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Rod-shaped rutile materials with different proportions of (110) and (111) facets exposed were hydrothermally
prepared, and the facet-dependent effects of rutile on the activity of supported palladium phases in lean methane
oxidation were elucidated. Although a stronger interaction between palladium and the rutile (111) facet was
confirmed by systematic characterizations, performance evaluation and in situ DRIFTS revealed deteriorated
catalytic efficiencies of palladium catalysts. Specifically, while complete methane oxidation was achieved at
temperature below 450 °C over a Pd/Rutile-(110) catalyst, only 39% of methane were eliminated at 500 °C over
its counterpart supported on Rutile-(111). Investigations on rutile supported palladium catalysts further revealed
that the facet-dependent palladium-titania interactions profoundly affected the particle sizes and chemical states
of the deposited palladium species. In combination with DFT calculations, it was then found that Pd** species
that might function synergistically with Pd?* in methane activation were not as stable on the rutile (111) facet,
due to the strong electron transfer from this substrate. It is hoped that the conclusions drawn in this work would
provide supplementary understanding of the facet-dependent metal-TiO, interactions and some inspirations on

the further rutile-related catalyst design.

1. Introduction

Catalytic oxidation represents an economical and effective elimina-
tion route for methane, which is the second largest contributor to
greenhouse effect [1-4]. The main technical difficulty of this route lies
in the development of catalyst materials, because methane, the most
refractory hydrocarbon, cannot be catalytically oxidized readily at low
temperatures. After decades of research, palladium based catalysts have
been screened as the benchmark candidates for the catalytic combustion
of methane (CCM) [5-12]. There is a general consensus that the catalytic
efficiencies of palladium in CCM reaction strictly correlate with its
particle size [13,14], chemical state [15,16], morphology [17,18], etc.
All the stated properties, on the other hand, can be manipulated by in-
teractions between palladium and its host materials. Many palladium
catalysts deposited on metal oxides, in which strong metal-support in-
teractions (SMSI) were established via intensive electron transfers, were
thus reported by researchers to further reveal their structure-activity

relationships [19-24].

Titanium oxide (TiOy) is widely involved in catalytic oxidation re-
actions, especially as a catalyst carrier, because of its reducible nature
that contributes to the regeneration of active phases. Extensive studies
have reported the application of TiOy-supported catalysts in the cata-
lytic oxidation of carbon monoxide [25,26], hydrocarbons [27,28], soot
[29,30], etc. For CCM reaction, we believe that the rutile phase of titania
is more competitive than anatase for at least two reasons. First, the
SMSI-induced decoration (encapsulation) of supported entities by
anatase phase, which generally occurred at high temperatures, covers
active sites and thus becomes detrimental to the efficient oxidation of
methane. Although Tang et al. [31] have illustrated the
anti-encapsulation property of anatase (001) facet under CCM reaction
conditions, the preparation of anatase nanosheet that exposes the (001)
plane required complex and stepwise hydrothermal processes, not to
mention its extremely low yield. At the same time, other researchers
found that the decoration effect arising from the reductive atmosphere
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got more mitigated in rutile supported catalysts than that in its anatase
supported counterparts [32,33]. Although the mechanisms of encapsu-
lation induced by high temperatures and reductive treatments may be
different, a better property of rutile phase was still reasonably expected.
Secondly, TiO, anatase is thermodynamically less stable than TiO,
rutile, as the former phase will transform into rutile at temperatures
higher than 600 °C [34]. Still worse, such a transformation might occur
at lower temperatures under the implication of its supported phases like
PdO [35] and CuO [36]. The reconstruction of its supported species, in
this case, would be inevitable and finally result in their annihilation.
Therefore, rutile materials possessing the superiorities of titania but
without the shortcomings of anatase phase are expected to be excellent
carriers for CCM catalysts.

Facet-dependent metal-support interactions in numerous catalyst
systems based on reducible oxides like CeO5 [37,38], Co304 [39,40],
TiO4 (anatase phase) [29,41] have been studied and proven to have
profound effects on the completion of oxidation reaction. To our
knowledge, however, research on the facet engineering of rutile mate-
rials and corresponding structure-activity relationships in CCM reaction
were rarely reported. Enlightened by related advances in material sci-
ence [42-44], we recently succeeded in the synthesis of rutile materials
that possess rod-like morphology with different aspect ratios. As illus-
trated in Scheme 1, the rod-shaped rutile material, which is produced
via the hydrolysis of titanium precursor using glycolic acid as template,
consists of four lateral sides and two tapered tops that expose (110) and
(111) facets, respectively. Based on this material, the growth of
low-energy (110) surface could be hampered under the modification of
F-, and thus, these nanorods would be truncated and more (111) facet
exposed [42]. Likewise, via adjusting the type of titanium precursor and
hydrothermal parameters, rutile nanorods possessing larger aspect ratio,
i.e., higher proportion of (110) facet, could also be synthesized [43,44].
In short, these works enabled us to prepared well-defined rutile mate-
rials that preferentially expose the (110) and (111) facets and actually
make the investigations on the properties of these two facets possible.

Herein, palladium nanoparticles were deposited on three rod-shaped
rutile materials with decreasing aspect ratios to understand the interplay
between palladium and two rutile facets for CH4 oxidation. The suc-
cessful synthesis of specific rutile materials that preferentially expose
the (110) and (111) facets and their diverse physiochemical properties
were first confirmed via systematic characterizations. The catalytic ac-
tivities of palladium catalysts supported on these rutile materials were
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also examined. Combined subsequent investigations with DFT calcula-
tions, the effects of the electronic interactions between rutile and
palladium, which largely determined the particle sizes of palladium and
the stability of Pd*" species, were finally elucidated to reveal the
structure-activity relationships in a Pd/Rutile catalyst system.

2. Experimental section
2.1. Preparation of truncated rod-like rutile exposing (111) facet

In this manuscript, the rod-like rutile material illustrated in Scheme 1
were denoted as Rutile-mixed since it exposed both the (110) and (111)
facets. For its preparation, 5.0 mL titanium butoxide was first added
dropwise to 150 mL solution of glycolic acid (1.0 M) to form a bluish
suspension and then heated at 90 °C for 2 h to get a water miscible so-
lution. Subsequently, the resulting solution and a 7.5 mL NaF solution
(0.6 M) were mixed in Teflon-lined autoclaves and maintained at 200 °C
for 24 h. The rutile was then centrifuged and washed repeatedly with
ethanol and distilled water, and the as-dried sample was calcined at
600 °C for 4 h to obtain the final product. The preparation of the rutile
material exposing more fractions of the (111) facet, designated as Rutile-
(111), was the same as that of Rutile-mixed except that the dosage of
NaF was doubled. It is worthy of note that Rutile-mixed and Rutile-(111)
were sufficiently washed and annealed at high temperatures to remove
fluorine-containing and organic substances.

2.2. Preparation of rod-like rutile mainly exposing the (110) facet

Similar to that of Rutile-mixed and Rutile-(111), the synthesis of rod-
like rutile with larger aspect ratio also necessitated the use of glycolic
acid as a template, but the titanium precursor was altered to titanium
tetraisopropoxide. Typically, 10.0 mL titanium tetraisopropoxide and
10.0 mL isopropanol were added into a 100 mL solution of glycolic acid
(1.6 M) to form a white suspension and then heated to 90 °C for 2 h to
give a transparent solution. The resulting solution was then sealed in
Teflon-lined autoclaves and held at 200 °C for 24 h. The rutile powders
were separated by centrifugation and washed with ethanol before drying
at room temperature. The titania mainly exposing the (110) facet was
finally annealed at 600 °C for 4 h and the material obtained was denoted
as Rutile-(110).

B , S

#?g:;sﬁ}g.

Rutile (111)

Scheme 1. The schematic illustration of rod-like rutile material exposing (110) and (111) facets in corresponding regions.
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2.3. The deposition of palladium on rutile materials

0.5 g rutile materials were added to a 25.1 mL solution of palladium
nitrate precursor (1.0 mg/mL) and then stirred overnight. To ensure that
the loadings of palladium were the same on three samples, the suspen-
sions were stirred at 90 °C until all the solvent evaporated. The obtained
samples containing 2.0 wt% palladium were calcined at 500 °C for 4 h to
obtain the Pd/Rutile catalysts.

2.4. Computational methods

The DFT calculations in this work were performed using Cambridge
Sequential Total Energy Package (CASTEP). The generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional was applied for geometric optimization. A cut-
off energy of 500 eV was employed to ensure the accuracy of structural
optimization, and the atomic structures were relaxed until the maximum
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force upon each unconstraint atom was less than 0.05 eV A™L. The
Brillouin-zone integration of rutile (110) and rutile (111) systems were
performed along with 3 x 3 x 1 Monkhorst-Pack grids. The vacuum
separation between each slab was 15 A in both systems to avoid the
interactions between the neighboring slabs. The binding energy (Epind)
of the palladium entities on rutile surface were used to reflect their
interaction strength with different rutile facets here, and the expression
of Epjng is

Eyng = E(PO, / rutile) — —E(rutile) — —E(PdO, ) o))

where E (PdOy/rutile), E (rutile), and E (PdOy) are the total energies of
the rutile substrates with PdOy entities, the rutile substrates, and PdOy
entities.

Fig. 1. The SEM images of (A, B) Rutile-(1 1 0), (C, D) Rutile-mixed, and (E, F) Rutile-(1 1 1) at high and low magnifications, respectively.
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3. Results and discussion
3.1. The microscopic and texture properties of rutile materials

To investigate the actual microstructures of our rutile materials, their
SEM images were first taken and displayed in Fig. 1. Together with the
schematic illustration in Scheme 1, the successful preparation of Rutile-
mixed material was confirmed. The SEM images shown in Fig. 1C and D
revealed its rod-like morphology with an average length of about 400
nm, and its aspect ratio was estimated to be approximately 4.0.
Although the lateral sides of both Rutile-(110) and Rutile-mixed exposed
the (110) planes theoretically, the former material whose SEM images
were shown in Fig. 1A and B was definitely more suitable for studying
the roles of the (110) plane, thanks to its larger aspect ratio (near 10.0).
As introduced, under the modification of F~, the middle part of Rutile-
mixed could be further truncated and thus the ratio of the (111) plane
exposed on the tapered tops was significantly increased in Rutile-(111)
sample, see Fig. 1E and F. To verify our assignments, the lateral sides of
Rutile-(110) and Rutile-mixed along with the tapered top of Rutile-(111)
(marked with circles in Fig. 2A, C and E) were inspected by the TEM
technique. Based on the results of their HRTEM images, we measured
the corresponding lattice fringes (shown in Fig. 2B, D and F) to be ~ 0.33
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and 0.22 nm, respectively, demonstrating that the rod-shaped rutile
materials did expose the (110) and (111) facets in selected regions [42,
45,46]. In brief, the microscopic techniques used here visualized the
well-defined rutile materials preferentially exposing the (110) and (111)
facets and thus ensured the reliability of a follow-up research. The
additional research on Rutile-mixed material, on the other hand, would
provide supplementary evidences of the roles played by two facets.
The Nj-sorption experiments of three samples were then carried out
to study their textural properties. As can be seen from Fig. 3A, the iso-
therms of both Rutile-(110) and Rutile-mixed showed rapid increases in
the quantity of Ny adsorbed at high relative pressures (> 0.95), which
signified the presence of mesopores with relatively large size. However,
the calculated BET surface area of the former sample (20.7 m3/g) was
more than twice the latter (9.7 ms/g) due to their different adsorption
capacities, and their porosity parameters also showed slight differences
(Table 1 and Fig. S1). The subsequent deposition of palladium did not
remarkably alter the adsorption properties (Fig. S2) and the calculated
parameters (Table S1) of these two samples. For Rutile-(111) sample, a
H4 type loop, generally caused by mesoporous structures, appeared in
its isotherm profile. Based on the observation of its enlarged SEM image
in Fig. 1F, we realized that this special pattern might be associated with
the cavities presented on the surface of Rutile-(111) material. Although

Rutile (110)

0:329nm

Rutile (111)

0.217nm’"

Fig. 2. The TEM and HRTEM images of (A, B) Rutile-(100), (C, D) Rutile-mixed, and (E, F) Rutile-(111) samples.
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Fig. 3. The (A) Ny-sorption isotherms, (B) XRD patterns, (C) Raman spectra, and (D) FT-IR spectra, (E) Ho-TPR and (F) O,-TPD profiles of (a) Rutile-(110), (b) Rutile-

mixed, and (c¢) Rutile-(111).

Table 1
The textural and physiochemical properties of rutile materials.

Surface Area ? Pore Volume ° Pore Size 0, Desorption ¢
m®/g em®/g bA pmol/g
Rutile-(1 20.7 0.08 16.2 115.4
10)
Rutile- 9.7 0.06 24.0 128.3
mixed
Rutile-(1 5.3 0.02 16.0 283.2
11)

a, b: Calculated based on BET equation and BJH model, respectively.
c: Obtained from the results of O,-TPD experiments.

the formation mechanism of these cavities was still under investigation,
however, given the relatively small BET surface areas and porosity pa-
rameters of this sample (see Table 1), its textural property might not
leave large variations on the palladium-rutile interaction.

3.2. The physiochemical properties of rutile materials

The XRD patterns (Fig. 3B) that matched the JCPDS #65-0190 of
rutile phase well without any other phase detected then confirmed the
purity of the three samples. However, detailed inspection illustrated
that, while the diffractions related to the (110) and (101) facets were
kept almost constant, the intensities of the (211) signals increased
gradually in the patterns of Rutile-mixed and Rutile-(111). Since the
diffractions of X-ray closely correlate with the crystalline orientations of
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detected samples, this trend might result from the different arrange-
ments of surface atoms in the three rutile materials. For better under-
standing of this observation, we next resorted to Raman and FT-IR
techniques that are highly sensitive to the vibration modes of metal-
oxygen bonds. In the Raman spectra recorded in Fig. 3C, it was first
found that the intensity of rutile A;; mode [36] located at ~ 610 cm !
strengthened with the increased proportions of (111) facet, and this
band shifted from 609 cm ! in Rutile-(110) to 614 cm ! in Rutile-mixed
and Rutile-(111). In addition, as the Raman bands of Rutile-(111) at
wavenumbers below 300 cm ™! resembled that of Rutile-mixed, these
characteristics varied in the results of Rutile-(110). When the incident
light source was turned to infrared ray, the broad FT-IR signals ranged
from 500 - 1000 cm ™!, which were characteristic of Ti-O vibrations in
TiOg octahedron [47], also possessed exclusive shapes and positions in
their FT-IR scans (Fig. 3D). The vibration modes of Ti-O bonds reflected
by spectroscopic techniques indicated that the coordination between
titanium with oxygen, which largely determined the number of
under-coordinated Ti 5c sites exposed, might have varied with the
alternation of their morphologies. Considering that the deposited metal
atoms generally bonded with unsaturated titanium sites directly or via
bridge oxygen sites [48,49], such a difference would inevitably affect
the structural and catalytic properties of their supported phases.

The temperature programmed techniques were then employed for
studying the states of Ti-O bonds in the three materials. The results
shown in Fig. 3E and F first supported the thermally stable nature of
rutile materials, because the signal changes of all the three samples
occurred at temperatures higher than 500 °C. This conclusion demon-
strated that all the three rutile materials could provide stable chemical
environments for the residue of palladium precursors. For their differ-
ences, it was first found that the redox ability of Rutile-(110) was visibly
superior to those of the other two samples, as its reduction started and
maximized earlier. Such an observation was actually in line with the
higher Ti 2p binding energy of Rutile-(110) (vide infra), revealing the
electron-deficient feature of this sample. On the other hand, as reflected
by the O5-TPD profiles in which the TCD signals of Oy desorption
detected at temperatures above 700 °C were caused by lattice oxygen
species [50,51], the decomposition of Rutile-(110) was weaker than its
counterparts instead. It must be emphasized that the positive TCD sig-
nals in Fig. 3F might not be completely caused by the liberation of ox-
ygen, since the condenzation of surface hydroxyl groups or desorption of
other chemisorbed gases could also give TCD signals. Even so, the
quantities of lattice oxygen desorbed (see Table 1) from our samples
were almost negligible when compared with their theoretical oxygen
content (12.5 mmol/g), further verifying the high stability of our rutile
materials.

3.3. The facet-dependent rutile-palladium interactions

To study the facet effect of rutile on the palladium-support in-
teractions, 2.0 wt% palladium (determined by ICP-AES, see Table 2) was
deposited on the three rutile materials via an impregnation method. The
dispersion states of palladium species were first investigated by their
TEM and STEM images, in which palladium particles appeared as black
and bright spots, respectively. With the complementary contrasts of the

Table 2
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TEM and STEM techniques, we then plotted the size distribution histo-
grams of palladium particles (the insets of Fig. 4A-C) and calculated the
average sizes of palladium particles on the three rutile materials to be
7.8, 7.4 and 5.4 nm in sequence. Such statistics were consistent with the
STEM-EDS elemental mappings of Fig. 4D-F shown in Fig. S3. While the
bright regions with slight aggregation in Fig. 4D and E were visualized
by Pd Lal signals in Fig. S3A and B, uniform inclusion of palladium in
Pd/Rutile-(111) were confirmed in Fig. S3C. Correspondingly, the XRD
patterns of these three samples (Fig. S4) also presented gradually
weakened palladium diffractions at ~34° with the exposure of the rutile
(111) facet. Meanwhile, the atomic ratios of palladium to titanium
detected by XPS (Table 2) also increased from 0.142 in Pd/Rutile-(110)
to 0.167 in Pd/Rutile-mixed and finally 0.268 in Pd/Rutile-(111), which
was in line with their decreasing particle sizes. Therefore, these obser-
vations exemplified that the particle sizes of palladium species were
under the influence of the diverse titania-palladium interactions in our
Pd/Rutile system.

To provide electronic insights on the titania-palladium interactions,
we then compared the Ti 2p and O 1 s XPS spectra of three rutile ma-
terials with those of their supported palladium catalysts. Consistent with
their different physiochemical properties, in Fig. 4G-I, we first noticed
that the binding energies (B.E.) of Ti 2p in bare rutile materials
decreased from 458.46 to 458.40 and then 458.32 eV with the
increasing exposure of the (111) facet. After the deposition of palladium
phase, the values of all the three systems shifted to higher energies,
indicative of the electron donations of the titanium element. Interest-
ingly, this offset in Rutile-(111) system (0.32 eV) was larger than those
in Rutile-mixed (0.17 eV) and Rutile-(110) (0.10 eV) samples. As the
driving force of electron transfer originates from the difference in the
work function between electron-donator and receptor [52], different
degrees of XPS offsets actually accounted for the varied electronic
structures of the rutile (110) and (111) facets. Analogous evidence was
then obtained from the O 1 s XPS spectra shown in Fig. 4J-K, in which
the offset trends of oxygen element were similar to that of titanium.
Based on the results gathered, it was tentatively concluded that the
electrons of both oxygen and titanium might have been donated to the
palladium phases in our catalyst system. And conceivably, stronger
palladium-rutile interactions would be established with the increased
proportions of exposed the rutile (111) facet. According to the works
that we and other researchers have done, we propose that the intensive
metal-support interaction in Pd/Rutile-(111) catalyst might have two
fold impacts on its catalytic performance. On the positive side, such an
interaction would definitely contribute to the dispersion of palladium
phase and make more active sites accessible, finally endowing this
sample with desired catalytic properties. On the other hand, too strong
palladium-titania interaction might also induce the encapsulation of
palladium by titania, just as reported in the anatase supported palladium
catalyst system [31], resulting in the performance deterioration of the
catalyst materials.

3.4. The catalytic performance of Pd/Rutile catalysts

To verify the actual effect of palladium-rutile interaction on the
catalyst performance, the catalytic activities of three palladium catalysts

The surface composition and catalytic performance of rutile supported palladium catalysts.

Pd loading 2 wt%  Tso [°C] Too [°C] Reaction rate ® [pmmolcysgpds ] Activation energy [KJ/mol] Pd/Ti © pa**/(pa**+pPd>") ¢ [%]
Pd/Rutile-(110) 1.96 345 397 13.5 103.1 0.142 32.1
Pd/Rutile-mixed 2.05 398 n.a. 2.3 127.7 0.167 22.1
Pd/Rutile-(111) 1.98 483 n.a. 0.2 143.5 0.268 21.9

a: Determined by ICP-AES.

b: Based on the methane conversion measured at 275 °C.
¢, d: Obtained from the results of XPS.

n.a.: Not available.
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Fig. 4. The TEM images of (A) Pd/Rutile-(110), (B) Pd/Rutile-mixed, and (C) Pd/Rutile-(111). The STEM images of the (D) Pd/Rutile-(110), (E) Pd/Rutile-mixed,
and (F) Pd/Rutile-(111). The (G-I) Ti 2p and (J-L) O 1 s XPS spectra of corresponding palladium catalysts along with their support materials.

were examined and their light-off curves were plotted as shown in
Fig. 5A. The Pd/Rutile-(100) catalyst, over which the complete con-
version of methane was achieved at temperatures below 450 °C, first
exhibited a decent activity towards the CCM reaction. The temperature
at which the methane conversion over this catalyst reached 50% and
90% were 345 °C and 397 °C, respectively. However, the samples sup-
ported on Rutile-mixed and Rutile-(111) materials performed much
worse, as the methane conversion over two samples were only 85.4%
and 68.7% at 500 °C. The kinetic parameters including the reaction rate
at 275 °C (r) and the apparent activation energy (E,) were also calcu-
lated to intuitively reflect the intrinsic catalytic activity of catalyst
materials, see Table 2 and Fig. S5. The obtained results revealed the best
performance of Pd/Rutile-(110) among the three samples, since the
value of its reaction rate (13.5 pmmolcmg}?js’l) and activation energy
(103.1 KJ/mol) was the highest and the lowest, respectively.

The in situ DRIFT spectra of Pd/Rutile-(110) and Pd/Rutile-(111) at
reaction atmosphere (350 °C) were also recorded, with corresponding
time-dependent spectra plotted in Fig. 5B and C. In accordance with
their light-off curves, the infrared signals of product CO3 (at 2325 em™ )
had comparable intensity to those of CH,4 reactant (at 3014 and 1304

em™Y) in the spectra of Pd/Rutile-(110), but the corresponding CO»
peaks in Pd/Rutile-(111) sample, although kept strengthening as the
time prolonged, were visibly weaker in comparison to those of CHy.
More importantly, the signals of carbonyl (1861 cm_l), H,0 (1615
cm 1) and alcohol (1270 cm ™) species [39,53] did not disappear in the
spectrum of Pd/Rutile-(111) even after 30 min, inferring that these in-
termediates could not decompose or desorb efficiently 350 °C. In
contrast, although the signals of formic acid species (at 1560 em~! [54])
appeared in the spectra of Pd/Rutile-(110) in the first 15 min, no
accumulation of any intermediate product occurred over this sample.
Therefore, although the strong palladium-support interaction in
Pd/Rutile-(111) catalyst effectively dispersed the palladium phases, the
SMSI-induced decoration would be its dominant effect. Actually, our
recent work has proven that the SMSI-induced encapsulation would take
place more readily on the rutile (111) plane than on the rutile (110)
plane, and the decoration overlayer would be much more obvious once
the work function of the Rutile-(111) material was further lowered
(realized by pre-reducing this material under Hy atmosphere). For
providing a comprehensive evaluation, the thermal stability (Fig. S6),
water-resistance (Fig. S7A), and hydrothermal stability (Fig. S7B) of the
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Fig. 5. (A) The light-off curves of supported palladium catalysts. The time-dependent in situ DRIFT spectra of (B) Pd/Rutile-(110) and (C) Pd/Rutile-(111) at reaction
atmosphere recorded at 350 °C.The (D) Raman spectra, (E) Ho-TPR profiles, and (F) Pd 3d XPS spectra of (a) Pd/Rutile-(110), (b) Pd/Rutile-mixed, and (c) Pd/

Rutile-(111).

optimal Pd/Rutile-(110) catalyst were also tested. At dry conditions, our
catalyst showed excellent stability at 500 °C, as the methane conversion
did not decrease within 24 h. However, when 8.0 vol% water vapor was
introduced to the reactant atmosphere, the catalytic performance of this
sample, especially at the low-temperature range, deteriorated signifi-
cantly. The complete methane over this sample was not achievable at
500 °C in the presence of water, and the methane conversion only
increased to 47.6% when the temperature reached 600 °C. Moreover,
with water introduced, the methane conversion kept decreasing (from
47.6 to 16.1%) in the first 12 h when the reaction was operated at
600 °C. Although the activity of this sample was partially reversible with
the removal of water (from 16.1 to 37.2%), the deactivation of palla-
dium phase was still somewhat severe. Here we just remained with
reporting the observed trend because the main objective of the present
work was elucidating the facet-dependent effect on the activity of
rutile-supported palladium catalysts, and work to further improve the
water-resistance of the Pd/Rutile-(110) catalyst was already underway
in our group.

3.5. Supplementary evidences for the facet-dependent palladium-rutile
interactions

The paradoxical performance data in the present work suggested that
our conclusions should be taken with caution. Therefore, the Raman
spectra, Ha-TPR profiles, and Pd 3d XPS spectra of the three palladium
catalysts were further obtained to provide more details on the facet-
dependent palladium-rutile interactions. For the Raman spectrum
shown in Fig. 5D, the deposition of the palladium phase presented sig-
nals at 650 and 646 cm™ ! in the spectrum of Pd/Rutile-(110) and Pd/
Rutile-mixed, respectively, while the same feature interfered with the
intensified A;; mode of Rutile-(111). Although definitive conclusions
could not be drawn based on the characteristics of the palladium species,
the observed 4 cm™! offset has inferred their different bonding states
with the supports. More importantly, as the TiOy-related bands of the
Pd/Rutile-(110) did not change visibly in comparison to that of Rutile-
(110), it was noticed that the most intense Eg band of Rutile-mixed and
Rutile-(111), which were centered at same wavenumber (446 cm™}) in
the spectra of their initial materials, showed slight broadening and
shifted backward to 441 and 433 cm ™, respectively. Such an observa-
tion indicated that the vibration frequencies of Ti-O bonds decreased

with the deposition of palladium, and the different degrees of redshift of
Rutile-mixed and Rutile-(111) demonstrated that this change did derive
from the interaction between palladium and rutile-(111) facet. In other
words, the results of Raman spectra also confirmed the strongest
palladium-titania interaction in the Pd/Rutile-(111) system, which
corroborated the analysis of XPS.

The H,-TPR technique providing the fingerprints of metal-support
interactions was utilized again. The profiles of the three samples
shown in Fig. 5E all presented negative peaks ranging from 50 to 100 °C,
which were caused by the decomposition of PdHy species [55,56].
However, these signals were centered at higher temperature (74 °C)
with the exposure of the rutile (111) facet. These decomposition be-
haviors of palladium hydrides were expected, since the smaller palla-
dium nanoparticles on the rutile (111) surface generally possessed
stronger interactions with their supports and thus were less likely to
decompose. Moreover, we found that the reduction behaviors of TiO5 in
Pd/Rutile catalysts also differ from those of their host materials (see
Fig. 1E) to some extents. Particularly, while the maximum reduction of
Rutile-(110) that occurred at 665 °C shifted to 618 °C, a new reduction
peaks at ca. 500 °C appeared in its profile. The main reduction of
Pd/Rutile-mixed and Pd/Rutile-(111) also appeared at lower tempera-
ture when comparing with their support materials, but the
palladium-catalyzed reduction of rutile took place earlier (below
400 °C) in this two samples than that in Pd/Rutile-(110). Given that only
the metal phases interacting intimately with metal oxides could alter the
redox behaviors of their supports at low temperatures, the stronger
titania-palladium interaction in Pd/Rutile-(111) over that of Pd/Ru-
tile-(110) could be safely confirmed.

The O2-TPD experiments of palladium catalysts were also conducted
for providing more information on the palladium-rutile interaction, see
Fig. S8. As the catalyst materials were calcined for the second time after
the impregnation of palladium precursors, the TCD signals of palladium
catalysts were not the same as their support materials. After the depo-
sition of palladium, a new peak appeared at 750-800 °C in the profiles of
Pd/Rutile-mixed and Pd/Rutile-(111), which account for the decom-
position of PdO species according to our previous work [57]. Although
such a signal overlapped with the TCD signals caused by Rutile-(110)
material, we still found that the decomposition of PdO on Rutile-(111)
surface took place in higher temperature than that on Rutile-mixed,
indicating that the palladium species did have stronger interaction
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with the rutile (111) facet.

3.6. The effects of palladium-rutile interactions on the chemical states of
palladium

With the confirmation of the stronger palladium-rutile interaction in
Pd/Rutile-(111) sample, we realized that its effect on the chemical states
of the palladium phases should be studied as well to rationalize the
performance data. Therefore, we deconvoluted the Pd 3d XPS spectra of
the three palladium catalysts in Fig. 5F. The palladium species of all the
three samples were predominated in an oxidation state of +2, and the
Pd** species that contributed to the XPS signals at higher B.E. appeared
as well [57]. Here, we deduce that the palladium (II) precursors might
have been oxidized to form the Pd*" species during the calcination
process, and a part of them would transform into PdO species once they
received electrons from titania. Based on the integral areas of these two
phases, it was found that the proportions of Pd** species decreased in
sequence from 32.1% to 22.1% and 21.9% with the exposure of the
rutile (111) facet. The depletion of the Pd** species was identical to the
XPS results in Section 3.3, since more electrons of titanium and oxygen
were donated from Rutile-mixed and Rutile-(111) with the deposition of
palladium. Regretfully, the Pd** species might function synergistically
with PdO in the activation of methane in our Pd/Rutile catalyst system,
especially taking into account that the presence of Pd** species was the
key factor minimizing the activation barrier of methane molecules in
reducible oxide supported palladium catalysts [57,58]. In combination
with the experimental results and related literatures, we finally conclude
that a too strong palladium-support interaction destabilized the pd**
species that could maximize the reactivity of the palladium species as

X I8
YA TAY AT AT
AT AT AT AT
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well.

DFT calculations were also conducted to understand the stabilities of
palladium species on different rutile surface at the molecular level. Fig. 6
summarized of the DFT calculations for the binding energies of PdO and
PdO, species on the rutile (110) and (111) surfaces. As discussed, the
different arrangements of surface atoms would result in distinct steric
hindrances and finally affect the existence states of the palladium spe-
cies. Consequently, two configurations, the Pd;02 dimer and two PdO
monomers, were constructed to model the PdO species on the (110) and
(111) surfaces, respectively. The results revealed that the Pd,05 dimer
and two PdO monomers bonded with the rutile (110) and (111) facets
with comparable binding energies (—13.4 eV versus —12.5 eV), sug-
gesting that PdO species could be stabilized by both two facets. How-
ever, the stability of the PdO; monomer differed significantly on the two
facets, as the bond strength of the two PdO, monomers on (111) surface
(—7.4 eV) was even weaker than that of one PdO, monomer on (110)
surface (—8.5 eV). We have to admit that the electron transferred to the
constructed PdO or PdO; models may be not the same as that to the
palladium particles experimentally detected on our catalysts. However,
the results of our DFT calculations were still in agreement with the re-
sults of our characterizations, illustrating that the strong electron
donation from rutile to palladium (Fig. 4) did quench the active Pd**
phase. Therefore, our results and discussions finally disclosed that the
reactivity of palladium was optimal only when the facet-dependent
palladium-titania interactions were at a moderate intensity.

4. Conclusion

In this work, three rutile carriers with different aspect ratios and

-8.5 eV

-7.4 eV
Two PdO, Monomers

Fig. 6. The optimized configurations of the rutile (110) facet (A) before and after the deposition of (B) Pd;0, dimer and (C) PdO, monomer. The optimized con-
figurations of the rutile (111) facet (D) before and after the deposition of (E) two PAO monomers and (F) two PdO, monomers.
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exposed facets were synthesized for providing an in-depth study of the
facet-dependent rutile-palladium interactions. Systematic characteriza-
tions first probed the varied physiochemical properties of rutile (110)
and (111) facets that originated from their different microstructures,
and then revealed the effects of substrates on the particle sizes and
chemical states of deposited palladium species. Detailed investigations
based on palladium catalysts demonstrated that, although the stronger
interaction between palladium and rutile (111) facet favored the
dispersion of palladium species, it might have simultaneously induced
the encapsulation of palladium by rutile. DFT calculations further
elucidated that the strong electron transfer from TiO; (both titanium and
oxygen elements) to palladium in Pd/Rutile-(111) catalyst decreased the
proportion of Pd** species that could promote the activation efficiency
of methane molecules. As a consequence, Pd/Rutile-(111) catalyst per-
formed worse in CCM reaction than its Rutile-(110) supported sample
instead. In other words, too strong metal-support interaction (SMSI) was
actually detrimental to the reactivity of palladium for lean methane
oxidation in our Pd/Rutile catalyst system.
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