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Photocatalytic reduction of CO; to fuel offers an exciting opportunity for helping to solve current
energy and global warming problems. Although a number of solar active catalysts have been reported,
most of them suffer from low product yield, instability, and low quantum efficiency. Therefore, the
design and fabrication of highly active photocatalysts remains an unmet challenge. In the current
work we utilize hydrogen-doped, blue-colored reduced titania for photocatalytic conversion of
CO; into methane (CH,). The photocatalyst is obtained by exposure of TiO, to NaBH,4 at 350 °C for
0.5 h. Sensitized with Pt nanoparticles, the material promotes solar spectrum photoconversion of CO,
to CH4 with an apparent quantum yield of 12.40% and a time normalized CH, generation rate of
80.35 umol g ' h™!, which to the best of our knowledge is a record for photocatalytic-based CO,
reduction. The material appears intrinsically stable, with no loss in sample performance over five 6 h

cycles, with the sample heated in vacuum after each cycle.

Introduction

As is now well known, anthropogenic emission of greenhouse
gases, particularly CO,, is a significant factor driving global cli-
mate change [1]. Sustainable, low carbon, readily portable fuels
are one of the most pressing needs of modern society. To that
end, a number of studies have investigated conversion of CO,
into products such as CH4 [2], CH30H [3], and CO [4]. For this
purpose, a variety of semiconductors have been studied, to cite
but a few examples ZnGa,O4 [5], CdS [6], TiO, [6,7], and Ru/
RuOy loaded TiO, [8,9]. However, despite the many efforts, the
photocatalysts studied to date suffer from low photoconversion
efficiency and limited stability.

The surface structure of a photocatalyst plays a crucial role in
determining photocatalytic activity. A recent report [10] suggests
that creating oxygen vacancies (V,) and Ti** states in titania
results in an upward shift of the valence band maximum
(VBM) and a downward shift of the conduction band maximum
(CBM), in turn enhancing light absorption properties. In initial
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studies reduced titania has shown promising photocatalytic
activity for H, generation by water photoelectrolysis [11] and
CO, photoreduction [12]. Liu et al. studied the role of surface
V, and Cu species over reduced titania [4], and Zhu et al. synthe-
sized Cu(l) supported titania nanosheets with defective {001}
facets [10]. Pt, with a Fermi level (5.35-5.63 eV) more positive
than that of titania (4.67-4.70 eV), might be expected to effec-
tively promote CO; reduction [13]. However there are few reports
on the photocatalytic performance of reduced titania sensitized
with Pt nanoparticles, known to promote water-splitting and
e -h* pair separation [12], in application to photocatalytic con-
version of CO; to hydrocarbon fuels.

Herein, we report a facile low-temperature synthesis route for
fabricating reduced titania nanoparticles blue in color. The pho-
tocatalyst, sensitized with Pt nanoparticles, is found to actively
promote CO, photoreduction under solar spectrum light; with
optimized samples we obtain a maximum CHy yield of 80.35
pumol g~' h™! and an apparent quantum yield (AQY) of 12.40%;
see the Appendix for details of the AQY calculation. While vari-
ations on illumination (intensity, spectrum, duration) and sam-
ple conditions (planar or bulk samples, chamber size, static or
dynamic conditions) make direct comparison difficult, it
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appears, to the best of our knowledge, that this is the highest rate
of CO, to CHy4 solar spectrum photocatalytic conversion, and
AQY, achieved to date.

Experimental

Synthesis of Blue Titania (BT)

200-mg P25 procured from Degussa, was ground with variable
quantities of Sodium Borohydride (NaBH,4, 98%) procured from
Alfa Aesar using a mortar and pestle, then placed in a quartz tube
furnace and heated at 350 °C for 30 min under Ar flow. After
annealing, the sample was washed with copious amounts of
deionized (DI) water and then ethanol, a cycle repeated five
times, and then dried at 90 °C in a vacuum oven for 12 h. Differ-
ent reduced titania samples were prepared by varying the NaBH,4
amount (X), the samples, which are generally blue in color,
denoted as BT-X, where X =20, 30, 40 and 50 represents the
amount of NaBH, used in milligrams, mg.

Photodeposition of Pt

Pt nanoparticles were photochemically deposited onto BT-30
samples in the following manner: 100 mg of sample BT-30 was
added to 20-ml DI water and 5 ml CH3;0H (Duksan reagent).
Variable concentrations of H,PtCls (HPLC grade, Sigma Aldrich)
were added to the above mixture and stirred for 1 h under dark-
ness in a closed system. The suspension was then irradiated with
a 300 W Xe lamp (Newport) the light intensity of which was
adjusted to 1 Sun (Air Mass (AM 1.5)) using a 1 Sun detector
(Newport). The irradiation was performed for 2 h under mild stir-
ring and the samples were then washed repeatedly with DI water,
and finally dried at 90 °C in a vacuum oven for 12 h. The Pt pho-
todeposited BT samples were named as Y-BT-30 (where Y =0.25,
0.30, 0.32, 0.35, 0.42 and 0.50 corresponding to theoretically cal-
culated wt. % Pt). In an identical manner 0.35 wt. % Pt was pho-
todeposited upon comparative control samples. A control sample
in which pure P25 was treated in Ar atmosphere, without NaBH,4
exposure, is identified as 0.35-P25 (Ar treated).

Photocatalyst characterization

X-ray diffraction (XRD) spectroscopy was performed on a Pana-
lytical, Empyrean X-ray diffractometer using Cu ki radiation (4
=1.54 A) operating at 40 kV and 30 mA. Raman analysis was car-
ried out on a Raman Spectrometer, Nicolet Almeca XR, manufac-
tured by Thermo Scientific. A 531 nm laser was used for
excitation. The lattice structure of photocatalyst was visualized
by a field emission transmission electron microscopy (FE-TEM)
taken from Hitachi HF-3300 operating at 300 kV. The samples
were dispensed upon Ni mesh grid with concentration of 0.05
mg/ml prepared in ethanol and allowed to dry overnight. ImageJ
software was used to estimate the Pt nanoparticle size distribu-
tion and average particle size (d.vg) from the high resolution
transmission electron microscopy (HR-TEM) images. The ele-
mental composition and elemental mapping of 0.35-BT-30 (rep-
resentative BT-30 sample with optimized Pt loading) were
measured using the energy dispersive spectroscopy (EDS)
attached with Hitachi HF-3300 FE-TEM. UV-visible diffuse reflec-
tance spectra (UV-vis DRS) were measured using a Cary series
UV-visible near infrared spectrophotometer with a diffuse reflec-
tance accessory. Photoluminescence emission (PL) spectra were

measured on a Cary Eclipse fluorescence spectrophotometer
(Zexc =320 nm) of Agilent Technologies having a diffuse reflec-
tance accessory. X-ray photoelectron spectroscopy (XPS) and
valence band X-ray photoelectron spectroscopy (VB-XPS) were
measured using Thermo VG, K-alpha using Al K line (148606
eV) as the X-ray source. Electron paramagnetic resonance (EPR)
spectra were recorded using a Jeol JES-FA100 spectrometer at
100 K. The N, sorption isotherms were measured at —196 °C
on a BELSORP-minill apparatus, with samples extensively
degassed at 100 °C prior to the experiments. Surface areas were
calculated by the Brunauer-Emmett-Teller (BET) equation. The
pore volume was determined from the amount of N, adsorbed
at the highest relative pressure of (P/Py) = 0.99. Proton nuclear
magnetic resonance (‘H NMR) measurement was recorded using
a Bruker Avance 400 spectrometer.

Photocatalytic CO, reduction

Photocatalytic CO; reduction experiments were carried out using
the experimental setup shown in Fig. 1. In brief, a 40 mg sample
of the photocatalyst was evenly dispersed upon a porous fritted
filter disc that was placed at the center of the photoreactor. Moist
CO;, gas was then continuously passed through the photoreactor
at a flow rate of 40 ml/min. After 1 h purging the flow rate was
decreased to 1.0 ml/min, and this rate was maintained for the
entire photoreaction process. A 100 W Xe solar simulator (Oriel,
LCS-100) with an AM1.5 filter was the light source. The concen-
tration of the effluent gas, as a function of irradiation time, was
analyzed every 30 min by a gas chromatograph unit (Shimadzu,
GC-2014) equipped with an automated gas sampling valve,
helium carrier gas, to determine CH,4 product yield (as shown
in Eq. (1)) [14] from the photocatalytic system. The GC was
equipped with a flame ionization detector (FID, Restek-Rt-Q-
bond column, ID=0.53 mm and length =30 m). To evaluate
photocatalyst stability, the photocatalyst was repeatedly tested
for CO, photoreduction; after each 6 h test period the photocat-
alyst was vacuum annealed at 100 °C for 2 h, a process adopted
from previous reports for regenerating used photocatalyst
[15,16].

Total CH, yield(pmol)
_ (Cpnarcr, — Cinitiar.cn, ) x volumetric flow of product gas

= (1)

Amount of photocatalyst used (g)

Control and *CO, isotopic experiments were performed to
investigate the origin of carbon involved in hydrocarbon gener-
ation. The control test was carried out in (i) Ar/HO ) mixture
instead of moist CO, with similar experimental conditions, and
(ii) a blank reactor test without any photocatalyst. For isotopic
experiments, 3CO, (13C 99%) was purchased from Aldrich and
diluted in pure He gas (99.999%) to give *CO, with final a con-
centration of 1000 ppm in He. The *CH, produced by moist
13CO, gas (**CO, + H,O mixture) was analyzed using Gas chro-
matography-Mass spectrometer (GC-MS) manufactured by Shi-
madzu, GC-MS-QP2010 ultra (Restek Rt Q-bond column, ID =
0.32 mm and length = 30 m). Moist '*CO, was introduced into
the photocatalyst (40 mg)-loaded, AM 1.5G illuminated photore-
actor and the gaseous products analyzed after 1 h, 2 h, and 3 h.
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Setup used for the photocatalytic CO, reduction into CH,; experiments, employing an online gas chromatography (GC) system for dynamic analysis of

gaseous products.

Results and discussion

Powder X-ray diffraction patterns (XRD) of P25 [17] and blue tita-
nia (BT)-X, where X represents the amount of NaBH,, in mg,
used for reduction (0.5 h at 350 °C), are shown in Fig. 2a. The
XRD patterns indicate no significant appearance of any new
phase and/or any structural change during the reduction process.
As the amount of NaBH, increases, the sample color changes
from white, to light blue, to dark blue, suggesting defect forma-
tion within the titania nanoparticles (Fig. 2b). Fig. S1 shows
the XRD patterns of various Pt-sensitized BT-30 samples. The size
and content of the dispersed Pt nanoparticles is beyond the XRD
detection limit, in agreement with previous reports [18,19].

Fig. 3a shows a HR-TEM image of P25, where well-defined lat-
tice fringes are seen with a 0.35-nm spacing confirming its crys-
tallinity [12]; an image of sample BT-30, Fig. 3b, shows a
disordered shell ~1-2 nm thick and a crystalline core; the struc-
tural difference is in accordance with Raman spectroscopy used

(a)
BT-50
LA —
BT-40
— J - A
=]
3 I BT-30
_.? L - e BT-20
(]
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1
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P25 BT-20 BT-30 BT-40 BT-50
FIGURE 2

XRD patterns of: (a) different blue titania samples, and (b) depiction of color
change for samples after reduction process with respect to amount of
NaBH,.

to confirm V, and non-stoichiometry, see Fig. S2. BT-30, which
showed optimal photocatalytic CO, reduction activity, was sen-
sitized with different amounts of co-catalyst Pt; such samples are
identified as Y-BT-30 where Y =0.25, 0.30, 0.32, 0.35, 0.42 and
0.50 corresponding to the theoretically calculated Pt wt. %.
Fig. 3c exhibits a TEM image of sample 0.35-BT-30, in which
well-dispersed Pt nanoparticles are evident; Fig. 3d is a magnified
image of the region enclosed by the red circle in Fig. 3c. In Fig. 3d
we see clear lattice fringes with interplanar distances of 0.35 nm
and 0.23 nm, typical for the (101) plane of anatase [12,20] and
(111) plane of face-centered cubic Pt [21]. Fig. 3e-h shows ele-
mental mapping of sample 0.35-BT-30 with red, blue and green
spots respectively assigned to Ti, O and Pt. The Gaussian curve,
Fig. 3j, indicates that the Pt nanoparticles are well dispersed with
an average size of 2.42 £+ 0.05 nm.

Textural properties of the samples were characterized by N,
adsorption-desorption isotherms with the results provided as
Figs. S3 and S4 for blue titania and Pt deposited blue titania sam-
ples, respectively. All BT samples possessed comparable BET sur-
face areas of 52-56 m”g~', see Table 1. A reduction in BET
surface area of the Y-BT-30 samples was observed, indicating suc-
cessful grafting of the Pt nanoparticles [21,22] see Fig. S4.

Fig. 4a displays UV-vis DRS spectra; all reduced titania sam-
ples exhibit significant amounts of light absorption in the visible
region. Tauc plots are used to calculate the bandgap, see Fig. S5
and Table S1. The enhanced absorption is attributed to both
disordered surface layers and trivalent titanium ions. It is known
that hydrogen atoms in the amorphous layers can strongly inter-
act with the Ti 3d and O 2p electrons, leading to a considerable
decrease in the band gap ascribed to mid-gap states formation
[23,24]. Further, hydrogenation causes disorder among the
surface states inducing an upward shift of the valence band
maximum [23,24], while Ti*>* and V, reduce the conduction
band minimum [23,24].

Fig. 4b compares the UV-vis DRS spectra of different Pt wt. %
photodeposited BT-30 samples. The enhancement of visible light
absorption with Pt sensitization is due to localized surface plas-
mon resonance (LSPR) [18,25]. Fig. 4c displays the comparative
photoluminescence (PL) spectra of different reduced titania sam-
ples; PL emission results from the recombination of free charge
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HR-TEM images of: (a) P25, (b) BT-30 where the arrows indicate a disordered shell, (c) 0.35-BT-30, (d) enlarged image of 0.35-BT-30. Elemental mapping for: (e)
0.35-BT-30, showing the regions of (f) Ti, (g) O, (h) Pt, (i) EDS, and (j) particle size distribution of the Pt nanoparticles in 0.35-BT-30.

TABLE 1

Physiochemical properties of photocatalysts.

Sample Pt size Pt content BET Pore volume CH, yield AQY
(nm) (atomic %, from ICP-OES) (m*g™") (em*g™") (nmolg 'h™") (%)
P25 - - 56.50 0.28 - -
BT-20 - - 54.10 0.50 212 0.32
BT-30 - - 55.70 0.49 2.79 041
BT-40 - - 53.40 0.42 0.88 0.13
BT-50 - - 52.10 0.40 0.68 0.10
0.25-BT-30 1.82+0.07 0.18 493 0.38 10.16 1.52
0.30-BT-30 2.18 +0.04 0.22 464 035 20.03 3.08
0.32-BT-30 2.25+0.02 0.28 459 0.34 48.96 7.53
0.35-BT-30 242 +0.05 0.33 455 0.32 80.35 1240
0.42-BT-30 2.98 + 0.06 0.38 447 031 66.68 1032
0.50-BT-30 350+0.18 042 439 0.30 4113 6.34

carriers [22,23], thus reduced emissions can be interpreted as
longer photogenerated charge lifetimes. Fig. 4d displays the PL
spectra of different Pt wt. % sensitized BT-30 samples, with fur-
ther quenching observed [13]. Electron paramagnetic resonance
(EPR) and proton nuclear magnetic resonance spectroscopy (‘H
NMR) was carried out to confirm the Ti** states and H doping
in the blue titania samples, with the results and analysis given
in Fig. S6a and b, respectively.

XPS was used to examine the effect of hydrogenation on the
chemical composition and oxidation states. Fig. Sa shows the
survey scan spectra of BT-30, with a high resolution scan of the
Ti 2p region shown in Fig. 5b. For both samples two broad peaks
centered at ~458.28 eV and ~464.08 eV are observed, corre-
sponding to the characteristic Ti 2ps,, and Ti 2p;,, peaks of
Ti** respectively [22,23]. In comparison to P25, the peaks of sam-
ple BT-30 show a negative shift in binding energy, suggesting
that they have a different bonding environments [26]. The

O 1s region, Fig. 5c, shows a similar shift of binding energy for
BT-30, which suggests a transfer of electrons to neighboring V,
[27]. It should be noted that the generation of surface or subsur-
face V, accompanies the formation of Ti>* for charge compensa-
tion. XPS analysis was performed for all samples, see Fig. S7, and
shows similar negative shifts in binding energy.

The density of states (DOS) were determined using valence
band X-ray photoelectron spectroscopy (VB-XPS) [26,27], see
Fig. 5d. P25 shows the characteristic valence band DOS of titania,
with the band edge at ~2.29 eV (Fig. 4d). The VB-XPS of BT-30
had an absorption onset located at 1.19 eV, whereas the maxi-
mum energy associated with the band tail is blue-shifted to
1.10 eV (Fig. 4d); similar changes in DOS have been previously
reported for reduced titania [26,27]. Fig. S8 shows the VB-XPS
results and band energy diagrams for samples BT-20, BT-40,
and BT-50; it is evident that the valence band tail increases with
degree of reduction. The XPS spectra of 0.35-BT-30 and other Pt
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FIGURE 4
(@), (b) UV-vis DRS spectra, and (c), (d) PL spectra of different reduced titania samples, and different Pt wt. % photodeposited BT-30 samples, respectively.
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FIGURE 5
(a) Survey scan spectra of sample BT-30, (b) comparative core level XPS spectra of Ti 2p for BT-30 and P25 nanoparticles, (c) comparative core level XPS
spectra of O 1s for BT-30 and P25 nanoparticles, and (d) comparative VB-XPS of BT-30 and P25 nanoparticles.
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deposited reduced titania samples is given in Figs. S9 and S10
respectively, confirming the presence of Pt.

Gas phase photocatalytic CO, reduction results are shown in
Fig. 6. According to GC analysis CH; was the predominant
hydrocarbon product in all experiments, with vanishingly small
amounts of ethane. The CH, evolution rate significantly
increases with titania reduction, with a maximum CH, evolution
rate of 2.79 pmolg~'h™! (8.39 umol g~ !) observed for sample
BT-30. The decrease in activity seen for BT-40 and BT-50 is pre-
sumably due to excessive Ti®*, which can serve as recombination
centers for photogenerated charges [11,15,23].

It is well known that noble metals create electron sinks as well
as active sites for photocatalytic CO, reduction [18,28]. As evident
from the optical properties of the Y-BT-30 samples, Pt not only
extends the photoresponse but also suppresses charge carrier
recombination by facilitating interfacial electron transfer. Pt load-
ing values were experimentally verified by ICP-OES analysis, and
found to be quite close to theoretical calculations, Table 1.

The continuous CH4 production profile and rate of CH4 pro-
duction for different Pt wt. % sensitized BT-30 under solar spec-
trum illumination are shown in Fig. 6b and c, respectively.
Among the studied samples, the rate of CH4 evolution reaches
a maximum of 80.35 ymol g~' h™! [482.12 pmol g~'] for sample
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FIGURE 6

0.35-BT-30 (6 h) (Fig. 6¢). A maximum apparent quantum yield
(AQY) of 12.40%, see Table 1, is achieved. As far as we know,
the CH,4 production rate and AQY are the highest with regards
to photocatalytic CO, reduction under solar illumination as
compared with previous studies (Table S2). A small amount of
ethane (C,Hg) was also detected among the Pt photodeposited
blue titania samples whose results have been reported in
Table S3, along with the selectivity for each photocatalyst stud-
ied herein this work.

In comparison to 0.35-BT-30, a decrease in the CH,4 evolution
and AQY was observed for 0.25-BT-30, 0.30-BT-30 and 0.32-BT-
30. We suggest that the low Pt content did not provide sufficient
electron trap centers to hinder charge recombination, resulting
in a reduced photoactivity. Higher Pt content beyond our opti-
mum sample also manifests a decreasing trend in CH, yield.
Fig. S11 and Table 1 show, respectively, the size distribution
and mean particle size of the Pt nanoparticles. Pt nanoparticle
size increases with increasing Pt precursor concentration, varying
from 1.82 nm for 0.25 Pt wt. %, to 3.5 nm for 0.50 Pt wt. %. It is
known that energy levels shift upward in very small nanoparti-
cles [13].

Catalyst stability is of utmost importance in realizing a practi-
cal system. Fig. 6d shows the stability of representative sample
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Photocatalytic CO, reduction results. Cumulative methane evolution under AM 1.5G illumination for: (a) P25 and reduced titania samples, and (b) Y-BT-30
samples. (c) Evolution amounts of CH, in the first 6 h irradiation from photocatalytic CO, conversion for different Pt-sensitized BT-30. (d) Stability test of 0.35-
BT-30; at the end of 2nd, 3rd and 4th cycle the photocatalyst is placed within a vacuum oven at 100 °C for 2 h.
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0.35-BT-30 upon sequential testing. The decrease in production
rate during the second cycle (without thermo-vacuum treat-
ment) suggests a gradual deactivation of the photocatalyst, a
phenomenon commonly observed in CO, photoreduction stud-
ies [14,29] and believed due to saturation of adsorption sites on
the titania surface with intermediate products [14,29]. However,
the photocatalyst recovers its activity after being heated in a vac-
uum oven at 100 °C for 2 h after 2nd, 3rd and 4th run. We have
also conducted the stability tests with a separate fresh batch of
0.35-BT-30 sample, and it also shows a similar methane yield
and sample stability, thus confirming the reproducibility in
methane yield (Fig. S12).

To help rule out possible involvement of carbon impurities or
surface contaminants, a photoconversion test was run using a
mixture of Arg and H,O, and the reactor was illuminated in
the presence of moist CO, but in the absence of photocatalyst.
For both tests the measurable CH, yield was negligible, see
Fig. 7a.

A 13C-labeled isotopic experiment was performed, using
13C0, instead of standard '>CO,, with the resulting *CH, ana-
lyzed by GC-MS, see Fig. 7b—d. Fig. 7b corresponds to *CO»,
while Fig. 7c shows the signal at m/z=17 attributed to *CH,
[15,30-32] confirming CO, as the main carbon source for CHy
generation. We conducted prolonged photocatalytic isotopic
tests, Fig. 7d, finding an increase in ">*CH, from 1 h to 3 h. A sim-
ilar observation in increase of isotopic gaseous products with pro-
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FIGURE 7

longed illumination was reported previously [33]. Figs. S13-S15
show optical properties and CO, photoreduction results of vari-
ous control samples, respectively.

Literature suggests the process of CO, photoreduction is based
on proton coupled multi-electron transfer [13,15,34-41]. Work
by Thampi et al. have elucidated the underlying mechanism to
generate CHy from CO;, photoreduction, where electrons and
holes created in the TiO, bandgap play a key role in the metha-
nation process [8]. To produce H* ions the VBM should be at a
potential more positive than that of H,O/O, [34], while the
CBM should be more negative than the CH,4/CO, potential. For
BT-30, UV-vis DRS analysis indicates a band gap of 2.73 eV. From
the VB-XPS results as shown in Fig. 8a, the VBM position for BT-
30 is at 1.19 eV which is more positive than E,(H,O/O,) (0.82V
vs. NHE). The CBM is located to be at —1.54 eV which is more
negative than E,(CH4/CO,) (—0.24 V vs. NHE).

Under illumination, photogenerated e™—h* pairs are generated
in the CB and VB of the BT, (reaction 2); the electrons can trans-
fer to the Pt nanoparticles due to the lower Fermi energy level
[13]. The holes in the valence band can oxidize adsorbed H,O
into O, and protons (H*) because the VBM position is more pos-
itive than that of E,(H,O/O,) [15,20,30,34,41-46] (reaction 3).
The formation of CH, requires 8e~ and 8H". The enriched e~
density on the Pt nanoparticles would favor CH4 formation,
which is thermodynamically more feasible than CO, by transfer
of e~ from the CBM of BT-30 to Pt, and from there to surface
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(a) Proposed energy band diagram of P25 nanoparticles and sample BT-30, and (b) possible transfer of electrons in 0.35-BT-30 under AM 1.5G illumination for

photoreduction of CO, into CH,.

adsorbed CO, molecules [18] (reaction 4). Fig. 8b illustrates a pos-
sible mechanism by which CO, could be photoconverted into
CHy,, based upon our experimental results for 0.35-BT-30.

Pt-BT + hv — Pt-BT(Ti*"eg;) + Pt-BT(V,h{y) 2)
4H,0 + Pt-BT(V,8hy,) — 8H' + 20, 3)
CO; + 8H" + Pt-BT(Ti**8eg;) — CH,y + 2H,0 (4)

4. Conclusions

A rapid, low-temperature technique for reducing titania was
developed; the H, desorbed from NaBH, create oxygen vacancies
changing the valence of Ti** to Ti**. Physiochemical and optical
properties of the blue titania were analyzed, and a photocatalyst
with optimum defects, narrow band gap, well-aligned band posi-
tion, and reduced charge recombination for photocatalytic CO,
reduction into CH,4 was obtained. The loading of a small amount
of Pt (0.35 wt. %) onto the blue titania samples was found to sig-
nificantly enhance CH4 production, showing an increase of 29 x
over the pristine blue titania. As revealed by ICP-OES and HR-
TEM analysis, it was found that both the size and quantity of
the Pt nanoparticles play a key role in determining photocat-
alytic efficiency. The maximum CH,4 production rate obtained
was 80.35 umol g~ h™! under simulated solar light, a value supe-
rior to those of previously reported photocatalyst materials. After
undergoing desorption, the catalyst shows appreciable stable per-
formance over five 6 h cycles, the limit of our testing. Several
control tests and a '*C isotopic tracer experiment were con-
ducted to confirm CO; as the carbon source. The outstanding
activity and stability of our reduced titania samples suggest that
a balanced combination of surface defects, oxygen vacancies,
band position, and optimized amount of Pt cocatalyst enables
an efficient photocatalyst for photoconversion of CO, to fuel.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.mattod.2017.09.
00S.

Appendix B. Apparent quantum yield (AQY)
calculation

Apparent quantum yield (AQY) is defined as the ratio of number
of reacted electrons to the number of incident photons. The gen-
eral equation is given as below [13,47,48]

AQY (%) = Number of reacted electrons « 100

 Number of incident photons

(A1)

As given in equation (A.2), during the photocatalytic CO,
reduction, stoichiometrically 8 electrons are required to produce
one molecule of CHy [13]

CO; +8H"' +8e” — CH, + 2H,0 (A.2)

Therefore, number of reacted electrons can be calculated by
directly multiplying 8 with mole of CH4 produced during the
photocatalytic reaction [13]

Number of reacted electrons = [CHy] x 8 x Ny (A3)
where [CH,4] represents mole of CH4 produced in time (f) and N, is the
Avogadro’s number (6.022 x 10?* mol~'). Herein, we describe the cal-
culation for 0.35-BT-30 sample, which yield 80.35 umol g~' h™' CH,.
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Therefore,

number of reacted electrons = 3.87 x 10*° (A.4)

The number of incident photons is same as the photon flux density
[49], which is given by Eq. (A.5)

Light absorbed by the photocatalyst «t

Numb. incident photons =
umber of incident photons The average photon energy

(A.5)

where “t” is the photoreaction time (s). Thus, light absorbed by the
photocatalyst is given by:

Light absorbed by the photocatalyst = H x A=0.49]s !
(A.6)

H is the apparent light input at the photocatalyst (Wm2) of
100 W xenon solar simulator (Oriel, LCS-100) with an AM 1.5 fil-
ter used in the present study (H = 1000 Wm?) [13,50,51]. Simi-
lar assessments were reported by Gritzel et al. [52]. A
represents the geometric irradiation area of the photocatalyst
placed inside the photoreactor, which is 0.00049 m?.

The average photon energy is given by = % -564x10")

(A7)

where h is Planck’s constant (7= 6.626 x 1073*Js), c=3 x 108 ms™!
and the value of 1 is found as average wavelength of the broadband
light source (352 nm). Since the bandgap of BT-30 as estimated from
Tauc plot analysis is 2.73 eV, therefore, unbound and free electron-
hole pairs cannot be generated for A>454 nm. Thus, photons with
wavelength 250-454 nm can excite electrons, whose average pho-
tonic wavelength (1 =352 nm) is used to calculate the apparent quan-
tum efficiency [51,53].Combining values from Egs. (A.6) and (A.7)
and substituting in Eq. (A.5)

Number of incident photons — 312 x 10* (A8)

Substituting values from (A.4) and (A.8) in Eq. (A.1), the AQY
of sample 0.35-BT-30 is found to be 12.40%. The AQY values for
all samples are given in Table 1.
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