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ABSTRACT: We utilized a one-step hydrothermal process for the
synthesis of precious metal-doped titanium dioxide (TiO,)/
graphene oxide (GO) composites. The metal-doped TiO,/GO
composites, including silver—TiO,/GO (Ag—TiO,/GO), palladi-
um-TiO,/GO (Pd-TiO,/GO), and copper—TiO,/GO (Cu—
TiO,/GO), were synthesized by mixing a metal precursor, titanium
butoxide, and graphene oxide in a water—ethanol mixture in an
autoclave hydrothermal reactor. The photocatalytic performance of
the composites was tested in the photoreduction of carbon dioxide
(CO,) to ethanol. Ag—TiO,/GO, Pd—TiO,/GO, and Cu—TiO,/
GO exhibited an ethanol production rate of 109, 125, and 233
umol/g . h, respectively. The outstanding performances of Cu—
TiO,/GO can be attributed to a combined effect of key parameters,
including optical band gap, crystallite size, and BET surface area.

B INTRODUCTION

Carbon capture, utilization, and storage (CCUS) is a research
and industrial approach for managing CO,. CO, is either
captured, converted to high-value products, or stored under-
ground. Researchers worldwide have contributed to the
continual improvement of CCUS technologies, but there are
several issues to tackle."

Photoreduction of CO, to liquid fuels is a potential
approach to CO, conversion to high-value products. It
involves the coupling of photoelectrons, generated by a
photocatalyst, and dissolving CO, in an aqueous medium.
This triggers the catalytic transformation of CO, into liquid
fuels, such as methanol and ethanol.”® The major key to the
approach is assistance from a good photocatalyst, such as zinc
oxide (ZnO) or titanium dioxide (TiO,).* The photocatalyst
utilizes photon energy from light, mainly in the ultraviolet
region (UV), to generate photoelectrons that assist in the
photoreaction. TiO, is particularly well known for its
performance in water purification.”® It is commercially
available, chemically stable, and relatively nontoxic. However,
the role of TiO, is limited by its large energy band gap (3.2—
3.5 eV), narrow light adsorption range, and fast electron—hole
recombination rates,”” which lead to a slow photoreaction and
inadequate production yield. Precious metals, such as silver
(Ag), palladium (Pd), and copper (Cu),® have been shown to
enhance the photoactivity of TiO, by providing a transition
state for photoelectrons to separate from holes and interact
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with other active radicals.” Such acts decrease the band gap
energy and reduce the electron—hole recombination rate,
leading to more photoelectrons becoming involved in the
photoreaction and better photoactivity of the photocatalyst. In
another approach, immobilization of TiO, on carbon
nanostructures, such as carbon nanotubes and graphene,lO_B
was found to extend the light adsorption range from UV to the
visible region. It can also create interfaces between TiO, and
carbon nanostructures that serve as N—P heterojunctions. The
heterojunctions enhance separation between photoinduced
electrons and holes, promoting photoactivity of such
materials."*

Graphene is a 2D carbon nanostructure with outstanding
charge transfer abilities, chemical stability, and optical
properties.'”'>'® Tt can be chemically synthesized using a
chemical exfoliation approach to yield graphene oxide (GO).
This provides a multilayered graphene sheet with functional
groups, such as carboxyl, hydroxyl, and epoxy. Interactions
between the functional groups and metal precursors lead to the
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Figure 2. SEM images with EDS spectra (LEFT) and TEM images with particle size distribution (RIGHT) for (a) Ag—TiO,/GO, (b) Pd—TiO,/

GO, and (c) Cu—TiO,/GO composites.

accumulation of metal ions and eventually immobilization of
metal nanoparticles on the GO sheet."' The TiO,/graphene
composite is a high-performance photocatalyst with enhanced
light adsorption and high surface activity. Various methods
have been demonstrated for the synthesis of TiO,/graphene
composites, including the sol—ge1,17’18 solvothermal,"” ™! and
hydrothermal methods.”””>° The hydrothermal method offers
good control over the growth of TiO, crystal structures and
can be carried out at a relatively lower temperature. Because
GO can be thermally damaged at a temperature higher than
150 °C,***’ the lower synthesis temperature can be of great
advantage. Khalid and his team®® synthesized Cu—TiO,
nanoparticles using the sol—gel technique and composited
Cu—TiO, with graphene using a hydrothermal process. The
composites exhibited a wide range of light absorption covering
UV and visible light regions and provided better photoactivity
than the Cu—TiO, particles and TiO,/graphene. Song and his
team”’ synthesized a Pd—TiO,/graphene composite by
incorporating TiO, nanoballs on graphene using a poly (diallyl
dimethyl ammonium chloride) linker. The composite was

introduced to the palladium chloride along with ammonia
solution and heated in a hydrothermal reactor. Katsarakis’
mixed P25 TiO, with a silver nitrate precursor along with a
dimethylamine borane reducing agent to obtain an Ag—TiO,
powder. The powder was dispersed in a water—ethanol mixture
and introduced to GO in a hydrothermal reactor. The Ag—
TiO0,/GO composite showed outstanding photoactivity in
decoloring methylene blue.

In this work, we synthesized Ag—TiO,/GO, Pd—TiO,/GO,
and Cu—TiO,/GO composites using a one-step hydrothermal
method. The method yielded high-quality composites with
metal nanoparticles distributed on GO sheets. The composites
were utilized in the photoreduction of CO, to ethanol and
were characterized for optical, geometrical, chemical, and
crystallographic properties. Analytical instruments, including a
UV-—visible spectrophotometer, a scanning electron micro-
scope (SEM), a transmission electron microscope (TEM), an
energy dispersive X-ray spectrometer (EDS), an X-ray
photoelectron spectrometer (XPS), a Fourier transform
infrared spectrometer (FTIR), a thermogravimetric analyzer
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(TGA), an Autosorb surface analyzer for conducting
Brunauer—Emmett—Teller (BET) and Barrett—Joyner—Ha-
lenda (BJH) surface area measurements, an X-ray fluorescence
spectrometer (XRF), and an X-ray diffractometer (XRD) were
used.

B RESULTS AND DISCUSSION

Sample Characterizations. The TiO,/GO composite, as
observed using the scanning electron microscope (Figure la)
and transmission electron microscope (Figure 1b), contains
TiO, nanoparticles, distributed at an average size of ~7.7 2.2
nm on the GO sheet. The physical morphology of the Ag—
TiO,/GO, Pd—TiO,/GO, and Cu—TiO,/GO composites was
also observed using the scanning electron microscope [Figure
2 (LEFT)] and transmission electron microscope [Figure 2
(RIGHT)]. For the Ag—TiO,/GO composite (Figure 2a), the
Ag—TiO, nanoparticles were distributed on the GO sheet
while Ag and TiO, were indistinguishable from one another.
The size distribution of the nanoparticle lies between 4 and 12
nm with an average size of 7.6 + 1.6 nm. The EDS spectra
reveal the atomic composition of the Ag—TiO, sample,
showing the presence of titanium (Ti), oxygen (O), and silver
(Ag). For the Pd—TiO,/GO composite (Figure 2b), the Pd—
TiO, nanoparticles show a size distribution between 2 and 15
nm with an average diameter of 6.8 + 2.3 nm. Atomic
compositions of Pd, Ti, and O were analyzed by EDS. The size
and shape of Ag—TiO, and Pd—TiO, are of the same scale,
while the physical appearance observed from the SEM and
TEM particles is close to one another. For Cu—TiO,/GO
(Figure 2c), some of the Cu and TiO, nanoparticles on
graphene appear to be different, showing a cubic structure of
Cu and a round shape of TiO, nanoparticles. The particle size
distribution of Cu—TiO, is relatively broad (7—20 nm)
compared to that of the Ag—TiO, and Pd—TiO,. An average
diameter of 14.0 + 6.1 nm was calculated for the Cu—TiO,
nanoparticles.

The FTIR spectra (Figure 3) reveal chemical functionality
on GO and TiO,/GO, Ag-TiO,/GO, Pd-TiO,/GO, and
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Figure 3. FTIR spectra of GO, TiO,, Ag—TiO,/GO, Pd—TiO,/GO,
and Cu—TiO,/GO.

Cu-TiO,/GO composites. For GO, IR transmittance peaks
appear at 1070, 1410, 1505, 1630, and 3450 cm™},
corresponding to chemical functionalities of alkoxy (C—0),
carboxyl (COOH), alkene (C=C), and hydroxyl (C—OH).*
For TiO,, a broad peak from 500 to 800 cm™' can be
interpreted as Ti—O—Ti vibrations,”” while the peaks at 3450

and 1630 cm™" are related to hydroxyl and carbonyl groups,
respectively. The TiO,/GO IR transmittance peaks at 1080,
1410, 1530, and 3410 cm™' indicate the presence of alkoxy
(C-0), alkene (C=C), carboxyl (COOH), and hydroxyl
(C—OH) groups, respectively.”’ The peak at 600 cm™" is
related to a combined signal from Ti—O-Ti and Ti—O-C.
Peak intensity of the carboxyl, carbonyl, and alkoxy groups is
significantly lower in the TiO,/GO composite, as compared to
that of GO. This was found to be because of the functional
groups being partially removed from GO during the hydro-
thermal process.”” All the precious metal-TiO,/GO compo-
sites, including Ag—Ti0,/GO, Pd—TiO,/GO, and Cu-TiO,/
GO, show IR transmittance peaks of alkoxy, carboxyl, alkene,
carbonyl, and hydroxyl at 1080, 1410, 1530, 1630, and 3410
cm™!. A combined transmittance peak from Ti—O—Ti and
Ti—O—C at 600 cm™ can also be observed. No peaks from
Ag—Ti, Pd—Ti, and Cu—Ti were observed in our experiment.

The optical properties of GO, TiO,, TiO,/GO, and precious
metal-TiO,/GO composites were investigated using UV—vis
spectroscopy. A solid suspension was prepared in DI water and
transferred to a quartz cuvette. Figure 4 shows the UV—vis

Go 4 Ag-TIO/GO
——TiO,
——TiO,/GO
- —v—Ag-Ti0,/GO =
- s “ 4
2 —_— l’d-ll.Oz/GO E 2
ey Cu-Ti0,/GO )
9 1=
=
s .,
.E 0 PA-TiOIGO
3 20 25 30 35 40 45
< Energy Bandgap (eV)
200 300 400 500 600 700 800

Wavelength (nm)

Figure 4. UV—vis spectra of GO, TiO,, TiO,/GO, Ag—TiO,/GO,
Pd-TiO,/GO, and Cu—TiO,/GO; inset: Tauc plots showing band
gap energies of TiO,, TiO,/GO, Ag—TiO,/GO, Pd-TiO,/GO, and
Cu-TiO,/GO.

spectra of the suspensions, while the Figure 4 inset presents the
Tauc plots (eq 13).”° For GO, the powder displays a broad
region of light absorption, ranging from the UV to visible
region (200—800 nm), while TiO, only absorbs parts of the
UV light (200-300 nm).”*** For TiO,/GO, the composite
exhibits light absorption in part of the UV and visible regions,
revealin§ superior optical properties for both the TiO, and
GO."”* The addition of precious metals on the TiO,/GO
composite enhances the optical properties even further. The
Cu—-TiO,/GO composite shows superior light absorption
ability over Pd—TiO,/GO and Ag—TiO,/GO, showing strong
light absorption in the UVB and UVC ranges while absorbing
light in the visible range. The same trend of light absorption
was noticed in the band gap energy of the suspensions [Figure
4 (inset)]. For TiO,, an optical band gap energy of 3.20 eV
was determined and is in good agreement with reported values
in the literature.”>** For the TiO,/GO composite, a significant
decrease in band gap energy was observed as the energy value
decreased to 2.0 eV. The reduction in band gap energy here
can be attributed to synergic effects between TiO, and GO
that promote the generation of photoelectrons and reduce the

https://doi.org/10.1021/acsomega.1c05799
ACS Omega XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05799?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

pairing rate of electrons and holes."*>*¢ For Ag—TiO,/GO,
Pd—-Ti0,/GO, and Cu—TiO,/GO, band gap energies of 2.92,
3.09, and 2.11 eV were determined. The composite with
precious metals provides slightly higher band gap values
compared to that of TiO,/GO. We believe that the coverage of
precious metal nanoparticles on TiO, reduces light exposure of
the composite, limiting the number of generated photo-
electrons and increasing band gap energy. The Cu—TiO,/GO
composite offers the lowest band gap energy among the three,
which can be attributed to good adhesion between Cu and
TiO, that yields charge transfer between the two metals.””
The crystallographic structures of GO, TiO,, and
composites were analyzed using XRD. Figure S reveals the
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Figure 5. XRD spectra of TiO,, TiO,/GO, Ag—TiO,/GO, Pd—
TiO,/GO, and Cu—TiO,/GO.

XRD spectra of TiO,, TiO,/GO, Ag—TiO,/GO, Pd-TiO,/
GO, and Cu—TiO,/GO. For TiO,, the peaks at 25, 38, 48, 54,
and 63° (20) are related to the (101), (004), (200), (211), and
(204) planes of the TiO, anatase. For the TiO,/GO
composite, the XRD spectra also reveal the presence of the
TiO, anatase with no significant signal from the (001) plane of
GO (260 = 12°). For Ag—TiO,/GO, Pd—TiO,/GO, and Cu—
TiO,/GO, the composites show XRD peaks at 25, 38, 48, 54,

and 63° (20), which can be attributed to the TiO, anatase
structures with no significant signals from Ag,9 Pd,* or Cu.®
The TiO, anatase yields an active surface area for the
photocatalytic reaction, which results in better photoactivity
compared to those of the rutile and brookite TiO,.** The
active surface of TiO, also serves as the CO, adsorption sites,
leading to good photoreduction of CO,.*

Crystallite sizes of TiO, and composite samples were
calculated using the Debye—Scherrer equation (eq 14), for
which the full width at half-maximum (FWHM) of the major
peak and diffraction angle (Figure S) were obtained from the
XRD spectra. The crystallite sizes of TiO,, TiO,/GO, Ag—
TiO,/GO, and Cu—TiO,/GO were calculated to be 6.6, 7.7,
8.1, 8.1, and 13.1 nm, respectively. Cu—TiO,/GO offers
significantly higher crystallite size values, indicating better
crystal structures than those of the TiO, and the other
composites.

The chemical composition of the composites was analyzed
using XPS (Figure 6). The wide scanning of TiO,/GO
composite reveals characteristic peaks of O 1s, Ti 2p, and C 1s,
corresponding to binding energies of 530, 458, and 285 eV,
respectively (Figure 6a). A C 1s narrow scan of the TiO,/GO
composite (Figure 6b) indicates the presence of O—C=0,
C=0, and C-C/C=C/C—H, which appear at the binding
energies of 288.5, 285.3, and 284.3 eV. The peak at 282.7 eV
indicates interactions between TiO, and GO through the C—
Ti bond.*”*' In another O 1s narrow scan of TiO,/GO
(Figure 6¢), oxygen-related groups, including C—O, H-O—C/
C=0, and Ti—O-Ti are observed at binding energies of
531.4, 529.6, and 528.2 eV, respectively. Another Ti 2p narrow
scan of TiO,/GO (Figure 6d) exhibits peaks at 464.3 and
458.5 eV, which can be attributed to Ti 2p;,, and Ti 2p;,.
Such peaks can be related to the Ti** group of the bulk-phase
TiO,.”> The precious metal—TiO,/GO composites were also
analyzed using XPS (Figure 7). For Ag—TiO,/GO (Figure 7a),
a wide scan reveals binding energies at 532.3, 458.6, 368.2, and
284.8 eV, corresponding to O 1s, Ti 2p, Ag 3d, and C 1s
components. A C 1s narrow scan (Figure 7b) shows binding
energy peaks at 288.5, 286.4, 284.6, and 282.6 eV that can be
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Figure 6. XPS spectra of (a) wide scan of TiO,/GO, (b) narrow scan of C 1s of TiO,/GO, (c) narrow scan of O 1s of TiO,/GO, and (d) narrow

scan of Ti 2p of TiO,/GO.
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attributed to O—C=0, C=0, C—C/C=C/C-H, and C-Ti
groups, respectively. The silver bands were specified in the
narrow scan of Ag—Ti0O,/GO (Figure 7c). The peaks at 375.2
and 368.0 eV correspond to Ag 3d;;, and Ag 3d;,, and
represent the metallic state (Ag’) of the silver nano-
particles.*”** For the Pd—TiO,/GO composite, a wide scan
(Figure 7d) shows the presence of the O 1s (526.3 eV), Ti 2p
(456.3 eV), Pd 3d (335.1 €V), and C 1s (284.5 eV) peaks.

A C 1s narrow scan of the of Pd—TiO,/GO (Figure 7e)
exhibits peaks, which are designated as O—C=0 (288.7 V),
C=0 (286.8 eV), C—C/C=C/C—H (284.5 eV), and C-Ti
(282.5 eV), respectively. The Pd 3d band of Pd—TiO,/GO
was studied via a narrow scan to indicate the Pd 3d,,, (337.4
eV) and Pd 3d,,, (335.1 eV).* Oxidative states of Pd were
determined by analyzing four subpeaks in the main peaks
(Figure 7f),*® in which the local bands at 337.2 and 334.9 eV
can be attributed to metallic Pd and the bands at 337.9 and
335.5 eV were of palladium oxides. Figure 7g shows a wide
scan of the Cu—TiO,/GO composite, locating binding energy
bands for Cu 2p, O 1s, Ti 2p, and C 1s at 933.1, 531.8, 457.7,
and 284.8 eV, respectively. A C 1s narrow scan (Figure 7h)
reveals the presence of O—C=0 (288.8 eV), C=0 (2872
eV), C—C/C=C/C=H (285.3 V), and C—Ti (284.3 eV).
The Cu 2p band peaks at 952.5 and 933.7 eV (Figure 7i) are
attributed to Cu 2p;;, and Cu 2p;,."" The peaks are
interpreted as Cu®* of the CuO form.”™ A trace amount of
Cu'* and/or Cu® was spotted at 933.7 €V, while the shake-up
peak of Cu®* appeared at 940 eV.**

The BET surface area and pore size of the composite were
analyzed using the autosorb surface analyzer. The composites
were degassed inside a vacuum chamber and characterized

using nitrogen sorption isotherm analysis (Table 1). For TiO,,
the BET surface area is 9.82 m*/g and the pore size is 3.87 nm.

Table 1. Key Parameters of the GO, TiO,, TiO,/GO, Ag—
TiO,/GO, Pd—-TiO,/GO, and Cu—TiO,/GO Samples

BET band gap ethanol
surface area  ener, crystallite  production rate

photocatalyst (m*/g) (eV%y size (nm) (umol/g.,, h)
TiO, 9.82 3.25 6.55 30.63
TiO,/GO 145.77 3.02 7.74 59.10
Ag—-TiO,/GO 100.36 2.92 8.11 108.88
Pd-TiO,/GO 214.51 3.09 8.11 124.96
Cu-TiO,/GO 131.84 2.11 13.10 232.51

As TiO, in complex with GO becomes a TiO,/GO composite,
a significant enhancement in the specific surface area was
observed, which is in agreement with the reported value of the
specific surface area of the composite.”” Formation of TiO,/
GO reduced particle agglomeration due to both TiO, and GO,
yielding a BET surface area of 145.77 m?/g and a pore
diameter of 6.18 nm. In the case of precious metal-TiO,/GO
composites, Ag—TiO,/GO, Pd-TiO,/GO, and Cu-TiO,/
GO exhibited BET surface areas of 100.36, 214.51, and 131.84
m?*/g, respectively. Pore sizes of Ag—TiO,/GO, Pd—TiO,/
GO, and Cu—TiO,/GO were 4.76, 3.28, and 2.43 nm,
respectively.

Photoreduction of CO,. Photocatalytic performance of
the composites was tested in the photoreduction of CO, to
ethanol. Each of the Ag—TiO,/GO, Pd—TiO,/GO and Cu—
TiO,/GO composites was suspended in a CO,-saturated
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aqueous solution in a closed container (Figure S1). The
suspension was stirred under a UV lamp for 6 h before the
liquid sample was collected for GC analysis. The results from
the photoreduction of CO, to ethanol were reported as an
ethanol production rate (pmol/g. h) (Figure 8). GO and

400
Elco
3501 =::3/(0 233
/G
B Ag-TiO,/GO

3004 B ra-Tio GO
E=l cu-1i0,/GO

125
109

Production rate (umol/g¢q¢ h)
N
4
=

31

Photocatalyst

Figure 8. Ethanol production rate for the GO, TiO,, TiO,/GO, Ag—
TiO,/GO, Pd—Ti0,/GO, and Cu—TiO,/GO photocatalysts.

TiO, were tested as control samples, yielding 0 and 31 ymol/
g h of ethanol, respectively. GO absorbs UV light as well as
visible light but provides no photocatalytic ability in reducing
CO,, while TiO, catalyzes the reaction and produces ethanol.
For the TiO,/GO composite, the ethanol production rate is 59
umol/g . h, which is notably higher than that of the TiO,
powder. This can be explained as the TiO,/GO composite

protects TiO, from being agglomerated and reduces the
pairing rate of electrons and holes in TiO,. A combination of
TiO, and GO on the TiO,/GO composite creates a new type
of photocatalyst with superior ability to both TiO, and GO. A
composite with a precious metal provides an even better
photocatalytic performance. Ag—TiO,/GO, Pd-TiO,/GO,
and Cu—TiO,/GO yield ethanol production rates of 109 +
14, 125 + 32, and 232 + 98 mol/g., h, respectively. The
precious metals, Ag, Pd, and Cu, can promote the light
absorption ability of the composite and provide a transition
state for photoelectrons to remain separated from holes.’
The Cu-TiO,/GO composite performs best in our
experiment, generating the highest ethanol production rate
compared to those of the Ag—TiO,/GO and Pd-TiO,/GO.
The exceptional performance of Cu—TiO,/GO combines
effects from several factors, such as band gap energy,
crystallinity, and the BET surface area (Table 1). The reaction
mechanism for the photoreduction of CO, to ethanol involves
the photocatalytic break down of water molecules and CO,
dissolution in water (Figure 9). On TiO, catalytic sites, water
molecules are photocatalytically dissociated into oxygen (O,),
protons (H*), and electrons (e”) (eq 1). Electrons can be
transferred to TiO, and activated from a valence band (VB) to
a conductive band (CB) (eq 2), becoming photoelectrons that
engage in the photocatalytic reaction. Dissolved CO, couples
with photoelectrons and becomes an anion carbon dioxide
radical (CO,~) (eq 3). CO,~ is the active radical that couples
with 12 protons and 10 photoelectrons and yields ethanol (eq
4). The total reaction for the photoreduction of CO, (eq )
can be presented as a combination of dissolved CO,, 12
protons, and 12 electrons, which generates one molecule of
ethanol and three molecules of water. In the case of the Cu—
TiO,/GO composite, copper acts as a transition state for

co,

co,

co,

H,0

C,H,OH + H,0

C,H,OH + H,0

CO,  C,H,0H+H,0

2H* +1/20, +2¢°

Figure 9. Schematic diagram exhibiting proposed reaction mechanisms for the photoreduction of CO, on (a) Ag—TiO,/GO, (b) Pd—TiO,/GO,

and (c) Cu-TiO,/GO.
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photoelectrons to rest on and separate from photogenerated
holes (h*) (eq 6).>° The Cu®* radical pairs with photoelectrons
from TiO, and becomes Cu* (eq 7). Cu" donates electrons to
dissolve CO, or CO,", facilitating the photocatalytic reaction
and producing more ethanol. The process is reversible because
Cu"* can combine with holes and transform back into Cu** (eq

8).

1 _
H,0 — 2H" + Eo2 + 2¢7(VB)

(1)
2¢"(VB) — 2¢7(CB) (2)
2CO, + 2¢7(CB) — 2CO,” 3)

2CO,” + 12H" + 10e”(CB) — C,H;OH + 3H,0 (4)

2CO, + 12H" + 12¢” - C,H,OH + 3H,0 (5)
TiO, — ¢ (TiO,) + K*(TiO,) (6)
Cu’ + ¢ & Cut (7)
Cut + K - Cu®* (8)

The role of Ag and Pd as cocatalysts for the TiO,/GO
composite was similar to that of Cu, in which either Ag or Pd
can accept electrons and keep them separated from holes. The
only difference is the preferred oxidative states, in which Ag
switches between the Ag* and Ag® forms (eqs 9 and 10)°" and
Pd varies between Pd** and Pd’ (egs 11 and 12) (Figure 9).”?

AgJr +e © Ag0 (9)
Ag + K - AgJr (10)
P&t +2¢ — Pd’ (11)
Pd + 2h" — Pd** (12)

It is worth mentioning that the liquid C1 products, including
methanol and formic acid, were not found in the liquid sample.
This could be attributed to the optical properties of the
borosilicate glass photoreactor, in which the glass absorbs part
of the UVA and UVB and all of the UVC. The phenomenon
could affect the energy and density of the photons and
photoelectrons, resulting in different reaction rates and
pathways.”” In addition, several reports claimed that graphene
in the composite helps stabilize active radicals and
intermediates on its carbon structures. This could enhance
the probability of two radicals coupling with one another,
leading to the formation of ethanol instead of the Cl1
products.***°

Discussion on the Photocatalytic Performance of the
Photocatalysts. GO functions as an excellent substrate for
TiO, nanoparticles in the TiO,/GO composite, facilitating the
formation of the nanoparticles, immobilizing the nanoparticles
and yielding electron—hole separation. GO was also reported
as an adsorbent for CO, with no significant photocatalytic
activity.”® The graphene content in a Cu—TiO,/GO
composite was investigated using a thermogravimetric analysis
technique to be 13.5% of the total mass (Figure S2). For TiO,,
the sample was synthesized following the hydrothermal process
without GO and was prone to agglomeration when dried. TiO,
exhibits a low active BET surface area (9.82 m*/g) with a wide
band gap energy (3.2 eV), which results in a low ethanol
production rate (31 ymol/g. h) (Table 1). For TiO,/GO, the

composite makes use of the GO substrate in immobilizing
TiO, nanoparticles and transferring electrons. The composite
shows great enhancement, as compared to TiO,, with a higher
BET surface area (145.77 m”/g), a lower band gap energy
(3.02 eV), and a larger crystallite size (7.74 nm). These results
agree well with an ethanol production rate of 59 pmol/g., h,
which is a significant improvement compared to that of TiO,.
For the precious metal-TiO,/GO composites, a correlation
between key parameters and the ethanol production rate
becomes complicated. The BET surface area of Cu—TiO,/GO
(131.84 m?/g) is more than that of Ag—TiO,/GO (100.36
m?/g) but less than that of PdA—TiO,/GO (214.51 m?/g). The
crystallite sizes for Cu—TiO,/GO, Pd-TiO,/GO, and Ag—
TiO,/GO were 13.10, 8.11, and 8.11 nm, revealing that Cu—
TiO,/GO contains a bigger grain size in the polycrystal
structure compared to the other composites. The band gap
energies for Cu—TiO,/GO, Pd-TiO,/GO, and Ag—TiO,/
GO were 2.11, 3.09, and 2.92 eV, showing that Cu—TiO,/GO
requires less energy to generate photoelectrons. We believe
that the key parameters, the BET surface area, band gap
energy, and crystallite size, combinedly contributes to the
photocatalytic ability of the photocatalyst. There is also
possibility for other gas products to generate but not analyzed
in our system. The Cu-doped photocatalyst, which promotes
CO, adsorption and generation of the C2 product then
becomes more appealing.” In our research work, the ethanol
production rate is considered the main goal. Therefore, the
Cu—TiO,/GO composite was chosen here for further studies.

Photocatalytic Performance of the Cu-TiO,/GO
Composite with Different Cu Loadings. The Cu—TiO,/
GO composites were synthesized following the hydrothermal
reaction. In the previous tests, 0.71 mL titanium butoxide (0.1
g Ti) was mixed with 3.8 g copper nitrate (0.001 g Cu),
creating a 1/100 (w/w) Cu/Ti ratio for the composite (1%
Cu—Ti0,/GO). Different concentrations of copper nitrate
were used during the synthesis to generate 0.5% Cu—TiO,/
GO and 2% Cu—TiO,/GO composites. The percent of the
metal loading on the composites was determined via XRF to be
0.497, 1.090, and 2.031% for the 0.5, 1, and 2% Cu—TiO,/GO
composites, respectively (Table S1). Photocatalytic perform-
ance of the composites was compared in the photoreduction of
CO,. 0.5% Cu—TiO,/GO, 1% Cu—TiO,/GO, and 2% Cu—
TiO,/GO exhibit ethanol production rates of 27 + 5, 233 +
98, and 30 + 6 umol/g., h, respectively (Figure 10). Band gap
energies for 0.5% Cu—TiO,/GO, 1% Cu—TiO,/GO, and 2%
Cu—TiO,/GO [Figure 10 (INSET)] were determined to be
3.10, 2.11, and 2.85 eV, respectively. Although it was not clear
which parameters contribute most to the photocatalytic
performance of the composite, we believe that the optical
band gap was the key to the performance of the materials.
Variations in the Cu loading could significantly affect the
physical structure, optical properties, and the amount of active
area of the composite. This part is under investigation in our
research group, hoping to elucidate the effects of copper
loadings on the composite.

B CONCLUSIONS

In this research, precious metal-TiO,/GO composites were
synthesized via a hydrothermal process and utilized in the
photoreduction of CO, to ethanol. The Ag—TiO,/GO, Pd—
TiO,/GO, and Cu—TiO,/GO composites exhibit ethanol
production rates of 109, 125, and 233 pmol/g. h, out-
performing TiO,/GO (59 pmol/g., h), TiO, (31 umol/g.,
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Figure 10. Ethanol production rates for 0.5% Cu—TiO,/GO, 1%
Cu—TiO,/GO, and 2% Cu—TiO,/GO.

h), and GO (0 pmol/g., h). Cu—TiO,/GO showed the best
photocatalytic performance, which could be attributed to
remarkable key parameters, including a high BET surface area,
a narrowed band gap energy, and a big crystallite size. One
issue regarding the Cu—TiO,/GO composite is sensitivity to
the amount of Cu loading because a slight difference in the
loading causes a drastic change in photocatalytic performance.
Photoreduction of CO, to ethanol is one important approach
that deals with CO, emissions and produces liquid energy.
Finding an effective catalyst is one of the keys to advancement
of the technology.

B EXPERIMENTAL SECTION

Synthesis of Graphene Oxide. GO powder was
synthesized relying on a path of chemical exfoliation. Briefly,
2 g graphite flakes (Alfa Aesar, 99.9%, 10 mesh) were mixed
with 1 g sodium nitrate (NaNO;,, Fluka Chemika, 99%) and 50
mL sulfuric acid (concentrated H,SO,, ACI Labscan, 98%) in a
250 mL flask. The mixture was stirred continuously in an ice
bath (~0 °C) for 2 h while 7.3 g potassium permanganate
(KMnO,, UNIVAR, 99.0%) was slowly added. The mixture
was removed from the bath and stirred for another 2.5 h at
room temperature (~30 °C). The graphite flakes were
intercalated using potassium permanganate, oxidized, delami-
nated, and suspended in the mixture. The mixture became
viscous and was diluted with 90 mL DI water. A solution of 7
mL hydrogen peroxide (H,0,, Mercks, 30%) and 55 mL DI
water was then added to the mixture to convert excess
manganese radicals to manganese oxide (MnO,). MnO, is
soluble in an acid solution and can be filtered out along with
the filtrate using vacuum filtration and a micro filter paper
(GF/C, Whatman). GO was obtained as a brownish powder
and rinsed sequentially with 3% v/v hydrochloric acid (HC],
ACI Labscan, 37%) and DI water. The powder was then dried
in an oven at 60 °C for 24 h and kept in a desiccator for future
use.

One-Step Hydrothermal Synthesis of Precious
Metal-TiO,/GO Composites. The one-step synthesis
utilizes a hydrothermal process that yields good control over
crystal growth and consistent quality of the TiO, and
composites. The reaction occurs inside a teflon-lined autoclave
hydrothermal reactor, where GO along with a precious metal
precursor and a titanium precursor are mixed and thermally

Synthesis of the Ag-TiO,/GO Composite. 0.71 mL
titanium (IV) butoxide (C,sH;s0,Ti, Sigma-Aldrich) was
dissolved in 20 mL ethanol and mixed with 10 mL DI water.
The mixture was vigorously stirred while 1.57 myg silver nitrate
(AgNO;, Poch), 2.73 mg trisodium citrate (Nay;CqH;O,-
2H,0, Ajax Finechem), and 0.35 mg sodium borohydride
(NaBH,, Sigma-Aldrich) were added. The GO suspension was
prepared by sonicating 15 mg GO in 10 mL DI water. The
suspension was slowly added to the mixture for a 10 min
period. Then, the mixture was transferred to a hydrothermal
reactor and heated at 180 °C for 7 h. The composite powder
was obtained via vacuum filtration and dried at 105 °C for 3 h.

Synthesis of the Pd—TiO,/GO Composite. A solution of
0.71 mL titanium (IV) butoxide in 20 mL ethanol was mixed
with 10 mL DI water and stirred. The 1.67 mg palladium (II)
chloride (PdCl,, Sigma-Aldrich) precursor was added to the
solution along with 2.76 mg trisodium citrate and 0.36 mg of
sodium borohydride. The GO suspension (1.5 mg GO/mL)
was added to the mixture. The mixture was then transferred to
a hydrothermal reactor and heated at 180 °C for 7 h. The solid
powder was obtained and dried at 105 °C for 3 h.

Synthesis of the Cu—TiO,/GO Composite. The titanate
solution was prepared by mixing 0.71 mL titanium (IV)
butoxide with 20 mL ethanol and 10 mL DI water. The 3.8 mg
copper (II) nitrate (Cu(NO;),-3H,0, Sigma-Aldrich) pre-
cursor was added to the titanate solution. The mixture was
adjusted to pH 12 using 1 M sodium hydroxide solution,
followed by the addition of 1.79 mg sodium borohydride. The
mixture was thermally treated in a hydrothermal reactor at 180
°C for 7 h. The composite powder was obtained and dried at
105 °C for 3 h.

Synthesis of the TiO,/GO Composite. The TiO,/GO
composite was synthesized and used as a control sample. 0.71
mL titanium butoxide was mixed with 20 mL ethanol and 10
mL DI water. A solution of 15 mg GO in 10 mL DI water was
slowly added to the mixture, which was then transferred to a
hydrothermal reactor and heated at 180 °C for 7 h. The TiO,/
GO powder was filtered from the solution, dried at 105 °C for
3 h, and kept in a desiccator for future use.

Sample Characterizations. Graphene and composite
materials were characterized for their physical, crystallographic,
and chemical properties using various analytical instruments.
Physical geometry was analyzed using a field-emission scanning
electron microscope (Hitachi SU8010) and a transmission
electron microscope (Hitachi H-7650). Crystallography was
analyzed using an X-ray diffractometer (Miniflex II, Copper K
a radiation, A = 1.54 A). Chemical functionalities were
investigated by a Fourier transform infrared spectrometer (FT/
IR-6800, Jasco). The chemical component and element
analysis was carried out via an X-ray photoelectron
spectrometer (Kratos Model Axis Ultra DLD) and X-ray
fluorescence spectrometer (Bruker S8 Tiger). A simultaneous
TGA (NETZSCH STA 449 FS Jupiter) technique was
employed to verify the graphene content of the photocatalyst.
The samples were heated in an alumina crucible at a heating
rate of 20 °C/min from room temperature to 1000 °C in a
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nitrogen environment. Optical properties were analyzed by
UV—visible spectroscopy (UV—vis; 1800 Shimadzu). The
BET surface area and pore sizes of the catalyst were studied
using an autosorb surface analyzer (Quanta-chrome). The BET
model was applied for determining the monolayer coverage
area while the BJH model was adopted for the calculation of
the pore size distribution. Relative pressures (equilibrium
pressure/saturation pressure of nitrogen, p/p,) were varied in a
window of 0.02 to 1.

From the UV—vis spectra, optical band gap energy can be
determined using the Tauc correlation (eq 13)

(ah)'" = ay(hv — E,) (13)

where « is the absorption coefficient (1/dA), d is the thickness
of the cuvette cell (1 cm), A is the light absorbance value, hv is
the photon energy (eV), E, is the optical band gap energy
(eV), ay is the constant band tailing parameter, and n is the
power factor (n = 2 for an indirect transition mode).

From the XRD spectra, the crystallite size of the sample was
determined from the major peak using the Debye—Scherrer
equation (eq 14)

D =091/ cos 0 (14)

where A is the wavelength of the X-ray beam (0.1540 nm), /3 is
the fwhm of the XRD peak, @ is the diffraction angle, and D is
the crystallite size.

Photocatalytic Conversion of CO, to Ethanol. The
photoreduction of CO, took place in a closed chamber under
UV radiation (Philips, 160 W: Mercury lamp) (Figure S1).
Composite powder of 0.1 mg/mL was suspended in DI water
and held in a 25 mL borosilicate container (DURAN). CO,
gas was bubbled through the suspension for 20 min at a flow
rate of 0.1 L/min, creating dissolved CO, for the following
photoreduction. The pH value of the suspension before and
after CO, purging was ~5 and ~4, respectively. The reaction
lasted for 6 h, followed by a collection of liquid samples. The
samples were obtained by filtrating the suspension with a
syringe filter (FILTREX, Nylon Syringe Filter, 0.2 ym, 13
mm), and were analyzed for ethanol composition. The
composition analysis was performed using gas chromatography
(GC PerkinElmer Clarus 680), following the EPA method 308
with a flame ionization detector and a DB WAX column
(Agilent Technologies) (Figures S4 and SS). The column was
preheated at 45 °C for 3 min, raised to 70 °C for 2.5 min, and
held steady at 200 °C, while the injector temperature and
detector temperature were set at 250 °C.
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