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Understanding the microkinetic mechanism under- Phétocatalytic S on0nation of
lying photocatalytic oxidative methane (CH,) conversion is of Methane on oxidized R-TiO,(110)
significant importance for the successful design of eflicient e
catalysts. Herein, CH, photooxidation has been systematically BIE ectad CH:
e g

investigated on oxidized rutile(R)-TiO,(110) at 60 K. Under 355 Ty
nm irradiation, the C—H bond activation of CH, is accomplished
by the hole-trapped dangling Op;~ center rather than the hole-
trapped O,” center via the Eley—Rideal reaction pathway,
producing movable CH;® radicals. Subsequently, movable CH;*
radicals encounter an O/OH species to form CH;0/CH;OH
species, which could further dissociate into CH,O under
irradiation. However, the majority of the CH;° radical intermediate
is ejected into a vacuum, which may induce radical-mediated
reactions under ambient conditions. The result not only advances our knowledge about inert C—H bond activation but also provides
a deep insight into the mechanism of photocatalytic CH, conversion, which will be helpful for the successful design of efficient
catalysts.

Eley-Rideal
CH, %2~ a

oxidative dehydrogenation of methane, TiO, photocatalysis, CH3* radical, dangling Or; atoms, Eley—Rideal mechanism

elaborated that the initial C—H bond activation of CH, is
induced by photogenerated *OOH or hydroxyl (*OH) radicals
following the hydrogen atom transfer (HAT) process, forming
possible methyl radicals (CH;*) intermediate, which are
further converted into oxygenates.””'®'” In contrast, in
catalytic activation, both experimental and theoretical studies
propose that lattice O™ centers formed by trapping photo-
generated holes are the active species for the CH;* radical
formation from CH, over ZnO, TiO,, and MgO cata-
Iysts 2741821

With the vigorous exploitation of shale gas and fired ice in
recent years, methane (CH,), as a promising alternative to
other fossil fuels, becomes a main source of energy and
chemical feedstock in the future.'”* Compared with
exothermic combustion, direct and selective conversion of
CH, to high-value-added chemicals is a win-win strategy for
maximizing the value of CH, while reducing carbon emissions
in the atmosphere.”*” In industry, the conversion of CH, into

valuable chemicals occurs via an indirect route, in which CH,

is converted to syngas via the steam reforming process (SRM) H owe\'Ier, althqu gh fthe C}I;I 3. r'a'd 1Ica1 is proposed 'to l?e thef
first, and is then followed by further synthesizing liquid primary intermediate from the initial C—H bond activation o

hydrocarbons via the Fischer—Tropsch (FT) process > CH, under irradiation, due to the low concentration of the
) CH,;* radical intermediate and the limitations of detection
However, the high C—H bond energy (434 kJ-mol™), 3

. . L methods, the evidence of the CH;® radical intermediate
nonPolar derived from high symumetry, and neghgﬂ?le ('electron formation in most reactions is still lacking, which makes the
affinity ,Of CI;I“ make.e t}Le selectlvcle CT_H boEdllactlYatlon ; rl;d proposed reaction mechanism not indisputable. Therefore, a
Es;l‘;flres(lioZsothSI‘_}Ilt)Y;agtra‘iell:nilr?Cc;;ttzl}}lfssl iss"z’f;%c_li enging and be detailed investigation of the microkinetic mechanism under-

Alternatively, photocatalysis is a promising approach that
can exploit clean solar energy to overcome the barrier of
chemical reactions under ambient conditions, resulting in the
conversion of CH, into value-added oxygenate products
smoothly.””'*~"> Generally, photocatalytic oxidation of CH,
can be classified into catalytic activation and noncatalytic
activation.” The mechanism of noncatalytic activation has been
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Figure 1. Typical TPD spectra acquired at m/z = 15 (CH;"), 16 (CH," and O%), 18 (H,0"), 29 (CHO"), 30 (CH,0") and 31 (CH;O") after
irradiating the 0.2 L CH,-covered (a) reduced and (b) oxidized R-TiO,(110) surfaces for 0 min (black lines) and 10 min (red lines) with 355 nm
at 60 K, respectively. The oxidized R-TiO,(110) surfaces were prepared by exposing reduced surfaces to 200 L O, at 300 K. The photon flux of 355

nm light is 2.0 X 10" photons cm™ s™".

S
lying photocatalytic CH, conversion with a TiO, model
catalyst could not only advance our knowledge on photo-
catalytic C—H bond activation and CH, conversion but also be
helpful for the development of improved catalysts.

Herein, we report the investigation of the C—H bond
activation of CH, on oxidized rutile(R)-TiO,(110), using
temperature-programmed desorption (TPD), photo-stimu-
lated desorption (PSD), and density functional theory
(DFT) methods. Photooxidation of CH, has been achieved
on oxidized R-Ti0,(110) at 60 K. The sensitive detection of
the CH;® radical intermediate demonstrates that the C—H
bond activation of CH, into the CH;"* radical is the initial step
for CH, photooxidation. In combination with the DFT result,
the mechanism of CH, photooxidation on TiO, has been
illustrated unambiguously for the first time, in which the hole-
trapped dangling O atoms on the Tig. sites (Or ) are
significant active sites.

Figure 1 shows the typical TPD spectra of mass-to-charge
ratios (m/z) of 15 (CH;*), 16 (CH,* and O%), 18 (H,0%), 29
(CHO"), 30 (CH,0%), and 31 (CH;0") collected on the
reduced and oxidized R-TiO,(110) surfaces after adsorbing 0.2
Langmuir (L) CH, on the surfaces, followed by 355 nm
irradiation for 0 (black line) and 10 min (red line). The
oxidized surfaces were prepared by exposing the reduced R-
TiO,(110) surfaces to 200 L O, at 300 K, resulting in the
major adsorption of Or; atoms of R-TiO,(110) and healing the
bridging oxygen vacancy sites (O,).””*’ Before irradiation, one
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desorption peak at 70 K appears in the TPD traces of m/z = 15
and 16 on both reduced and oxidized surfaces, which is
attributed to the desorption of CH, on the Tig, sites
(CHy(ry))->* While a broad tail from 90 to 190 K is also
observed, which is likely due to the desorption of CH, from
the sample holder.”* In addition, a peak at ~190 K in the TPD
trace of m/z 16 is also observed, which is due to the
fragmentation of adsorbed CO, from the background (see
details in Figure S1). No observation of any product signal
illustrates that no thermochemistry of CH, occurs during the
TPD process on both reduced and oxidized R-Ti0,(110).
After 355 nm irradiation, the CHyry peak decreases
significantly on a reduced R-TiO,(110). However, no signals
of products are detected in the TPD traces, indicating that the
decay of CH, on the surface is due to photo-induced
desorption, and the O, atom of R-TiO,(110) is inactive for
CH, oxidation under current conditions. In contrast, three new
desorption features at 330 K (m/z = 18), 385 K (m/z = 29 and
30), and 650 K (m/z = 15) appear on the CH,-covered
oxidized R-TiO,(110) surface (Figure 1b) after irradiation.
The peak at 330 K (m/z = 18) with a broad tail (360—490 K)
can be only assigned to the H,O formation, which is attributed
to the desorption of H,O molecules on the Tis. sites (H,Or;)
and the recombinative desorption of terminal OH groups on
the Tis, sites (OHr;), respectively.25 Concomitant to the H,O
formation, the CH,O product (the 385 K peak) is detected in
the TPD traces of m/z = 29 and 30, which is due to the
desorption of CH,0 molecules on the Tis, sites (CH,Or;)
(Figures 82,53),26’27 demonstrating that CH, conversion via
photooxidation occurs on the oxidized R-TiO,(110) surface.
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In addition, the small peak at 650 K (m/z = 15) is also
detected at the TPD traces of higher masses (including m/z =
16, 29, 30, 31), indicating that the peak is contributed by the
desorption of CH; groups on the bridging oxygen rows (Oy,
CH;0,) (See details in Figure S4). However, this peak does
not appear in the TPD traces of m/z = 15 on the CH,-covered
reduced R-TiO,(110) surface (Figure 1a), suggesting that the
formation of CH;O, is unlikely due to CH, activation by O,
under 355 nm irradiation. Otherwise, the peak should be
detected on the reduced surface as well. Moreover, the
formation of CH,Op;, H,0;, and OHy; products illustrates
that the Op; atom is the exclusively active species in CH,
photooxidation on R-TiO,(110).

To further unravel the mechanism of photooxidative CH,
conversion on R-Ti0,(110), the formation of CH,Or,
CH;0,, and H,O; products were monitored by the TPD
traces of m/z = 15, 18, and 29 from the 0.2 L CH,-covered
oxidized R-Ti0,(110) surfaces as a function of irradiation time
(Figure 2a—c). And the yields of CH,Or; and H,Op; as a
function of irradiation time are plotted in Figure 2d. Due to the
weak adsorption of CH, on R-TiO,(110), the quantification of
the coverage of CH, is very difficult, only the normalized
integrated area is used to represent the change in the amount
of CH, (Figure 2d). With an increasing irradiation time, the
CHy(ry) peak at 70 K (m/z = 15) is gradually depleted.
Concomitant with the decrease of the CHy(ry) peak, both the
intensities of CH,Op; (m/z = 29) and H,Or; (m/z = 18)
products increase obviously and then reach saturation at long-
time irradiation. However, the yield of H,Or; formation is
always bigger than that of CH,Or; (Figure 2d). At 600 s
irradiation, the yields of CH,Or; and H,O; products reach
0.006 and 0.026 ML, respectively. Once one CH,Or; molecule
is formed via CH, photooxidation, two H atoms will be left on
the surface, resulting in the formation of one H,O; molecule.

(1)

The much higher yield of H,Orp; indicates that other
reaction channels of CH, oxidation exist. One channel is the
formation of CH;0, (m/z = 15 in Figure 2a).

However, the formation of CH;0y, is rapidly saturated after
irradiating the surface for 0.5 s, demonstrating that CH;0,
formation is not the main channel for CH, conversion.

CH,(py) + 207 + k" —» CH,O, + H,0p

To figure out the possible reaction channels for the large
amount of H,O formation on R-TiO,(110), the photo-
simulated desorption (PSD) spectra were acquired at m/z =
14 (CH,"), 15 (CH;"), 16 (CH," and O"), and 32 (O,") from
the 0.2 L CH,-covered reduced (black lines) and oxidized (red
lines) R-TiO,(110) surfaces during the 355 nm irradiation,
respectively (Figure 3). On the reduced surface, no PSD signal
of O, is detected at m/z = 32. While a very slow increase of the
PSD signals at m/z = 14, 15, and 16 is detected when the light
is on, which is attributed to the CH, desorption (Figure S1).
Such a broad desorption is totally different from that of hole-
induced O, photodesorption on R-TiO,(110).”® Therefore,
the CH, desorption may be due to a thermal desorption
process, in which the slow increase of surface temperature
under 355 nm irradiation results in the slow desorption of
CH,. Conversely, a sharp increase of the PSD signals at all
masses is detected on the oxidized surface immediately when
the light is on, similar to 2previous work about O, photo-
desorption on R-TiO,(110).”* The PSD signal observed at m/
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Figure 2. Typical TPD spectra acquired at (a) m/z = 15 (CH;"), (b)
18 (H,0%), and (c) 29 (CHO™) on the 0.2 L CH,-covered oxidized
R-TiO,(110) surfaces as a function of irradiation time, respectively.
(d) The yields of H,O (blue circle), CH,O (red square), and the
normalized integrated area (black triangle) as a function of irradiation
time, obtained from a—c. All the plotted lines are only to guide the
eye.

z = 32 is due to the desorption of O,, which is from the
adsorption of residual O, produced during the oxidized surface
preparation procedure. The fragment of O, will also contribute
to the PSD signal at m/z = 16. As shown in Figure S5, the ratio
of the relative intensities of the O, fragments at m/z = 16 and
32 is 0.33:1. After subtraction of the contribution of O, in the
PSD signal at m/z = 16, the shape of the remaining PSD signal
(Figure 3g) is very similar to that on the reduced surface,
indicating that the thermal CH, desorption occurs on both the
reduced and oxidized R-Ti0,(110) surfaces. And as shown in
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Figure 3. Typical PSD spectra acquired at (a) m/z = 14 (CH,"), (b)
15 (CH;%), (c) 16 (CH," and O%), and (d) 32 (O,") on the 0.2 L
CH,-covered reduced (black lines) and oxidized (red lines) R-
TiO,(110) surfaces during 35S nm irradiation, respectively. e,f) The
PSD spectra of m/z = 14 (CH,*) and 1S (CH;") in a and b after
subtracting the contribution from thermal CH, desorption. g) The
PSD spectra of m/z = 16 (CH,") in c after subtracting the
contribution of photo-induced O, desorption (d). The time when the
laser is turned on has been marked with blue dotted lines in all of the

figures.

Figure S1, the ratio of the relative intensities of CH,
fragmentations at m/z 14, 15, and 16 is 0.26:0.96:1.
Therefore, after subtracting the contribution of thermal CH,
desorption in the PSD signals of m/z = 14 and 15, Figure 3e,f
are obtained. The sharp peaks should be assigned to the CH;*
radical rather than molecular CH, desorption, based on
previous studies.””*"'%"?

In order to further monitor the individual signal of the
ejected CH,® radical, typical time-of-flight (TOF) spectra were
collected at m/z = 15 (CH;"), 16 (CH," and O"), and 32
(0,") on the 02 L CH,-covered oxidized R-TiO,(110)
surfaces, as shown in Figure 4. Similar to the PSD results, the
TOF signal of m/z = 32 is due to the desorption of the O,.
Due to the better time resolution, two peaks of O, desorption
can be observed, which are assigned to physically adsorbed and
chemically adsorbed O, on R-TiO,(110), respectively.”®
Similarly, the fragment of O, will also contribute to the TOF
signal at m/z = 16 (O*). After subtracting the contribution of
0", the TOF signals of m/z = 16 (CH,") and 15 (CH,") are
shown in the inset. The peak of m/z = 16 appears at ~40 s,
which is due to CH, desorption. In contrast, the peak of m/z =
1S appears at ~S0 us, suggesting that the peak is contributed
by a certain product. As discussed above, it should be due to
the ejected CH;® radical. Further, the big difference between
the yields of H,Or; and CH,Or; (Figure 2d) demonstrates that
the CH,"® radical is the main product from photooxidative CH,
conversion on oxidized R-Ti0,(110).
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Figure 4. TOF signals collected at m/z = 15 (CH;"), 16 (CH," and
0%), and 32 (O,") as a function of the flight time when the 0.2 L
CH,-covered oxidized R-TiO,(110) surfaces is irradiated with 343
nm. The inset shows the TOF signals of m/z = 16 (CH,") after
subtracting the fragment of O* and m/z = 15 (CH,"). The photon
flux of 343 nm light is 2.0 X 10'® photons cm™ s™%.

According to previous works,»>®7'>7171929731 CH.* radical
is proposed to be the critical intermediate for photooxidative
CH, conversion. However, the step of CH;* radical formation
is always ambiguous because of the absence of direct evidence
for the CH;® radical intermediate formation. Here, the
observation of CH;® radical, H,Or; and CH,O-; products on
the oxidized R-TiO,(110) surface under 355 nm irradiation
illustrates that CH;® radical is produced via the reaction
between CH, and active Or; rather than O, Based on previous
work about photocatalytic propane (C;Hg) conversion on R-
TiO,(110),* the active Or; species is hole-trapped O~
center, which can directly abstract a H atom from the C;Hjy
molecule. Likewise, once CH;"® radical is formed via a similar
process, leaving behind OH species on the Tig, sites (OHr;)
on the surface, it can diffuse on the surface or eject into the
vacuum due to its weak interaction with the surface.*®
Subsequently, a small amount of CH;® radicals could
encounter O;, OHrp, or O, to form CH;O;, CH;0Hy;, and
CH,0, species via the radical-rebound mechanism.'”**~¢
Correspondingly, the CH;O,, species is observed (650 K peak
in the TPD trace of m/z 15, Figure 1b). Due to the
photoreactivity of CH;OHy; and CH;Ox; groups,”” they can
dissociate into CH,Oq; easily under 355 nm irradiation,
leading to no obvious signal of CH;OHp; and CH;Or; on the
surface.

To provide a more detailed mechanistic model for photo-
oxidative CH, conversion on R-TiO,(110), theoretical
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Figure S. Energy profiles of thermocatalytic CH, oxidation on the (a) stoichiometric and (b) oxidized R-TiO,(110) surfaces. The Ti, O, C, and H
atoms are represented as gray, red, green, and white spheres, respectively.

calculations about the adsorption of CH,, oxidative CH,
conversion via thermal process, and photoprocess on the R-
TiO,(110) surface were performed (theoretical details are
depicted in SI), respectively. As shown in Figure Sab, the
energy profiles of the initial C—H bond activation of CH, via
the thermal process on both the stoichiometric and oxidized R-
TiO,(110) surfaces are described, respectively. For the case of
thermal C—H bond activation of CH,, the cleavage of the C—
H bond is endothermic by 1.07 eV with a barrier of 1.53 eV on
the stoichiometric R-TiO,(110) surface (Figure Sa). By
comparison, on the oxidized R-TiO,(110) surface, the cleavage
of the C—H bond is endothermic by 0.56 eV with a barrier of
1.27 eV (Figure Sb). Then the CH; and OH moieties adsorbed
on the surface (*CH; and *OH) combine to produce
CH,OH, and this step is exothermic by 1.26 eV with an
energy barrier of 2.04 eV. The absorption energies (E,q) of
CH, on both the stoichiometric and oxidized R-TiO,(110)
surfaces are merely ~0.30 eV, which is much lower than that of
C;H; (0.60 eV).”> Because of the high energy barrier,
endothermic nature, and low absorption energy, the initial
C—H bond activation via thermal processes on both the
stoichiometric and oxidized R-TiO,(110) surfaces is thermo-
dynamically infeasible, which is in agreement with our TPD
results (Figure 1).

By introducing a hole into the oxidized R-TiO,(110)
surface, the hole will be trapped at the Od; sites preferentially
instead of the O, sites,”””" and the energy profile of CH,
oxidation changes dramatically (Figure 6). According to a
recent result about photooxidative dehydrogenation of C;Hg
on R-TiO,(110),”” after an Or; trapping a hole to form an
Ox;” center, the hole will spontaneously transfer between the
Op; and C;Hg molecules, and finally induce C—H bond
cleavage. For the case of CH, photooxidation, the hole is also
trapped by an Or; atom, forming the Or;” center initially
(Initial State, IS). Subsequently, the hole will be separated by
the CH, and the O, centers and located between each other
(Transient State 1, TS,). Then, the hole will totally transfer to
the C atom of CH, to form a CHj;" radical accompanied by
C—H bond cleavage, and the dissociated H atom transfers to
the adjacent Or; atom, forming an OHy; group (*OH). In the
whole process, the initial C—H bond activation of CH, to
*CH,; is exothermic by 0.64 eV with a barrier of 0.10 eV. Then,
the *CH; and *OH can combine to produce CH;0H via the
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FS, -2.33

Figure 6. Energy profile and the spin density distributions of the
process of CH,, photooxidation on the oxidized R-TiO,(110) surfaces.
The Ti, O, C, and H atoms are represented as gray, red, green, and
white spheres, respectively. And the yellow area represents the spin
density of electron clouds.

radical-rebound process'” (Final state, FS) with a moderate
energy barrier of 0.29 eV (Transient State 2, TS,). While, the
desorption energy of CH;"® radical is only 0.18 ¢V, and the AG
for the desorption of CH,® radical (1 atm, 60 K) is 0.11 eV.
Under our experimental conditions (5 X 107! Torr, 60 K), the
AG for the desorption of CH;* radical decreases from 0.11 eV
to —0.04 eV. As a result, CH;"* radicals can either desorb from
the surface or migrate over the surface, leading to the CH;0H
production. Compared to the intermediate state (INT), the
formation of CH;OH at the ground state in the FS is greatly
exothermic by 1.69 eV due to the deexcitation process. In
comparison to the thermal cases (Figure Sab), the much
smaller energy barriers and stronger exothermic effect suggest
that CH, photooxidation could occur efficiently with the
assistance of the hole-trapped dangling O~ on oxidized R-
Ti0,(110).

Generally, CH, activation on solid surfaces can occur via direct
or precursor-mediated mechanisms.”® Recently, the thermo-
catalytic activation C—H of CH, has been achieved on rutile
IrO,(110) (the same surface structure as R-TiO,(110))
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following the precursor-mediated mechanism, where CH,
molecularly adsorbs as a strongly bound o-complex on
IrO,(110), resulting in the C—H bond cleavage at 150 K.°
Theoretical calculations proposed”” that the empty d,* orbital
of the Ir atoms accepts the electron donated from the C—H o-
bond, accompanied by a filled d,, orbital for the back-bonding
to the C—H antibonding orbital, leading to the heterolytic
proton-coupled electron transfer (PCET) process of CH,.”"
However, although the Tis. sites of R-Ti0,(110) are also
coordinatively unsaturated electron-deficient sites, the location
of d.” bands is far away from the Fermi level, resulting in
almost no interaction with CH,.*" Either on the stoichiometric
or oxidized R-TiO,(110) surfaces, CH, ;) only weakly adsorbs
on the surfaces with an E 4 of about 0.30 eV, which is much
smaller than the energy barrier (>1.0 eV) of thermocatalytic
C—H bond activation of CH, on both the stoichiometric and
oxidized R-TiO,(110) surfaces. The desorption of CH,
molecules will occur preferentially instead of C—H bond
activation during the TPD process."”"!

For photocatalytic CH, activation, a similar precursor-
mediated mechanism is also proposed when a localized
electrostatic field formed by electron-rich sites exists on the
surface of catalysts.” The electron-rich sites can polarize the
C—H bond to produce the o-bonded M-CHj species. Then,
photogenerated holes transfer to the polarized C—H bond,
resulting in a homolytic dissociation of CH, and coupling into
C,H,. """ However, the low desorption temperature of CH,
on R-Ti0,(110) indicates that no 6-bonded M-CHj species is
formed. Alternatively, according to previous research on
photocatalytic CH, and C;Hjg activation on TiO,,”*** CH,
photooxidation on the oxidized TiO,(110) surface is more
likely to follow the hole-trapped O -mediated Eley—Rideal
(E—R) reaction pathway,”** in which CH, weakly adsorbs and
facilely migrates on the oxidized surface. When movable CH,
molecules efficiently collide with the hole-trapped O~ centers
adsorbed on the surface, one H atom of CH, molecule is
extracted by the electrophilic Op;~ center via a homolytic
process, forming CH;" radicals and OH groups (Figure 6)."
Then, a small part of CH;" radicals rebound to O, HOy;, or
O, on the surface, forming CH;Or;, CH;OHy, and CH;0,
species, respectively. The CH;0, species has no photo-
reactivity, while the other two can be converted into CH,O
under photocatalysis.’”

If a large amount of OH® or OOH?® exists near the TiO,
surface or in the gas phase, CH;OH and CH;00H can be
easily formed via the reaction of the CH;® radical with these
species.””'”"” Then, the composition (such as OH® from H,0
or H,0,, OOH" from O,) and concentration of oxygen species
in the gas phase will determine the final products from CH;*
radicals, which change corresponding to different target
products. In addition, by modifying the catalyst surface with
transition metals (e.g, Au and Ag) to increase the interaction
between CH,* radicals and catalyst surfaces,”'” photocatalytic
oxidative coupling of CH, via a heterogeneous mechanism will
occur more easily. Therefore, the interaction between CH;*
radicals and catalyst surfaces and the oxygen species in the gas
phase under ambient pressure jointly determine the heteroge-
neous catalytic mechanism and final products of photocatalytic
CH, oxidation.

These results show that the surface-adsorbed O atom (O,
on R-Ti0,(110)) is not only regarded as a strong scavenger of
excess electrons on the surface for promoting the photo-
catalytic reactivity but also directly induces the C—H bond
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activation. Furthermore, as shown in Figure S3, only H,'®O
forms on the '®Ov; atoms precovered R-TiO,(110) under UV
irradiation, further indicating that hole- trapped O~ is not
involved in the C—H bond cleavage of CH,. However,
according to Wang’s DFT results, hole-trapped O,” on R-
TiO,(110) can readily abstract the H atom via a HAT
process.” In addition, in the photocatalytic oxidative CH,
conversion into CH,O over the biphase TiO, catalyst under
ambient conditions, Tang and coworkers’ reported that the
biphase TiO, catalyst can enhance electron—hole separation
with a hole located at the rutile phase, and the photogenerated
lattice O™ species on the rutile phase are consumed to activate
the C—H bond of CH,, forming O,. Then, the O, sites are
rehealed by O, feed gas. As a result, photocatalytic oxidative
CH, conversion over the biphase TiO, catalyst is achieved
following the Mars—van—Krevelen (MvK) mechanism.” More-
over the biphase TiO, catalyst (90% anatase-TiO,) was totally
converted into pure rutile phase with the existence of (110)
facet at >800 °C, the pure rutile phase also shows a good
performance of CH,O production under Xe lamp irradiation
(a wavelength range of 300—1100 nm). In addition, the active
lattice O~ species on the rutile surface has been identified by
the low-temperature electron spin resonance (ESR) spectros-
copy,” indicating that hole-trapped O,~ shows high reactivity
in photocatalytic oxidative CH, conversion on the rutile TiO,
phase under ambient conditions. Similarly, the lattice oxygen-
catalyzed CH, activation following the MvK mechanism has
also been proposed in ZnO photocatalytic systems.'*"”

Likewise, hole-trapped Oy~ can also induce dehydrogenation
of toluene and ethylbenzene (EB) that contain active a-H
atoms on reduced R-TiO,(110) with 355 nm irradiation under
ultrahigh vacuum (UHV) conditions.*®** However, no
observation of photocatalytic CH, dehydrogenation on
reduced R-TiO,(110) indicates that the activity of hole-
trapped lattice Oy~ is lower than that of hole-trapped O~
under 355 nm irradiation. The different activities of these two
species on oxidized R-TiO,(110) may be due to two reasons.
First, since the C—H bond activation is likely to occur via the
E—R mechanism, the reaction can be regarded as the collision
between CH, molecules and holes trapped in either O~ or
Oy ". The reaction will be competitive with hot-hole thermal-
ization. The different rates of relaxation of the hole-trapped in
Op and in Oy~ will also affect the activity of these two
species.

Besides, the adsorption structure of CH, may affect the
collision. As shown in Figure 6, CH, molecules only physically
adsorbs at the Tis. sites, the adsorption temperature of CH, on
the O, sites of R-Ti0,(110) is still about 15 K lower than that
on the Tis, sites.”* Therefore, due to the corrugated structure
of the R-TiO,(110) surface, the CH, molecule may migrate
along the Tis. rows at low temperatures easily. Because CH,
weakly adsorbs on the Tig, sites of R-TiO,(110), the height of
the CH, molecule from the Tis. site plane is higher than that of
the dangling hole trapped in Op~ (Figure 6). Then, the
collision between CH, and hole-trapped O, will be a grazing
incidence collision because of the large impact parameter, in
which the CH, molecule will skim over the hole- trapped Or;™.
As aresult, most of the CH;° radicals are ejected into a vacuum
via the grazing collision manner. In addition, the CH, molecule
is much higher than the O, site. Then, the collision between
the CH, molecule and hole-trapped Or;” is more effective than
that between the CH, molecule and hole-trapped O,~, which
may also affect the activity of these two species.
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In addition, the difference in the results under UHV
conditions and ambient conditions may be due to three
possible reasons. First, under ambient conditions, the
dissociative adsorption of O, at the O, sites may also produce
Or; on TiO,. However, compared to the coverage of Oy, on the
surface, the concentration of the Og; produced via the
dissociative adsorption of O, at the O, sites is much lower.
As a result, it is difficult for the ESR to distinguish hole-trapped
O from the hole-trapped lattice O, under irradiation.
Besides, the reaction temperature is usually higher than room
temperature under ambient conditions. At room temperature,
the interaction of the CH, molecule with the catalysts will form
a quick balance between desorption and adsorption. Namely,
the collisions between the gas-phase CH, and the surface of
the catalyst will occur many times per second. Thus, the
translation normal to the surface of the CH, molecule in the
gas phase will make the collision with hole-trapped O~ more
effective, which is distinct from the case on R-TiO,(110) at
low surface temperatures. Further, previous works suggest that
charge carrier thermalization may be accelerated at higher
surface temperatures.”® Therefore, the C—H bond activation
may occur with relaxed hole trapped in O~ and O,~ under
ambient conditions. The activity of the relaxed hole-trapped
O and Oy~ may not show a significant difference, resulting
in the difficulty in distinguishing the hole-trapped Or;~ from
the hole-trapped lattice O,~ as well. Here, we not only
illustrate that hole-trapped O;” is also an extremely important
site for CH,, photooxidation on R-TiO,(110), but also observe
the important CH;" radical intermediate, which is crucial for
unraveling the mechanism of photocatalytic CH, conversion.

In summary, we have systematically investigated CH, photo-
oxidation on R-TiO,(110), which has been achieved at ~60 K
on the Op; atoms covered surface, and the CH;* radical
intermediate in the reaction is detected directly. The initial C—
H bond activation occurs via the E—R reaction pathway, in
which the hole-trapped Op;~ centers rather than the hole-
trapped Oy~ centers are the active species, resulting in the
formation of a CH;* radical intermediate. The result not only
provides a solid mechanistic insight into CH, activation via
photocatalysis utilizing experimental and theoretical methods,
but also offers new opportunities for the design of improved
catalysts for oxidative CH, conversion via photocatalysis with
high efficiency and selectivity.

All the TPD experiments were conducted with a home-built
apparatus, and the details of the apparatus and experimental methods
have been previously described.””*" Briefly, the well-ordered R-
TiO,(110) surfaces (10 mm X 10 mm X 1 mm, Princeton Scientific
Corp.) were prepared by cycles of Ar* sputtering and UHV annealing
at 900 K. The purities of the CH,, O,, and isotopic O,'® gases were
>99.99%. A 355 nm picosecond laser (BLAZER-UV, pulse duration:
~15 ps; repetition rate: 2 MHz) was employed in the TPD and PSD
experiments. The third harmonic output (343 nm) of a 1030 nm laser
(Flare NX laser, Coherent; pulse duration: ~1.5 ns; repetition rate:
200 Hz) was used for the TOF measurements. Both the power of the
355 and 343 nm were 5 mW, corresponding to a photon flux of about

2.0 X 10% photons cm ™2 s7h
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The Vienna ab initio simulation package code®* and plane

augmented wave potential’* were used for theoretical calculations.
The wave function was expanded by the plane wave, with a kinetic
cutoff of 400 eV and a density cutoff of 650 eV. The generalized
gradient approximation with the spin-polarized Perdew—Burke—
Ernzerhof functional® was used. Dispersion interactions are described
by using the DFT-D3 van der Waals correction.”® The transition
states were searched using the climbing-image nudged elastic band
approach (CI-NEB) method.”’

A six-layer slab TiO, crystal was used as the surface model, and its
(110) surface was exposed by cutting off a 4 X 2 surface unit cell. The
periodically repeated slabs on the surface were decoupled by 15 A
vacuum gaps. A Monkhorst—Pack grid of (2 X 1 X 2) k-points was
used for optimization.>®

Three types of R-TiO,(110) surfaces were used to study the C—H
cleavage of CH,: stoichiometric surface, oxidized surface, and
photoexcited oxidized surface. The oxidized surface with Or; atom
adsorption is simulated by adsorbing an Or; atom on the top of the
slab and two OH groups on the O, rows (OH,) at the bottom of the
slab to neutralize the unpaired electrons. Based on the previous result,
the OH group can be used to introduce a hole into the surface by
acting as an electron-withdrawing group,”®”®' To simulate the surface
with a photoexcited hole, an Or; atom was added to the top of the
slab with an OHj, at the bottom. In the final step of CH, activation by
a photoexcited hole, the hole recombines with the electron trapped at
the bottom of the slab to form CH;OH in the ground state, adsorbed
on the surface.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00771.

Details of quantitative calculation; TPD spectra of CH,
on R-TiO,(110); the TPD spectra of formaldehyde
(CH,0); TPD spectra collected for CH, photooxidation
on'®0y; isotope covered R-TiO,(110); discussion about
the 650 K peak in the TPD spectrum at m/z = 15 in
Figure 1; and TPD spectra of O, on R-TiO,(110)
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