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Dopants enhance the catalytic properties of ceria. However, conventional techniques for synthesizing doped
ceria have limitations in terms of structural homogeneity, surface area, and catalytic activity of the resulting
oxide. Use of toxic and corrosive chemicals presents further challenges. The sol-gel method described in this
work provides a facile approach for incorporating high concentrations of dopants in a uniform, high surface area
structure, yielding excellent catalytic activity. Addition of polyvinylpyrrolidone (PVP) complexing agent pre-
vents the segregation of cerium and dopant atoms during synthesis. Surface areas up to 179 m?/g are achieved,
which represents a substantial improvement over doped ceria produced through coprecipitation, solution
combustion, or melt-synthesis methods. The resulting powders exhibit dramatically improved CO oxidation
activity (Tgo = 132 °C for 3.2 wt% Cu-CeO, compared to 274 °C for a 2 wt% Pt-Al,O3 reference catalyst). First
principles calculations suggest a Mars Van Krevelen mechanism, which is facilitated by dopants causing oxygen

vacancies.

1. Introduction

Ceria has received much attention in catalysis due to its excellent
oxygen storage and mobility [1,2]. In a chemically unmodified form, ceria
can catalyze certain reactions, such as acetylene hydrogenation and CO
oxidation [1-4]. Although, the activity of ceria alone is quite low [1,5,6].
Incorporation of dopant atoms into ceria enhances redox behavior [6-8]
and catalytic activity [5,9] since the dopants induce charge-balancing
oxygen vacancies due to differences in ionic charge [8]. Ceria readily loses
oxygen to form a nonstoichiometric oxide with resulting reduction of Ce**
to Ce®* [2]. The fluorite structure of ceria is also flexible and can ac-
commodate substitutional cationic dopants, which shrink or expand the
ceria lattice depending on differences between dopant and cerium ionic
size [10]. However, appropriate synthesis methods are required to achieve
homogeneous doping of ceria.

Coprecipitation [7,8,11-15], hydrothermal [16,17], solution com-
bustion [9,18], microemulsion [19,20], and sol-gel [21-24] methods
constitute commonly studied techniques for synthesizing doped ceria.
However, these methods have shortcomings. Coprecipitation involves
addition of a precipitation agent to a solution of dissolved cerium and
dopant metal precursors. Toxic and corrosive chemicals, such as sodium
and potassium hydroxides [7,11,15], triethylamine, [7,8,12] and oxalic
acid [13], typically serve as precipitation agents. As we will show in
this work, cerium and dopant ions often do not precipitate together,
making this method and other methods that rely on a precipitation step
unsuitable for achieving atomic dispersion of dopants in ceria. Bems
et al. [25] demonstrated that precise control of precipitation conditions,
followed by post-precipitation aging, helps overcome the limitations of
the precipitation synthesis. Despite these measures, incongruency be-
tween precipitation reactions influence phase formation and final
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catalytic structure [25]. Formation of homogeneous phase-pure oxides
of multiple metals is hindered when separate crystalline phases form
due to differences in kinetics and thermodynamics involved in multiple
precipitation reactions. For instance, the precipitation of cerium and
nickel, which are of interest in this current work, is initiated at different
pH values. Raising the pH of a solution of these metals causes a se-
quential precipitation rather than a coprecipitation. Alternatively, ad-
dition of cerium and dopant precursors to a solution of excess pre-
cipitation agent, such as sodium and potassium hydroxides, often leaves
contaminants in the calcined catalyst. Tedious washing procedures are
therefore required to remove these impurities, the remaining con-
centrations of which are commonly left unreported and often negatively
impact catalytic performance [7-9,11].

Uniformly doped ceria has been produced through solution com-
bustion synthesis, which involves the rapid combustion of a metal
precursor gel containing both oxidizing and reducing agents [9,18].
However, the resulting catalysts are low in surface area (30 —50 m?/g
for nickel-doped ceria in the work of Mahammadunnisa et al), [18]
which limits catalytic activity as shown in our previous work [9]. Mi-
croemulsion synthesis has produced doped ceria of relatively high
surface area. Barrio et al. produced nickel doped ceria with surface area
of up to 136.1 mz/g. [20]. However, the use of multiple toxic reagents
adds complexity to this technique. Several authors have studied sol-gel
processes for doping ceria, primarily for use in solid oxide fuel cells
[21,22]. The Pechini sol-gel method is typically used, in which cerium
and dopant metal ions are added to a solution of citric acid and ethylene
glycol. pH control is often important for complexation of metal and
citrate ions, and strong acids and bases, like nitric acid and ammonium
hydroxide are typically required [22-24].

Here we present a polyvinylpyrrolidone (PVP)-assisted sol-gel
synthesis for producing homogeneously-doped ceria with high surface
area. PVP is a non-toxic polymer used previously in reported syntheses
of ceria nanomaterials as a morphology-directing agent and as a sur-
factant [26-30]. Other works studied PVP as a complexing agent for
dissolved metal ions, which did not require pH adjustment [31,32]. Our
work builds on the work of Naseri et al. [33] who synthesized iron-
containing spinels for their magnetic properties. While the authors used
PVP as a complexing agent, the resulting spinels showed existence of
separate phases. In contrast, we show here that PVP stabilizes cerium
and nickel ions and prevents the nucleation of crystalline phases both
within solution and in the gel that results from evaporation. This
property allows cerium and dopant atoms to remain well mixed within
the polymer matrix without phase segregating, even after calcination in
air at 500°C. This synthesis technique can be applied to a wide variety
of dopant elements, including alkaline earth, transition, post transition,
and rare earth metals. We demonstrate that by creating a homo-
geneously doped oxide, we can achieve excellent CO oxidation per-
formance, as well as for hydrogenation of unsaturated hydrocarbons
[5,9]1.

2. Materials and methods

Doped ceria samples were prepared via a sol-gel synthesis by first
dissolving PVP in water, followed by addition of the metal precursors.
Nickel dopants were primarily studied. However, ceria doped with
copper, iron, and manganese was also made through the sol-gel
synthesis. Samples contained 0, 5, 10, 15, 20, 25, and 30 atomic percent
(at%) nickel, nominally. Nickel loading was varied to determine the
saturation limit for nickel dopant incorporation into the ceria lattice.
Sol-gel samples are labeled as “PVP-x,” where “x” indicates the nominal
nickel concentration in at%. Samples are further labeled as “PVP-x-Me”
where other dopants are compared (Me = Ni, Cu, Fe, Mn). To compare
various synthesis techniques, nickel-doped ceria samples were also
made through coprecipitation (termed “CP-x”) and mixed nitrate
(without any added complexing agent, termed “NC-x”) syntheses. The
mixed nitrate synthesis follows the same steps as the sol-gel synthesis,

but without the use of PVP. For comparison, samples were also syn-
thesized via incipient wetness impregnation of nickel solution onto
alumina (termed “WI-Al;05-x”) and ceria powders (termed “WI-x”).
These methods will now be discussed in detail.

The sol-gel synthesis was conducted by dissolving poly-
vinylpyrrolidone (Aldrich, average molecular weight = 40,000) into
100 ml of DI water under stirring and mild heating for 1 h. 5g of PVP
were typically added. However, a separate set of PVP-20 samples was
made with varying amounts of PVP (1, 2.5, 5, and 7.5 g) to determine
the effect of this polymer on sample surface area. The solution was
cooled, and 3.1 g of cerium (III) nitrate hexahydrate (Aldrich, 99 %
trace metals basis) and an appropriate amount of nickel (II) nitrate
hexahydrate (Alfa Aesar 99.9985 % metals basis), copper (II) nitrate
hydrate (Aldrich 99.999 % trace metals basis), ferric nitrate
(Mallinckrodt), or manganese (II) nitrate hydrate (Aldrich 98 %) was
added to the solution simultaneously. The solution was stirred for 1h
and placed in an oven to dry at 110 °C until excess water evaporated.
The resulting gel was crushed and calcined.

For the coprecipitation method, 3.1 g of cerium (III) nitrate hex-
ahydrate and an appropriate amount of nickel (II) nitrate hexahydrate
were added to 100 ml of deionized water and stirred until dissolved.
Then, a 1 M sodium hydroxide solution (VWR) was prepared and added
dropwise to the solution of nitrate precursors to increase pH to 12,
which was measured with a Thermo Orion pH probe. Additional sodium
hydroxide was added over the course of an hour as needed to sustain a
pH of 12. The beaker holding the cerium and nickel precipitates was
covered with parafilm and allowed to settle overnight. The solution was
then decanted and replaced with DI water several times to wash the
resulting precipitate. The precipitate was dried at 110°C and then
calcined.

The NC synthesis procedure was essentially the same as that of the
PVP sol-gel synthesis, without PVP addition. As before, 3.1 g of cerium
(ITI) nitrate hexahydrate and an appropriate amount of nickel (II) ni-
trate hexahydrate were dissolved in 100 ml of DI water for 1 h while
stirring. This solution was dried at 110 °C to form a gel. The gel was
crushed and calcined. All calcinations were performed in a box furnace
at 500 °C for 2h with a 1 °C/min heating rate.

Incipient wetness samples were prepared through the dropwise
deposition of nickel nitrate solution onto ceria and alumina supports.
The samples were then dried at 110 °C overnight and calcined at 350 °C
for 2h. The ceria was produced through 500 °C calcination of cerium
nitrate, and Sasol Catalox SBa-150 gamma alumina was used. An
equivalent weight percent of nickel was loaded onto alumina as in ceria
samples for a given “x” to keep the concentrations of nickel consistent.
For comparison to platinum-loaded catalysts, 2 wt% Pt-Al;,03 and a 1 wt
% Pt-CeO, samples were also tested. The 2 wt% Pt-Al,03 sample was a
chemisorption reference material. The 1wt% Pt-CeO, catalyst was
synthesized through the incipient wetness impregnation procedure just
described but with the deposition of tetraammine platinum (II) nitrate
(Aldrich, 99.995 % trace metals basis) solution on to CeO,, followed by
calcination.

Sample characterization was performed via X-ray fluorescence
(XRF), Brunauer Emmett Teller analysis (BET), X-ray diffraction (XRD),
Thermogravimetric analysis (TGA), elemental analysis, X-ray photo-
electron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), transmission electron spectroscopy (TEM), and X-ray absorption
spectroscopy (XAS). Sample composition was measured using XRF
analysis with an Orbis Micro-XRF. A 30-micron X-ray spot size was used
in mapping mode to determine the atomic ratio of dopant to cerium and
nickel to aluminum within samples. BET analysis was used to determine
specific surface areas. Analysis was conducted with a Micromeritics
Gemini 2360 Surface Area Analyzer. Prior to analysis, samples were
outgassed overnight at 120 °C in flowing nitrogen. XRD analysis was
performed with a Rigaku SmartLab diffractometer equipped with a D/
TeX detector using copper K, radiation. Scans were performed at a 6.2°/
min rate and a 0.02° step size. XRD data identified crystalline phases



present and determined average ceria crystallite size and lattice para-
meter. TGA analysis was conducted using a TA Instruments SDT Q600
TGA to study decomposition of nitrate and PVP precursors during cal-
cination. Approximately 15mg of dried precursor gel was heated to
1000 °C at a ramp rate of 5°C /min in flowing air (50 ml/min). Carbon
and nitrogen elemental analysis was also conducted to verify the
complete evolution of PVP and nitrate precursors upon calcination.
Approximately 5mg of calcined samples were combusted at 980 °C.
Evolved gases containing carbon and nitrogen were analyzed with a
Costech ECS 4010 Elemental Analyzer. The analyzer was paired with a
ThermoFisher Scientific Delta V Plus mass spectrometer through a
Conflo IV interface. Carbon and nitrogen compositions were measured
in terms of wt%. Carbon isotopic fractions, reported as §'3C values,
were also found. §'°C values allow for discrimination of carbon based
on its source (e.g. atmospheric versus organic), since biological pro-
cesses preferentially uptake the lighter '2C isotope. XPS analysis was
used to examine the type of cerium, oxygen, and nickel species present.
A Kratos AXIS DLD Ultra photoelectron spectrometer with a mono-
chromatic Al K, source operating at 225 W was used. Spectra were
charge referenced to aliphatic carbon at 285 eV. Spectral analysis was
conducted via CasaXPS software. FTIR was used to identify the inter-
action between cerium and nickel ions and PVP functional groups. To
do so, the dried gels of PVP and metal nitrate precursors were ground to
a powder and analyzed. A Thermo Nicolet 380 FTIR spectrometer
equipped with a diamond tipped ATR stage was used for these mea-
surements. Resulting spectra were scaled where necessary for compar-
ison and smoothed with 25-point Savitzky-Golay filters for noise re-
duction. A JEOL JEM 2010F field emission microscope operating in
high-resolution (HRTEM) mode was used to image samples. XAS
characterization was conducted at the Stanford Synchrotron Radiation
Lightsource (SSRL). BL4-1 was used to study the PVP-10 sample.
Measurements were taken in fluorescence mode using a PIPS diode.
Metallic nickel foil and nickel (II) oxide (Aldrich, 99.999 %) were
analyzed as standards in transmission mode. A monochromator with a
Si(220) crystal was used. Less than 10 mg of sample was mixed into a
cellulose diluent, pelletized, and covered in Kapton tape. X-ray data was
collected near the Ni K edge. Data was analyzed using Athena and
Artemis software [34,35].

CO oxidation was performed on catalysts in an as-prepared state
using 20 mg of sample. Flowing CO at 1.5 ml/min and O, at 1 ml/min
and He at 75 ml/min were used. Temperature was ramped at 2 °C/min
up to 300 °C as needed. Data shown is taken from the third consecutive
run. Effluent gas composition was measured using a Varian CP-
4900 micro gas chromatograph. The 2 wt% Pt-Al,03 and 1 wt% Pt-CeO,
samples were also run in CO oxidation as a comparison of precious
metal catalysts to doped ceria samples.

3. Computational details

All calculations were performed based on the spin-polarized density
functional theory (DFT) as implemented in Vienna ab initio simulation
package (VASP) [36,37] with the gradient-corrected PW91 exchange-
correction functional [38]. The electronic wave functions were ex-
panded in plane-waves with an energy cutoff of 400 eV and the ionic
core-electron interaction was treated by the projector augmented-wave
(PAW) method [39]. In this work, the DFT + U approach with
U = 4.5eV was used [40,41]. In this approach, a Hubbard U-like term
describing the onsite Coulomb interactions was added to the general-
ized-gradient approximation (GGA) functional.

The O-terminated slab model of CeO,(111) contains a 3 X 3 surface
unit cell with a total of nine atomic layers separated by 14 A of vacuum
space. During structural optimization, the top six atomic layers were
relaxed while the bottom three layers were fixed. A 1 x 1x1
Monkhorst-Pack [42,42] k-point grid was used to sample the Brillouin
zone. As stated in our previous study [5] on Ni doped CeO,(111)
(Ni@CeO5x(111)), Ni with four oxygens forms a square planar

Table 1
Characterization of nickel-ceria samples made via sol-gel synthesis.

Sample  XRF nickel BET specific XRD NiO composition
composition (at%) surface area (m?/ (weight %)”
)

CeO, - 165 -

PVP-5 4.9 151 0

PVP-10 9.9 170 0

PVP-15 14,5 144 0

PVP-20 19.1 147 0

PVP-25 243 153 6.06

PVP-30 27.6 139 7.69

@ Calculated through Rietveld refinement.

configuration, leading to two 2-fold oxygen atoms. The removal of one
such oxygen atom results in an O vacancy (O,), which has a negative
formation energy (-0.39 eV) indicating an exothermic process. How-
ever, the formation energy of second O, from another 2-fold O is
1.43 eV. Therefore, the model of Ni@CeO.(111) with only one O,
(Ni@CeO5(111)-0O, (state i in Fig. 7) was used in this work to in-
vestigate CO oxidation.

The adsorption energy of the pertinent species was computed as
follows: E.qs = E(adsorbate + surface) — E(free molecule) — E(free
surface). The transition states (TSs) between initial states (ISs) and final
states (FSs) were determined using the climbing image nudged elastic
band (CI-NEB) method. [43] The convergence of relaxation was
checked with the 0.05 eV/mol/A criterion and the total energy differ-
ence was less than 1 x 10~ eV/mol, which were tested to be con-
verged.

4, Results and discussion

As shown in Table 1, composition results obtained through XRF
analysis show actual nickel loadings to be near nominal values. Calci-
nation of sol-gel samples at 500 °C was sufficient to decompose PVP and
nitrate precursors. According to TGA data of dried PVP-20 gel, de-
composition initiated at approximately 300 °C (Fig. S1). Elemental
analysis results for carbon and nitrogen content in calcined samples is
listed in Table S1. Ceria samples were made through PVP sol-gel
synthesis and through calcination of cerium nitrate (without PVP ad-
dition). Nitrogen contents were negligible in every sample, with a
slightly greater amount in the sample made without PVP. Carbon
contents of these catalysts were also quite low. A series of PVP-20
samples was made using 2.5, 5, and 7.5 g of PVP and analyzed. No trend
is seen between the amount of PVP used during synthesis and the
content of nitrogen and carbon in the calcined catalysts. While each of
the samples made through PVP addition had higher carbon contents
than CeO, made without PVP addition, the slight increases in carbon
can be explained by the higher surface areas of these samples. Atmo-
spheric CO, readily adsorbs onto air-exposed ceria surfaces. This carbon
source typically has §'3C values from 0 to -10, whereas values for or-
ganic carbon are much lower (= —20). 8'3C values in the tested
samples range from —7.5 to —9.6. Based on these measurements, PVP
and nitrate precursors are found to completely evolve from the catalysts
during calcination.

HRTEM imaging of PVP-5 and PVP-25 shows that these samples
contain agglomerated crystallites, which are individually less than
10nm in size (Fig. S2). CeO5 (111) surface facets are predominantly
exposed in the samples. No separate NiO phase was detected, and all
crystallites could be indexed as CeO,. BET and XRD characterization
results show clear advantages of the PVP-assisted sol-gel synthesis.
Surface areas of ceria and nickel-doped ceria made through this method
range from approximately 140—170m?/g (Table 1). Similar char-
acterization results are reported in Table S2, which show surface areas
of ceria doped with copper, iron, and manganese as high as 179 m?/g.



Table 2

Characterization of 20 at% Ni samples prepared using various synthesis techniques.

Synthesis technique XRF nickel composition (atomic %)

BET specific surface area (m?/g) XRD NiO composition (weight %)

PVP-20 19.1 147 ND
NC-20 19.3 116 2.36
CP-20 21.6 86 5.20
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Fig. 1. XRD patterns of ceria and nickel-doped ceria samples made via sol-gel synthesis (a), and an inset (b) of the boxed region shown in figure (a) of PVP-20, PVP-
25, and PVP-30 to show the most intense NiO diffraction peak, which is only evident at the highest loadings.

These surface areas are appreciably higher than for samples of similar
nickel loading synthesized without any complexing agent (NC) and
through coprecipitation (CP) syntheses, as shown in Table 2. The sol-gel
synthesis has the added advantage of incorporating more nickel dopant
into ceria than the NC and CP syntheses. PVP-20 showed no crystalline
NiO formation, while XRD detected appreciable amounts of NiO in CP-
20 and NC-20 samples. Other studies have found NiO with sample
loadings at or below 20 atm% nickel through microemulsion [20] and
solution combustion techniques [18]. The sol-gel synthesis thus pro-
duces more homogeneous samples than do conventional syntheses at
high nickel loading. NiO was not detected in PVP samples until nickel
loading increased to 24.3 at%. This is evident from the emergence of
NiO peaks in XRD patterns (Fig. 1). The most intense NiO diffraction
peak, located at 43.42°, appears in the patterns of PVP-25 and PVP-30,
but not in the pattern of PVP-20. Dopant oxide peaks were similarly
absent in the XRD patterns of copper-, iron-, and manganese-doped
ceria at 10 at% dopant loading (Fig. S3). The lower detection limits of
NiO phase within a ceria-based sample are relatively high, so a more
sensitive XPS analysis was also conducted. Ni 2p spectra were gener-
ated to observe the type of nickel species present in nickel-doped ceria
samples. Spectra for PVP-20 and PVP-25 samples are shown in Fig. S4.
For both samples, the main peak observed corresponds to nickel doped
into the ceria crystal structure (Ni@CeO-), as was also found and dis-
cussed in our recent work [9]. However, the main peak within the PVP-
25 spectrum contains a shoulder of lower binding energy, which cor-
responds to nickel as NiO. This shoulder is absent in the spectrum of
PVP-20, indicating that the ceria accommodates between 19.1 and 24.3
at% nickel dopant via the sol-gel synthesis before phase segregation of
nickel occurs.

Fig. 2 shows XRD results for CeO, lattice parameter and crystallite
size as a function of nickel composition. The CeO, lattice is shown to
contract with all nickel loadings as compared to undoped CeO,. Lattice
contraction was also observed upon introduction of Cu, Fe, and Mn
dopants (Table S2). A minimum in lattice parameter is reached at a
loading of approximately 5 at% nickel. However, the CeO, lattice
parameter begins to increase from this minimum as nickel loading is
increased. In general, the observed change in CeO, lattice parameter is
a combination of expansion and contraction effects as follows. Sub-
stitution of smaller nickel for larger cerium ions causes lattice

contraction due to a discrepancy in ionic size. The ionic sizes are ap-
proximately 1.11 A for Ce** with eight-fold coordination and 0.83 A for
Ni?* with six-fold coordination. Once nickel dopants have saturated the
CeO,, structure, excess nickel forms NiO on the ceria surface and is not
expected to change CeO, lattice parameter. Nickel dopant incorpora-
tion results in oxygen vacancies, which also contract the lattice. Evi-
dence of oxygen vacancy formation is observed in XPS oxygen 1s
spectra (Fig. S5), wherein the relative area of the oxygen vacancy peak
for PVP-10 is substantially higher than for CeO,. This effect is reported
in previous XPS studies of ceria and doped ceria [44-46]. However,
lattice contraction from oxygen vacancy formation is contradicted by
chemical expansion of the lattice [47]. Removal of oxygen reduces
neighboring cerium ions to Ce®>*, which are larger in size (approxi-
mately 1.28 A with an eight-fold coordination). As shown in the XPS Ce
3d spectra in Fig. S6 and related calculations in Table S3, the PVP-10
sample showed a higher concentration of reduced cerium (Ce>").
Further, reduction in CeO, crystal size increases lattice parameter. As
shown by Deshpande et al., the CeO, lattice expands quite dramatically
within crystallites of diameter below 10 nm [48]. These effects explain
why the decrease in CeO, crystal size with higher nickel loadings in-
creases CeO, lattice parameter.

Additional BET and XRD analyses were performed on samples of 20
at% nominal nickel loading. First, PVP-20 samples were synthesized
using 1, 2.5, 5, and 7.5 g of PVP to determine the effect of this reagent
on surface area. It was hypothesized that evolving gas from PVP de-
composition during calcination increases sample surface area. Surface
area did increase with PVP addition (Table 3). However, the difference
between using 5 and 7.5 g of PVP was small, so 5 g of PVP was used in
the remainder of this work.

PVP-20, CP-20, and NC-20 samples were characterized via XRD
prior to calcination to further investigate why PVP synthesis leads to
more homogeneous samples than CP and NC syntheses. Samples were
prepared through the methods previously described except for the
calcination step. Dried PVP-20 and NC-20 gels and CP-20 precipitates
were ground to a powder for analysis. Results are displayed in Fig. 3.
XRD patterns showing indexed peaks generated with JADE software for
the uncalcined CP-20 and MN-20 samples are provided as Figs. S7 and
S8, respectively. A list of indexed lattice reflections and peak locations
for identified phases within these samples is included in Table S4. As
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Fig. 2. Ceria lattice parameter and crystallite size as functions of nickel loading.

Table 3
Specific surface area of PVP-20 samples synthesized using varying amounts of
PVP.

PVP used in synthesis (g) BET specific surface area (m?/g)

1.0 76

2.5 121
5.0 147
7.5 152

shown, the PVP-20 gel contains no crystalline phases. Only a broad
peak corresponding to an amorphous structure is present in the pattern.
The NC-20 pattern, however, shows peaks for Ce(NO3)3*4H,O and
NizCey(NO3);2°24H,0 crystal phases. The NC synthesis mixes cerium
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and nickel ions within solution, but upon evaporation these ions re-
crystallize into one phase devoid of nickel and another phase rich in
nickel. Fig. S9 shows how evaporation of this solution during the drying
step concentrates Ce®>* and Ni2* ions. Differences in the concentration
and solubility limits of the ions causes Ce** to precipitate as Ce(NO3)3
before Ni?* precipitates as Ni(NO3),. A substantial portion of cerium
precipitates until nickel reaches its solubility limit, at which point re-
maining cerium ions appear to coprecipitate with nickel. The addition
of PVP, which is the only difference between the sol-gel and NC
syntheses, prevents the recrystallization of nitrate precursors and the
phase segregation of cerium and nickel ions. Previous literature de-
monstrates that PVP can inhibit crystallization of solid materials [49].
Like NC synthesis, coprecipitation similarly results in formation of
cerium-rich and nickel-rich phases, as peaks for CeO, and Ni(OH),
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Fig. 3. XRD patterns of dried gels and precipitates with 20 at% Ni loading from CP (a) and an inset of CP (b), NC (c), and PVP (d) syntheses prior to calcination. The
pattern inset shown in (b) was smoothed with a 25-point Savitzky-Golay filter to better show the identified Ni(OH), peak.



phases are shown in the pattern of uncalcined CP-20. Analysis shows
95.8 wt% CeO- phase and 4.2 wt% Ni(OH),. Drying the precipitate at
110 °C was sufficient to convert cerium precipitate to CeO,, which has
been previously observed [50]. Given the XRF composition of CP-20,
approximately one third of nickel within the uncalcined CP-20 sample
existed within Ni(OH), phase. This represents a significant portion of
loaded nickel that phase separated during synthesis. Fig. S10 simulates
the coprecipitation of the cerium and nickel nitrate solution under
study using Visual MINTEQ software. In the simulation, the speciation
of cerium and nickel ions within solution is calculated from thermo-
dynamic parameters (e.g. ionic strength, chemical activity, solubility
product) as solution pH is increased, assuming equilibrium conditions.
Upon increasing solution pH, the formation of Ni(OH), and Ce(OH)3
precipitate becomes favorable. It is shown that, even at various tem-
peratures, there were no conditions under which nickel and cerium
coprecipitate. Rather, these metal ions precipitate sequentially and as
separate material phases. These phenomena hinder the formation of a
phase pure oxide using coprecipitation synthesis.

FTIR analysis was conducted on crushed powders of dried sol-gel
sample gels to better understand the interaction of solubilized cerium
and nickel ions with PVP polymer. A gel was made by adding PVP to
water without metal precursor addition, stirring, and then drying at
110 °C. Two other gels were made by adding cerium nitrate and nickel
nitrate separately to PVP solutions. FTIR spectra (Fig. 4) show peaks
corresponding to nitrile (C—N) stretching and carbonyl (C=0) vibra-
tional modes. The presence of both cerium and nickel ions causes a
reduction in peak height (shown as absorbance). These peaks have been
scaled 10 and 15 times for cerium-containing and nickel-containing
gels, respectively, so that peak shape can be readily compared with
those from the gel containing only PVP. All spectra were also smoothed
with 25-point Savitzky-Golay filters to reduce noise. Peaks corre-
sponding to both C—N and C=O0 vibrations widen appreciably when
cerium and nickel ions are present, suggesting the metal ions bind to
these functional groups. PVP interaction with iron, cobalt, and nickel
showed similar peak broadening, according to Liu et al. [31] Extended
interaction between PVP and silver ions caused similar reduction in the
height of the C=0 peak [32]. FTIR and XRD results indicate that
cerium and nickel ions complex with PVP via the C—N and C=O0
functional groups within an amorphous polymer network, as proposed
by Naseri et al. [33]

Characterization shows sol-gel synthesis capable of producing
homogeneous doped ceria samples with higher dopant loading and
higher surface area than those produced by CP and MN syntheses.
Catalytic testing was performed to understand the effect of these
characteristics on activity. CO oxidation was performed first on sol-gel
samples with various nickel loading, including an undoped CeO-
sample (Fig. S1la). PVP-10 had the highest oxidation activity.
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Similarly, Laguna et al. also found that ceria doped with 10 at% dopant
(iron) had the highest CO oxidation activity. [6] In our work, the PVP-
10 also had the highest surface area of the nickel-doped ceria samples.
CeO, had a similar surface area to PVP-10 but had a much lower ac-
tivity for CO oxidation, suggesting that the dopant is critical. Increasing
nickel loading beyond 10 at% did not improve activity. Fig. S11b shows
specific rates for nickel-ceria samples normalized to catalyst surface
area. Surface area-normalized values were derived from the rate of CO
conversion per second per m? of catalyst surface. Surprisingly, the
series shows quite similar rates despite the different dopant con-
centrations. This could imply that the concentration of active sites per
m? is similar in all samples. Therefore, the reason why the PVP-10
sample has the highest activity per gram is because it has the highest
surface area. To verify catalyst stability, we performed three sequential
runs wherein the sample was heated from room temperature to 300 °C.
CO oxidation activity for three runs of the PVP-10 sample is plotted in
Fig. S12. Activity is similar between the runs, and no signs of catalyst
deactivation are observed. We plotted the third run in all other data
graphed in this manuscript.

Following these results, CP-10, NC-10, WI-CeO,-10, WI-Al,05-10
samples were tested to compare oxidation activity between different
synthesis techniques. The results are shown in Fig. 5a. PVP-10 had the
highest activity within this sample set. The sol-gel synthesis thus pro-
duces more active samples than other common synthesis techniques.
Nickel as CeO, dopant is also advantageous, as opposed to nickel in NiO
phase. NiO phase, which is present in WI-CeO,-10 and WI-Al,05-10
samples, is not active for CO oxidation. Ceria samples loaded with 10 at
% of other dopants were then tested for CO oxidation activity (Fig. 5b).
As with nickel dopants, ceria doped with copper, iron, and manganese
via the sol-gel synthesis also showed enhanced catalytic performance.
Each doped ceria sample had better activity than ceria alone. Activity of
the ceria samples according to dopant is found to follow the trend of
Fe < Mn < Ni < Cu. The PVP-assisted synthesis can thus be applied
to a variety of different dopants to produce inexpensive yet highly ac-
tive ceria-based catalysts. Influence of temperature on CO conversion is
shown in Fig. S13. The apparent activation energies for CO oxidation
are similar, suggesting a similar mechanism between ceria doped with
Ni, Cu, Fe, and Mn, but differences may lie in the number of active sites
created by the different dopants.

Precious metals are commonly used for CO oxidation, so 2 wt% Pt-
Al,03 and 1wt% Pt-CeO, samples were also tested in this reaction
(Fig. 6a). As shown, PVP-10 is in fact more active than the Pt-loaded
samples. It is important to compare the reactivity per exposed surface
atom in the form of a turn over frequency (TOF). Values normalized to
number of exposed metal atoms were derived two separate ways. For
nickel-doped ceria samples, the number of exposed nickel atoms was
estimated by assuming that only CeO,(111) planes are exposed and that
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Fig. 4. FTIR peaks corresponding to C-N stretching (a) and C=0 (b) bond vibrations within spectra of dried gel samples containing PVP (i), cerium nitrate and PVP
(i), and nickel nitrate and PVP (iii). Spectra have been amplified where indicated. All spectra were smoothed with a 25-point Savitzky-Golay filter to reduce noise.
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7.9 Ce atoms/nm?® exist in this plane. This was multiplied by nickel-
doped ceria sample surface area to calculate the total number of ex-
posed Ce atoms. It was then assumed that nickel dopants are homo-
geneously distributed on the ceria surface in the atomic ratio to cerium
atoms measured by XRF. Number of CO molecules reacted per second
per exposed nickel atom was then calculated at various temperatures.
For Pt loaded samples, the total number of exposed Pt atoms was es-
timated from the catalyst composition of Pt multiplied by the disper-
sion. Dispersion of Pt on the 2 wt% Pt-Al,03 was 37 %, based on CO
chemisorption measurement. A dispersion of 100 % was assumed for
the calcined 1 wt% Pt-CeO, sample. The number of CO molecules re-
acted per second per exposed Pt atom were then calculated. Specific
rates were reported only for temperatures at which CO conversion was
10 % or lower. These are reported in Fig. 6b. The values for 2 wt% Pt-
Al,03 and 1 wt% Pt-CeO, are consistent with the literature. [51] TOF
for the nickel-doped ceria sample is greater than the values for the
platinum-based catalysts. This is based on the facile oxygen transfer
from the ceria lattice due to the formation of oxygen vacancies, as
described below from DFT computations. Apparent activation energies
for PVP-10 and 2 wt% Pt-Al,03 are 71 and 78 kJ/mol, respectively. The
1 wt% Pt-CeO, sample had an apparent activation energy of 40 kJ/mol,
which is consistent with the literature for Pt deposited on ceria via
incipient wetness impregnation [52]. Dopants clearly facilitate the
conversion of CO over ceria, as evident from the TOFs and provide CO
conversion at a fraction of the material cost compared to platinum-
based catalysts.
First principles calculations were performed on the Ni@CeO5(111)-
O, (i) to propose a mechanism (Fig. 7) for CO oxidation. Firstly, CO (ii)
weakly adsorbs on one of the exposed 6-coordinated Ce atoms with the
Ce-C distance of 2.95A. The calculated adsorption energy of CO is
—0.29 eV, which is 0.12eV lower than that (—0.17eV) [53] of CO
adsorbed on the Ce site of Ce05(111). Subsequently, CO can react with
the 2-fold O to produce CO (iv) by overcoming an energy barrier of
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0.46 eV, which is 0.15eV lower than that (0.63eV) [53] on bare
CeO5(111). The reduction of the barrier can be attributed to the un-
stable 2-fold O formed by Ni doping. In the TS (iii), the distances of C
with the Ce and the 2-fold O are 2.58 and 1.76 A, respectively. The
formation of CO, (iv) is exothermic of —1.89 eV. The formed CO, can
readily desorb from the surface by overcoming the adsorption energy of
-0.33 eV, yielding an Oy, (v). The O, can be filled up by O, (vi) with the
distances of Cel-O1, Ce2-0O1 and Ce2-0O2 of 2.25, 2.45 and 2.25 A, re-
spectively. The adsorption energy of O, on O, is —1.18 eV and the 0—O
bond length is elongated to 1.42 A, suggesting it is activated. The ad-
sorbed O, can further react with a second CO to form CO, (vii—viii—
ix) with a small barrier of 0.29 eV and a large exothermicity of -3.52 eV.
After the desorption of CO,, the catalyst is recovered (i). Hence, the CO
oxidation proceeds through a Mars-van Krevelen mechanism, which has
previously been invoked for ceria-based catalysts [52-56], wherein
readily-exchanged 2-fold oxygen on the doped-ceria surface oxidizes
CO reactant. The concentration of the surface 2-fold oxygen is related to
the dopant concentration. This finding explains why catalytic activity
depends on surface area and varies with dopant concentration, which
dictates reversibly-exchangeable oxygen concentration. The rate-de-
termining step is the oxidation of the first CO and the calculated barrier
is 0.46 eV. The reduced barrier on Ni@CeO5(111)-O, compared to that
on bare CeO4(111) indicates that Ni-doped CeO,(111) is more active,
consistent with the experimental observation of lower temperature for
CO oxidation on Ni-doped CeO5(111).

The proposed Mars-van Krevelen mechanism is enhanced by do-
pants. To investigate the nickel-ceria structure and to confirm that
nickel species are unique from nickel oxide phase on the ceria surface,
XAS analysis was performed on the PVP-10 sample. XAS provides a
more sensitive probe of atomic structure than XRD. Fig. 8 shows the
XANES region of PVP-10, as well as for NiO and metallic nickel (Ni%
standards. The differences in white lines for these three spectra are si-
milar to those found by Barrio et al., [20] wherein the white line of
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Fig. 6. CO oxidation activity for the most active nickel-doped ceria compared with platinum deposited by incipient wetness impregnation on alumina and ceria
supports shown as (a) conversion and (b) turn over frequency (TOF) with the number of sites estimated as explained in the supporting information.
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Fig. 8. Ni K edge XANES spectra of PVP-10, nickel oxide, and metallic nickel
foil.

nickel-doped ceria lies between that of NiO and Ni°. This demonstrates
that nickel within this sample has electronic properties that are unique
from nickel oxide and metallic nickel. EXAFS experimental and fitted

data sets within the applied ranges (windows) are shown in Fig. 9.
Analysis of this EXAFS data for the PVP-10 sample is shown in Table 4.
Ni—O, Ni—Ce, and Ni—Ni scattering paths were used to model the ex-
perimental spectra. The Ni — O bond length, which is expected to be
2.08 A in bulk NiO, is approximately 1.99 A for nickel within PVP-10
sample. Another study found a Ni—O bond length of 2.09 A in NiO
crystallites of approximately 6 nm diameter. [57] In the study, the co-
ordination number (CN) of oxygen to nickel only dropped to 5.5 in the
nano NiO crystallites (CN = 6 for bulk NiO) [57]. However, Ni—O CN
for the PVP-10 sample is 4.7, which is within error of a square planar
geometry suggested in our previous work [5]. Further, Ni—Ni co-
ordination is quite low (CN = 0.9) and may be negligible given the
associated error. This scattering path has a length of approximately
2.52 A, which does not correspond with metallic nickel or nickel oxide.
Presence of this scattering path may be indicative of nickel dopants in
neighboring substitutional sites. As a relatively large dopant, nickel ions
are thought to substitute for cerium ions. However, nickel ions do not
appear to occupy the same lattice sites as cerium ions within PVP-10.
The distance between Ni dopant and Ce was found to be approximately
3.05 A. This distance does not correspond with first, second, or third
shell Ce—Ce distances, which were found in another study to be ap-
proximately 2.35, 3.84, and 4.58 i\, respectively, for CeO, calcined at
similar temperatures used herein. [58] Overall, these findings show that
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Fig. 9. Experimental and fitted EXAFS spectra of the Ni K edge (a) and the corresponding Fourier transforms (b) of PVP-10.

Table 4

EXAFS fitting parameters for PVP-10.
Scattering path  CN® o® (A%H° AE (eV)* R (A)
Ni—0 47 £ 1.9 0.011 * 0.005 —10.4 + 23 1.99 = 0.03
Ni—Ni 0.9 + 0.8 0.006 + 0.003 —10.4 + 2.3 252 + 0.01
Ni—Ce 40 + 1.6  0.010 + 0.006 —10.4 + 2.3  3.05 = 0.01

@ CN is coordination number, describing the number of atoms surrounding
nickel, as specified by scattering path.

b ¢2 is the Debye-Waller factor, which describes structural and thermal dis-
order.

¢ AE is the change in photoelectron energy between measured and theore-
tical spectra.

4 R is the length of the photoelectron scattering path.

the structural environment of nickel within PVP-10 is unique from
nickel within NiO.

5. Conclusion

This work has demonstrated that PVP-assisted sol-gel synthesis is a
safe and facile technique for producing doped ceria samples with high
surface area and activity. While the nickel-doped samples were char-
acterized extensively, we also used the sol-gel synthesis to incorporate
other transition metals (Cu, Fe, and Mn). Surface areas remain similarly
high as for nickel dopants. Further, the synthesis was proven to be
scalable. Batches using 3 times the amount of each reagent listed in the
methods section have produced homogeneously doped samples of high
surface area.

Complexation of cerium and dopant metal ions to PVP inhibits
crystallization and phase segregation prior to calcination. This facil-
itates the formation of homogeneously doped ceria with high dopant
concentrations. Decomposition of PVP upon calcination increases
sample surface area and promotes high catalytic activity. Further, in-
corporation of dopants perturbs the ceria structure, which enhances CO
oxidation activity via a Mars-van Krevelen mechanism.

In summary, our method allows us to make a PGM-free catalyst for
CO oxidation that achieves 90 % conversion of CO at 132°C using
catalysts that do not require activation through oxidation or reduction.
Phase segregated dopant oxides were not effective for CO oxidation at
these temperatures. Rather, it is the dopant incorporated into the ceria
lattice that facilitates oxygen transfer, resulting in low temperature
activity for CO oxidation. Other methods for dopant incorporation, such
as coprecipitation, require washing to remove impurities. In contrast,
our method is a one-pot synthesis that does not generate waste, and is
therefore environmentally benign, especially because a food-grade

additive (PVP) is used as the complexing agent. Further, the PVP
method yields higher surface areas than combustion synthesis, which
has been used to achieve structurally uniform samples.
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