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ABSTRACT: Oxygen vacancy levels are monitored during
the oxidation of CO by CeO,_, nanorods and Au-CeO,_
nanorods, nanocubes, and nanopolyhedra by using Raman
scattering. The first-order CeO, F,, peak near 460 cm !
decreases when this reaction is fast (fast reduction and
relatively slow reoxidation of the surface), because of the
lattice expansion that occurs when Ce®" replaces Ce**
during oxygen vacancy creation. This shift correlates with
reactivity for CO oxidation. Increases in the oxygen deficit
O as large as ~0.04 are measured relative to conditions when
the ceria is not reduced.

eO, (cerium oxide, ceria, CeO,_g) is widely used as a
Ccatalyst that can assist in storing and releasing oxygen."”
The reactive and catalytic properties of CeO, are superior in
nanoparticle form because of the larger surface area and a change
in structure and composition due to oxygen vacancies.” Catalytic
activity is enhanced when gold is deposited on the nanoparticle
surface, Au-CeO,, and depends on CeO, particle size and
shape.* " '* For example, the water—gas shift reaction is faster
for nanorods (with exposed {110} and {100} CeO, surface
planes) than for nanopolyhedra ({111} and {100}), which is
much faster than that for nanocubes ({100}).'® One fundamen-
tal impediment to understanding the reactivity of catalysts has
been characterizing them in real time. In particular, analyzing
oxygen vacancy levels in ceria in real time during such catalytic-
type reactions has been a challenge, a challenge that is success-
fully addressed here.

Raman scattering is an intriguing tool for monitoring and
understanding the catalytic activity of ceria. For example, the
strength of the Raman peak near 570 cm ™' relative to that of the
first-order F, peak in CeO, near 460 cm™ ! has been associated
with oxygen vacancies in CeO, and cation-doped CeQ,. 1718
The feature provides mechanistic insight, but the use of the
strength of this peak to assess vacancy concentration quantita-
tively is limited by its multipeak nature,'* and uncertainty of how
the integrated feature strength varies with defect density and
whether it varies monotonically with vacancy density."> Using
UV Raman scattering,19 ref 12 showed that the relative density of
defect sites (~595 cm™ ') on oxidized surfaces of nanoparticle
CeQ, varies as nanorods > nanocubes > nano-octahedra; these
intrinsic defects may be Frenkel-type oxygen defects. On reduced
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ceria, the defect peak moves from $92 cm™ ' to ~360 cm ™' and
becomes weaker relative to the Fp, peak; these changes are
reversed when O, is added, so the lower energy peak is thought
to be due to oxygen vacancies. The first-order F,, peak shift in
CeO, is known to decrease when either particle size decreases or
temperature increases (in the presence of air) ;20 however, no
connection between this Raman scattering peak, CeO, catalytic
activity, and oxygen vacancies has been noted.

In this communication, we report that the F,, Raman peak
shifts in CeO,_ 5 and Au-CeO,_ 5 nanoparticles of certain shapes
decrease during the oxidation of CO more than would be
expected from thermal expansion and phonon decay. These
additional decreases are quantitatively related to increases in
oxygen vacancies (the oxygen deficit 0) that accompany CO
oxidation.

CeO, and Au-CeO, nanoparticles were synthesized as pre-
viously reported in ref 10. Different ceria particle shapes
(nanorods, nanocubes, nanopolyhedra) were prepared by vary-
ing the synthesis conditions. Only the face-centered cubic (fcc)
structure of CeO, (space group: Fm3m) is observed in powder
X-ray diffraction, without any isolated Au phase from each
sample. Using transmission electron microscopy TEM, the
average CeQO, particle dimensions are: (10.1 £ 2.8) X
(50—200) nm for rods, 29.5 &+ 10.6 nm for cubes, and 11.0 +
2.1 nm for polyhedra. Gold was then introduced to calcined
(400 °C, air) ceria nanoshapes by deposition-precipitation (DP)
to produce Au-CeQ,. The three different-shaped ceria nanopar-
ticles are seen to maintain their original crystal shapes after gold
deposition. X-ray photoelectron spectroscopy (XPS) and induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
suggest that the introduced Au (~1% atomic concentration)
remains mostly on the surface or the subsurface layers of CeO,."°
XPS also shows that ionic gold (Au” and Au’") is the main
species on the rod and polyhedron samples, while metallic gold
(Au®) is dominant on the cubes. TEM suggests that the gold is in
the form of particles only on the nanocubes. More details about
sample preparation and properties can be found in ref 10. Bulk
CeO, (average particle size ~S um, Alfa Aesar, 99.9%) was
also used.

About 10 mg of a given powder sample was placed on a
temperature-controlled Si wafer substrate in a flow cell (Linkam
THMS 600 thermal stage). Raman analysis of each sample was
conducted in this cell with gas flowing (20 sccm, ~1 atm) “over”
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Figure 1. Raman spectra of (a) CeO, and (b) Au-CeO, nanorods with
5% CO/He and He flow.

the powder and residual gas analysis (RGA) was performed on
the effluent from this cell. Raman analysis was performed using
514 nm excitation from an argon-ion laser, and analysis by a
spectrometer with an 1800 groove/mm grating blazed at 500 nm
(Acton SPi2300, Princeton Instruments) and a liquid nitrogen-
cooled CCD detector (SPEC-10, Princeton Instruments).
Raman peak shifts were determined by fitting with Lorentzian
lineshapes (R* > 0.95). RGA analysis was conducted in the cell
effluent when CO was flowed, using a Balzers-Pfeiffer model
PRISMA QME 200. Mass 44 peaks from CO oxidation product
CO, were referenced to the mass 4 He peak in the flowing
CO/He gas mixture.

In most studies, the flowing gas was He, 5% CO/He, or 5%
0,/N,. Before each run, He was flowed for 30 min with the
sample held at 350 °C, and then cooled to 0 °C. Raman and RGA
measurements were conducted with the substrate temperature
ramped from 0 to 300 at S0 °C/min between selected tempera-
tures (0, 25, 50, 7S, 100, 200, and 300 °C) with the substrate
maintained at each temperature for 10 min: 5 min for tempera-
ture stabilization, followed by 5 min for Raman analysis. Each run
was conducted with a fresh sample.

At 0 °C, CO, is detected in the effluent during 5% CO/He
flow over Au-CeO, rods and polyhedra, but not during flow over
CeO, rods or Au-CeO, cubes. CO, product by CeO, rods is
negligible below 100 °C, and is always much smaller than for Au-
CeO, rods at the same temperature. At 300 °C, the CO
conversion with 5% CO/He flow over Au-CeQ, rods is ~2.5 X
that over CeO, rods, ~1.7x that over Au-CeO, polyhedra, and
~5x that over Au-CeO, cubes. (See Figures S1 and S2 in
Supporting Information [SI] for more on the RGA results.)

Figure 1 shows the Raman spectra of CeO, and Au-CeO, rods
at 0 and 300 °C for He and 5% CO/He gas flows, presented
normalized to the peak height of the CeO, F,; peak near
460 cm . (See Figure S3 in SI for more details on the Raman
spectra.) There is a small variation in the F,, mode Raman shifts
of the different samples at 0 °C, with those for CeO, and Au-
CeO, rods being ~460 cm ™! (with the Au-CeO, peak about
0.8—14cm * higher than that for CeO,) and those for Au-CeO,
cubes and polyhedra being ~464 cm ™ '. Smaller peaks near 260,
600, 760, 830, and 1050 cm ™" also depend on temperature and
reaction conditions. (See SI.)

The peak shifts of the F,, mode vs temperature are plotted for
the different gas flows over different samples in Figure 2, offset to
coincide at 0 °C for each run so the changes (decreases) in
Raman shifts with increasing temperatures are seen. The de-
creases in the Raman shifts from 0 to 300 °C range from ~6 to

(=]
T

'
-
T

Yig,

N
T

’
(4]

L |
>

% !
'y

& b
T

© CeO, rod-He

& CeQ rod-5%CO 4

Au-Ce0, rod-He

Au-Ce0, rod 5% CO

:\u-CeO} poly He

® Au-CeD, poly 5% CO

0 Au-Ce0, cube He

Au-CeQ, cube 5% CO i

4 Au-CeO rod 1% CO

Au-Ce0, rod 5% O, &

(4 Au-CeO, rod 1% CO&0.5%0C,
Pa— M L M L

o
—

Raman Peak Shift from 0 °C (cm")
TS Y
ECec b

Aoody
w N
Ll

0 50 100 150 200 250 300

2
s

Temperature (°C)

Figure 2. Main CeO, Raman peak (F,,) shifts (relative to the shifts at
0 °C) as a function of temperature during flow over CeO, nanorods,
Au-CeO, nanorods, Au-CeO, nanopolyhedra, and Au-CeO, nanocubes.
CO indicates 5% CO, 1% CO, and 1% CO/0.5% O, flows that are in He,
and O, indicates 5% O,/N, flow.

~13 cm ™. The examples with this ~6 cm ™" change include all
5% CO/He, He, and 5% O,/N, runs with bulk CeO, and Au-
CeO, nanocubes, and all runs with 5% O, /N, flow (for these and
for CeO, rods, and Au-CeO, rods and polyhedra). The largest
shifts are seen for 5% CO/He flow, for CeO, rods and for Au-
CeO, rods and polyhedra, with the largest of all being for Au-
CeO, rods. For these three samples, the decrease in Raman shift
is much larger with 5% CO/He flow than with either He or 5%
0,/N, flow, and slightly larger with He flow than with 5% O,/N,
flow. In all cases this Raman shift change is largely reversible as
the temperature is decreased, as shown in Figure S3 in the SI

The decrease in Raman shift by ~6 cm™ " from 0 to 300 °C
seen in many cases is due only to thermal expansion and phonon
coupling and decayj this is similar to that seen by ref 20 for bulk
and CeO, nanoparticles in air. The additional downward shift
seen in several cases is mostly due to the lattice expansion and
mode softening that occurs when oxygen vacancies are created
(from the oxidation of CO or potentially other mechanisms),
which leads to two Ce®" ions (ionic radius 1.143 A) replacing two
Ce*" ions (0.970 A) for each oxygen vacancy created.”' >

The largest downshifts are seen during 5% CO/He flow
whenever there is significant CO, product (CeO, rods, Au-
CeO, rods and polyhedra), as monitored by RGA, for a given
sample type and temperature; the largest reaction yields in these
cases correlate with the largest changes in Raman shifts. The
reaction yield and extra decrease in Raman shift both occur
continuously from 0 to 300 °C for Au-CeO, rods, but they both
become noticeable only near 300 °C for CeO, rods. In each case,
the larger downshifts are seen when the oxygen vacancy levels are
expected to be high because of the relatively rapid ceria reduction
during CO oxidation and the very slow regeneration of surface
and bulk oxygen vacancies.

For Au-CeO, rods at 300 °C, the CO, product is ~2 X larger
during 1% CO/0.5% O,/He flow than during 5% CO/He flow,
which is itself ~2x than that during 1% CO/He flow. (In the
absence of the powder, no CO, product is seen with 1% CO/
0.5% O,/He flow at 300 °C.) However, the Raman shift decrease
with 1% CO/0.5% O,/He flow is only ~0.01 cm ! (relative to
that with 5% O,/N,) (compared to 5.8 and 4.3 cm ™' for 5%
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Figure 3. Raman shift of the defect peak near 570 cm ' and the

integrated area of this peak (normalized by that of the F,, peak) for
Au-CeO, nanorods with 5% CO/He flow vs temperature.

CO/He and 1% CO/He flow, respectively) (Figure 2). The
respective values relative to those with He flow are 0.90, 6.7, and
5.1 cm ™ '. RGA traces in Figure S2 (in SI) show evidence of CO
oxidation by Au-CeO, rods during 5% CO/He flow: from trace
O,, starting at the lowest temperatures due to oxidation by O,
(with no slowing of this rate with time because there is no loss of
lattice oxygen), from ceria lattice oxygen, starting at higher
temperatures (with the oxidation rate slowing with time due to
loss of lattice oxygen), and from trace water vapor (through the
water—gas shift reaction) at the highest temperatures; with 1%
C0O/0.5% O,/He flow, there is evidence of only CO oxidation due
to the O, flow. This confirms the attribution of the larger changes
in Raman shifts to volume changes arising from oxygen vacancies.

The decrease in the F,, mode shift of Au-CeO, nanorods in
5% CO/He flow from 0 to 300 °C (relative to the shift at 0 °C) in
Figure 2 (blue triangles) is similar to the general decrease of the
defect mode shift (from 599 to 562 cm™ ') and the general
increase of the ratio of the areas of this defect peak to that of the
F,, mode (from 0.05 to 0.34) seen in Figure 3 for the same runs.
Ref 12 has shown that the defect peak includes contributions
from intrinsic defects and oxygen vacancies. This further re-
inforces the association of the changes in the F,, mode shift with
vacancies.

At 300 °C, the F,; Raman shift is lower with 5% CO/He flow
than with 5% O,/N, flow by 5.8, 3.1, 0.28, and 0.96 cm”* for Au-
CeO, rods, polyhedra, and cubes and CeO, rods respectively,
and this downshift is usually even lower for He flow, and is 6.7,
3.6,0.15,and 1.3 cm ™}, respectively. These are —Aw relative to
the reference frequency w with the reference flow, and represent
the average of two runs with very similar results. For bulk CeO,,
the Raman shifts with 5% O,/N, and He flows are the same
within 0.1 cm ™.

This additional downshift with CO flow, is Aw = —yw(AV/
Vo), where 7 is the Griineisen parameter for this mode (1.24,
assumed to be independent of temperature'"), and AV is the
volume change from the reference case volume V4. This frac-
tional volume change of CeO,_j is due to the consequences of
the oxygen vacancies leading to the oxygen deficit O: expansion
due to the change of Ce*" (ionic radius 0.970 A) to Ce** (1.143
A), which is partially offset by the effective compression due to
the loss of 0>~ (1.380 A) and the creation of OXygen vacancies
(1.164 A).zz Even when the contribution of intrinsic vacancy
trimers is included,” the relation between & and V/Vj, is largely

linear, with 6 = —10(Aa/ay) = —3.3(AV/V,), where Aa/a,
(assumed to be <1) is the fractional change in lattice constant.
The oxygen deficit is then & = 2.66(Aw/w).

Using the Raman shift values at 300 °C, for $% CO/He flow
the increase in oxygen deficit (relative to that with 5% O,/N,
flow) at this temperature is d = 0.034 for Au-CeO, rods, 0.018 for
Au-CeO, polyhedra, 0.0016 for Au-CeO, cubes, and 0.0056 for
CeO, rods, and 0.039, 0.021, 0.0009, and 0.0076, respectively,
relative to He flow. For the estimated £0.3 cm ™' uncertainty in
Aw/w, the uncertainty in ¢ is 2-0.002. With 1% CO/He and 1%
C0/0.5% O,/He flow over Au-CeO, rods, the increases in O are
respectively 0.025 and 0.0001 relative to those (very small
values) for 5% O,/N,, and 0.030 and 0.005 relative to those
(very small values) for He flow.

Larger decreases in the Raman shift indicate more vacancies,
due to faster reaction with relatively slow surface reoxidation (as
for 5% CO/He flow over Au-CeO, rods and polyhedra and
CeO, rods), while smaller shifts indicate slower reaction (5%
CO/He flow over CeO, rods or Au-CeO, cubes) or fast reaction
with fast surface reoxidation or little net oxygen vacancy creation
(1% C0O/0.5% O,/He flow over Au-CeO, rods). Vacancy levels
and reactivity are both very sensitive to nanoparticle shape,
exposed surfaces, and the presence of Au.

Uncertainties in this quantitative analysis include how oxygen
vacancies at and near the surface in nanoparticles affect volume
expansion and the measured Raman spectrum differently than
those in the bulk. Also, ref 11 suggests very small mode hardening
of the CeO, F,, mode (up to 12 cm™ ' forup to O = 0.2 in bulk
ceria) when oxygen vacancies are introduced (with no other
effects included, such as volume expansion). Another effect
excluded is the change in force constants due to the “alloying”
with Ce**. In addition, the smaller F,, mode frequency at 0 °C
for nanorods (~460 cm ") than for nanocubes, nanopolyhedra,
and the bulk (~464 cm™ ') could indicate different surface or
bulk effects for different particles. However, each of these factors
is expected to be small relative to the large shift decrease with 5%
CO/He flow and the effects of thermal expansion and phonon
decay. There is uncertainty in the Gruneisen parameter of the
ceria F,, mode. Use of y =144 (instead of 1.24)'" would
decrease the determined oxygen deficit by 14%, so the largest
value determined here would be 0.034 instead of 0.039. Another
uncertainty involves the Raman probing of an inhomogeneous
set of particles. Within the Raman probe depth, the reduction of
particles near the top of the sample on the substrate should be
more complete, and consequently the oxygen deficits in these
particles would be larger than those in the deeper regions. This
may affect the details of the quantitative analysis to a small
degree.

Figure 4 plots how the magnitude of the downshift of the Fy,
Raman mode varies with the CO, product formed (relative to
that with He flow), for each run with CO flow and for each
temperature in that run. There is a general increase in Raman
downshift (and consequently oxygen vacancies) with CO,
product except for runs with relatively little CO, produced and
for runs with O, flow as well as CO flow. The points are off the
main plot in these latter runs, because surface oxidation of CO is
due to the O, flow, and lattice oxygen is not consumed. The
initial toe in Figure 4, where negligible Raman shift is observed
even with the increase in the CO, product, is attributed to CO
oxidation by trace impurity O,, along with negligible net oxygen
vacancy creation. Increased CO, product correlates with the CO
reduction of the surface (creation of oxygen vacancies), causing
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Figure 4. Downshift of the CeO, Raman peak (F,) shift is plotted vs
the normalized RGA current at mass 44 (single ionized CO,) for all runs
with CO flow. Each data point represents the difference of the Raman
shift with He flow relative to that for the same material with the specified
flow at each temperature chosen from 0 to 300 °C. (This difference is
corrected for the differences at 0 °C, as in Figure 2.) The gas flow is 5%
CO/He unless otherwise noted. The 1% CO and 1% CO/0.5% O, flows
are in He. The RGA data are taken S min after the specific temperature is
reached, at the beginning of the S min Raman signal integration. The
points far off the main curves are for 1% CO/0.5% O,/He flow over Au-
CeO, nanorods. Also shown are the ranges of the three major reaction
pathways of CO oxidation on the surface: (I) the gas phase reaction CO
(g) +1/2 0, (g) — CO, (g); (II) oxidation by lattice oxygen of CeO,;
and (III) the water—gas shift reaction (CO + H,O — CO, + H,).
(See SI.)

larger downshifts in the Raman shift. When the water—gas shift
reaction becomes important (here at higher temperatures, and
due to trace water vapor), there is even larger CO, product, and
oxygen vacancies increase, but perhaps a little slower due to
surface oxidation by the trace water vapor. (The detailed reaction
mechanisms are discussed in the SI (Figure S2).) While this plot
is instructive, note the plotted variables denote different time
periods and locations probed on the particle (surface, subsurface,
bulk). The RGA signal describes the current rate of CO oxidation
either by surface reduction (lattice oxygen) or external oxygen
sources (O, or H,0), while the Raman shift change described by
the concentrations of oxygen vacancies on the surface and in the
bulk, depends on the history of net vacancy creation from surface
reduction and reoxidation.

In summary, Raman analysis of phonon softening provides a
direct and versatile way of quantitatively assessing oxygen
vacancy levels in catalyst-type material. The rates of CO oxida-
tion and ceria reduction correlate to the Raman shift and the
increase in the oxygen deficit. The different reaction pathways of
CO oxidation are confirmed both by oxygen vacancy levels from
the Raman shift and by RGA analysis. In addition to being more
reactive, Au-CeQO, nanorods are seen by Raman analysis to have
larger oxygen vacancy levels during CO oxidation than Au-CeO,
nanoparticles of other shapes and CeO, nanorods. More ex-
tensive studies of Raman analysis of Au-CeO, nanoparticles
during catalysis are underway.
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