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ABSTRACT

The methane activation and methane dry reforming reactions were studied and compared over 4
wit% Ni/CeO- and 4 wt% Ni/CeZrO> (containing 20 wt% Zr) catalysts. Upon the incorporation of
Zr into the ceria support, the catalyst exhibited a significantly improved activity and H>
selectivity. To understand the effects of the Zr dopant on Ni and CeO> during the DRM reaction
and to probe the structure—reactivity relationship underlying the enhanced catalytic performance
of the mixed-oxide system, in-situ Time Resolved X-ray diffraction (TR-XRD), X-ray absorption
fine structure (XAFS) and ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) were
employed to characterize the catalysts under the reaction conditions. The TR-XRD and AP-XPS
indicate ceria-zirconia supported Ni (Ni/CeZrO) is of higher reducibility than the pure ceria
supported Ni/CeO2 upon the reaction with pure CHa or for the methane dry reforming reaction.
The active state of the Ni/CeZrO under optimum DRM conditions (700 °C) was identified as
Ni% Ce**/Ce*" and Zr*". The particle size of both nickel and the ceria support under the reaction
conditions were analyzed by Rietveld refinement and EXAFS fitting. The Zr in the ceria support
prevents particle sintering and maintains small particle sizes for both metallic nickel and the
partially reduced ceria support under reaction conditions, through a stronger metal-support
interaction. Additionally, Zr prevents Ni migration from the surface into ceria forming a Ce;.
xNixO2.y solid solution, which is seen in Ni/CeO>, thus helps to preserve the active Ni® on the
Ni/CeZrO; surface.

KEYWORDS: nickel, ceria, zirconia, CeZrO. solid solution, XRD, XAFS, AP-XPS, dry

reforming of methane



1. INTRODUCTION

The ability to simultaneously activate, then convert both CH4 and COz into useful intermediates
or products through a catalytic process offers viable solutions for sustainable commercial fuel
processing, and a practical solution to the irreversible and harmful impact of global greenhouse
gas emissions.1* Often, both CH4 and CO are found together in fossil fuels, bio fuels or land fill
sources and there is a steep energy cost for the sequestration, separation and conversion of purified
components prior to processing.>® The catalytic Dry Reforming of Methane reaction (DRM: CH4
+ CO; « 2CO + 2H>), is one way in which the direct production of synthesis gas (CO + Hz) can
be obtained from both chemically robust reactants without the need of additional steps in
conversion.

Our recent work has highlighted the metal-oxide interface and interactions in supported and
inverse catalysts as key factors for achieving new pathways for activating CH4 and CO
simultaneously at low temperatures.”2° Our primary focus has been on the M-CeOQ; class of
catalysts, including M = Co, Ni, Fe, Cu, Ru in intimate contact with the surfaces of ceria supports.
Our observations have shown that the chemical role of the metal can be distinct, while a special
relationship between the metal and support at low coverages, with high dispersion occurs with
the reduced Ce®* rich surfaces that can achieve catalytic chemistry not possible with bulk metals
or pure oxide surfaces. This concept is supported by previous studies demonstrating the important
role of the ceria support to anchor and then activate metals with high chemical potential.

In this work we have extended the study to the modification of the ceria support, to explore if
similar chemistry is observed for the M-Ceria interaction, in the presence of a commonly used
dopant such as Zr. It has been extensively reported that by introducing dopants such as Zr, La or
W into ceria, the oxygen storage capacity and reducibility of the ceria support could be
enhanced.’®® Previous studies also found increased catalytic activity for CO and CO:
methanation, selective oxidation of ethanol and also DRM reaction when metal was supported on
a Ce0,-ZrO, mixed oxide rather than on pure ceria.®?! However, the origin behind the improved
DRM reaction activity and the chemical/structural behaviors of both metal, Zr dopant and ceria

support under challenging DRM reaction conditions has not been completely elucidated.



The ability to enhance the propensity for dry reforming chemistry is limited by our fundamental
knowledge of the nature of catalyst surfaces and direct evidence for transformations that occur
under difficult reaction conditions. Such an understanding requires observations of the process as
they are taking place or ‘in-situ’ using multiple probes of the catalyst, including the chemical,
electronic and structural active state of the material ideally in similar reaction conditions. An
added complication for the DRM process is the need for high temperatures (> 400 °C) for
sustained turnover, necessitating characterization at challenging temperature limits, often
unachievable in many in-situ analytical techniques. In this study we utilize several commonly
used techniques including XRD, XAFS and XPS but under elevated temperature and in-situ DRM
conditions. We aim to unravel the reasons for improved DRM reaction performance with Zr
dopants and establish a detailed autopsy of chemical and structural properties and role of Ni and
Ce with and without Zr dopants as the DRM reaction proceeds.

2. EXPERIMENTAL

2.1. Catalyst synthesis. During the synthesis of the CeZrO, mixed oxide (containing around
20 wt% of Zr, and Ce:Zr atomic ratio is 3:1), 1.09 g of ZrO(NOz3).*6H20 was dissolved in 5 ml
of ultrapure water during sonication. After dissolution, 4.04 g of Ce(NO3)3*6H20 was added and
mixed until complete dissolution. Afterwards, 5 ml of propionic acid and 154 ml of ethylene
glycol were added, and the solution was mixed for an additional 15 min, transferred to Teflon®
clad stainless-steel autoclaves and treated at 180 °C for 200 min. The autoclaves were quench
cooled, the slurry centrifuged and calcined in air for 4 h at 450°C. Synthesis of pure CeO> and
ZrO» followed the same protocol as above, whereas only their individual precursor was used.

The 4 wt% nickel was deposited by slow addition of NH4OH to the aqueous CeO> or CeZrO»
suspension containing an appropriate amount of dissolved Ni(NOs)2. The pH of the suspension
was raised to 9.5 over the course of 2 h, and the suspension was centrifuged, dried overnight at
70 °C and calcined in air for 4 h at 450 °C.
2.2.  Catalytic performance tests. The DRM catalytic performance of 4 wt% Ni/CeO> and 4
wit% Ni/CeZrO; catalysts were compared through the conversion, reaction rate and selectivity. A
10 mg powder catalyst diluted with a ~ 30 mg pre-calcined quartz (900 °C) were loaded into a
quartz tube and mounted on a plug flow reactor system. The catalysts were pre-reduced in 25
cc/min Hz and 25 cc/min He mixture at 450 °C for 30 min before switching to the DRM reaction
gas mixture (10 cc/min CHs, 10 cc/min CO2 and 30 cc/min N2) at room temperature (weight
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hourly space velocity: 300,000 ml/gca/h). The catalysts were then heated stepwise from room
temperature to 700 °C with isothermal steps at 200, 300, 400, 500, 600, and 700 °C for 1 hour.
The residual gas products were analyzed by a gas chromatography instrument (Agilent 7890A)
equipped with flame ionization and thermal conductivity detectors, and the conversions, reaction
rates were calculated employing the equations S1-S5. The H. selectivity was defined as the

amount of Hz produced with respect to the total H> and H.O production (Equation S6).

2.3. Characterizations

2.3.1. Pair Distribution Function (PDF) and XRD. The PDF spectra of Ni/CeO. and
Ni/CeZrO. samples, along with calcined CeO2, ZrO and NiO standards were collected at 281D
(L = 0.1667 A) of National Synchrotron Light Source (NSLS-1I) of Brookhaven national
Laboratory (BNL). The sample was loaded into a 1 mm OD, and 0.9 mm ID Kapton tube for the
measurement, and PDFget3 was used to process the results.?? The ex-situ and in-situ time-
resolved XRD analyses were carried out at 17BM (L= 0.24108 A) of the Advanced Photon Source
(APS), at Argonne National Laboratory (ANL). A Clausen cell flow reactor was used for the in-
situ methane activation and methane dry reforming measurement.?® For the methane activation
study, a gas mixture of 5 cc/min CH4 and 5 cc/min He was introduced to around 2 mg of catalyst
in the flow cell, and the sample was heated from room temperature to 700 °C with a 5 °C/min
ramping rate under the methane atmosphere. For the dry reforming reaction, the sample (~2 mg)
was pre-reduced under 5 cc/min Hz and 5 cc/min He at 450 °C for 30 min, and a 2 cc/min CHa, 2
cc/min COz and 6 cc/min He gas mixture was used afterwards for the DRM reaction. The catalysts
were heated stepwise from room temperature to 700 °C with a 10 °C/min ramping rate and 1-hour
soak time at 200, 300, 400, 500, 600, and 700 °C temperature stages. An amorphous Si flat panel
(Perkin Elmer) detector was used to collect two-dimensional XRD images throughout the reaction
processes, and the images were subsequently processed with GSAS-II to obtain diagrams of
Intensity versus 20. Rietveld analyses were also performed through GSAS-II to obtain
information such as lattice parameter and crystallite size.?*

2.3.2. Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDS). TEM, HAADF-STEM (high-angle annular dark field scanning transmission electron
microscopy) and EDS element mapping were performed using a high-resolution analytical

scanning/transmission electron microscope (S/TEM, FEI Talos F200X) operating at 200 keV at



the Center for Functional Nanomaterials (CFN) of Brookhaven National Laboratory (BNL). The
post-reaction catalysts were collected immediately after it was cooled down from the DRM
reaction condition at 700 °C to room temperature, and then dispersed in methanol by sonication.
A droplet of suspension was introduced onto Holey-Carbon coated Cu grids and allowed to dry
before imaging. The elemental mappings (Ni K-edge, Ce L-edge, Zr L-edge) were acquired with
a four-quadrant 0.9-sr energy dispersive X-ray spectrometer (Super EDS).

2.3.3. XAFS. In-situ X-ray absorption near edge structure and (XANES) and extend X-ray
absorption fine structure (EXAFS) during the DRM reaction on Ni/CeO2 and Ni/CeZrO; were
collected at the 201D beamline of the Advanced Photon Source (APS), at Argonne National
Laboratory (ANL). Approximately 2 mg samples were loaded into a Clausen cell and mounted in
line with a gas flow system. The reaction conditions including the gas flow rate and the
temperature profile were kept the same as the in-situ XRD measurements (2.3.1) for pre-treatment
and for the DRM reaction. The Ni K-edge data was collected using fluorescence yield by a four-
channel Vortex detector. At each temperature stage, tree parallel spectra were collected and
averaged together to improve the quality of the data. Data processing was performed using the
IFEFFIT package and Nickel foil was used as the standard reference for the EXAFS fitting.?
2.3.4. AP-XPS. A commercial SPECS AP-XPS chamber equipped with a PHOIBOS 150 EP
MCD-9 analyzer at the Chemistry Division of Brookhaven National Laboratory (BNL) was used
for AP-XPS analysis (Mg Ka anode; 30 eV pass energy; 0.1eV step size and energy resolution
~0.4 eV).? The powder catalyst was pressed onto an aluminum plate and loaded into the AP-XPS
chamber. During the CHa activation process, 30 mTorr of CH4 was introduced into the analysis
chamber, and Ni 1s, Ce 3d and Zr 3d spectra were collected at 25, 200, 300, 400, and 500 °C. For
the DRM reaction measurements, 20 mTorr of Hz were used to pretreat the samples at 450 °C for
30 min in the analysis chamber. After evacuation of the Hy, a gas mixture of 30 mTorr CH4 and
30 mTorr CO2 was introduced into the analysis chamber, and the Ni 1s, Ce 3d and Zr 3d spectra
were collected at 25, 200, 300, 400 and 500 °C under reaction conditions. The Ce 3d
photoemission line with the strongest Ce** feature (916.9 eV) was used for the energy calibration
of Ni 1s and Ce 3d peaks and C 1s (at 284.6 eV) was used for the energy calibration of Zr 3d

spectra.
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3.1. Structural and morphological properties of the Ni/CeZrO2 and Ni/CeO: catalysts.
Figure 1a shows the XRD patterns of the Ni/CeZrO, and Ni/CeO, samples as well as ZrO, and
CeO- references. The green dashed line in the figure designates the position of the CeO, (111)
diffraction peak and it demonstrates a broader CeO, (111) peak, shifted to a higher 2 theta value
in the Ni/CeZrO. sample. The shift of the ceria peaks comes from the substitution of the smaller
Zr** (0.8 A) ions into Ce** sites (1.0 A), and the consequent lattice contraction (~ 0.07A) induced
by Zr dopants. The absence of ZrO; diffraction peaks, the broadness and shift of CeO> peaks,
evident in the XRD pattern of Ni/CeZrO, suggests the formation of a CeZrO: solid solution which
adopts a simple ceria cubic fluorite structure?”~*°, The blue arrows (see also the insets in Figure
1a for the enlarged area) in the figure denote the presence of crystalline NiO in both Ni/CeZrO>
and Ni/CeO, samples. The first and second shell PDF spectra of Ni/CeO. and Ni/CeZrO; samples
with ZrO,, CeO- standards are provided in Figure 1b (See Figure S1 for the PDF spectra in long-
range order). The mean bond lengths of the Ce-O pairs in the first shell of Ni/CeO, sample was
the same as that in the CeO> standard, while in the Ni/CeZrO, sample, besides the Ce-O pairs at
2.35 A, a shoulder at 2.13 A was observed, which reflects the existence of Zr-O bonds. As for the
second neighbor, the Ce-Ce pairs in Ni/CeO sample and CeO; standard at 3.83 A shifted to 3.79
A in the Ni/CeZrO, sample, and there is no Zr-Zr feature shown in the Ni/CeZrO, sample. The
peak shift is also consistent with the previous study by Milen Gateshki et al.,3* which confirms

the formation of a homogeneous CeZrO- solid solution in our Ni/CeZrO, sample.
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Figure 1. (a) XRD patterns of the synthesized Ni/CeZrO, and Ni/CeO> samples with ZrO, and
CeO2 XRD profiles as references. (b) PDF spectra of Ni/CeZrO, and Ni/CeO, samples with ZrOa,

CeO> PDF profiles as references.

TEM and EDS mapping were conducted for all samples. Figure 2 shows the corresponding
images for the post-reaction Ni/CeZrO; (Figure 2a) and Ni/CeO: (Figure 2b) catalysts in order to
investigate the morphology and distributions of Ni/Zr and the influence of the DRM reaction
(under stream for 1h at 700 °C). From Figure 2, it is obvious that both Ni and CeO- particles in
the Ni/CeO, sample are larger than those in Ni/CeZrO». The particle size for Ni is around 10 and
4 nm in Ni/CeO2 and Ni/CeZrOg, respectively, while ceria is around 60 and 30 nm in Ni/CeO-
and Ni/CeZrO., respectively. Meanwhile, Zr preserves its homogeneous distribution, indicating
CeZrO2 mixed oxide maintains its stable structure under the DRM reaction even at 700 °C.
Carbon deposition was observed in post reaction Ni/CeO2 samples (Figure S2) in the form of
filamentous fibers and larger carbon composites. Relatively, the Ni/CeZrO, sample showed less

evidence of total carbon presence.



Figure 2. TEM and EDS mapping of Ni/CeZrO; catalyst (a) and Ni/CeO> catalyst (b) after the
DRM reaction at 700 °C.

3.2. Catalytic performance of Ni/CeZrO2 and Ni/CeO2 for the DRM reaction . The
catalytic performance of both samples was compared through conversion, reaction rate and H>
selectivity, and the results are presented in Figure 3. Higher DRM reaction activity was observed
with Ni/CeZrO; than with Ni/CeO> through all temperature ranges. At 500 °C, the conversion of
CHsand CO on Ni/CeZrO was 8% and 15%, respectively, which is close to the thermodynamic
equilibrium.3? When the temperature reaches 700 °C, the conversion of CHy increased to around
51% and the conversion of CO, was 66%; this is ~1.5 times the conversion than that was observed
on the Ni/CeO- catalyst. Only H20, Hz, and CO were detected via GC and RGA (RGA spectra
are provided in Figure S3) as the products, and the reaction rate of H.O, H> and CO were 67, 710
and 960 pumol/geat/s, respectively. The reverse water gas shift reaction (RWGS: H, + CO2 <> H;0
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+ CO) is one of the undesirable side reactions accompanying DRM, which consumes a product
(H2) and transforms it to H,0, thus reducing H. selectivity and the H,/CO stoichiometric ratio.®*
3 From Figure 3c, we can see that Hz selectivity rises with increasing temperature, and, at
different temperatures, it remains higher on Ni/CeZrO, than on Ni/CeO». This suggests a
suppression of the RWGS reaction at higher temperatures with the assistance of Zr in the
support.®>-3" Overall, Ni/CeZrO. exhibits better catalytic performance than Ni/CeQ, with a higher
CHas and CO2 conversion, higher reaction rate, and a higher selectivity for Ho.
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Figure 3. Comparison of the conversion (a), Reaction rate (b), and H> selectivity (c) for the DRM
reaction over Ni/CeO> and Ni/CeZrO samples. Reaction conditions: 10 cc/min CO2 + 10 cc/min
CHs + 30 cc/min N2 with 10 mg of the catalyst; weight hourly space velocity (WHSV): 300,000
ml/(Qcat-h).

3.3. Methane activation of the Ni/CeZrO2 and Ni/CeO2 catalysts. Figure 4 shows the
sequential XRD profiles of the Ni/CeZrO, and Ni/CeO, samples under a reductive CHa
atmosphere with a ramping temperature from 25 to 700 °C. The identified NiO (peaks at 5.7° and
6.6°) in the as-prepared samples was reduced at around 400 °C in both Ni/CeZrO, and Ni/CeOs..
As for the CeO; support, a significant increase in the intensity of the ceria diffraction peaks for
the Ni/CeO, sample was observed at high temperatures, while peaks for the Ni/CeZrO, sample
remained relatively stable. This indicates more pronounced CeO: particle sintering in Ni/CeO>
than in Ni/CeZrO,. The evolution of the ceria lattice parameter was obtained from Rietveld
refinement (Figure 5). The smaller oxide lattice parameter in Ni/CeZrO, sample at room

temperature (5.35 vs 5.42 A for pure ceria) comes from a lattice contraction induced by replacing
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Ce* with smaller Zr** in the ceria lattice?’-?°. However, as the temperature increased towards 400
°C, a more substantial ceria lattice expansion was observed in Ni/CeZrO; than in Ni/CeOa. In
addition to the linear lattice expansion caused by thermal effects, the abrupt increase of the oxide
lattice parameter indicates the reduction of Ce** (1.28 A ionic radius) to Ce®* (1.48 A ionic radius)
and the repulsion between the oxygen vacancies and their surrounding cations.*4° Even though
the thermal expansion coefficient (TEC) of zirconia doped ceria was reported to be slightly larger
than pure ceria,*! the conspicuously sharper increase of the ceria lattice in Ni/CeZrO, sample
around 400 °C suggests a greater reducibility of the ceria support by methane due to the presence
of Zr dopants.

Indeed, temperature programmed reduction of Ni/CeO> and Ni/CeZrO, with H> showed that
35% more H> was consumed during the reduction of the Ni/CeZrO, sample between room
temperature and 423 °C (Figure S4), confirming the higher reducibility of CeZrO- solid solution
support. Notably, an apparent increase of the ceria lattice parameter in the Ni/CeO. sample was
also detected between 600 and 700 °C under CH4 atmosphere, and this resulted in a ~ 0.14 A total
expansion (from room temperature to 700 °C) of ceria in Ni/CeO2, which is comparable to the
total lattice expansion of ceria in the CeZrO; solid solution (~0.15 A). This distinct expansion of
ceria could be attributed to the bulk reduction of Ce* to Ce®" in Ni/CeO2 only when the

temperature reaches above 600 °C.#23
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Figure 4. In-situ XRD profiles of Ni/CeZrO> (a) and Ni/CeO> (b) samples in a CH4 atmosphere.

Reaction conditions: 5 cc/min CH4 + 5 cc/min He, ramping to 700 °C with a 5 °C ramping rate.
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Figure 5. Ceria lattice parameter evolution as a function of temperature during the methane
activation process. The results were generated from Rietveld refinement of in-situ XRD data using
the GSAS-I11 software.

AP-XPS was conducted to follow the chemical state of the catalysts under methane activation
conditions. Ce 3d and Ni 2p AP-XPS spectra for methane activation on Ni/CeZrO and Ni/CeO>
samples are presented in Figure 6. It is possible to observe a more intense Ce®* peak in Ni/CeZrO;
than in Ni/CeO- at 400 and 500 °C, which validates the in-situ XRD results (Figure 5) that ceria
is reduced to a larger extent in the Zr-doped support. The reduction of Ni?* to metallic Ni occurs
at 400 °C, evident from the AP-XPS spectra for both Ni/CeZrO; and Ni/CeO> samples, which is
also supported by the in-situ XRD results (Figure 4). The Ni 2p spectra were also fitted for both
samples and the results are provided in Figure S5 and Table S1. The Ni 2p peaks of Ni/CeZrO-
are noticeably larger and narrower than those of Ni/CeO.. With the same loading of Ni in both
samples, the larger and narrower Ni 2p peak in Ni/CeZrO, suggests that more Ni° sites with
smaller Ni° particles were exposed on this sample’s surface when compared to the Ni/CeOa. In

the Ni/CeZrO-, a higher dispersion of smaller Ni particles is due to a more defect rich and reactive
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oxide support. The Zr 3d spectra were also collected and presented in Figure S6a, showing a

stable Zr** chemical state throughout the entire reaction with methane.
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Figure 6. Ce 3d and Ni 2p AP-XPS spectra of Ni/CeZrO, and Ni/CeO, samples in a CHs
atmosphere at elevated temperatures. Reaction conditions: 30 mTorr of CH4 at temperatures of
25, 200, 300, 400, and 500 °C.

3.4. Dry Reforming of Methane on the Ni/CeZrOz and Ni/CeOz2 catalysts. We employed
in-situ XANES and XRD measurements to elucidate the chemical and structural changes that
occurred during the DRM reaction on the Ni/CeZrO2 and Ni/CeO- catalysts. These results are
shown in Figures 7a and 8, respectively. NiO was identified in the as-prepared Ni/CeZrO, and
Ni/CeO2 samples with both techniques, and it was reduced to metallic Ni during the Ha
pretreatment process (Figure 7a and Figure 8). The reduction temperatures of NiO during H:
pretreatment were close for both samples (Figure 8), with Ni/CeZrO (~280 °C) slightly higher
than Ni/CeO; (~260 °C). The reduced Ni® maintains its metallic nature under the DRM reaction
(CO2 + CH4 + He) from 500 to 700 °C, according to both XANES and XRD profiles in Figure 7a

and 8, respectively.
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Figure 7. (a) In-situ Ni K-edge XANES spectra of Ni/CeO; and Ni/CeZrO> samples with Ni foil
spectra provided as the reference. (b) The Fourier-transformed R-space EXAFS spectra of
Ni/CeZrO, sample after Hz pretreatment and during the DRM reaction at 700 °C. (The catalyst
(~ 2 mg) was pretreated in Hz at 450 °C for 30 min before switching the gas to a mixture of 2
cc/min CO2 + 2 cc/min CH4 + 6 cc/min He at room temperature. The sample was then heated
under DRM reaction atmosphere from 25 to 700 °C with a 10 °C/min ramping rate. XAFS spectra
were collected before and after Hz pretreatment at 25 °C, and under the DRM reaction condition
at 25, 500 and 700 °C.
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Figure 8. In-situ XRD profiles of Ni/CeZrO: (a) and Ni/CeO2 (b) samples under DRM reaction
conditions. The catalyst was pretreated in H, at 450 °C for 30 min before switching the gas to a
mixture of 2 cc/min COz + 2 cc/min CH4 + 6 cc/min He at room temperature. The sample was
then heated under DRM reaction atmosphere from 25 to 700 °C with a 10 °C/min ramping rate
and 30 min soak time at each temperature stage of 200, 300, 400, 500, 600, and 700 °C).

The CeO; particle sintering was also observed for the Ni/CeO, sample during the methane dry
reforming reaction (Figure 8b and 9a) as seen in pure methane (Figure 4b). The Rietveld
refinement results in Figure 9a illustrate that the crystallite size of ceria in the Ni/CeO2 sample
increased from 16 to 60 nm at 700 °C while the corresponding increase of the ceria crystallite size
in Ni/CeZrO; was only ~ 14 nm (increasing from 19 to 33 nm). The crystallite sizes of ceria
support calculated by the Rietveld refinement are also consistent with the EDS mapping results
shown in Figure 2, indicating that the ceria particles in both samples are all crystalline. Figure 9b
demonstrates that the lattice parameter of ceria in Ni/CeZrO> is always smaller than that in the
Ni/CeO. sample during the reaction below 700 °C. This can be attributed to the introduction of
smaller Zr** ions into ceria support which also creates a contraction strain and decease of the total
ceria lattice parameter.2’-2° However, when the temperature increased to 700 °C during DRM, the
initially smaller ceria lattice in the Ni/CeZrO, sample expanded significantly to a value even
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larger than the ceria lattice parameter of the Ni/CeO2. This expansion signifies the severe
reduction of the ceria support in the Ni/CeZrO, sample when the temperature reached 700 °C
under the DRM reaction condition,®3% 4243 indicating the improved reducibility of the ceria

support with Zr dopants.
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Figure 9. (a) Ceria particle size and (b) Ceria lattice parameter evolution during the methane dry
reforming reaction. The results were generated from Rietveld refinement of the in-situ XRD data

using the GSAS-II software.

The particle size of the active metallic Ni phase during the DRM reaction was also evaluated
by Rietveld refinement and EXAFS fitting for Ni° particles in the Ni/CeO, and Ni/CeZrO;
samples. The Fourier-transformed R-space EXAFS spectra of both Ni/CeZrO. and Ni/CeO», are
presented in Figure 7b and Figure S7, respectively and the fitting parameters are displayed in
Table S2. The fitted coordination numbers of Ni atoms in the Ni/CeO sample are 10.6 and 11.9
for the H. pretreated and under the DRM reaction at 700 °C, respectively, which are above the
limit for the accurate estimation of the particle size using the half-sphere fcc packing model*.
However, for the Ni/CeO., the metallic Ni diffraction peaks (Figure 8b) are relatively larger and
more intense than those in the Ni/CeZrO; (Figure 8a), thus enabling the Rietveld refinement to
be performed on the Ni phase in Ni/CeO; to get an accurate Ni crystallite size. As for the
Ni/CeZrO, sample, the smaller and broader diffraction peaks of the Ni phase make it difficult for
accurate Rietveld refinement, thus EXAFS fittings were performed to obtain the coordination

number of the Ni atoms and the results were further used to estimate the Ni particle size in the

18



Ni/CeZrO catalyst, using the half-sphere fcc packing model.* Both the less pronounced Ni phase
diffraction peaks and the small Ni atom coordination number in Ni/CeZrO; indicate smaller Ni
particles than those in Ni/CeO., which is verified by the summarized EXAFS fitting and Rietveld
refinement results in Table 1. The metallic Ni particles in Ni/CeZrO> during the DRM reaction
were estimated to be around 2.4 nm at room temperature and only increased to 3.5 nm at 700 °C.
The Ni° particles in Ni/CeZrO, are smaller and exhibit a lower particle sintering extent at 700°C
under the DRM reaction, whereas the crystallite size of Ni/CeO: (calculated by Rietveld
refinement) was 8 nm at room temperature and sintered to 11 nm at 700 °C. It should be pointed
out that the estimation of the Ni particle size using the half-sphere fcc packing model** at 700 °C
might result in a smaller Ni particle size due to the variation of the Debye—Waller factor at high
temperatures than 25 °C. However, the estimated Ni particle size using either Rietveld refinement
or the XAFS fitting agrees well with the particle size obtained from the TEM and EDS mapping
images shown in Figure 2, suggesting that our methods for calculating the particle size are reliable.
These results indicate that the presence of Zr in the ceria support improves the dispersion of Ni
particles on the surface as well as diminishes Ni particle sintering at high temperature during the
DRM reaction.

Table 1. Metallic Ni particle size in the Ni/CeZrO2 and Ni/CeO2 sample during the DRM reaction.

Ni° particle size (nm) DRM at 25 °C DRM at 700 °C
Ni/CeZrO; 2.4" 35
Ni/CeO 8* 11%

* Calculated by EXAFS fitting; # Calculated by Rietveld refinement

Noticeably, a set of additional diffraction peaks at 4.0 ° and 6.5 ° appeared in the Ni/CeO>
sample at 600 °C and intensified when the temperature increased to 700 °C (blue circled area in
Figure 8b and the selected representative in-situ XRD patterns in Figure 10). This set of peaks
could be assigned to a new ceria phase with an expanded lattice parameter (5.99 A compared to
5.46 A of the main ceria structure). As can be seen in Table 2, the peak at 4.0° with an interplanar
spacing of 3.46 A can be associated with the expanded (111) plane of the main structure ceria in
the Ni/CeO, sample. The peak at 6.5° (d-spacing 2.12 A) corresponds to the expanded (220) plane
comparing to the main structure ceria peak at 7.2° (d-spacing 1.93 A). The relationship between
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the assigned (111) and (220) planes in the emerged new phase satisfied the structural relationship
in the standard ceria face-cubic-centered structure, in which di11/d220 equals to 2 v 2/ v 3. This

substantiates that our assignment of the emerged additional diffraction peaks to a lattice-expanded
ceria phase is reasonable. The expansion of the ceria lattice in this new emerged phase could
further be attributed to a migration of the surface Ni atoms into the ceria lattice, which partially
replace the cerium sites. When a Ce*" is substituted by a Ni?*, an oxygen vacancy is created
simultaneously to sustain the charge neutrality of the sample, and as previously discussed, the
repulsion force between the oxygen vacancies and their surrounding cations consequently lead to
the ceria lattice expansion.®® %46 Thus, according to the above discussion, the set of additional
diffraction peaks at 4.0° and 6.5° can be attributed to a partially doped nickel-ceria solid solution,
Ce1xNixO2y. This type of mixed-oxide has been seen after heating mechanical mixtures of NiO-
Ce0,.449 Diffraction peaks related to a Ce1.xNixO2-y solid solution in Ni/CeZrO; (Figure 8a) are
not as evident as in the Ni/CeO. sample. This implies that the introduction of Zr into the ceria
support could inhibit or mitigate the diffusion of Ni into the ceria lattice and maintain the active

metallic Ni phase on the surface.
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Figure 10. Selected in-situ XRD patterns of Ni/CeO2 sample at and above 600 °C. The blue dashed
lines mark out the emergence of a crystalline Ce1.xNixO2-y solid solution phase inside the Ni/CeO2

sample during the DRM reaction at and above 600 °C.

Table 2. Interplanar spacing of main structure CeO2 and the emerged new phase.

d-spacing (A) (111) (220) d111/d220 (2N2/73)
main CeO> 3.15 1.93 1.63
emerged phase (0) 3.46 2.12 1.63

AP-XPS measurements were also performed on the Ni/CeZrO2and Ni/CeO samples to monitor
the dynamic changes of the sample surface under the DRM reaction conditions. The data for the
Ce 3d and Ni 2p spectra of both samples are plotted in Figure 11a. As was observed in the in-situ
XRD experiment, NiO was reduced to Ni° after Hz reduction and the metallic Ni phase remained
reduced during the DRM reaction at elevated temperatures for both Ni/CeO, and Ni/CeZrO>. The

21



less intense and broader Ni peaks in the Ni/CeO2 sample suggests that less Ni sites (25% lower
Ni peak area in Ni/CeO; than in Ni/CeZrO>) are exposed on the surface which was also observed
in the Ni 2p AP-XPS spectra in a CH4 atmosphere (Figure 6). Ce 3d spectra were fitted with Ce**
and Ce* components (see Figure S8 and Table S3), and the concentration of Ce®*" in both samples
is plotted in Figure 11b. As can be seen from the plot, the ceria support was reduced after Hy
pretreatment for both samples, with a stronger Ce®* feature present in Ni/CeZrO; than in Ni/CeOs.
The amount of Ce®*" in Ni/CeO; near the sample surface remains at ~ 30%, which indicates that a
dynamic equilibrium exists between the reduction and oxidation process exerted by CH4 and CO>
on the ceria surface, respectively. However, the surface Ce®*" in Ni/CeZrO, sample was around
35% after H reduction, and increased to ~43% when the temperature reached 300 °C, followed
by a further slight increase to 45% at 500 °C. The higher fraction of Ce3* in Ni/CeZrO, sample
during the DRM reaction reinforced the previous explanation that the introduction of Zr into the
ceria support increases the reducibility of the support. Zr 3d spectra are also provided in Figure
S7b, showing that Zr maintains a 4+ oxidation state throughout the whole DRM reaction and does

not appear to be involved in the reaction through changes of its own oxidation state.
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Figure 11. (a) Ce 3d and Ni 2p AP-XPS spectra of Ni/CeZrO, and Ni/CeO, samples under DRM
reaction atmosphere at elevated temperatures. (b) Fraction of Ce®" in the catalysts at different
temperatures under DRM conditions. Reaction conditions: 20 mTorr of H2 were used to pretreat
the samples at 450 °C for 30 min in the analysis chamber. After pumping down the Hz, a 60 mTorr
CHs4 + CO2 1:1 gas mixture was introduced into analysis chamber, and the spectra were collected
at 25, 200, 300, 400 and 500 °C under this gas mixture. The Ce3* concentration was obtained
through the AP-XPS spectra fitting and the error (% StDev) is below 5%, please refer to the

supporting information for additional information.

The results presented above demonstrate that upon incorporation of Zr into the ceria support,
the reducibility of this oxide was enhanced, which agrees with previously reported results.2% 50-1
Furthermore, the improved reducibility facilitates CH4 activation on the ceria surface as
confirmed by the ceria lattice parameter changes during the in-situ XRD CHa activation
measurement (Figure 5) and the AP-XPS results (Figure 6); It also results in a higher Ce3* content
after H, pretreatment and under the DRM reaction conditions (Figure 11). In previous studies, the
Ce** was found to be the active site for CO; activation and oxidation of carbon species covering

the surface of the catalyst during the DRM reaction.®*% % Thus, with more Ce3* present in ceria-
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zirconia support, the CO- activation process was enabled, resulting in an elevated CO- conversion
rate, and the carbon species on the Ni/CeZrO, sample surface was also decreased. The existence
of Zr in the ceria support also helps to disperse metallic Ni particles (Figure 2 and Table 1) and
maintains the structure of the ceria support. The latter is apparent by the relatively stable ceria
particle size during the DRM reaction (Figure 9a) and the absence of Ni incorporation into the
ceria support in the Ni/CeZrO; catalyst (Figure 8). The structurally stable ceria-zirconia support
further helps to maintain a larger Ce®* content with more oxygen vacancies. Additionally it
stabilizes the smaller metallic Ni particles, preserving their higher dispersion and adequate
metallic nature on the sample surface.>*->* Furthermore, throughout the DRM reaction, the small
and stable Ni particles indicate a stronger metal-support interaction between Ni and the Zr doped
ceria support. With the help of this strong interaction, metallic Ni particles appear rigidly
anchored on the CeZrO; support, which inhibits particle sintering even at higher temperatures (up
to 700 °C). Metallic Ni plays an pivotal role in the direct dissociation of CHs, and metal/support
interfacial sites are claimed to be the active sites in CH4 and CO; activation through redox
reactions.?! ® Higher dispersion of metallic Ni particles on the sample surface provides more
metallic Ni sites and metal/support interfacial sites available for interaction with CH4 and CO»
reactant gases. These sites, combined with the metal-support interaction, which promotes the
electron and oxygen mobility in the catalyst, lead to an improved turnover of CH4 and CO- and
higher production rate of CO + Hj. 10:52.56-57

CONCLUSION

In this work the effects of Zr-doping of the ceria support for the methane dry reforming reaction
was comprehensively investigated on Ni/CeO2 and Ni/CeZrO; catalysts. By introducing Zr as the
dopant, the catalytic performance including conversion, reaction rate, and H. selectivity were
significantly enhanced. The in-situ characterizations of the catalysts during difficult DRM
reaction conditions depict the dynamic chemical and structural changes Ni and Ce go through,
with and without the Zr dopant. The results reveal details about the mechanism for the enhanced
DRM catalytic performance achieved with Zr doping. By doping Zr into the ceria support, a larger
Ce®" content was observed in the mixed-oxide support upon reaction with pure CH4 or during
DRM, indicating a higher reducibility of the mixed-oxide support. The particle sintering process

of both Ni and ceria was effectively hindered. A stable ceria structure with the Zr dopant was
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preserved without any active metallic Ni incorporation into the support. The smaller nickel
particles expose a larger amount of active metallic Ni surface and Ni-CeO. interfacial sites for
CHs and CO activation. The small and well-dispersed metallic Ni particles interact strongly with
the highly reduced, yet structurally stable, ceria-zirconia support in the Ni/CeZrO; catalysts. All
of this coalesces to result in an enhanced reaction activity and H: selectivity for the dry reforming

of methane reaction.
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Calculations of the conversions, reaction rates and selectivity:

__ F(CH,,in)—F(CHy,0ut)

CHa conversion: Xcy, = ) x 100% (S1)
CO; conversion: X¢o, = F(Coziﬁégzﬁiﬁz'out) X 100% (S2)
CO reaction rate: reg = F(C%:;Z (S3)
H> reaction rate: ry, = %{:‘;Zi (S4)

Where, F is the mole flow rate of different gases in the unit of umol/s, which can be calculated
from the gas law. The production rate of H>O was calculated via H balance (equation S5) and the

Ho selectivity was defined in equation S6.

2X(F(CHa,in) — F(CH4,0ut)~F (11, out)

H2O reaction rate: ry,o = (S5)

WCatalyst

H: selectivity: Sy, = —2— x 100% (S6)
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Figure S1. PDF spectra of Ni/CeZrO; and Ni/CeO, samples with ZrO,, CeO, PDF profiles as

references.

Figure S2. TEM images of the Ni/CeO. sample after the DRM reaction at 700 °C for 1h.



(a)
| _Cco/N,
1E-54

] co,

| W, pretreat CH, \~ ™
E 1E~6é L/
= ] RT-300°C '
e 4
? ] —
7] 1 .
o Ni/CeZrO, f
S {E7+ it
§ & |
?
- /~ DRM

1E-8 3 "—""v YY)
] H,0 300|400 |500 | 600 |700
Dc oc oc OC oc
T T T T
2 4 6 8 10 12
Time /h

(b)

CO/N
1E-5- —2
co,
s =]
H, pretreat CH, EZK:
© 1E-64 (\
0 RT-300°C
2 N
m .
L] D] ~
. k\
& H
© 2
o L’"
g)
= RM -
1E-8 -
H,0 300|400 [500 |600 | 700
°Cc [°C [°c |°C |°C
T T T T T
2 4 6 8 10 12
Time /h

Figure S3. Residual gas analyzer spectra of the Ni/CeZrO; (a) and Ni/CeO: (b) under the DRM

reaction.
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Figure S4. Temperature programmed reduction (H2-TPR) of Ni/CeO2 and Ni/CeZrO: catalysts.

The analysis was performed on the Autochem 2920 apparatus by Micromeritics. Samples (100

mg) were in-situ pretreated in 5% Oz/He at 300 °C, the analysis was performed with 5 % Hz/Ar

(25 cc/min), from 10 to 423 °C with a heating ramp of 10°C/min, followed by 30 min of soaking.



A 35% more Hz was consumed during the reduction of the Ni/CeZrO, sample between 0 and 423

°C, confirming the higher reducibility of CeZrO> solid solution support.
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Figure S5. Fitted Ni 2p AP-XPS spectra of Ni/CeZrO, and Ni/CeO2 samples under CHs

atmosphere with elevated temperatures. The spectra were fitted with software CasaXPS and a

Shirley background subtraction was used.

Table S1. AP-XPS fitting results of Ni 2p spectra collected under CH4 atmosphere with elevated

temperatures.
o CHg4 CHg4 CHg4 CHg4 CHg4
Sample  Parameter Pristine
25°C 200°C 300°C 400 °C 500°C
FWHM 2.8 3.1 2.9 2.6 2.22/1.76 1.71
Ni/CeZrO;
Area 3706.5 3704.3 3820.6 3848.9 523.2/2395.8 2473.2
FWHM 2.8 3.1 2.8 2.9 1.8 1.9
Ni/CeO>
Area 2101.4 2229.4 2269.4 1997.1 1223.1 966.0
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Figure S6. AP-XPS results of Zr 3d spectra during CHs-temperature programmed reduction (a)
and DRM reaction (b). The spectra were calibrated by C 1s at 284.6 eV.
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Figure S7. The Fourier-transformed R-space EXAFS spectra of Ni/CeO, sample after H»
pretreatment and during the DRM reaction at 700 °C.



Table S2. Ni K-edge EXAFS fitting results of Ni/CeO, and Ni/CeZrO, samples after H>

pretreatment and under DRM reaction at 700 °C.

.\ R AEo
Sample condition Path R (A) C.N. o’
factor (eV)

Ho pretreated Ni-Ni  2.47+0.01  8.6%1.0 0.014 4.8 0.013+0.001
Ni/CeZrO>
DRM 700 °C  Ni-Ni  2.46+0.01 9.8#1.5 0.016 3.2  0.019£0.002

H. pretreated  Ni-Ni  2.48+0.01 10.6+1.1  0.017 -5.4  0.014+0.001
Ni/CeO:
DRM 700°C Ni-Ni  2.49+0.01 11.9#15 0.023 6.6  0.020+0.002
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Figure S8. Fitted Ce 3d AP-XPS spectra of Ni/CeZrO and Ni/CeO, samples under DRM reaction
condition with elevated temperatures. The spectra were fitted with software CasaXPS and a
Shirley background subtraction was used. The circled dots in figure are from the experimental
data and the purple lines are the fitted spectra. The red and blue lines represent for the feature of

Ce* and Ce®*', respectively.



Table S3. (a) Fitted Ce*" and Ce®" peak area ratio. (b) Details of fitting parameters of the
Ni/CeZrO, sample after H> pretreatment and (c) under DRM reaction condition at 500 °C as

examples.

(@)

DRM DRM DRM DRM DRM
25°C 200°C 300°C 400°C 500°C

4+ (%) 100 64.29 6441 67.5 57.8 56.85  56.15

Sample Component Pristine after H

Ni/CeZrO;

3+ (%) 0 35.71  35.59 32.5 42.2 43.15  43.85
Ni/CeOs 4+ (%) 100 70.22  69.67 71.7 70.98  70.79 70.85

3+ (%) 0 29.78  30.33 28.3 29.02 29.21 29.15

(b)

ComponentPosition FWHM  Area %Area  %StDev

Ce 4+ 882.46 2.39 2963.59 14.46 3.04

Ce 4+ 901.06 2.39 1976.71 9.65 2.03

Ce 4+ 88892 5 2306.44 11.26 3.56

Ce 4+ 907.52 5 1538.4 7.51 2.37

Ce 4+ 898.24 3 2631.24 12.84 1.38

Ce 4+ 916.84 3 1755.03 8.57 0.92

Ce 3+ 880.46 2.03 1269.87 6.20 291

Ce 3+ 899.06 2.03 847 4.13 1.94

Ce 3+ 885.27 3 3119.74  15.23 212

Ce 3+ 903.87 3 2080.87 10.16 1.42

Total Residual STD is 1.20%




()
ComponentPosition FWHM  Area %Area  %StDev

Ce 4+ 882.69 2.82 3088.80 13.51 3.88
Ce 4+ 901.29 2.82 2058.90 9.01 2.59
Ce 4+ 888.18 5 2277.30 9.96 3.21
Ce 4+ 907.78 5 1538.4 6.65 2.14
Ce 4+ 898.31 3 2332.26  10.21 1.23
Ce 4+ 916.91 3 1555.62 6.81 0.82
Ce 3+ 880.69 2.73 2143.98 9.38 4.69
Ce 3+ 899.29 2.73 1430.04 6.26 3.13
Ce 3+ 885.62 3.2 3868.88 16.93 2.28
Ce 3+ 904.22 3.2 2580.54 11.29 1.52

Total Residual STD is 1.32%
The Ce 4+ and 3+ peak positions were constrained throughout the fitting process of each spectra,
and the error (% StDev) is below 5% . The peak areas were strictly controlled by the 2:3 area ratio

for the two spin orbit peaks of Ce 3ds;2 and 3ds..



