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enation over proton-conducting
Ni/BaZr0.85Y0.15O3�d catalysts for promoting CO2

methanation†

Sungjun Choi,ab Sung Min Choi,a Kyung Joong Yoon, a Ji-Won Son, a

Jong-Ho Lee,a Byung-Kook Kim,a Byoung-In Sangb and Hyoungchul Kim *a

Despite the importance of CO2 methanation for eco-friendly carbon-neutral fuel recycling, the current

technologies, relying on catalytic hydrogenation over metal-based catalysts, face technological and

economical limitations. Herein, we employ the steam hydrogenation capability of proton conductors to

achieve collateral CO2 methanation over the Ni/BaZr0.85Y0.15O3�d catalyst, which is shown to outperform

its conventional Ni/Al2O3 counterpart in terms of CH4 yield (8% higher) and long-term stability (3%

higher for 150 h) at 400 �C while exhibiting a CH4 selectivity above 98%. Moreover, infrared and X-ray

photoelectron spectroscopy analyses reveal the appearance of distinct mobile proton-related OH bands

during the methanation reaction.
Introduction

Global resource depletion and climate change are the most
important ecological problems facing humanity at present, being
both characterized by “carbon” as a common keyword. The
combustion of fossil fuels has upset the natural balance main-
tained formany thousands of years, with the release of CO2 leading
to climate change, e.g., global warming.1,2 Carbon neutrality
focuses on the environmentally friendly recycling of excessive
carbon emissions, providing a paradigm of solving the energy and
environmental problems facing mankind.3,4 Among the technolo-
gies of carbon-neutral energy conversion, one of the most impor-
tant ones is the methanation of CO2 with H2, or the Sabatier
reaction (best performed at �400 �C), in which CO2 and H2 are
exothermically converted to CH4 and H2O over a metal catalyst.

CO2 (g) + 4H2 (g) / CH4 (g) + 2H2O (g),

DG298 K ¼ �113 kJ mol�1, (1)

where G is the Gibbs free energy. Based on the results of studies
conducted since the 1910s,5–17 the abovementionedmethanation is
most efficiently conducted at �400 �C using Ni metal-based cata-
lysts (solely responsible for the dissociation of H2 gas) and Al2O3

supports.6–12,14,17 Recent studies have shown that the partial
replacement of Ni with Ru can afford better-performing
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catalysts.5,8,9 However, Ni metal-based catalysts suffer from low
selectivity and signicant deactivation caused by the formation of
nickel subcarbonyl species,5,9 with partial Ru alloying also being
inappropriate for commercial applications due to the high cost of
the latter metal.12 Compared to the extensively investigated metal
catalysts, which play a key role in the dissociation of H2 gas,
catalyst supports have been relatively underexplored due to the
difficulty of utilizing catalytically active oxides at low oxygen partial
pressures. Besides, the corresponding studies were merely focused
on metal activity (improving reducibility6,10,14 and electron transfer
by the redox couple17,18) and/or support effect (increasing metal
dispersion,6,10,13 preventing metal coalescence,16,18 and improving
reactant sorption7,12,17) enhancement, not being related to H2,
which is the base material of the hydrogenation reaction. As
a result, no new insights into and applications of the catalytic
support contribution to CO2 methanation have been reported.

Herein, we propose a new multi-hydrogenation catalyst for
CO2 methanation comprising Ni metal supported by proton-
conductive 15 mol% Y-doped barium zirconate [BaZr0.85Y0.15-
O3�d (BZY)], revealing that the above catalyst surpasses the
conventionally used Ni/Al2O3 powder in terms of both CH4 yield
(YCH4

) and formation selectivity (SCH4
, �100%). Using compre-

hensive surface analyses based on in situ Fourier transform
infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS)
techniques, we clarify some aspects of mobile proton genera-
tion and its effect on CO2 methanation.
Experimental section
Synthesis and characterization of catalysts

Proton-conducting BZY powder (specic surface area ¼ 12
m2 g�1) was synthesized by calcining a mixture of BaCO3
RSC Adv., 2018, 8, 32095–32101 | 32095
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(Cerac), ZrO2 (Junsei), and Y2O3 (High Purity Chemicals)
powders with the desired stoichiometric ratio at 1300 �C for 2 h,
with detailed information provided in our previous paper.19,20

Spherical Al2O3 powder (Alfa Aesar, specic surface area ¼ 28
m2 g�1) was chosen as an inert support for comparison.
Ni(NO3)2$6H2O (Sigma-Aldrich) was used as a metal precursor.
Ni-loaded catalysts (Ni/BZY and Ni/Al2O3) were prepared using
a deposition–precipitation method followed by freeze-drying,
and the obtained powders were calcined in an electric box
furnace for 3 h at 600 and 400 �C, respectively. The crystal
structures and morphologies of powders were examined by X-
ray diffraction (XRD, D/Max-2500, Rigaku; Cu Ka) and trans-
mission electron microscopy (TEM, Talos F200X, FEI; 200 kV)
analyses. All diffraction patterns were obtained in the 2q range
of 20–80� with a scan step of 0.01� and a scan rate of 1� min�1.
The specimens for TEMwere prepared by dispersing the catalyst
powder in ethanol and then drop-casting the solution onto
a porous carbon lm supported on a Cu grid. Before the
installation of sample grid, it held on 10 minutes to evaporate
liquid ethanol.

CO2 methanation tests of catalysts

All catalytic activity tests were performed using a gas chro-
matograph (7890B, Agilent) and an atmospheric-pressure xed-
bed tubular reactor. Typically, a 0.1 g powder sample was placed
Fig. 1 (a) Schematic illustration of different hydrogenation processes occ
as-prepared BZY support and the Ni/BZY catalyst. (c) TEM and EDS ma
indicated by red, green, blue, and cyan colors, respectively.

32096 | RSC Adv., 2018, 8, 32095–32101
in the middle of the reactor held inside a tube furnace. The
reactant gases were pre-mixed in the condition of H2 : CO2 : Ar
¼ 4 : 1 : 5, and the total feed ow rate was maintained at 100
mL min�1. Prior to being utilized in the methanation reaction,
all catalysts were reduced by 10 mol% H2 gas balanced in Ar at
600 �C for 2 h, and their catalytic activities were evaluated in
terms of YCH4

, SCH4
, XCO2

, and XH2
:

YCH4
¼ ½moles of CH4 produced�

½moles of CO2 fed� � 100; (2)

SCH4
¼ ½moles of CH4 produced�

½moles of CO2 converted� � 100: (3)

Xi ¼ ½moles of i converted�
½moles of i fed� � 100 ði ¼ CO2; H2Þ: (4)
Surface analyses of catalysts

In situ FT-IR spectra were recorded using a corresponding
spectrometer (Nicolet 6700, Thermo Scientic) and a controlled
atmospheric chamber (DiffusIR, PIKE Technologies) used to
react the pre-mixed gases (H2 : CO2 : He ¼ 4 : 1 : 5, total ow
rate ¼ 100 mL min�1). Additional technical details of the above
FT-IR system can be found elsewhere.21 To stabilize the
urring on Ni/BZY (right) and Ni/Al2O3 (left) surfaces. (b) XRD patterns of
pping images of as-prepared Ni/BZY, with Ni, Ba, Zr, and Y elements

This journal is © The Royal Society of Chemistry 2018
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temperature of the reaction chamber up to 400 �C, we used He
gas, which is an inert gas with the highest thermal conductivity.
XPS (PHI 5000 VerasProbe, Ulvac-PHI) analyses were performed
using monochromatic Al Ka (1486.6 eV) radiation, and spectral
deconvolution was conducted through Gaussian–Lorentzian
functions considering the chemistry of the powders.
Results and discussion

Proton-conductive ceramics are oxide-based inorganic materials
capable of rapid proton transfer due to facilitating the dissocia-
tive adsorption of H2O via utilization of oxygen vacancies at 350–
600 �C,22–24 with the best known examples including perovskites
such as doped alkaline-earth cerates and zirconates. Based on the
results of various studies conducted on electrolyte materials for
low-temperature solid-oxide fuel cells,20,25 we concluded that the
proton conduction process and the Sabatier reaction feature high
similarity and compatibility. First, both of the above processes
rely on a hydrogenation step for proton utilization. Second, in the
temperature range of the Sabatier reaction, sufficient proton
incorporation and conductivity are observed. Finally, both reac-
tions take place in similar wet atmospheres. Considering that
proton-conductive oxides adsorb H2O molecules to generate two
mobile protons with hydroxyl group,22,23 we expected these
functional supports to facilitate CO2 methanation by introducing
a new hydrogenation reaction, as shown in Fig. 1(a). In previously
reported studies on CO2 hydrogenation involving the Ni metal
and Al2O3 support, the reaction mechanism was suggested with
a formate (HCOO�) intermediate.12,21 The adsorbed CO on the
Fig. 2 Temperature-dependent (a) YCH4
and (b) SCH4

values of Ni/BZY an
performance of YCH4

under the chosen experimental conditions (H2/CO2

range of the Sabatier reaction. USY, C4Z, and C15 denote ultra-stable Y
equivalent loading of ZrO2, TiO2, CeO2), respectively. Long-term stability
YCH4

and (d) SCH4
.

This journal is © The Royal Society of Chemistry 2018
catalyst is converted to CH4 due to hydrogen concentration and
thermodynamic favorability at the transition state.21,26,27 In this
step, sufficient hydrogenation process is very important to
produce the target CH4 and to suppress the CO side reactions.
Thus, in contrast to the inert Al2O3 support, BZY provides an
additional hydrogenation pathway for CO2 methanation, along
with the main one occurring on Ni metal, which results in the
improvement of the overall reaction capacity.

As shown in Fig. 1(b) and (c), the BZY support, one of the
most reliable highly proton-conductive materials, was herein
used to prepare a novel CO2 methanation catalyst. Fig. 1(b)
presents the XRD patterns of the BZY support and 5 wt% Ni/BZY
catalyst powders, revealing that the former pattern featured
only a single perovskite (BaZrO3) phase and no secondary
phases, whereas an additional Ni metal peak (at 44.5�) was
observed for Ni/BZY, indicating that Ni was well compatible
with the BZY support. Note that although BaCO3 peaks (at 23.9,
24.3, 34.6, and 42.0�) were detected in the XRD spectra of Ni/
BZY prepared via urea hydrolysis, the effects of the above
compounds on the overall CO2 methanation reaction were
negligible (for both BZY and BaCO3/BZY, YCH4

¼ 0 at 400 �C;
Fig. S1†). Fig. 1(c) shows the TEM and energy dispersive X-ray
spectroscopy (EDS) images of as-prepared Ni/BZY powder,
with the homogeneous distribution of BZY constituent
elements indicating that no secondary phase was present in the
as-prepared single-phase BZY, as conrmed by XRD results.
Moreover, the BZY surface featured well distributed spherical Ni
nanoparticles with an average diameter of�10.68 nm (standard
deviation ¼ 2.64 nm). ESI XRD and TEM data for comparison
d Ni/Al2O3. The dashed line represents the thermodynamic equilibrium
¼ 4.0). The yellow-green-colored area corresponds to the temperature
zeolite, Ce0.8Zr0.2O2, and composite supports (55% g-Al2O3 and 15%
test of Ni/BZY and Ni/Al2O3 performed at H2/CO2 ¼ 4.0 and 400 �C: (c)

RSC Adv., 2018, 8, 32095–32101 | 32097
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Fig. 3 XRD pattern (a) and TEM-EDS images (b) of Ni/BZY subjected to 150 h CO2methanation at 400 �C. The average particle diameter of Ni on
the BZY support equaled�11.50 nm (standard deviation¼ 4.04 nm). The red, green, blue, and cyan colors correspond to the elements Ni, Ba, Zr,
and Y, respectively.
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samples (Al2O3 support and Ni/Al2O3 powders) are provided in
Fig. S2.†

As is well known, low operating temperatures are desirable
for achieving higher YCH4

and SCH4
, since the Sabatier reaction is

thermodynamic equilibrium-limited.15 Fig. 2(a) and (b) shows
the temperature-dependent YCH4

and SCH4
values of Ni/BZY and

Ni/Al2O3 obtained by gas chromatography analysis of reaction
products formed in a xed-bed tubular reactor, revealing that
Fig. 4 In situ FT-IR spectra of species adsorbed on Ni/BZY and Ni/Al2O
carbonate (filled circle) species before/after CO2 methanation. (b) Time
gases at 400 �C. Red, yellow, green, and blue lines correspond to time s

32098 | RSC Adv., 2018, 8, 32095–32101
Ni/BZY achieved a maximum YCH4
¼ 68.33% at 400 �C, while the

conventional Ni/Al2O3 featured a smaller value of YCH4
¼

60.76%. Assuming that hydrogenation of Ni metal in the Ni/
Al2O3 catalyst is the only hydrogen source, the increase in YCH4

at Ni/BZY is the results of new hydrogenation pathway by BZY
support (about 12% of YCH4

). Thus, the Ni/BZY system described
herein achieved a substantially higher YCH4

than previously re-
ported catalysts (only Ni metal and H2/CO2 � 4 gas conditions
3 during CO2 methanation at 400 �C. (a) Analysis of formate (star) and
-dependent analysis of OH groups contained in the flowing reactant
teps of 0, 10, 20, and 30 min, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Time-dependent FT-IR spectra of OH groups recorded under
the conditions of reactant gas flow at 400 �C [(a): BZY, (b): Al2O3]. Red,
yellow, green, and blue lines correspond to times of 0, 10, 20, and
30 min, respectively.
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are considered).6,10,12,14 The progress of CO2 methanation was
gradually suppressed with increasing temperature due to the
reverse water-gas shi (RWGS) reaction becoming thermody-
namically dominant at T > 400 �C. In addition, Ni/BZY and Ni/
Al2O3 exhibited different SCH4

behavior, i.e., the former system
attained SCH4

¼ 100%, while the latter one achieved a relatively
low SCH4

of 96.43% due to the production of CO gas by the
RWGS reaction.15 ESI data of XCO2

and XH2
are also provided in

Fig. S3.† The Ni/BZY catalyst showed higher performance than
the Ni/Al2O3 catalyst: about 3.84% and 6.62% XCO2

and XH2
,

respectively. To investigate the long-term stability of both
catalysts, we subjected them to 150 h CO2 methanation expo-
sure at 400 �C, with the obtained results shown in Fig. 2(c) and
(d). Aer 150 h, the YCH4

of Ni/BZY was reduced by �4%
compared to the initial value, while that of Ni/Al2O3 was
reduced by �7%. However, the corresponding long-term selec-
tivity changes were more noticeable, i.e., for Ni/Al2O3, SCH4

gradually decreased to 96% of the original value aer 150 h,
whereas Ni/BZY maintained SCH4

z 100% during the rst 79 h,
nally reaching SCH4

¼ 98% aer 150 h.
As shown in Fig. 3, XRD and TEM-EDS analyses of Ni/BZY

catalysts subjected to 150 h exposure to CO2 methanation
conditions demonstrated that no noticeable carbon deposition
occurred, with performance degradation ascribed to the slight
coarsening of Ni metal nanoparticles (�1 nm diameter
increase). ESI XRD and TEM data of a comparison sample (Ni/
Al2O3 powders aer 150 h CO2 methanation) are also provided
in Fig. S4.† Combining the above results, we concluded that the
CO2 methanation performance was signicantly inuenced by
the proton conductivity of the support.

The role of the catalyst support was investigated by in situ FT-
IR characterization of species adsorbed on the catalyst surface
during methanation. Fig. 4(a) shows that the common IR bands
at 2910–2850 and 1590–1320 cm�1 appearing in adsorbate
spectra before and aer the reaction can be ascribed to
formate,21 which is suggested to be the main intermediate of
CO2 methanation regardless of the support material. However,
carbonate (CO3

2�, 1460 cm�1) was also observed on the surface
of the Ni/Al2O3 catalyst aer the reaction, suggesting that CO
generation (resulting in lower SCH4

) could be ascribed to a side
reaction of the above species. Fig. 4(b) shows the time-
dependent evolution of OH bands in the CO2 methanation
mixture obtained using Ni/BZY and Ni/Al2O3 catalysts at 400 �C.
Notably, four OH bands (#1, 2, 4, 5) at 3750–3600 cm�1 were
observed for Ni/Al2O3, while a total of ve OH bands (#1, 2, 3, 4,
5) were observed for Ni/BZY. As reported in literature,16,17

multiple OH bands are observed for Ni-loaded catalysts due to
their use resulting in sufficient hydrogenation. Specically,
band #5 observed for all catalysts containing Ni metal was
attributed to the hydroxyl moieties of the reaction sites gener-
ated at the Ni metal/support interface. In addition, it is well-
known that low-wavenumber bands with low binding energies
can be considered to have a multi-fold bond,28 i.e., a bond of
a single OH species on the surface bound to a number of metal
atoms. From the viewpoint of such reaction energy, band #5,
exhibiting the largest wavenumber among the ve OH bands,
corresponded to species having the smallest number of surface
This journal is © The Royal Society of Chemistry 2018
bonds and thus most actively contributing to CO2 methanation.
Therefore, the observation of the above band in the case of both
Ni/BZY and Ni/Al2O3 was ascribed to the signicant CO2

methanation progress achieved by these catalysts. However, Ni/
BZY and Ni/Al2O3 could be discriminated by the presence/
absence of the #3 band, which seemed to reect the role of
the proton-conductive support.

To conrm that hydrogenation process differences reect
the different roles of the proton-conductive support, we per-
formed in situ FT-IR analysis during slow hydrogenation on
the pure support. As shown in Fig. 4(b) and 5, the #3 band
gained intensity with time in the case of the BZY support, in
clear contrast to the results obtained for Al2O3, which allowed
us to conclude that the above band corresponded to mobile
protons produced due to the proton-conducting capability of
BZY. Moreover, the additional OH production pathway was
expected to facilitate CO2 methanation on Ni/BZY catalysts.
Therefore, the difference of CO2 methanation performance
between the two catalysts originated from the presence/
absence of mobile protons, i.e., was related to the occurrence
RSC Adv., 2018, 8, 32095–32101 | 32099
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of additional hydrogenation processes on the proton-
conducting support.

Tangible evidence of OH group formation from mobile
protons on the BZY surface was provided by the O 1s XPS
spectra of Ni/BZY (see Fig. 6). The peak centered at �528.5 eV
was assigned to the lattice oxygen of BZY,29–31 whereas those at
�531.5 and �533 eV were ascribed to weakly adsorbed H2O and
adsorbed carbon-containing species such as BaCO3 and
formate, respectively.32,33 Interestingly, the peak at �530.5 eV
gained intensity with progressing CO2 methanation, thus
probably corresponding to the surface hydroxyl groups associ-
ated with the mobile proton.33 In order to clarify the charac-
teristics of OH groups in the XPS spectra of the proton-
conductive support, Ni/Al2O3 was subjected to XPS analysis for
comparison, with the results shown in Fig. S5.† In the above
XPS spectra, the peak of Al–O bond lattice oxygen appeared at
�531 eV, and ignorable OH peaks were observed, in agreement
with the results of O 1s XPS analysis of conventional Al2O3 re-
ported in a number of documents.34–36 Thus, the decreased
amount of OH species observed for Ni/Al2O3 was in stark
contrast to the large number of hydroxyl species observed on
the surface of Ni/BZY under identical conditions. Thus, the
proton-conductive BZY support clearly provided an alternative
hydrogenation path, which improved the performance of Ni/
BZY in the CO2 methanation reaction.
Fig. 6 O 1s core level XPS spectra of Ni/BZY (a) before and (b) after
methanation. Red, yellow, green, and blue lines correspond to lattice
oxygen, surface OH species, weakly adsorbed H2O, and adsorbed
carbon-containing species (contaminant, BaCO3 and formate),
respectively.

32100 | RSC Adv., 2018, 8, 32095–32101
Conclusions

In summary, we successfully demonstrated that the CO2

methanation performance of supported metal catalysts can be
improved by collateral hydrogenation over a proton-conductive
support. Since the proton-conductive BZY can incorporate H2O
molecules and generate mobile protons in a wet atmosphere at
350–600 �C, the formation of mobile protons on this oxide
support can provide an additional hydrogen source and inu-
ence the CO2 hydrogenation mechanism. Thus, Ni/BZY showed
an 8% higher CH4 yield at 400 �C and a 3% higher long-term
stability over 150 h than Ni/Al2O3. Interestingly, the distinct
time-dependent FT-IR band of hydroxyl groups corresponding
to mobile protons was only observed for BZY. In addition,
according to XPS results, the amount of surface OH species
increased during CO2 methanation, evidencing the generation
of mobile protons in the proton-conductive support. Such
understanding and exploitation of proton-conductive supports
is expected to improve the performance of eco-friendly carbon-
neutral CO2 methanation reactions and enhance their indus-
trial applicability.
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