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hane conversion on rutile
TiO2(110): identifying the role of the ethyl radical†

Fangliang Li, ‡a Yuemiao Lai, ‡a Yi Zeng, ‡a Xiao Chen, a Tao Wang,a

Xueming Yang abc and Qing Guo *a

Oxidative dehydrogenation of ethane (C2H6, ODHE) is a promising approach to producing ethene (C2H4) in

the chemical industry. However, the ODHE needs to be operated at a high temperature, and realizing the

ODHE under mild conditions is still a big challenge. Herein, using photocatalytic ODHE to obtain C2H4 has

been achieved successfully on a model rutile(R)-TiO2(110) surface with high selectivity. Initially, the C2H6

reacts with hole trapped OTi
− centers to produce ethyl radicals ðC2H

�
5Þ, which can be precisely detected

by a sensitive TOF method, and then the majority of the C2H
�
5 radicals spontaneously dehydrogenate

into C2H4 without another photo-generated hole. In addition, parts of the C2H
�
5 radicals rebound with

diversified surface sites to produce C2 products via migration along the surface. The mechanistic model

built in this work not only advances our knowledge of the C–H bond activation and low temperature

C2H6 conversion, but also provides new opportunities for realizing the ODHE with high C2H4 efficiency

under mild conditions.
Introduction

Ethene (C2H4), as an important basic material for
manufacturing diverse consumer products, accounts for about
75% of petrochemical products.1,2 With the increase of global
C2H4 demand, environmental and economic issues have
become serious problems facing the world because of the
energy- and emission-intensive activities for C2H4 production
(e.g., naphtha steam cracking,3–5 uidized catalytic cracking
(FCC),6–8 methanol-to-olens (MTO)2 and Fischer–Tropsch to
olens (FTO)2). The vigorous exploitation of shale gas contain-
ing abundant light alkanes has promoted the development of
the direct dehydrogenation of ethane (C2H6) to C2H4. However,
compared with the non-oxidative dehydrogenation of the C2H6

technique, which is thermodynamically limited with highly
endothermic properties, the selective oxidative dehydrogena-
tion (ODH) of C2H6 is a promising alternative route for C2H4

production due to its autothermal conditions.1,2,9,11

Although the ODH of C2H6 (ODHE) is thermodynamically
favored, it is still oen conducted under harsh conditions (high
temperature and pressure) because of the high chemical
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stability of the C–H bonds (414 kJ mol−1), resulting in high
energy consumption, catalyst deactivation, and over oxida-
tion.1,2,10 Therefore, various new catalysts (such as boron nitride
(BN) based catalysts,12,13 metal dopants14,15) and approaches
(including CO2-assisted oxidation,16,17 chemical looping oxida-
tive dehydrogenation (CL-ODH),18,19 and so on) were developed
to achieve the ODHE process with high selectivity and high
efficiency under mild conditions. Among them, photocatalysis,
as an emerging technology, can efficiently utilize clean solar
energy for the C–H bond activation under mild conditions.
Recently, both theoretical and experimental results have shown
that TiO2-based catalysts have potential for C–H bond activation
of light alkanes,20–25 indicating that the photocatalytic ODHE
may achieve selective C2H4 production under mild conditions.
Although both theoretical and experimental studies claimed
that alkyl radical intermediates may be formed in the photo-
catalytic conversion of light alkanes,20–25 the formation of alkyl
radicals is rarely identied due to the sensitivity of the experi-
mental methods, which have confused the fundamental
understandings of these reactions. Therefore, illustrating the
formation of the ethyl ðC2H�

5Þ radical in photocatalytic ODHE
could play a vital role in understanding the microkinetic
mechanisms underlying the reaction.

Herein, we systematically investigated the use of photo-
catalytic ODHE with rutile-TiO2(110) using temperature-
programmed desorption (TPD), photo stimulated desorption
(PSD), and time-of-ight (TOF) methods. The results demon-
strate that using photocatalytic ODHE to obtain C2H4 can be
achieved efficiently on the O atom covered R-TiO2(110) surface,
and the C2H�

5 radical intermediate is captured very sensitively.
Chem. Sci., 2024, 15, 307–316 | 307
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Furthermore, a clear insight into the microkinetic mechanism
of the photocatalytic ODHE has been explored.
Experimental

All the TPD experiments were performed with a home-built
apparatus, which has been described in detail elsewhere.26

The preparation of the well-ordered R-TiO2(110) crystal surfaces
(Princeton Scientic, 10 mm × 10 mm × 1 mm) was accom-
plished using cycles of Ar+ sputtering and annealing at 850 K in
an ultra-high vacuum (UHV). The characterization of the
ordering and cleanness of the R-TiO2(110) surfaces was con-
ducted using low-energy electron diffraction (LEED) and Auger
electron spectroscopy (AES), respectively. The density of the
oxygen vacancies (Ov) on the surface was measured using H2O
TPD, and was determined to be about 6–7%. The purity of the
C2H6 and O2 gases used in the experiment was $99.99%. The
355 nm light was produced using a ber laser (Braze Laser UV),
and the pulse time and repetition rate of the laser were #15 ps
and 400 kHz, respectively. The third harmonic (343 nm) output
was produced from a 1030 nm laser (Flare NX laser, Coherent),
and the pulse time and repetition rate of the UV laser were 1.5
ns and 200 Hz, respectively. To minimize the increase of surface
temperature by the UV irradiation, the maximum power of the
laser is 5 mW, corresponding to a ux of 2.1 × 1016 photons per
cm2 per s at 355 nm, and 2.0 × 1016 photons per cm2 per s at
343 nm. During the UV light irradiation process, the tempera-
ture increase of the surface was less than 2 K. The previously
described laser (Braze Laser UV) was used in photocatalytic
reactions and the PSD measurements. In order to improve the
signal-to-background ratio for sensitively detecting trace signals
of the photo-desorbed products, the Flare NX laser (Coherent)
was used in the TOF measurements.

For the PSD measurements, the time resolution was set to
0.5 s. If we assume that the ionization of the background
residual gases under vacuum will produce 1 × 106 counts per
second (cps) at m/z = 29, and the ionization of the C2H�

5 radical
product will produce 1 × 105 cps for C2H5

+ (m/z = 29), and the
signal-to-noise ratio (SNR) the PSDmethod used here was 10 : 1.
If the uctuation of the signal of m/z = 29 from the background
was about 10%, it was hard to determine whether the C2H�

5

radical had been produced. However, when the 200 Hz light was
used for the experiment with a TOF analyzer, the moment that
the laser light arrived at the surface was set as time zero, and the
C2H5

+ signal arriving at the detector could be precisely counted
in an exact relationship to their arrival time in each pulse. The
time interval between every laser shot was 5 ms, and the time
resolution was set to 256 ns for the TOF measurements. The
background signal of the C2H5

+ signal was produced randomly,
and then the background signal collected in each frequency bin
was (1 × 106 O 200) O (5 ms O 256 ns) z 0.256 count per 256
ns. However, the production of C2H�

5 radical was not random,
and it was produced at the time scale of 0.1 ms (see below).
Correspondingly, the C2H5

+ product signal collected in each
frequency bin is (1 × 105 O 200) O (0.1 ms O 256 ns) z 1.28
count per 256 ns, and the SNR of the TOF method was 1 : 5. As
308 | Chem. Sci., 2024, 15, 307–316
a result, the sensitivity of the TOF method was much higher
than that of the PSD method (10 : 1).

Results
The TPD results of the C2H6 conversion into C2H4

Fig. 1 shows the typical TPD spectra of the mass-to-charge ratios
(m/z) of 15 (CH3

+), 18 (H2O
+), 26 (C2H2

+), 27 (C2H3
+), 28 (C2H4

+

and CO+), 29 (C2H5
+ and CHO+), 30 (C2H6

+), 31 (CH2OH
+) and 43

(CH3CO
+) collected on the oxidized R-TiO2(110) surfaces aer

adsorbing 0.28 ML (1 ML = 5.2 × 1014 molecules per cm2) of
C2H6 followed by 355 nm irradiation for 0 (black lines) and
10 min (red lines). The oxidized R-TiO2(110) surfaces were
prepared by exposing the reduced surfaces to 200 L of O2 at 300
K.25,27,28 Aer surface oxidation, the bridging oxygen vacancies
(Ov) will be healed, leaving oxygen atoms on the ve coordinated
Ti4+ sites (Ti5c, OTi).25 Before irradiation, only one desorption
peak at 129 K appeared in the TPD traces ofm/z = 15, 26, 27, 28,
29, 30, and 31, which was attributed to the desorption of the
molecular C2H6 on the Ti5c sites (C2H6(Ti)).29 No signals from
thermocatalytic products suggested that the oxidized R-
TiO2(110) surface was not thermally active for the C–H bond
activation of C2H6.

Aer 355 nm irradiation, a new desorption peak at 330 K was
observed in the TPD spectra of m/z = 18 (Fig. 1a), which was
contributed by the molecular H2O desorption on the Ti5c sites
(H2OTi) or recombinational H2O desorption from the terminal
OH groups on the Ti5c sites (OHTi).30 The H atoms of the H2O
product could only be from C2H6(Ti), demonstrating that the
photocatalytic dehydrogenation of C2H6(Ti) occurred on the OTi

atom covered R-TiO2(110) surface. Conversely, the reduced R-
TiO2(110) showed no photoactivity for the ODHE process (see
Fig. S1, ESI†). Based on our previous results of the photo-
catalytic oxidative dehydrogenation of propane (C3H8, ODHP)
on R-TiO2(110),25 the hole trapped OTi

− centers rather than hole
trapped bridging oxygen atoms (Ob

−) were the active species for
the initial C–H bond activation of C2H6, leading to the forma-
tion of H2OTi and OHTi (Fig. 1a).

The H2OTi formation was accompanied by several desorption
features of carbon-containing products, which were observed at
168 K, 365 K, 423 K, 580 K, and 585 K (Fig. 1b). The broad peak
(400–700 K) in the TPD traces of m/z = 15, 26, 27, 28, 29 and 30
was due to the desorption of C2H6 from the copper blocks,
which were used for the mounting tantalum sample holder
(Fig. S2, ESI†)The relative intensity ratio of the 365 K peak in the
TPD traces ofm/z= 15, 29, and 43 were calculated to be 0.80 : 1 :
0 : 14, respectively, which was very close to that of acetaldehyde
(CH3CHO) measured by mass spectrometry (Fig. S3, ESI†).
Therefore, this peak could be attributed to the formation of
CH3CHO on the Ti5c sites.31 The tiny peak at 585 K (m/z = 31)
was likely to be due to the formation of ethanol (C2H5OH).32 In
addition, as shown in Fig. 1b, the relative intensities of the 168
K, 423 K, and 580 K peaks in the TPD traces of m/z = 26 and 27
were calculated to be 0.87 : 1 (168 K), 0.89 : 1 (423 K) and 0.88 : 1
(580 K), respectively, which were very close to that of the C2H4

sample (Fig. S4, ESI†), and very different from that of the
alkanes and alkenes (CnH2n (3 # n # 10) and CnH2n+2 (2 # n #
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Left: Typical TPD spectra acquired at m/z = 15 (CH3
+), 18 (H2O

+), 26 (C2H2
+), 27 (C2H3

+), 28 (C2H4
+ and CO+), 29 (C2H5

+ and CHO+), 30
(C2H6

+), 31 (CH2OH+), and 43 (CH3CO
+) after irradiating the 0.28 ML C2H6 covered oxidized R-TiO2(110) surfaces for 0 min (black lines) and

10 min (red lines) by 355 nm at 75 K, respectively. Right: The TPD spectra at the temperature range >140 K are highlighted. The oxidized R-
TiO2(110) surfaces were prepared by exposing the reduced surfaces to 200 L of O2 at 300 K. The photon flux of 355 nm light was 2.1 × 1016

photons per cm2 per s.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 307–316 | 309
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10)) found in the NIST database. Therefore, all three peaks
could be assigned to the C2H4 product, illustrating that the
photocatalytic ODHE process to produce C2H4 could be realized
on oxidized R-TiO2(110).

Although the structure of C2H6 was simpler than that of
C3H8, and the initial C–H bond activation process for these two
molecules was nearly the same, the pathways for C2H4

production from photocatalytic ODHE on oxidized R-TiO2(110)
were more complicated than that of the photocatalytic ODHP.25

For the photocatalytic ODHP on R-TiO2(110), the majority of the
propylene (C3H6) product can be formed efficiently under UV
irradiation at 100 K. Only a tiny amount of the C3H6 product is
formed at 340 K via the thermal dehydrogenation of the C3H7

−

groups on the Ti5c sites (C3H7(Ti)
−), whereas, no oxygenated

carbon products were produced.25 However, for methane (CH4)
dehydrogenation via either thermocatalysis or photo-
catalysis,20,33 the CH�

3 radicals are thought to be suspended
above the TiO2 surface or to enter directly into the gas phase,
showing a very high mobility. Therefore, once the C2H�

5 radical
is produced via photocatalytic ODHE on R-TiO2(110), it may also
migrate on the surface or enter directly into the gas phase, in
a similar way to the CH�

3 radical from CH4 conversion,20,33

leading to the complicated reaction pathways in the photo-
catalytic ODHE process.
Fig. 2 The PSD spectra acquired at m/z = 26 (C2H2
+), 27 (C2H3

+), 28
(C2H4

+), 29 (C2H5
+) and 30 (C2H6

+) on the 0.28 ML C2H6 covered
oxidized R-TiO2(110) surfaces. The purple dashed line represents the
moment when the light is turned on (t = 20 s). The photon flux of the
355 nm light is 2.4 × 1016 photons per cm2 per s.
Evidence of C2H�
5 radical formation and the fate of C2H�

5

radical

To conrm the formation of the C2H�
5 radical intermediate in

photocatalytic ODHE on R-TiO2(110), the PSD signals were
collected at m/z = 26, 27, 28, 29, and 30 from the 0.28 ML C2H6

covered oxidized R-TiO2(110) surface during the UV irradiation
(Fig. 2). Upon irradiation, no obvious PSD signal was detected at
m/z = 30, indicating that no photodesorption of C2H6 had
occurred. Conversely, sharp increases of the desorption signals
at m/z = 26, 27 and 28 were detected immediately when the UV
light was on. The relative intensity of the PSD signals atm/z= 26
and 27 was 0.89 : 1, suggesting that the signals were contributed
by photo-desorbed C2H4 molecules. In addition, a tiny PSD
signal also appeared at m/z = 29, which may come from two
sources. The rst was due to the fragmentation of the C2H4

product at m/z = 29 (Fig. S4, ESI†). The other one was the C2H�
5

radical product. However, due to the small PSD signal at m/z =
29, it was hard to determine whether a C2H�

5 radical was formed.
Subsequently, the TOF method, which can enhance the

detection sensitivity signicantly by improving the SNR,34 was
used to monitor the desorbed products from the photocatalytic
ODHE on R-TiO2(110) during the irradiation. As shown in Fig. 3,
the TOF signals at m/z = 27 (C2H3

+), 29 (C2H5
+) and 30 (C2H6

+)
were collected. Obvious peaks appeared in the TOF spectra ofm/
z = 27 and 29. According to the result shown in Fig. 2, the TOF
peak at m/z = 27 was due to the desorption of C2H4. Interest-
ingly, the relative intensities of the TOF signal at m/z = 27 and
29 were about 3 : 1, which was much smaller than that of the
C2H4 sample (Fig. S4, ESI†). However, no discernible TOF signal
at m/z = 30 suggested that no photodesorption of C2H6 had
occurred, and this was consistent with the results in Fig. 2. As
310 | Chem. Sci., 2024, 15, 307–316
a result, the large TOF signal atm/z = 29 could only be from the
desorption of C2H�

5 radical upon irradiation, illustrating that
the initial photocatalytic C–H activation of C2H6 on R-TiO2(110)
produced the C2H�

5 radical.
Thus, aer the OTi

2− centers trap the photogenerated holes
to form excited OTi

− centers:

TiO2 + hv / h+ + e− (1)

OTi
2− + h+ / [OTi

−]* (2)

the separated electrons are le on the R-TiO2(110). Then,
because the C2H6 was only weakly adsorbed on the surface, the
direct hole transfer from R-TiO2(110) to C2H6 was nearly
impossible, and the reaction was most likely to occur via the
abstraction of H atoms from C2H6 by excited OTi

− centers to
produce the C2H�

5 radical:

½OTi
��*þ C2H6/OHTi

� þ �
C2H

�
5

�
* (3)

When the C2H�
5 radical was produced, it may further dehy-

drogenate spontaneously into C2H4 and H atoms on the OTi
2−/

Ob
2− sites or be ejected into the gas phase:21
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The TOF signals of C2H4 collected at m/z = 27 (C2H3
+), 29

(C2H5
+) and 30 (C2H6

+) as a function of the flight time when irradiating
the 0.28 ML C2H6 covered oxidized R-TiO2(110) surfaces at 343 nm.
The photon flux of the 343 nm light is 2.0 × 1016 photons per cm2

per s.
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�
C2H

�
5

�
*/C2H4 þHþ�OTi

2��Ob
2��þ e� (4)

Here, it is not certain whether the second C–H bond cleavage
needs another hole. The detection of the C2H�

5 radical demon-
strates that the interaction between the C2H�

5 radical and the R-
TiO2(110) was very weak. Therefore, the migration of the C2H�

5

radical on the surface may occur easily. Once the C2H�
5 radicals

migrate on the surface, the C2H5(Ti)
− groups, ethoxy groups

(C2H5Ob
− and C2H5OTi

−) and C2H5OHTi may be produced via
the rebounding of the C2H�

5 radicals to the Ti5c, Ob
2−, OTi

2− and
OHTi

− groups:35

�
C2H

�
5

�
*þ Ti5c þ e�/C2H5ðTiÞ

� (5)

�
C2H

�
5

�
*þOb

2�/C2H5Ob
� þ e� (6)

�
C2H

�
5

�
*þOTi

2�/C2H5OTi
� þ e� (7)

�
C2H

�
5

�
*þOHTi

�/C2H5OHTi þ e� (8)

Among them, the C2H5(Ti)
− groups would further dehydro-

genate into C2H4 via a similar thermocatalytic pathway used for
the thermocatalytic C3H6 formation,25 giving a C2H4 desorption
© 2024 The Author(s). Published by the Royal Society of Chemistry
peak at 423 K. The C2H5OTi
−/C2H5OHTi will decompose into

CH3CHOTi easily upon irradiation:36,37

C2H5OTi
− + h+ / CH3CHOTi + H+ (at OTi

2−/Ob
2−) + e− (9)

C2H5OH + h+ / CH3CHOTi + 2H+ (at OTi
2−/Ob

2−) + 2 e−(10)

During the reaction steps, most of the steps were hole
induced half-reactions, which will leave electrons on the
surface. It seems that the photocatalytic ODHE on R-TiO2(110)
will produce excess electrons on the surface. In fact, when the
reduced R-TiO2(110) surface is oxidized by O2 at room temper-
ature to form the OTi covered surface, the surface Ob vacancies
will be healed, the excess electrons of R-TiO2(110) contributed
by the vacancies (Ov

2−) and Ti interstitials (Ti3+) under the
surface or in the bulk, will be trapped by the dissociated OTi

atoms to form OTi
2−.25,27,28 Upon irradiation, aer the electron–

hole separation, the holes will be trapped at the Ob
2− and OTi

2−,
forming Ob

− and OTi
−. The photogenerated electrons will be

trapped by the vacancies and Ti interstitials that gave the elec-
trons to the surface of the OTi atoms before. Similarly, in the
later reactions, even electrons are le behind, andmost of them
are probably trapped by vacancies and the Ti interstitials. As
a result, although the excess electrons of R-TiO2(110) did not
transfer to C2H6 and C2H5OTi

−/C2H5OHTi during the photo-
catalytic ODHE process, they are trapped by OTi atoms initially
to form OTi

2−, and most of them go back to the surface aer the
reactions because the formation of low temperature C2H4 and
CH3CHO are whole reactions, not half reactions. The overall
reaction via photocatalysis follows eqn (11):

C2H6 + OTi + hv / CH3CHOTi or C2H4 + H2OTi (11)

In addition, the minor reaction pathways of reactions in eqn
(5) and (6) may produce excess electrons on the surface.

Furthermore, although the C2H5Ob
− groups have little photo

reactivity,36 the C2H5Ob
− groups could dissociate to C2H4 with

a small amount of C2H5OH product during the TPD process,38

which was consistent with our TPD result for the C2H5OH
desorption on the Ov sites of R-TiO2(110) (Fig. S5, ESI†).
Therefore, the C2H4 formation at 580 K was due to the ther-
mocatalytic dehydrogenation of the C2H5Ob

− groups, and the
tiny peak at 585 K (m/z = 31) may be assigned to the recombi-
national C2H5OH desorption from the C2H5Ob

− groups and
dissociated protons (H+) during the TPD process.

To evaluate the importance of the C2H4 production via
photocatalytic ODHE on R-TiO2(110), the formation of carbon
containing products and H2O were monitored using the TPD
traces of m/z = 18, 27, 29, and 31 collected on the 0.28 ML C2H6

covered oxidized R-TiO2(110) surfaces as a function of irradia-
tion time (Fig. 4). As the irradiation time increased, the signals
of the thermocatalytic products (the 423 K (C2H4), 580 K (C2H4),
and 585 K (C2H5OH) peaks) increased very fast and reached
plateaus aer approximately 60 s irradiation (the green traces).
However, the signals of the 168 K (C2H4), 330 K (H2O), and 365 K
peaks (CH3CHO) increased slowly and almost reached plateaus
aer 600 s irradiation. As discussed, previously, the OTi is
Chem. Sci., 2024, 15, 307–316 | 311

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05623f


Fig. 4 The TPD spectra acquired atm/z = 18 (H2O
+) (a), 27 (C2H3

+) (b), 29 (C2H5
+) (c), and 31 (CH3O

+) (d) on the 0.28 ML C2H6 covered oxidized
R-TiO2(110) surfaces as a function of irradiation time. The desorption peaks of the carbon containing products are been highlighted in the inserts
of (b–d).
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involved in the formation of 168 K (C2H4), 330 K (H2O), and 365
K (CH3CHO) products. Here, the coverage of OTi atoms on the
surface was only about 0.06–0.07 ML, which was strongly
dependent on the concentration of the Ov sites.27,28 In contrast,
the coverages of Ti5c and Ob sites on the oxidized R-TiO2(110)
were nearly 1.0 ML. As a result, the possibility for the C2H5

moieties bonding to the Ti5c and Ob sites to produce C2H5(Ti)
−

and C2H5Ob
− groups would be much higher than that for the

C2H5 moieties bonding to OTi
2−/OHTi

− to produce C2H5OTi
−/

C2H5OHTi, resulting in the formation of C2H5(Ti)
− and C2H5Ob

−

groups much faster than the C2H5OTi
−/C2H5OHTi.
312 | Chem. Sci., 2024, 15, 307–316
From Fig. 4, the yields of H2O and carbon containing prod-
ucts (C2H4, CH3CHO, and C2H5OH) were derived and are
plotted in Fig. 5. The total yield of C2H4 contained the 168 K, 423
K, and 580 K peaks. With an increasing irradiation time, the
difference between the yield of H2O and carbon containing
products became larger and larger. At 20 min irradiation, about
0.041 ML of H2O was produced, and the yields of C2H5OH,
CH3CHO, and C2H4 are about 0.004 ML, 0.0075 ML, and 0.02
ML, respectively. Combining the results from Fig. 2 and 3, it was
seen that the big difference between the yields of H2O and
carbon containing products was due to the photo-desorbed
C2H4 and C2H�

5 radicals. Therefore, the C2H4 product
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The yields of H2O (red triangles) and carbon containing prod-
ucts (C2H5OH (blue circles), CH3CHO (blue squares), and C2H4 (blue
stars)) in photocatalytic ODHE on oxidized R-TiO2(110) as a function of
irradiation time, derived from Fig. 4. All the plotted lines are only to
guide the eye.

Fig. 6 The PSD signals of C2H4 collected from the 0.28 ML C2H6

covered oxidized R-TiO2(110) surfaces as a function of the laser irra-
diation power. The intensity of the PSD signals (the initial point when
the UV light is turned on) of C2H4 has a linear relationship with the
square root of the incident light flux (Fhn

1/2), as shown in the inset of
this figure.
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(including the 168 K, 423 K, and 580 K peaks) was the main
product in photocatalytic ODHE on R-TiO2(110).
Microscopic kinetics of the C2H4 formation

Similar to the case of the other hydrocarbons (C3H8, ethyl-
benzene (C6H5C2H5, EB)),25,39 the initial C–H bond activation of
C2H6 could be induced by hole trapped OTi

−. However, the
second C–H bond cleavage in the C2H6 conversion on R-
TiO2(110) was still not clear. On the one hand, the C2H�

5 radicals
may further dehydrogenate into C2H4 directly,21 suggesting that
the whole process only needs one hole. On the other hand,
because the C2H�

5 radicals can decay into C2H5(Ti)
− groups via

the de-excitation process, the C2H5(Ti)
− group may also trap

another hole to form a C2H�
5 radical again for C2H4 production.

For this process, a total of two holes are consumed for the
stepwise C2H4 production. Although the involvement of
C2H5(Ti)

− in photocatalytic ODHE does not affect C2H4

production macroscopically, the microkinetic mechanism is
very distinct.

To conrm whether C2H5(Ti)
− is involved in photocatalytic

ODHE into C2H4 on R-TiO2(110), the PSD signals of C2H4 at m/z
= 27 were collected from the 0.28 ML C2H6 covered oxidized R-
TiO2(110) surfaces as a function of the laser power. As the laser
power increased, the intensity of the C2H4 PSD signal (the initial
data point in each photodesorption experiment) increased
signicantly. More importantly, the intensity of the PSD signal
of the C2H4 scaled linearly with the square root of the photon
ux (Fhn

1/2) (see the inset of Fig. 6). According to the results of
previous work on O2 photodesorption on R-TiO2(110)40,41 and
C2H5OH photodecomposition on R-TiO2(110),42 such a linear
relationship illustrates that the photocatalytic ODHE to C2H4 on
oxidized R-TiO2(110) was governed by the second-order elec-
tron–hole (h+/e−) pair recombination kinetics, and only one
© 2024 The Author(s). Published by the Royal Society of Chemistry
hole (or one photon) was involved in the complicated process.
Furthermore, the pathway of C2H4 production from the photo-
catalytic ODHE on oxidized R-TiO2(110) with the involvement of
C2H5(Ti)

− could be ruled out, because it needs two holes (or
photons). Therefore, the C2H4 formation from photocatalytic
ODHE on oxidized R-TiO2(110) occurs in a stepwise manner, in
which the C2H6 rst undergoes the initial C–H bond cleavage to
form C2H�

5 radicals with the help of hole trapped OTi
− centers,

and is then followed by further spontaneous dehydrogenation
of the C2H�

5 radicals into C2H4 without the involvement of an
extra photon or hole. During the C2H4 formation process, the
initial C–H bond activation is the rate-limiting step.

In addition, as shown in Fig. S6 (ESI),† C2H4 can be photo-
desorbed on the C2H4 covered R-TiO2(110), indicating that the
desorption of C2H4 was induced by the photogenerated charge
carriers (electron or hole). If the C2H4 product from the pho-
tocatalytic ODHE prefers to adsorb on the R-TiO2(110) surface
rst, and then be photo-desorbed from the surface, at least two
photons are consumed for the C2H4 formation and desorption
processes. However, the whole process was accomplished by
one hole (or one photon), thus, once C2H4 was formed by
further C–H bond cleavage of the C2H�

5 radicals, it was prefer-
entially ejected directly into the vacuum rather than being
adsorbed on the surface followed by photoinduced desorption.
Therefore, only a tiny signal for the C2H4(Ti) desorption can be
observed during the TPD process.
Discussion

As shown previously, both reduced and oxidized R-TiO2(110)
surfaces do not show thermocatalytic reactivities for C2H6

activation. This was very different from the results of the C–H
activation of the light alkanes on the PdO(101), RuO2(110), and
IrO2(110) surfaces,43–46 in which alkanes adsorb on these
Chem. Sci., 2024, 15, 307–316 | 313
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surfaces stably by forming strongly adsorbed s-complex species
as the precursor, leading to a weakening of the C–H bond in the
alkanes. Similarly, Yue and co-workers proposed that the initial
C–H bond activation of C2H6 on the M/TiO2 (M = Pd and Cu)
surfaces was realized via the interaction of C2H6 with the
surface sites to produce surface C2H5

− groups, and then the
C2H5

− groups trapped the photogenerated holes to form C2H�
5

radicals, which converted rapidly into the C2H4 product.22,24

However, although the R-TiO2(110) has the same surface
structure with RuO2(110) and IrO2(110), the weak interaction
between the C2H6 and Ti5c sites of R-TiO2(110) inhibit the
formation of the C2H6 s-complex. As a result, the H atom
abstraction from C2H6 by the Ob and OTi atoms (or Ob

2− and
OTi

2−) following the Langmuir–Hinshelwood (L–H) mechanism
is difficult. Namely, the initial C–H bond activation of C2H6 on
R-TiO2(110) seems to occur ineffectively at the ground state via
thermocatalysis.21,22,24

However, when the Ob
2− and OTi

2− centers trap photo-
generated holes, the nucleophilic Ob

2− and OTi
2− convert into

electrophilic Ob
− and OTi

− centers,47,48 which have a stronger
ability than Ob

2− and OTi
2− to abstract the H atoms of the small

alkanes.20,21,25 Correspondingly, the study of the photocatalytic
EB dehydrogenation on R-TiO2(110)39 demonstrated that both
the Ob

− and OTi
− centers produced by trapping the holes can

activate the a-C–H bond of the side chain alkyl groups of EB. In
addition, theoretical works also suggest that the Ob

− centers
formed upon the UV irradiation play a vital role in the C–H bond
activation of CH4 and C2H6 on R-TiO2(110).20,21 Unfortunately,
no product signal of photocatalytic ODHE was detected on
reduced R-TiO2(110) (Fig. S1, ESI†) under 355 nm irradiation,
indicating that the Ob

− center produced with the 355 nm irra-
diation nds it difficult to activate the inert C–H bond of C2H6

under the current conditions.
In contrast, the EB can be regarded as one H atom of the

C2H6 molecule substituted by a phenyl group (C6H5), in which
the C–H bond of the ethyl group can be activated efficiently by
the hole trapped Ob

− center.39 The difference in the initial C–H
bond activation of C2H6 and EB by the Ob

− center on R-
TiO2(110) may be because of two possible reasons. Firstly,
compared with the H atom, the phenyl group as an electron
withdrawing group will decrease the electron density of the a-C
in the C2H5 group via a s–p hyperconjugation, resulting in
weakening of the a-C–H bond. As a result, the a-C–H bond will
be activated more easily than the C–H bond of C2H6. Secondly,
the desorption temperature of EB on R-TiO2(110)39 was much
higher than that of C2H6 by about 120 K, indicating that the
former has a stronger interaction between the aromatic ring
and the surface, which may be more benecial for energy and
charge transfer between adsorbates with the surface, leading to
the second C–H bond cleavage of EB.

In addition, for C3H8, one H atom of the C2H6 molecule
substituted by a methyl group (CH3–), contained two types of
C–H bonds (1° and 2°), and its structure was more complicated
than that of C2H6. However, the C3H6 was produced with a high
selectivity via photocatalytic ODHP on R-TiO2(110), and no
oxygenates were produced,25 indicating that the reaction inter-
mediates in the photocatalytic ODHP did not show high
314 | Chem. Sci., 2024, 15, 307–316
mobility on the surface. This wasmost likely due to the different
interaction strengths between different intermediates with R-
TiO2(110). According to the desorption temperature of C2H6

(Fig. 1) and C3H8,25,29 both C2H6 and C3H8 were weakly bound to
the surface, causing both C2H6 and C3H8 to easily migrate on
the surface. As a result, the initial C–H bond activation of C2H6

on R-TiO2(110) was more likely to follow the OTi atom mediated
Eley–Rideal (E–R) mechanism,1,25 forming a movable C2H�

5

radical by the abstraction of an H atom from C2H6 by an excited
OTi

− center, which may signicantly affect the selectivity of the
products. The interaction between the C2H�

5 radicals, which
were worse electron donors, with the Ti5c sites should be weaker
than that of the possible C3H�

7 radicals produced in the pho-
tocatalytic ODHP on R-TiO2(110), which tended to form an allyl
s–p hyperconjugation conguration (CH3CHcCH3) with
a stronger electron-donating ability.25,49 Then, the C2H�

5 radicals
may migrate on the surface more easily, resulting in the
formation of additional byproducts via the diffusion and
rebounding processes.

Similarly, previous research on the photooxidation of tert-
butanol and ketones on R-TiO2(110) also observed C2H�

5 radical
ejection,50–52 which was associated with hole-induced chem-
istry.20,21,25,50,52 According to the work on CH�

3 radical formation
from ketone photooxidation on R-TiO2(110),52 two dissociation
channels (“fast” and “slow” channels) of the CH�

3 radical
desorption were detected. The ‘‘fast’’ CH�

3 radical production
was attributed to the prompt dissociation of an internally “hot’’
acetone–oxygen complex (intermediates at the excited state),
and the acetone–oxygen complex weakly coupled to the surface.
However, the ‘‘slow’’ CH�

3 radical production was assigned to
the dissociation of a relaxed acetone–oxygen complex formed
via internal vibrational redistribution (IVR), which consumed
the available energy for the C–C bond cleavage. In the case of
the C2H�

5 radical ejection from 2-butanone photooxidation on R-
TiO2(110), the ‘‘slow’’ channel dominated.50 As a result, no
obvious C2H4 product obtained from C2H�

5 radical dehydroge-
nation was detected.50

However, for the photocatalytic ODHE on the R-TiO2 (110)
surface, C2H6 was also weakly adsorbed on the surface and its
structure was very simple without a p-conjugated system, and
the IVR process will not occur to make the “hot” C2H�

5 radical
relax efficiently, thus resulting in the further dehydrogenation
of the excited C2H�

5 radical into C2H4. Compared with these
results,50–52 it was not too difficult to conclude that the IVR
process can affect the energy relaxation in excited molecules or
ions on the R-TiO2(110) surface, which can further affect the
bond breaking and product formation. The smaller molecules
(such as C2H6) may inhibit the IVR process in photocatalytic
reactions due to having fewer vibrational energy levels than
complicated molecules, leading to the high efficiency of bond
breaking.

Due to the formation of weakly bonded C2H�
5 radical inter-

mediates, it is reasonable that oxygen-containing species are
formed via the rebounding between the C2H�

5 radicals and the
surface O atoms (Ob

2− and OTi
2−). However, based on previous

research about ODHE over vanadium oxides,53–55 terminal M]O
species (terminal metal oxo, V]O) are the active sites for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ODHE, in which either the direct insertion of the C–H bond
across the M]O bond resulted in C2H5O group formation or
C–H bond activation by H abstraction to form M–OH and
a transient alkyl radical product ðC2H�

5Þ may occur. If the
C2H5Ob

− formation occurs via the Ob
2− insertion pathway, the

C2H4 product formed at 580 K by the dehydrogenation of
C2H5Ob

− groups should be observed on both the reduced and
oxidized R-TiO2(110) surfaces. However, the formation of the
C2H5Ob

− groups was only detected on the oxidized surface,
suggesting that the C2H5Ob

− groups were produced via the
recombination of the C2H�

5 radical and Ob
2− rather than the

Ob
2− insertion pathway. In addition, the direct insertion

generally has a high barrier,54,55 which is difficult for C2H6

activation on TiO2 following the L–H mechanism due to weak
adsorption energy. Despite all this, the existence of a direct
heterolytic insertion of OTi

− to C2H6 for C2H5OTi
−/C2H5OHTi

formation cannot be completely ruled out.
Interestingly, although the initial C–H bond cleavage of EB

on R-TiO2(110) occurred more easily than that of C2H6, the
possible radical intermediate ðC8H�

9Þ produced from the initial
C–H bond cleavage of EB under UV irradiation preferred to
decay to C8H9

− rather than further dehydrogenate into styrene
directly, leading to a low yield of low temperature styrene
production.39 In contrast, in the case of C2H6 and C3H8 activa-
tion25 on R-TiO2(110), the intermediates mainly dehydro-
genated into C2H4 and C3H6 spontaneously, whereas only tiny
radicals decay to alkyl groups adsorbed on the Ti5c sites. This
suggested that the photon energy for the C–H bond activation of
small alkanes into alkenes via TiO2 photocatalysis may be
utilized more efficiently than that of aromatic EB.39,56 Further-
more, due to phenyl group substitution, the rate-determining
step of the photocatalytic dehydrogenation of hydrocarbons
into corresponding alkenes shis from the initial C–H bond
activation to the second further dehydrogenation.25,39 This
result may be more evidence that the IVR process in the larger
molecule reduces the available energy for bond breaking. In
order to overcome the consumption of available energy by the
IVR process, excitation with higher energy photons may be
a feasible way. Referring to the results of the recent photo-
catalytic conversion of EB into styrene on R-TiO2(100),56 the
efficiency of the initial a-C–H bond activation is nearly the same
at 257 nm and 343 nm, whereas the rate of the b-C–H bond
cleavage was strongly enhanced with the photon energy. In
contrast, for C2H6 and C3H8,21,25 once the initial C–H bond
cleavage was activated by the hole derived from the 355 nm
photoexcitation with a lower photon energy, the second dehy-
drogenation was still accomplished quite easily. However, the
mobility of the intermediates determined the complexity of the
reactions.

Conclusion

In summary, photocatalytic ODHE on the model R-TiO2(110)
surface has been systematically investigated to determine the
mechanism of the process. The C2H4 formation for the photo-
catalytic ODHE on the oxidized surface can be achieved via
a stepwise manner at 75 K, in which the C2H�

5 radical
© 2024 The Author(s). Published by the Royal Society of Chemistry
intermediate is detected directly. The hole trapped OTi
− centers

play a crucial role in the initial C–H bond activation of C2H6,
and only one hole is involved in the cleavage of the two C–H
bonds to produce C2H4. This result not only illustrates that
photocatalysis is very suitable for the inert C–H bond activation
of small alkanes, but also provides a novel mechanistic insight
into photocatalytic ODHE, which offers new opportunities for
the development of novel ODHE pathways with high C2H4

selectivity under mild conditions.
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M. Schmid, C. Franchini, U. Diebold and M. Setv́ın, Proc.
Natl. Acad. Sci. U. S. A., 2020, 117, 14827–14837.

29 L. Chen, R. S. Smith, B. D. Kay and Z. Dohnálek, Surf. Sci.,
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