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The photoreduction of CO, to CO offers a promising sustainable and clean approach for a global new
energy program. Coupling this reductive process with a matched water photo-oxidation pathway is an
attractive avenue to accelerate the half-reaction of CO, reduction. Herein, we propose a three-
component photocatalyst design strategy for reducing CO, to CO coupled with water oxidation via
a two-electron/two-step pathway. Employing polyoxotitanium ([Ti;;O»4(OPr),0]) as a titanium source,
ultrasmall TiO,_, nanoparticles coated with ultrathin carbon layers (C-TiO,_,) were fabricated and
loaded on to a g-C3N4 matrix through chemical bonding (C-TiO,_,@g-C3Ny) for the first time. The

. optimized C-TiO,_,@g-CzN4 photocatalyst showed a very high activity of 12.30 mmol g~* (204.96 mmol
iig:gﬁ% 21(1):2 gi?g;:gé?s gTiozil) CO generation within 60 h visible-light irradiation, which represents the highest CO production
rate to date among the reported TiO,-based materials under similar conditions. The excellent adsorption

DOI: 10.1039/c8ta08091g capability of C-TiO,_,@g-CsN,4 for photons, H* protons, and CO, molecules together with efficient
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Introduction

Increasing fossil fuel consumption in human activities has led
to a global energy crisis and high emissions of carbon dioxide,
which contribute more than 60% to global warming.'”
Sustainable CO, reduction into useful chemicals with solar
energy as a power source is regarded as an economic, safe, and
clean avenue to combat these issues simultaneously.**® As one
of the main products from CO, reduction, CO has aroused great
attention because it is regarded as one of the most valuable raw
materials of syngas.”® As we know, syngas is an important
feedstock for the generation of synthetic fuels and industrial
chemicals, potentially replacing traditional production tech-
nology that usually relies on the reformation of fossil fuels.®
Therefore, exploring a cheap, efficient, and durable photo-
catalytic system for converting CO, into CO is crucial for
a global new energy program in a clean and sustainable way.
Coupling the CO, reductive process with a matched water
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charge separation and the two-electron/two-step oxidative pathway lead to the high reactivity.

oxidation pathway is a promising avenue to boost the reductive
half-reaction activity.® For water oxidation, the challenge mainly
lie in O, release, which usually involves a four-proton coupled
four-electron transfer process.'® Although the four-electron
process is thermodynamically more favorable than the two-
electron way, two electrons participating in the process is
kinetically favored.™ A stepwise two-electron/two-step pathway
is proposed as an optimum approach between the thermody-
namic and kinetic constraints for water oxidation.’ A significant
issue toward achieving the stepwise pathway is to incorporate
a co-catalyst to decompose H,0, to O, and H,O.

As a classical photocatalyst, titanium dioxide (TiO,) has been
widely used in photocatalysis."”** Benefiting from its excellent
stability, cheap, and favorable band edges, TiO, is also
a popular semiconductor photocatalyst in CO, reduction.” It is
worth noting that TiO, is one of the few photocatalysts able to
reduce CO, into CO under H,O conditions, albeit with a low
efficiency (below several micromole).***® Significant efforts have
been devoted to enhancing the performance of TiO,, mainly
focused on increasing the harvesting of visible light and charge
separation.” Unfortunately, the rate of reduction of CO, to CO
is still limited to tens of micromoles per hour.” For CO,
photoreduction, the current TiO,-based catalysts still face
several challenges: (i) a low proportion of active surface area
(random aggregates of nanoparticles or crystals with a large
size); (ii) poor stability of the doping and sensitization agents;
(iii) negligible hydrogen proton adsorption, which is necessary
to trigger CO, reduction reactions via a proton-coupled

This journal is © The Royal Society of Chemistry 2018
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pathway; (iv) an insufficient oxidation pathway. Herein, we
propose a design strategy involving a highly durable TiO,-based
three-component photocatalyst for the efficient and selective
generation of CO with H,O and visible-light irradiation,
comprising coupling an active CO, reductive photocatalyst with
an efficient water oxidation catalyst via a two-electron/two-step
oxidative pathway. For water oxidation, we adopted a low-cost
graphitic carbon nitride (g-C3N,) coupled amorphous carbon
layer as the catalyst. By cooperating with carbon dots, this
material has exhibited excellent performance in water splitting
via a two-electron pathway."' Furthermore, the stable meso-
porous material of g-C3Nj is a good substrate for the dispersion
of TiO, nanoparticles and as an adsorbent for CO, molecules®
and H' protons. An ultrasmall black TiO, (TiO,_,) nanoparticle-
coated carbon layer was designed for the photocatalyst for
converting CO, to CO, based on the following consideration: (i)
TiO,_, possesses excellent visible-light adsorption ability and
could be a rich electron source for the reduction reaction; (ii) its
ultrasmall size guarantees a large reactive surface area; (iii) the
carbon coating could serve as an electron reservoir to promote
electron transfer and boost CO, chemisorption.** Further, the
spatial separation of reductive and oxidative sites may exclude
the possibility of re-oxidation of reduction products.
During this study, polyoxotitanium [Ti;;0,,(OPr'),]
selected as a precursor of TiO, for its carbon-rich and small-
sized-cluster structure. Through heating a mixture of [Ti;,-
0,4(OPr'),,] and g-C;N,, the targeted three-component
composite C-TiO,_,@g-C3N, was obtained, in which TiO,
nanoparticles (5-8 nm) were coated by ultrathin carbon layers.
The resultant C-TiO,_,@g-C3;N, material exhibited significant
adsorption capabilities for photons, CO,, and H" protons. CO,
photoreduction experiments under visible-light irradiation in
water vapor showed around 12.30 mmol g ' (204.96 mmol
grio, ') CO generation within 60 h reaction (Fig. 1). This
generation rate is one order higher than most TiO,-based
catalyst and presents the highest amount of CO production to
date among the reported TiO,-based materials under similar
conditions. Mechanism studies revealed that the reductive and
oxidative sites were spatially separated on C-TiO,_, and g-C3;Nj,.

*2 was

Fig. 1 Schematic illustration on the photocatalytic process in the
system of C-TiO,_,@g-C3Ny4.

This journal is © The Royal Society of Chemistry 2018
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In addition, its excellent proton-accumulation capability (300
pumol g~ min~") provided a reliable guarantee for CO, reduc-
tion through a low-energy proton-coupled pathway. Under the
assistance of the carbon layer, water oxidation was performed
via an efficient two-electron/two-step pathway. The thin carbon
layer served as an electron reservoir and played a crucial role in
facilitating the generated electron-hole (e-h") pairs separation.

Experimental section
Synthesis procedure of the photocatalysts

All the reagents and solvents used in the synthesis and photo-
catalysis were purchased from commercial sources and used
without pretreatment.

Synthesis of C-TiO,_,

To prepare C-TiO,_,, [Ti17024(OPri)20] was synthesized first.
Titanium isopropoxide (8.4 mL, 0.0285 mol) was added to acetic
acid (2.1 mL, 0.037 mol). Then, the mixture was transferred and
sealed in a Teflon reactor with 23 mL capacity at 150 °C over 5
days. After cooling to room temperature, a white powder of
[Til7024(OPri)20] was obtained with a yield of 38.6%.>* C-TiO,
was prepared by adding [Ti;;O,4(OPr'),,] (200 mg) into diac-
etone (10 mL) and then heating to 80 °C until the solution
became clear. Then the temperature was kept at 60 °C to
evaporate most diacetone to form a slurry. The slurry was
heated to 350 °C with a heating rate of 10 °C min~" in a muffle
furnace with a cap for 2 h. After cooling to room temperature,
black powder was obtained.

Fabrication of the C-TiO,_,@g-C3N, composites

The wused g-C3N, was obtained using a thermal poly-
condensation method, which was prepared by heating urea in
an alumina crucible with a cover to 550 °C with a heating rate of
10 °C min~ ' in a muffle furnace for 2 h. After allowing to
naturally cool to room temperature, g-C3N, with a faint yellow
color was obtained and then ground into powder. The C-
TiO,_,@g-C3N, composite photocatalyst was prepared as
follows: first, an appropriate amount of [Ti17024(OPri)20] was
added into diacetone solution and heated to 80 °C until the
solution became clear. Then, the right amount of g-C;N, in
acetonitrile solution was added. After ultrasonication for
60 min, the above mixture was transferred into an alumina
crucible with a cover under stirring. A water bath of 60 °C was
used to evaporate the solvent to form a slurry. Finally, the
mixture was heated to 350 °C with a heating rate of 10 °C min ™"
in a muffle furnace for 2 h. A brown or grey solid was obtained
and then ground into powder.

Photocurrent measurements

Photocurrent measurements were performed on an electro-
chemical workstation (CHI660e, CH Instruments, Inc., USA)
with a three-electrode configuration. Our sample, Ag/AgCl
electrode, and Pt-wire electrode were employed as the
working, reference, and counter electrodes, respectively. Irra-
diation was carried out using a 300 W xenon lamp. The Na,SO,
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solution (0.1 M) was used as the electrolyte. The working elec-
trodes (1 cm x 1 cm) were prepared by spreading aqueous
slurries of the various samples on an ITO glass substrate.

Electrochemical impedance measurements

Electrochemical impedance spectroscopy was performed on g-
C;N,4, C-TiO,_,, and C-TiO,_,@g-C3N,-3. To obtain anodes
materials, the above samples were mixed with conductive
carbon black (CB) and poly(vinylidene fluoride) (PVDF),
respectively, with a mass ratio of 7 : 2 : 1. Then, the obtained
anodes materials were dispersed uniformly into N-methyl-2-
pyrrolidinone (NMP). After that, a paste with appropriate
viscosity was formed. Then, the paste was coated on copper
flakes mildly and vacuum-dried at 50 °C for 24 h. A button cell
was assembled with the sample anode, Li cathode, and
approximately 50 pL typical electrolyte, here 1 M LiPF, in diethyl
carbonate (DEC) and ethylene carbonate (EC) with a ratio of
50:50 (w/w). The electrochemical workstation produced by
Princeton Applied Research (Germany) was employed to record
the electrochemical impedance spectroscopy of the batteries at
constant ambient temperature. The frequency limits were set at
10° to 10”2 Hz with an amplitude of 5 mV.

Cyclic voltammetry

Cyclic voltammetry tests of g-C3N,, C-TiO,_,@g-C3N,-3, and C-
TiO,_, were performed using an electrochemical workstation
(CHI 760e, China) with a three-electrode system. The working
electrode was a GC electrode (d = 3 mm), with platinum wire as
the auxiliary electrode and an Ag/AgCl electrode as the reference
electrode. First, 5 mg of the samples and 5 mg of carbon black
(Vulcan XC-72R) were dispersed in 0.6 mL of solution contain-
ing 300 pL of 0.5 wt% Nafion solution, 150 pL of water and 150
pL of ethanol, followed by sonication for 60 min until
a suspension was formed. After sonication, 5 pL of the as-
prepared suspension was drop-cast onto the GC electrode.
Then, the working electrode was dried spontaneously under
ambient temperature. The final mass loading of the catalysts
was about 0.59 mg cm 2 The electrochemical measurements
were tested in methyl cyanide solution.

Photocatalytic activity measurements

The as-prepared C-TiO,_,@g-C;N, catalyst (1 mg) was dispersed
in a mixture of 2 mL deionized water and ethanol (v/v = 1:1)
under sonication. After heating to 70 °C, the suspension was drop-
coated onto a glass of 1 cm x 2.5 cm. Then, the glass was moved
to a quartz photoreactor and 0.1 mL deionized water was added to
keep the glass surrounded by water vapor. After bubbling through
with water-vapor-saturated CO, for 30 min, the quartz photo-
reactor was put into a water-cooled reactor and irradiated under
visible light using a PLS-SXE300 Xe lamp with a 420 nm cutoff
filter. To detect the gas product of CO, 500 pL gas in the middle of
the test tube was taken out by syringe and injected into FID
detector, using argon as carrier gas. The volume of the CO
produced was calculated by comparing the integrated area of the
signals of CO with a calibration curve. The injector and detector
temperatures were set to 60 °C. The retention time of hydrogen
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was 1.9 min. To detect the formation of hydrogen from the reac-
tion mixture, 1000 pL of the headspace of the test tube was taken
out by syringe and injected into a TCD detector, using a 5 A
molecular sieve column and argon as the carrier gas and reference
gas. The volume of the hydrogen produced was calculated by
comparing the integrated area of the signals of hydrogen with
a calibration curve. The injector and detector temperatures were
set to 60 °C. The retention time of hydrogen was 0.7 min.

Electron-transfer number () calculation

The electron-transfer number (7)) was calculated as follows:
n = 4gig/gisk + Iiing/ N)

where N is the RRDE collection efficiency, measured to be 0.4
using the system by Liu et al.® In detail, the RRDE electrode was
dipped into 0.01 mol L™" K;[Fe(CN)q] in 0.1 mol L™ KCI solu-
tion and rotated under different rotation rates (w = 400, 900,
1600 2500 rpm). The disk potential Eg;q was scanned from 0.2 V
to —1.0 V vs. Ag/AgCl at a scan rate of 10 mV s~ ', with the ring
potential Ey, fixed to 0.454 V vs. Ag/AgCl (the reduced product
[Fe(CN)6]'~ can be oxidized at this potential), and the current-
potential voltammograms were then recorded during the elec-
trode rotation. The RRDE measurement is shown in Fig. S13
and S14.7 The ratio of ILjng/Igisk Was almost constant under
various w. The calculation method of the electron-transfer
number (n) was also considered by Liu et al.® The result of the
calculation was that n equals 2.

Results and discussion

Synthesis and structural analysis of the C-TiO,_,@g-C3;N,
composite

For the synthesis of the targeted three-component photocatalyst,
g-C3N, (ref. 23) and [Ti;;O,,(OPr),,>** were first prepared
following the reported literature. Through one-pot pyrolyzing the
mixtures of [Til7024(OPri)20] and g-C3N, with different weight
ratios under 350 °C and an air atmosphere, the three-component
composites of C-TiO,_,@g-C;N, with different contents of C-
TiO,_, were fabricated (Fig. 2). Bare C-TiO,_, was obtained by
directly heating [Ti;;0,4(OPr'),0] under similar conditions. Their
photographs are shown in Fig. 3g. As determined by inductively
coupled plasma mass spectrometry (ICP-MS), the corresponding
TiO,_, content in the resultant C-TiO,_,@g-C;N, composites was
respectively 1 wt%, 4.5 wt%, 6 wt%, and 10 wt% based on the Ti
content and the samples were labeled as C-TiO,_,@g-C;N,-1, C-
TiO,_,@g-C5N,-2, C-TiO,_,@g-C;N,-3, and C-TiO, ,@g-C;N,-4.
The powder X-ray diffraction (PXRD) patterns of the as-prepared
2-C3N,, C-TiO,_,, and C-TiO, ,@g-C3N, composites (Fig. 3f)
showed that the pure C-TiO,_, possessed similar patterns with
anatase TiO,. C-TiO,_,@g-C;N, composites exhibited the char-
acteristic PXRD peaks of both g-C;N, and C-TiO,_,, with the
intensity of the characteristic peaks of C-TiO,_, increasing with
the enhancement of C-TiO,_, content (Fig. S17).

SEM and TEM images of C-TiO, ,@g-C;N, composite were
taken to directly analyze its structure (Fig. 3a-d). As shown in
the SEM image (Fig. 3a), the layered structure of g-C3;N, was

This journal is © The Royal Society of Chemistry 2018
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C-TiO, @g-C,N,

Fig. 2 Schematic illustration of the fabrication of C-TiO,_,@g-C3Ny4
composites. The cluster in green represents [Tit7O24(OPr) 0], the layer
structure is representative of g-CsN,4, the ball in yellow is on behalf of
TiO,_, and the fullerene-like structure with grey shell is presented for
the carbon layer.

maintained in C-TiO,_,@g-C3;N,. Energy dispersive X-ray (EDX)
elemental mappings and the spectrum (Fig. 3b) of the selected
area showed that the Ti and O elements were highly dispersed
on the g-C3N, surface. TEM images of C-TiO,_,@g-C3N, in
Fig. 3c reveal the size of TiO,_, nanoparticles were mainly
distributed between 6 and 9 nm. Compared with the 590 nm
particle size of TiO, in TiO,@g-C3N, (Fig. S2t), which was
synthesized by a traditional hydrothermal method," the size of
TiO,_, in C-TiO,_,@g-C3N, was reduced by two orders of
magnitude. Therefore, employing polyoxotitanate as a Ti source

View Article Online
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could be an efficient and effective method to obtain ultrasmall
TiO, , nanoparticle-based composite materials. High-
resolution TEM (HRTEM) was employed to identify the phase
of the TiO,_, nanoparticles in the C-TiO,_,@g-C;N, composite.
As shown in Fig. 3d, the distance between the adjacent lattice
planes was 0.35 nm along [101] direction, which is a typical
lattice plane distance for anatase TiO,.** The structure of the
TiO,_,-coated amorphous carbon layer can be clearly observed
from Fig. 3e. Furthermore, the carbon layer was the link con-
necting g-C;N, and TiO,_, nanoparticles. For the electron pool
character of the carbon layer, such a structure will facilitate
photoinduced electron transfer. In order to illuminate the
source of amorphous carbon, an HRTEM image of bare C-
TiO,_, was collected. A clear carbon coating around TiO,_,
nanoparticles was found, which strongly excluded the possi-
bility of the carbon source being from g-C3;N,.

X-ray photoelectron spectroscopy (XPS) was further
employed to determine the atomic valence states and bonding
environment in C-TiO,_, and C-TiO,_,@g-C3;N,. Fig. 3 shows
the XPS of C-TiO,_,, in which the high-resolution spectra of Ti
2p located at 465.0, 464.2, 459.2, and 458.7 €V could be assigned
to Ti*" 2pyss, Ti®* 2p1s2, Ti"* 2psje, and Ti** 2pgy,, respectively.
The C 1s had three peaks at 284.7, 286.1, and 288.5 eV, corre-
sponding to C-C, C-O, and C-O-Ti,* respectively, which
provided strong evidence for TiO,_, connecting to the carbon
layer with chemical bonds. The O 1s had two peaks located at
531.2 eV and 529.5 eV, attributing to the O-H and Ti-O bonds,*
respectively. The formation of Ti** and C might originate from
the reduction effect of H, and CO*® gas, which may come from
the hydrolysis and decomposition of diacetone under high
temperature. Control experiments were carried out to illumi-
nate these issues. Without diacetone, only white TiO, was ob-
tained, implying the indispensable role of diacetone during the
formation of C-TiO,_,. When using titanium isopropoxide to
replace [Ti;;0,4(OPr),], yellow TiO, emerged, revealing

g [—C-Ti0, @g C.N1
gCN, | 308 fl—c-1i0, @e-C,N 2
& #—C-TiO, @g-CN -3
g o6 —C-TiO, @g-C,N 4
C-Tio, @g-CN, | §
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2
‘ cTio,, |2,
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" | T &
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Fig. 3 Morphology, microstructure, and optical property. (a—d) SEM, EDX elemental mappings, TEM with the size distribution of C-TiO,_, and
HRTEM images of C-TiO,_,@g-C3N4-3. (€) HRTEM images of C-TiO,_,. (f) PXRD of g-C3N,4, C-TiO,_,@g-C3N4-3, C-TiO,_,, and anatase TiO,.
(g) UV-visible adsorption spectra and photographs of C-TiO,_,@g-CsN4 composites, C-TiO,_,, and g-CsN,.
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[Ti17024(OPri)20] clusters may be the main source of amorphous
carbon.

The XPS of C-TiO,_,@g-C3;N, is presented in Fig. S3,f and
the high-resolution XPS results of C 1s, N 1s, O 1s, and Ti 2p are
exhibited in Fig. 4a-d. Compared to the peaks of Ti 2p in pure C-
TiO,_, (Fig. S47), the corresponding peaks in C-TiO, _,@g-CsN,
are a little shifted, centering around 464.2, 463.3, 458.3, and
457.8 eV. The O 1s of C-TiO,_,@g-C3N, has two peaks at 532.3
and 529.5 eV, ascribed to the O-H group and Ti-O bond.
Compared with C-TiO,_,, the peak of O-H group is shifted
a little, which should be attributed to the chemical environment
change.” The C 1s XPS spectrum exhibits anisomerous peaks
with an obvious shoulder. After fitting, five peaks could be
observed with the binding energies of 289.9, 288.6, 287.6, 286.0,
and 284.6 eV. The peaks located at 287.6 and 286.0 eV are
attributed to hybridized carbon atoms containing the C-(N);
and N-C-N group of g-C;N,, while the one at 284.6 eV is
assigned to the C-C coordination, originating from adventitious
carbon of the XPS instrument itself.** The peak emerging at
288.6 eV is matched with the Ti-O-C. The left peak at 289.9 eV is
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and TiO,.
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0.4 eV shifted compared with the corresponding peak in pure g-
C3N, (Fig. S51), which might due to the formation of chemical
bonds.** The N 1s could be fitted into four peaks, located at
403.8, 400.8, 399.6, and 398.2 eV. The peak at 398.2 eV is
assigned to sp>-hybridized aromatic N bound to C atoms (C=
N-C), while the signal at the binding energy of 399.6 eV indi-
cates tertiary nitrogen N—(C);. The peaks at 400.8 and 403.8 eV
are assigned to C-N-H groups and charging effects.*

Adsorption study

The N, adsorption behavior was measured to reveal the change in
surface of the C-TiO,_,@g-C3N, composites. The adsorption-
desorption isotherms at 77 K (Fig. S6t) of C-TiO,_,@g-C3N4-2, 3, 4
showed a gradual decrease in BET surface areas (Spgr) with values
of 94.1, 87.2, and 77.8 m”> g™, respectively, while the Sggy of bare
2-C3N, was relatively high (99.4, m* g~ '). Compared with the Sgpr
of bare g-C;N,, the decrease in composite materials accounted for
the loading of C-TiO,_,, whereby with the increase in loading
content, the decrement enhances. The CO, adsorption ability of
C-TiO,_,@g-C3N, was also measured. As shown in Fig. 4e, the
maximum CO, uptake at 273 K for C-TiO,_,@g-C3N,-2, 3, 4 was
17.7, 15.9, and 9.2 cm® g, respectively, which are different to
that of pure g-C;N, (11.5 cm® g™ ). In contrast to N, adsorption,
the improvement in CO, adsorption of C-TiO,_,@g-C;N,-2 and 3
probably comes from the increased interaction of C-TiO,_, with
CO, molecules, while the decrease in C-TiO, ,@g-C;N,-4 may be
due to the sharply decreased surface area.

As H' protons have a significant influence on the CO, reduc-
tion activity, the H' proton adsorption capability of C-TiO,_,@g-
C;N, was studied with HCI as the H' source. The H' adsorption
curve of C-TiO,_,@g-C3;N, is presented in Fig. 4f. It was found
that at the initial 5 min, 1.5 mmol g~' H* was adsorbed by C-
TiO,_@g-C;3N,, corresponding to 300 pmol g~ min~". After 3 h,
it reached saturated adsorption and the amount was 4.46 mmol
¢!, which is 2.8-fold higher than bare g-C;N, (1.55 mmol g ).
Such a high protons accumulation capability of C-TiO,_,@g-C5N,
may significantly boost the reductive performance of C-
TiO,_,@g-C;N, via the low-energy proton-coupled pathway.

Optical property

UV-Visible adsorption spectra can provide insightful informa-
tion into the interactions of photocatalytic materials with
photons of different energy. Fig. 3g shows the optical absorp-
tion spectra of g-C3N,, C-TiO,_, and their composite materials.
Pure C-TiO,_, has strong absorption within the whole visible
light, while bare g-C;N, was only able to absorb light with A, =<
450 nm. All C-TiO,_,@g-C;N, composites showed an obvious
light absorption from 300 to 800 nm, and with increase in
doping concentration of TiO,_,, the absorption intensity region
from 460 to 800 nm was improved. Therefore, we could expect
that the C-TiO,_,@g-C3;N, may exhibit an outstanding perfor-
mance in visible-light photocatalysis.

Electrochemical property

As for heterojunction semiconductor, the energy level of each
component has a significant influence on the catalytic

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8ta08091g

Published on 15 October 2018. Downloaded by Gothenburg University Library on 1/21/2019 8:45:57 AM.

Paper

reactivity. The energy level of the synthesized g-C3N, was well
studied in our former work?®® and the band gap was 2.73 eV, with
the conduction band energy (Ecg) and the valence band energy
(Evg) at —0.75 eV and +1.98 eV, respectively, vs. a normal
hydrogen electrode (NHE). For our materials, Eyg was deter-
mined from cyclic voltammograms (CV, Fig. S71) and Ecg was
calculated based on the optical band gap (E,).” Using analyses
and calculations based on Fig. S8,1 the Eyg energy of C-TiO,_,
was 1.63 eV. E, was estimated from the Tauc plot (Fig. S8t),
which was determined to be 2.18 eV. According to the formula
Ecg = Eyg — Eg, the Ecg of C-TiO,_, was estimated to be —0.55 V.
The energy levels of both g-C;N, and C-TiO,_, were appropriate
for reducing CO, to CO and water oxidation.

Given that charge separation has a significant effect on the
redox reaction occurring at a photocatalyst surface, the tran-
sient photocurrent responses and electrochemical impedance
spectroscopy (EIS) of C-TiO,_,@g-C3N4-3, 2-C3N,, and C-TiO,_,
were collected.*** In Fig. 4g, the photocurrent value of C-
TiO,_,@g-C3N,-3 can be seen to be rapidly elevated with the
light turned on and then it gradually climbs up to the highest
current level (up to 0.83 uA cm™ ) during irradiation. When the
irradiation was turned off, a sharp decrease emerged. This
switch loop could be implemented repeatedly multiple times. A
similar phenomenon occurred with pure C-TiO,_, and bare g-
C;N, materials during on-off irradiation; however, the photo-
current densities of them were 4-fold and 2.5-fold lower than C-
TiO,_,@g-C3N,-3. Additionally, the photocurrent value of pure
TiO, was 2-fold lower than that of C-TiO,_,, illuminating that
the C doping plays a crucial role in facilitating the charge
separation generated by TiO,_,.

Under visible light irradiation, the EIS of C-TiO,_,@g-C3N4-3
heterjunction, bare g-C3N,, and C-TiO,_, and TiO, were
measured. As shown in Fig. 4h, the charge-transfer resistance (R.)
of C-TiO,_,@g-C3N4-3 was 47 Q cm™ >, which was considerably
lower than those of bare C-TiO,_, (108 Q cm™?) and g-C;N, (82 Q
cm’z). These results indicate that the C-TiO,_,@g-C3N4-3
composite performed a higher separation efficiency of the pho-
togenerated charge carriers and a relatively lower recombination
rate of electron-hole pairs under visible light. Simultaneously, R,
of pure TiO, was 172 Q cm ™2, which was 1.6-fold higher than C-
TiO,_,. This further revealed that the carbon layer plays a positive
role in promoting photoinduced charge separation.

Photocatalytic CO, reduction study

The CO, reduction experiment was performed following the
photocatalytic condition using (Au, Cu)/TiO, as the catalyst re-
ported by Neatu and co-worker, in which only light, CO,, and
H,0 were used in the system.*® Our experiment was carried out
employing C-TiO,_,@g-C3N, as a photocatalyst under a visible-
light-driven system (A = 420 nm) with CO, atmosphere and
water vapor. As a control, the photocatalytic performances of
bare g-C;N, and C-TiO,_, were investigated. Fig. 5a shows that
CO gas was generated as the main reductive reaction products
after 12 h irradiation. Clearly, pure C-TiO, , showed around
0.575 mmol g CO and 0.0252 mmol g~ H, while bare g-C;N,
presented 0.164 mmol g~' CO and 0.0144 mmol g~ ' H,
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(hydrogen production is shown in Fig. S9t). Compared with
pure g-C3N, and C-TiO,_,, a higher photocatalytic activity was
achieved by C-TiO,_,@g-C;N, composites and the content of C-
TiO,_, showed a considerable influence on the photocatalytic
activity: (I) the catalyst with 1% content of Ti (C-TiO,_ ,@g-C3N,-
1) showed an obvious improvement in CO generation (up to
0.412 mmol g '), while H, evolution was almost unchanged
(0.0181 mmol g~ "), (II) enhancing the amount of C-TiO,_, to
6 wt% of Ti (C-TiO,_ ,@g-C3N;-3) resulted in an evident
enhancement in both yield and selectivity. CO generation was
around 5 and 15 times higher than that of bare C-TiO,_, and g-
C;Ny, respectively, keeping in 2.460 mmol g~ ', while the yield of
H, was scarcely increased to about 0.0741 mmol g™, corre-
sponding to 97% selectivity of CO. When normalizing the
quality of TiO,, the generation of CO in C-TiO,_,@g-C3N,-3
remained at 40.995 mmol gTioz’l, (ImI) further enhancement of
the C-TiO,_, content (C-TiO,_,@g-C3N,-4) led to a decrease in
CO generation, which might result from the decreased CO,
adsorption capacity. These results reveal that the combination
of C-TiO,_, with g-C;N, led to a superior enhancement in both
production and selectivity toward CO and showed that the
optimal catalyst was C-TiO,_,@g-C3N,-3.

To illuminate the source of generated CO, isotopic experi-
ments were carried out using *CO, as the gas atmosphere®
under similar photocatalytic conditions. As exhibited in Fig. 5g,
peaks at 1.88 min and 13.08 min with m/z 29 and 45 were
assigned to *CO and '*CO,, respectively. No signal at m/z 28
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Fig. 5 Photocatalytic performance for CO generation. (a) Different
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under 12 h visible light or whole light irradiation. (c) The generation in
(b) after normalizing the quality of TiO,_,. (d) Recycling experiments
using C-TiO,_,@g-CsN4-3 as catalyst. (e) Time course of the CO and
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was found (Fig. 5f). This information provided unambiguous
evidence that the produced CO originated from the photore-
duction of CO, rather than from the decomposition of any other
organic species in the system.

In order to further reveal the importance of the composite
structure of C-TiO,_,@g-C3N, in CO, photoreduction, control
experiments employing different TiO,-based composites as pho-
tocatalysts were carried out under similar conditions (Table 1).
When using commercial P25 TiO, (entry 2) as the photocatalyst,
around 0.0301 mmol g~ CO was generated, which was about 20-
fold lower than that of C-TiO,_,. When reducing TiO, to TiO,_,,
the generation of CO was enhanced to 0.255 mmol g * (entry 3);
however, this was still 2.3-fold lower than that of C-TiO,_,. These
results implied the carbon layer played a positive part in TiO, in
CO, reduction. With TiO,@g-C;N, (entry 4) as the catalyst, made
from P25 and g-C;Ny, the yield was higher than bare P25 but was
68 times lower than that from C-TiO,_,@g-C3N,4-3. Replacing P25
with titanium isopropoxide as the starting material, the resultant
TiO,@g-C3N, (entry 5) exhibited a sharply increased reactivity,
with up to 0.274 mmol g ' CO generation. However, this reactivity
was one order of magnitude lower than that of C-TiO,_,@g-C;N,-
3. These results illuminated that the carbon layer and excellent
light adsorption of TiO,_, play a pivotal role in the photocatalysis.
Using black TiO, nanobelts-doped g-C;N, (ref. 25) as the catalyst
(entry 6), 0.535 mmol g~ ' CO was produced, which was 4.6-fold
lower than that from C-TiO,_,@g-C;N,-3, revealing a small size of
nanoparticles was indispensable. Besides these TiO,-based cata-
lysts, the CO generation rate of C-TiO,_,@g-C3;N, was one order
higher than most the reported TiO,-based catalysts and it out-
performed any other reported TiO,-based material under similar
conditions (Table S17).2%*

Table 1 Variation of the reference experiments conditions®

Entry CO (mmol g™ ) H, (mmol g ") Sel. (%)”
1¢ 2.4560 0.0741 97.0
24 0.0301 0.0056 84.3
3¢ 0.2550 0.0813 75.8
Y 0.0365 0.0141 72.1
5¢ 0.2740 0.0556 82.9
h 0.5350 0.0685 88.6
7 0.1670 0.0394 80.9
g 0.0997 <0.0001 —
ok <0.0001 <0.0001 —
10’ <0.0001 <0.0001 —
11™ <0.0001 <0.0001 —

4 Reaction conditions: H,0 (0.20 mL), CO, (1 bar), photocatalyst (1 mg),
25°C, 12 h,and A > 420 nm. ” Selectivity = nco/fcos,) % 100. © Using C-
TiO,_.@g-C5N,-3 as catalyst. ¢ Employing commercial P25 as catalyst.
¢ Applying TiO, , (made from reduced P25 by NaBH,) as catalyst.
f Employing TiO,@g-C;N, as photocatalyst, prepared by mixing g-C;N,
and P25 in Teflon reactor, heating in an oven at 180 °C for 12 h.
¢ Using TiO,@g-CsN,; as photocatalyst, which was prepared with
a similar procedure to that in (f), except P25 was replaced by with
titanium isopropoxide. " Black TiO, nanobelts@g-C;N, acted as
photocatalyst, which was prepared following the procedure reported
by Zhou et al. ' Using directly mixed C-TiO,_, and g-C3;N, to replace C-
TiO, _,@g-C3N,. / Without H,O vapour. E Without C-TiO,_,@g-C3N,.
"In dark. ™ Using Ar to replace CO,. Detailed synthesis procedure of
these catalysts please see the ESI.
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To further expose the photocatalytic ability of C-TiO,_,@g-
C;3N,, the CO, reduction reaction was performed under the
irradiation of whole light (Fig. 5b). Under irradiation of 12 h,
around 4.500 mmol g~ ' CO was produced by C-TiO,_,@g-C3N,-
3. The yields of C-TiO,_, and g-C;N, were 2.900 and 0.600 mmol
g, respectively. These results suggest that in C-TiO,_,@g-
C;3N,, C-TiO,_, may be responsible for the active CO, reductive
site. For TiO,_,, commercial P25, and TiO,@g-C;Ny, the yields
were 0.800, 0.050, and 0.180 mmol g ', respectively. When
normalizing the quality of TiO,, the generation of CO in C-
TiO,_,@g-C3N,-3 stayed at 78.98 mmol grio, ' (Fig. 5¢), which
was around 70 times higher than that of bare TiO,_,.

The reactivity of the C-TiO,_,@g-C3;N,-3 catalyst in different
time periods was revealed through detecting the amount of CO
every other hour (Fig. 5¢). No apparent CO was detected in the first
hour, illustrating this photocatalytic system needed an activation
process for light excitation and adsorption equilibrium of the
starting materials on the catalyst. After that, the yield of CO per
hour almost increased at a constant speed in a linear fashion.

The stability of a photocatalyst is vital to its practical and
industrial application. The stability of C-TiO,_,@g-C;N,;-3 was
studied through five-run cycling photocatalytic experiments
(Fig. 5d). After 60 h visible-light irradiation, almost no obvious
decrease was observed in CO generation, and the total production
amount reached 12.30 mmol g™, corresponding to 204.96 mmol
grio, - After catalysis, PXRD spectroscopies (Fig. S101) and UV-
visible adsorption spectra (Fig. S11f) of the sample were
collected, which revealed there was little change in the structure of
the catalyst and thus is demonstrated a reliable photostability.
Furthermore, we also investigated the influence of the amount of
C-TiO,_ ,@g-C3N,-3 catalyst on the photocatalytic reactivity. When
increasing the catalyst amount to 5, 10, or 30 mg, nearly the same
catalytic activity to 1 mg was observed and their CO yields were
close at 2.39, 2.35, 2.51 mmol g~ . These results demonstrate that
with the increase in C-TiO,_,@g-C;N,-3 amount, the high reac-
tivity rate can still be maintained (Fig. S127).

Control experiments were performed to elucidate the
importance of the components in the photoreduction system.
Through mechanically mixing C-TiO,_, (6 wt%) with g-C5N,
(entry 7), the yield was similar to bare g-C3N,. The significant
decreases implied that a loose contact is insufficient for the
reduction of CO,. Without either C-TiO, ,@g-C;N,-3 (entry 8)
or light (entry 9), no gas was detected, which indicated that the
other components cannot arouse CO, reduction, and thus again
proved that the photogenerated charge pairs originated from C-
TiO,_,@g-C3N,-3. Once CO, gas was changed to Ar (entry 10),
the generation of CO also stopped, therefore further excluding
the source being from the degradation effects of organic
species. In the absence of vapor (entry 7), the yield of CO
dramatically decreased to 0.0997 mmol g ', implying vapor
might be essential as an electron/proton donor.

Possible photocatalytic mechanism

The performance of a photocatalytic system in CO, reduction is
dictated by a balance between the thermodynamics and
kinetics. A famous mechanism path is to first convert CO, into
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CO," ", which needs a high negative equilibrium potential of
1.9 V versus NHE.**** However, the photoinduced electrons in
the conduction band edge of all semiconductors cannot provide
enough driving force to carry out the one-electron reduction of
CO, to CO,'~.**** Another mechanistic route is through proton-
coupled electron transfer processes, which could bypass the
formation of CO, . Through transferring the protons with
electrons, the large activation barriers can be readily avoided.*
However, the proton-participating route has a significant
kinetic dependence on the electron density on the surface of
semiconductors catalysts. As discussed above, the initial H"
protons capture-speed of C-TiO,_ ,@g-C3Ny;-3 is 300 pmol
g~ ' min~?, which is two orders of magnitude higher than the
generation speed of CO (3.41 umol g~ min~"). The affluent
protons accumulated on the surfaces of photocatalyst provide
a guarantee for the successful reduction of CO, through the
proton-coupled pathway.

As for the other half reaction, the reactivity of water oxidation
triggered by photogenerated holes has a considerable influence
on the efficiency of CO, reduction in H,O system. For water
oxidation, the challenge lies mainly in the release of diatomic
0,. The stepwise two-electron/two-step pathway is proposed as
an optimum approach between thermodynamic and kinetic
constraints for water oxidation.>* In our photocatalytic system,
2-C3N, incorporated with amorphous carbon layers was
designed to fulfil the two-electron/two-step oxidation pathway.
The oxidation product of O, around 1.22 mmol g~* and negli-
gible H,0, was detected in the catalytic system using C-
TiO,_,@g-C3N,-3 as the photocatalyst. Rotating ring-disk elec-
trode (RRDE) experiments (Fig. S13 and S14f) directly
confirmed that the oxidation reaction undergoes a two-electron
process.

In photocatalysis, three universally accepted steps are
involved: light harvesting, charge separation, and trans-
portation to surface sites, thus triggering redox reactions.*>** As
for CO, reduction, two more steps should be taken into account,
they are CO, and proton adsorption. CO, adsorption through
interactions with surface atoms facilitates the formation of
a partially charged species, which could lower the energy barrier
and lead to increased reactivity. Proton participation could also
conduct the reduction in a low-energy way.*

In CO, reduction with C-TiO,_,@g-C;N,;-3 as the photo-
catalyst, C-TiO,_, contributes most of the adsorbed photons,
while g-C3;N, could absorb the light before 450 nm. The ultrathin
carbon layer serving as an electron reservoir takes an important
role in accumulating the photoinduced electrons, therefore effi-
ciently suppressing the recombination of the generated electron—
hole (e-h") pairs. The ultrasmall size of C-TiO,_, supplies suffi-
cient reductive sites. Owing to the slower recombination speed of
electron-hole pairs of g-C;N, than that of C-TiO,_,, g-C3N, could
supply photoexcited electrons to C-TiO,_,. The mesoporous
structure of g-C;N, provides an appropriate accumulation space
for CO, and H' protons. Under the assistance of the carbon layer,
g-C3N, becomes an active photocatalyst for water oxidation
through an efficient two-electron/two-step pathway. The spatially
separated reductive and oxidative sites could exclude the possi-
bility of re-oxidation of the reduction products.
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Based on the above discussion, a possible catalytic mecha-
nism for CO, reduction over C-TiO, ,@g-C3;N, is proposed
(Fig. S157). First, CO, is adsorbed on the surface of TiO, ,
spheres and unoccupied g-C3;N,. After irradiation, charge
separation occurs in g-C3N, and TiO,_,, producing the elec-
tron-hole pairs. The generated electrons transfer to the amor-
phous carbon and trigger the reductive reaction under the
assistance of a H' proton from water to produce CO, while the
remaining holes on g-C;N, with the assistance of the carbon
layers perform the oxidative reaction and generate O, via a two-
electron/two-step pathway.

Conclusions

In conclusion, we propose a design strategy of a low-cost, highly
durable, and efficient TiO,-based three-component photo-
catalyst C-TiO,_,@g-C3;N, for the generation of CO coupled with
water oxidation. In this strategy, polyoxotitanium, [Ti;;O,4
(OPr'),,], is ingeniously employed as the precursor of TiO,. In
the composite photocatalyst, an ultrasmall TiO,_, nanoparticle
(5-8 nm) coated ultra-thin carbon layer was fabricated as the
catalyst for converting CO, toward CO, and a g-C;N, coupled
amorphous carbon layer was adopted as a catalyst for water
oxidation via a two-electron/two-step pathway. Such a delicate
structure widens the light adsorption into the whole visible
light, meanwhile it was shown to possess a good adsorption
capability for CO, (17.7 cm® g™ *). Under visible-light irradiation,
C-TiO,_,@g-C;N, showed around 12.30 mmol g '
(204.96 mmol grip, ') CO generation within 60 h reaction,
corresponding to 0.205 mmol g~' h™'. When switching the
condition of visible light into whole light, the photocatalytic
activity displayed a 1-fold enhancement. This CO generation
rate is one order higher than the reported TiO,-based catalyst
under similar conditions. The experiments for H' protons
adsorption showed the capture speed of C-TiO,_,@g-C3N,
was 300 umol g ' min~", which was two orders of magnitude
higher than the generation speed of CO (3.41 umol
g " min~"). Such rich protons accumulation provides a guar-
antee for CO, reduction through the low-energy proton-
coupled pathway. Coupling the reductive process with
a matched water oxidation route is an attractive avenue to
boost the reductive half-reaction. Rotating ring-disk electrode
(RRDE) experiments indicated that the oxidative reaction in
the C-TiO,_,@g-C3N, system was carried out via the efficient
two-electron/two-step pathway with O, as the final oxidative
product. Photocurrent studies revealed the thin carbon layer
serving as electron reservoir played an important role in
facilitating the generated electron-hole (e-h") pairs separa-
tion. Because of the slower recombination speed of electron-
hole pairs of g-C3;N, than that of C-TiO,_,, the photoexcited
electrons on the conduction band of g-C;N, could transfer to
that of C-TiO,_,, therefore enhancing the change separation
and further increasing the photocatalytic activity. This work
might open up an alternative method to produce ultrasmall
black TiO, nanoparticles based materials and provides novel
insights for the design of high-performance and low-cost
photocatalysts for converting CO, to CO.
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