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ABSTRACT: The mechanism on interfacial synergistic catalysis for
supported metal catalysts has long been explored and investigated in
several important heterogeneous catalytic processes (e.g., water−gas
shift (WGS) reaction). The modulation of metal−support interactions
imposes a substantial influence on activity and selectivity of catalytic
reaction, as a result of the geometric/electronic structure of interfacial
sites. Although great efforts have validated the key role of interfacial
sites in WGS over metal catalysts supported on reducible oxides, direct
evidence at the atomic level is lacking and the mechanism of interfacial
synergistic catalysis is still ambiguous. Herein, Ni nanoparticles
supported on TiO2−x (denoted as Ni@TiO2−x) were fabricated via a
structure topotactic transformation of NiTi-layered double hydroxide
(NiTi-LDHs) precursor, which showed excellent catalytic performance
for WGS reaction. In situ microscopy was carried out to reveal the partially encapsulated structure of Ni@TiO2−x catalyst. A
combination study including in situ and operando EXAFS, in situ DRIFTS spectra combined with TPSR measurements
substantiates a new redox mechanism based on interfacial synergistic catalysis. Notably, interfacial Ni species (electron-enriched
Niδ− site) participates in the dissociation of H2O molecule to generate H2, accompanied by the oxidation of Niδ−−Ov−Ti3+ (Ov:
oxygen vacancy) to Niδ+−O−Ti4+ structure. Density functional theory calculations further verify that the interfacial sites of Ni@
TiO2−x catalyst serve as the optimal active site with the lowest activation energy barrier (∼0.35 eV) for water dissociation. This
work provides a fundamental understanding on interfacial synergistic catalysis toward WGS reaction, which is constructive for
the rational design and fabrication of high activity heterogeneous catalysts.

1. INTRODUCTION

Reducible oxide supported transition metal catalysts have
attracted extensive attention in many important heterogeneous
catalytic reactions.1−4 For instance, the water−gas shift
reaction (WGS: CO + H2O↔CO2 + H2), is an indispensable
step in many important industrial processes and has potential
applications in fuel cells. Its primary purpose is to eliminate
deleterious CO present in feed streams for hydrogen
production.5 Great efforts have been devoted to studying the
intrinsic active site and reaction mechanism of WGS, so as to
boost the rational design of highly active heterogeneous
catalysts.6−8 However, there are still many controversies about
the nature of active sites: metal site, oxide support, or metal-
oxide interface. The reaction mechanism is also ambigu-
ous.9−12 So far, a bifunctional reaction mechanism has been

generally accepted: CO adsorbs on the metal site and H2O
undergoes activated dissociation on the oxygen vacancies of
support, followed by the subsequent reaction between the CO
and the dissociative species at the metal-oxide interface.10,11

Nevertheless, this interfacial synergistic mechanism neglects
the adsorption-induced interfacial reconstruction, especially for
water dissociation. Therefore, how to detect and identify the
geometric structure and electronic state of active sites under in
situ and operando reaction conditions remains a tremendous
challenge. In addition, direct evidence on active sites at the
atomic level is crucial for revealing reaction mechanism and
new catalyst design.
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Recently, inverse oxide/metal catalysts (e.g., CeO2−x/
Au(111), TiO2−x/Au(111), and CeO2−x/Cu(111)) have
been investigated as a model system to deeply understand
the role of oxide and metal-oxide interface,11,13,14 which
strongly confirmed that interfacial sites act as the active site in
WGS reaction and accelerate the rate-determining step (water
dissociation). In the traditional view, the chemisorption of
H2O on the oxygen vacancies of support generates active
surface hydroxyl or oxygen species, and admetal facilitates the
dissociation of H2O indirectly through promoting the
formation of oxygen vacancies during the reduction of
catalysts.15,16 More recently, Rodriguez et al. developed a
facile approach to construct Pt/CeOx/TiO2(110) catalyst with
a new type of strong metal−support interactions (SMSI),
which involved electronic perturbation of small Pt particles in
contact with ceria and thus significantly enhanced the cleavage
of O−H bond in water.17 Campbell et al. used density
functional theory (DFT) calculations to further explore the
electronic interaction between platinum and reduced ceria, and
proposed a new concept of electronic metal−support
interactions (EMSI) that induce a charge redistribution of
the metal-oxide interface.18 Recently, we demonstrated that
Ni@TiO2−x catalyst with core−shell structure, which showed
excellent catalytic performance for WGS reaction, has strong
EMSI.19 The phenomenon has been reported earlier by
different groups that the metal−support interactions can be
effectively modulated via the construction of embedded or
core−shell-type catalysts20−23 including metal supported on
nonreducible oxides (e.g., Rh@Al2O3). Whereas, whether the
interfacial metal sites directly participate in H2O dissociation in
the WGS reaction or not, is still unclear. Moreover, our
previous study demonstrates that the strong interaction
between TiO2−x and Ni nanoparticles promotes the formation
of abundant defect sites (Ov: oxygen vacancy and Ti3+ species)
accompanied by the generation of interfacial Niδ−−Ov−Ti3+
species, which serve as dual active sites of WGS reaction.19

Nevertheless, this was demonstrated via the quantitative
relation between concentration of interfacial site (Niδ−−Ov−
Ti3+) and the catalytic reaction rate. In situ or even operando
information on catalytic mechanism is vital to a fundamental
understanding on the interfacial synergistic catalysis mecha-
nism.
Herein, we provide direct spectroscopic evidence of EMSI at

the interface over Ni@TiO2−x catalyst and directly observe the
electronic state and structural change of interfacial active sites
under in situ and operando conditions. In situ HRTEM, in situ
EELS combined with ex situ STEM-EDS experiments were
performed to illustrate the partial encapsulation of Ni
nanoparticles by TiO2−x overlayer and reveal the chemical
state of Ti located at the interface. A direct observation for the
whole catalytic reaction process on interfacial sites was
achieved by means of in situ and operando extended X-ray
absorption fine structure spectroscopy (EXAFS), in situ diffuse
reflectance infrared Fourier-transform spectroscopy (DRIFTS)
combined with temperature-programmed surface reaction
(TPSR) measurements. A redox mechanism based on
interfacial synergistic catalysis was demonstrated for the first
time over this type of catalyst: H2O molecule undergoes
dissociation on Niδ−−Ov−Ti3+ species (interfacial sites) to
generate hydrogen and active oxygen species, followed by the
reaction between active oxygen species and CO molecule
adsorbed on the surface of Ni nanoparticles to produce CO2.
Most interestingly, through in situ EXAFS studies we can gain

an insight into the electronic state, coordination environment
and bond distance of Ni species during the H2O dissociation
step, which explicitly verifies that interfacial admetal directly
participate in the O−H bond cleavage of water molecule,
accompanied by the oxidation of Niδ−−Ov−Ti3+ to Niδ+−O−
Ti4+ and concomitantly the formation of hydrogen. A new
interfacial synergistic catalysis was substantiated by virtue of
monitoring the structural/electronic dynamic evolution of
intrinsic active site and reactive species under in situ and
operando conditions, which would pave the way for the rational
design and development of high activity heterogeneous
catalysts.

2. EXPERIMENTAL SECTION
2.1. Materials. All the chemicals (TiCl4, Ni(NO3)2·6H2O, and

urea) were analytical grade, which were purchased from Sigma-
Aldrich. During the whole experimental process, deionized water was
used and the chemicals were used without further purification.

2.2. Preparation of Ni@TiO2−x(450) Catalysts. The Ni@
TiO2−x(450) catalyst was synthesized according to our previous
work.19

2.3. Catalyst Characterization. In situ HRTEM, in situ EELS
and ex situ HAADF-STEM measurements: The Ni@TiO2−x(450)
catalyst was suspended in ethanol via ultrasound, and dropped onto
the carbon-on-copper grids. Subsequently, the sample was installed in
the nanoreactor with a heating gas holder (DENS solutions), and
reduced in 10% H2 (He, balance) at 450 °C for 1 h. Then, the
obtained product was slowly cooled to ∼25 °C in a He atmosphere.
Subsequently, in situ HRTEM measurement was carried out on a FEI
Tecnai G2 F20 at an accelerating voltage of 200 kV. In situ electron
energy loss spectroscopy (in situ EELS) was further performed to
explore the encapsulation over Ni@TiO2−x(450) sample. In situ EELS
spectra were collected including the Ti L-edge spectra, O L-edge
spectra and Ni L-edge spectra in various area with a spot size of ∼1
nm in diameter and acquisition time of 5 s. High-angle annular dark-
field scanning TEM-energy-dispersive X-ray spectroscopy (HAADF-
STEM) images were obtained on a FEI Tecnai G2 F20 instrument. In
situ Ni K-edge EXAFS was carried out at the beamline 1W1B of the
Beijing Synchrotron Radiation Facility (BSRF), Institute of High
Energy Physics (IHEP), Chinese Academy of Sciences (CAS). The
IFFEFIT package was performed for the data analysis and fitting.
Before the measurement on Ni K-edge EXAFS spectra of Ni@
TiO2−x(450) sample, all the samples were prereduced in H2
atmosphere at 450 °C for 1 h and subsequently flushed with He
for 30 min. In situ DRIFTS was carried out in a reaction cell on a
VERTEX 70 spectrometer, with a resolution of 4 cm−1. H2O TPD-
MASS and H2O Pulse-MASS measurements were performed on a
Micromeritics ChemiSorb 2070. The temperature-programed surface
reaction (TPSR) and cycling test of CO and H2O Pulse-MASS were
carried out to further explore the reaction mechanism of WGS over
the Ni@TiO2−x(450) catalyst. The detailed pretreatment conditions
and test conditions are given in the Supporting Information.

2.4. DFT Calculations. DFT+U calculations were performed
based on the Vienna ab-initio simulation package (VASP). A four-
layer slab with p(2√3 × 2√3) supercell was cleaved for the surface of
Ni(111),24,25 and the model of Ni(111)@TiO2−x(101) was built by a
free TiO2(101) single chain in a (2 × 1) array over the Ni(111)
surface mentioned above.11,13 The Ti center of TiO2(101) single
chain over the surface was unsaturated in coordination. A four-layer
slab of two repeat units with p(3 × 3) supercell was cleaved for the
surface of TiO2−x(101),

26,27 where five-coordinated Ti center served
as the active site for water dissociation. The exchange-correlation
potential was described by the Perdew−Burke−Ernzerhof (PBE)
generalized gradient approach (GGA).28,29 We set the Hubbard
parameters to U-J = 3 eV for Ti.30 The DFT calculations used A 3 × 3
× 1 k-point sampling in the surface Brillouin zone. The calculations of
all these models considered spin polarization. The converge criteria is
that the force on each relaxed atom is below 0.05 eV/ Å and an energy
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cutoff is 400 eV, which were used in the calculations. The CI-NEB
method was used to search transition state (TS) at the same
theoretical level.31,32 Then the calculations on adsorption energy of
H2O (Eads(H2O)), energy barrier of water dissociation (ΔEads(TS))
and reaction heat (Ereac) on Ni(111), Ni(111)@TiO2−x(101)
interface, and TiO2−x(101), were carried out.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Characterizations
of Ni@TiO2−x(450) Sample. The Ni@TiO2−x(450) catalyst
was prepared via calcination and reduction process of NiTi-
LDH precursor, as reported in our previous work.19 Herein, in
order to reveal the real structure of Ni@TiO2−x(450) catalyst
(avoiding the oxidation of Ni exposed in air), in situ HRTEM
measurement was carried out in a closed gas cell at
atmospheric pressure, which showed lattice fringe with an
interplanar distance of 0.203 nm and a dihedral angle of 70°
corresponding to the {111} and the {1−11} plane33 of face-
centered cubic (fcc) Ni phase (Figure 1A, a). The interplanar
distance of 0.350 nm is attributed to the {101} plane of
hexagonal closed-packed (hcp) TiO2 phase. The selected
electron diffraction based on the fast Fourier transform (FFT)
patterns (Figure 1A, b) demonstrates three types of diffraction
patterns, whose radius of diffractions circle is attributed to
{111}, {200} plane of Ni phase (fcc) and {101} plane of TiO2
phase (hcp), respectively, further confirming the structure
observed in Figure 1A, a. Moreover, ex situ HAADF-STEM
and ex situ STEM-EDS measurements were performed to
investigate the surface structure of Ni@TiO2−x(450) sample
(Figure 1A, c−g). Elemental mapping analysis based on
HAADF-STEM-EDS exhibits a disordered and nonuniform
distribution of Ti and O on the surface of Ni particles (Figure
1A, d−g). The line scan spectrum of ex situ STEM-EDS was
obtained over one individual Ni nanoparticle, which shows a
similar Gaussian distribution of O and Ti (Figure S1). This
demonstrates that Ni nanoparticles are partially overlaid by
TiO2−x coating.
In situ electronic energy-loss spectroscopy (EELS) measure-

ments (Figure 1B) were carried out to further confirm the
encapsulation structure and to identify the electronic state
focus at various locations (e.g., surface Ni metal, interface,
TiO2−x support). As shown in Figure 1B, Ti L-edge, O K-edge
and Ni L-edge spectra were collected on three selected
locations (Figure 1B, a and b: Spot A, B and C), respectively.
Only Ni L-edge spectra are observed at Spot A, indicating the
location of metal Ni species. Spot B is composed of both Ti L-
edge and O K-edge spectra, which represents the TiO2−x
support. In the case of Spot C, all of Ti L-edge, O K-edge and
Ni L-edge spectra are identified, indicating the interfacial site
between metal and support. The results above verify that the
Ni nanoparticles were encapsulated partially by disordered
TiO2−x overlayer,

4 in agreement with the HAADF-STEM and
STEM-EDS measurements. Furthermore, the Ti L-edge
spectra34 and O K-edge spectra collected at Spot C (interface)
and Spot B (support) show similar peak type, indicating that
the chemical state of TiO2−x overlayer located at the interface
is close to that of TiO2−x support.
3.2. Studies on Electronic Metal−Support Interac-

tions over Ni@TiO2−x(450) Sample. In situ X-ray photo-
electron spectroscopy (XPS) combined with ex situ X-ray
absorption spectroscopy (XAS) of Ni LII,III-edge and Ti LII,III-
edge were performed to explore the electronic metal−support
interactions (EMSI). In situ XPS Ni 2p and Ti 2p spectra

(Figure S2a,b) were collected after the reduction of Ni@
TiO2−x(450) at 450 °C for 1 h (10% H2 atmosphere), and
were deconvoluted by Gaussian peak fitting method. The
peaks at ∼852.4 and ∼853.7 eV are attributed to Ni0 and Ni2+

species, respectively.35 Notably, one special peak at ∼851.7 eV
is observed, which is attributed to Niδ− (electron-enriched Ni
species). Ex situ XAS spectra of Ni LII,III-edge (Figure S2c)
show that the absorption edge shifts to the lower energy
compared with the Ni foil, further confirming the existence of

Figure 1. (A): (a,b) In situ HRTEM image of the Ni@TiO2−x(450)
sample. (c) Ex situ HAADF-STEM image of the Ni@TiO2−x(450)
sample. (d) The white dashed line box area in panel c with element
EDS mapping of (e) Ni, (f) O and (g) Ti, respectively. (B): (a) In situ
HRTEM images for the Ni@TiO2−x(450) sample, after reduction at
450 °C in 10% H2 atmosphere for 1 h and cooled to room
temperature. (b) In situ HAADF-STEM images of panel a. In situ
electron energy-loss spectroscopy (EELS) collected at Spot A, B, C in
panel b, respectively, with a single spot size of ∼1 nm. (c) Ni L-edge
spectra collected at Spot A. (d) Ti L-edge spectra and (e) O K-edge
spectra collected at Spot B. (f) Ti L-edge spectra, (g) O K-edge
spectra and (h) Ni L-edge spectra collected at Spot C.
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Niδ− species. In the case of in situ XPS Ti 2p spectra (Figure
S2b), abundant Ti3+ species were observed via a deconvoluted
Ti 2p3/2 peak at ∼457.5 eV.36 Furthermore, the formation of
electron-enriched Niδ− and five-coordinated Ti3+ species
(associated with oxygen vacancies) in the Ni@TiO2−x(450)
sample has also been observed by in situ XANES spectra and in
situ DRIFTS spectra in our previous work.19 A combination
study of in situ XPS, in situ EELS spectra (Figure 1B), and ex
situ XAS spectra of Ti LII,III-edge (Figure S2d) in this work
demonstrates that the TiO2−x overlayer modified on the
surface of Ni particles promotes the electronic migration from
TiO2−x support to Ni atoms located at the interface,
accompanied by the formation of abundant interfacial sites
(Niδ−−Ov−Ti3+).
In our previous work, the Ni@TiO2−x(450) catalyst showed

excellent catalytic activity at 350 °C for WGS reaction, and the
Niδ−−Ov−Ti3+ interfacial site has been proved as the active

site.19 In this work, in situ/operando EXAFS, in situ DRIFTS
combined with TPSR measurements were performed to
acquire direct evidence of Niδ−−Ov−Ti3+ interfacial site in
accelerating WGS reaction. By virtue of monitoring the
electronic state and structural evolution of interfacial site
under in situ and operando conditions, a new mechanism on
interfacial synergistic catalysis toward WGS reaction was
proposed.

3.3. In Situ/Operando Insight into the CO Adsorbate-
Induced Surface Reconstruction. It is generally accepted
that chemisorption and activation of CO molecule occur on
the surface of metal during the WGS reaction.11,14 In situ/
operando EXAFS were performed to give the structural
information in detail and the corresponding change of the
electronic structure, coordination environment and bond
distance in pristine CO atmosphere and under reaction
conditions, respectively. The normalized Ni K-edge XANES

Figure 2. Normalized Ni K-edge XANES spectra for Ni@TiO2‑x(450) catalyst in (a1) CO atmosphere, (b1) CO+H2O atmosphere (operando
conditions), (c1) H2O atmosphere at 150, 250, 350 and 450 °C, respectively. Ni foil and NiO reference sample: room temperature. Fourier-
transform Ni K-edge EXAFS spectra for Ni@TiO2‑x(450) catalyst in (a2) CO atmosphere, (b2) CO+H2O atmosphere (operando conditions), (c2)
H2O atmosphere at (a) 150 °C, (b) 250 °C, (c) 350 °C and (d) 450 °C, respectively.
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spectra of Ni@TiO2−x(450) catalyst (Figure 2a1) were
obtained in H2/He (1:19, v/v) atmosphere at 450 °C for 30
min (prereduction), subsequently flushed with He for 30 min,
and exposed in CO/He (1:19, v/v) atmosphere at 150, 250,
350 and 450 °C, respectively. Obviously, the strength of white
line for Ni@TiO2−x(450) sample is slightly higher than of Ni
foil but rather close to Ni foil after reduction at 450 °C,
indicating the predominant Ni0 species in the catalyst. The
absorption edge shifts slightly to lower photon energy relative
to Ni foil, owing to the electron transfer from TiO2−x support
to Ni atom at the interface via a strong EMSI. Moreover, the
white line increases slightly within the temperature from 150 to
250 °C under CO atmosphere conditions, but the absorption
edge is very similar to that in H2 atmosphere, probably due to
the electron donation of Ni atom (i.e., d-electrons of Ni atom
into the 2π* antibonding orbital of CO).37 Interestingly, as the
temperature increases to 350 °C, the white line decreases
sharply and a new peak at ∼8355 eV appears, which suggests a
CO adsorbate-induced surface reconstruction. With the
temperature rising to 450 °C, the white line shows a noticeable
increment but the absorption edge shifts to low photon energy,
indicating a surface charge polarization resulting from the
EMSI. Previous study has reported a similar phenomenon, in
which the charge polarization at the interface induced by
electronic perturbation significantly enhances its chemical
activity.24,38 This requires modification of the electronic
properties at metal surface and the formation of oxygen
vacancies defects located at the interface.
In situ DRIFTS measurements were carried out to further

reveal the CO adsorbate-induced surface reconstruction
(Figure S3). Two IR bands are observed at ∼2065 and
∼2035 cm−1 at 25 °C, which are attributed to linear adsorption
of CO molecule on the surface of low-coordinated Ni site and
saturation-coordinated Ni site,19 respectively. The IR band
located at ∼1870 cm−1 is assigned to CO bridge adsorption on
the electron-enriched Niδ− located at the interface; while the
one at ∼1945 cm−1 is attributed to CO bridge adsorption on
the interfacial Niδ− site or bridge Ni sites of Ni particles. In
order to further confirm this conclusion, DFT calculations
were carried out to explore the Bader charges on Ni(111)
surface and Ni(111)@TiO2−x(101) interface before and after
CO adsorption, respectively. As shown in Table S1, upon CO
adsorption, the Ni atoms (Ni1 site and Ni2 site in Figure S4)
located at the Ni(111)@TiO2−x interface transfer more
electrons to adsorbed CO molecule than those on the surface
of Ni(111), increasing the back-donation of Ni d-electrons into
the 2π* antibonding orbital of CO, which explains the lower
CO streching frequency at Ni(111)@TiO2−x interface.
Interestingly, as the temperature increases to 150 °C, two
linear adsorption bands disappear, indicating the desorption of
CO molecule from the surface of Ni particles. Meanwhile, the
IR band of CO bridge adsorption shifts to the higher frequency
(i.e., blue shift) with the increment of temperature. As shown
in Figure 2a1 (inset: red line), upon exposing the fresh Ni@
TiO2−x catalyst to CO atmosphere (5% CO, He balance), the
white line of XANES spectra at Ni K-edge increases slightly, in
accordance with the blue shift of CO IR band. Furthermore, as
shown in Figure S5, the intensity of CO adsorption band on
the surface of Ni particles in 20% Ni/Al2O3 catalyst
substantially decreases with the increase of temperature and
no IR band is observed after flushing with He when the
temperature exceeds 50 °C. However, the intensity of CO
band on Ni@TiO2−x catalyst decreases slightly from room

temperature to 150 °C (Figure S3). This indicates that the CO
adsorption on the interfacial sites (Niδ−) is less influenced by
temperature. Based on the results mentioned above, the new
band at ∼2020 cm−1 is related to the CO-adsorption induced
surface reconstruction, rather than the desorption of CO
molecule on bridge sites at high temperature. Because of the
disappearance of IR band at ∼1945 cm−1 accompanied by the
formation of new band at ∼2020 cm−1, we attribute this
change to the transformation from bridge adsorption to linear
adsorption at the interface Niδ−. Moreover, as the temperature
rises to 350 °C, both the new linear adsorption and bridge
adsorption shift to high frequency (from ∼2020 and ∼1870
cm−1 to ∼2036 and ∼1907 cm−1, respectively), indicating a
decreased electron d-π back-donation from Niδ− to CO. More
detailed investigations on CO adsorbate-induced surface
reconstruction will be carried out in our future work.
The FT k2-weighted Ni K-edge EXAFS spectra (i.e., the R-

space plot) for Ni@TiO2−x(450) catalyst were obtained to
further explore the CO adsorbate-induced surface reconstruc-
tion. As shown in Figure 2a2 and Figures S6−S8, the peaks in
curve-fitting within the R range of 1−3 Å were attributed to the
first shell of NiO phase, the first shell of metallic Ni and the
second shell of NiO phase, respectively. The fitting results
including Debye−Waller factor, bond distance, and coordina-
tion number are listed in Table S2. Obviously, the bond
distance of Ni−Ni remains constant with the increment of
temperature in the CO atmosphere. The EXAFS spectrum of
Ni@TiO2−x(450) sample at 350 °C confirms that Ni−O shell
(∼1.83 Å) and Ni−Ti shell (∼2.98 Å) were observed after
exposure to CO atmosphere and shows the lowest
coordination number and the high Debye−Waller factor,
demonstrating a CO adsobate-induced surface reconstruction.
In order to exclude the influence of temperature effect, in situ
EXAFS measurements were performed in He and H2/He
(1:19, v/v) atmosphere at 150, 250, 350 and 450 °C,
respectively (Figure S9). No obvious change is observed
both in the absorption edge and bond distance of Ni@
TiO2−x(450) catalyst at different temperatures, indicating
temperature effect in an inert atmophere shows a neglectable
influence on the structure of Ni@TiO2−x(450) sample. The
results above verify that activated adsorption of CO occurs on
the surface of metallic Ni, which induces a surface
reconstruction especially at high temperature.
Operando EXAFS was carried out to further explore

elaborately the change of electronic state and geometrical
structure of Ni@TiO2−x(450) catalyst under practical con-
ditions (Figure 2b1 and 2b2). The fitting results including
Debye−Waller factor, bond distance and coordination number
are listed in Table S3. The nomalized Ni K-edge XANES
spectra collected at different temperatures are similar to the
fresh catalyst. The white line of metallic Ni shows an irregular
change in the studied temperature range: it increases slightly at
150 °C and then decreases at 250 °C; a further enhancement is
observed at 350 °C followed by a sharp decrease at 450 °C.
Obviously, the operando change of white line within 150−450
°C is very different from that in CO atmosphere, which is
attributed to the continuously renewed catalyst surface as a
result of the reaction between adsorbed CO and H2O
molecule. This disordered change of white line is possibly
due to the electronic oscillation during reaction. The FT k2-
weighted Ni K-edge EXAFS spectra (i.e., the R-space plot)
show a slight decrease in the Ni−Ni coordination number with
constant bond distance from 150 to 450 °C (Figure S10 and
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Table S3), which is probably due to the CO adsorption-
induced surface construction under operando conditions.
3.4. In Situ Investigations on H2O Dissociation over

Ni@TiO2−x(450) Catalyst. It has been commonly recong-
nized that the activated dissociation of H2O molecule is the
rate-determining step in WGS reaction.7,39 Herein, three kinds
of in situ characterization techniques were used to give detailed
electronic and structural evolution information during H2O
dissociation at different temperatures. In situ EXAFS spectrum
of fresh Ni@TiO2−x(450) catalyst (Figure 2c1) shows a slight
shift of absorption edge toward low photon energy relative to
Ni foil, which is due to the electron transfer from TiO2−x
support to Ni atom at the interface. However, upon exposure
to H2O atmosphere at 150 °C, the normalized XANES
spectrum of Ni K-edge displays a slight enhancement in the
white line with a high-energy-shift of absorption edge;
moreover, the white line increases gradually and concomitantly
the absorption edge shifts progressively toward high photon
energy relative to Ni foil from 250 to 450 °C (Figure 2c1).
This indicates the electron transfer from Ni species to TiO2−x,
as a result of the oxidation of metallic Ni at an elevated
temperature. The FT k2-weighted Ni K-edge EXAFS spectra
(i.e., the R-space plot) for Ni@TiO2−x(450) catalyst were
obtained to investigate the H2O dissociation process at
different temperatures (Figure 2c2 and Figure S11), and the
fitting results are listed in Table S4. Surprisingly, the formation
of Ni−O bond attributed to the first shell of NiO phase is
detected within the temperature range 250−450 °C, but the
bond distance is shorter than NiO crystalline phase. This
confirms that the metallic Ni is gradully oxidized to NiO-like
phase during the water dissociation (Niδ+, 0 < δ < 2). In
addition, a new peak at ∼3.08 Å is observed at 450 °C (Figure
2c2), which is attributed to the formation of Ni−O−Ti bond

based on the corresponding curve-fitting results, with a longer
bond distance relative to the Ni−O−Ni bond (∼2.94 Å) in
NiO crystalline phase. In order to further confirm the active
site for H2O dissociation, in situ EXAFS of powdered Ni as a
control sample (particle size: 30−50 nm, Figure S12) was
performed to investigate whether pure Ni particles can
promote the H2O dissociation. The normalized Ni K-edge
XANES spectra of powdered Ni sample do not show obvious
change upon exposure in H2O atmosphere within the
temperature range from 150 to 450 °C (Figure S13A, curves
b−f), with the absence of both Ni−O bond (∼2.09 Å) and
Ni−O−Ti bond (∼3.08 Å) in Fourier-transform Ni K-edge
EXAFS spectra during the same process (Figure S13B). This
verifies that H2O dissociation cannot occur on the surface of
pure Ni particles within 150−450 °C. Therefore, the results
above demonstrate that H2O molecule undergoes dissociation
at the metal−support interface (Niδ−−Ov−Ti3+ interfacial
sites), accompanied by the oxidation of Niδ−−Ov−Ti3+
interfacial site to Niδ+−O−Ti4+ species. With the increment
of temperature, the bond distance of Ni−O in the NiO-like
phase decreases gradually (Figure 2c2 and Table S4),
indicating an enhancement in the oxidation state of Niδ+. In
contrast, the Ni−Ni bond distance increases gradually at an
elevated temperature, suggesting an adsorption-induced
interfacial reconstruction during the H2O dissociation.
In situ DRIFTS measurements were carried out to further

explore the electronic structure of Niδ+ during H2O
dissociation on the surface of Ni@TiO2−x(450) sample, by
using CO as a probe molecule. For the fresh Ni@TiO2−x(450)
catalyst (Figure 3a), two bands at 2030 and 2075 cm−1 are due
to the linear CO adsorption on metallic Ni; and a broad
dominant band within 1800−2000 cm−1 is ascribed to the
bridge CO adsorption40,41 (probably located at the interface),

Figure 3. In situ DRIFTS spectra of CO chemisorption over Ni@TiO2−x(450) catalyst at 25 °C: (a) fresh catalyst after reduction at 450 °C for 30
min followed by He flushing for 30 min; exposing to H2O atmosphere at (b) 150 °C, (c) 200 °C, (d) 250 °C, (e) 300 °C, (f) 350 °C, (g) 450 °C
for 30 min followed by He flushing for 30 min. (h) In situ DRIFTS spectra of CO chemisorption over Ni@TiO2−x(450) catalyst at 25 °C (from top
to bottom: without H2O atmosphere at 25 °C and upon exposure to H2O atmosphere at 150, 200, 250, 300, 350 and 450 °C, respectively).
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indicating that the Niδ− species enhances the d-electron back-
donation of Ni atom. As the fresh Ni@TiO2−x(450) catalyst
was exposed to H2O atmosphere at 150 °C for 30 min (Figure
3b), no obvious change in the CO adsorption bands was
found. However, as the temperature increased from 200 to 250
°C (Figure 3c−d), the two main peaks deceased gradually
within 1800−2000 cm−1 while a new IR band of CO
adsorption at 2188 cm−1 was observed, which was attributed
to Niδ+ species originating from the oxidation of Niδ− by H2O
molecule. This indicates that the valence state of Niδ+ is
between zero valence and divalence (probably monovalence),
in accordance with the observation from in situ EXAFS. In the
temperature range 300−450 °C (Figure 3e−g), no IR band of
CO chemisorption can be detected, owing to the oxidation of
Niδ− to a higher valence, corresponding to the stronger white
line and shorter distance of Ni−O bond as revealed by in situ
XAFS.
In situ TPD-MASS combined with H2O Pulse-MASS at

different temperatures were carried out to explore the
temperature dependence and products of H2O dissociation.
First, fresh Ni@TiO2−x(450) catalyst was pretreated in water
atmosphere42 at 120 °C for 15 min and subsequently flushed
with He for 15 min. Afterward, in situ TPD-MASS was
performed within the temperature range from 120 to 500 °C17

with a heating rate of 5 °C min−1 as shown in Figure 4a. The
generation of H2 is detected at ∼150 °C (Temperaturepeak =
201 °C), indicating that the dissociation of water molecule to
produce hydrogen occurs on the surface of Ni@TiO2−x(450)
catalyst above 150 °C. Furthermore, H2O Pulse-MASS
measurements were performed at 150, 200, 250, 350 and
450 °C, respectively, to further verify the water dissociation
process. As shown in Figure 4b−f, H2 evolution is not found at
150 °C, but is detected within the temperature range 200−450
°C with increasingly enhanced amount of H2 production,
corresponding to the oxidation of Niδ− to Niδ+ species. Similar
phenomenon has been reported previously in the Pt/CeO2
system, in which the cleavage of O−H in water to generate H2

during water dissociation was observed.17 The results above
demonstrate that the Ni@TiO2−x(450) catalyst shows a high
performance toward H2O dissociation to H2, as a result of
strong electronic metal−support interaction (EMSI) between
Ni and TiO2−x support. During the water dissociation at an
elevated temperature, the interfacial Niδ−−Ov−Ti3+ species
were oxidized to Niδ+−O−Ti4+ species, which has been
revealed by the in situ EXAFS and in situ DRIFTS spectra.
It is generally accepted that reducible oxide support plays an

important role during the water dissociation process in
heterogeneous catalytic WGS reaction.7,15,16 Previous studies
demonstrated that dissociative adsorption of H2O occurs at
oxygen vacancies of reducible support to generate active
hydroxyl or oxygen species, and the admetals on the surface
indirectly accelerate H2O dissociation through promoting the
formation of oxygen vacancies during the reduction of
catalysts. In this work, however, in situ Ni K-edge XANES
spectra, in situ DRIFTS combined with in situ TPD-MASS
measurements definitely substantiate that the interfacial Niδ−−
Ov−Ti3+ species take part in the water dissociation: electron-
enriched species (Niδ−) located at the interface is oxidized to
Niδ+ at above 150 °C accompanied by the formation of Niδ+−
O−Ti4+ species, and water molecule is reduced to hydrogen.
Based on the results above, the strong EMSI present in the
Ni@TiO2−x(450) catalyst substantiallly facilitates H2O dis-
sociation, i.e., the electron located at the interface tremen-
dously accelerates the cleavage of O−H bond in water to
produce hydrogen.

3.5. In Situ Time-Resolved Studies on the Whole
Catalytic Process toward WGS Reaction. In situ time-
resolved DRIFTS spectra (Figure 5) were carried out to study
the catalytic performance of active site (interfacial site) toward
WGS reaction. The CO adsorption spectra on the surface of
Ni@TiO2−x(450) catalyst were recorded within the temper-
ature range 30−200 °C (Figure S14a). The CO bridge
adsorption at 1850−1900 cm−1 decreased gradually with the
increase of temperature, and the linear adsorption at ∼2030

Figure 4. (a) Mass signals of H2 and H2O during in situ TPD-MASS measurement over Ni@TiO2−x(450) catalyst; mass signals of H2 and H2O
after pulsing water over Ni@TiO2−x(450) catalyst at (b) 150 °C, (c) 200 °C, (d) 250 °C, (e) 350 °C and (f) 450 °C, respectively, for 30-time-cycle
in 3 min.
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cm−1 enhanced progressively, which is due to the CO
adsorption-induced surface reconstruction43,44 accompanied
by the interfacial electronic polarization as observed by in situ
EXAFS. Afterward, the CO adsorption was flushed with He at
200 °C for 30 min, and two main chemisorption bands of CO
at ∼2033 and ∼1903 cm−1 were observed (Figure S14b).
Subsequently, with the introduction of H2O vapor at 200 °C
(Figure 5a), the bands of CO (∼2033 and ∼1903 cm−1)
decreased gradually; while two new bands at 2341 and 2360
cm−1 attributed to adsorbed CO2 molecule40 were observed
(Figure 5b). This demonstrates that the adsorbed CO
molecule on Ni site reacts with H2O molecule at 200 °C to
produce CO2 molecule. Meanwhile, two new bands at 3734
and 3671 cm−1 attributed to the Ti3+−OH and Ti4+−OH45 are
observed in Figure 5c, verifying that Ov−Ti3+ directly
participates in H2O dissociation; and Ti3+−OH and Ti4+−
OH serve as active intermediate products to further generate
hydrogen. Accordingly, the primary IR band at 1267 cm−1

increases gradually after exposure to H2O vapor at 200 °C
accompanied by the formation of IR bands at 1540 and 1509
cm−1 (Figure 5d), all of which are attributed to the O−C−O
stretching mode of carboxylate species (CO2

δ−).46−48 Simulta-
neously, IR bands at 1558, 1338 and 1403 cm−1 come into
formation, assigned to bidentate carbonate and bicarbonate-
type chemisorbed carbon dioxide species.49 Moreover, no IR
band is observed in the C−H stretching spectral region of
HCOO species (3000−2800 cm−1) as shown in Figure S15.
The results indicate that WGS reaction mainly undergoes
redox mechanism rather than associative mechanism over Ni@
TiO2−x(450) catalyst. As discussed above, in situ EXAFS
spectra (Figure 2) combined with in situ DRIFTS (Figure 3)

have confirmed that interfacial Niδ− species participates in H2O
dissociation, accompanied by the oxidation of Niδ−−Ov−Ti3+
to Niδ+−O−Ti4+ species. Based on the results above, we
directly observe that H2O molecule dissociates at the
interfacial site (Niδ−−Ov−Ti3+) with the generation of H2,
followed by the reaction between Niδ+−O−Ti4+ species and
adsorbed CO molecule to produce CO2. In order to further
confirm this issue, in situ time-resolved DRIFTS spectra were
also carried out upon exposure to H2O at 150 and 350 °C,
respectively. As shown in Figures S16 and S17, with the
presence of H2O vapor at 150 °C for 3 h, the IR band of CO
(∼2020 and ∼1893 cm−1) decreased very slightly without the
observation of CO2 band, indicating the oxidation of CO
molecule cannot occur at 150 °C. Furthermore, as the
temperature rose to 350 °C (Figures S18 and S19), the
bands of adsorbed CO molecule decreased quickly with the
appearance of CO2 bands (at 3734 and 3671 cm

−1) within 120
s, which substantiated that CO undergoes reaction with
dissociated H2O molecule through WGS reaction at an
elevated temperature (above 150 °C).
DFT calculations were performed to further explore the

optimal active site of WGS reaction over Ni@TiO2−x(450)
catalyst. Recently, a multiscale (DFT/microkinetic) modeling
approach combined with experimental studies was carried out
by Foppa et al., which verified that the metal/support interface
of Ni/Al2O3 catalyst provides active sites for WGS reaction.50

For a comparison study, we investigated the process of H2O
dissociation over the Ni(111) surface, Ni(111)@TiO2−x(101)
interface and TiO2−x(101) surface (located at the oxygen
vacancy), respectively (Figure 6). Previous studies have
suggested that water dissociation is the rate-limiting step of
WGS reaction,51 as H2O reduction is more thermodynamically
unfavorable than CO oxidation. We accept this viewpoint here,
although there might be some assumptions in this case. As
shown in Figure 6d, the activation barrier values of H2O
dissociation on Ni(111) surface24,52 and TiO2−x(101) sur-
face27 (H2O is adsorbed on the five-coordinated Ti) are
calculated to be ∼0.87 and ∼0.42 eV, respectively, indicating
an unfavorable kinetics in the former case and a facile H2O
dissociation in the latter case. In the TiO2−x(101) system,
although CO molecule is prone to reaction with the surface
hydroxyls (from H2O dissociation) to produce active
intermediate species (e.g., COOH, HCOO, or HCO3

−

species), the transformation of intermediate species to CO2
and H2 is rather difficult owing to a high activation energy
barrier reported by previous work.53 Therefore, a reducible
oxide support (especially for TiO2, CeO2) itself only shows a
poor activity toward WGS reaction.12,53 In the case of Ni(111)
@TiO2−x(101) interface

38,54 system (Figure 6b), the Ea value
of H2O dissociation further decreases to as low as ∼0.35 eV,
which indicates the most favorable process in comparison with
Ni(111) surface and TiO2−x(101) surface. Both theoretical
calculation studies and experimental investigations substantiate
that the metal−support interfacial site of Ni@TiO2−x(450)
catalyst significantly accelerates the H2O dissociation, which
serves as the intrinsic active site toward WGS reaction. The
concept also holds for Co@TiO2−x, Fe@TiO2−x and Cu@
TiO2−x catalyst system, which will be elaborately investigated
and reported in our future work.

3.6. Reaction Mechanism of Water−Gas Shift Re-
action over Ni@TiO2−x(450) Catalyst. The temperature-
programed surface reaction (TPSR) measurements42 com-
bined with cycle tests of CO and H2O Pulse-MASS were

Figure 5. In situ time-resolved DRIFTS spectra of CO adsorption on
Ni@TiO2−x(450) catalyst recorded in (a) 2200−1700 cm−1, (b)
2400−2300 cm−1, (c) 3780−3625 cm−1 and (d) 1600−1200 cm−1

upon exposure to H2O atmosphere at 200 °C as a function of reaction
time.
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carried out to study the formation of H2 and CO2 at different
temperatures over Ni@TiO2−x(450) catalyst. As shown in
Figure S20, the CO+H2O TPSR were recorded within 125−
400 °C at a heating rate of 5 °C/min. Obviously, the initial
temperature of H2 evolution is ∼175 °C, which is lower than
that of CO2 evolution (∼200 °C). Combined with the results
of in situ DRIFTS and in situ/operando EXAFS, it is concluded
that H2O molecule preferentially dissociates at the interfacial
site (Niδ−−Ov−Ti3+) to produce H2 followed by subsequent
oxidation of CO to CO2. In order to further investigate the
redox process, the cycle pulse of H2O vapor and CO
atmosphere experiments (Figure S21) were performed with
an interval of 5 min at 200, 250, 350 and 450 °C, respectively.
After pulsing H2O vapor into the reactor, H2 formation was
detected with enhanced production at elevated temperature.
Subsequently, cycle pulse of CO atmosphere was introduced
into the reactor, and CO2 formation was observed immedi-
ately. In addition, the amount of H2 production in the CO
preadsorbed system is much larger than that without CO
preadsorbed system, indicating that the adsorption of CO on
the surface of Ni facilitates the dissociation of H2O molecule,
in accordance with the observation by in situ time-resolved
DRIFTS. Based on the experimental and calculation studies
above, a new insight into interfacial synergistic catalysis

involving redox mechanism is determined: (i) H2O molecule
undergoes dissociation at the interfacial site (Niδ−−Ov−Ti3+)
to generate H2 accompanied by the formation of active oxygen
species (Niδ+−O−Ti4+ species); (ii) active oxygen species
react with CO molecule chemically adsorbed on the interfacial
Niδ+ site to produce CO2, with concomitant reduction of
Niδ+−O−Ti4+ species to Niδ−−Ov−Ti3+. The whole reaction
mechanism over Ni@TiO2−x(450) catalyst is described by eqs
1−5 and illustrated in Figure 7.

− − ⎯ →⎯⎯⎯⎯ − − +δ δ− + + +Ni O Ti
H O

Ni OH Ti Hv
3 2 3

ads (1)

− − → − − +δ δ+ + + +Ni OH Ti Ni O Ti H3 4
ads (2)

+ →H H Hads ads 2 (3)

− − ⎯ →⎯⎯⎯ − + +δ δ+ + − +Ni O Ti CO Ni CO O Tiv
4

2
3

(4)

− → +δ δ− −Ni CO Ni CO2 2 (5)

4. CONCLUSIONS
In summary, the interfacial structure (Niδ−−Ov−Ti3+) derived
from strong EMSI between metallic Ni and TiO2−x support
was clearly identified. The electron located at the interface
accelerates the cleavage of O−H bond in water, and the
interfacial metal (Niδ−) plays a direct role in water dissociation
with an activation energy of ∼0.35 eV. Both experimental
studies and theoretical calculations substantiate that the Niδ−−
Ov−Ti3+ species (interfacial sites) provide the active center for
WGS reaction. A detailed redox mechanism of WGS reaction
involving interfacial synergistic catalysis over Ni@TiO2−x
catalyst was demonstrated. This work provides a new
perspective on intrinsic active sites structure and contributes
to the design of high performance heterogeneous catalysts.

Figure 6. Optimized structures for various steps of water dissociation
over: (a) Ni(111) surface, (b) Ni(111)@TiO2−x(101) interface, (c)
TiO2−x(101) surface. Ni, O, Ti and H atom are represented as blue,
red, gray and white sphere, respectively. (d) Activation barrier of
water dissociation over Ni(111) surface, Ni(111)@TiO2−x(101)
interface and TiO2−x(101) surface (located at the oxygen vacancy).

Figure 7. Schematic diagram of WGS reaction over Ni@TiO2−x
catalyst based on a redox mechanism.
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(32) Skuĺason, E.; Tripkovic, V.; Björketun, M. E.; Gudmundsdot́tir,
S.; Karlberg, G.; Rossmeisl, J.; Bligaard, T.; Jońsson, H.; Nørskov, J. K.
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