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ABSTRACT: A vast number of industrial catalytic processes rely on noble metals,
also called platinum group metals (PGMs), which are scarce and expensive.
Replacing these expensive noble metals with Earth abundant metals represents a major
challenge. Although nickel is known to be an effective catalyst for certain reactions, like
hydrogenation, it is unselective in metallic form and is inactive when oxidized. Here,
we show that many of the reactions catalyzed by PGMs, such as oxidation or hydroge-
nation, can also be carried out by a base metal such as nickel, when it is stabilized in the
form of isolated single atoms in square planar coordination within the fluorite lattice of
CeO,. Incorporating Ni into the CeO, lattice (Ce,oNiy,0, ) creates a versatile and
robust Ni single atom catalyst. The working catalyst contains atomically dispersed
Ni** sites that are stable under reaction conditions. Unlike metallic Nj, this single atom

catalyst is not pyrophoric, can be handled in air, and easily activated for hydrogenation
reactions. The synthesis described here is scalable and yields a high loading of Ni (~3 wt %) within the fluorite CeO, lattice while also
allowing facile substitution of Ce with co-dopants, such as Zr, to further tune the environment of the active sites.

KEYWORDS: single atom nickel catalyst, selective acetylene hydrogenation, methane oxidation, CO oxidation, Earth abundant catalyst

B INTRODUCTION

Single atom catalysts (SAC)' have captured the community’s
interest over the past decade. While these catalysts allow for
maximum atom efficiency, their broader application in indus-
try is hindered by lack of stability, because the single atom spe-
cies are prone to sintering into nanoparticles with diminished
performance.” One strategy to improve stability is to isolate
the single atom species by depositing on average only one
active metal atom on each crystallite of support, so the metal
species cannot aggregate to form clusters and nanoparticles.
However, this approach is only possible with very low loading
of the active phase.” If the single atom species are strongly
bonded to the support through atom trapping, it is possible
to ensure thermal stability, at elevated temperatures.*
However, SACs prepared in this manner generally show low
catalytic activity because the metal atoms are fully coordinated
(e.g, four-fold coordination of Pt on cerium oxide-ceria).’
The thermally stable single atoms must be first converted into
metallic nano particles to achieve high reactivity.® Here we
show that single atoms of Ni coordinated to ceria as 16-
electron complexes can be surprisingly active for reactions
involving oxygen as well as hydrogen, without a need to con-
vert them into metallic Ni.

In the literature, nickel SACs have been prepared on a wide
range of supports, including N-doped carbon nanotubes, carbon
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nitride, graphene, on metal nanoparticles such as Au, Cu, and Pt
in the form of single atom alloys, and on metal oxides such as
MgO, CeO,, and Y203.7_9 The most common application for
nickel SACs has been in electrocatalytic reactions such as
CO, reduction,'”~"* ORR (oxygen reduction reaction),"* and
OER (oxygen evolution reaction)."*™'® Reports of nickel
SACs for thermal catalysis are generally limited to zeolites,
where ionic Ni is exchanged into extra framework sites."’ ™"
On oxide supports, it is necessary to convert ionic Ni to the
metallic form to make it active. For example, when Ni is incor-
porated into the spinel (NiAL,O,)***' or in a perovskite,”>*
the Ni is octahedrally coordinated and strongly bound, achiev-
ing high thermal stability. But the nickel is not active for hydro-
genation, or reforming, unless it is reduced to form metallic Ni
via exsolution.”* In the present work, we show that on a ceria
support, nickel single atoms in oxidized form result in a catalyst
with excellent reactivity for a range of reactions which are not
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known to occur on Ni**. Since the catalyst contains oxidized
nickel, it can also be easily handled in air, with no need for pas-
sivation, hence it is not pyrophoric, which otherwise makes han-
dling metallic Ni catalysts more difficult.

This work highlights the stability and versatility of atomically
dispersed ionic nickel when present in a fluorite ceria lattice.
The ionic nickel catalyst was synthesized with a solgel technique
to create a Ni doped ceria (single phase fluorite structure). The
high nickel loading sample which will be referred to as
Nij ,Ce 0, (~3.4 wt % Ni) allowed the use of characteriza-
tion techniques such as XAS, XRD, pair distribution function
(PDF), XPS, and DRIFTS and catalytic testing over a range
of reactions and environments. Under reducing conditions
where hydrogenation of CO, and C,H, was investigated, the
ionic nickel shows much higher levels of selectivity compared
with metallic nickel. Under oxidizing conditions where the
highly exothermic oxidation reactions of CO and CH, oxidation
were studied, the Ni** outperforms widely used catalysts such
as Pt, due to the lack of poisoning by CO, and limited impact
of H,0. In each case, the catalysts were characterized post-
reaction to ensure that the active phase contained Ni** species
only. The results presented here are surprising, since Ni** ions
dispersed within oxides, such as NiO, or in spinel or perovskite
structures, do not catalyze hydrogenation or oxidation reactions.
It is evident that CeO, as a support plays a significant role.”>>°
While CeO, by itself is also active for these reactions,”” >’ its
activity is very low, except for methane oxidation. Even for meth-
ane oxidation, we show that the Ni SAC catalyst in ceria is
intriguingly more active than ceria alone. CeO, is known to be
an oxygen transfer catalyst in emission control catalysts, but its
role in hydrogenation reactions is not well understood. As we
show in this work, the performance of Ni** for oxidation and
hydrogenation reactions can be related to its square planar, 4-
fold coordination observed in ceria, unlike other oxides where
the Ni** shows tetrahedral or octahedral coordination. We pres-
ent a detailed analysis of the structure of these catalysts, before
and after reaction, demonstrating that single atom Ni in ceria
represents a robust and versatile catalyst.

Materials

Chemicals used in the synthesis; Ce(NO,),* 6H,0, Al(NO,), *
9H,0, (99.999% trace metal basis) used as received from Sigma-
Aldrich. Ni(NO,), * 6H,0 (99.998% trace metal basis) used as
received from Alfa-Aesar. Deionized water was used throughout
the study. Methane (UHP), nitrogen (UHP), CO, (research
grade) from Airgas were used in reactivity experiments without
further purification. Argon (UHP), 10% H,/Ar (UHP), nitro-
gen (UHP), and Oxygen (UHP) from Airgas were used in the
temperature-programmed reduction (TPR).

Methods

PVP Sol-Gel Synthesis. The nickel SACs were prepared
using nickel nitrate and cerium nitrate precursors via a sol-gel syn-
thesis route described previously.* By using a polymeric complex-
ing agent, poly vinyl pyrrolidone (PVP), we ensure intimate mixing
between the Ni and Ce cations, preventing precipitation and segre-
gation of the components. All catalysts were calcined in flowing air
at 500 °C for 2 h to remove organic precursors and the nitrate spe-
cies, yielding atomically dispersed Ni uniformly distributed in the
ceria support. This method allows us to prepare catalysts where
nickel is atomically dispersed throughout the bulk of the ceria.
The nominal composition of the catalysts was Ce, 4Ni, 0, The
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synthesis is flexible and allows addition of co-dopants, which we
illustrate with the sample Ce(oNijZr; 5O, The method of
preparation is also conducive to the synthesis of high entropy
oxides, which show enhanced performance for reactions such as
dry reforming of methane.”® All the samples were calcined at
500 °C for 2 h by heating at a ramp rate of 1 °C/min.

Ni Catalysts via Incipient Wetness Impregnation. A
reference catalyst was prepared using nickel nitrate and polyhe-
dral ceria (ceria prepared by decomposition of Ce nitrate at
380 °C in air for S h). Nickel nitrate was dissolved in 15 ml
to get 3 wt % nickel and deposited onto the CeO, support then
dried at 100 °C for 24 h. After which, the sample was calcined at
500 °C for 2 h. The sample was then reduced in H, at 500 °C
for 30 min and passivated at room temperature with pulses of
10% O,/He. A similar synthesis procedure was used for the sil-
ica and alumina-supported Ni reference catalysts.

XRD. X-ray diffraction (XRD) measurements were con-
ducted on a Rigaku SmartLab with the 2 Theta from 15° and
85°, using a scanning rate of 1°/min at a step of 0.01°. The radi-
ation used was Cu K-a and also Co K-o. Synchrotron powder
XRD was also performed at the Canadian Light Source as
described in more detail in the Supporting Information.

XRF. The analysis was performed using an Orbis Micro-XRF
Analyzer, an energy dispersive spectrometer, operated in vac-
uwum with a Rh source and a 30mm? silicon drift detector.
The instrument settings included a voltage of 25 kV and a cur-
rent range of 800—900 pA, maintaining a dead time between
30—50%, which is optimal for accurate measurements. A consis-
tent 2 mm spot size and a working distance of approximately
77 mm were used to ensure uniform analysis across measure-
ments. Each sample was analyzed at five different areas to ensure
representative sampling and to assess sample homogeneity,
yielding Ce, ,Nig, 0, ~ 3.4 wt % Ni, Ni/SiO, ~ 3.1 wt % Ni.

Temperature-Programed Reduction. TPR experiments
were carried out on a Micromeritics AutoChem II 2920 instru-
ment equipped with a cold trap and a TCD detector. The samples
were diluted to account for the varying loading of nickel. For the
TPR experiments, an initial oxidative pretreatment was performed
where the samples were heated to 300 °C at a rate of 50 °C/min
under 10% O,/He and held for 1 h. To remove any surface adsor-
bates that may have been on the as-prepared catalyst. After which
the system was flushed with Argon while the sample was returned
to room temperature. Subsequently, the carrier gas was changed
to 10% H,/Ar and the sample temperature was ramped from 35
to 800 °C at a rate of 10 °C/min.

CO-DRIFTS. Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) with a probe molecule of carbon mon-
oxide (CO) was conducted by a Thermo Nicolet 6700 FTIR
spectrometer equipped with a praying mantis diffuse reflectance
sample holder in the REACT core facility at Northwestern
University. Samples were loaded inside the sample holder with-
out dilution. Each sample went through a series of pairs of pre-
treatment and CO DRIFTS. The pretreatments were (1) 350 °C
for 1 h with 10% O, in Ar, (2) 250 °C for 1 h with 5% H, in Ar,
(3) 500 °C for 1 h with 5% H, in Ar, and (4) 450 °C 1 h with
5% CO in Ar. After each pretreatment, the holder was purged
with He until the holder temperature was cooled to 40 °C.
Then, the background spectrum was obtained, and the
CO/Ar gas flowed into the sample holder until the sample
was saturated with CO molecules. After removing the remain-
ing CO molecules with Ar, the CO vibrational bands on the
sample surface were obtained by subtracting the background.

https://doi.org/10.1021/acscatal.6c00872
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The diftuse reflectance spectra were acquired by the average of
256 scans with a resolution of 4 cm™' and then the Kubelka-
Munk transform (KM = (1 — R)?/2R, where R is reflectance)
with the OMNIC FTIR software (Thermo Scientific) was
applied to the spectra.

TEM. Samples were dispersed in ethanol and mounted on
holey carbon grids for examination in the JEOL NeoARM
200CF transmission electron microscope equipped with a spher-
ical aberration corrector to allow atomic resolution imaging and
an Oxford Aztec Energy Dispersive System (EDS) for elemental
analysis. The microscope is equipped with two large area JEOL
EDS detectors for higher throughput in the acquisition of X-
ray fluorescence signals. Images were recorded in annular dark
field (ADF) mode and in annular bright field (ABF) mode.

Activity Measurements. Acetylene selective hydrogena-
tion: 47 mg of catalyst were mixed with 47 mg of extra- coarse
silicon carbide and loaded into a quartz tube 4 mm ID, with
quartz wool plugs. A gas mixture of C,H,:C,H,:H,:N,
(1:76:4:129) with a GHSV of 32.55 (L/g_.h) was used and
the products analyzed by gas chromatography with an Agilent
6890 with FID detector and a GS-alumina PLOT column.

Ethylene hydrogenation: SO mg of each sample (Ni/ALO,
and Ce,¢Niy,0, ) was tested for ethylene hydrogenation.
25 mL/min of 2% ethylene in N, 2 mL/min of pure H,) were
reacted at 75 °C for 30-minute periods after being subjected to
the following treatments (a) after a reduction in 4% H, for 1 h
at 350 °C (b) after acetylene hydrogenation for 30 min
(25 mL/min of 2% acetylene and 2 mL/min of H,) and
(c) after oxidation in air for 1 h at 350 °C.

CO oxidation: Catalysts were tested and compared using CO
oxidation as a reaction probe. 20 mg of catalyst was loaded
between quartz wool in a quartz tube reactor. A feed gas consist-
ing of 1.5 mL/min CO, 1 mL/min O, and 75 mL/min He was
used, giving a total space velocity of 232,500 mL g~ 'h™". The
temperature of the reactor was raised to a maximum of 300 °C
at a heating rate of 2 °C/min. Three consecutive runs were per-
formed on each sample and data from the third run was plotted
herein. A Varian CP-4900 micro gas chromatograph equipped
with two channels was used to analyze gas composition.

CH, oxidation: 30 mg of catalyst were mixed with 30 mg
extra coarse silica carbide. Loaded into a quartz tube 4 mm
ID, with quartz wool plugs. A gas mixture of CH,:0,:N,
(1:4:20) with a total flow of 30 mL/min. Giving a GHSV of
60 (L/g_h). The samples were then heated at 1 °C/min.

CO, hydrogenation: 30 mg of catalyst were mixed with
30 mg extra coarse silica carbide. Loaded into a quartz tube
4 mm ID, with quartz wool plugs. A gas mixture of
CO,:H,:N, (1:3:4) with a total flow of 24 mL/min. Giving
a GHSV of 48 (L/g_). The samples were then heated at
1 °C/min. Only the Ni/SiO, sample was pretreated with H,
at 500 °C before the trial, the other samples were not given
any pretreatments.

CH, oxidation and CO, hydrogenation activity were mea-
sured using an Agilent 4 column 490 MicroGC. 3 columns were
used to measure the gases. Hydrogen and Nitrogen were mea-
sured on a 10 m MSSA column with Argon as the carrier gas.
CO was measured on a 10 m MSSA column with Helium as
the carrier gas. CO, and CH, were measured on a 10 m PPU
(PoraPlot U) column with Helium as the carrier gas.

Experimental Details at NSLS-Il. Ni K edge XAS were
conducted at the Brookhaven National Laboratory (BNL)
National Synchrotron Light Source II (NSLS-II) 8-ID ISS
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beamline. For the in-situ experiment, the samples were ground
and sieved into fine powder and loaded into the capillary tube.
The tube is assembled on the in-situ cell and sealed with epoxy
glue. The thermocouple was inserted into the sample bed, and
two heating coils were placed on the sides of tube to control
the temperature. A Ni foil spectrum was simultaneously
obtained with the sample for energy calibration.

WinXAS was used to fit the data. The XANES were normal-
ized with linear and third order polynomials in the pre-edge and
post-edge regions, respectively. WinXAS was used to fit first
shell peaks in the k> weighted Fourier transform of the EXAS
data from k = 2.5-9.9 A~ Ni foil with 12 Ni—Ni bonds at
249 A was fit to determine So, which was 0.80. Optimization
of sigma-squared was obtained from fitting the isolated peaks
in k-space.

Additional experimental details for the Canadian Light
Source are included in the Supporting Information.

Nuclear Magnetic Resonance. Magnetic resonance mea-
surements were preceded by catalyst treatment at 423 K for 3 h
in high-vacaum (~10—5 mbar) to remove water. The treated
samples were then packed inside an argon-filled Schlenk flask
until they were removed and loaded into 4.0 mm pencil-type
Bruker NMR rotors. 1H MAS NMR experiments were con-
ducted with a 11.7434 T Bruker SOOWB spectrometer utilizing
a commercial 4.0x mm pencil-type HX MAS probe and a spin-
ning rate of 8 kHz. The corresponding 1H Larmor frequency is
500.1330008 MHz. Single pulse NMR experiments were con-
ducted with a /4 pulse width of S ps, a delay time of S or
0.5 s, a spectral width of 0.1 MHz, and an acquisition time of
0.163 s. Typically, 32 scans were collected for each NMR spec-
trum. Chemical shifts were externally referenced to the center
band of adamantane at 1.82 ppm.

DFT Methods. The model for Ni-doped CeO,(111) sur-
face consists of repeating supercells each with 144 atoms in 3
layers. The slabs are separated by a 15 A vacuum along the z-
axis to eliminate periodic interactions. The bottom O—Ce—O
trilayer was held fixed to emulate bulk-like behavior while allow-
ing the upper layers and adsorbates to relax completely.

Spin-polarized density functional theory (DFT) calculations
were conducted using the Vienna Ab Initio Simulation
Package (VASP), employing the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) for the
exchange-correlation functional. The projector augmented wave
(PAW) method was used to treat electron-ion interactions, with
a plane-wave basis set cutoft energy of 400 eV. To address the
strong correlation effects in Ce 4f electrons, a Hubbard U cor-
rection was applied with an effective U parameter (Ueff) of
4.5 eV, consistent with literature values for accurate description
of electron localization upon oxygen vacancy formation.
Occupation numbers were smeared using the Gaussian method
with a width of 0.05 eV. Structural relaxations were carried out
until atomic forces converged below 0.05 eV/A, and van der
Waals interactions were incorporated via the DFT-D3 method
with Becke-Johnson damping. Brillouin zone sampling was
restricted to the I'-point for all calculations. The bulk lattice
parameter of CeO, optimized to 5.47 A, in good agreement
with experimental values (~5.41 A).

Reaction energy barriers were determined using the
climbing-image nudged elastic band (CI-NEB) method,
followed by quasi-Newton refinement. First-order saddle points
were confirmed by the presence of a single imaginary frequency
for transition state in vibrational frequency analysis.

https://doi.org/10.1021/acscatal.6c00872
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Bl RESULTS
Characterization of the As-Prepared Catalyst

XRD patterns (Figure 1a) of the nickel doped ceria catalyst show
only the ceria crystal lattice reflections. All peaks are indexed to
the ceria fluorite structure (Fm3m) with the CeO, lattice reflec-
tions indicated by diamonds. The XRD peaks were fitted using
JADE software that allowed identification of the phases present
in the calcined sample. Figure Sla and Figure S1b in the
Supporting Information show the fits to the XRD data for
CeyoNiy 0, and Ce(oNij 171, O, . and the absence of any
crystalline phases associated with nickel or zirconium. The inclu-
sion of zirconium as a dopant cation has been shown in previous
studies to stabilize ceria surface area at high temperatures.”' =

The inclusion of smaller isovalent cations creates a defective
face centered cubic (fcc) fluorite structure with increased oxy-
gen mobility. The lattice constants (Table S1) obtained by
the JADE software fit (Figure Sla and S1b) show a decrease
in the lattice constant from 5.410 A for pure ceria to 5.408 A
for the 10 mol% Ni doped in ceria, consistent with the litera-
ture.>* Since no internal standards were used for the XRD,
the variations in the lattice constant are within experimental
error and cannot be directly related to the presence of the dop-
ant. TEM images of the Ce,(Ni,, 0, . sample along with EDS
maps shown in Figure 1b suggest that the Ni is uniformly dis-
tributed in this sample. A reference sample containing a similar
weight loading (3 wt %) of Ni/SiO, was prepared to contrast
the physical characteristics and reactivity with the SAC, as
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Figure 1. (a) XRD pattern of the as-prepared Ce,(Ni, ; O, , and Ni/SiO, samples. (b) STEM imaging of the as-prepared Ce, oNi, O, , sample with
EDS mapping of Ce (red), Ni (blue), and O (green). (c) Ni K-edge XANES of as-prepared samples Ce, oNij, 0, , (red) and NiO (black). (d) FT of
k*-weighted EXAFS from 2.5 to 10.1 A", (e) Table of EXAFS fits for the as-prepared samples. (f) Model of CeO, and NiO with the bond distances
of the first and second nearest neighbors labeled (O: red, Ni: gray, and Ce: green).
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shown via XRD (Figure 1a) and HRTEM (Figure S2). Particles
of NiO are seen in the HRTEM image and the XRD pattern
shows peaks corresponding to bulk NiO that are not seen for
the SAC. Nunan and Bortun,*® reported similar observations
for ceria-zirconia containing trivalent rare earths and a number
of transition metals, including Ni.

The Ce,¢Ni,; 0, sample was analyzed at beamline ID-8 at
NSLS-1II using x-ray absorption spectroscopy (XAS). Details on
the experimental set up and acquisition parameters are provided
in the Supporting Information. The XANES and EXAFS
regions of the data for the bulk NiO and the Ce,(Ni, O, .
sample are shown in Figure lc,d, respectively. Both samples
show a pre-edge peak consistent with Ni being in the ** oxida-
tion state. The pre-edge peak is due to a dipole forbidden elec-
tronic transition from 1s to 3d orbitals. The number of
electrons in the 3d orbitals determines the oxidation state. In
3d elements, the ligand field splitting also affects the energy of
the 3d orbitals slightly. Thus, a tetrahedrally coordinated N2+
ion is slightly lower in energy than an octahedrally coordinated
Ni** ion. This difference, however, is smaller than that due to a
change in oxidation state, which is about 0.5 ev/l electron
change.*® Therefore, we label this Ni as Ni**. The fitting of
the EXAFS data yields the interatomic distances between Ni
atoms and the nearest neighboring atoms (Table S2 and rele-
vant data also shown in Figure le). The coordination number
determined by EXAFS shows that the Ni is coordinated with
3.6 oxygen atoms and no Ni—Ni bonds were detected. The
Ni—O bond length in the as-prepared sample is 1.93 A for
Cey Nij, 0, , and 2.09 A for bulk crystalline NiO (bunsenite).
The second neighbor distances were determined to be 3.08 A
for Ni—O—Ce and 2.96 A for Ni—O—Ni.

NiO has 6 Ni—O bonds at 2.09 A and 12 Ni—O—Ni bonds at
2.96 A, see Tables S2 and S3. In Ni-CeO, there are 3.6 Ni—O
bonds at 1.92 A and 2.4 Ni—O—Ce bonds at 3.08 A. The first shell
Ni—O coordination number (3.6) is significantly different from
that in NiO. The higher shell peak (Ni-O-Ce) has a significantly
different bond distance from that in NiO. In XAS, scattering is pro-
portional to the number of electrons in the scattering atom, thus
Ni (28 electrons) in Ni—O—Ni is readily distinguished from Ce
(58 electrons) in Ni—O—Ce. The higher shell peak indicates that
all second shell atoms are Ce and not Ni. Thus, Ni—O CN, higher
shell distance and the higher shell scattering atom all indicate there
are no NiO clusters of any size in this sample. This is also consis-
tent with the work of Neitzel et al.,*” who argue based on DFT and
in-situ XPS that the Ni*" in the four-fold coordination is very sta-
ble against formation of NiO or metallic Ni particles.

In the fluorite structure the bond length for Ce—0 is 2.34 A
(Figure 1f). The second neighbor distance for Ce—O—Ce is at
3.825 A. For comparison, the structure of bulk NiO also is
shown in Figure 1f. The EXAFS clearly shows that Ni is in an
environment different from bulk NiO, it is present in a 2+ oxi-
dation state and is present in close proximity to the Ce cations,
but it is not substituting for the Ce cations. More details on the
results of the EXAFS fit are presented in Table S2 (results from
NSLS-II) and Table S3 (results from the Canadian Light
Source). To gain further insight into the location of the Nj,
and the effects of co-doping CeO, we analyzed the
CeyoNij o521 15O, catalyst using synchrotron high energy x-
ray scattering/diffraction and XAS at the Canadian Light
Source, experimental details are provided in the Supporting
Information. The high energy powder x-ray diffraction pattern
of CeyoNij5Zry 050, and CeO, is shown in Figure S3.
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These patterns are very similar, confirming that no secondary
phases containing Ni and Zr are present, as was also concluded
based on XRD analysis performed using laboratory x-ray diffrac-
tion (Figure S1). The simultaneous incorporation of Zr and Ni
into the CeO, structure caused a small increase in the lattice
constant, as seen in both the laboratory XRD data and the syn-
chrotron XRD (Table S1).%

XAS analysis is presented in Figure S4 where the fits to the
EXAFS region (Table S3) indicate that Ni is coordinated to
four oxygen atoms. As a d* metal, Ni** commonly forms square
planar complexes.*” In contrast, Zr is likely coordinated to eight
oxygen atoms, consistent with a cubic environment. Zr(IV) ions
typically exhibit similar coordination in the ZrO, phase.*® Since
no new peaks corresponding to ZrO, are observed in the pow-
der XRD pattern, it can be inferred that Zr(IV) is fully incorpo-
rated into the CeO, lattice. Additionally, the Zr—O bond
distance in CeyoNij (71O, is slightly longer than that in
pure ZrO,, supporting this conclusion. This elongation is
expected, as the CeO, lattice (~5.41 A) is larger than that of
cubic ZrO, (~5.09 A), leading to slightly longer Zr—O dis-
tances when Zr** substitutes for Ce** in CeO, lattice.*

Pair distribution function (PDF) analysis of total X-ray scatter-
ing data (Figure SS) provides further insight into the positions of
Zr and Ni dopants within the CeO, lattice. A structural model was
constructed with 90% Ce, 5% Ni, and 5% Zr occupying the same
crystallographic positions (Figure 2a). Initially, the lattice param-
eter, atomic displacement parameters for all atoms, and crystallite
size of the simulated model were refined against the experimental
PDF data. To improve the fit, Ni atoms were then allowed to dis-
place along the x [100], y [010], or z [001] directions. Based on
previous reports indicating that doping of square planar d® metals
in CeO, can induce oxygen vacancies, the occupancy of oxygen
sites was also treated as a variable.*

The best-fit results revealed that Ni atoms are displaced by
approximately 1.573 A in one of the x/y/z directions relative
to their original positions (Figure 2b). The local geometry
around Ni is best described as distorted square planar, with
Ni atoms positioned slightly away from the plane formed by
the four corner oxygen atoms (Figure 2c) while the Zr(IV) ions
substitute for Ce(IV) within the CeO, lattice. A comparison of
the bond distances inferred from the PDF analysis (Figure S5)
and EXAFS is shown in Table S4. The Ni—O and Ni—O—Ce
bond distances obtained from the fitted PDF model closely
match those from the EXAFS analysis, further supporting the
conclusion that Ni** ions occupy interstitial sites, where they
adopt a distorted square planar coordination environment with
a Ce** jon missing from this cube of oxygen atoms. We note
that the low concentration of Ni (which contributes less than
2% of the electrons in the unit cell) makes it difficult to make
conclusive assignments based on PDF analysis. Our best fit is
the one that is most consistent with the EXAFS analysis. Also,
occupancy of Ni** in a cube of oxygen with the Ce*" vacancy
needs two additional positive charges to maintain charge neu-
trality. For a similar solid solution of Pd** in CeQ,, it has been
suggested based on DFT computations that hydroxyl groups in
the region of anion vacancies may help to stabilize the
structure.*

The XRF bulk analysis of this sample shows the concentra-
tion of Ni is ~3.4 wt % which corresponds to an overall concen-
tration of Ce, ¢Ni, ; O, .. The surface analysis of the as-prepared
(calcined SO0 °C in air) via XPS (survey scan Figure S6) shows
a Ni concentration of 3.9 atomic % and a Ce concentration of

https://doi.org/10.1021/acscatal.6c00872
ACS Catal. 2026, 16, 10207-10221


https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c00872/suppl_file/cs6c00872_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c00872

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Yy

d

c)
o éd

(b)

G T
NN
L

A/A

%w
‘Cm\v

Muh

v@mmwé
\ \ 7\ 7 \ / /
3% i » e W

Qccupancy(ﬂ.&d% A\/‘ A\J‘ A\/ \

Figure 2. (a) Initial fluorite CeO, model used for fitting. The Zr and Ni are initially placed at the same site as Ce with a site occupancy of 5% for
both Ni and Zr. (b) Best-fit model for the Ni where the atoms were allowed to move to fit the observed total x-ray scattering. The color scheme is
yellow: Ce, orange: Zr, blue: Nj, red: O, and white showing the location of the Ni, with the site occupancy shown as a slice. (c) Close-up view of the
coordination around a single Ce atom in the initial structure shown (a) and the relaxed structure in (b). It should be noted that the Ce atom will be
missing in the cube where a Ni atom is present. The occupancy of Ni (0.84%) is based on the six possible sites, which agrees with the overall occu-

pancy of 5%.

27.8%. The ratio of Ni/Ce (3.9/27.8 = 0.14) is slightly larger
than that expected based on the bulk composition
Nij,Ce0,, (0.1/0.9 = 0.11) suggesting that the Ni shows
some surface segregation. The high-resolution scan of the Ni
2p region (Figure S7) shows a broad peak at 854.8 eV with a
smaller satellite peak at 860.6 eV. This is consistent with an oxi-
dation state of Ni** based on the literature.*' The Ni 2p signal
suggests that the ionic nickel embedded in the ceria lattice has a
unique electronic structure that differs from bulk NiO. If there
were NiO present in the sample, an additional peak would be
expected around 856 eV,** which is not seen on this sample.
The XPS spectrum for Ce is shown in Figure S8 and can be
seen to contain 17% Ce**, which is typical for air-exposed
PVP ceria samples. The O 1 s spectrum in Figure S9 shows a
noticeable feature at 531.1 eV which has been assigned to oxy-
gen vacancies or defects, but this interpretation has been ques-
tioned and instead it has also been associated with hydroxyls on
the ceria.**** We studied proton NMR of this sample, com-
pared to PVP CeO, (Figure S10) which is consistent with this
picture. However, since the peak at 531.1 eV is also seen on
undoped PVP CeO,, we have assigned it to defects in the
CeO, associated with O vacancies.

Coordination Environment of Ni Single Atoms on the
CeO, Surface

To understand the catalytically relevant single-site Ni in differ-
ent redox environments, we propose a model in which a Ni
atom is adsorbed at a step site of the CeO, surface. Since the
EXAFS and PDF analysis show that the Ni is located in a square
planar coordination within a CeO, cube, we would expect such
structures to be located on (100) surface facets of CeO,.
However, the stable surface of CeO, is the (111) facet. As
shown previously by Bruix et al.** and also in our previous
work,* such (100) microfacets can be found on the step edges
on ceria powders. Therefore we constructed a stepped surface
structure from a slab comprising three O—Ce—O trilayers by
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selectively removing some CeO, units (Figure 3a), creating
well-defined step edges.*~** As shown in Figure 3b, this modi-
fication resulted in two distinct step-edge configurations (Step-I
and Step-II) that provided different coordination environments
for Ni (Figure 3c,d). Our DFT calculations (details provided
in Supporting Information) revealed a strong thermodynamic
preference for Ni binding at the Step-II site, with adsorption
energies —0.11 eV and —0.88 eV lower than the cohesive energy
of Ni (—7.35 eV), for Step-I and Step-1I, respectively. Under oxi-
dizing conditions, the system undergoes an exothermic transi-
tion from NiO, to NiO, configuration through binding of two
additional oxygen atoms provided by O, adsorption, with a large
adsorption energy of —2.70 eV, indicating the stability of the
square planar NiO, moiety on the surface. The Ni—O distances
are 1.79, 1.79, 1.79, 1.86 A, respectively, which are smaller than
the EXAFS values, presumably because the latter are dominated
by Ni in the bulk CeO, phase. The charge of the central Ni is 2+.
As expected, this species is inert due to the full coordination of
the Ni center, and thus inactive for catalysis.

Under reducing conditions, the NiO, species can be con-
verted to NiO, by H,. As shown in Figure 3g, this process starts
with H, adsorption on the NiO, site (E,4, = —0.12 eV),
followed by H—H bond cleavage with an activation barrier of
0.77 €V and reaction energy of —1.31 eV to form surface
hydroxyl species. The reaction between OH and the remaining H
leads to water formation (E,, = 0.30 eV and AE, = —1.33 eV)
and subsequent H,O desorption, which is endothermic by
1.51 eV. This process, which is exothermic by 1.25 eV, is appar-
ently responsible for the reduction peak in Figure 4a shown in
the next section. In comparison, the corresponding process on
Ce0,(111) is exothermic by merely 0.06 eV. The Ni in the
NiO, site has a reduced coordination and is thus catalytically
active. These results demonstrate that the oxygen coordination
number of Ni can dynamically change depending on the redox
environment, which in turn tunes the CO adsorption behavior
as discussed below.
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Interaction of the Catalyst with H, and CO

The reducibility of the Ni SAC was investigated via H,-TPR
(using 10% H,) on the fresh catalyst and the catalyst treated
up to 500 °C in H, was investigated by TEM to detect any
phase segregation to form metallic Ni upon H, reduction.
The total H, consumption can be impacted by the presence
of carbonates and/or residual nitrate species which are known
to adsorb on ceria, hence the as-prepared catalyst sample was
first calcined at 500 °C in air to remove these species. As shown
in Figure 4a, the Ce,Ni,;0,  shows two distinct reduction
peaks. The first peak appears around 200 °C. This peak can
be assigned to removal of O species in the vicinity of the Ni
dopants in the ceria. The area of the H, TPR peak on the Ni
SAC was quantified and shows consumption of 0.67 moles of
H, per mole of Ni, which is consistent with the decrease in
the Ni—O coordination from 3.6 to 2.5 observed by EXAFS
after 200 °C H, treatment (Table S2). The second peak occurs
around 725 °C which is assigned to removal of O from the ceria
bulk. These TPR peaks are similar to those reported on pure
CeO," where two reduction peaks were also seen. But in
undoped ceria, the high temperature peak occurs around
800 °C due to the reduction of bulk ceria, and the low temper-
ature peak around 400 °C which was attributed to the reduction
of surface species. However, as seen in Figure 4a, the first TPR
peak occurs at a much lower temperature, suggesting that the
inclusion of the Ni** cations in this sample creates a defective
fluorite lattice leading to more readily reducible Ce** species.
Low temperature reduction features where noble metals pro-
mote ceria reduction have long been known. For example,
Nunan shows ceria reduction promoted by Pt and Rh at
150 °C.*°

A 3 wt % Ni/SiO, catalyst was used as a reference to illus-
trate the reduction of NiO into metallic Ni. This Ni/SiO, sam-
ple shows a prominent peak centered around 435 °C
(Figure 4b), which corresponds to the conversion of nanoparti-
cles of NiO to metallic Ni. Both of these samples were removed
from the TPR system after reaching 500 °C in the H,-TPR and
imaged by TEM. The Ni/SiO, sample was passivated by careful
exposure to pulses of oxygen to prevent deep oxidation of
metallic Ni. As shown in Figure 4b, EDS mapping shows uni-
form dispersion of Ni indicating that it is still in the atomically
dispersed form within the Ce,¢Ni,,0,  sample. In contrast,
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the Ni/SiO, sample shows conversion of NiO to form metallic
Ni particles, as shown in Figure 4c. The TEM image shows lat-
tice fringes corresponding to metallic Ni in the bulk, with a sur-
face oxide that was caused by oxidation during air exposure.
These results show that formation of Ni nanoparticles does
not occur on the CeyNi,, 0, sample during H, treatment
(in 10% H,) at temperatures up to 500 °C.

In-situ XAS was performed on the catalyst in flowing H, at
200 °C and also during ethylene hydrogenation at 100 °C.
There is no evidence in the XANES or EXAFS for any metallic
Ni in the samples treated in the beamline (Table S2 and
Figure S1la—d), which corresponds to the prominent peak
seen in H, TPR (Figure 4a). A pre-edge feature is seen for
the as-prepared sample as well as the 200 °C H, sample, consis-
tent with the presence of Ni**. The first shell EXAFS peak was
fit with 3.6 Ni—O bonds at 1.93 A. After 200 °C in 10% H,, the
sample showed 2.5 Ni—O bonds with a bond distance of 1.99 A.
Metallic Ni has a much shorter distance than Ni—O—Ce and
much lower XANES energy. The sample also had a higher shell
peak in EXAFS, which was fit with the 2.4 Ni—O—Ce bonds at
3.08 A in the as-prepared sample. XAS scattering is proportional
to the number of electrons and Ni is significantly different from
Ce. Fits of the magnitude and imaginary parts of the Fourier
transform clearly distinguish Ni from Ce in the second coordi-
nation shell. In addition, the bond distance of Ni—O—Ni and
Ni—O—Ce are significantly different. After the H, treatment,
the sample showed 2.1 Ni—O—Ce bonds at a distance of 2.69
A. The drop in the number of nearest neighbor O atoms (from
CN 3.6 to CN 2.5) is consistent with the TPR results (con-
sumption of H, ~0.7 moles/mole of Ni) and the DFT compu-
tations (Figure 3g) being a result of the loss of neighboring O
atoms.

The nature of the Ni sites was studied via DRIFTS. The
CeyoNiy, 0, sample was pretreated in O, at 300 °C before
exposing the catalyst to flowing 10% CO, as shown in
Figure 4d. The subsequent CO-DRIFTS analysis shows no
peaks in the area where the nickel carbonyl bands would be
observed. The sample, however, showed strong carbonate
bands and a weaker broad band that would be associated with
hydroxyls (Figure S12). DRIFTS however cannot provide
quantitative estimates of hydroxyl density. The sample was then
reduced in flowing 10% H, at 250 °C, followed by CO-DRIFTS.
After the 250 °C treatment, well defined peaks in the carbonyl
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region can be seen on the Ce,¢Ni, ; 0, , sample whereas the Ni/
SiO, shows no carbonyl bands since metallic nickel has not
formed by this temperature. The Ni/SiO, sample does show a
broad hydroxyl band as seen in Figure S13.

The samples were next treated in flowing hydrogen at 500 °C
followed by CO-DRIFTS. The CO adsorption peaks of the H,-
reduced Ni SAC show three features corresponding to car-
bonyls. None of these features were seen on the undoped ceria
support (Figure S14). The three peaks are centered around
2038 cm™!, 1965 cm™', and 1888 cm™'. Ni/SiO, shows only
1 prominent band corresponding to a terminal linear CO on
Ni, at 2070 cm™! which is consistent with the literature.!
The CO adsorption on the Ni doped ceria shows features that
are vastly different from the results seen in literature for metallic
Ni. The band centered at 2038 cm ™" is assigned to a terminal
linear CO. The other two features that are assigned in the
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literature are bridged CO and multi bonded carbonyls.>' The
sample reported in Figure 4d shows strong narrow features in
this region centered around 1965 cm™" and 1888 cm™'. The
teatures on the Ni SAC samples stand in stark contrast to the
reported DRIFTS spectra of metallic Ni (Figure 4e). The dual
sharp narrow bands are commonly observed in dicarbonyl spe-
cies, such as the rhodium dicarbonyl.>*

To help assign these peaks, DFT calculations were per-
formed to determine possible CO configurations. The possible
geometry of the active sites is shown in Figure 4f, using the step
model discussed above. Based on the DFT calculations, the gas
phase CO exhibits a vibrational frequency of 2125 cm™". When
adsorbed on NiO, sites, the slightly exothermic adsorption
energy (—0.08 eV) and the nearly unchanged vibrational fre-
quency (2129 cm™') indicated that a fully coordinated Ni cat-
ion bound to 4 oxygen atoms was inactive. This result was
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confirmed by the experimental failure in observing any carbonyl
bands related to adsorbed CO on the Ni SAC sample oxidized
at 350 °C (Figure 4d). DFT calculations further revealed that
removal of one or two oxygen atoms from the Ni coordination
sphere generates sites that are capable of CO activation.
Removal of one oxygen atom (NiO;) produces stronger CO
adsorption energy of —1.76 eV and a linear terminal CO with
a resulting vibrational band at 2054 cm™'. With the removal
of a second oxygen the Ni coordinated with 2 oxygens at the
step edge or step-20 allows for the adsorption of 2 CO species.
One species being the linear terminal bound CO with a result-
ing vibrational band at 1965 cm™". The other structure is a Ni
dicarbonyl species with symmetric and asymmetric vibrational
bands at 2046 cm™! and 2006 cm’, respectively. These compu-
tations provide an explanation for the observed CO bands on
the Ni single atom catalyst.

Catalytic Reactivity for Hydrogenation Reactions

We have previously reported that the Ni doped ceria catalyst can
perform acetylene hydrogenation.”® Here we demonstrate the
high selectivity of this catalyst for acetylene hydrogenation in
the presence of excess ethylene. For this work, we prepared a Ni
doped ceria catalyst co-doped with ZrO, (nominal composition
CeyoNig (521 05O, to improve thermal stability. The catalyst
was tested for selective hydrogenation of acetylene in the presence
of excess ethylene (C,H,:C,H,:H,:N, = (1:76:4:129) with a
GHSYV of 32.55 (L/g_h)). The catalytic performance was com-
pared with a metallic Ni/SiO, catalyst, which is more reactive
(Figure S15a) but shows very poor selectivity due to over hydro-
genation of ethylene to ethane. The bare CeO, and a Mg-doped
CeO, were tested, (Figure S15b), showing no activity. The efflu-
ent composition on the Ni SAC (Figure Sa) shows that the
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catalyst becomes active ~200 °C and as acetylene is consumed,
we only see ethylene being produced. Only after all the acetylene
is converted do we start to see ethane being produced. On the
other hand, the metallic Ni catalyst becomes active at S0 °C but
starts to form ethane along with ethylene (Figure S1Sa). Over
time, the catalyst activity declines due to severe coking, and the
catalyst does not achieve 100% conversion of acetylene
(Figure S15a). The selectivity (moles ethylene produced per mole
acetylene reacted) for both catalysts is shown in Figure Sb as a
function of acetylene conversion. Metallic Ni exhibits poor selec-
tivity due to non-selective hydrogenation to ethane. In contrast,
the Ni SAC shows 100% selectivity with no formation of ethane
until nearly 100% conversion of acetylene is reached.

To explore the origins of the high selectivity on the Ni SAC,
we explored how the SAC can hydrogenate acetylene to form
ethylene without converting any of the large excess of ethylene
into ethane (Figure Sa). The experiment involved a measure-
ment of the reactivity for ethylene hydrogenation to ethane at
75 °C. The metallic Ni/SiO, catalyst and the Ni SAC were
tested under identical conditions, after four sets of pretreat-
ments. The first pretreatment involved oxidation at 350 °C in
air, followed by reduction in 4% H, at 350 °C. Both catalysts
were able to achieve 100% conversion of ethylene
(Figure S16a). After 30 min of ethylene hydrogenation, the cat-
alyst was cooled and the reactor purged in inert and then used
for the hydrogenation of 2% acetylene for 30 min at the reac-
tion temperature of 75 °C. When both catalysts were subse-
quently tested for ethylene hydrogenation, with no additional
pretreatment after the acetylene hydrogenation, we found that
the deposited oligomers completely shut down the ethylene
hydrogenation activity of the Ni SAC while the metallic Ni cat-
alyst recovered quickly and was able to achieve 80% conversion
in a short time. It appears that on the Ni SAC, the oligomers
deposited during acetylene hydrogenation stop the hydrogena-
tion of ethylene to ethane, while on the metallic Ni/SiO,, these
oligomers can spill over to the silica support, allowing the cata-
lyst to continue performing ethylene hydrogenation. We have
found evidence of similar spillover of coke in our previous work
on propane dehydrogenation,** Despite significant amounts of
graphitic carbon deposited on the catalyst (10 wt %), the coke
is primarily located on the support, allowing the metal particles
to continue being active. Following the acetylene hydrogena-
tion, the catalysts were oxidized in air at 350 °C for 30 min.
Without any further pretreatment, the Ni SAC was active for
ethylene hydrogenation while the Ni/SiO, showed no activity
since it had transformed into NiO which is not active for hydro-
genation. A subsequent H, reduction at 350 °C restored the
ethylene hydrogenation activity of both catalysts. This experi-
ment shows that metallic Ni becomes active for hydrogenation
only after a reduction in H, while the Ni SAC can perform
hydrogenation in its oxidized state, because weakly bound oxy-
gen atoms can be easily removed in H,, as seen in the H, TPR.
The Ni SAC achieves high activity around 200 °C which is the
temperature where the H, TPR peaks are seen on this catalyst.
Additional testing on the Ni/SiO, was done without any reduc-
tion pretreatment (Figure S16b) showing no activity during
acetylene hydrogenation.

Considering the current interest in conversion of CO, into
valuable chemical feedstocks, we explored the performance of
the Ni SAC for CO, hydrogenation. Figure S5c,d and
Figure S17a,b show a comparison of the Ni SAC with a metallic
Ni/SiO, catalyst. During CO, hydrogenation, the Ni SAC
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catalyst showed much higher activity and was selective towards
CH,, compared with the metallic nickel (Figure Sc,d). The ionic
Ni species appear to provide a direct path towards methana-
tion,>* whereas the metallic Ni nanoparticles catalyze the
reverse water gas shift (RWGS) followed by hydrogenation of
CO to CH,. This has been elegantly demonstrated through a
kinetic analysis of CO, hydrogenation on Ru, Co and Ni where
all three metals show similar trends.”® These authors note that
there is structure sensitivity for this reaction, with smaller Ni
particles favoring CO formation. The structure sensitivity has
been confirmed by Simons et al.*® who conclude that Ni nano-
particles below 5 nm in size lose their methanation activity. It is
therefore not surprising that following this trend, single atom Ni
catalysts would be expected to catalyze only the conversion of
CO, to CO, as shown by Millet et al.” for Ni@MgO. In the
context of all of this literature, it is then unusual to see high
selectivity for methanation on the Ni single atom catalysts
reported here (Figure Sc,d). We can explain this performance
of ionic Ni from the DFT calculations and experimental mea-
surements of Barreau et al. (ref °*) who show that ionic Ni sites
in CeO, can activate CO, by stabilizing a bent configuration
where C and O can bond to neighboring Ni and Ce with a mod-
erate adsorption energy allowing further hydrogenation to
CH,.>* In their work, the catalyst contains domains of NiO
and atomically dispersed Ni in a very similar coordination to
the catalyst described here. The NiO reduces to Ni’ under
methanation conditions and was concluded largely to be a spec-
tator. The origin of methanation activity was associated with the
Ni SAC, with CN = 4 to O atoms in the ceria support.

To explore the stability of the Ni SAC for CO, hydrogena-
tion, we performed long term testing at 350 °C, first for 24 h
on stream, then following an oxidation, for another 16 h. As
shown in Figure S17c the catalyst performance is stable, and
the selectivity shown in Figure S17d of the SAC is preserved.
When this catalyst was examined via TEM and STEM-EDS
(Figure S17e—h) we found that ~1.15% of Ni was still atomi-
cally dispersed, the remainder had transformed into Ni nano-
particles. The reaction mixture was more reducing (37% H,)
than used previously (10%H,) where the Ni single atom cata-
lyst was stable against reduction (Figure 1). The results show
that Ni single atoms survive at elevated temperatures under
reducing conditions, but some of the Ni in the bulk gets con-
verted to nanoparticles. The methane selectivity of this catalyst
after long term testing (95% CH,) was very different from the
metallic Ni/SiO, catalyst (50% CH,), suggesting that the Ni
ions embedded in the ceria support were contributing signifi-
cantly to the activity.

Catalytic Activity for Oxidation Reactions

We next tested these catalysts under oxidizing conditions to fur-
ther distinguish the performance of the Ni SAC and metallic Ni.
We found similar trends for both CO and CH,, oxidation where
the SAC vastly outperformed the metallic Ni catalyst.
Traditionally, metallic Ni is known to be a poor catalyst for
emission control applications such as CO oxidation.
Surprisingly the Ni single site on CeO, allows the Ni to be
active for a reaction for which Ni is not known to be a good cat-
alyst. Previous studies®”*® have shown that NiO particles are
inactive for this reaction. Since hydrothermal stability is an
important attribute for emission control catalysts. We treated
the Ni SAC at 800 °C in air/10% steam for 8 h before testing
for CO oxidation (Figure S18a). There was a change in the
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T, (temperature for 50% conversion from 130 °C to 210 °C)
which may be associated with the loss of BET surface area
(from 151 m*/g to 12 m*/g). The addition of Zr co-dopant
to ceria provided a modest improvement in the T of the aged
catalyst. A comparison (Figure S18b) with a similar composi-
tion of a Pt based catalyst (3 wt % Pt/CeO,) after aging at
800 °C in air/steam showed a T, of 220 °C which is less active
than the aged Ni SAC (210 °C) while the Ni/SiO, does not
even make it to 50% conversion. In addition the bare CeO,
shows no significant activity. Also, NiO has been shown to be
a poor catalyst for methane oxidation.*” ¢’

Since CeO, is known to have a high concentration of vacan-
cies, we compared the performance of the Ni doped ceria with
undoped ceria (Figure 5f). The Ni SAC presented in this work
shows a T, value of 446 °C which is lower than the pure ceria
or the Ni/SiO,. This is an improvement over results reported in
the literature on Ni catalysts.”> The TOF for methane oxidation
on the Ni SAC is an order of magnitude greater than on Ni/
SiO, (Figure S19a). We also tested the stability of these cata-
lysts and found stable methane oxidation performance for the
SAC, as shown in Figure S19b.

Performance of a Conventional Ni/CeO,

In the results presented so far, we have demonstrated that Ni
SAC is significantly more reactive than undoped CeO, or Ni
nanoparticles on silica. Since CeO, is known to impact the per-
formance of supported metals through metal-support interac-
tions, we present the results of a catalyst where Ni particles
are deposited on the surface of CeO,. This catalyst was pre-
pared via incipient wetness impregnation (IWI) on polyhedral
ceria. This catalyst was tested for CO, hydrogenation
(Figure S20a,b) and for CH, oxidation (Figure S20c). The
results show that at similar metal loading, the performance of
the IWI Ni/CeO, was slightly better than Ce,(Ni,,0, . The
selectivity of the IWI Ni/CeO, was comparable to
CeyoNiy,0,, with 95% selectivity to CH, (Figure S20b).
Examination of the spent catalysts via TEM and STEM-EDS
showed that the catalyst contained substantial amounts of single
atom Ni species (Figure S21 and $22) in addition to Ni parti-
cles. We infer that it is difficult to prepare via impregnation a
control sample which only contains metallic Ni on CeO,. A
similar observation was reported by Chen et al.%® when 2 wt %
Ni was deposited on CeO, nanorods and on CeO, prepared
by the PVP sol-gel method. The most active samples for CH,,
oxidation contained very few Ni nanoparticles, with the Ni being
predominantly present in atomically dispersed form. The pres-
ence of atomically dispersed Ni in IWI catalysts demonstrates
the stability of single atom Ni species in a catalyst that undergoes
conventional calcination (500 °C in air) and H, reduction (500 °C
in 10% H,), and is consistent with the computational work of
Neitzel et al.>” DFT calculations by these authors show that
Ni** in the square planar site has a binding energy of 678 kJ /mole
while the cohesion energy of Ni in the metal is 428 kJ/mole. The
energetic driving force for converting single atoms into nanoparti-
cles is less favorable for Ni than Pd or Pt, explaining why the Ni
single atoms are so stable.

B DISCUSSION

Preparation of single atom catalysts generally requires low metal
loading to prevent formation of clusters and nanoparticles. In
their work on Ni single atom catalysts,>> Eudy et al. reported
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that the upper limit of Ni loading was 0.5 atom% beyond which
they started to form Ni clusters. In contrast, the synthesis
described here generates single atom Ni in the bulk of the ceria
at a concentration of 10 atom%. The higher concentration of Ni
allows us to get very good signal quality for x-ray absorption
spectroscopy, helping to determine the location of the Ni ions
in a distorted square planar site in the ceria lattice. The four-
fold bonding geometry provides stability to the Ni** ions, con-
sistent with the DFT computations by Figueroba and Neyman
showing a binding energy 678 kJ/ mol.* The single atom Ni
survives treatment in 10% H, up to 500 °C, in contrast, NiO
nanoparticles get converted to metallic under the same treat-
ment conditions (Figure 4a—c). Since the catalysts were pre-
pared by calcination in air at 500 °C, they are inherently
stable under oxidizing conditions.

The XAS results show that Ni single atoms (oxidation state
+2) are active for hydrogenation reactions without the need
for any pre-reduction. In contrast, oxidized Ni, for example
NiO or NiAl, O, must first be converted into metallic Ni before
it becomes active. And, while metallic Ni is known to be an
excellent hydrogenation catalyst, it is not selective, and it is
not very effective for oxidation reactions. We propose that the
unusual reactivity of this Ni** in ceria is related to its square
planar coordination, which is very different from the octahedral
coordination in NiO, NiTiO,, NiWO,, La,NiO,, or in NiAl,O,,.
Indeed, square planar Ni?* is rare in oxides while it is common
in coordination chemistry.®* To our knowledge, the only prece-
dence for square planar Ni in oxides are NdNiO, and La,Ni;O4
(made by H, reduction of the perovskite) and La,Ni,O, (made
by CaH, reduction of the corresponding Ruddleson-Popper
phase La,Ni;0,,).°> However, these phases with square planar
nickel also have prevalence of Ni—O—Ni linkages. The current
Ni SAC materials contain square planar Ni without a Ni next-
nearest neighbor. Hence, the Ni** in our Ni SAC are isolated
from each other and can be considered analogous to square pla-
nar Ni** in coordination chemistry. We visualize this Ni site as
16 electron L4Niz+, where L denotes the 2-electron donating
lattice oxygen atoms. The Ni** is coordinately unsaturated
and may react with nucleophiles such as CO, acetylene, ethyl-
ene, etc. to create loosely bound, 5-coordinate, 18-electron
intermediates which may be active for further catalysis.

We have previously described a mechanism for C,H, hydro-
genation on single atom Ni sites.® Here we present a model
for understanding why its selectivity is so much better than that
of metallic Ni. We propose that the deposition of oligomers
deposited during acetylene hydrogenation poison the sites that
cause ethylene to be converted to ethane, as shown in
Figure S16. The stronger binding of acetylene allows its hydro-
genation to continue while the ethylene hydrogenation is shut
down. Industrial catalysts use expensive precious metals such
as palladium poisoned with silver to resist green oil formation,
however even those catalysts do not promote 100% selectivity
and activity can degrade over time.’’ In comparison metallic
Ni sites are not selective, since they allow for deposited oligo-
mers to be mobile so the metal site can continue to hydrogenate
acetylene into ethane. A comparison of the Ni SAC with recent
literature results is shown in Table S6. The Ni SAC in our work
shows higher selectivity at complete conversion which exceeds
the performance of other Ni based single atom catalysts reported
in the literature (Table S6). However, we note a recent report of
reduced Ni sites on MoS, based supports which provide high
activity and selectivity at much lower temperatures.®’
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The unique behavior of the Ni SAC during hydrogenation is
further observed during CO, hydrogenation. It has been
reported that on metallic Ni, CO, hydrogenation is structure
sensitive leading to low selectivity towards CH, *%® with
decreasing particle size.*” In this work, we observed instead high
selectivity towards CH,, (Figure 5d) in contrast to metallic Ni/
SiO, which forms a mixture of CH, and CO. A comparison of
the Ni SAC with reported literature on Ni catalysts is shown in
Table S7. Our Ni/SiO, shows activity for methanation that is
comparable to the literature, for example Adhikari et al.*” report
a TOF of 0.02 s~ at 538 K on a range of Ni catalysts, with
10% CO, and 40% H,. On our Ni/SiO, we find a TOF of
0.02 s™' (see Supporting Information) at 533 K and
12% CO, and 37% H, while the TOF on the Ni SAC (see
Supporting Information) is 0.084 s'. This higher value is com-
parable to the TOF reported by Xie at al.”® after correcting for
their H, and CO, partial pressures. They attributed the higher
activity to sites (Frustrated Lewis Pairs, FLPs) on the ceria sup-
port and the metal-support interface. In our case, we believe
that the ionic Ni in CeO, is responsible for the higher reactivity
compared to Ni/SiO,,.

We have tested the Ni SAC for CO oxidation, in catalysts that
have been hydrothermally aged at temperatures up to 800 °C in
air/10% steam and determined that the atomic dispersion of the
Ni is preserved. The reactivity of the Ni SAC is comparable to a
similar loading of Pt/CeO, after the same hydrothermal aging,
as shown in Figure S18. Since the Pt is all located on the surface
of ceria (100% dispersion), while the Ni dispersion is estimated
to be ~19% (see TOF calculation in the Supporting
Information), we estimate a higher specific reactivity for the Ni
based single atom catalyst. The sol-gel synthesis used in this
work is broadly applicable, as seen for a Cu SAC prepared via
a similar synthesis, where it was shown that the single atom
Cusites are stable after 8 h of treatment in 10% H,/10% steam.”"
In contrast, Cu/SiO, shows very low activity for CO oxidation.
Table S8 shows a comparison of the Ni SAC with recent results
reported in the literature where comparable performance is
shown but our tests were under significantly harsher conditions
(higher GHSV). The trends observed for CO oxidation were
mirrored during CH, oxidation, where the single atom state of
Ni is more active while maintaining stable performance.
Table S9 shows a comparison of the Ni SAC with recent litera-
ture reports highlighting the performance during CH, oxidation.
When the mass activity for the Ni SAC is adjusted for the
19% dispersion of the Ni (since a substantial portion of Ni is
in the bulk), the Ni SAC shows excellent performance compared
to the literature reports on metallic Ni catalysts. Further, CH,
oxidation is known to be limited by water poisoning,” the inher-
ent stability of the Ni single atom site shown in Figure S19 sug-
gests resistance to water poisoning.

B CONCLUSIONS

In summary, we present a versatile and robust Ni single atom
catalyst that can perform oxidation as well as hydrogenation
reactions without needing any pretreatment or H, reduction.
This catalyst is versatile in terms of the wide range of reactions
that can be catalyzed at rates and selectivities comparable to the
benchmarks. Conventional Ni catalysts require reduction to the
metallic state before they become active for hydrogenation reac-
tions and must be protected from air exposure, otherwise they
are pyrophoric. In contrast, the Ni single atom catalyst is in
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an oxidized state, hence can be handled in air. Furthermore,
the same Ni site can catalyze oxidation and hydrogenation reac-
tions. The unique nature of the Ni SAC can be attributed to the
stabilization of Ni ions in a square planar geometry, integrated
into the CeO, lattice. This 4-fold coordination for Ni is unusual
for oxidized Ni, which is typically octahedrally coordinated to
the oxygen sites. The Ni SAC is selective for methanation dur-
ing CO, hydrogenation, shows excellent selectivity for acety-
lene hydrogenation in the presence of excess ethylene and can
also catalyze CO oxidation and methane oxidation.
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