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ABSTRACT: Nonstoichiometric CeO2 and Ce0.25Zr0.75O2 nano-
particles with varying surface concentrations of Ce3+ were synthesized.
Their surface Ce3+ concentration was measured by XPS, and their
surface oxygen vacancy concentrations and grain size were estimated
using Raman spectroscopy. The surface oxygen vacancy concentration
was found to correlate well with grain size and surface Ce3+

concentration. When incorporated into a Nafion polymer electrolyte
membrane (PEM), the added nonstoichiometric ceria nanoparticles
effectively scavenged PEM-degradation-inducing free radical reactive
oxygen species (ROS) formed during fuel cell operation. A 3-fold
increase in the surface oxygen vacancy concentration resulted in an
order of magnitude enhancement in the efficacy of free radical ROS
scavenging by the nanoparticles. Overall, the macroscopic PEM
degradation mitigation rate was lowered by up to 2 orders of magnitude using nonstoichiometric ceria nanoparticles with
high surface oxygen vacancy concentrations
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Cerium oxide has attracted much attention because of its
numerous technological applications. It has been used (1)

as an active catalyst in vehicle emission systems for oxidation of
pollutant gases,1,2 (2) as an electrolyte material for solid
oxide3,4 and proton exchange membrane fuel cells,5,6 (3) as an
electrode material for gas sensors for monitoring environmental
pollution,7,8 (4) in silicon-on-insulator structures,9,10 (5) in
superconducting field effect devices,11 (6) in ultraviolet
absorbents,12 and (7) in high-temperature oxidation resistant
coatings.13 Many of those applications arise from the facility of
the Ce3+/Ce4+ redox couple and the high mobility of
nonstoichiometry-induced oxygen vacancies in nanosized
ceria materials.14

Recent research using X-ray photoelectron spectroscopy
(XPS) and X-ray absorption near edge structure (XANES)
suggests that the concentration of Ce3+ relative to Ce4+ as well
as the lattice constant in ceria increases as particle size
decreases.15,16 The presence of dual oxidation states implies
that the oxide is nonstoichiometric, and that the oxide lattice
has oxygen vacancies.17 The observed size dependence of lattice
nonstoichiometry suggests that the number of surface vacancies
will be larger at smaller particle sizes.18 The oxygen vacancies,
created to maintain charge neutrality in the lattice, increase the
ease with which the material can absorb and release lattice
oxygen.14

There have been numerous studies on polymer electrolyte
fuel cell (PEFC) durability that have shown that the
components of the central membrane electrode assembly

(MEA), especially the polymer electrolyte membrane (PEM),
deteriorate during long-term operation.19−21 As described
elsewhere, PEM degradation modes can be classified as thermal
(desulfonation, solvolysis), mechanical (pinhole and crack
formation) and chemical (free radical induced oxidative
degradation).19 Among these modes, PEM chemical degrada-
tion is reported to be a major contributor to PEFC lifetime
limitations. The chemical degradation of the PEM occurs in a
two-step process: (i) formation of reactive oxygen species
(ROS) such as hydroxyl (HO•) and hydroperoxyl (HOO•)
radicals; and (ii) reaction of ROS with the PEM leading to
chain scission as well as release of fluoride from the backbone/
side chain.20 The rate at which fluoride is released from the
PEM backbone (fluoride emission rate; FER) can be readily
measured and provides a macroscopic estimate of the PEM
degradation rate.
Endoh and co-workers22 and Coms and co-workers23 were

the first to propose and demonstrate the use of cerium and
manganese ions to reduce fluoride emission rate (FER) in PEM
during fuel cell operation. The metal ions function as fast,
efficient and reversible scavengers of free radicals formed during
fuel cell operation. Although these ions were not immobilized
and had some negative effects on the ionic conductivity and/or
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activity of the electrodes, the addition of these ions reduced the
FER by 2−3 orders of magnitude.
Previous work from this group,5,6 has demonstrated that the

incorporation of nonstoichiometric CeO2 nanoparticles within
a recast Nafion membrane resulted in greater than an order of
magnitude reduction in the FER observed during accelerated
PEM degradation tests. This mitigation in PEM degradation
was attributed to the effective scavenging of free radical ROS by
the nonstoichiometric oxide − this hypothesis was confirmed
by using in situ fluorescence spectroscopy to monitor ROS
generation and capture within the PEM in an operating
PEFC.24 Briefly, the mechanism of free radical scavenging in
CeO2 revolves around the multiple oxidation states of the metal
ion.25,26 The harmful HO• can be scavenged by lattice oxygen
vacancy sites, resulting in the concomitant oxidation of Ce3+ to
Ce4+. Once Ce3+ gets oxidized through reaction with HO•,
there is a mechanism for its regeneration (and hence vacancy
regeneration) on the surface of ceria nanoparticles in acidic
environments.27

The following reactions have been proposed for free radical
scavenging and Ce3+ regeneration:23

During free radical scavenging, the surface Ce3+ is oxidized to
Ce4+ as follows

•+ + → ++ + +HO Ce H Ce H O3 4
2 (1)

During CeO2 regeneration, surface Ce4+ is reduced back to
Ce3+ on the surface of ceria by the following reactions

+ → + • ++ + +Ce H O Ce HOO H4
2 2

3
(2)

+ • → + ++ + +Ce HOO Ce O H4 3
2 (3)

+ → ++ + +2Ce H 2Ce 2H4
2

3
(4)

+ → + ++ + +4Ce 2H O 4Ce 4H O4
2

3
2 (5)

Note that hydrogen and water are readily available on the
membrane.
The ratio of Ce3+/Ce4+ in the lattice and thereby the

concentration of oxygen vacancies is therefore an important
parameter for tuning the free radical scavenging activity of ceria.
This ratio can be tuned by controlling the size of ceria
nanoparticles, or by the incorporation of other elements in the
ceria lattice to enhance the formation of oxygen vacancies.14 It
has been reported that the stability of the ceria microstructure
and its oxygen storage capacity is improved by doping it with
suitable cations such as Zr4+, Al3+, or Si4+.28,29

The present study investigates the relationship between Ce3+

surface concentration, surface oxygen vacancy concentration,
and the free radical scavenging properties of CeO2 and
Ce0.25Zr0.75O2. On the basis of the above discussion, it is
hypothesized that an increase in surface Ce3+ concentration will
enhance surface oxygen vacancy concentration in the lattice,
which in turn should enhance the free radical scavenging ability
of ceria-based materials. To test this hypothesis, we synthesized
ceria and ceria-zirconia nanoparticles with varying surface Ce3+

concentrations (and hence different surface oxygen vacancy
concentrations), and characterized and incorporated them
within the PEM. The surface Ce3+ concentration was tuned
by controlling ceria particle size30 or by doping the lattice with
zirconia.29 The efficacy of the added nonstoichiometric oxide
nanoparticles in mitigating ROS-induced PEM oxidative
degradation was investigated as a function of the oxygen
vacancy concentration at the oxide surface. The FER was used

as a macroscopic estimate of PEM degradation rate in these
studies.
The Ce3+ concentration at the surface of each oxide was

calculated by fitting the experimental X-ray photoelectron
spectroscopy (XPS) spectra; values obtained are compiled in
Table 1. The spectra obtained and details of the calculations are
presented in the Supporting Information (Table S1, Figure S1;
affiliated discussion].

Samples T48 and T72 exhibited similar surface Ce3+

concentration of approximately 10 mol %, whereas samples
T24 and CeZr1:3 had lower surface Ce3+ concentrations of 8.8
mol % and 3.2 mol %.
Raman spectroscopy was used to estimate the grain size of

the oxide and the concentration of oxygen vacancies (defect
concentration) at the surface of the ceria and ceria-zirconia
nanoparticles.31−34 The microstructure of CeO2 is known to
influence the shape of Raman spectrum. The Raman-active
mode of nanoceria corresponds to a frequency of 458 cm−1

(Figure 1) instead of 466 cm−1, the characteristic frequency of

microceria.35 The feature observed at this frequency is assigned
to the symmetrical stretching mode of Ce−O8 vibrational
unit.31,32 The Raman spectrum of Ce0.25Zr0.75O2 revealed 4
strong Raman peaks (Figure 1): (i) at 264 and 320 cm−1,
originating from the six Raman active modes (A1g + 2B1g + 3Eg)
of tetragonal ZrO2,

36 (ii) at 469 cm−1, due to the F2g Raman
active mode of cubic CeO2

31,32 and (iii) at 643 cm−1, attributed
to the presence of oxygen vacancies in the Ce0.25Zr0.75O2
surface structure.35,37

Table 1. Concentration of Ce3+ on the Surface of CeO2 and
Ce0.25Zr0.75O2 Nanoparticles

sample
ID sample

Ce3+ surface concentration (mol %) from
XPS

T24 CeO2 (24 h reaction) 8.8
T48 CeO2 (48 h reaction) 10.3
T72 CeO2 (72 h reaction) 10.0
CeZr1:3 Ce0.25Zr0.75O2 3.2

Figure 1. Raman spectra of CeO2 (obtained under different reaction
times) and Ce0.25Zr0.75O2 nanoparticles.
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The Raman line (∼466 cm−1) broadening can be described
by the dependence of its half width at half-maximum (HWHM)
on the grain size. HWHM increased with decreasing grain size
from 12.5 cm−1 for CeZr3:1 to 23.4 cm−1 for T72. Grain size
(dg) and HWHM (Γ) are inter-related by the correlation
proposed by Weber and co-workers33

Γ = +− d(cm ) 5 51.8/ (nm)1
g (6)

The concentration of oxygen vacancies was estimated using the
spatial correlation model from the relationship between
correlation length and grain size31,33,38,39

α α α= − +
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟L

d
d d(nm)

2
[( 2 ) 4 ]

g

2

g
3

g
2

3

(7)

Where L is correlation length (average distance between two
lattice defects), and α the radius of CeO2 units (0.34 nm),
determined from universal constants.31 The defect concen-
tration N (cm−3) can be calculated from the correlation length
L (nm) as a function of grain size:31,33

π=N L3/4 3 (8)

Figure 2 shows the oxygen vacancy concentration of the
samples prepared as a function of their grain size. CeO2 samples

T48 and T72 had the highest concentration of oxygen
vacancies on their surface (∼3 × 1021cm−3) as well as the
lowest grain size, confirming that the lower the grain size of the
nanoparticle, the higher the defect concentration on the surface.
In general, the oxygen vacancy concentration increased with the
surface Ce3+ concentration (Figure 3).
Accelerated degradation tests were performed in an

operating PEFC to estimate the scavenging activity of the
different ceria and ceria-zirconia materials when added to the
PEM. To monitor the macroscopic PEM degradation rate, we
tested membrane electrode assemblies (MEAs) prepared using
the ceria/ceria-zirconia additive-infused PEMs in a fuel cell test
station at open circuit at 90 °C and 30% relative humidity.
Polarization curves were also obtained under varying current/
voltage conditions to evaluate the effect of the additives on the
fuel cell performance (the experimental details and the results
obtained can be found in the Supporting Information). Oxygen
(0.2 SLPM) was used as the oxidant at the cathode and
hydrogen (0.2 SLPM) was used as the fuel at the anode. The

test was run for 24−48 h and the effluent water in the anode
and cathode streams were condensed in cold-traps. The
fluoride ion concentration in the condensate water was
measured using a fluoride ion selective electrode. These data,
in conjunction with the condensation rate of water, were used
to calculate the fluoride emission rate (FER) from the MEA
and hence quantify the macroscopic rate of PEM degradation.
Each experiment was repeated at least 4 times to quantify the
experimental error.
The mean FERs (with accompanying standard error) are

reported in Figure 4 for all the MEAs tested. Two conclusions

can be readily drawn from an inspection of Figure 4: (1) the
addition of CeO2 and Ce0.25Zr0.75O2 to Nafion resulted in a
substantial (close to or greater than 1 order of magnitude)
reduction in the total FER, and hence the total macroscopic
PEM degradation rate, compared to a baseline MEA prepared
with unmodified recast Nafion; and (2) the decrease in FER
tracked very well with the Ce3+ surface concentration (and the
oxygen vacancy concentration) in the added oxide. The
observed trend provided direct validation of the governing
hypothesis. These results illustrate the importance of
regenerative oxygen vacancies on the surface structure of
CeO2 in determining the ability of ceria-based additives to
scavenge free radicals within the PEM and to thereby mitigate

Figure 2. Concentration of oxygen vacancies as a function of grain
size.

Figure 3. Concentration of oxygen vacancies as a function of Ce3+

surface concentration.

Figure 4. Macroscopic rate of composite membrane degradation (in
an operating fuel cell) as a function of Ce3+ surface concentration of
the added oxide. CeO2 loading: 0.15 mg/cm2 membrane.
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PEM degradation. These results can also be translated to other
applications where the ceria is used as free radical scavenger, or
as an agent to store oxygen within the lattice.

■ EXPERIMENTAL SECTION
To synthesize ceria nanoparticles, we independently prepared
and mixed hexamethylenetetramine (0.5 M) and cerium nitrate
(0.5M) solutions for varying length of time (24, 48, and 72 h)
to obtain ceria with different particle sizes.30 Hexamethylene-
tetramine hydrolyses slowly to produce ammonia, resulting in a
slow and homogeneous increase in the pH of the solution, and
in the precipitation of small nanoparticles of CeO2 with a
narrow size distribution.30 The final product was recovered by
centrifugation, washed with DI water and dried at 60 °C.
For the preparation of Ce0.25Zr0.75O2 nanoparticles, cerium

nitrate (18.4 mmol) and zirconyl chloride (55.4 mmol) were
dissolved in 400 mL DI water (pH ∼ 10−11). Ammonium
hydroxide (90 mL, 2 M) was slowly added to the solution, and
the mixture was stirred overnight. The resulting suspension was
filtered to recover the precipitate, which was washed with DI
water and dried at 60 °C. Finally, the powder was heated at 800
°C for 2 h (in air atmosphere) to get the mixed oxide.40 The
nomenclature used to describe the samples is shown in Table 1.
Composite membranes used in the durability study were

prepared by addition of metal oxide nanoparticles to 5 wt %
Nafion (1100 EW) dispersion, maintaining the loading of
additive constant at 3 wt % (dry weight of the ionomer). The
suspension was stirred and casted onto a glass plate, followed
by drying at 60 °C. Baseline recast Nafion membranes without
any additive were prepared for comparison.
Membrane electrode assemblies (MEAs) used in the

accelerated durability tests had an active area of 5 cm2. The
electrodes were applied by spraying a slurry comprising Pt/C
(40 wt % Pt, Alfa Aesar), Nafion dispersion, and methanol onto
both sides of the PEM using an airbrush. The overall loading of
platinum on each electrode was maintained at 0.4 ± 0.05 mg
cm−2.
The Raman spectra were recorded from 100 to 1200 cm−1

using a Renishaw Ramascope 2000. X-ray photoelectron
spectroscopy was done using an XPS spectrometer model
Axis 165 (Kratos Analytical, Shimadzu Co.), with a
monochromatic X-ray source of MgKα.
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