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Catalytic behavior of supported Ru nanoparticles
on the (101) and (001) facets of anatase TiO2†

Fei Wang, Shitong Zhang, Changming Li, Jie Liu, Shan He, Yufei Zhao, Hong Yan,
Min Wei,* David G. Evans and Xue Duan

Ru/TiO2 heterogeneous catalysts were prepared by immobilizing Ru nanoparticles onto the (101) and (001)

facets of anatase TiO2 substrate, and the influence of metal–support interactions on the catalytic behavior

of Ru/TiO2 towards CO2 methanation was studied from the viewpoint of electronic structure. Structural

investigations based on temperature-programmed reduction (TPR) and X-ray photoelectron

spectroscopy (XPS) indicate that a stronger metal–support interaction occurs between Ru and (101) facet

in contrast to the Ru and (001) one. This gives rise to an enhancement in CO2 adsorption as well as spill-

over hydrogen at the interface of Ru/TiO2(101), accounting for its largely enhanced catalytic activity

towards CO2 methanation. In addition, a theoretical study based on density functional theory (DFT)

calculations reveals that the Ru nanoparticles supported on the (101) plane have a relatively lower

activation energy for CO dissociation (the rate-determining step), which results in their high activity

toward CO2 methanation reaction.
1. Introduction

The metal–support interaction has attracted considerable
attention in the area of supported heterogeneous catalysis,
since the support will have signicant inuences on the
adsorptive capacity,1,2 electron transfer,3,4 and chemical and
electronic structure of the active metal.5–7 This will eventually
affect the catalytic activity and selectivity. Recently, great efforts
have been devoted to the design and fabrication of supported
metal catalysts by changing the crystal structure, morphology,
or particle size of supports.5,8–11 It has also been reported that
specic exposed facets of the support play a key role in deter-
mining the metal–support interaction and the resulting cata-
lytic behavior, because the atomic species, coordination
environment and electron density of various planes are rather
different.5,12 Although several studies have demonstrated that
the exposed facet of support nanocrystals could exert profound
effect on the catalytic activity and selectivity,13–15 the intrinsic
effect of support facet on the metal–support interaction is
unclear. A detailed understanding of crystal plane of supports
in a heterogeneous catalysis system for the purpose of obtaining
largely enhanced catalytic performance remains a challenging
goal.

In recent decades, global warming from green house gases
(mainly CO2) produced by the burning of fossil fuels has
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attracted increasing attention, and how to achieve the recycle of
carbon has become perhaps the most complicated issue. The
catalytic hydrogenation of CO2 to give methane, known as
methanation, is an efficient approach to recycle exhausted CO2

to give a useful fuel, with potential commercial applications and
environmental benets.16,17 Supported ruthenium (Ru) catalysts
hold a prominent position for their extremely high activity in
this reaction;18 additionally, the metal–support interaction was
also found to impose an essential effect on the catalytic
performance. Kowalczyk et al. reported that for Ru catalysts
supported on various substrates, the following sequence of
TOFs was obtained: Ru/Al2O3 > Ru/MgAl2O4 > Ru/MgO > Ru/C.19

Several studies on this area have also conrmed the catalytic
activity is strongly affected by the interaction between Ru
nanoparticles and oxide supports both for CO2 methanation
and other related reactions.20–22 However, the inuence of
exposed crystal planes of support on the catalytic behavior of Ru
nanoparticles, which is crucial to improve the catalytic effi-
ciency of noble metal from the viewpoint of electronic structure,
is not well-resolved.

In this work, active Ru species was respectively supported on
two kinds of anatase titanium dioxide (TiO2), i.e., TiO2 nano-
particles (NPs) with exposed (101) plane and nanosheets (NSs)
with (001) facet (denoted as Ru/TiO2(101) and Ru/TiO2(001),
respectively), and their catalysis evaluation towards CO2

methanation was carried out to shed light on the key role of
metal–support interaction. TPR results indicate that a stronger
metal–support interaction was found between Ru and (101)
facet relative to Ru and (001) one. XPS further shows that there
is a stronger electron transfer from Ru nanoparticles to TiO2
This journal is © The Royal Society of Chemistry 2014



Paper RSC Advances
(101) facet compared with TiO2 (001) facet, which results in a
larger capacity of hydrogen and CO2 adsorption as well as spill-
over hydrogen at the metal–support interface of Ru/TiO2(101),
accounting for its largely enhanced catalytic activity. DFT
calculations further reveal that the Ru species supported on the
(101) plane have a relatively lower activation energy for the CO
dissociation, leading to its high reactivity toward CO2 metha-
nation. This work provides a detailed understanding of metal–
support interaction originating from exposed crystal plane of
substrates, which can be used for the design and fabrication of
supported heterogeneous catalysts with high performance.
2. Experimental section
2.1 Preparation of TiO2 supports and Ru/TiO2 catalysts

All the reagents were of analytical grade and used without
further purication. Anatase TiO2 nanosheets (TiO2-NSs) with
exposed (001) facet were prepared by a hydrothermal method
similar to that described by Xie et al.23 In a typical experiment,
25 mL of Ti(OC4H9)4 and 3 mL of hydrouoric acid solution
(with a concentration of 50 wt%) weremixed in a 100mL Teon-
lined autoclave at room temperature, followed by a hydro-
thermal treatment at 180 �C for 24 h. The resulting white
precipitate (TiO2-NSs) was collected, washed with ethanol,
distilled water and then 0.1 mol L�1 NaOH solution to eliminate
the remaining uorine, followed by drying at 80 �C for 6 h.
Anatase TiO2 nanoparticles (TiO2-NPs) with exposed (101) facet
were also prepared by a similar method except that the 3 mL of
hydrouoric acid was replaced by 3 mL of distilled water.

The Ru/TiO2 catalysts (Ru/TiO2(101) and Ru/TiO2(001)) were
prepared by a deposition–precipitation method. 3.0 g of TiO2

was suspended in 80 mL of water followed by adding 0.1518 g of
RuCl3$3H2O (2 wt%) in the suspension. The pH value of the
mixture was adjusted to 8.0 by adding 1 mol L�1 Na2CO3 solu-
tion. Aerwards, the suspension was stirred for 3 h, and then
the solid was ltrated and washed thoroughly, dried in air at
60 �C for 12 h. The product was heated at a constant rate (5 �C
min�1) from room temperature to 300 �C in a N2 atmosphere
and held for 3 h, followed by a reduction in a H2–N2 mixture
(2 : 3, v/v) with 100 mL min�1

ow at 300 �C for 3 h.
2.2 Catalyst characterization

X-ray diffraction (XRD) patterns of samples were obtained on a
Shimadzu XRD-6000 diffractometer, using Cu Ka radiation (l ¼
0.154 nm) at 40 kV, 30 mA, a scanning rate of 5�/min, a step size
of 0.02�/s, and a 2q angle ranging from 15 to 70�. Elemental
analysis of metal in samples was performed using a Shimadzu
ICPS-7500 inductively coupled plasma emission spectrometer
(ICP-ES). Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) observations were carried out on a
JEOL JEM-2100 transmission electron microscope. Low-
temperature N2 adsorption–desorption isotherms of the
samples were obtained on a Micromeritics ASAP 2020 sorp-
tometer apparatus. All samples were outgassed prior to analysis
at 200 �C for 12 h under 10�4 Pa vacuum. The total specic
surface area was evaluated from the multipoint Brunauer–
This journal is © The Royal Society of Chemistry 2014
Emmett–Teller (BET) method. X-ray photoelectron spectroscopy
(XPS) measurements were performed using an ESCALAB 250
instrument (Thermo Electron) with Al Ka radiation. The
binding energy calibration of all spectra was referenced to the
C1s signal at 284.6 eV.

Temperature programmed reduction (TPR) and temperature
programmed desorption (TPD) of the samples were performed
by using a Micromeritics ChemiSorb 2720 with a thermal
conductivity detector (TCD). Before measurement, the sample
(100 mg) placed in a quartz U-tube reactor was degassed under
owing argon at 200 �C for 2 h. For TPR, the sample was
reduced in a stream of H2–Ar (1 : 9, v/v; 40 mL min�1 total ow)
with a heating rate of 10 �C min�1 up to 400 �C. For TPD, the
sample (300 mg) was reduced under the same conditions
mentioned above, and then cooled to room temperature.
Subsequently, TPD measurement was carried out in a stream of
argon with a rate of 40 mL min�1 and a temperature ramp of
10 �C min�1.

2.3 Evaluation of catalytic performance

The catalytic evaluation of the supported Ru catalysts for CO2

methanation was carried out in a quartz tube reactor (8 mm in
diameter) at atmospheric pressure. Brooks mass ow control-
lers were used to control the gas ow rate. In order to eliminate
temperature and concentration gradients, 1.0 g of the catalyst
was mixed with 1 mL of inert quartz sand (40 to 60 mesh) and
then packed into the reactor. The reactor temperature was
controlled by three thermocouples (located near the entrance,
at the middle, and near the exit of the bed). Aer the catalyst
pretreatment, the reaction gas mixture consisting of CO2 (15%,
v/v), H2 (60%, v/v) and Ar (25%, v/v) at 40 standard cubic
centimeters per minute (sccm) total ow rate was introduced
into the reactor, and the CO2 conversion was measured over the
temperature range 150–350 �C. The product gas stream was
analyzed on line by gas chromatography (GC, Shimadzu, 2014C)
equipped with a thermal conductivity detector (TCD). The CO2

conversion was calculated based on the CO2, H2 and CH4 mole
fractions in the products.

2.4 Computational methods

Periodic density functional theory (DFT) calculations were per-
formed using the DMol3 code. The (101) and (001) surface were
simulated by a (3 � 3) slab, with a thickness of four titanium
layers. According to the previously reported work, the (3 � 3)
slab is large enough to reduce the interactions between neigh-
boring images and allows the interfacial strain energy to be fully
released. In addition, a vacuum space of 15.0 Å above the
surface was employed to eliminate the interaction between two
neighboring images along the vertical direction. All the atoms
were fully relaxed during the geometric optimization. The
generalized gradient approximation with the Perdew–Burke–
Ernzerhof functional, together with effective core potentials was
utilized. The basis set was specied as the double-numerical
basis with polarization functions. The convergence criteria for
structure optimizations were based on the following: (1) an
energy tolerance of 2.0 � 10�5 Ha per atom; (2) a maximum
RSC Adv., 2014, 4, 10834–10840 | 10835
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force tolerance of 4.0 � 10�3 Ha/Å; (3) a maximum displace-
ment tolerance of 4.0 � 10�3 Å. k-space was sampled by the
gamma point. The Ru13 cluster was used for simulation in this
work, which has been proved to be valid in studying Ru–support
interaction previously.24 This cluster size can serve as a useful
model for atoms with low coordination number (e.g., those on
corners and edges of nanoparticles), which are expected to show
high catalytic activity. The adsorption energy (Eads) of species
adsorbed on the Ru13/TiO2 surface was calculated from the
energy difference between the optimized surface containing the
adsorbate (Esurface+adsorbate) and the optimized clean surface
with the adsorbate molecule optimized in gas state (Esurface +
Eadsorbate), as shown in the following equation:

Eads ¼ Esurface+adsorbate � (Esurface + Eadsorbate) (1)

Fig. 2 XRD patterns of the (a) TiO2-NSs, (b) TiO2-NPs, (c) Ru/TiO2(001)
and (d) Ru/TiO2(101).
3. Results and discussion
3.1 Structural and morphological study of the catalysts

The morphology of the catalyst supports revealed by TEM and
HRTEM is shown in Fig. 1. TiO2-NSs show a typical sheet-like
morphology with the lateral particle size of 60–100 nm (Fig. 1A);
a well-dened truncated bipyramidal structure was displayed by
the HRTEM image (Fig. 1B), with a lattice spacing of�0.235 nm
parallel to the top and bottom facets. This corresponds to the
(001) plane of anatase TiO2, which indicates the top and bottom
facets of the nanosheets are (001) planes (Fig. 1C). By compar-
ison, TEM images of TiO2-NPs (Fig. 1D and E) show that the
lattice spacing parallel to the side face of the truncated bipyr-
amid is �0.35 nm, corresponding to the (101) plane of anatase
TiO2. On the basis of the structural information, the percentage
of exposed (001) facet for the TiO2-NSs is �75%; while the
percentage of exposed (101) facet for the TiO2-NPs is large
than 90%.

Fig. 2 illustrates the XRD patterns of the two TiO2 substrates
and resulting Ru/TiO2 catalysts. All the diffraction peaks match
well with the crystal structure of the anatase TiO2 phase (JCPDS
no. 21-1272, space group: I41/amd (141)).25 Specially, TiO2-NSs
Fig. 1 (A–C) TEM, HRTEM image and the schematic illustration of
TiO2-NSs with exposed (001) facet; (D–F) TEM, HRTEM image and the
schematic illustration of TiO2-NPs with exposed (101) facet.
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(curve a) exhibit relatively stronger (200) reection and weaker
(004) reection in comparison with TiO2 NPs (curve b), indi-
cating the predominant exposure of (001) plane. This agrees
well with the HRTEM results above and previous reports.26

Moreover, no obvious change in the XRD patterns aer loading
Ru (curve c and d) was observed, suggesting the maintenance of
the structure and morphology of these two TiO2 substrates. It
should be noted that Ru species shows no characteristic XRD
reection, probably owing to the high dispersion of Ru NPs with
rather small particle size (below the detection limit of XRD).

Fig. 3 shows the TEM and HRTEM images of the two Ru/TiO2

catalysts. It is observed that the original morphology of TiO2

substrate basically remains, and Ru nanoparticles are highly
dispersed throughout the support. The histogram of the particle
size distribution for Ru/TiO2(001) (Fig. 3C), which is calculated
from more than 200 nanoparticles, presents a narrow distri-
bution. The mean particle size was calculated to be �1.5 nm.
The Ru/TiO2(101) sample shows a similar dispersion of Ru
nanoparticles with a mean particle diameter of �1.6 nm
(Fig. 3D).
Fig. 3 (A and B) TEM images and (C) the histogram of the particle size
distribution of Ru/TiO2(001); (D and E) TEM images and (F) the histo-
gram of the particle size distribution of Ru/TiO2(101).

This journal is © The Royal Society of Chemistry 2014
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As shown in Table 1, the BET specic surface area decreases
slightly from 96 m2 g�1 (TiO2-NSs) to 72 m2 g�1 (Ru/TiO2(001))
with the deposition of Ru nanoparticles; a similar trend was
found for the Ru/TiO2(101) sample (decreases from 141 to
115 m2 g�1). This is possibly attributed to partial agglomeration
of TiO2 support during the wet impregnation process for the
deposition of Ru species. Elemental analysis by ICP-AES reveals
the Ru contents are 1.69% and 1.66% in the two catalyst
samples (Table 1), which are slightly lower than the nominal
content (2%).
Fig. 4 (A) The CO2 conversion at steady state as a function of reaction
temperature: (a) Ru/TiO2(101), (b) Ru/TiO2(001); (B) time-on-stream
analysis for (a) Ru/TiO2(101) and (b) Ru/TiO2(001) at 325 �C.
3.2 Catalytic activity

The catalytic behavior of the Ru/TiO2(001) and Ru/TiO2(101)
samples was evaluated using CO2 methanation as a probe
reaction. Fig. 4A shows CO2 conversion vs. reaction temperature
over the two catalysts with a reaction-gas feed rate of 40 mL g�1

s�1. For the sample of Ru/TiO2(001), the CO2 conversion
increases along with the increase of temperature and reaches to
the maximum value of 91.1% at 350 �C. In the case of Ru/
TiO2(101) however, the maximum conversion of 98% was
obtained at 255 �C, demonstrating an excellent high activity at
low temperature. It should be noted that both Ru/TiO2(001) and
Ru/TiO2(101) have very satisfactory selectivity towards CH4

(>99%) over the whole temperature range. The turnover
frequency (TOF) of the two catalysts was evaluated at low reac-
tion temperature (150 �C), low CO2 conversion (<15%) and high
CO2 weight hourly space velocity (WHSV: 360 mL gcat

�1 h�1), so
as to minimize the effect of transport and water inhibition. The
TOF values were calculated to be 4.51 � 10�3 s�1 and 2.57 �
10�3 s�1 for Ru/TiO2(101) and Ru/TiO2(001), indicating a largely
enhanced catalytic activity of the former catalyst. The activation
energy (Ea) values were also measured by dynamical experi-
ments (shown in Fig. S1†). According to the Arrhenius equation,
the Ea of CH4 formation on Ru/TiO2(101) (65.9 kJ mol�1) is lower
than that on Ru/TiO2(001) (77.4 kJ mol�1), which agrees with the
TOF results.

The long-term catalytic stability of the two samples was also
investigated. As shown in Fig. 4B, the Ru/TiO2(101) exhibits a
stable conversion (95%) at 325 �C for 50 h, with no obvious
decrease in its activity (curve a), indicating a sufficient stability
for long-term employment. For the Ru/TiO2(001) sample
however (curve b), a continuous decrease in the CO2 conversion
(from 92% to 87%) at 325 �C was observed with a reaction
duration of 50 h. Since the Ru loading and particle size are
Table 1 BET surface area and Ru loading for the supported catalysts

Samples SBET
a/m2 g�1 Ru loadingb/wt% TOFCH4

c at 150 �C s�1

TiO2-NSs 96 — —
TiO2-NPs 141 — —
Ru/TiO2(001) 72 1.69 2.57 � 10�3

Ru/TiO2(101) 115 1.66 4.51 � 10�3

a BET surface area. b Determined by ICP-AES. c Turnover frequency of
CO2 hydrogenation, which was given as the overall rate of CO2
conversion normalized by the number of active sites over the specied
time.

This journal is © The Royal Society of Chemistry 2014
rather close for these two Ru/TiO2 catalysts, the obvious differ-
ence in catalytic performance can be attributed to the support
effect originating from the exposed facet, which will be dis-
cussed in detail in the next section.

3.3 Inuences of metal–support interaction on catalytic
performance

In order to give an insight into the metal–support interaction in
these Ru/TiO2 catalysts, TPR was carried out to probe the
reducibility of supported Ru catalysts. Fig. 5 shows the TPR
proles of two RuO2/TiO2 catalysts, with pristine RuO2 as a
reference sample which was prepared by similar DP method
without addition of any support. Only one reduction peak at
188 �C was observed for the pristine RuO2 (curve c), corre-
sponding to the reduction process of Ru4+ to Ru0.27 In the case
of the immobilized RuO2, both the RuO2/TiO2(101) and RuO2/
TiO2(001) show signicantly increased reduction temperature,
i.e., at 276 and 233 �C, indicating that TiO2 support hinders the
reduction process of RuO2. The RuO2/TiO2(101) sample displays
a much higher temperature shi in comparison with RuO2/
TiO2(001) one, implying a stronger interaction between Ru
species and the (101) facet. Moreover, a larger amount of H2

consumption was found in the RuO2/TiO2(101) catalyst. The
values of H/Ru ratio are 23.3 and 11.0 for the RuO2/TiO2(101)
and RuO2/TiO2(001), respectively, implying that the TiO2

support in the former system shows a stronger extent of
reduction via the spillover mechanism.28
RSC Adv., 2014, 4, 10834–10840 | 10837



Fig. 5 H2-TPR profiles of (a) RuO2/TiO2(101), (b) RuO2/TiO2(001) and
(c) pristine RuO2.
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Fig. 6 shows the XPS spectra of Ru 3d peak of the two sup-
ported Ru catalysts as well as pristine Ru sample. The peak at
�280.1 for pristine Ru sample (Fig. 6c) can be assigned to Ru
3d5/2, indicative of metallic Ru. Similarly, the peaks of Ru 3d5/2
for Ru/TiO2(101) and Ru/TiO2(001) are observed at �280.5 and
280.1 eV, respectively. Interestingly, the binding energy of Ru 3d
for Ru/TiO2(101) exhibits a positive shi compared with that of
pristine Ru and Ru/TiO2(001), which can be attributed to the
modication in the electronic structure of Ru nanoparticles.
Such a positive shi indicates an obvious electron transfer from
metallic Ru to TiO2 (101) facet.27,29 The positive polarity of Ru
species may have inuence on the binding energy of the
adsorbates and their dissociation process, which will affect the
catalytic property.30,31

Hydrogen can be adsorbed in several ways on supported
catalysts. TPD has been found to be quite useful for character-
izing catalysts by ngerprint spectra and for determining metal
surface areas, binding energies and binding states of adsorbed
Fig. 6 XPSprofilesofRu: (a)Ru/TiO2(101), (b)Ru/TiO2(001), (c)pristineRu.
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molecules.32 Fig. 7A displays the H2-TPD proles obtained over
the two Ru/TiO2 catalysts. It is observed that hydrogen desorbs
from the Ru/TiO2(101) sample (curve a) exhibiting three peaks
centered at �90, 285 and 480 �C, respectively. According to the
results of previous studies,33–35 the low temperature peak (LT,
90 �C) is due to hydrogen chemisorbed at the surface of Ru
nanoparticles; the medium temperature peak (MT, 285 �C) is
assigned to hydrogen adsorbed at the metal–support interface;
the high temperature (HT, 480 �C) hydrogen desorption can be
attributed to spilt-over hydrogen or strongly chemisorbed
hydrogen. In the case of Ru/TiO2(001) however, its TPD prole is
characterized by one main peak located at �140 �C (Fig. 7A,
curve b), which can be possibly attributed to the hydrogen
chemisorbed at the surface of Ru nanoparticles. The absence of
MT and HT peak in the Ru/TiO2(001) system excludes the
hydrogen adsorbed at the metal–support interface and spillover
hydrogen, suggesting a weak synergistic effect between the
metallic Ru and (001) facet of TiO2.

Fig. 7B displays the CO2-TPD proles of the two TiO2

supports and the resulting two Ru/TiO2 catalysts. TiO2-NPs and
TiO2-NSs show rather similar behavior (curve c and curve d), i.e.,
only one peak occurs at �460 �C. In order to conrm the origin
of this peak, we performed the CO2-TPD of the TiO2-NPs aer a
Fig. 7 (A) H2-TPD profiles of (a) Ru/TiO2(101), (b) Ru/TiO2(001); (B)
CO2-TPD profiles of (a) Ru/TiO2(101), (b) Ru/TiO2(001), (c) TiO2-NPs,
(d) Ru/TiO2-NSs, (e) TiO2-NPs-600.

This journal is © The Royal Society of Chemistry 2014



Fig. 8 CO dissociation on: (A) Ru13/TiO2(101) and (B) Ru13/TiO2(001),
respectively.
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heat treatment at 600 �C for 1 h in Ar atmosphere (denoted as
TiO2-NPs-600, Fig. 7B, curve e), in comparison with the TiO2-
NPs without heat treatment (Fig. 7B, curve c). The peak at
�460 �C disappeared for TiO2-NPs-600, which indicates that
this peak is not due to the desorption of CO2, but most probably
due to the dehydroxylation of the support. The Ru/TiO2(001)
sample (curve b) shows almost the same feature with the two
supports, indicating that the immobilization of Ru nano-
particles does not contribute to the CO2 adsorption in this
system. Interestingly, the Ru/TiO2(101) sample exhibits obvi-
ously different character. Besides a shoulder peak (�460 �C)
similar to that of the TiO2-NPs substrate, a strong and broad
peak for CO2 desorption was observed at �320 �C, which can be
attributed to CO2 that adsorbs at the surface of Ru and/or the
Ru–TiO2 interface.36 The results demonstrate that a stronger
adsorption of reactants (both H and CO2) occurs on the surface
of Ru/TiO2(101) catalyst in contrast to the Ru/TiO2(001) one,
resulting from the stronger metal–support interaction between
Ru and (101) facet of anatase TiO2.

For the methanation of CO2, there is still no consensus on
the reaction mechanism. One important proposal involves the
conversion of CO2 to CO prior to methanation, followed by the
same mechanism as CO methanation, in which the rate-deter-
mining step is the formation of surface carbon in CO dissoci-
ation.37 To gain a further insight into the catalytic activity of the
present catalysts, DFT calculations were carried out to elucidate
the structure–activity correlation. In this work, we optimized the
structure of Ru13 cluster and subsequently supported them on
(101) and (001) surface of TiO2, respectively. This cluster can
serve as a suitable model for atoms with low coordination
number (e.g., those on corners and edges of nanoparticles),
which is expected to show high catalytic activity. The Hirshfeld
charge results show that Ru13 is positively charged, indicating
the electron transfer from Ru13 to TiO2 (Fig. S2†). The total
Hirshfeld charge of Ru13 in Ru13/TiO2(101) is 0.98e, 0.13e higher
than that in Ru13/TiO2(001), which is in accordance with the
XPS results. In addition, the electronic interaction is mainly
localized in the Ru atoms direct contacting with the support;
while those in noncontacting layers, are less affected by the
electronic interaction. Subsequently, the direct CO dissociation
(the rate-determining step) on these two models was studied.
Five different adsorption geometries of CO were calculated, and
the most stable one was chosen for further calculations.
According to the calculated adsorption energies, it is suggested
that CO prefers to bind at the Ru–TiO2 interface both in Ru13/
TiO2(101) and Ru13/TiO2(001) system (Fig. 8). This adsorption
phenomenon has also been observed by Panagiotopoulou
previously.38 The adsorption energy of CO on Ru13/TiO2(101) is
�1.71 eV, lower than that on Ru13/TiO2(001) by 0.65 eV, indi-
cating that the CO molecule binds more strongly with Ru13/
TiO2(101). Moreover, the adsorption energy of CO on the pris-
tine Ru13 cluster is �0.08 eV, much higher than on the sup-
ported Ru13 clusters (�1.71 and �1.06 eV, respectively), which
indicates that CO binds more strongly on the supported ones.
It's known that the energy of CO adsorption is highly sensitive
to the electronic state of the adsorption site,39 and the positively
charged Ru atoms are desirable for the adsorption of CO.
This journal is © The Royal Society of Chemistry 2014
Furthermore, the TPD results above conrm that both H and
CO2 adsorb more strongly on the Ru13/TiO2(101) system. It is
therefore deduced that the stronger electron transfer from the
Ru13 cluster to TiO2 (101) leads to a better stability of chemical
species on this catalyst. For this reason, the transition-state (TS)
was stabilized considerably for the Ru13/TiO2(101) system, in
comparison with the Ru13/TiO2(001) one, rendering a
much lower CO dissociation barrier for Ru13/TiO2(101) system
(1.25 eV) than that for Ru13/TiO2(001) one (1.37 eV). This
accounts for the higher activity of Ru13/TiO2(101) catalyst
toward CO2 methanation than that of Ru13/TiO2(001).

4. Conclusions

Ru nanoparticles supported on the (101) facet of anatase TiO2

exhibit signicantly higher activity for the catalytic hydrogena-
tion of CO2 to methane than that on the (001) facet. Structural
investigations based on TPR and XPS technique give direct
evidence that a stronger metal–support interaction occurs
between Ru and (101) facet in contrast to Ru and (001) one. This
gives rise to an enhancement in reactants adsorption (both H
and CO2) at the interface of Ru/TiO2(101), accounting for the
observed surprisingly high reactivity and good stability of the
Ru/TiO2(101) catalyst. In addition, a theoretical study based on
DFT calculations further conrms the stronger electron transfer
RSC Adv., 2014, 4, 10834–10840 | 10839
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from Ru cluster to TiO2 (101) facet than to TiO2 (001) one; the Ru
species supported on the (101) plane possesses a relatively lower
activation energy for the CO dissociation, resulting in its highly
catalytic activity toward CO2 methanation reaction. This work
provides a fundamental understanding of the metal–support
interaction originating from exposed facet of support. It is
expected that this strategy can be extended to the design and
fabrication of other supported metal catalysts with signicantly
enhanced behavior in heterogeneous catalysis.
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