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ABSTRACT: CeO2-ZrO2 (CZO) nanoparticles (NPs) have application in many catalytic reactions,
such as methane dry reforming, due to their oxygen cycling ability. Ni doping has been shown to
improve the catalytic activity and produces active sites for the decomposition of methane. In this
work, Ni:CZO NPs were synthesized via a two-step co-precipitation/molten salt synthesis to
compare Ni distribution, oxygen vacancy concentration, and catalytic activity relative to a
reference state-of-the-art catalyst prepared by a sol-gel-adsorptive deposition technique. To better
understand the dispersion of Ni and oxygen vacancy formation in these materials, the Ni

concentration, position, and reaction time were varied in the synthesis. X-ray diffraction (XRD)



measurements show a homogeneous, cubic phase with little to no segregation of Ni/NiO. Catalytic
activity measurements, performed via a DSC/TGA method, displayed a five-fold increase in
activity per surface area with an order of magnitude decrease in the coking rate for the particles
synthesized by the molten salt method. Additionally, this approach resulted in an order of
magnitude increase in oxygen vacancies which is attributed to the high dispersion of Ni** ions in
the NP core. This ability to control the oxygen vacancies in the lattice is expected to impact other
such systems which utilize the substrate redox cyclability to drive conversion via (e.g.) a Mars-

van Krevelen mechanism.
1. INTRODUCTION

One of the major problems faced in Ni-doped CeO,-ZrO, (CZO) catalysts is sintering and coke
formation at dry reforming of methane (DRM) operating conditions, 650-850 °C and 1-10 atm.'*
Homogeneously dispersing the active sites over the surface of the catalyst has been shown to
prevent coking, because of the absence of faceted Ni surfaces.” >1° Alternatively, coke formation
is reduced on materials with high oxygen storage capacities (OSC) due to lattice oxygen
interactions with adsorbed carbon moieties. The OSC of CZO is known to be a function of the Zr
concentration, peaking at around 30 mol% Zr.'!"!® As such, cerium-based catalysts have been used
in a variety of lattice oxygen-mediated catalytic reactions, e.g., three-way exhaust catalysis'’,

20,21 " water-gas shift reactions®* and others'?. Additionally, other

dry(tri) reforming of methane
transition metals (Pd, Pt, Rh, Mn, etc.) have been studied in combination with the CZO substrate
to lower reaction onset temperatures, along with other effects.”>* However, with all these

materials there is the synthetic challenge to maximize the OSC and active site dispersion while

maintaining catalyst stability with respect to both metal ripening and coking. One relatively



unexplored approach is the subsurface incorporation of the Ni dopant to increase internal strain

without the formation of faceted islands.

Accordingly, there is a large body of literature on the preparation of CZO NPs using various

13931 coprecipitation’, flame-made*?, etc. which yield different

synthetic methods such as sol-ge
oxygen vacancy concentrations despite containing identical compositions.**3¢ To achieve an ideal
Ce:Zr ratio of ~2:1 for maximum OSC the synthetic conditions must be carefully controlled to
ensure local and long-range homogeneity due to the different formation rates of the oxides.> %%’
Additionally, post-processing techniques (e.g., strong electrostatic adsorption or incipient wetness
impregnation) are often used to activate the catalysts with Ni. However, high temperatures and
oxidative/reducing atmospheres can lead to structural changes and reduced OSC.!%3® Specifically,
exposure to reducing atmospheres often leads to the formation of segregated CeO; and ZrO, and
non-uniform distribution of Ni.!” This process results in larger Ni clusters that can facilitate
dendrite formation and rapid deactivation of the catalyst.” %% Therefore, alternative methods are

needed to synthesize activated nanoparticles that are less susceptible to oxide segregation and Ni

island formation.

To address this, others have incorporated Ni salts (up to 15 mol%) during the Ce-Zr-O co-
precipitation process prior to a high-temperature sintering step, producing Ni cluster sizes of ~12
nm on the catalyst surface.” However, with this method it is difficult to spatially control the Ni
during incorporation in the bulk of the catalyst and to correlate the role of Ni to the OSC of the
catalyst.*” On the other hand, a two-step co-precipitation (CP)/molten salt synthesis (MSS) method
has been reported which facilitates the incorporation of dopants within complex metal oxides
(below the surface) during synthesis.**> By precipitating the precursors from an aqueous solution

in the initial step, M-O-M bonds are formed which then undergo reorganization during the high-



temperature treatment to solidify the structure.*® 4 The formation of the disorganized initial
structure results in enhanced phase stability and facilitates the incorporation of a homogenously
distributed dopant.*® *° Modification of this reported two-step process will allow for controlled Ni
distribution in CZO catalysts and for the elucidation of the effects of oxygen

mobility/concentration and active site location on catalyst stability, activity, and coking.

In this work, Ni:CZO NPs are prepared by a two-step synthesis, CP followed by MSS, to
create a highly dispersed disordered fluorite phase with increased oxygen vacancies. This method
allows for production of structure-controlled NPs where the oxygen vacancies can be modified by
varying precursor compositions and reaction time. The oxygen vacancy concentration and catalytic
activity of the Ni:CZO NPs prepared via CP/MSS were then compared to a more conventional
state-of-the-art catalyst prepared via the sol-gel technique. Structural and chemical
characterizations were performed on the synthesized NPs to determine the morphology,
stoichiometry, and chemical composition prior to any catalytic reaction tests. The percentage of
Ni was systematically varied up to 20 mol% to identify the optimum Ni content for catalytic
activity in dry reforming of methane (DRM) and oxygen vacancy concentration.
Thermogravimetric analysis (DSC/TGA), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS) were performed to determine the catalytic activity, Ce oxidation state, and
oxygen vacancy concentrations of the NPs. The ability to spatially distribute the Ni within the
catalyst resulted in a near five-fold increase in activity per surface area and an order of magnitude
decrease in coking, suggesting that subsurface active sites play an important role in catalytic
activity of methane reforming reactions. While this work only includes a single dopant (Ni), this

process can be used to control dopant distribution of multiple types.* !

2. EXPERIMENTAL SECTION



Materials. Cerium (III) nitrate hexahydrate (Ce(NO3)3-6H2O, Strem Chemicals, 99.9%),
ammonium cerium nitrate (NH4)2Ce(NO3)s (98+%, Alfa), zirconium oxynitrate hydrate
(ZrO(NOs3)2'xH20, Beantown Chemical, 99.9%), nickel chloride hexahydrate (NiCl2.6H>O,
Beantown Chemical, 99.0%), 28-30% ammonium hydroxide (NH4OH, VWR Chemicals, ACS
grade) and urea (CH4N>0O, VWR Chemicals, ACS grade) were used for the synthesis. NaNOs3 (high
purity grade, VWR Chemicals), and KNO3 (ACS grade, VWR Chemicals) were utilized for the
molten salt synthesis. Hydrochloric acid (HCI, 36.5-38%, VWR Chemicals) and nitric acid (HNOs3,
68-70%, VWR Chemicals) were used for the ICP-OES digestion process.

Preparation of Ni:CZO NPs. Particles were prepared using a two-step, CP/MSS process. !4 52
The CP was performed by dissolving a 2:1 Ce:Zr molar ratio of Ce(NO3)3-6H20:ZrO(NO3)2-xH20
in 400 mL of deionized (DI) water. Ni was incorporated by adding up to 20 mol% of NiCl,-6H>O
in the solution. Actual doping concentrations are reported in Table S1. The pH of the solution was
adjusted dropwise with 28% NH4OH resulting in a pH of ~11. The solution was stirred for 2 h and
the resultant powder was collected through vacuum filtration and washed with DI water until the

supernatant was neutral >

The resultant powder was dried at 90 °C overnight. In the second step,
700 mg of the as-prepared single-source complex precursor was mixed with a eutectic salt mixture
(e.g. NaNO;:KNO; = 1:1, molar ratio), transferred to a porcelain crucible, and heated at 650 °C
with a 10 °C/min ramp rate. The reaction was allowed to occur for up to 6 h. The resulting solution
was cooled naturally to room temperature and the salt crystal dissolved in DI water. After complete
dissolution of the salts, the powder was centrifuged and washed 5 times with DI water to
completely remove excess salts. The particles were then collected and dried overnight at 90 °C.

For the synthesis of the core-shell NPs, the core was synthesized via the above CP/MSS synthesis

and the shell was added by adsorptive deposition®* . The core NPs along with NiCl,-6H>O were



added to 20 mL of 0.3M of urea and was refluxed for 24 h. After filtering and washing the powders,
the sample was reduced in 5% H2/95% Ar (300 mL/min) for 6 h at 750 °C. The reference catalyst
was prepared by a templated sol-gel method followed by a deposition-precipitation step.>* The
precursors (NH4)2Ce(NO3)s and ZrO(NO3), were dissolved in 96% water/3% methanol/ 1%
TMAOH surfactant (25% in methanol). The pH was adjusted to 10.3 by gradually adding the
ammonia solution and the solution reacted for 2 days at 90 °C. After washing of the sol-gel with
DI water, the mixed oxide was dried at 120 °C overnight and calcined in air for 6 h. To deposit the
Ni active by adsorptive deposition, the mixed oxide and Ni(NOs3)>-:6H>O (Aldrich, reagent) was
added to 0.3 M urea and reacted for 24 h at 90 °C. After washing and drying (same as above) was

performed, the catalyst was reduced in 5% H2/Nz at 750 °C for 6 h.

Structural characterization. All structural characterizations were performed prior to the
reduction treatment unless noted in the text. The crystal structure was identified via powder X-
ray diffraction (XRD) using PANalytical X-ray diffractometer at 45 kV and 40 mA. The 0-20
radial scan was performed over the range 5-70° with a step size of 0.04° and dwell time of 60 s,
using Cu K, (A=1.54 A) as radiation source. The morphology and size of Ni:CZO NPs were
confirmed by high-resolution transmission electron microscopy (HRTEM) using a 200 kV JEOL
NEARM electron microscope equipped with double aberration correctors, a dual-energy-loss
spectrometer, and a cold FEG source. The powder sample was dispersed in ethanol and drop casted
on a 300 mesh, lacey carbon grid prior to imaging. Specific surface area (BET) measurements
were carried out in a Micromeritics ASAP-2020 porosimeter (three points). The elemental

composition of the NPs was measured using a PerkinElmer Optima 8000 ICP-OES spectrometer.



Raman spectra were measured using a Renishaw inVia Reflex Raman Spectrometer with
a 0.1 mW diode laser at an excitation wavelength of 532 nm, exposure time of 0.5 s, spectral

resolution of 1 cm™ and ~5 um spot size.

XPS measurements were performed using a Scienta Omicron ESCA 2SR equipped with a
monochromatic Al K, (hv=1486.6 eV) X-ray source and a hemispherical analyzer with a 128-
channel detector, at 1.3 x 10” torr. The Gaussian width of the photon source was 0.5 eV and a
focus voltage of 300 V. The XPS spectra were calibrated to the adventitious C 1s peak at 285.7
eV. All peaks were fit (using CasaXPS software’®) as Gaussians after Shirley background
subtraction.

CO chemisorption was performed to verify the active site dispersion (Ni/NiO) on the
surface of the catalyst. 500 mg of the catalyst was loaded and pretreated in 5% H2/95% N2
overnight. CO pulse chemisorption (Micromeritics 2700) at various temperatures was measured
after purging the surface with N>. TPR was performed by reduction of pre-oxidized (500 °C, 1 h,
air) samples in the DSC/TGA. The samples were reduced at 10 °C/min from 50 to 1000 °C in 5%

H>/N»>. They were then re-oxidized at 500°C to check for weight recovery.

Catalytic performance evaluation. The coking rate and catalytic activity were measured using a
Differential Scanning Calorimetry (DSC)/Thermogravimetric Analyzer (TGA) (TA SDT Q600).
The catalyst was activated in air overnight at 750 C. The DRM reaction was performed at 750 °C
and 135 mL/min total flow rate (1:1 CH4:CO», 0.25 atm partial pressure of each, with 0.50 atm
N2). The heat flux and change in mass were both measured, the former being proportional to the
endothermic heat of the DRM reaction while the latter being proportional to the coking rate. The

reforming rate was extracted from the heat effect using an Aspen HYSY'S model of the process.



To scale up the DSC/TGA measurement, selected catalysts were tested in a fixed-bed
reactor. The fixed bed reactor is a 1/2” stainless steel reactor tube with a-alumina and 0.25 g of
catalyst. The DRM performed in this reactor contains higher partial pressures for CO, and CHas

(~0.65 atm each) than the DSC/TGA measurements.
3. RESULTS AND DISCUSSION

The 2:1 Ce:Zr mixed oxide and a 6.6 mol% Ni:CZO were prepared by CP/MSS with a reaction
time of 6 h in air at 650 °C. The diffraction peaks of both powders (Figure 1a) were indexed to
cubic (Ceo.69Zr031)02 (ICSD 157416)° with no Ni or NiO peaks detected. The lattice parameters
of the CZO and 6.6 mol% Ni:CZO (starting from 10 mol% Ni in the initial solution) NPs were
calculated to be 5.31 A and 5.34 A, respectively, and are similar to the literature (a = 5.33 A7),
with slight expansion upon Ni doping. Crystalline sizes (Scherrer equation) were calculated to be
7.5 nm (CZO) and 8.5 nm (6.6 mol% Ni:CZO), showing that incorporation of Ni slightly increases
the size of the NPs (Table 1). The complete XRD results for all CP/MSS samples suggest a
homogeneous dispersion of Ni in all samples at the detectability level of XRD (Figure S1). The
presence of the signature Ni Ly peak (0.85 keV) from energy dispersive X-ray spectroscopy (EDX)
further confirms the presence of Ni in the 6.6 mol% Ni:CZO NPs (Figure 1b). As with the XRD
measurements, the BF-STEM images of the 6.6 mol% Ni-doped sample show a slight change of
the (222) lattice spacing (d=3 A, Figure 1c). The size distribution is observed in the inset of Figure
Ic for the 6.6 mol% Ni. Figure S2 shows the CZO particle size distribution with and without
doping, with negligible changes observed, consistent with the crystallite sizes extracted from XRD.
The structural characterization indicates that Ni was incorporated into the lattice with no
measurable island formation on the surface. As such, different Ni dopant concentrations of up to

20 mol% in solution were employed to study the effect of dopant concentration on the catalytic



activity. At higher Ni concentrations a blue effluent was seen suggesting the Ni was in excess of

t.%® Excess Ni/NiO is not believed to deposit on the precipitate surface due

the solid solubility limi
to extensive washing of the precipitate which would remove unincorporated Ni-OH.*
Additionally, the powders had a yellow color instead of a black color which would be expected
with NiO formation on the surface. To quantify the Ni concentration and verify the stoichiometry
of the catalyst, ICP-OES was performed (Table S1, Supporting Information). A maximum of 9.3
Nimol% in the catalyst was determined for the initial 20 mol% Ni in solution. While the ICP-OES

cannot determine the position of the Ni, it is expected that these islands would be detectable as

elevated coking rates during the DRM reaction.



— 0 1.
a) ain g.%o Ni:CZO

(220)

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70

20 (deg)
b) — 6.6% Ni:CZO
CeL,
Elis
I | 0K,
21
B | ' niL, At
o

8 : ! Cely
=] (Nak, K Ky
=1 ik |

! oL

AN KRatzeL || [|ce L

I . : ! : CeL,

0 1 2 3 4 5 6 7

Figure 1. a) XRD of CZO and 6.6 mol% Ni:CZO indicating no phase separation for these NPs. b)

EDX confirming the presence of Ni in 6.6 mol% Ni:CZO. ¢) BF-STEM image of Ni:CZO (6.6

mol%) with observed d-spacing of 3.01 A (d22=3.05 A) and HRTEM image in the inset.
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The Ni:CZO catalysts doped with Ni during crystallization were compared to a conventionally
prepared sol-gel/urea deposition-precipitation (strong electrostatic adsorption) catalyst containing
5 mol% of Ni.>> -0 Unlike the reference catalyst, small/no phase segregation was observed for
the 9.3 mol% Ni:CZO core (Figure 2a). Additionally, in-situ doping of the core did not require a
pre-catalytic reaction reducing treatment to activate and drive the Ni dopant into the structure
which was necessary for the Ni post-deposition. The catalyst activity (rate of the DRM reaction)
and coking rates for the samples run at differential conversion in the DSC/TGA are shown in Table
1. The heating rate is directly proportional to the DRM reaction rate. The DRM rate on a weight
basis can be calculated using a process simulator (Aspen HYSYS) from the heat rate. While the
reverse water-gas shift is present in the fixed bed reactor, this side reaction is not considered in the
simulation as its nearly thermoneutral nature would not affect the overall heat flux. The reference
catalyst exhibited a higher reforming rate on a weight basis. When normalized to surface area, the

4.6 and 6.6 mol% Ni:CZO showed reduced activity compared to the reference, despite similar Ni

Table 1. Effect of increased N1 doping (mol%) on particle size, estimated oxygen vacancy
concentrations (V) and catalytic activity. The activities are normalized to the surface area.

Size? Surface A [Om]®  Activity Coking rate Reforming
Sample (nm) area NP (cm™) %) (mW/m?) (Mg@eore/m*h) rate
(m%/g) coxe (mmol/m?h)
CeO; (sol-gel) - 219 - - 7x1073 - -
CZO (sol-gel) - 183 - - 0.01 - -
Cz0O 7.9 38 6.3x102! 5.32 0.01 - -
Reference 5.1 77 7.9x10%! - 0.12 1.04x10° 1.69
4.6% Ni 8.2 38 9.9x102! 7.85 0.03 1.76x10¢ 0.87
6.6% Ni 8.5 33 1.2x10% 11.19 0.05 7.27x107 1.64
9.3% Ni 9.2 32 3.8x10% 19.79 0.13 3.75x10¢ 2.56
Core (4.6
mol%) - shell 9.9 15 2.3x10% 17.36 0.57 3.4x10°¢ 8.67
(2 wt%)

2 Extracted crystalline size from XRD spectra.
"Estimated oxygen vacancy site concentration, details in Calculation 1.

“Extracted from deconvoluted O 15 XPS peaks.
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concentrations to that of the reference catalyst. However, the 9.3 mol% Ni:CZO catalysts is
comparable to the reference catalyst, but more importantly, the coking rate was 85% less with the

subsurface N1 inclusion.
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Figure 2. (a) XRD of 9.3 mol% Ni:CZO and the reference catalyst showing greater phase
separation for Ni and ZrO: in the reference catalyst. (b) Raman spectra showing an increase in
the area of the LO band for the 9.3 mol% Ni:CZO compared to the reference catalyst.

To test the activity and stability of the 9.3% CP/MSS catalyst at higher partial pressures
and conversions, a longer-term (1 day) fixed bed reactor test at 750 °C was performed (Table 2).
The CH4 conversion x GHSV (an activity metric) of the reference catalyst was ~ 8250 mL/minxg
vs. 6800 mL/minxg for the 9.3 mol% Ni:CZO. The ratio of Ho/CO of the 9.3 mol% Ni:CZO was

0.44, slightly higher than the reference catalyst (0.42), suggesting a slight decrease, but still

considerable, RWGS.°!
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Incorporation of Ni into the bulk lattice, as would more likely occur with the 9.3 mol%
Ni:CZO catalyst, is believed to result in more oxygen vacancies (and higher OSC) due to the
difference in the oxidation states of the Ni and Zr.®* The vacancies act as sites where active oxygens
can be stored and released, mitigating carbon polymerization. This effect could be responsible for
the decreased coking rate of the 9.3 mol% sample. However, the results also suggest that dopant
incorporation during crystal growth may not distribute enough Ni at particle surfaces where it is
needed to catalyze the DRM reaction. This lower Ni concentration and overall decrease in surface

area are responsible for the slightly lower CH4 and CO; conversions.

Table 2. Fixed-bed reactor data for the 9.3 mol% Ni:CZO.

Catalyst H,/CO ratio CH,4 ConversionxGHSV CO, Conversion

(mL/minxg) (%)
Reference 0.42 8250 29.2
9.3% Ni:CZO 0.44 6800 24 .4

To better understand the effect of Ni location on the catalysis, Raman spectroscopy was
performed on the reference and 9.3 mol% samples (Figure 2b). Three characteristic regions of
interest, around 228, 470, and 615 cm™!, are attributed to vibrations of Zr-O bonds (symmetrical
stretching, B2z mode), Ce-O bonds (symmetrical stretching, Fog mode), and a defect-induced (LO)
phonon band, respectively.®® The blue-shift (474 to 470 cm™) in the F2, band of the 9.3 mol% Ni
is attributed to an increase in the bond length of Ce-O caused by Ni incorporation, consistent with
its smaller ionic radius compared to Zr*".%* Additionally, the change in intensities of the F; and
LO bands are indicative of oxygen vacancy incorporation.®> The oxygen vacancy concentrations
were estimated using a correlation length model for the Fz; band (Supporting Information,
Calculation 1).°% %7 The estimated oxygen vacancy concentration (N) for the 9.3 mol% Ni:CZO

catalyst is approximately 5 times more than the reference catalyst (Table 1), suggesting greater
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Ni?* incorporation in the lattice induces more oxygen vacancies. Therefore, it is reasonable to
conclude that the reduced coking rates of the CP/MSS catalysts result from the higher oxygen
vacancy concentrations characteristic of this synthesis/structure. When comparing two materials
of similar Ni concentrations, 4.6 mol% Ni:CZO vs. the reference, the increase in oxygen vacancy
concentration is 25% while the reforming rate is reduced by 75%, suggesting the Ni is

preferentially located below the catalyst surface at lower concentrations.

The formation of oxygen vacancies is one of the important characteristics of doped
Ni:CZO, with incorporation of Ni within the bulk lattice improving the OSC.!®*’ Figure 3 shows
that the area under the LO band at 615 cm™ increases proportional to the Ni concentration,
indicating that more Ni creates more oxygen vacancies within the lattice (Table 1). Along this line,
it is significant that a single XRD-detectable phase is maintained for Ni:CZO NPs even with a
substantial increase in Ni content, implying a uniform dispersion throughout the particle (Figure
S1). However, due to the nature of the crystallization process, eventually thermodynamics dictates

that the Ni will segregate to the nanoparticle interface.

To further quantify the Ni dispersion, CO absorption was performed on the Ni:CZO
samples (Table S2). As expected, the amount of CO chemisorbed to the surface increased
proportionally with Ni concentration. The increased DRM activities are attributed to the improved
Ni surface dispersion. The MSS synthesized samples all exhibit activities of 3x10* mW/mol
exposed Ni. Since both oxygen vacancies and surface Ni are important for enhancing the CO»

activation step of the DRM reaction®-7°

, 1t is not surprising that the 9.3 mol% Ni:CZO catalyst
shows the highest reforming rate (2.56 mmol/m?xh) among the three CP/MSS catalysts. Similar

effects are seen with traditional methods and have been ascribed to Ni2* migration from the lattice

during the reduction steps.*’ 7! 7 Therefore, incorporation of Ni during the CZO crystallization

14



can result in a more stable structure, reducing post-synthetic phase segregation and Ni diffusion,
which was observed for the reference catalyst under reducing enviroments.* Furthermore, the
subsurface Ni can help mobilize the bulk oxygen via Ce-O bond stress, allowing for oxygen

migration toward the surface and reducing coking rates 23 7>
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Figure 3. Raman spectra for the CP/MSS particles with increasing Ni contents. The spectra
show an increase in the ratio of peak intensities ILo/Ir2g.

To observe the change in electronic state of oxygen and cerium at different Ni
concentrations, XPS measurements were performed (Figure 4). The O 1s spectra can be
deconvoluted into four peaks: (1) oxygen ions associated with 2° formal charge or oxygen double
bonded to carbon (O=C) (Or) at ~ 528.8 eV, (2) lattice oxygen (On) at ~ 530.5 eV, (3) a shoulder
peak (Om) at ~ 531.15 eV indicative of nearby oxygen vacancies, (4) oxygen in surface hydroxyl
groups, adsorbed H»O, or surface -COs3 (Orv) at ~ 532.44 eV.”>”7 Table 1 shows the calculated
percentages of the oxygen vacancies (Om) are 9.9, 17, 24, and 32%, corresponding to CZO, 4.6
mol% Ni:CZO, 6.6 mol% Ni:CZO, and 9.3 mol% Ni:CZO, respectively, denoting an increase in
undercoordinated Ce (increased oxygen vacancies), consistent with the Raman measurements.**

"7 To further confirm this peak is attributable to the oxygen vacancies, adsorbed surface species
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Figure 4. (a) XPS of the O s region showing an increase in the area of oxide ions with an
increase in Ni doping. (b) Ce 3d XPS spectra of CZO with 4.6, 6.6, and 9.3 mol% Ni, displaying
an increase in the peak areas Uo, U’, V,, and V’, all of which correspond to Ce**, with respect
to Ni content.
were removed via air and vacuum annealing (T = 600 °C) from the 9.3% Ni:CZO (Figure S3a).
While annealing the sample in air slightly reduced the intensity of the Orv peak, the overall effect
is essentially negligible. However, complete removal of surface species was achieved with vacuum
annealing along with a slight increase in the O peak, as expected (Table S3).”® 7 To further
confirm the intrinsic oxygen vacancies and remove the surface contaminants in the remaining
samples, gentle sputtering was performed (Figure S3b) with Ar" ion bombardment for 10 min.
After sputtering, the complete removal of O; and Orv peaks is observed, with the Om peak
following the same trend as the non-sputtered samples (Table S3). These results are also
corroborated by the Ce 3d XPS spectra (Figure 4b). Peaks V" and U are related to the spin-orbit
splitting of Ce 3ds and Ce 3dsy, respectively. The deconvoluted peaks labeledas U™, U, U, V',

V', V correspond to the 3d!%41° state of Ce*" while U,, U, V,, and V', marked as red, correspond

to 3d'%4f! state of Ce®*.80 It is evident that the concentration of Ce** and oxygen vacancies are
Yg
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directly proportional to the Ni** concentration.®!83 The fraction of Ce** near the surface of the
catalysts was calculated for each sample (Supporting Information, Calculation 2).%* The
calculation shows that 6.6% Ni:CZO and 9.3% Ni:CZO have 8.65% and 16.67% Ce** oxidation
state present. The evolution of Ce**, the increase in the area of O and of the Raman LO peak all

confirm that Ni incorporation increases the number of oxygen vacancies in the catalyst.

A final confirmation of the increase in oxygen vacancy concentrations with respect to Ni
incorporation can be intuited from TPR measurements starting from a fully oxidized (500°C, air,
1 h) catalyst (Figure S5). The results, summarized in Table S4, show three reduction peaks for all
the catalysts, with a small fourth one (from ~587-666°C) also discernible for the 9.3 mol% sample.
The lowest temperature peak can be ascribed to surface adsorbate removal and facile reduction of
surface NiO,”% #-8% and the highest temperature peak to bulk reduction of Ce** not affected by Ni
or Zr.5%-%9-92 The other peak(s) can all be attributed to reduction of subsurface Ni*" and reduction
of Ce*" (with formation of new oxygen vacancies) that is associated with dispersed Ni* and Zr**
in the distorted fluorite structure.”® 83-8%91:93 There is no separate peak for the MSS samples that
can be ascribed to bulk NiO (whose maximum is usually at 420-455°C),% 9092 but there is a lower
temperature shoulder present, including for CZO itself. The temperature range of this broad peak
extends to lower temperatures as the amount of Ni increases from 0 to 9.3 mol%, because there
are more easily reducible sites (near the surface, associated with Ni?*), but the total amounts
reduced within this broad peak decrease as a percentage of the total possible theoretical reduction
amounts. These results suggest that with more Ni present, there is also more subsurface Ni**, and
this subsurface population is harder to extract and reduce. Note from Table S4 that the only two
samples undergoing almost complete theoretical reduction to Ni® and Ce>Os at 1000 °C are CZO

and the core-shell sample, the first without Ni and the second with a high percentage of surface
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Ni. Finally, the weight recoveries were all >99% except for the 9.3 mol% sample (98.3%), which
suggests that for a high Ni concentration some permanent reduction to larger Ni® aggregates also
took place. But the overall picture is that of concomitant reduction of some Ni*" and some Ce**

over the most relevant temperature range.

* Cubic CZO
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Figure 5. XRD measurements of 20% Ni:CZO after 1, 3, and 6 h synthesis reaction times show
only the cubic CZO structure.

Based on the above observations, controlling both the oxygen vacancy concentrations and
the Ni distribution between surface and bulk can be considered to be important aspects of the
synthesis of active, stable DRM catalysts. To further investigate these phenomena, the
crystallization (synthesis) time of the 9.3 mol% Ni:CZO was varied to spot any change in the
oxygen vacancy concentrations and coking rates of the NPs (Figure 5). The time of the MSS
reaction step is a major factor affecting particle agglomeration and crystallization,*® which in turn
can affect the location and concentration of oxygen vacancies. As seen in Table 3, three different
reaction times of the MSS crystallization (1, 3, and 6 h) were tested. The homogeneity of the NPs
was maintained (Figure S4). Figure 5 displays a red shift in the F2g band of the 9.3 mol% Ni:CZO
as the molten salt reaction time is decreased, corresponding to decreased lattice strain.”* > Greater

lattice strain causes a weakening of the Ce-O bonds in the lattice which is caused by incorporation
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of Ni in the lattice,”**® and is symptomatic of increasing oxygen vacancy concentrations (Table
3). As expected, the coking rate is directly affected, whereas DRM activity is constant with respect
to the surface area. However, the trend is the opposite of what might be expected, with higher
coking rates associated with the shorter crystallization periods and less lattice strain. This inverse
response is attributed to poorer Ni homogeneity and nanocrystal quality at short MSS
crystallization times.*® % Specifically, the increase in MSS crystallization time engenders a better
Ni rearrangement within the crystal thus causing a lower coking rate for the catalyst.”” %

Table 3. Effects of MSSS reaction time on estimated oxygen vacancy concentration and
catalytic activity for the 9.3 mol% Ni:CZO.

Molten salt Size Surface area Catalytic activity ~ Coking rate (mg

3
time (h) (nm) (m?%/g) N (em™) (mW/m?) coke/mg cat-h)
1 7.8 40 5.2 x 10% 0.13 3.0x10*

3 8.7 37 4.8x 10% 0.13 2.8x10*
6 9.2 32 3.8 x 10% 0.13 1.2x10*

Based on the above results, it was believed that higher DRM activity catalysts could be
achieved by simultaneously controlling the oxygen vacancy concentration and surface
dispersion/concentration. To test this, a hierarchical core-shell catalyst was synthesized by
depositing N1 on the surface of the CP/MSS nanoparticles. For this process, the 4.6 mol% Ni-
doped catalyst was selected as a core and coated with an additional 2 wt% Ni via the deposition-
precipitation method (~4 wt% total) to mimic the ~5 wt% reference system. A 5% H>/N treatment
at 750 °C was required to activate the Ni dopants, similar to the reference sample. The 4.6 mol%
core was chosen due its lack of Ni surface clusters (low surface dispersion). The low Ni
concentration was important to limit additional deposition onto pre-existing Ni surface sites to
prevent facet formation where coking occurs. While slight Zr segregation is observed after the

reduction treatment (Figure S6a), the particles appear more homogeneous than the used reference
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sample. Additionally, the shell deposition process increases the total oxygen vacancies based on
both Raman (Figure S6b) and XPS (Table 1) characterization methods compared to the core and
reference. One drawback that was observed is the decrease in overall surface area which may

indicate too high of a Ni concentration during the deposition.

The core-shell catalyst was run under DRM conditions (Table 1) and resulted in a
comparable activity on a weight basis compared to the reference catalyst, despite the five-fold
smaller surface area. The DRM rate is nearly five times that of the reference catalyst prepared by
adsorptive deposition when normalized by surface area and an order of magnitude higher than the
MSS particles when normalized by dispersion. The methane conversion for the core-shell catalyst
is comparable to values reported in literature based on the catalyst mass (3.75x10 mol.geai!.s™)
but shows at least a two-fold increase based on Ni mass (7.5 x10° mol.gni'.s).> 1% More
importantly, the coking rate of the core-shell catalyst is an order of magnitude lower. The increase
in performance is attributed both to the increased number of oxygen vacancies and more dispersed
Ni the surface, both of which should facilitate rapid removal of nascent carbon.'”" While more
catalyst optimization is needed, the hierarchical structure clearly demonstrates the importance of
subsurface and surface Ni doping in methane reformation. Furthermore, it is believed that the type
of dopant can be varied to engineer the electronic states and adsorbate-catalyst interaction in line

with d-band theory.
4. CONCLUSIONS

In summary, ~20 nm Ni:CZO NPs with Ni doping up to ~10 mol% were synthesized using a two-
step CP/MSS method to study the effect of Ni position on structure, oxygen vacancy
concentrations, and DRM catalytic activity. This synthesis process produced homogeneous cubic

CZO (Ceo.69Zr031) with Ni concentrations as high as 9.3 mol% with no Ni/NiO island formation
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identified via XRD or HRTEM characterization. Additionally, Ni inclusion resulted in the
formation of oxygen vacancies proportional to the concentration of subsurface Ni dopants.
However, increased oxygen vacancies must be accompanied by a homogeneous Ni distribution in
order to achieve the reduced coking rates. The homogenous distribution and enhanced oxygen
vacancies are possible due to incorporation of Ni within the CZO crystallization process instead
of through a secondary process to drive deposited ions below the surface. This knowledge was
used to design a core-shell structure by coupling the MSS method to a Ni-urea adsorptive
deposition process to simultaneously engineer greater oxygen vacancy concentration and a better
surface-bulk Ni distribution. The core-shell synthetic strategy greatly increased the DRM activity
and decreased the coking rate by over an order of magnitude compared to a conventionally
prepared Ni:CZO catalyst despite a much lower surface area. This ability to control the content of
oxygen vacancies in the host lattice and homogeneously disperse Ni sites in the bulk will prove
beneficial in designing stable catalysts with higher activity for methane reformation, among other
related reactions. Finally, this method can allow for the spatial control of multiple dopant types,

which is very difficult when using a single deposition step.
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