO, feed in aqueous medium.
Moreover, a higher performance (energy efficiency: 1.81%) was witnessed for the ternary photocatalyst.
From a catalytic standpoint, the superior activity of the CNT/NiO/Fe,O3 photocatalyst was discussed in
detail in terms of its larger surface area, higher absorption of incident light, better charge separation/
transfer, and generation of greater photo-voltage/current to effectually split the water medium and
achieve the photoconversion process. A mechanistic scheme was finally proposed for the production of
methanol and methane, as liquid and gas phase products, respectively.

Introduction

Methanol (CH;OH) is a strategic chemical with wide application
in the synthesis of hydrocarbons, plastics, pharmaceuticals,
adhesives and so forth. This compound is also important from
an energy perspective and is considered a safe H-based fuel -
that is employed in direct methanol fuel cells or utilized as
a blend with gasoline in internal combustion engines."?

Current technologies to synthesize methanol are mainly
based on production and consumption of syngas mixture [the
output of steam reforming process], being industrially carried
out under harsh high temperature/pressure conditions
(T = 200-300 °C, P = 5-10 MPa) through catalytic hydrogena-
tion of a CO,/CO feed:*?

C02 -+ 3H2 —>CH30H -+ Hzo

During the hydrogenation process, H, molecules are disso-
ciated upon the catalyst surface and the resulting H atoms are
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combined with CO,/CO molecules and transformed into
methanol. Although methanol can be synthesized by either CO
or CO, feed, the use of CO, is preferred from non-toxicity
standpoint.*®

Carbon dioxide transformation [back-conversion] into
methanol is also crucial from the environmental viewpoint,*
since this notorious greenhouse gas - being unrestrictedly
produced by human societies and dumped into the atmosphere
- is universally deemed the main cause of global warming and
climate change.® Therefore, this plentiful ubiquitous gas can be
reconsidered a sustainable complimentary source of carbon
and be utilized in the synthesis of other C-based chemicals/
fuels,”® particularly methanol as pointed above.

Artificial photosynthesis of methanol using CO, upon
semiconductor materials in aqueous medium, is a modern/
green strategy,” in which H atoms (radicals) are transiently
generated on the photocatalyst surface (H" + e~ — HY) and
subsequently utilized in CO, conversion (hydrogenation) to
methanol.

One of the challenging issues in the photocatalytic back-
conversion of CO, into oxygenates is selective synthesis of
a specific compound and reduction of the diversity of by-prod-
ucts.”'* This objective can be met by proper selection of pho-
tocatalyst components.”> In the present work, we chose NiO
semiconducting component, owing to nickel property in CO,
adsorption and its capability to produce methanol.***** We also

This journal is © The Royal Society of Chemistry 2020
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employed carbon nanotube (CNT), because it has been reported
as an effective component for photocatalytic conversion of CO,
into solar fuels, particularly alcohols.”*>'® Furthermore, it is
worth noting that CNT has the capacity of hydrogen storage.'”
Therefore, on the resulting CNT/NiO composite material, the
hydrogenation of CO, could occur effectively, and an appre-
ciable amount of methanol is anticipated to be produced upon
this binary nanocomposite photocatalyst.

Since NiO is a wide-bandgap, p-type semiconducting mate-
rial, a straightforward strategy to improve its photon absorption
and reduce charge (e/h) recombination phenomenon, is to
make its composite with a suitable low-cost, eco-friendly,
narrow-bandgap, n-type semiconductor, viz. Fe,03.%'*2° Based
on this strategy, herein, we also synthesized a ternary CNT/NiO/
Fe,O; composite as an efficient photocatalyst/solar-energy
material for application in CO, transformation into methanol.
Concerning the photocatalytic application of NiO/Fe,03, it
should be finally noted that these semiconducting components
have been also employed in the literature, for water oxidation
and dye (pollutant) degradation as well.*#%2122

The objective of this research is to reduce the diversity of
products and perform selective photosynthesis of methanol by
means of proper selection of photocatalyst components and
their synthesis through a facile hydrothermal route using earth
abundant elements. To better understanding of the photo-
catalyst activity, besides geometrical/morphological as well as
photochemical factors, we will also pay particular attention on
photoelectrochemical concepts, including photovoltage and
photocurrent as two new thermodynamic and kinetic parame-
ters influencing on the activity of photocatalysts. Another
interesting feature of this article is its mechanistic interpreta-
tion of the photosynthesis phenomenon.

Experimental
Photocatalyst synthesis

The binary and ternary composite energy-materials, i.e. CNT/
NiO and CNT/NiO/Fe,O; were hydrothermally synthesized
according to the literature with some modifications.?*"¢ Prior to
the synthesis of photocatalysts, CNT (multiwall, purchased
from Neutrino CNT-manufacturing company; internal and
external diameters 3 and 6.3 nm, respectively'”) was thoroughly
washed and dispersed using a sonication bath in acetone (30
min), ethanol (1 h), and deionized water (DW, 30 min) and
finally dried in a vacuum desiccator overnight at room
temperature. To synthesize CNT/NiO, an appropriate quantity
of the purified CNT [3 wt%; Fig. S1f] was ultrasonically
dispersed in a 30 ml DW/ethanol (1 : 1 v/v) solution containing
0.12 M Ni*" (NiCl,-6H,0 salt, Sigma-Aldrich; 99%), 0.07 M
hexamethylenetetramine (C¢H;,N4;, Merck; 99%), and 2 ml
ethanolamine (NH,(CH,),OH, Merck; 98%). The suspension
was then transferred into a Teflon-lined stainless steel autoclave
and heated for a day at 160 °C. After cooling the reactor, the
reaction mixture was decanted, washed several times with
ethanol and DW, and dried at 60 °C. Finally, the resulting
compound was heated (5 °C min~ ') under argon atmosphere,
and stayed at 350 °C for 1 h.
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To synthesize CNT/NiO/Fe,O3, 10 mg of the freshly prepared
CNT/NiO powder was added to 16 ml DW containing 0.032 M
sodium sulfate salt (Na,SO,-10H,0, Sigma-Aldrich; 98%). Under
vigorous stirring of the mixture, an optimum quantity of Fe** cation
[2:1 Fe** to Ni*" molar ratio; see Fig. S1t], i.e. 240 mmol ferric
nitrate (Fe(NOs);-9H,O salt, Sigma-Aldrich; 98%) was dissolved in
the mentioned medium. The resulting mixture was then trans-
ferred into the autoclave reactor and heated for 2 h at 120 °C. After
cooling the reactor, the precipitate was similarly washed several
times with ethanol and DW, dried at 80 °C and finally calcined at
400 °C under argon atmosphere for 2 h (heating rate: 5 °C min ).

Characterization (XRD, XPS, Raman, SEM, BET, DR, PL, and
photoelectrochemical analyses)

X-ray diffraction (XRD) patterns of the synthesized materials were
determined using a Philips X'Pert Pro X-ray powder diffractometer
(A =1.54 A; Cu-Ka beam). XPS spectra were recorded via a Thermo
Scientific™ ESCALAB™ 250Xi photoelectron spectrometer with
Mg-Ka X-ray source (1253.6 eV). Raman spectra were recorded at
room temperature using a Rigaku FirstGuard hand-held spec-
trometer with a 1064 nm laser and TE (Thermoelectric) Cooled
CCD (Charge Coupled Device) detector. Field emission scanning
electron micrographs (FE-SEM) of the synthesized materials were
taken using a Tescan Mira3 electron microscope. Nitrogen
adsorption-desorption (BET) and porosimetry tests were con-
ducted at 76 K on a Micromeritics® TriStar II Plus analyzer.
Diffuse reflectance (DR) spectra of the photocatalysts were
measured using a Varian Cary 5 UV-Vis-NIR spectrometer (BaSO,
was used as a blank). To record photoluminescence (PL) spectra of
the photocatalyst materials, a Varian Cary Eclipse fluorescence
spectrophotometer was utilized (Aex = 409 nm).

Open circuit potential (OCP), transient photocurrent and
impedance measurements of the photocatalyst powders were
conducted in a conventional 3-electrode glass cell using an Ivium-
Vertex Potentio-Galvanostat instrument (electrolyte: a 0.5 M
NaHCO; solution, light source: a 10 W blue LED with A = 434
nm).”*7 In these tests, a platinum foil (2.5 cm?®) and saturated
calomel (SCE) were employed as counter and reference electrodes,
respectively. The working electrodes (WEs) were also fabricated
through a Dr Blade approach” by mixing 20 mg photocatalyst, 3
drops Triton X-100 (surfactant, serving as binder) and 0.25 ml
DW, and coating the resulting paste on the conductive side of a 1
x 1 ecm? fluorine doped tin oxide (FTO) glass (SOLARONIX, elec-
trical resistance: 10 Q sq ). Then, the electrodes were dried at
60 °C for 15 min and finally annealed at 250 °C for 60 min. By
applying a small potential bias to WE (~10 mV w.r.t. OCP), the
transient photocurrent tests were carried out under a situation,
where the background (dark) current was almost zero and its sign
was not changed during the light-on/off cycles [OCPs for CNT/NiO
and CNT/NiO/Fe,0; were ~295 and 287 mVscg, respectively].

Photocatalytic conversion of CO, into methanol: photoreactor
setup and product analysis

The photoconversion/hydrogenation process was conducted in
an upright, cylindrical, double-wall, glass reactor attached to
a T-controlling bath circulator (WCR-P6). The reaction medium
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was 50 ml DW containing 50 mg suspended photocatalyst and
dissolved CO, gas. To increase the solubility of the gas as well as
improve the photocatalyst performance, the pH of medium was
set at 8.5 using a NaOH solution.”?® Prior to illumination of the
reactor, the medium was saturated with a pure 99.99% CO,, gas
(under saturated condition, the pH of medium reaches ~7.5
and bicarbonate is the predominant species in the medium?**°).
During the test, the photocatalyst particles were continuously
dispersed using a magnetic stirrer, and the bubbling of CO, gas
into the reaction medium continued in a smooth flow (~40
ml min~"). A sun simulated light (xenon irradiation, 100 mW
cm )7 was employed and the tests were terminated after 2 h
illumination of the reactor (according to our previous reports,
the illumination at longer periods is not recommended for the
studies of liquid-phase products, because by accumulating the
product in the reaction medium, it can undergo further
reaction/degradation and becomes consequently consumed”?).

The water photo-splitting experiment was conducted in the
same photoreactor (containing 50 ml DW and 50 mg photo-
catalyst powder) in the absence of any additive, and the volume
of photogenerated gas was recorded at different illumination
periods in a route described in detail elsewhere.***>

The quantity of methanol and other by-products in the
aqueous reaction medium was determined using a high
performance liquid chromatographic (HPLC) approach.**** To
this end, a Knauer HPLC instrument equipped with UV and RI
detectors (K2600, K2310) and a Eurokat H column (300 x 8 mm,
10 um) was applied [eluent: 0.05 M H,SO,, temp: 60 °C, flow
rate: 0.6 ml min~']. All measurements were repeated at least
three times and the mean values were reported as final data.

Results and discussion

Photocatalyst synthesis and characterization

X-ray diffraction (XRD) patterns of the binary (CNT/NiO) and
ternary (CNT/NiO/Fe,03) nanocomposites are depicted in Fig. 1.

CNT/NiO/Fe,0,
El
8
>
£ CNT
c
9]
£
A—M ACNT/NIO
JCPDS 00-044-1159 (NiO cubic)
JCPDS 00-001-1053 (Hematite)
S | Y T T
20 30 40 50 60 70 80

20 (degree)

Fig.1 X-ray diffraction (XRD) patterns of the binary and ternary CNT-
based photocatalyst/solar-energy materials synthesized in this work.
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Table 1 XPS results for the composite photocatalyst containing all
components

Atom Spectral line Binding energy (eV) Assigned to Reference

C 1s 284.6 CNT 35

Fe 2Pz 724.0 Fe, 05 10, 33 and 34
2P3/2 710.4

Ni 2P1s 873.1 NiO 34
2p3/2 854.6

o 1s 530.1 Fe,0;, NiO 34

Similar to our previous reports, the existence of CNT in these
composite materials is recognized as a relatively wide, low-
intensity peak between 20 to 30 degrees.*** By comparing the

SEM HV: 15.0 kV
SEM MAG: 50.0 kx
View field: 4.15 pm

WD: 9.21 mm MIRA3 TESCAN
Det: SE

RMRC FESEM

WD: 9.00 mm
Det: SE

SEM HV: 15.0 kV
SEM MAG: 50.0 kx
View field: 4.15 ym

MIRA3 TESCAN|

RMRC FESEM

Fig. 2 SEM images of CNT/NiO (a) and CNT/NiO/Fe,Osz (b) nano-
composite materials under consideration.
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XRD pattern of CNT/NiO with that of NiO (JCPDS card no. 00-
044-1159), the formation of the binary composite is clearly
affirmed. Furthermore, the occurrence of wide peaks in XRD
diagrams indirectly indicates that the energy materials synthe-
sized here have nanostructured morphology.®** Fig. 1 also
shows that compared to the XRD diagram of CNT/NiO, the
ternary composite, i.e. CNT/NiO/Fe,O; has a more complicated
pattern, which is owing to the existence of Fe,O; component
(JCPDS card no. 44-1159) in this composite material. In addition
to XRD, the presence of Ni, Fe, O, C and the formation of NiO,
Fe,0; and CNT were confirmed using XPS data (Table 1). The
synthesis of NiO and Fe,O; as well as the existence of CNT in the
composite material were also approved by Raman evidence
(Fig. S41). The nanostructured morphology witnessed via XRD
diagram (peak broadening; see Fig. 1) was confirmed by SEM
images taken from both binary and ternary photocatalysts
(Fig. 2). Fig. 2a shows a porous nano-flake/flower-like structure
(the characteristic of NiO**2°) in which CNT fibers are distrib-
uted in a relatively uniform manner within the composite
photocatalyst. Besides NiO nano-flakes and CNT fibers, in the
SEM image of the ternary photocatalyst (Fig. 2b), the existence
of Fe,0; was recognized as rod-shaped entities (see also Fig. S5
and S671). The porous morphology of the photocatalysts was
approved through BET analyses (Table 2 and Fig. S71); here,
a mesoporous structure (pore diameter: ~12 nm) was obtained
for both photocatalysts, and a larger surface area as well as more
pore volume were found in the presence of Fe,O; component.

Optical/photo-electrochemical response and activity
prediction

Fig. 3a shows that CNT/NiO has a fair photon absorption in the
visible region. This interesting ability of the photocatalyst to
absorb incident light is ascribed to the existence of CNT in the
composite material'” (Fig. S8t). By adding Fe,O; to the binary
composite, the extent of photon absorption increases and its
bandgap decreases from 2.7 eV to 1.6 eV (see Fig. S101). Fig. 3b
displays lower PL emission for the CNT/NiO/Fe,O; photo-
catalyst, indicating the existence of a greater opportunity for the
photogenerated charges in this photocatalyst to be effectually
consumed in the photoredox process, before they get naturally
annihilated through the e/h recombination phenomenon.*
The better charge separation witnessed for the ternary
composite was reconfirmed by photo-electrochemical studies
(Fig. 4), as a producing a higher transient photocurrent and
greater photo-voltage [shift in OCP due to system illumination]

Table 2 Surface area and porosimetry data of the composite photo-
catalysts, obtained from N, adsorption—desorption (BET) studies

Surface area  Total pore Pore
Photocatalyst (m*g™) volume? (cm® g')  diameter (nm)
CNT/NiO 124 0.37 12.1
CNT/NiO/Fe, O3 141 0.41 11.8

% Mean value.

This journal is © The Royal Society of Chemistry 2020
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Fig.3 Diffuse reflectance (DR) UV-Vis (a) and photoluminescence (PL;
(b)) spectra of the nanocomposite photocatalyst/solar-energy mate-
rials under study.

as well as less electrical resistance (impedance) against charge
transport.’” Because of these reasons and the superior potency
in harnessing the incident photons as well as possessing
a larger surface area (Table 2), the ternary composite is antici-
pated to exhibit higher activity to convert CO, into methanol
[see the next section].
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Fig. 4 Photoelectrochemical response of the nanocomposite pho-
tocatalysts: (a) transient photocurrent (300 s light-on, 300 s light-off),
(b) OCP-shift under system illumination depicted vs. time, and (c) Bode
plot (impedance diagram).
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Table 3 Summary of the analysis of products in the reaction medium
(liquid phase) measured after 2 h operation of the CO, photo-
conversion reactor

Product (uM) Methanol Oxalic acid Formic acid  Acetic acid
CNT/NiO 1655.0 64.5 33.1 Trace
(94.4) (3.7) (1.9) —
(0.68)° (0.08) (0.01) —
CNT/NiO/Fe,O;  4382.0 179.2 114.3 41.7
(92.9)* (3.8) (2.4) (0.9)
(1.81)° (0.24) (0.05) (0.02)

ab data listed in these parentheses (rows) denote respectively to the
selectivity (%) and energy efficiency (%), obtained for the
photoconversion process to produce a specific product upon the
photocatalyst material.

CO, photoreduction in aqueous medium, methanol synthesis,
and mechanistic perspective

CO, photoreduction reaction in the aqueous medium was per-
formed under ambient conditions in the presence of binary and
ternary composites, and the results of products analysis are
summarized in Table 3.

Table 3 indicates that methanol is the main product of the
CO, photoreduction process; by adding Fe,O; to the binary
composite, the capability of photocatalyst to produce methanol
increases significantly (~2.6 times). To determine the ability of
photocatalysts in selective production of methanol [among the
liquid phase products], the authors employed this formula:

Cmethanol

>a x 100 @)
where, C; denotes the concentration of product i in the reaction
medium and the summation is running over all products. Data
listed in Table 3 show that both composite photocatalysts under
consideration can effectively transform CO, into methanol and
their selectivity for methanol production is above 92%. The
energy efficiency of the photoconversion process was deter-
mined using eqn (3):**

S(%) =

1.6

1.2 4

CNT/NiO ™ CNT/NiO/Fe203

r
L N 1.

30 60 90

0.8 -
0.6 A
0.4 -
0.2 A

Volume of gas (ml)

120 after reactor

turned off
Time (min)

Fig. 5 The ability of photocatalysts to split water medium in the
absence of any additive (sacrificial agent); the volume of the photo-
generated gas was measured at different time intervals [reaction/illu-
mination periods]. At the end of process, after 1 h from the
photoreactor switched off, extra amount of gas was released.
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e(%) = g”

T

x 100 (3)

where, Q is the heat of combustion, n the mole of photo-
synthesized product and £ the power of incident light, and 7 the
reactor illumination period. In the present work, the maximum
energy efficiency (1.81%) was obtained for the methanol
production using the ternary photocatalyst.

Briefly, the superior activity of the ternary composite pho-
tocatalyst can be rationalized to its ability in: (1) possessing
a larger surface area, (2) absorbing more incident photons, (3)
exhibiting less charge (e/h) recombination, (4) facilitating
charge transfer, and (5) producing more photo-voltage (photo-
generated electromotive force). Furthermore, it should be
noted that the ternary photocatalyst has greater potency in
utilizing photogenerated charges (hvs—c>ecb* +hy, ") to split
water medium,; see Fig. 5. The redox reactions occurring during
the water-splitting process are proton reduction (eqn (4)) and
hydroxide oxidation (eqn (5)), and the overall process is splitting
of H,O molecules:*"*

{2[H+ +e” - H]
_L_2H-H, (a)

2H* +2e~ - H,

2[0H™ +h* - OH]
+4{  20H - H,0,
H,0, - H,0 +20, (5)

20H™ + 2h* - H,0 +10,

2H* +2e” > H,
+{20H" + 2h* - H,0 + 10,
2H,0 = 2H* + 20H" (6)

Concerning the capability of photocatalysts to split H,O,
Fig. 5 demonstrates that both composites are able to perform
the water splitting process and the superior activity is due to
CNT/NiO/Fe,0;. This evidence proposes the conjecture that
during the water splitting process, not only more hydrogen
but more hydroxyl could also be transiently generated upon
the ternary photocatalyst surface.’® With the generation of
more H/OH radicals and facilitation of the hydrogenation of
methoxyl or hydroxylation of methyl radicals (eqn (7)), the
production of greater quantity of methanol (Fig. 6) is
rationalized:*****

CH}é)-Fﬁ
or — CH;0H )

CH, + OH

This journal is © The Royal Society of Chemistry 2020
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Fig.6 The power of photocatalysts to convert CO, into methanol and
oxalic acid (the main liquid-phase by-product).

In connection with this mechanistic route, it should also be
noted that the transient generation of radical species
mentioned above has been already witnessed elsewhere
through EPR (electron paramagnetic resonance) and in situ FT-
IR (Fourier transform infrared) spectroscopic
techniques.>*1>41-14

The other point - deducing from eqn (7), is the possibility of
CH; + H recombination and hence the generation of methane
as a gas-phase product. This anticipation was just verified for
the ternary photocatalyst - that is able to produce extra meth-
anol [see Fig. 6 and S127]. Furthermore, it is worth noting that
the non-production of methane upon the binary photocatalyst
can be used to elucidate why less methanol becomes produced
on CNT/NiO photocatalyst; here, the lack of methane formation
(CH + H » CH,) signifies that the available route for the
methanol production is CH;O + H reaction not CH; + OH
alternative. By contrast, in the case of ternary photocatalyst,
since methane is produced (CH; + H — CH,), both reaction
channels (eqn (7)) are available; therefore, the production of
more quantity of methanol is justified.

The final interesting fact that can be deduced from Fig. 5 is
concerned with the H-sorbing capacity of CNT, justifying why by
ending the reactor illumination, the gas evolution process is not
immediately stopped. From photo-transformation standpoint,
this property of the catalyst component is important, because
CNT could indeed serve as an in situ H-reservoir system"* for the
hydrogenation of CO, on the photocatalyst surface.

Conclusions

As a synopsis, in the present study, the authors focussed on the
matter of selective photocatalytic transformation of CO, into
methanol. To this end, two effective, eco-friendly, affordable
CNT-based heterojunction nanocomposite photocatalysts were
synthesized through a facile hydrothermal route. It was proved
that both photocatalyst/solar-energy materials were able to
selectively (=93%) photosynthesize methanol. Since photo-
catalytic phenomena have an electrochemical nature, i.e. within

This journal is © The Royal Society of Chemistry 2020
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them, a couple of redox (electron transport) reactions occur
synchronously on the photocatalyst surface, these photo-
induced phenomena could be electrochemically characterized
via measuring the photogenerated voltage and current as two
new determinant factors in the evaluation (justification) of the
photocatalysts activity. Here, photovoltage (generated by
striking photons onto the photocatalyst surface) plays a role of
driving (electromotive) force for performing the redox reactions
and photocurrent is the rate of electron transport, which could
roughly represent a kinetic feature of the process. Besides
points mentioned above, the following remarks were
concluded:

% In the absence of any additive (sacrificial agent), both
photocatalysts were able to split water molecules and serve as in
situ H generator for CO, hydrogenation to methanol.

< With addition of Fe,0; to the binary composite (CNT/NiO),
not only the system impedance decreased, but its surface area
as well as its potency to effectually harness incident photons
were increased. Upon the resulting ternary photocatalyst (CNT/
NiO/Fe,0;), a greater amount of methanol (more than twice)
was produced.

+« In the case of CNT/NiO/Fe, 03, by illuminating the reaction
medium, a larger photo-voltage/current was generated and the
splitting of water molecules as well as methanol production
occurred in a superior extent.

« For methanol synthesis upon the ternary photocatalyst,
both CH, + OH and CH,;O + H reaction channels were available
and methane (CH; + H) was the main gas-phase product.
Whereas in the case of binary photocatalyst, the reaction
channel was limited to CH;O + H and no methane was
produced.
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