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ABSTRACT: Photocatalytic methane combustion is a promising strategy to eliminate methane at ambient condition, but efficient photo-
catalysts still lack. Herein, we report that uniform anatase TiOz nanocrystals predominantly enclosed with the {001} facets exhibit high
activity in photocatalytic catalyzing methane combustion at RT in a flow-bed reactor. The photocatalytic methane reaction rate is 17.6
mmolcha-h™-geatalyst™, which is about 6 and 7 times of those catalyzed by TiO2 nanocrystals predominantly enclosed with the {100} facets
or with the {101} facets. The valence band maximum and conduction band minimum were found to locate space-separately for TiO2-
{001} nanocrystals terminated with the reconstructed (001)-(1>4) surface, at the surface and in the bulk, respectively. Meanwhile, the
HOMO of methane adsorbed at the fourfold-coordinated Tiac site of reconstructed TiO2(001)-(1>4) surface is located at the valence band
maximum of TiOz, respectively. Upon UV light illumination, TiO2-{001} nanocrystals exhibit spontaneous bulk-surface charge separation
of photo-excited holes and electrons, leading to large concentrations of photoexcited holes on the surface, and subsequent facile interfacial

hole transfer from TiO2(001) surface to adsorbed methane, leading to efficient methane combustion reaction.
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Methane (CHa) is the largest constituent of natural gas and
widely used in power and heat generations,* during which un-
burned CHa is unavoidable in exhaust streams. CHa is a green-
house gas with an effect nearly 30 times higher than that of
CO2,%5 thus unburned CH4 in exhaust streams needs to be elimi-
nated prior to emissions. Thermocatalytic combustion using sup-
ported precious metal catalysts or transition metal oxide catalysts
is the common strategy to eliminate CH4, but it generally operates
high reaction temperatures due to the high stability of CH4%® and
simultaneously produces toxic nitrogen oxides. Photocatalysis
utilizing sustainable solar energy has been demonstrated capable
of driving CHs combustion at ambient condition,®° but efficient
photocatalysts lack.

Titanium dioxide (TiO) is the most widely used photocatalyst
in environmental and energy photocatalysis.''"*2 Using uniform
TiO2 nanocrystals (NCs) with various morphologies and conse-
quently exposed facets, the facet-dependent photocatalytic activity
of TiO2 have been extensively demonstrated.**1 Particularly of
interest is the anatase TiO2 {001} facets which are predicted as
the active facets for photocatalytic reactions.’>16 It was reported
that anatase TiO2 NCs with predominantly-exposed {001} facets
(denoted as TiO2-{001}) exhibited superior photocatalytic activi-
ty,17-22 but arguments exist.?3?> Experimental evidence were ob-

served that, upon photoexcitation, the TiO2> {001} facets are en-
riched with photo-excited holes and act as the oxidation sites
while the TiO2{101} facets are enriched with photo-excited elec-
trons and act as the reductive sites.?6° The surface structure-
dependent surface sites and resulting surface species were also
reported to affect the photocatalytic activity of Ti02.14%-3! TiO;
was studied as photocatalysts for photocatalytic combustion of
methane.®? Meanwhile, Ag-loaded TiO2 NCs photocatalysts were
reported to exhibit facet dependent performance in photocatalytic
methane oxidation to liquid-phase oxygenates under a aqueous-
phase reaction condition of 2 MPa CH4 and 0.1 MPa O2.% In this
letter, we report strong facet effect of anatase TiO2 NCs on the
photocatalytic activity toward methane combustion under a flow
reaction condition of 0.15 atm CH4 and 0.05 atm Oz balanced with
N2. TiO2-{001} NCs was found to exhibit a high photocatalytic
CHa combustion rate of 17.6 mmolcHa-h™-geatayst* measured in a
flow-bed reactor mode, much higher than those catalyzed by TiO2
nanocrystals predominantly enclosed with the {100} facets (de-
noted as TiO2-{100}) or with the {101} facets (denoted as TiO2-
{101}). Combined experimental characterization and theoretical
calculation results demonstrate the unique roles of reconstructed
(001)-(1>4) surface with fourfold-coordinated Tisc sites of TiO2-
{001} NCs in inducing spontaneous bulk-surface charge separa-
tion of photo-excited holes and electrons and mediating efficient



interfacial hole transfer from (001)-(1>4) surface to CH4 adsorbed
at the Tiac sites, both of which lead to the exceptionally high pho-
tocatalytic activity.
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Figure 1. Representative TEM images with inserted HRTEM
images and morphology illustrations of (a) TiO2-{001}, (b) TiO2
-{100}, and (c) TiOz2 -{101} NCs. (d) CH4 and CO2 concentra-
tions as a function of time on stream measured during photocata-
lytic methane combustion over various TiO2 NCs and referring
commercial anatase TiO2 and Pt/ TiO2 photocatalysts in a flow-
bed mode (catalyst amount: 6 mg; reactant: CH4:02=15%:5%
balanced with N2 at a flow rate of 9 mL-min; temperature: 45
°C; light: 70 W LED at 365 nm). (e) Photocatalytic CH4 conver-
sion and CO2 formation rates over various TiOz2 NCs, commercial
anatase TiO2z and Pt/ TiO2 photocatalysts.

Uniform anatase TiO2-{001}, TiO.-{100} and TiO2-{101}
NCs were synthesized following previous recipes® and character-
ized microscopically and spectroscopically (Figure la-c and Fig-
ure S1-S3). All samples exhibit a pure anatase phase, uniform
morphologies, similar average sizes of around 12 nm, and similar
specific surface areas of around 100 m?/g. The percentages of
{001} facets in TiO2-{001}, {100} facets in TiO2-{100}, and
{101} facets in TiO2-{101} NCs were estimated to be around
80% 34, XPS results observed carbonates, hydroxyl and water on
the surfaces of all TiO2 NCs, resulting from ambient CO. and
H20 adsorption, but few anions (F-, SO4? and CI) used during the
synthesis. A reference sample, Pt/A-TiO2 with a Pt loading of
1.24 wt.%, was prepared on commercial anatase TiO2 (A-TiOz)
(Aladdin) using photodeposition method (Figure S4).3°

Photocatalytic performance in CH4 combustion was evaluated
using a customer-designed flow-bed reactor (Figure S5)% under a
365 nm LED light illumination at RT. The actual temperature of
illuminated photocatalysts was measured as 45 °C. Only CO2 was
detected as the product (Figure S6). Figure 1d shows variations of
measured CH4 and CO: concentrations as a function of reaction
time during photocatalytic CH4 combustion catalyzed by various
TiO2 NCs and reference samples A-TiO2 and Pt/A-TiO: (catalyst
amount: 6 mg). Upon the LED light illumination, the CH4 concen-

tration decreases, accompanied by the emergence of CO2. All
photocatalysts are stable within 3 h. The photocatalytic perfor-
mance of each catalyst at the reaction time of 30 min was evaluat-
ed four times to give reliable photocatalytic CH4 conversion rate
and CO: formation rate (Figure 1e), which are almost same. After
the LED light is turned off, CH4 resumes the original concentra-
tion and CO: disappears (Figure S7). All these observations con-
firm the occurrence of photocatalytic CH4 combustion under the
employed reaction condition. Clearly, various TiO2 NCs exhibit
facet-dependent photocatalytic performance. TiO2-{001} NCs are
most active. Upon the LED light illumination, the CHa concentra-
tion decreases from 59.8 u molcHs-mint to around 58.0
umolcra-mint for TiO2-{001} NCs and the produced CO:2 con-
centration is around 1.6 pmolcoz-min. The calculated mass-
specific CHs conversion rate of TiO2-{001} NCs is 17.6
mmolcra-h™-geatatyst*, almost 6 and 7 times of those of TiO2-{100}
(2.8 mmolcra-ht-geatatyst?) and TiO2-{101} (2.5 mmolcha-h
Lgcatalyst’) NCs. Commercial A-TiO2 exhibits a mass-specific CHs
conversion rate of 8.8 mmolcHa-h-geatalyst*, and P/A-TiO2 exhib-
its a higher mass-specific CH4 conversion rate of 13.3 mmolcna-h”
Lgcaayst™? due to the co-catalyst effect of Pt. It can be seen that
TiO2-{001} NCs is even more photocatalytic active than 1.24
wt.%-Pt/A-TiO2 photocatalyst, which is unusual because Pt is
well-known to be an excellent co-catalyst for TiO2 photocatalysts.
Photocatalytic performance of TiO2-{001} NCs and PY/A-TiO:
films prepared with different amounts of photocatalysts and con-
sequently different thicknesses of films was evaluated (Figure
S8), in which with the same photocatalyst amount, TiO2-{001}
NCs films are always more photocatalytic active than Pt/A-TiO2
films. The apparent quantum efficiency of TiO2{001} NCs in
photocatalytic CH4 combustion irradiated with the LED light at
365 nm was measured as around 0.1%. The CHa4 conversion in-
creases slowly with the used photocatalyst amount increasing
from 6 mg to 50 mg, while the mass-specified CH4 conversion
rate keeps decreasing. This can be mainly attributed to the fact
that the photo absorption of photocatalysts in the film weakens
with the distance of the photocatalysts to the film surface increas-
ing. Photocatalytic performance of TiO2-{001} NCs and Pt/A-
TiO2 was further evaluated under the reactants with different
CH4:02 ratios (Figure S9), in which TiO2-{001} NCs are always
more photocatalytic active than Pt/A-TiO.. There is an optimal
reactant composition for photocatalytic CH4 combustion, which is
an interesting issue deserving further studies. These photocatalytic
reaction results demonstrate TiO2-{001} NCs as a highly active
photocatalyst for methane combustion at RT, which is also sup-
ported by comparisons with previously-reported photocatalysts
for methane combustion (Table $1)36-40,

Various TiO2 NCs exhibit almost identical UV-Vis diffuse re-
flectance spectra and similar valence band photoelectron spectra
(Figure S10 a and b), indicating that they should exhibit similar
light absorption and charge generation processes. TiO2-{001}
NCs exhibit much higher concentrations of paramagnetic species
formed by trapped photoexcited charges, such as Ti%*, Oz and O
under UV light illumination than TiO2-{101} and TiO2-{100}
NCs (Figure S10c) and consequently a stronger PL intensity (Fig-
ure S10d). Photoexcited free electrons in the conduction band of
TiO2 was reported to exhibit a broad IR absorption feature starting
at ~4000 cm and increasing exponentially up to 1700 cm™.4
Temporal evolutions were monitored using in situ DRIFTS spec-
tra (Figure S11). Using the absorbance at 2000 cm as the repre-
sentative, the density of photoexcited electrons in the conduction
band of all TiO2 NCs initially grows due to the dominant charge
generation and separation processes and then decays gradually to
almost the background due to the dominant charge recombination
processes (Figure 2a). The maximum density of photoexcited



electrons in the conduction band of TiO2-{001} NCs is signifi-
cantly higher than of TiO2-{101} and TiO2-{100} NCs, while the
decay rate is much smaller. Thus, TiO2-{001} NCs exhibit greatly
higher densities and longer life of both trapped and free photoex-
cited charges than TiO2-{101} and TiO2-{100} NCs upon UV
light illumination, demonstrating much more efficient charge
separation processes.

Above PL, ESR and IR results are mainly related to the photo-
excited charges in the bulk of various TiO2 NCs, which need to
migrate to the surface to participate surface reactions. NEXAFS
spectra in the mode of total electron yield are powerful in probing
electronic structures of solid surfaces. As schematically illustrated
in Figure 2b, the O K-edge NEXAFS feature of TiO2 probes the
electron transition from the occupied O 1s orbital to the O 2p
orbital, whose probability is proportional to the density of unoc-
cupied O 2p states, while the Ti L-edge NEXAFS feature of TiO2
probes the electron transition from the occupied Ti 2p orbital to
the Ti 3d orbital, whose probability is proportional to the density
of unoccupied Ti 3d states. UV light illumination on TiO2 excites
the electron transition from the valence band consisting of the O
2p orbital to the conduction band consisting of Ti 3d orbital, in-
creasing the density of unoccupied O 2p states but decreasing the
density of unoccupied Ti 3d states, respectively. Consequently,
the O K-edge NEXAFS features of various TiO2 NCs grow upon
UV light illumination whereas the corresponding Ti L-edge
NEXAFS features weaken (Figure 2c and Figure S12). In the O
K-edge NEXAFS spectra, the features f and g arise from the O 2p
states hybridized with the Ti 3d states and the features h, i and j
are ascribed to the O 2p antibonding state hybridized with the Ti
4s and 4p states, while in the Ti L-edge NEXAFS spectra, the
feature a is related to dipole-forbidden transitions induced by
multiple interaction and the features b/c1/c2 and d/e correspond to
the Ls-edge (2psz2—3d) and L2-edge (2pi2—3d) transitions, re-
spectively.*? Principally, the gain of the O K-edge NEXAFS fea-
tures (Alo k-edge) and the loss of the Ti L-edge NEXAFS features
(AlTi L-edge) Of TiO2 upon UV light illumination should be same
when the charge generation, separation and recombination pro-
cesses all occur locally at the surface, however, the observed
Alok-edge/ AlTi L-edge ratio varies with the facets exposed on TiO2
NCs (Figure 2d), being 2.08, 1.25 and 0.89 for TiO2-{001}, TiO>-
{101} and TiO2-{100} NCs, respectively. Such deviations can be
rationalized by the occurrence of bulk-surface charge separation
within TiO2 NCs. Therefore, under UV light illumination, the
bulk<>surface charge separation within TiO2-{001} NCs is much
more efficient than within TiO2-{101} and TiO2-{100} NCs;
moreover, the bulk—surface migration of holes and the sur-
face—bulk migration of electrons should occur for TiO2-{001}
NCs, leading to the most efficient charge separation process and
strongly photoexcited holes-enriched surface for TiO2-{001}
NCs. These results for the first time explore NEXAFS as a power-
ful technique for characterizing the bulk-surface charge separation
processes of semiconductors upon photoexcitation. Meanwhile,
tiny Ti%* features at ~0.7 eV below the Fermi level* were ob-
served in valence-band photoemission spectra of various TiO2
NCs under UV light illumination (Figure S13), suggesting the
reduction of Ti** by photoexcited electrons.
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Figure 2. (a) Temporal evolutions of the IR absorbance intensity
at 2000 cm of various TiO2 NCs upon UV light illumination at
298 K in Ar and CHas atmosphere. (b) Schematic illustration of
NEXAFS working principle of TiOz upon UV light illumination.
(c) Ti L-edge and O K-edge NEXAFS spectra of TiO2-{001} NCs
in the dark and under light irradiation. (d) Alp k—eage/AlTi L-eage
values of various TiO2 NCs induced by UV light illumination.

Photoexcited charges on TiOz surface undergo the interfacial
charge transfer to adsorbed molecules to drive photocatalytic
reactions. Oz adsorption on various TiO2 NCs was reported simi-
lar®® and adsorbed O2 can facilely trap photoexcited electrons on
TiO2 surfaces.** DRIFTS spectra of various TiO2 NCs in CH4
atmosphere under dark condition and followed by Ar purging at
RT (Figure S14) exclude the irreversible adsorption of CH4 on
various TiO2 NCs at RT, whereas adsorption-microcalorimetry
measurements (Figure S15) demonstrate reversible adsorption of
CH4 with calculated adsorption amount and integral adsorption
heat as 0.93 pumol/m? and 18.5 kJ/mol, 1.6 umol/m? and 20.0
kd/mol, 1.1 pmol/m? and 19.3 kJ/mol for TiO2-{001}, TiOo-
{100}, TiO2-{101} NCs, respectively. Thus, CH4 adsorption on
various TiO2 NCs are similar, and the different adsorption
amounts arise from both different density of adsorption sites and
different coverages of carbonates, hydroxyl and water on various
TiOz2 surfaces. The density of photoexcited electrons in the con-
duction band of various TiO2 NCs upon UV light illumination
was observed to decay much more slowly in CHa than in Ar (Fig-
ure 2a and Figure S16). Particularly, it remains unchanged for a
long time for TiO2-{001} NCs. Therefore, adsorbed CHys is capa-
ble of trapping photoexcited holes on the surfaces of various TiO2
NCs, consequently prolonging the life of photoexcited electrons.
The interfacial hole transfer from TiOz surface to adsorbed CHa is
much more efficient on TiO2-{001} NCs than on TiO2-{100} and
TiO2-{101} NCs. Moreover, vibrational features of adsorbed
formate species*® appear on various TiO2 NCs (Figure S17), con-
firming that adsorbed CHs4 undergoes photoexcited holes-
mediated C-H bond activation reactions.

Photocatalytic CHa combustion over various TiO2 NCs were
studied using in situ DRIFTS spectra (Figure 3 al-cl). Few fea-
ture of photoexcited electrons in the conduction band of TiO2
could be observed due to their efficient scavenge by O: in the



reactants. Vibrational features of various surface intermediates,
such as CHsO (2941/2860 cm™), HCHO (1685 cm™), HCO (1708
cm?), HCOO (2953/2906/2870/2740/1552/1382/1358 cm) and
carbonates (1591/1309 cm1)30:44-48 were observed, resulting from
the sequential photocatalytic oxidation reactions of CHs4 to COa.
Temporal evolutions of observed intermediates on various TiO2
NCs were plotted (Figure 3 a2-c2 and Figure S18-S20). The for-
mate intermediate was observed to accumulate on all TiO2 NCs,
suggesting its photocatalytic oxidation as the rate-limiting step.
On TiO2-{001} NCs, the CH3O intermediate accumulates on
TiO2-{001} NCs, demonstrating a faster CH3O formation rate via
CH4 photooxidation than CH3O photooxidation rate; the car-
bonates intermediates show almost unchanged coverage, indicat-
ing similar formation and consumption rates; and the HCHO and
HCO intermediates were not observed, suggesting faster con-
sumption rates than formation rates. On TiO2-{100} NCs, few
surface intermediates other than HCOO was observed, which, in
combination with the photocatalytic activity, indicates a slow
photooxidation rate of HCOO intermediate and faster photooxida-
tion rates of CH3O, HCHO and HCO intermediates than corre-
sponding formation rates. On TiO2-{101} NCs, the CHsO inter-
mediates show almost unchanged coverage, indicating similar
formation and consumption rates; the HCHO and HCO intermedi-
ates initially emerge and then gradually disappears, suggesting
faster photooxidation rates than corresponding formation rates;
and the carbonates intermediates were barely observed, which, in
combination with the photocatalytic activity, indicates a slow
photooxidation rate. These results support that photocatalytic CHa
activation and oxidation are more facile on TiO2-{001} NCs than
on TiO2-{100} and TiO2-{101} NCs.
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Figure 3. In situ and time-resolved DRIFTS spectra of photocata-
lytic methane oxidation and derived coverages of surface inter-
mediates as a function of photocatalytic reaction time: (a) TiOz-
{001}, (b) TiO2-{101} and (c) TiO2-{100} NCs. DRIFTS spectra
prior to UV light illumination were used as the background spec-
tra.

DFT calculations were carried out to explore the CH4/TiO2 in-
terfacial electronic structures which are critical for the interfacial
charge transfer processes. The Ti cations and O anions in the bulk
of anatase TiO: are sixfold-coordinated (Tis) and threefold-

coordinated (Osc), respectively. As reported previously,303149-54
the anatase TiO2(001) surface exhibits a typical reconstructed
(001)-(1x4) surface exposing the reactive fourfold-coordinated Ti
cations (Tis) at the (1x4) added row, fivefold-coordinated Ti
cations (Tisc) at the (1x1) basal surface and twofold-coordinated
O anions at both the ridges (Ozr) and basal surface (Ozp), the
anatase TiO2(100) surface exhibits a typical reconstructed (1x2)
surface exposing the Tisc, O2c and Oscs Sites, and the anatase
TiO2(101) exhibits a (1x1) unreconstructed surface exposing the
Tisc, O2c and Osc s sites. CH4 adsorbs preferentially at the Tisc site
of TiO2(001)-(1x4) surface with an adsorption energy of -0.15 eV
and at the Tisc site of TiO2 (100) and (101) surfaces with adsorp-
tion energies respectively of -0.26 and -0.38 eV (Figure 4al-a3).
These calculation results suggest weak adsorption of CH4 on vari-
ous TiO2 surfaces, consistent with the experimental results of
adsorption microcalorimetry measurements. The valence and
conduction bands of TiO2 consist of the O 2p and Ti 3d orbitals,
respectively. The calculated projected density of states (PDOS)
results (Figure 4 b1-d1) interestingly reveal the presence of PDOS
energy level differences of the Ti and O atoms between the TiO2
bulk and TiO2(001)-(1x4) surface but not between the TiO2 bulk
and TiOz (100) and (101) surfaces. The edge of the PDOS of bulk
Osc atoms is 0.49 eV lower than the edge of the PDOS of
TiO2(001)-(1x4) surface Oz atoms, while the edge of the PDOS
of bulk Tisc atoms is 0.20 eV lower than the edge of the PDOS of
TiO2(001)-(1x4) surface Tisc atoms. This can be attributed to the
very different surface structure of TiO2(001)-(1x4) surface from
those of TiO2 (100) and (101) surfaces. Thus, the photoexcited
electrons and holes within TiOz terminated with TiO2(001)-(1x4)
surface should occur spontaneous bulk-surface separation process
to migrate to the bulk Tisc atoms and surface Ozcr atoms, respec-
tively, whereas those within TiO2 terminated with TiO2 (100) and
(101) surfaces should not. These results agree with the experi-
mental results of NEXAFS and photoexcited charge density
measurements. The PDOS energy levels of the Ti and O atoms in
the bulk and on the surfaces remain unchanged upon CH4 adsorp-
tion (Figure 4 b2-d2), but the CH4/TiO: interfacial energy level
alignments vary with the TiOz surfaces. The HOMO of CHs ab-
sorbed at the Tisc site of TiO2(001)-(1x4) surface locates at the
valence band maximum of TiO2, whereas CH4 absorbed at the
Tisc site of TiO2 (100) and (101) surfaces locates within the va-
lence band of TiO2. Therefore, CH4 absorbed at the Tiac site of
TiO2(001)-(1x4) surface accepts the photoexcited holes in the
valence band of TiO2 more efficiently than CH4 absorbed at the
Tisc site of TiO2 (100) and (101) surfaces, consistent with the
experimental results of in situ DRIFTS measurements.
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Figure 4. The most stable adsorption configurations of CH4 on
(al) anatase TiO2(001)-(1>4), (a2) anatase TiO2(100)-(1>2) and
(a3) anatase TiO2(101) surfaces. Grey and red balls represent Ti
and O atoms, respectively. Calculated DOS and PDOS of (bl)
bare and (b2) CHs-adsorbed anatase TiO2(001)-(1>4) surfaces,
(c1) bare and (c2) CH4-adsorbed anatase TiO2(100)-(1>R) surfac-
es, and (d1) bare and (d2) CHs-adsorbed anatase TiO2-(101) sur-
faces.

In summary, our combined experimental and theoretical calcu-
lation results demonstrate that surface structures of TiO2 photo-
catalysts are capable of strongly affecting the bulk-surface charge
separation processes and interfacial charge transfer processes at
the CHa4/TiO2 interfaces. TiO2-{001} NCs terminated with the
reconstructed (001)-(1>4) surface exhibit a spontaneous bulk-
surface charge separation due to the locations of valence band
maximum and conduction band minimum at the surface and in the
bulk, respectively. Meanwhile, the HOMO of CH4 adsorbed at the
Tiac site of TiO2(001)-(1>4) surface is localized at the valence
band maximum. Therefore, TiO2-{001} NCs show the photoex-
cited holes-enriched surface and efficient interfacial TiO2—CHa
hole transfer processes, leading to a high activity in photocatalytic
methane combustion reaction. These results demonstrate surface
structure engineering of semiconductor photocatalysts as an effec-
tive strategy to enhance photocatalytic efficiencies.
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