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Abstract: It is of pivotal importance to develop efficient
catalysts and investigate the intrinsic mechanism for CO2

methanation. Now, it is reported that PdFe intermetallic
nanocrystals afforded high activity and stability for CO2

methanation. The mass activity of fct-PdFe nanocrystals
reached 5.3 mmolg�1 h�1, under 1 bar (CO2:H2 = 1:4) at
180 8C, being 6.6, 1.6, 3.3, and 5.3 times as high as that of
fcc-PdFe nanocrystals, Ru/C, Ni/C, and Pd/C, respectively.
After 20 rounds of successive reaction, 98% of the original
activity was retained for PdFe intermetallic nanocrystals.
Further mechanistic studies revealed that PdFe intermetallic
nanocrystals enabled the maintenance of metallic Fe species via
a reversible oxidation–reduction process in CO2 methanation.
The metallic Fe in PdFe intermetallic nanocrystals induced the
direct conversion of CO2 into CO* as the intermediate,
contributing to the enhanced activity.

Introduction

Excessive emission of CO2 has caused a severe impact on
the climate.[1,2] The development of effective ways for the
reclamation of CO2 is gaining increasing interest.[3–5] One
attractive route is CO2 methanation, which shows great
potential in environmental remediation and renewable en-
ergy storage.[6, 7] Generally, CO2 methanation experiences
a Langmuir–Hinshelwood-type mechanism.[8] Specifically,
CO2 dissociates into CO* by a reverse water-gas shift
reaction. Afterwards, CO* is directly hydrogenated into
methane or dissociates into C* for further hydrogenation.
During the methanation process, surface O* is produced
either by CO* formation or further CO* dissociation, leading
to the oxidation of the catalyst surface. Such oxidation
changes the electronic structures of the surface, thereby

influencing the activity and selectivity towards CO2 metha-
nation. In this case, an optimal catalyst should enable the
reduction of the oxidized surface under the reaction condition
of CO2 methanation, thus maintaining a dynamically stable
surface.

Noble metals such as Ru and Rh have exhibited remark-
able catalytic performance in CO2 methanation, but suffer
from their low abundance and high cost.[9,10] Alloying noble
metals with non-noble ones can not only reduce the material
cost, but also efficiently improve the catalytic performance
because of the ensemble effect and ligand effect.[11–13]

Specially, the ensemble effect refers to that alloying induces
the formation of new geometries of active sites. The ligand
effect refers to that alloying alters the electronic properties of
the active sites via electron transfer between different metals.
Non-noble metals are vulnerable to the oxidation and
leaching in harsh chemical environments, resulting in the
degradation of the alloys and deterioration of the catalytic
stability.[14, 15] A pivotal strategy to enhance the catalytic
stability is to arrange the atomic distribution of the alloys in
a highly ordered form, in other words constructing interme-
tallics.[16, 17] For instance, owing to the relatively high segre-
gation energy for both components, Pd and In atoms in PdIn
intermetallics revealed enhanced resistance against leaching
in CO2 hydrogenation.[18] The ordered bonding between Ni
and Ga in the Ni5Ga3 intermetallic strongly suppressed the
segregation, accounting for the long-term stability in CO2

hydrogenation.[19] Thanks to the previous reports, the most
common understanding of the enhanced stability of interme-
tallics is from a static perspective, where the heteroatomic
bonding in intermetallics tends to have a more negative
formation enthalpy relative to the random alloys. However,
catalysis is a dynamical process that involves multiple
interactions between adsorbates and surface atoms of the
catalyst. Therefore, exploring how the dynamic evolution of
intermetallics influences the catalytic performance has great
potential to offer a guideline for developing highly efficient
catalysts.

Herein, we demonstrate that PdFe intermetallic nano-
crystals enabled the maintenance of metallic Fe species via
a reversible oxidation–reduction process in CO2 methanation.
The mass activity of fct-PdFe nanocrystals reached
5.3 mmolg�1 h�1, under 1 bar (CO2/H2 = 1:4) at 180 8C, being
6.6, 1.6, 3.3, and 5.3 times as high as that of fcc-PdFe
nanocrystals, Ru/C, Ni/C, and Pd/C, respectively. Moreover,
the activation energy for CO2 methanation over PdFe
intermetallic nanocrystals was 52.4 kJmol�1, which is signifi-
cantly lower than that of the random alloy counterpart
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(81.1 kJ mol�1). Even after 20 rounds of successive reaction
(60 h in total), PdFe intermetallic nanocrystals still retained
98% of the original activity. Further mechanistic studies
revealed that the reversible oxidation-reduction of surface Fe
in PdFe intermetallic nanocrystals led to the maintenance of
metallic Fe during the catalytic test. The metallic Fe in PdFe
intermetallic nanocrystals enabled the direct conversion of
CO2 into CO* as the intermediate. As for PdFe random
alloys, surface Fe was irreversibly oxidized, in which CO2 was
indirectly transformed into CO* via the formation of
COOH*. The unique reaction path for PdFe intermetallic
nanocrystals contributed to the lowered activation energy and
thus the enhanced catalytic activity under atmospheric
pressure.

Results and Discussion

To begin with, the nanocrystals with Pd cores and FeOx

shells (denoted as Pd@FeOx nanocrystals) were prepared via
seeded growth (Supporting Information, Figure S1). In a typ-
ical synthesis of PdFe intermetallic nanocrystals, the obtained
Pd@FeOx nanocrystals were loaded on activated carbon and
annealed under a H2/N2 flow (H2:N2 = 1:9) with the rate of
50 sccm at 600 8C for 3 h. We proposed the following
mechanism for the transformation from a core–shell structure
to an alloy.[20] In this reductive annealing condition, FeOx shell
was reduced to Fe metallic shell, accompanied with the
formation of vacancies in the Fe lattice as a transient state
(Supporting Information, Figure S2a). The vacancies facili-
tated the inter-diffusion between the Pd core and the Fe shell,

resulting in the formation of alloys. The obtained nanocrystals
were uniformly dispersed on activated carbon, while the size
varied from 6.8 to 9.3 nm with an average size of 8.0 nm
(Supporting Information, Figure S2b). Figure 1a shows a rep-
resentative high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) image of an
individual nanocrystal, as well as the corresponding fast
Fourier transform (FFT) pattern recorded along the [100]
zone axis. The lattice spacing was measured as 3.8 �, which
was assigned to the (001) facets exposed on the face-centered-
tetragonal (fct) PdFe nanocrystals. As shown in the magnified
image, the nanocrystal took an intermetallic structure, which
was revealed by the alternating bright (Pd) and dark (Fe)
contrast on (001) facets (Figure 1 b). The alternate distribu-
tion of Pd and Fe elements was further substantiated by the
intensity profile along the line X–Y in the observed image
(Figure 1c), as the signal intensity is approximately propor-
tional to the square of atomic number.[21] Moreover, the
highly ordered nature of the nanocrystal was also verified by
the HAADF-STEM image recorded along [110] zone axis
(Supporting Information, Figure S3). For the analysis of the
structures and chemical compositions of the nanostructure,
the STEM and STEM-energy dispersive X-ray (EDX)
elemental mapping images of PdFe intermetallic nanocrystals
were shown in Figure 1 d, indicating the homogenous distri-
bution of both Pd and Fe. The cross-sectional compositional
line-scanning profile of the nanocrystal in Figure 1d further
proves the complete overlap of both elements without
significant segregation of each component (Figure 1e). Based
on the inductively coupled plasma-atomic emission spectros-
copy (ICP-AES) measurements, the ratio of Pd to Fe in PdFe

Figure 1. a) HAADF-STEM image of an individual fct-PdFe nanocrystal. Inset: corresponding FFT pattern with the electron beam directed along
the [100] axis and an atomic model of a unit cell. b) Magnified HAADF-STEM images from the yellow box in (a). Pd green, Fe red spheres.
c) Intensity profile along the line X-Y in the magnified HAADF-STEM image in (b). d) STEM image and STEM-EDX elemental mapping images of
an individual fct-PdFe nanocrystal. e) Compositional line profile of Pd and Fe from the fct-PdFe nanocrystal recorded along the line shown in (d).
f) XRD patterns of fct-PdFe nanocrystals and fcc-PdFe nanocrystals.
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intermetallic nanocrystals was determined to be 49:51, while
the mass loading of PdFe intermetallic nanocrystals was
5.2%. The XRD pattern of PdFe intermetallic nanocrystals
shows the characteristic peaks, which well corresponded to
PdFe intermetallics in the fct structure (JCPDS No. 02-1440)
as shown in Figure 1 f. The atomic model of PdFe interme-
tallic nanocrystals, where Pd and Fe are intermetallically
stacked, is shown in the Supporting Information, Figure S4.
Specifically, when Fe was equiatomically alloyed with Pd to
form an intermetallic compound, the phase took an L10

structure which was an ordered fcc structure with tetragonal
distortion (Supporting Information, Table S1). For simplifi-
cation, the obtained nanocrystals were denoted as fct-PdFe
nanocrystals. Based on Rietveld refinement, the size of fct-
PdFe nanocrystals was calculated as 9.3 nm, slightly larger
than the particle sizes (8.0 nm) determined by TEM. An
average size of 9.3 nm (XRD) and 8.0 nm (TEM) are close
enough, considering the uncertainty of the measurements and
the nanoparticle size distribution. Furthermore, the ratio of
surface-active atoms to total atoms in fct-PdFe nanocrystals
was determined as 12.9% by CO pulse chemisorptions
(Supporting Information, Figure S5).

PdFe random alloys were also prepared based on the
method similar to that for fct-PdFe nanocrystals, except for
the annealing temperature lowered to 400 8C. The obtained
alloys were well dispersed on activated carbon, while the size
ranged from 6.3 to 8.8 nm with an average size of 7.9 nm
(Supporting Information, Figure S2c). As shown in the
HAADF-STEM images, alternating bright and dark contrasts
were not observed, indicating the disordered atomic arrange-
ment in the obtained nanocrystals (Supporting Information,
Figure S6 a,b). The lattice spacing of 2.2 � corresponded to
the (111) facets of the face-centered-cubic (fcc) PdFe nano-
crystals. As shown in the Supporting Information, Figure S7,
Fe atoms randomly substitute for half of the Pd atoms in fcc-
Pd nanocrystals to form a common lattice in A1 phase with
the space group of Fm3m. The irregular intensity profiles in
different directions further demonstrated the random distri-
bution of Pd and Fe elements (Supporting Information,
Figure S6 b,c). Besides, both Pd and Fe were homogeneously
distributed as revealed by the STEM image, STEM-EDX
elemental mapping images, and the corresponding composi-
tional line-scanning (Figure S6 e,f). Moreover, the random
alloy structure in fcc phase was further verified by the XRD
pattern (Figure 1 f), as the characteristic peaks of the
obtained nanocrystals all lie amid the peak positions of fcc
Pd (JCPDS No. 65-2867) and fcc Fe (JCPDS No. 65-4150).
According to Rietveld refinement, the size of fcc-PdFe
nanocrystals was calculated as 8.8 nm. Based on the quanti-
tative phase analysis, the content of Pd in PdFe random alloys
was estimated as ca. 50 % (Supporting Information, Fig-
ure S8). The ratio of Pd to Fe in PdFe random alloys was
further determined to be 50:50 by ICP-AES, consistent with
the quantitative phase analysis, while the mass loading of
PdFe nanocrystals was 4.8 wt %. For simplification, the
random alloys were denoted as fcc-PdFe nanocrystals. For
comparison, commercial Ru/C with an average size of 2.4 nm
and Pd/C with an average size of 4.0 nm were obtained at
a mass loading of 5.0 wt % (Supporting Information, Fig-

ure S9a,b). We also prepared Ni/C with an average size of
8.0 nm and a mass loading of 5.0 wt % (Supporting Informa-
tion, Figure S10). Furthermore, the ratios of surface active
atoms to total metal atoms in fcc-PdFe nanocrystals, Ru/C, Ni/
C, and Pd/C were determined as 13.0 %, 35.5 %, 15.3 %, and
29.1%, respectively, by CO pulse chemisorptions and H2

pulse chemisorptions (Supporting Information, Figure S5).
The fct-PdFe nanocrystals were applied in CO2 hydro-

genation, in comparison with fcc-PdFe nanocrystals and
commercial Ru/C, Ni/C, and Pd/C. For a catalytic test, the
weights of fct-PdFe nanocrystals, fcc-PdFe nanocrystals, Ru/
C, Ni/C, and Pd/C were controlled at 0.85, 0.85, 7.8, 10.5, and
10.0 mg, respectively, so as to keep the same amount
(1.37 mmol) of surface metal atoms in each catalyst. The
reaction was conducted in the slurry reactor under 1 bar of
CO2/H2 mixed gas (CO2/H2 = 1:4) at 180 8C. GC calibration
was carried out before the tests with the use of standard gases
with known concentrations (Supporting Information, Fig-
ure S11). When the reaction proceeded over blank reactor or
activated carbon, the products after 3 h were below the
detection limit, thereby demonstrating the inertness of the
reactor and excluding the influence of the supports (Support-
ing Information, Figures S12, S13). Methane was produced
over these Pd-based nanocrystals and commercial catalysts
without the formation of other products (Supporting Infor-
mation, Figures S14–S18). After 3 h, the yields of methane for
fct-PdFe nanocrystals, fcc-PdFe nanocrystals, Ru/C, Ni/C, and
Pd/C were 0.26, 0.04, 0.08, 0.05, and 0.03 mmol, respectively
(Figure 2a). Moreover, the corresponding turnover numbers
(TON) were 189.8, 29.2, 58.4, 36.5, and 21.9, respectively. To
compare the catalytic activity more accurately, we calculated
the mass activity and turnover frequency (TOF) numbers of
these catalysts based on the reaction profile at the initial stage
and the amounts of surface-active atoms. The mass activity of
fct-PdFe nanocrystals reached 5.3 mmol g�1 h�1 at 180 8C,
being 6.6, 1.6, 3.3, and 5.3 times as high as that of fcc-PdFe
nanocrystals, Ru/C, Ni/C, and Pd/C, respectively (Supporting
Information, Figure S19). The TOF number of fct-PdFe
nanocrystals reached 86 h�1 at 180 8C, being 7.4, 4.4, 6.9, and
11.0 times as high as that of fcc-PdFe nanocrystals, Ru/C, Ni/
C, and Pd/C, respectively (Supporting Information, Fig-
ure S19). These results demonstrated that fct-PdFe nano-
crystals served as a promising catalyst towards CO2 metha-
nation, especially at low temperatures (Supporting Informa-
tion, Tables S2, S3).

To further explore the catalytic properties of PdFe
nanocrystals, we conducted a series of catalytic tests under
1 bar of CO2/H2 mixed gas (CO2/H2 = 1:4) at different
temperatures. As shown in Figure 2b, fct-PdFe nanocrystals
exhibited much higher catalytic activity than fcc-PdFe nano-
crystals. Moreover, fct-PdFe nanocrystals were active even at
100 8C, whereas for fcc-PdFe nanocrystals, products were only
detected at above 140 8C, respectively. Arrhenius plots were
obtained based on the linear fitting of ln(TOF) versus 1000/T.
The activation energies for CO2 methanation over fct-PdFe
nanocrystals and fcc-PdFe nanocrystals were determined as
52.4 and 81.1 kJmol�1, respectively (Figure 2 c).

We further explored whether CH4 was sourced from CO2

or activated carbon. We conducted catalytic tests under 1 bar
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of N2/H2 mixed gas (N2/H2 = 1:4) at 180 8C for 3 h. As shown
in the Supporting Information, Figure S20, both the gaseous
and liquid products were below detection limit, indicating the
inertness of the activated carbon. Furthermore, isotropic
labeled experiment using labeled 13CO2 as the reactant over
fct-PdFe nanocrystals was performed to demonstrate the
origin of the carbon source. The mass spectrum of gaseous
products with the use of 12CO2 or 13CO2 as a reactant is shown
in the Supporting Information, Figure S21. When 12CO2 was
applied as a reactant, the intensity of the peak at m/z = 16 was
stronger than that for 12CH4 (NIST MS 61313), owing to the
baseline signal of O+ from the ionization of 12CO2. In this case,
the peak at m/z = 16 could not be applied to identify the
produced 12CH4, so that we used the peak at m/z = 12 to
identify 12CH4. When the reactant was replaced by 13CO2, the
peak at m/z = 12 was negligible, indicating the activated
carbon containing 12C did not participated in the reaction.
Moreover, a new peak at m/z = 17 appeared, indicating the
generation of 13CH4. Moreover, the carbon balance was
calculated as 98.6 % (Supporting Information, Table S4).
Therefore, methane was formed only by CO2 hydrogenation.

To investigate stability of the catalysts, we conducted
HAADF-STEM characterizations of PdFe nanocrystals after
CO2 hydrogenation at 180 8C for 3 h. As for the used fct-PdFe
nanocrystals (used refers to the catalyst after one cycle), the
alternative bright and dark contrasts in the HAADF-STEM
image were preserved (Supporting Information, Figure S22a),

indicating the retained intermetallic structure. The cross-
sectional compositional line-scanning profile of an individual
fct-PdFe nanocrystal demonstrated the homogeneous distri-
bution of Pd and Fe (Supporting Information, Figure S22b).
As such, fct-PdFe nanocrystals were determined to be highly
stable during catalytic tests. With regard to the used fcc-PdFe
nanocrystals, the surface became rich in Fe species owing to
the oxidation of surface Fe species (Supporting Information,
Figure S22c,d). Furthermore, we further performed succes-
sive rounds of reaction over fct-PdFe nanocrystals. After
twenty rounds, the original mass activity of fct-PdFe nano-
crystals was preserved (Figure 2d). Further characterizations
of fct-PdFe nanocrystals showed that they were still homoge-
neously dispersed on the support, while the intermetallic
structure was well-retained (Supporting Information, Fig-
ure S23). Therefore, fct-PdFe nanocrystals exhibited remark-
able stability during CO2 hydrogenation.

To investigate the interaction between the PdFe nano-
crystals and reactants, we conducted quasi situ X-ray photo-
electron spectroscopy (XPS) measurements. Figure 3a shows
the Fe 2p spectra of fct-PdFe nanocrystals, where Fe species
were determined at the metallic state (Fe0) without any
treatment.[22] After the treatment of fct-PdFe nanocrystals
with CO2 at 180 8C for 30 min, the ratio of the oxidized Fe
(Fex+) to Fe0 significantly increased, indicating the partial
oxidation of surface Fe species (Figure 3a). The surface Fex+

on fct-PdFe nanocrystals could be facilely reduced back to the

Figure 2. a) Time courses and TON numbers for fct-PdFe nanocrystals, fcc-PdFe nanocrystals, Ru/C, Ni/C, and Pd/C under 1 bar of CO2/H2 mixed
gas (CO2:H2 = 1:4) at 180 8C. b) Comparison in TOF numbers of fct-PdFe nanocrystals and fcc-PdFe nanocrystals. The reaction tests were
pressurized with CO2/H2 mixed gas (CO2:H2 = 1:4, 1 bar). c) Arrhenius plots of fct-PdFe nanocrystals and fcc-PdFe nanocrystals. d) Product yields
of fct-PdFe nanocrystals over the course of 20 rounds of successive reaction. Error bars represent standard deviation from three independent
measurements.
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Fe0 by H2 treatment at 180 8C for 30 min (Figure 3a). As for
fcc-PdFe nanocrystals, the surface Fe0 was also able to be
oxidized into Fex+ after the exposure to CO2 at 180 8C for
30 min (Figure 3b). Different from the case of fct-PdFe
nanocrystals, the surface Fex+ on fcc-PdFe nanocrystals
resisted the reduction back into Fe0 by H2 treatment at
180 8C for 30 min (Figure 3b). As such, the oxidation–
reduction of surface Fe on fct-PdFe nanocrystals was rever-
sible during CO2 hydrogenation, whereas that on fcc-PdFe
nanocrystals was irreversible.

We also compared Pd 3d XPS spectra of fct-PdFe and fcc-
PdFe nanocrystals before/after different gas treatment. Spe-
cifically, the Pd species in fct-PdFe nanocrystals were
determined in metallic state before any treatment (Support-
ing Information, Figure S23). After the treatment with H2,
Pd 3d3/2 and 3d5/2 peaks were shifted to higher binding
energies (Supporting Information, Figure S23). The positive
shifts were induced by the adsorption of CO2 or the
dissociated O* species. After further treatment with H2, the
peaks were shifted back to the binding energies of those
before any treatment, indicating the reduction of oxidized Pd
species into metallic states. As for fcc-PdFe nanocrystals, the
Pd 3d XPS spectra after different treatment behaved similarly
to those of fct-PdFe nanocrystals in terms of peak positions
(Supporting Information, Figure S24). Therefore, both fct-
PdFe and fcc-PdFe nanocrystals enabled the reversible
oxidation–reduction of Pd in CO2 methanation.

We further recorded O 1s XPS spectra of fct-PdFe nano-
crystals and fcc-PdFe nanocrystals before/after different gas
treatment. As the nanocrystals were supported on activated
carbon to prevent sintering during the annealing process, the
peaks of C�O and C=O species in the support and Pd 3p were
observed in O 1s XPS spectra before the treatment (Fig-
ure 3b).[23–26] As shown in the O 1s XPS spectra of fct-PdFe

nanocrystals after the treatment with CO2, the peak at
531.2 eV and 529.7 eV appeared, corresponding to the CO*
and dissociated O* species, respectively (Figure 3b).[27–29]

These two peaks were also observed for fcc-PdFe nanocrystals
after the treatment with CO2. After the reduction in H2, the
peak intensity for CO* species was weakened for fct-PdFe
nanocrystals, indicating the consumption of CO. Meanwhile,
the peak for dissociated O* species disappeared, demonstrat-
ing the reversible oxidation-reduction process for Fe species
(Figure 3b). In comparison, the peak at 530.0 eV for disso-
ciated O* species still remained for fcc-PdFe nanocrystals,
which was ascribed to the irreversible oxidation of Fe species.

To investigate whether the oxidized Fe species could be
facile reduced by H2, we conducted the measurements of H2

temperature-programmed reduction (H2-TPR). As shown in
Figure 3c, two peaks were observed in the H2-TPR profile of
fct-PdFe nanocrystals after the treatment with CO2. The peak
at 165 8C was assigned to the reduction of surface FeOx

species. In this case, the O* species could be facilely
consumed by H2, and thus were weakly bonded with Fe.
The other peak at 186 8C derived from the hydrogenation of
adsorbed CO* species, which was confirmed by the H2-TPR
profile of fct-PdFe nanocrystals after the treatment with CO.
When fcc-PdFe nanocrystals were treated with CO2 prior to
H2-TPR, three peaks were observed. Specifically, the peak at
185 8C corresponded to the hydrogenation of CO*, as
evidenced by the H2-TPR profile of fcc-PdFe nanocrystals
after the exposure to CO (see details in the Supporting
Information, Experimental Section). The peaks at 356 and
383 8C were assigned to the reduction of different Fe oxides.
As such, the reduction of oxidized Fe species on fcc-PdFe
nanocrystals requires much higher temperature than that on
fct-PdFe nanocrystals.

Figure 3. a) Quasi situ XPS spectra of Fe 2p for fct-PdFe and fcc-PdFe nanocrystals before and after the treatment with CO2 as well as CO2 and H2

in sequence at 180 8C for 30 min. b) Quasi situ XPS spectra of O 1s for fct-PdFe and fcc-PdFe nanocrystals before and after the treatment with CO2

as well as CO2 and H2 in sequence at 180 8C for 30 min. c) H2-TPR profiles of fct-PdFe nanocrystals and fcc-PdFe nanocrystals after the treatment
with CO2 and CO at 180 8C for 30 min.
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To gain deep insight into the reaction paths, we further
conducted in situ diffuse reflectance infrared Fourier trans-
form (DRIFTS) measurements. The in situ DRIFTS spectra
of fct-PdFe nanocrystals and fcc-PdFe nanocrystals after the
treatment with CO2 at 180 8C for 30 min exhibited two sets of
characteristic peaks (Figure 4a; Supporting Information, Fig-
ure S25, Table S5). One set of peaks located at 2069 and
1907 cm�1 corresponded to CO* adsorbed in linear and
bridged forms, respectively.[30–33] The other set of peak at
1330 cm�1 was assigned to the stretching vibration of CO2

d�

species.[34–37] With regard to fct-PdFe and fcc-PdFe nano-
crystals, both CO* and CO2

d� species were detected (Figur-
es 3b and 4a). As such, the PdFe alloys enabled the direct
dissociation of CO2 into CO*. Considering the surface
reconstruction of fcc-PdFe nanocrystals during catalytic test-
ing, we further investigated the adsorption properties of CO2

on the used fct-PdFe and the used fcc-PdFe nanocrystals after
one cycle of CO2 hydrogenation at 180 8C for 3 h. The peaks
for the used fct-PdFe nanocrystals were consistent with those
of the fresh one. In contrast, CO* species was not detected by
in situ DRIFTS measurements after the exposure of the used
fcc-PdFe nanocrystals to CO2 (Figure 4a). Therefore, the
direct dissociation of CO2 into CO* only occurred on Fe0

rather than Fex+.
We further treated fct-PdFe nanocrystals, fcc-PdFe nano-

crystals, and used fcc-PdFe nanocrystals with CO2/H2 mixed
gas (CO2/H2 = 1:4) for 30 min before in situ DRIFTS meas-
urements. Figure 4b showed three sets of characteristic peaks.
Besides the peaks at 2069 and 1907 cm�1 for CO*, the set of
peaks at 2917, 2800, and 1049 cm�1 were assigned to the
stretching vibration of C�H, the bending vibration of C�H,
and the stretching vibration of C�O in CH3O* species,
respectively.[38–41] The peaks at 3447, 1720, and 1230 cm�1

arose from the stretching vibrations of O�H, C=O, and C�
O in COOH* species, respectively.[42–45] As for fct-PdFe

nanocrystals, CO* and CH3O* species were detected. In
comparison, COOH*, CO*, and CH3O* species were all
observed for the fcc-PdFe nanocrystals and used fcc-PdFe
nanocrystals. The similarity of in situ spectra of fcc-PdFe and
used fcc-PdFe nanocrystals was attributed to the rapid
reconstruction of fcc-PdFe nanocrystals. To support this
point, we implemented in situ DRIFTS measurements after
exposing fcc-PdFe nanocrystals to CO2/H2 mixed gas for
different periods of time. After the treatment for 5 min, the
peaks for CO* and CH3O* species were observed (Support-
ing Information, Figure S25). With the treatment time
prolonged to 15 and 30 min, new peaks for COOH* emerged
(Supporting Information, Figure S25). As such, we proposed
the reaction paths for PdFe nanocrystals as shown in the
Supporting Information, Scheme S1. For fct-PdFe nanocrys-
tals, methane was produced via the subsequent transforma-
tion of CO2 into CO* and CH3O* species. In comparison, fcc-
PdFe nanocrystals were quickly oxidized within 15 min, over
which CO2 was subsequently converted into COOH*, CO*,
and CH3O* to form methane. The direct conversion of CO2

into CO* without the formation of COOH* for fct-PdFe
nanocrystals derived from the maintenance of Fe0 during the
catalytic test. The unique reaction path for fct-PdFe nano-
crystals contributed to the lowered activation energy and thus
the enhanced catalytic activity under atmospheric pressure.
Furthermore, after the treatment of fct-PdFe and fcc-PdFe
nanocrystals with CO2/H2 mixed gas (CO2/H2 = 1:4), the XPS
spectra resembled those after the treatment with CO2 and H2

in sequence (Figure 4 c,d). These results indicate the rever-
sible oxidation-reduction of surface Fe on fct-PdFe nano-
crystals and irreversible oxidation on fcc-PdFe nanocrystals
during CO2 hydrogenation.

We further conducted density functional theory (DFT)
calculations to investigate the origin of the difference
between fct-PdFe and fcc-PdFe nanocrystals. To simulate

Figure 4. a),b) In situ DRIFTS spectra of fct-PdFe nanocrystals, used fct-PdFe nanocrystals, fcc-PdFe nanocrystals, and used fcc-PdFe nanocrystals
after the treatment with a) CO2 at 180 8C for 30 min and b) CO2/H2 mixed gas (CO2:H2 = 1:4) at 180 8C for 30 min. c),d) Quasi situ XPS spectra of
Fe 2p for fct-PdFe and fcc-PdFe nanocrystals after the treatment with CO2/H2 mixed gas (CO2:H2 = 1:4) at 180 8C for 30 min.
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the random alloys, we regarded fcc-PdFe nanocrystals as
a solid solution composed of phases with different Pd/Fe
ratios including fcc-Pd, fcc-Pd3Fe1, fct-PdFe, fcc-Pd1Fe3, and
fcc-Fe (Supporting Information, Figure S26). To minimize the
total surface energy, these nanocrystals are expected to take
a truncated octahedral morphology enclosed by a mixture of
(111) and (100) facets. Notably, surface percentage of atoms
on (111) facets can reach 70 % for an 8 nm particle based on
theoretical model. In this regard, we firstly paid attention to
the (111) facet which is exposed on most of the surfaces of fcc-
PdFe and fct-PdFe nanocrystals.[46–48]

The transformation of CO2 into COOH* is an exothermic
process for the (111) surface of all crystal phases (Supporting
Information, Figures S27–S29). The dissociation of CO2 into
CO* and O* is energetically unfavorable on fcc-Pd(111) and
fcc-Pd3Fe1(111) surfaces. This process is exothermic on fct-
PdFe(111), fcc-Pd1Fe3(111), and fcc-Fe(111) surfaces. On
these surfaces, the enthalpy variation of CO2 dissociation was
more negative than that of the formation of COOH*. As such,
CO2 directly dissociates into CO* and O* on surfaces rich in
Fe component and fct-PdFe(111) surface, whereas CO2 is
hydrogenated into COOH* on surfaces rich in Pd component.
We further calculated the energy on the reduction of O*. As
shown in the Supporting Information, Figure S28, the en-
thalpy variation decreases with the content of Pd. Notably, the
reduction process is thermodynamically unfavorable on fcc-
Fe(111) and fcc-Pd1Fe3(111) surfaces, whereas that is exo-
thermic on fct-PdFe(111), fcc-Pd3Fe1(111), and Pd(111)
surfaces. In this case, once the surfaces were oxidized, fct-
PdFe(111) surfaces could be facilely reduced. As for surfaces
on fcc nanocrystals, those rich in Fe component were hard to
be reduced, whereas those rich in Pd component allowed for
the recovery into the metallic states.

We also investigated the influence of {100} facets which
are less stable than {111} facets but more stable than {110}
facets.[47] For fcc-Fe(100) and fcc-Pd1Fe3(100) surfaces, H-
assisted dissociation is exothermic (Supporting Information,
Figure S30). Although direct dissociation of CO2 is also
exothermic, the reduction of O* is thermodynamically
unfavorable. As for fct-PdFe(010) surface, both H-assisted
dissociation and direct dissociation of CO2 are energetically
unfavorable. As such, fct-PdFe(010) surface is inert for CO2

activation. In other words, the reaction mainly occurs on fct-
PdFe(111) surface which adopts the direct conversion of CO2.
With regard to fcc-Pd3Fe1(100) and fcc-Pd(100) surfaces, H-
assisted dissociation of CO2 is exothermic, whereas direct
dissociation is endothermic. Collectively, except for inert fct-
PdFe(010) surface, all the other (100) surfaces adopt the
transformation of CO2 into COOH*, consistent with the
reaction path on {111} facets.

Conclusion

We have reported an efficient catalyst of PdFe interme-
tallic nanocrystals towards CO2 methanation. During CO2

hydrogenation, fct-PdFe nanocrystals significantly enhanced
the catalytic activity and decreased the activation energy
relative to fcc-PdFe nanocrystals. The high catalytic activity of

fct-PdFe nanocrystals was associated with their unique
reaction path. Mechanistic studies revealed that fct-PdFe
nanocrystals ensuring renewable metallic surfaces followed
the direct dissociation of CO2 into CO* and O*. As for fcc-
PdFe nanocrystals, both direct dissociation into CO* and H-
assisted dissociation into COOH* existed during the initial
stage of reaction. Upon the irreversible oxidation of surface
metallic Fe species on fcc-PdFe nanocrystals, CO2 was only
hydrogenated into COOH*, while the direct dissociation
route was suppressed. Our understanding on how the
electronic structures of intermetallics influence the catalytic
performance has great potential to offer a guideline for
developing highly efficient catalysts.
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Surface Iron Species in Palladium–Iron
Intermetallic Nanocrystals that Promote
and Stabilize CO2 Methanation

Intermetallic PdFe nanocrystals afforded
high activity and stability for CO2 metha-
nation. Further mechanistic studies
revealed that PdFe intermetallic nano-
crystals enabled the maintenance of
metallic Fe species via a reversible oxi-
dation–reduction process.
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