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ABSTRACT: The exsolution of metallic nanoparticles (NPs)
from perovskite oxides is a promising strategy for synthesizing
supported catalysts. The associated segregation of A-site cations on
the surface is challenging to investigate experimentally and is often
detrimental to the catalytic performance. In this work, we found
that during the in situ exsolution of Ni-Co bimetallic nanoparticles
from Pr0.45Ba0.45Mn1−x(Co1/3 Ni2/3)xO3±δ, A-site cation enrichment
occurred on the surface when x is 0.1; yet, the perovskite surface
decomposed when x reached 0.2, forming a thin layer comprising
various nanocrystalline oxides, which partially blocked the active
sites of the exsolved Ni-Co particles. A hydration and carbonation
reaction facilitated the conversion of nanocrystalline BaO species
into large and highly crystallized BaCO3 particles. This enabled the
exposure of more Ni-Co active sites and offered a chance to quantify that the decomposed surface layer accounts for ∼7.2 wt % of
the total perovskite. Because of this unique feature, the surface-decomposed catalyst showed higher activity in the dry methane
reforming reaction with better stability. Importantly, the regeneration feature was not hampered as the complete exsolution-
dissolution recyclability of the catalyst remained.

1. INTRODUCTION
Supported metal catalysts are extensively used in various
chemical and energy-conversion processes.1−3 The solid
support not only offers a high surface area to enable the
robust mono-dispersion of metallic nanoparticles (NPs), but
importantly, also creates the metal-support interaction,
manipulating the selectivity and activity of the catalysts. In
the industrial operation, all catalysts inevitably suffer from
activity degradation due to various mechanisms such as
poisoning, fouling, coking, and NP sintering.4−6 Unfortunately,
the regeneration of the spent catalysts remains a grand
challenge: some of the degradations are fully irreversible; many
regeneration processes also lead to the structural degradation
of the catalyst. In the real-life practice, it is common that such
spent catalysts are subjected to the “recycling” process to
retrieve the precious metals and minerals. An efficient
regeneration to restore the performance of the deactivated
catalysts thus features high on the wish list of both academia
and industry.
In this context, a new strategy of preparing the supported

metal catalysts, namely, metallic NP exsolution,7−9 came under
the spotlight. Upon changes in the atmosphere at elevated
temperatures, specific dopants can precipitate out from the
host matrix. The readily formed metallic NPs become the
active species for catalytic reactions. This approach was first

proposed in 2002 using a perovskite oxide as the host,10 which
enabled the in situ self-regeneration (upon the redox cycle) and
long lifetime of the catalysts (“socketed” NPs by the matrix).
Today, by tuning the non-stoichiometry, selecting proper B-
site dopants, and pretreating the host perovskite, various
monometallic and multi-metallic NPs can be successfully
exsolved from the perovskite oxide matrix, showing unique
catalytic performance in many industrially relevant reactions,
including methane reforming,11−13 water splitting,14,15 and
water−gas-shift reactions.16 However, due to reasons such as
the generation of additional oxygen vacancies and the change
of stoichiometry, the exsolution of B-site cations at high
temperature easily induces the segregation of A-site cations on
the surface.17,18 Although this segregated layer is often thin, it
has been widely documented to have a drastic influence on the
(electro)activity of the catalyst. For instance, the 10-nm Sr-
enriched layer in a SrTi1−xFexO3−δ thin film reduced the rate of
oxygen exchange reaction by several orders of magnitude.19,20
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Barium segregation in cation-ordered LnBaCo2O5+δ perov-
skites (Ln = lanthanide) became kinetically faster at temper-
atures >400 °C, leading to the decrease of transition metal
surface coverage.21 We also report the surface amorphization
and decomposition of PrBa0.85Ca0.15MnFeO5+δ during the
electrochemical water splitting reaction.22 Nonetheless, as
cation segregation and surface decomposition typically occur
on the surface layers that are a few nanometers thick, it remains
challenging to (quantitatively) investigate this thin layer in
detail.
In this work, we found that the in situ exsolution of Ni-Co

bimetallic nanoparticles from Pr0.45Ba0.45Mn1−x(Co1/3
Ni2/3)xO3±δ induced different surface changes. A-site cation
enrichment on the surface occurred when x was 0.1; yet, the
perovskite surface decomposed when x reached 0.2. The mass
ratio of the decomposed perovskite was determined
quantitatively. In the dry methane reforming reaction, the
origin of the higher activity and the regeneration capability of
the surface-decomposed catalysts were explored.

2. RESULTS AND DISCUSSION
2.1. Surface Evolution Induced by Exsolution. In this

study, we selected PrBaMn2O5+δ (PBM) as the model system
to study the process of exsolution. This host oxide
demonstrates good stability in the reducing atmosphere, yet
enjoys abundant oxygen vacancies (linear clusters). Co and Ni
(Co/Ni = 0.5) were used as the B-site doping elements for the
exsolution. This bimetallic catalytic system has been well
examined in the literature and our previous work,23,24 which
outperformed Ni in the methane dry reforming reaction
(DRM) in terms of activity and coking resistance. As the
exsolution of the B-site transition metal nanoparticles can be
facilitated by the A-site deficiency, we used the A-site-deficient
Pr0.45Ba0.45Mn1−x(Co1/3 Ni2/3)xO3±δ, which contained 10% of
A-site vacancy. Note that such A-site deficiency is also
beneficial in suppressing the A-site cation surface segrega-
tion.25,26Figure 1a shows the X-ray diffraction (XRD) patterns
of the as-prepared (PBMCN10, x = 0.1; PBMCN20, x = 0.2)
and reduced perovskite oxides (R-PBMCN10 and R-
PBMCN20), respectively. The characteristic peaks in the

Figure 1. (a) XRD patterns and (b−e) cross-sectional SEM images of PBMCN10, R-PBMCN10, PBMCN20, and R-PBMCN20; (f−i) HAADF
and HRTEM images of R-PBMCN10 and R-PBMCN20; the insets in (f) and (h) are the corresponding EDX elemental line scans; the area marked
by the white dash lines in (i) is the amorphous domain; XPS spectra comparison of Ba 4d for (j) PBMCN10 and R-PBMCN10, (k) PBMCN20
and R-PBMCN20.
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PBMCN10 and PBMCN20 patterns suggested the mixed cubic
and hexagonal perovskite phases. After the reduction in 5%
H2/Ar at 800 °C for 4 h, the peaks belonging to the hexagonal
phase disappeared completely, and the diffraction peaks of the
cubic phase shifted slightly to the left, indicating the lattice
expansion due to the phase transformation to the double-
perovskite structure.27,28 This double-perovskite phase trans-
formation can be shown by the reaction below, where “C”
represents the cubic phase and “H” represents the hexagonal
phase

(1)

In addition, the diffraction peak at 44.5° (see the enlarged
patterns in Figure S1), indexed to the (111) plane of Ni-Co
alloy,29 revealed that the bulk bimetallic phase formed after the
reduction. No other impurities have been detected in either R-
PBMCN10 or R-PBMCN20 from the XRD patterns.
We then used the microscopic technique to monitor the

microstructural change during the exsolution processes. In the
scanning electron microscopy (SEM) images shown in Figures
1b−e, the as-prepared PBMCN10 and PBMCN20 show clean
fractural surfaces. The reduction at 800 °C indeed caused the
exsolution of small NPs in both samples, sizing between 20 and
50 nm. Transmission electron microscopy (TEM) was also
applied to further reveal the microstructure and composition
change. Indeed, the exsolved Ni-Co bimetallic nanoparticles
were clearly visible in both R-PBMCN10 and R-PBMCN20
(see the high-resolution TEM micrographs in Figure S2). The
distribution of all of the constituent elements in R-PBMCN10
was rather uniform, as reflected by the energy-dispersive X-ray
spectroscopy (EDX) analysis in Figure 1f. The HRTEM
micrograph in Figure 1g shows that the surface of R-
PBMCN10 remained intact after reduction; the interplanar
spacing was 0.352 nm, which corresponded to the (101) plane
of PBM. The fast Fourier-transformed image (FFT) in the
inset confirmed the [1̅11] zone axis of the examined crystal.
On the contrary, R-PBMCN20 showed a nonuniform

elemental distribution (see the elemental mappings in Figure
S3), particularly for Ba and O along the direction of the line in
Figure 1h (see the corresponding EDX elemental line scan in
the inset). In the HRTEM micrograph in Figure 1i, a thin
amorphous layer on the surface was identified. Such a feature
was also prominent in other examined particles, as shown in
Figure S4. In addition to this amorphous layer, we also
observed other microcrystals with size below 10 nm near the
surface. For instance, the circled microcrystalline domains in
Figure 1i show a d-spacing of 2.76 Å, matching the (200) plane
of BaO. Additional domains with clear interplanar spacings are
summarized in Figure S4, implying the presence of other
oxides, including MnO, Mn2O3, and Pr2O3. It should be noted
that a protruded nanoparticle from the surface was not the
exsolved nanoparticle: the interplanar spacing was 3.79 Å,
which can be indexed to the (111) plane of BaCO3. Its
formation was due to the reaction between BaO and
atmospheric CO2 (see more discussions below). All of these
surface characteristics indicated that the Ni-Co nanoparticle
exsolution from PBMCN20 has induced the surface decom-
position.
We also used X-ray photoelectron spectroscopy (XPS) to

probe the surface composition and chemical states. In the
deconvoluted Ba 4d spectrum in Figure 1j,k, we noticed the

migration of Ba cations from the bulk lattice (BE = 88.07 eV
for Ba 4d5/2 of Balatt) to the surface (BE = 89.51 eV for Ba
4d5/2 of Basurf) after the nanoparticle exsolution for both
samples. The atomic ratios of Basuf/Balatt increased from 0.7 to
1.7 for PBMCN10 and from 0.6 to 2.1 for PBMCN20 after the
reduction (see the summary in Figure S5 and Table S1). Note
that the signal-to-noise ratio of Ni 2p spectra was rather low
due to the low doping ratio. Yet, the signal intensities of Ni 2p
in the reduced samples were apparently lower compared with
those before reduction, e.g., the ratio of Ni decreased
significantly (ca. 40%) in R-PBMCN20 compared with that
in PBMCN20. This might be attributable to the fact that the
products of the surface decomposition have partially blocked
the exsolved Ni-Co nanoparticles. Based on the microscopic
and surface spectroscopic results above, we concluded that the
nanoparticle exsolution from PBMCN10 has induced the
surface enrichment of Ba (see eq 2).

(2)

Yet, the surface decomposition occurred in R-PBMCN20; a
possible reaction is shown below

(3)

Compared with eq 2 with only 10 atom % B-site cations
exsolution and the subsequent formation of stoichiometric
perovskite, the exsolution of 20 atom % B-site cations in R-
PBMCN20 induced A-site cation excess, which made the
perovskite thermodynamically less stable. Hence, the surface
decomposition occurred. Nonetheless, the bulk PBM perov-
skite remained stable in both samples after the reduction.
As the exsolution-induced surface decomposition generated

a thin layer containing various nanocrystalline oxides, it is yet
challenging to characterize this layer quantitatively. To enable
this investigation, we were inspired by the formation of
interfacial BaCO3 species (see Figure 1i) and designed an
aging process in humidified air at the ambient condition to
convert small BaO nanocrystals into highly crystalized BaCO3
(aging at higher temperature or with higher CO2 concentration
might induce additional surface decomposition). Assuming the
complete carbonation of BaO species in the decomposed layer,
we can quantify the resulting carbonate to study the amount of
the decomposed perovskite. Indeed, the carbonation will occur
exclusively for BaO: the equilibrium constants (K) of all the
possible carbonation reactions in the decomposition layer were
compared in Figure 2a, from which we can deduce that the
BaO carbonation reaction is extremely faster and more
complete than all of the other reactions. The presence of
water vapor has been confirmed to “catalyze” the carbonation
reaction in our and others’ previous work. From the chemical
point of view, adsorbed water acts as a reactant and solvent to
accelerate the formation of the transient hydroxyl compound,
which is more reactive for the chemisorption of CO2 than
metal oxides.30,31 From the mechanical point of view, water
vapor could facilitate the formation of a loose and porous
structure, enabling the faster diffusion of ion/gas and
enhancing the carbonation.32−34 Accompanied by the surface
migration of Ba species, the carbonation reaction resulted in
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the formation of large and highly crystallized BaCO3 particles
viaeq 4, facilitating the quantitative study (vide inf ra).

(4)

The schematic surface evolution process of PBMCN20
perovskite oxide viain situ exsolution and aging can be
illustrated in Figure 2b.
Figure 3a shows the XRD patterns of the aged perovskite

oxides (AR-PBMCN10 and AR-PBMCN20). After aging in
humidified air (RH = 98%) at ambient conditions, BaCO3
appeared in AR-PBMCN20, whereas no change occurred in
AR-PBMCN10. The corresponding microscopic images
unveiled that compared with AR-PBMCN10 (Figure 3b), the
surface of AR-PBMCN20 showed plenty of newly formed
nanorods, which were deduced as BaCO3 (see the black arrows
in Figure 3c). To confirm their chemical composition, we
analyzed the sample using the TEM. The high-angle annular
dark field (HAADF) image and EDX elemental mappings in
Figure 3d again confirmed the presence of exsolved Ni-Co NPs
(marked with white circles). The rod-like structures (marked
with dotted red frames) in AR-PBMCN20 were relatively large
(cf. BaO nanocrystals in Figure 1i) in size and only contained
Ba, C, and O. The interplanar spacing was 3.78 Å, which can
be indexed to the (111) plane of BaCO3 (see the HRTEM
micrograph in Figure 3e). BaO species were not observable
anymore in the TEM micrographs (also see Figure S4e),
implying that this aging process transformed all of the BaO
into carbonate.
This conclusion was aligned with the XPS analysis in Figure

S6 and Table S2, which also confirmed the presence of

Figure 2. (a) Equilibrium constants comparison of possible
carbonation reactions in the decomposition layer; (b) schematic of
the surface evolution of the PBMCN20 perovskite oxide catalyst via in
situ exsolution and aging process for quantitative analysis.

Figure 3. (a) XRD patterns and (b, c) SEM images of AR-PBMCN10 and AR-PBMCN20; (d) HAADF image and the corresponding EDX
elemental mappings of Co, Ni, Ba, O, Pr, and Mn, respectively; the circles indicate the area of Co-Ni alloy and the dotted red frames indicate
surface carbonate; (e) HRTEM image of the carbonate on the surface of AR-PBMCN20; (f) FTIR spectra of PBMCN20, R-PBMCN20, and AR-
PBMCN20; (g) schematic of Ba mitigation and carbonation process in the decomposed layer during aging.
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carbonate in AR-PBMCN20. It seems that the formation of
large carbonate crystals was beneficial for “unblocking” the Ni
and Co sites: the surface ratio of Ni increased to 0.8 atom %,
which was comparable with that before the exsolution (0.7
atom %). In addition, we used the Fourier-transformed
infrared spectroscopy (FTIR) to further examine the surface.
As shown in Figure 3f, the strong peaks at 1456 and 858 cm−1

in AR-PBMCN20 corresponded to the asymmetric stretching
vibrations of the carbonate groups.35,36 Other samples
including AR-PBMCN10, however, only had the peaks related
to the OH functionality (also see Figure S7). Therefore, we
concluded that the aging process indeed converted the BaO
species in R-PBMCN20 into large carbonate crystals. The
hypothetical mechanism is shown in Figure 3g. In humidified
air, the hygroscopic nature of BaO enabled the absorption of
moisture and the formation of “wet” hydrated domains where
the chemisorption of CO2 was promoted and the faster
diffusion of Ba2+ was enabled. Therefore, the carbonation
reaction may follow the so-called microcrucible mechanism,
resulting in the formation of large carbonate nanorods.37

Because of the significant aggregation of Ba species, more Ni-
Co sites were subsequently exposed (cf. XPS results).
2.2. Quantitative Characterization of Exsolution and

Surface Decomposition. In order to quantitatively analyze
the decomposed surface layer, we performed Rietveld refine-
ment of the XRD diffraction data together with the
thermogravimetric analysis. The refinement results are shown
in Figures 4a−e and S8, and summarized in Table S3. In R-
PBMCN10, the exsolved Ni-Co NPs accounted for 2.2 wt %
which was very close to the maximum theoretical value of 2.6
wt % assuming the complete exsolution of all Ni and Co
cations. As a comparison, 3.7 wt % of Ni-Co NPs presented in
R-PBMCN20 after reduction, which was also less than the
maximum theoretical value (5.1 wt %). In AR-PBMCN20, 9.23
wt % of BaCO3 was identified, which suggested that 8.67 atom
% of the PBM host perovskite oxide had decomposed.
To confirm our conclusion, we also used thermogravimetric

analysis (TGA) to examine AR-PBMCN20 (Figure 4f). The
weight loss before 400 °C was attributable to the removal of
(hydrated)water as all nanocrystals in the decomposed layer
are highly hygroscopic. The other weight loss starting at ∼600

Figure 4. XRD Rietveld refinements of (a) R-PBMCN10, (b) AR-PBMCN10, (c) R-PBMCN20, and (d) AR-PBMCN20; (e) weight fractions of
multiple phases obtained from the Rietveld analysis; (f) TGA curve of AR-PBMCN20.
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°C was ascribed to the thermal decomposition of BaCO3
nanocrystals and the change of oxygen stoichiometry.38 The
weight loss was 2.8 wt %, corresponding to 12.75 wt % of
BaCO3 in AR-PBMCN20. This value was slightly higher than
that obtained from the Rietveld analysis as the loss of oxygen
also contributed to this weight loss. We plotted the average
thickness of the decomposed layer as a function of the
perovskite particle diameter (assuming spherical particles; see
Figure S9). This layer was from 4 to 15 nm, which agreed with
the thickness reported elsewhere.20,39−42

2.3. Catalytic Performance and Regeneration. To
evaluate the catalytic effect of the surface-decomposed catalyst,
we selected methane dry reforming as the model reaction. The
conversions of both CO2 and CH4 are shown as a function of
the reaction temperatures in Figures 5a,b. CO2 and CH4
conversions increased as the temperature rose up. The CO2
conversion was slightly higher than the CH4 conversion due to
the side reactions like reverse water−gas shift reaction
(RWGS), which could consume CO2 at high temperatures.

43

The catalytic selectivity was presented by the hydrogen-to-
carbon monoxide (H2/CO) ratio in the effluent; a high H2/
CO was achieved for both catalysts above 850 °C (see Figure
S10). Interestingly, it seems that R-PBMCN20 with partial
blockage of Ni-Co sites showed even better catalytic activity
than R-PBMCN10: the former exhibited higher conversion of

CO2 and CH4 at all of the examined temperatures ranging
from 750 to 950 °C compared with that of R-PBMCN10
without the A-site alkaline earth oxides on the surface. The
error bars represented the standard errors of the mean
conversion, which were obtained from the 30 min online test
at the designated temperatures (see Figure S11).
In order to quantify the total amount of surface Ni-Co active

sites available on R-PBMCN10 and R-PBMCN20 surfaces, we
performed the CO pulse chemisorption analysis (see the
results in Table S4). Indeed, R-PBMCN10 exhibited a higher
metal surface area (4.93 m2 g−1) than R-PBMCN20 (2.36 m2

g−1) despite the fact that the amount of the exsolved bimetallic
nanoparticles in R-PBMCN20 was much higher (cf. the XRD
refinement results). This abnormal phenomenon was due to
the partial blockage of the exsolved Ni-Co sites in R-
PBMCN20 by the decomposed layer as shown in the XPS
results. In the stability test, we first selected the conditions at
which the conversions were well below the thermodynamic
equilibrium by increasing the flow rates and decreasing the
catalyst loadings (see Figure 5c).44 R-PBMCN20 still showed
better activity in comparison with R-PBMCN10. Little
performance degradations for both R-PBMCN10 and R-
PBMCN20 have been observed during 24 h on stream at 850
°C. We also calculated the values of turnover frequency
(TOF), defined as the number of CH4 molecules converted

Figure 5. (a) CO2 and (b) CH4 conversion of R-PBMCN10 and R-PBMCN20 at various temperatures; (c) CO2 (square) and CH4 (triangle)
conversions and (d) TOFCH4 of R-PBMCN10 and R-PBMCN20 as a function of time on stream at 850 °C; CH4/CO2/N2 = 25:25:50 mL min−1;
catalyst loading is 50 mg; (e) comparison of R-PBMCN20 and 20 wt % Ni on Al2O3 at 850 °C. Other than where specified, the feedstock is CH4/
CO2/N2 = 10:10:80 mL min−1 and the catalyst loading is 70 mg.
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per second per Ni-Co alloy active site (see Figure 5d).
Although R-PBMCN20 showed a higher TOF, we maintained
that the intrinsic activity of the Ni-Co alloy active site in both
catalysts should be essentially identical in theory. The nominal
difference might be originated from the catalyst surface
reconstruction that changed the metal surface area in situ.
We also compared the longevity performance between R-

PBMCN20 and the industrial-supported Ni catalyst. Albeit the
conventional Ni/Al2O3 catalyst (20 wt % Ni on Al2O3, see
Figure 5e) showing better initial activity compared with that of
R-PBMCN20 at 850 °C, the latter, however, was much more
stable during the 50 h longevity test compared with the Ni/
Al2O3 catalyst. The rapid degradation of Ni/Al2O3 was
ascribed to the coking of Ni nanoparticles. The formed coke
caused the structural disintegration of the supported metal
catalyst and gradually blocked the flow reactor. Note that this
comparison does not reflect the fact that the exsolved
nanoparticles were intrinsically more stable or active than the
conventionally prepared Ni nanoparticles, as other parameters,
such as the nature of the support, the Ni content, and the
particle size, will also influence the coking resistance.
In addition to the improved activity and stability, a key

advantage of the catalysts prepared via exsolution is their
capability of easy regeneration. We thus carried out five redox
cycles for R-PBMCN20. The catalytic performance in DRM
after each cycle is presented in Figure 6a. Interestingly, ∼94%

conversion of CO2 and ∼83% conversion of CH4 were
maintained without apparent degradation. We also charac-
terized the chemico-physical properties of the catalyst during
the redox cycle. From the SEM images in Figure 6b, we
noticed that after the calcination (sample denoted as OR-
PBMCN20), a clean fractural surface was retrieved. After the
sequential reduction (sample denoted as R2-PBMCN20), well-
dispersed nanostructures reappeared. TEM analysis confirmed
that such nanostructures were still pure Ni-Co bimetallic NPs.
This morphological evolution implied that the metallic
nanoparticle exsolution-dissolution of the surface-decomposed
perovskite might remain highly reversible.
This deduction was further confirmed by additional

characterizations. The XRD patterns in Figure 6c show that,
after the calcination at 950 °C, both the exsolved Ni-Co NPs
and BaO, together with other nanocrystals, “re-dissolved” into
the PBM perovskite host, forming a single-phase material. The
carbonate peak was negligible, implying the complete
decomposition of BaCO3. Note that this decomposition
temperature was greatly lower than that of the bulk BaCO3,
plausibly due to the quantum effect of the small nanostruc-
ture.38,45 Our FTIR analysis also confirmed the complete
decomposition of the carbonate (see Figure 6d). Sequential
reduction of the OR-PBMCN20 (the resulting sample was
denoted as R2-PBMCN20) also induced the formation of
exsolved Ni-Co NPs and the Ba-rich phase.

Figure 6. (a) CO2 and CH4 conversion of R-PBMCN20 in DRM after redox cycles; the feedstock is CH4/CO2/N2 = 10:10:80 mL min−1; catalyst
loading is 70 mg; (b) SEM images of R-PBMCN20 during the redox cycle; (c) XRD patterns and (d) FTIR spectra of R-PBMCN20, OR-
PBMCN20, and R2-PBMCN20.
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2.4. Activity Study of Surface-Decomposed R-
PBMCN20 vs Surface-Intact R-PBMCN10. As we have
shown before that the surface decomposition layer has partially
blocked Ni-Co NPs in R-PBMCN20, then why R-PBMCN20
performed better than the surface-intact R-PBMCN10 in
DRM? To gain more insights, the spent catalysts after the
stability test in DRM reaction were first analyzed by the
temperature-programmed oxidation (O2-TPO, see Figure 7a).
PBMCN20 and R-PBMCN10 exhibited a substantially weaker
peak than that of R-PBMCN20, reflecting that R-PBMCN20
might contain more active sites for carbon deposition. This
speculation was further verified by XPS analysis of the oxidized
spent catalyst. R-PBMCN20 indeed demonstrated higher
surface Ni content (0.7 atom %) than that of R-PBMCN10
(0.3 atom %). Note that in the TPO profile, R-PBMCN20
demonstrated two oxidation peaks. The peak at ∼600 °C was
much stronger, corresponding to the amorphous carbon, which
can be readily removed by CO2. The other peak that started at
∼700 °C was negligible, suggesting essentially no formation of
graphitic carbon.46 This result was aligned with the good
carbon resistance of R-PBMCN20.
We then evaluated the capability of the catalysts for

removing deposited carbon using TGA−DSC. Carbon black
(CB) was added to the fresh catalysts (10 wt %). Since it was
obtained from the thermal cracking of ethylene tar, it was an
ideal carbon source to simulate the coke. The homogenized
mixture was then heated up in the stream of air. Figure 7b
shows the typical CB conversion and DSC curves. Pure carbon
black was also assessed as the control experiment. The
temperature at which 50% CB was converted (denoted as T50)
was used as the benchmark to demonstrate the activity of the
catalyst. The addition of the R-PBMCN20 catalyst effectively
lowered the coke ignition temperature, with the T50 value
decreasing by about 155 °C. The huge exothermic reaction
occurred at 560 °C was ascribed to the fast coke oxidation.

Above 560 °C, the conversion rate increases slowly, which can
be ascribed to the oxidation of either graphitic carbon or the
catalyst itself. However, the catalytic effect of R-PBMCN10
was not as prominent as that of R-PBMCN20.
Based on the above-mentioned results, the hypothetical

mechanism for the increased activity and coking resistance of
R-PBMCN20 was proposed. A graphical illustration is depicted
in Figure 7c. In DRM, the presence of CO2 and steam at high
temperature enabled the fast diffusion of Ba2+ and formation of
large BaCO3 domains in this surface-decomposed catalyst; the
Ni-Co sites previously blocked by the decomposition layer
were then recovered for catalysis (cf. XPS results). Because R-
PBMCN20 contained more Ni-Co sites, higher activity was
observed in DRM. The good coking resistance might be
related to the presence of surface barium species: the BaCO3
domains decomposed at higher temperature to form BaO,
which behaved as the catalytic promoter, offering basicity for
much stronger CO2 adsorption capacity.47 The electron
transfer from the promoter also increases the electron cloud
density of the adjacent metallic NP.48 Both effects will
concurrently accelerate the CO2 activation rate on the catalyst
surface, prohibiting the formation of graphitic coke. Note that
the isolated Ni-Co bimetallic site in R-PBMCN20 (position 2)
was also coke resistant. The PrBaMn2O5+δ support was oxygen-
deficient, with proven capability of accelerating the adsorption
and activation of CO2

49,50 The deposited carbon on this site, if
any, can also be oxidized by the lattice oxygen from the
support via the well-known Mars−Van Krevelen mechanism.51
In conclusion, we proposed that the DRM reaction condition
facilitated the diffusion of Ba2+, recovering the previously
blocked active sites for catalysis. As the Ni-Co sites in R-
PBMCN20 are more abundant than those in R-PBMCN10
(see the XRD refinement and XPS results), it is thus natural to
observe better activity in R-PBMCN20.

Figure 7. (a) O2-TPO of the spent catalysts, (b) TGA−DSC curves of carbon black (CB) oxidation (dotted line) with R-PBMCN10 (black solid
line) and with R-PBMCN20 (red solid line), and (c) schematic routes of BaCO3 formation and coke removal in R-PBMCN20, VO••/oxygen
vacancies.
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3. CONCLUSIONS
The i n s i t u e x s o l u t i o n o f N i -Co NPs f r om
Pr0.45Ba0.45Mn1−x(Co1/3 Ni2/3)xO3±δ induced the surface
decomposition when x reached 0.2, forming a thin layer
comprising various nanocrystalline oxides that partially blocked
the active sites of exsolved Ni-Co particles. A quantitative
study revealed that ∼7.2 wt % of perovskite has decomposed.
A hydration and carbonation reaction facilitated the migration
of nanocrystalline BaO species and the formation of large and
highly crystalized BaCO3, enabling the recovery of blocked Ni-
Co active sites. The surface-decomposed catalyst remained
highly active in the dry methane reforming reaction with better
stability. Importantly, the metallic nanoparticle regeneration
feature was not hampered in this surface-decomposed
perovskite as the complete exsolution-dissolution recyclability
remained. This work offered a simple strategy of quantitatively
determining the fraction of decomposed Ba-containing perov-
skite oxide on the surface, offering new insights into the
behaviors of exsolved catalysts with surface decomposition.

4. EXPERIMENTAL SECTION
4.1. Material Preparation. Pr(NO3)3·6H2O, Ba(NO3)2, Ni-

(NO3)2·6H2O, ethylene glycol (C2H4O2H2), and absolute alcohol
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Co(NO3)2·6H2O, Mn(NO3)2 solution (50 wt % in H2O), and citric
acid monohydrate (C6H8O7·H2O) were purchased from Aladdin. γ-
Al2O3 catalyst support was obtained from Sigma-Aldrich. All
chemicals were of analytical grade and used without further
purification.
A-site-deficient Pr0.45Ba0.45MnO3±δ doped with 20 mol % Co-Ni

(Co/Ni =1:2) at the B-site was prepared by a modified sol−gel
method. The stoichiometric amounts of Pr, Ba, Mn, Ni, and Co
nitrates were dissolved in distilled water under stirring for about 30
min. Ethylene glycol and citric acid were then added to serve as the
complexing agents. The molar ratio of total metal ions to ethylene
glycol to citric acid was set at 1:1.5:3. The solution was magnetically
stirred at 80 °C in a water bath until the gel formed. Then, the gel was
dried at 60 °C in an oven and then heated at 350 °C for 2 h to form a
solid precursor. Subsequently, the obtained black powder was calcined
at 950 °C for 5 hours in the air to form PBMCN. The reduction of
the oxide was performed by annealing PBMCN in 5% H2-95% Ar at
800 °C for 4 h. This prepared material was denoted as R-PBMCN.
The carbonation was carried out by aging R-PBMCN in humidified
air (RH = 98%) for 20 days; the resulting material was denoted as
AR-PBMCN.
To prepare the commercial 20 wt % Ni/Al2O3, a wet-impregnation

approach was applied. Before use, γ-Al2O3 powder was initially
grinded and dried at 120 °C overnight. A certain amount of
Ni(NO3)2·6H2O was dissolved in 20 mL of deionized H2O and
stirred vigorously; then, 10 g of pretreated γ-Al2O3 was added to the
solution. The suspension was stirred at room temperature for 4 h in a
100 mL round-bottom flask and then was heated in an oil bath at 60
°C to evaporate the water. The obtained solid was scratched down
and grinded in a mortar into fine powder. The powder was further
dried in an oven at 120 °C for 6 h. The catalyst was calcined under
airflow at 500 °C for 5 h and reduced at 650 °C in 5% H2-95% Ar for
1 h.
4.2. Material Characterizations. X-ray diffraction analysis

(XRD, Rigaku SmartLab) was carried out using a Cu Kα radiation
source (λ = 1.5418 Å) operating at a tube voltage of 40 kV and a
current of 40 mA. Diffraction patterns were collected by step scanning
with the scan rate of 4° min−1 and in the 2θ range of 20−80°. Rietveld
refinement was performed by using a fullprof program. Oxygen
vacancies were not introduced into the refinement calculation because
of the small scattering cross section of the oxygen. In the Fourier-
transform infrared spectroscopy (FTIR) analysis, 1 mg of sample
powder was mixed with 200 mg of KBr powder and pressed into a

thin pellet using a stainless-steel die. FTIR signals were collected from
4000 to 400 cm−1 using a Bruker INVENIO-R spectrometer. The
morphologies of the oxide powders were investigated by field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4800).
Transmission electron microscopy (TEM, JEM-F200) was used to
further investigate and analyze the microstructural morphology and
composition. It was equipped with an HAADF detector coupled with
an X-ray energy dispersive spectrometer (EDS) for elemental analysis.
The surface chemistry was analyzed by a X-ray photoelectron
spectroscopy (XPS, ESCALab 250Xi Thermo Scientific) with Al Kα
(hν = 1486.6 eV) radiation; the base pressure of the analytical
chamber during the measurements was lower than 3.0 × 10−9 mbar.
The spectra of survey scan were recorded with the pass energy of
150.0 eV; the energy step size was 1.000 eV. High-resolution spectra
were recorded with the pass energy of 60.0 eV, and the energy step
size was 0.100 eV. All of the binding energies were calibrated to the
adventitious C 1s peak at 284.8 eV. The deconvolution was carried
out using the Thermo Avantage software package. A smart-type
background subtraction and a Gaussian-Lorentzian peak shape were
applied.
The thermogravimetric and differential scanning calorimetric

analysis (TGA−DSC, NETZSCH STA 449F5) was performed in
an air atmosphere with a flow rate of 100 mL min−1. The temperature
range was 25−900 °C, and the heating rate was 10 °C min−1. Carbon
black, as a simulated coke substance, was mixed with the catalyst in an
agate mortar (catalyst to carbon 9:1) to obtain a homogeneous
mixture. TPO was performed using the Thermo Scientific TPDRO
1100 instrument with a thermal conductivity detector (TCD). 10 mg
of the catalyst was loaded to the quartz tube reactor, and all of the
measurements were carried out in a stream of O2 (40 mL min−1) with
a heating rate of 10 °C min−1.
The CO pulse chemisorption was carried out using an AutoChem

II 2920 apparatus (Micromeritics). The samples were reduced under
a 5% H2/He gas (30 mL/min) at 450 °C for 1 h, then purged with
helium (30 mL/min) for 30 min before the temperature was
decreased to 50 °C for CO pulse adsorption. 0.5 mL of CO pulse was
repeatedly injected into the sampling chamber until no further CO
uptakes were detected between consecutive injections. The number of
active sites available in the catalyst was measured based on the
cumulative quantity of adsorbed CO, which was correlated to the
metal surface area (Smsa) of the sample. Metal dispersion (D) of the
sample, defined as the ratio of the number of active sites available to
the total amount of active metals in the catalyst, was obtained based
on the results of Smsa.
4.3. Catalytic Reaction. DRM was performed in a continuous-

flow fixed-bed reactor at ambient pressure. The internal diameter of
the quartz tube was 4 mm, which was mounted in an insulated electric
furnace equipped with a programmable temperature controller
(Eurotherm GmbH). Approximately 70 mg of sample powder was
placed in the middle of the reactor. For the DRM test, a gas mixture
of CO2, CH4, and N2 was introduced into the reactor with a ratio of
10:10:80. The gas flow was controlled by a mass flow controller. The
gas hourly space velocity (GHSV) was 8.57 × 103 mL h−1 g−1, which
is higher than or comparable to those in the literature. The reaction
products were analyzed online using a gas chromatograph (Compact
GC 4.0) equipped with a thermal conductivity detector (TCD). The
DRM reaction is shown below: the CH4 and CO2 conversion were as
shown in the following equations

(5)

(6)

(7)

whereas CH4 in and CH4 out are the mol % of inlet and outlet
methane; CO2 in and CO2 out are the mol % of the inlet and outlet
carbon dioxide.
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The turnover frequency (TOF) of the catalyst in DRM was defined
as the number of CH4 molecules converted per second per Ni-Co
alloy active site. The Ni-Co alloy active sites were determined based
on the CO pulse chemisorption results. To enable a more accurate
calculation of TOF, we increased the space velocity of the reactor
(reaction conditions: GHSV = 3.00 × 104 mL h−1 g−1, with 50 mg of
catalyst powder and a gas flow rate ratio of 25:25:50 for CH4, CO2
and N2), so the conversions of both CH4 and CO2 were maintained
well below the thermodynamic equilibrium values at 850 °C.44Equa-
Equation 8 below was used for the calculation

(8)

where F (mole/s) is the flow rate of CH4, the reactant; χ (%) is the
conversion;W (g) is the total mass of the loaded catalyst; R (mole/g)
is the ratio of metal loading in the catalyst; and D (%) is the metal
dispersion.
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