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Effect of Dopants on the Adsorption of Carbon Dioxide on

Ceria Surfaces

Meijun Li,”’ Uma Tumuluri,”’ Zili Wu,*® and Sheng Dai*™ "

High-surface-area nanosized CeO, and M-doped CeO, (M=Cu,
La, Zr, and Mg) prepared by a surfactant-templated method
were tested for CO, adsorption. Cu, La, and Zr are doped into
the lattice of CeO,, whereas Mg is dispersed on the CeO, sur-
face. The doping of Cu and La into CeO, leads to an increase
of the CO, adsorption capacity, whereas the doping of Zr has
little or no effect. The addition of Mg causes a decrease of the
CO, adsorption capacity at a low Mg content and a gradual in-
crease at a higher content. The CO, adsorption capacity fol-

Introduction

Acid gases are ubiquitous in multiple large-scale energy appli-
cations. CO, is the most important greenhouse gas that affects
climate change and also represents an important future
carbon feedstock." In addition, SO,, NO,, and H.S are critical
components of energy-related gas mixtures. The control of
CO, in the atmosphere is a challenging research topic; there-
fore, there is growing interest in the development of technolo-
gies for the efficient adsorption or storage of large quantities
of CO,.** There are many techniques available to remove CO,
with different advantages and limitations. One of the most ad-
vanced methods for the removal of CO, is either physical or
chemical sorption of CO, on solid surfaces. To achieve a sustain-
able energy future there is a great need to find inexpensive, ef-
fective, and suitable sorbents for CO, capture.

Recently, various porous materials with good structural and
chemical properties for CO, sorption have been investigated
widely, which include zeolites,*® carbon,”'" silica-based mate-
rials,">' and metal-organic frameworks.>'® With high stabili-
ty, abundant availability and low cost, sorbents based on metal
oxides have shown great potential for the effective sorption of
CO, from synthesis gas and flue gas. A few studies have re-
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lows the sequence Cu-CeO,>La-CeO,>Zr-CeO,~ CeO,>Mg-
CeO, at low dopant contents, in line with the relative amount
of defect sites in the samples. It is the defect sites on the sur-
face, not in the bulk of CeO,, modified by the dopants that
play the vital role in CO, chemisorption. The role of surface
oxygen vacancies is further supported by an in situ IR spectro-
scopic study of the surface chemistry during CO, adsorption
on the doped CeO..

ported that various metal oxides are able to adsorb CO, mole-
cules on their surface, which include iron oxide, lithium oxide,
magnesium oxide, aluminum oxide, titanium oxide, and zirco-
nium oxide.'”2" CeO, and CeO,-based oxides have been inves-
tigated intensively as catalysts, metal supports, and promot-
ers.?24 particularly, doped CeO, materials have been investi-
gated extensively because of their improved physiochemical
properties and decreased oxidation enthalpies compared to
pure CeO,. CeO, has an ability to endure both acid and base
properties on the surface that depends on the nature and tem-
perature of the pretreatment. Vivier and Duprez have indicated
that CeO, exhibited the highest number of surface basic sites
among a number of selected metal oxides, which is advanta-
geous in terms of CO, capture.””’ Another favorable feature is
that the thermal stability, oxygen vacancies, redox properties,
and base-acid properties can be tuned by doping M (M=Zr,
La, Mn, etc.) into Ce0,.2°*? Yang and co-workers reported that
a Sm-doped CeO, nanomaterial showed an excellent CO, cap-
ture ability. They attributed the CO, adsorption ability to the
abundant oxygen vacancies of Sm-doped CeO,.*” However, Ly-
khach et al. reported that CO, activation on CeO, led to the
rapid formation of a carbonate and surface carboxylates.”"” So
far, the practical application of CeO, for CO, capture has not
been investigated fully, and the mechanism of CO, interaction
with CeO, and doped CeO, at room temperature is poorly un-
derstood. Thus, an understanding of the chemistry that occurs
at the CeO, surface in the presence of CO, is of significance in
the development of more effective oxide-based CO, sorbents.

In this paper, a series of high-surface-area CeO, and M-
doped (M=Cu, La, Zr, and Mg) CeO, nanomaterials was pre-
pared by a surfactant-templated method, and the CO, capture
behavior of these materials was tested at 303 K. Mesoporous
CeO, exhibits a significant CO, adsorption capacity. Further-
more, it has been shown that the presence of dopants can fur-
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ther tune the surface functionalities, such as the surface acid-
base properties and defect sites, which impact the adsorption
behavior of CO, on the CeO, surface.

Results
Physical properties and structural characterization

Representative SEM images of CeO, and 4 mol% Cu-CeO, are
shown in Figure 1. Pure CeO, shows a wormlike pore structure,
which results from the closely aggregated metal oxide nano-
particles. A comparison of the microscopy images shows that
the addition of the dopants does not alter the primary struc-
ture of the CeO,. The overall structure of the doped CeO, is
similar to the wormlike structure of the pure CeO,, and the
nanoparticle size appears to be in the range of 5-8 nm for all
samples.

The textural properties of the CeO, and doped CeO, materi-
als were examined by measuring their N, adsorption isotherms.
Representative N, adsorption isotherms and the corresponding
pore size distribution for pure CeO, and 4 mol% M-CeO, are
shown in Figure 2. All the samples exhibit Type IV isotherms,
which indicates the mesoporous nature of the materials. The
BET surface area, pore volume, and actual dopant content

Figure 1. Representative SEM images of a) CeO,, b) 4 mol% Cu-CeO,, and
c) 4 mol % La-CeO,.
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Figure 2. a) N, adsorption isotherms and b) corresponding pore size distribu-
tions of pure CeO, and 4 mol% M-CeO,.

Table 1. The BET surface area, pore volume and actual dopants content
(measured from ICP) of all samples.
Samples Surface area Porevolume ICP concentration
[m*g™"] [cm?g™] [mol %]
CeO, 181 0.300
CuCeOx 5% 179 0.311 4.2
15% 171 0.341 13.1
34% 138 0.189 29.2
LaCeOx 5% 162 0.177 4.0
15% 159 0.266 11.6
34% 146 0.175 224
ZrCeOx 5% 150 0.207 3.8
15% 172 0.194 1.6
34% 160 0.178 21.8
MgCeOx 5% 195 0.346 3.8
15% 173 0.359 13.2
34% 160 0.434 27.0

(measured by inductively coupled plasma; ICP) of all samples
are listed in Table 1. The BET surface area of the mesoporous
CeO, is 181 m*g~". Compared with pure CeO,, the surface
areas were decreased for all 4 mol% M-CeO, samples except
4 mol% Mg-CeO,. The decrease was more severe if the dopant
content was further increased to 15 and 34 mol % for the Cu-,
La-, and Mg-doped CeO, samples. The surface area was slightly
enhanced with the increased Zr content for the Zr-CeO, sam-
ples. In addition, ICP results suggested that the actual dopant
concentration is lower than the dopant concentration in the
starting solution for all samples (Table 1).

The XRD profiles of CeO, and doped CeO, investigated in
the present study are shown in Figure 3. The distinct fluorite
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Figure 3. XRD patterns of CeO, and doped CeO, with different dopant con-
centrations.

oxide diffraction pattern of CeO, is seen in all of the samples.
XRD measurements did not show any evidence of dopant
metal oxide formation for La,0;, ZrO,, and MgO at all concen-
trations. There were no CuO diffraction peaks observed at
a low Cu content (4 and 13.1 mol %), however, weak diffraction
peaks of CuO appeared if the Cu content was increased to
29.2 mol %, which indicates that bulk CuO was formed at this
content. Interestingly, the diffraction peaks of the La- and Zr-
doped CeO, samples are slightly shifted to various extents
with respect to that of pure CeO, with increased dopant con-
centrations. These observations demonstrate that the dopants
have been incorporated successfully into the lattice of CeO,,
and either lattice contraction or expansion is exhibited for La-
Ce0, and Zr-CeO, samples.??>% The diffraction peaks of the Zr-
Ce0, samples are shifted to a higher angle relative to pure
Ce0,, whereas the La-CeO, patterns are shifted to a lower
angle. A shift in the peak positions could be elucidated by
comparing the ionic radii of the dopants (~0.084 nm for Zr**
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and ~0.11 nm for La**) and host ions (~0.097 nm for Ce**). The
ionic radius of La** is larger than that of Ce**, hence lattice ex-
pansion is noticed for La-CeO, because of the incorporation of
La’>" into the CeO, lattice. Conversely, lattice contraction is
found for Zr-CeO, because of the substitution of Ce** by small-
er Zr** cations. The observed key features for La-CeO, and Zr-
Ce0,, peak shift and the absence of dopant oxide XRD peaks,
confirm the formation of CeO,-based solid solutions. In addi-
tion, the nonshifted XRD peaks together with the absence of
diffraction peaks of MgO suggest that MgO may be well dis-
persed on the surface of CeO,. The XRD pattern of Cu-CeO,
(Figure 3) showed neither CuO diffraction peaks at a low Cu
content (4 and 13.1 mol%) or a peak shift. This may be attrib-
uted to either the good dispersion of CuO on the surface of
Ce0,, the formation of a solid solution, or a combination of
both phenomena. The crystallite size of all samples calculated
from XRD patterns is listed in Table 1. For all samples, the crys-
tallite size is <7 nm, which is in good agreement with the SEM
results.

Raman spectroscopy is an excellent technique to investigate
the structural properties of CeO,-based materials because of its
sensitivity to both M—O bond arrangement and lattice de-
fects.’™ Raman spectra of CeO, and 4 mol% M-CeO, are pre-
sented in Figure 4. All spectra exhibit the main peak at 7=
464 cm™', which could be assigned to the F,, Raman-active
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Figure 4. Raman spectra of CeO, and 4 mol% M-CeO,.

mode of the fluorite-structured CeO,. An additional small band
at around 7=608 cm™' is caused by the defects related to
oxygen vacancies (Ov).*>>¥ No Raman bands that correspond
to dopant oxides are detected, which is in agreement with the
XRD results. Notably, the F,; band of 4 mol% Zr-CeO, is shifted
to a higher wavenumber (7=468 cm™"), whereas the F,q bands
of 4 mol% Cu-CeO, and 4 mol% La-CeQ, are shifted to a lower
wavenumber (7=460 cm™' for La-CeO, and #=458 cm™' for
Cu-Ce0,) relative to pure CeO,. There is no shift observed for
4 mol% Mg-CeO,. The shift in the F,; mode reveals the varia-
tion of the M—O vibration frequency, which is attributed to the
difference in the radii of Ce** and the dopants.®*>* The differ-
ence in the ionic radius of the dopants enables changes in the
lattice parameter caused by cell contraction or expansion.
Hence vibrations are stiffer in a contracted lattice and more re-
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ples exhibited only one type of
Ov band at around #=608 cm™',
however, the La-CeO, samples
displayed two bands at 7=550
and 608 cm™'. The lower-wave-
number band is caused by the
extrinsic oxygen vacancies, and the higher-wavenumber band
is induced by the intrinsic oxygen vacancies.**>*® Generally, the
extrinsic vacancies could be formed because of the oxygen va-
cancies introduced into the CeO, to maintain the charge neu-
trality if Ce** ions are replaced with trivalent cations, whereas
the intrinsic vacancies are generated by the presence of Ce*"
ions. Therefore, the Cu-, Zr-, and Mg-doped CeO, and pure
CeO, promote only intrinsic vacancies attributed to the pres-
ence of Ce®* ions in the samples. For La-doped CeO,, both ex-
trinsic and intrinsic vacancies were found, which can be as-
cribed to the doping of lower-valence La*t as well as the pres-
ence of Ce’* ions, respectively.

As the bands at 7=550 and 608 cm™" are related to oxygen
vacancies and the band at =464 cm™' is the main band of
the CeO,-based samples, the area ratio of these bands Ao/Ag,,
(Figure 4, inset) can reflect the relative concentration of
oxygen vacancies. As a result, Ao,/Ag,, follows the sequence Cu-
Ce0, > La-Ce0, > Zr-CeO,~ pure CeO,>Mg-CeO,, which indi-
cates that the Cu-doped sample had the most defect sites and
the Mg-doped sample had the least. Notably, Raman spectros-
copy is essentially a bulk technique. Therefore, the detected
oxygen vacancies in the ceria and doped ceria samples are
a sum of both the surface and bulk defects. As the particle size

tions.
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Figure 5. Raman spectra of a) Cu-CeO,, b) La-CeO,, c) Zr-CeO,, and d) Mg-CeO, with different dopant concentra-

increased with the increasing contents for Cu- and La-doped
Ce0,, and there is no clear change observed with the en-
hanced Zr contents for Zr-CeO, (the corresponding Ao/Ar,,
data are presented in Table 2). In addition, the presence of Mg
leads to the disappearance of the oxygen vacancy band as
shown in Figure 5 for Mg-CeO,. Furthermore, there is no shift
observed for Mg-doped CeO, at all concentrations. Samples
with a higher Mg concentration caused a strong fluorescence
background in the Raman spectra. This suggests that most of
the MgO is distributed on the surface of the CeO,, which is in
good agreement with the XRD results. At a high Cu content,
there is no CuO Raman band observed, probably because of
the weak signal of CuO in Raman spectroscopy. Raman spectra
combined with XRD results suggest the possible coexistence
of the bulk CuO and CuCeO, solid solution at a high Cu load-
ing for Cu-CeO, samples.

To further investigate the distribution of dopants in ceria,
low-energy ion scattering (LEIS) was used to analyze all the
doped ceria samples. LEIS is particularly suited to determine
the composition of the top atomic monolayer of a material
(~0.3 nm) with a sensitivity on the order of 0.1 at%.5" 3 The

of all the samples here is small (~8 nm) and similar, it is reason- Table 2. The Relative area ratio of A/Ar, calculated from Raman spectra.

able to compare the relative amount of defect sites by Raman

spectroscopy. Samples CeO, Cu-CeO, La-CeO, Zr-CeO, Mg-CeO,
The F,, bands further shifted to higher (for Zr) or lower (for 4 mol% 0050 0.3 0.061 0.052 0.042

Cu and La) wavenumbers with increasing dopant concentra- ~12 mol% 052 0.066 0.050 0.058

. . . > 22 mol% 0.98 0.12 0.083 -

tions (Figure 5). Moreover, the amount of oxygen defects sites
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La-CeO, samples could not be profitably analyzed as there
would not be sufficient mass resolution between peaks attrib-
utable to Ce and La even with the use of a Ne* probe beam in
LEIS. So only the results for Mg-, Zr-, and Cu-doped ceria sam-
ples are shown. To compare the trends of the Ce signal relative
to the dopant signal with depth, the relative Ce signals to Mg,
Cu, and Zr are each normalized by the value of this ratio after
a sputter dose of 1x10" cm~ (Figure 6). The corresponding
sputter depth was chosen instead of the native surface peak
as the latter would have values that would be sensitive to orig-
inal surface contaminants. The relative composition of Ce/dop-
ants does not show a clear change with depth at low concen-
tration (4 mol%; Figure 6 A), which suggests that the dopants
are well distributed in the ceria. At higher dopant concentra-
tions (Figure 6B and C), the relative depth-dependent Ce
signal appears to be affected sensitively by the presence of
Mg, especially for the 27.0 mol% Mg-CeO, sample. Clearly, Mg
tends to stay on the surface of ceria, which confirms the XRD
and Raman spectroscopy results that suggest the dispersion of
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Figure 6. Normalized ratio of Ce to dopant LEIS signal with depth.
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Mg in the form of MgO on the ceria surface regardless of the
dopant concentration. The effects of Zr and Cu seem similar to
each other, and the relative ratio of Ce to Zr or Cu remains rel-
atively unchanging for Zr at all doped concentrations and Cu
at low concentration (4 and 13.1 mol%) or increases slightly
for Cu at high concentration (29.2 mol%). This also agrees well
with the results from XRD and Raman spectroscopy, that is, for
Zr-Ce0, samples, there is evident formation of a CeO,-based
solid solution, and for Cu-CeO,, at a low loading Cu is inserted
into the lattice of ceria, whereas CuO is formed on the ceria
surface at the highest doping concentration.

In summary, La and Zr are well doped into the lattice of
ceria without clear surface segregation. Cu incorporates into
ceria at a low doping concentration and segregation occurs at
the highest Cu concentration. Mg appears only disperses on
the ceria surface at all doping levels. The incorporation of dop-
ants (Cu, La, and Zr) into the ceria lattice results in larger
amounts of oxygen vacancies relative to the pure ceria. The
dispersion of MgO on the ceria surface does not change the
vacancy density clearly.

CO, sorption

The CO, adsorption isotherms shown in Figure 7 were mea-
sured for 4 mol% M-CeO, and CeO, samples up to a maximum
pressure of 1 bar at 303 K. For the pure CeO,, the CO, adsorp-
tion capacity was 0.77 mmolg™' at 1 bar. If we take into ac-
count the textural parameters, the CO, capacities for 4 mol%
Cu-Ce0, and La-Ce0, increased to 1.08 and 0.88 mmolg ', re-
spectively, ~40 and 14 % higher than that for pure CeO,. How-
ever, the total capacity decreased to 0.67 mmolg™" for 4 mol%
Zr-Ce0, and 0.62 mmolg™' for 4 mol% Mg-CeO,. Clearly, Cu-
and La-doped CeO, are much better adsorbents, whereas, the
presence of Zr and Mg decreases the CO, capacity compared
with pure CeO,, despite the differences in the surface area and
pore volume for all materials (Table 1). This indicates that the
adsorption capacity does not correlate exclusively with the tex-
tural parameters. Instead, the surface properties tuned by the
presence of dopants may play an important role. Notably, the
CO, adsorption capacity of the ceria and doped ceria samples
is below the monolayer CO, coverage. The adsorption capacity
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Figure 7. CO, adsorption isotherms for CeO, and 4 mol% M-CeO, samples
up to a maximum pressure of 1 bar at 303 K.
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of CO, on an oxidized ceria (100) thin film was measured to
be 8.3 umolm™ and that for a reduced ceria (100) surface in-
creased to 12.9 pmol m 259 Therefore, the measured CO, sorp-
tion in our case should be exclusively from chemisorbed CO,
on the ceria and doped ceria surfaces.

To see the effect of dopants on the CO, adsorption behavior
clearly, the CO, capacities were normalized to the total surface
area (Figure 8). Notably, if the CO, capacities are normalized to

y M content is around 4 mol %

—
»
1

CO, total capacity / pmol m™

Samples

Figure 8. Total CO, capacity of CeO, and 4 mol% M-CeO, normalized to sur-
face area.

the surface area, the 4 mol% Cu- and La-doped CeO, samples
showed a higher capacity than pure CeO,, which suggests en-
hanced CO, interaction with the incorporation of dopants into
the pure CeO,. However, the presence of Mg decreased the
CO, adsorption capacity at 4 mol% concentration. The addition
of Zr had little or no effect on the normalized CO, adsorption
capacity. Notably, the sequence of the CO, adsorption capaci-
ties are 4mol% Cu-CeO,>4mol% La-CeO,>4mol% Zr-
CeO,~ pure Ce0, >4 mol% Mg-CeO,, which is in line with the
sequence of oxygen defect sites of the samples (Table 2). This
suggests that the high density of oxygen vacancies in CeO,
modified by dopants can play a vital role in CO, adsorption at
a low-dopant concentration (4 mol %).

To explore the effect of the dopant concentration on CO,
adsorption capacity, we measured the CO, adsorption capacity
of the Cu-, La-, Zr-, and Mg-doped CeO, with different dopant
concentrations (Figure 9; data are normalized to the surface
area). Compared with the pure CeO,, the presence of Cu and
La increases the CO, capacity at ambient pressure for all the
contents, but the capacity shows no further increase at higher
concentrations. The Zr concentration has little effect on the
CO, adsorption capacity. The CO, adsorption capacity increases
with the elevated dopant contents for Mg-CeO,. Interestingly,
the number of oxygen defect sites as calculated from Raman
spectra increased with enhanced concentration from 4 to
~25 mol% for Cu and La, whereas the number of oxygen de-
fects sites increased slightly only for 21.8 mol% Zr-CeO,. This
again suggests that the surface oxygen defect sites play an im-
portant role in CO,-adsorption behavior, but the total amount
of defect sites (both surface and bulk) is not related to the CO,
adsorption capacity linearly. However, for Mg-CeO, samples,
the relative amount of defect sites is barely dependent on the
Mg content (Table 2). Therefore, the increased CO, adsorption
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Figure 9. Normalized CO, adsorption capacity of M-CeO, with different con-
centrations.

capacity with Mg content cannot be explained based solely on
defect sites in the samples. It is possible that the increased
CO, capacity is correlated to the amount of MgO dispersed on
the CeO, surface as indicated by the XRD, Raman spectroscopy,
and LEIS results. As a result of the strongly basic character of
MgO, the Mg-CeO, surface possibly represents more basic
properties with the higher concentration of MgO so that inter-
action with the acidic CO, is enhanced.

In situ IR spectroscopy of the surface chemistry

We can learn how the dopants affect the surface species gen-
erated from CO, chemisorption from in situ IR spectroscopy.
Generally, there are two types of basic sites on metal oxides,
basic hydroxyl groups and basic surface oxygen (normally des-
ignated as Lewis base), that can interact with the acidic CO.,.
CO, adsorption on these two types of basic sites can result in
bicarbonate (with OH groups) and various carbonate species
(with surface O). These species can be discriminated by their
characteristic IR vibrational modes. We selected the 4 mol% M-
CeO, and Ce0O, samples and employed IR spectroscopy to un-
derstand the surface chemistry upon CO, adsorption. The IR
spectra from CO, adsorption on 4 mol% M-CeO, for 1h at
room temperature are compared in Figure 10. Upon initial CO,
adsorption, various surface species are formed readily with IR
features in the range of #=1800-800 cm™' (Figure S1 in the
Supporting Information). These IR features evolve as a function
of CO, adsorption time, that is, surface coverage. The IR bands
at after 1 h CO, adsorption on 4 mol% Cu-, La-, and Zr-doped
CeO, are similar in frequency and intensity, whereas the IR
bands of Mg-CeO, are similar to those of pure CeO,. The IR
bands in the region of #=1800-800 cm™' are caused by vari-
ous carbonate species and their assignments are summarized
in Table 3 based on previous IR studies of CO, adsorption on
CeO,-based materials.***? For all the samples, the reactive ad-
sorption of CO, with OH groups leads to bicarbonate (7=
3617, 1610, 1414, 1216, and 1025 cm™'). The interaction of the
basic OH groups with CO, is also evidenced by the consump-
tion of the OH groups (Figure 10B) as shown by four negative
bands at #=23712, 3687, 3666, and 3649 cm™' for 4 mol% Cu-,
La-, and Zr-doped CeO, and five negative bands at 7=3738,
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Figure 10. IR spectra from CO, adsorption at room temperature for 4 mol %
M-CeO, for 1 h: a) in the carbonate spectral range and b) in the hydroxyl
group region.

 CHEM:USCHEM
= Full Papers

and bridged (#=1683 and 1025 cm™") carbonates. The type of
surface carbonate species does not vary with the presence of
different dopants (Figure 10), however, the same type of sur-
face carbonate species shows some slight differences in both
the vibrational frequency and relative intensity (amount),
which depends on the type of dopant in the sample. For ex-
ample, two types of bidentate carbonates (typel: 7=1655,
1254, and 1025 cm™'; type ll: #=1575, 1294, and 1025 cm™")
and monodentate carbonates (#=1442, 1373, and 1025 cm™")
are much stronger on 4 mol% Cu-, La-, and Zr-CeO, than those
on 4% Mg-CeO, and pure CeO, samples as the v(CO,;) modes
at 7=1254, 1294, and 1373 cm™' are barely observed on the
surfaces of 4 mol% Mg-CeO, and pure CeO,.

To investigate the stability of the various carbonate species
formed on the samples, IR spectroscopy combined with online
mass spectrometry (QMS) was used to perform the tempera-
ture-programmed desorption (TPD) of the surface species
formed from CO, adsorption on the pure CeO, and 4 mol% M-
CeO,. The IR spectra recorded during TPD on 4 mol% Cu-, La-,
Zr-, and Mg-doped CeO, and pure CeO, are shown in Fig-
ure 11 A-E, respectively. The corresponding TPD-MS profiles of
CO, on all samples are presented in Figure 11F. Prolonged
purging (30 min in flowing He) at room temperature did not
change the IR features of the carbonates noticeably on all of
the samples. The IR bands that correspond to all types of car-
bonates on pure CeO, and 4 mol% Mg-CeO, almost vanished
upon heating to 423 K, whereas those bands of 4 mol% Cu-,
La-, and Zr-CeO, only show a slight decline in intensity. At

473 K, the carbonate features
disappeared on the pure CeO,
Table 3. The Assignment of IR bands observed upon room temperature CO, adsorption on CeO, and M-CeO,. and 4 mol% Mg-CeO, samples
) . but were still present with a de-

Sorbents Species 1,(CO3) 1,(CO5) v(C=0) O0(OH) v(OH) Desorption di . 4 1% C
[em-] [em1] [em] m™]  [m™]  temperature ['C] creased intensity on 4 mol% Cu-,
La-, and Zr-CeO, samples. On

CeO, bicarbonate 1610 1414 1025 1216 3617 >150 CeO d 4 1% M
4% Mg-CeO, ~ monodentate 1442 - 1025 >200 pure el and 4molv Mg-
polydentate 1575 1414 1025 >250 CeO,, the intensity decrease of
bidentate-| 1575 - 1025 IR bands measured below 373 K
bidentate-Il 1655 - >150 is mostly caused by the loss of

bridged 1715, 1683 1025 >100 bridaed bonat Furth
4% Cu-CeO,  bicarbonate 1610 1414 1025 1216 3617 >300 ridged carbonates.  Further
4%La-CeO,  monodentate 1442 1373 1025 >300 heating gradually removed the
4% Zr-CeO, polydentate 1575 1414 1025 >300 IR features of bicarbonate, bi-
bidentate-| 1575 1294 1025 >200 dentate carbonate, and eventu-

bidentate-II 1655 1254 I dentat b te t
bridged 1683 1025 >200 ally monodentate carbonate, 10-

3712, 3687, 3666, and 3649 cm™' for 4 mol% Mg-CeO, and
pure CeO,. These negative bands are caused by the consump-
tion of surface OH groups by interaction with CO,. The bands
at 7=3738 and 3712 cm™' are caused by on-top OH groups,
whereas the bands at 7 =3687, 3666, and 3649 cm™' can be as-
cribed to bridging OH groups on the CeO, surface. Apparently
there are two types of on-top OH groups on 4 mol% Mg-CeO,
and pure CeO,.

The reactive adsorption of CO, with surface basic oxygen re-
sults in bidentate | (# = 1655, 1254, and 1025 cm '), bidentate I
(#=1575, 1294, and 1025 cm™'), monodentate (7= 1442, 1373,
and 1025 cm '), polydentate (#=1575, 1474, and 1025cm™ "),
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gether with polydentate carbo-
nates species. For 4 mol% Cu-,
La-, and Zr-CeO,, the initial loss up to 473 K is caused by the
bridged and bidentate carbonates. Heating to 573 K still leaves
some IR features of bicarbonate (7=1615 cm™'), monodentate
carbonate (#=1440 and 1373 cm™), and polydentate carbon-
ate (7=1575cm™") on the surfaces, which implies the decom-
position of these carbonate species at high temperatures. The
contrast suggests that the bonding of the carbonate species is
much weaker on the pure CeO, and 4 mol% Mg-CeO, surfaces
than that on 4 mol% Cu-, La-, and Zr-CeO, surfaces. The differ-
ent stability of bicarbonates versus other carbonate species for
pure CeO, and 4 mol% Mg-CeO, indicates that the basicity of
the hydroxyl groups is weaker than that of the surface oxygen
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Figure 11. IR spectra collected during TPD after CO, adsorption for a) 4 mol% Cu-CeO,, b) 4 mol% La-CeO,,
c) 4 mol % Zr-CeO,, d) CeO,, and e) 4 mol% Mg-CeO,. f) The corresponding QMS profiles of desorbed CO, (mass

44 signal; signal multiplied by 107"

on the sample surfaces, whereas the basicity of the hydroxyl
groups is similar to that of the surface oxygen on 4 mol% Cu-,
La-, and Zr-CeO, samples as there is no apparent difference in
the thermal stability of the various carbonate species.

The TPD-MS profiles shown in Figure 11F show CO, desorp-
tion for all samples as soon as the temperature is elevated
above room temperature with a desorption maximum at tem-
perature below 373 K. CO, desorption extends up to the final
desorption temperature of 573 K. The lowest desorption tem-
perature occurs on 4 mol% Mg-CeO, at 348 K. Pure CeO,
shows a maximum desorption at 353 K. The 4 mol% Cu-CeO,,
La-CeO,, and Zr-CeO, samples all give a maximum desorption
at 363 K. The higher the desorption temperature, the stronger
the interaction is for CO, with the sorbents. So the observa-
tions from both the IR and MS data during CO,-TPD suggest
that the basic sites on 4 mol% Cu-, La-, and Zr-CeO, are stron-
ger than that on pure CeO, and 4 mol% Mg-CeO,. The pres-
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ty, surface oxygen vacancies
(redox properties), and the sur-
face segregation of the dopants.
It was shown that the surface
basicity of ceria can be en-
hanced by the presence of
oxygen vacancies.””*¥ So on a doped ceria sample with more
defect sites, stronger basic sites are present and can thus bind
CO, more strongly; meanwhile, the surface oxygen vacancies
can participate directly in the binding of CO, to form carbon-
ate species.*” Therefore, more and strongly bonded CO, is ex-
pected for M-CeO, with more defect sites than that on pure
ceria. This explains the CO, sorption capacity for the M-CeO,
with 4 mol% dopant concentration, that is, the most defective
4 mol% Cu-CeO, shows the highest CO, capacity, whereas the
least defective 4 mol% Mg-CeO, gives the lowest CO, capacity
among the lowest-dopant-concentration samples. This result is
also consistent with recent studies of CO, adsorption on
Ce0,,2** in which CeO, with more vacancies on the surface
had a higher CO, adsorption capacity.

At higher dopant concentrations (>4 mol%), although
Raman spectroscopy (Table 2) shows a continuous increase in
defects density for La-, Cu-, and Zr-doped ceria, there is no in-
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crease in CO, sorption. This is probably because Raman spec-
troscopy is a bulk technique so that the amount of surface
oxygen vacancies may be relatively constant, whereas the
amount of bulk vacancies continues to increase with the in-
crease of the amount of dopant incorporated into the ceria lat-
tice. The segregation of CuO on the ceria surface at 29.2%
concentration also contributes to the similar CO, sorption ca-
pacity to that of the 4 mol% Cu-CeO,. The segregation of
dopant on the ceria surface is the most important factor in the
CO, sorption behavior on Mg-CeO, samples. The initial de-
crease of the CO, sorption capacity at 4 mol% Mg doping is
probably because of the blocking of surface oxygen vacancies
present on the parent ceria surface. As a result of the strongly
basic character of MgO, the Mg-CeO, surface possibly presents
more basic properties with a higher concentration of MgO
than pure ceria so that the CO, sorption capacity increases at
higher Mg concentrations.

Conclusions

CO, sorption has been studied over mesostructured ceria and
Mg-, Zr-, La-, and Cu-doped ceria in this work. The 4 mol% Cu-
Ce0, sample gives the highest CO, adsorption, whereas the
4 mol% Mg-CeO, exhibits the lowest CO, adsorption capacity.
The addition of Zr had little or no effect on the normalized
CO, adsorption capacity. The sequence of CO, adsorption ca-
pacities at a low dopant concentration (4 mol%) is Cu-CeO, >
La-CeO, > Zr-CeO, ~ pure CeO, > Mg-CeO,, which is in line with
the sequence of the amount of oxygen vacancies in the sam-
ples. Compared with that of pure CeO,, the presence of Cu
and La increases the CO, capacity at ambient pressure for all
the contents, but the capacity shows no further increase at
higher concentrations although the defect sites increase in
content with increased concentration from 4 to ~25 mol% for
Cu and La. The contrast suggests that the oxygen vacancies
(oxygen mobility) present on the surface of CeO, modified by
dopants play the vital role in CO, adsorption, whereas those in
the bulk ceria are insignificant for CO, capture. For the Mg-
CeO, samples, the surface defect sites are barely dependent
on the Mg content. The increased CO, adsorption capacity ob-
served with the Mg content might be correlated to the in-
creasing amount of MgO dispersed on the CeO, surface as in-
dicated by the XRD, Raman spectroscopy, and low-energy ion
scattering results. Compared with pure ceria and Mg-CeO,, the
stronger basicity of Cu-, La-, and Zr-doped ceria was probed
by CO, adsorption using in situ IR spectroscopy. The very simi-
lar IR features from CO, adsorption on the Cu-CeO,, La-CeO,,
and Zr-CeO, samples indicate that the nature of the surface
carbonates is similar on the three samples, but the amounts of
these species differ.

This work shows the potential advantage of using doped
ceria for application in CO, capture. The results suggest that
the adsorption properties of the materials are not only influ-
enced by their textural characteristics but also related to the
surface properties such as acid-base sites and oxygen vacan-
cies, which are affected by the type and concentration of the
dopants in the ceria.
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Experimental Section
Materials

The following raw materials were used as provided: Ce(NO,);:6 H,0
(Alfa Aesar); Cu(NO,),:3H,0 (Acros Organics); La(NO,);-6 H,O (Strem
Chemicals); ZrOCI (Acros organics); Mn(NO;),-4H,0 (Sigma-Aldrich);
Mg(NO,),-6 H,0; cetyltrimethyl ammonium bromide (CTAB, Chem-
Impex, Int'l Inc.); NaOH (Fisher Scientific).

Sample preparation

The CeO, and M-doped (M=Cu, La, Zr and Mg) CeO, (M-CeO,)
with different M contents (5, 15, 34 mol%) were prepared using
a surfactant-templated method as reported in Ref. [22]. Typically,
CTAB (6 mmol) was dissolved in distilled water (200 mL) followed
by the addition of Ce (NO);6H,0 (10 or 9.5mmol) and Cu
(NO5),H,0 (0 or 5 mmol). The mixture was stirred for 0.5 h, after
which a solution of NaOH (50 mmol) in distilled water (300 mL)
was added, and the mixture was stirred for 12 h. the final precipi-
tate was aged at 363 K for 3 h, washed with hot water, dried at
383 K for 6 h, and finally calcined at 673 K for 4 h. Other doped
samples with different M contents were prepared in a similar
manner. The actual M content in the material was analyzed by ICP.
It was found the actual M content (4 mol%) was lower than that in
the starting solution (5 mol%).

Characterization

SEM imaging was performed by using a Zeiss Auriga microscope
with an electron beam operation of 5 keV, which is a dual beam
FIB (Focused lon Beam) with a field-emission electron column for
high-resolution electron imaging and a Canion Ga+ column for
precision ion beam milling.

N, adsorption isotherms were measured at 77 K by using a Gemini
VIl 2390 Surface Area Analyzer (Micrometrics Instrument Corp.).
Before the adsorption measurements, the CeO, powders were de-
gassed under flowing N, for 2 h at 473 K to remove any residual
water and surface species. The surface area was calculated using
the BET method in the relative pressure range of 0.05-0.25. The
total pore volume was estimated from the N, adsorption isotherm
at a relative pressure of P/P,=0.97. The pore size distributions
(PSD) were calculated using the Barrett-Joyner-Halenda (BJH) al-
gorithm for cylindrical pores according to the improved Kruk-Jaro-
niec-Sayari (KJS) method.

XRD patterns were collected by using a PANalytical powder diffrac-
tometer using CuK, radiation. The working voltage was 40 KV, and
the current was 40 mA. The intensity data were collected at RT at
26=20-90°.

Raman spectra of the doped samples under ambient conditions
were measured with =532 nm laser excitation (Princeton Scientif-
ic, MSL 532-50). The Raman signal was collected by a fiber-optics
bundle (Princeton Instruments) to the spectrograph stage of
a triple Raman spectrometer (Princeton Instruments Acton Trivista
555). Edge filters (Semrock) were used in front of the UV/Vis fiber-
optic bundle to block the laser irradiation.

LEIS was used to analyze the distribution of dopants in the doped
ceria samples. LEIS spectra were collected by using an IONTOF
Qtac100 spectrometer (ION-TOF GmbH, Mdinster, Germany) at
Lehigh University. The specimen, placed within an ultra-high
vacuum system, was subjected to a beam of ions with well-charac-
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terized initial kinetic energy. Typically He™ or Ne* ions were used in
an energy range of 1-8 keV. (A fraction of these ions elastically
scatter from surface atoms of the specimen. The technique then
measures the number distribution of recoiling rare gas ions versus
kinetic energy, and this system particularly collected backscattered
ions at a scattering angle of 145°) The mass of the atom from
which an ion scattered was determined from the final kinetic
energy of the scattered ion. Rare gas atoms that have scattered
from specimen atoms beneath the surface layer typically become
neutralized and are not detected by the LEIS analyzer, which
makes this method particularly sensitive to the immediate surface
of the specimen.

CO, adsorption measurements were performed at 303 K by using
a Gemini VII 2390 Surface Area Analyzer (Micrometrics Instrument
Corp.). Before the CO, adsorption measurements, all CeO, and
doped CeO, samples were treated under flowing N, for 12 h at
573 K.

In situ IR spectra of CO, adsorption on the doped ceria samples
were collected using a Thermo Nicolet Nexus 670 spectrometer in
diffuse reflectance mode (DRIFTS), and the exiting stream was ana-
lyzed by using an OmniStar GSD-301 (Pfeiffer-Balzer) QMS. The
samples were pretreated in a DRIFTS cell (HC-900, Pike Technolo-
gies, nominal cell volume of 6cm® at 573K in a He flow
(25 mLmin") for 1 h before cooling to 298 K for CO, adsorption. A
gas mixture of 5% CO,/He (25 mLmin~") was flowed over the sam-
ples at RT for 1h before switching to He purging for another
30 min. The samples were then heated for TPD study. Time-re-
solved IR spectra were collected during the adsorption process
and the subsequent thermal desorption process.

Additional IR spectra are available in the Supporting Informa-
tion for the comparison of CO, adsorption on pure CeO, and
4 mol% Cu-Ce0, as a function of time.
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