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A B S T R A C T

Sodium cobaltates containing Fe, Cu or Ni were synthesized, characterized and evaluated for CO2 capture at high
temperatures. Initially, NaCoO2 and metal-containing samples were characterized by XRD, XPS, SEM and N2

adsorption-desorption, where it was probed that Fe, Cu and Ni were partially incorporated into the NaCoO2

structure. All these ceramics were able to trap CO2, but only Fe-containing sample presented an important CO2

chemisorption improvement in comparison to the pristine NaCoO2 sample. Based on these results, a second set of
samples was prepared and characterized, varying the iron concentration (10, 20 and 30mol%). Results showed
that CO2 chemisorption was improved by iron addition up to 20mol%, but higher amounts of iron did not
continue enhancing the chemisorption process. Afterwards, the gas flow was modified adding oxygen
(PCO2=0.95 and PO2= 0.05), resulting in higher CO2 chemisorption efficiencies and kinetics. These analyses
were complemented by CO2 cyclic experiments, where different gas flows were used, analyzing thermal stability
and efficiency evolution.

1. Introduction

Since Nakagawa and Ohashi published in 1998 that lithium meta-
zirconate (Li2ZrO3) reacts with carbon dioxide (CO2) at high tempera-
tures [1], different reports have shown that several alkaline-containing
ceramics, especially lithium and sodium ones, are able to chemically
trap CO2 in a wide temperature range [2–20]. Moreover, it has been
proposed that these ceramics would be used in different bifunctional
sorption-catalytic processes, such as the sorption enhanced steam me-
thane reforming (SE-SMR), which involves the catalytic steam methane
reforming (SMR) and water-gas shift reaction processes, as well as
carbon monoxide or dioxide sorption by a solid sorbent [21–24]. Within
this context, the use of alkaline-containing ceramics, where the het-
eroatom is supposed to present active catalytic properties, is becoming
an important issue. For example, sodium cobaltate (NaCoO2) was re-
cently reported as a possible bifunctional ceramic for the CO oxidation
and subsequent CO2 chemical capture, where different cobalt phases
are responsible of the catalytic process [25,26].

Based on the importance of having heteroatoms on the crystal
structure of alkaline ceramics, the solid solution syntheses have been
evaluated [27–32], where the heteroatom can be an alkaline element
(for example Na2-xLixZrO3) [32] or other metal or metalloid element
(for example NaZr1-xAlxO3) [33]. When these solid solutions are tested

as CO2 captors, in general, most of them improve different physico-
chemical properties, such as CO2 capture temperature range, kinetic
and efficiency, among others. The improvements observed on solid
solutions are attributed to specific modifications in the crystal structure
of ceramics or secondary phases formation [5]. Most of crystal structure
modifications imply the formation of crystal point defects, which in-
duce better atomic diffusion and release processes [17,20]. On the
contrary, formation of different secondary phases usually modifies
microstructural and diffusion properties of the external shell [5,7]. For
example, Li4+x(Si1-xAlx)O4 solid solution importantly improved the CO2

capture temperature range and chemisorption kinetics, in comparison
to Li4SiO4 [29]. In this case, carbonation process produces Li2SiO3 and
LiAlO2 as secondary phases, where LiAlO2 has a better lithium diffusion
coefficient than Li2SiO3, improving the bulk carbonation processes.

In the same way, as it was already mentioned above, NaCoO2 was
recently reported as a possible CO2 and CO captor material [25,26].
CO2 capture in NaCoO2 presented an efficiency of 55.9% at 700 °C.
Moreover, NaCoO2 catalytic activity was evidenced during the CO
oxidation and subsequent CO2 chemisorption. Furthermore, this
ceramic has a hexagonal crystal system composed of (CoO2)1− pillared
layers with sodium atoms at the interlayers [25]. This kind of structure
should favor the introduction of different heteroatoms, which conse-
quently may modify CO2 capture and catalytic properties.
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Hence, it has been reported that alkaline ceramics, structural and
chemically modified, enhance different CO2 chemisorption properties,
such as kinetics and capture temperature range, among others. Based on
that, the aim of this work was to synthesize, characterize and evaluate
as CO2 captors different materials with NaCo1-xMxO2 chemical com-
position (M=Cu, Fe or Ni). CO2 capture process was performed in
absence or presence of oxygen. This analysis may be considered an
initial step for evaluating other alkaline ceramics as CO2 captor mate-
rials to further utilize them as possible bifunctional catalytic-capture
materials in different industrial processes, such as sorption enhanced
reforming or H2 enrichment from syngas flows.

2. Experimental

2.1. Sample synthesis

NaCo1-xMxO2 (M=Fe, Ni, Cu) samples were synthesized by solid-
state reaction method using sodium carbonate (Na2CO3, J.T. Baker),
cobalt carbonate (CoCO3, Aldrich), iron oxide (Fe2O3, MEYER), nickel
oxide (NiO) obtained from the calcination of nickel nitrate hexahydrate
at 600 °C for 4 h (Ni(NO3)2·6H2O, Aldrich) or copper oxide (CuO, Sigma
Aldrich), adding 27wt% excess of sodium carbonate to compensate the
sublimation effect [33–35]. The corresponding stoichiometric amounts
were mixed and calcined at 850 °C for 12 h, adding metallic heteroatom
mole contents of x= 0.1 for Ni and Cu, while for Fe the mole content
varied between 0.1 and 0.3. NaCoO2 was also synthesized for com-
parison purposes.

2.2. Characterization techniques

All samples were characterized by powder X-ray diffraction (XRD),
nitrogen (N2) adsorption-desorption, scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). XRD patterns were
obtained in a D-5000 Siemens diffractometer coupled to Co-Kα anode
working at 34 kV and 30mA. This radiation was used in order to avoid
iron fluorescence. Compounds were identified using the Powder
Diffraction File (PDF) database. Then, N2 (Praxair, grade 4.8) adsorp-
tion-desorption isotherms were obtained on a Bel-Japan Minisorp II
instrument at 77 K with a multipoint technique. Respective specific
surface areas were obtained using the Brunauer-Emmet-Teller (BET)
model. Microstructural characterization was complemented by scan-
ning electron microscopy, using an equipment JEOL JMS-7600F.
Afterwards, XPS analysis was performed in an ESCA2000 Multilab
equipment (VG Microtech, from UK) with UHV system, Al K X-ray
(1486.6 eV) and CLAM4 MCD analyser. Sample surface was sputtered
for 5min with 0.33 μA/mm2 argon ions produced at 4.5 kV. The peak

positions on the XPS spectra were referenced to C 1s core-level localized
at 285.00 eV. XPS spectra were deconvoluted using SDP v4.1 software.
The curve fitting procedure was performed as follows: (i) All spectra
were calibrated to C 1s peak at 285.00 eV as carbon is ubiquitous and
present on any surface; (ii) the linear method for background subtrac-
tion was employed in the binding energy (BE) range; (iii) the Gaussian-
Lorentzian ratio was fixed to 0.95 to simulate peak profiles; iv) the
asymmetry factor was fixed to 0.2; v) the peak positions for Co3+ 2p3/2
and Co3+ 2p1/2 were obtained from the first fit of data for x= 0 sample
and then fixed for following analyses; (vi) the full width at half max-
imum (FWHM) was initially determined on the original sample and
then used as initial parameter and; (vii) the best fit was selected by its
minimum χ2 value.

2.3. CO2 chemisorption tests

CO2 chemisorption was evaluated in a thermobalance (Q500HR,
from TA Instruments) using dynamic, isothermal and cyclic experi-
ments. Initially, NaCo1-xMxO2 samples were dynamically heated from
30 to 900 °C (5 °C/min), under different gas flows; CO2 (60mL/min) or
CO2-O2 (57-3 mL/min). For isothermal analyses, samples were heated
up to desired temperature (between 200 and 800 °C, each 100 °C),
under a N2 flow (60mL/min, Praxair grade 4.8). Then the gas flow was
switched to CO2 or CO2-O2 for 3 h. Finally, different cyclic experiments
were performed at 700 °C. In these cases, sorption steps were produced
into CO2 (60mL/min) or CO2-O2 (57-3 mL/min) for 90min, while
desorptions were produced with N2 (60mL/min) or N2-O2 (57-3 mL/
min). Isothermal and cyclic products were characterized by XRD.

3. Results and discussion

XRD patterns of the synthesized compounds (NaCo0.9M0.1O2, where
M=Ni, Cu or Fe) are shown in Fig. 1A. All these diffractograms mat-
ched to 01-087-0274 PDF file, which corresponds to Na0.74CoO2 phase,
with a hexagonal crystal system. It is well known that sodium cobaltate
is a non-stoichiometric phase [36,37]. While XRD pattern identification
showed the Na0.74CoO2 phase, the sample was labeled as NaCoO2 in the
whole work. It was also observed that samples synthesized with Fe and
Cu presented secondary phases; iron (II) oxide (FeO, 99-101-0507 PDF
file) and copper (II) oxide (CuO, 01-089-5895 PDF file), respectively.
Nevertheless, their intensities were very low compared to NaCoO2. The
square inset in Fig. 1A presents the XRD reflections corresponding to
plane (0 0 2), located at 19.03° for NaCoO2 and NaCo0.9M0.1O2 samples.
Fe-containing NaCoO2 sample presented a negligible shift (0.03°), as
expected, since both Co3+ and Fe3+ cations possess the same oxidation
state and ionic radius (0.55 Å). On the other hand, samples with Ni and

Fig. 1. XRD patterns (A) and N2 adsorption-desorption isotherms (B) of pristine NaCoO2 and M-NaCoO2 samples (M=Fe, Ni or Cu).
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Cu presented shifts to 19.2 and 19.12°, respectively, indicating that
NaCoO2 cell is shrinking. This behavior was not expected, since Ni2+

(0.69 Å) and Cu2+ (0.73 Å) ionic radii are larger than Co3+. Sodium
cobaltate unit cell should expand, although it is important to consider
the different oxidation states of doping ions. In this case, for each two
incorporated Ni or Cu ions, an oxygen must be released to compensate
charge differences. Oxygen ionic radius is 1.35 Å, thus, while lattice
tends to expand when adding larger ions, the loss of oxygen counteracts
this effect and then lattice tends to shrink, as a larger ion is released.
Thus, XRD peak shifts observed are associated to charge compensation
caused by oxygen losses. Reactions (1)–(3) represent the changes in
each NaCo0.9M0.1O2 arrangement using the Kröger-Vink notation
(oxygen contents will be further discussed below).

⎯ →⎯⎯⎯⎯⎯ → + + +NaCoO Na(Co Fe )O Na Co Fe Ox x2
Fe O

1- 2 Na Co Co O
2 3

(1)

⎯ →⎯⎯⎯ → + + ′ + +−NaCoO Na(Co Ni )O Na Co 2Ni O Vx x2
2NiO

1 2 Na Co Co O O
.. (2)

⎯ →⎯⎯⎯⎯ → + + ′ + +−NaCoO Na(Co Cu )O Na Co 2Cu O Vx x2
2CuO

1 2 Na Co Co O O
..

(3)

The N2 adsorption-desorption curves are shown in Fig. 1B. All these
curves corresponded to isotherms type II according to the IUPAC clas-
sification [38], where none of them presented any hysteresis. These
features are associated to non-porous or macroporous materials, which
is in good agreement with the synthesis method utilized. The specific
surface areas were estimated using the BET model, obtaining 0.6, 0.5,
0.3 and 0.2m2/g for pristine NaCoO2 and samples containing Fe, Ni or
Cu, respectively. As it can be seen, the addition of different metals to
NaCoO2 did not modified the textural properties, as the N2 adsorption-
desorption isotherms and BET specific surfaces area did not change
importantly. In addition, Fig. 2 shows sample morphological evolution
for Fe, Ni or Cu containing samples, with respect to NaCoO2. Initially,
secondary electron image of sodium cobaltate shows well-defined
polyhedral flake-like particles (Fig. 2A), varying in size from 2 to 8 μm,
with 100–300 nm of thickness. In fact, flake-like particles tend to pro-
duce non-dense large agglomerates. This morphology is in good
agreement with previous reports [25]. However, the addition of

transition metals tended to modify NaCoO2 particle morphology and
size. Fe-addition presented a similar flake-like morphology (Fig. 2B),
but in this case, particle size changed to a bimodal distribution. While

Fig. 2. Secondary electron microscopy images of pristine Na2CoO2 (A), Fe-NaCoO2 (B), Ni-NaCoO2 (C) and Cu-NaCoO2 (D) samples.

Fig. 3. XPS spectra of Co 2p (A) and O 1s (B) peaks for pristine NaCoO2 and M-
NaCoO2 samples (M=Fe, Ni or Cu).
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some particles were 2–8 μm size, there was a second set of particles with
sizes of ∼1 μm. On the contrary, Ni and Cu-containing samples (Fig. 2C
and D) morphology presented larger particles and denser agglomerates.
This morphological evolution is in good agreement with specific surface
areas determined for these samples, where Ni and Cu have slightly
lower specific surface areas due to particle growth and densification.

To further analyze the surface and the influence of different cations
on NaCoO2, XPS analysis was performed. Fig. 3A shows the deconvo-
luted Co 2p XPS spectra of pristine NaCoO2 and NaCo0.9M0.1O2 com-
pounds. Pristine NaCoO2 showed characteristic Co3+ 2p3/2 and Co3+

2p1/2 peaks at 779.85 and 795.02 eV, respectively (Table 1). Peaks lo-
cated at 785 and 803 eV were associated to satellite peaks. These peaks
are present in all NaCo0.9M0.1O2 compounds with similar values, in-
dicating that Co3+ binding energy is not affected by Fe3+, Ni2+ or
Cu2+ addition. On the other hand, Fig. 3B displays deconvoluted O 1s
XPS spectra for the same samples. All compounds showed three peaks
labeled as A–C in the Table 1. In each compound, the highest binding
energy values are present in peak A. This peak corresponds to a highly
covalent character of O bonds, which can be associated to hydroxyl
species or CeO bonds [39]. Additionally, pristine NaCoO2 displayed a
prominent peak, labeled as B, at 531.37 eV associated with CoeO bond.
Peak C, at 530.35 eV, was associated to a CoeO satellite peak. Na-
Co0.9M0.1O2 samples displayed similar values for peaks B, indicating
that CoeO binding energy is not affected by dopants. Nevertheless, the
peaks labeled as C shifted to slightly lower energy values in doped
compounds than that of pristine NaCoO2, which implies that dopants
are situated, preferably, at the surface of each material, where electrons
lose energy, appearing as satellite signals.

Although, the strongest feature of NaCoO2 is its capacity to work as
bifunctional material in conversion reactions, the CO2 chemisorption is
a crucial step of the whole process. Therefore, CO2 capture improve-
ment may as well improve its catalytic behavior if it is doped with
adequate transition metals. Based on that, CO2 chemisorption was
evaluated on pristine NaCoO2 and M-NaCoO2 compounds. According
with previous studies [25,26], reaction between NaCoO2 and CO2 leads
to produce sodium carbonate (Na2CO3) and cobalt oxides, whose
composition varies on time. In the case of M-NaCoO2 samples, the
formation of each corresponding oxide MxOy (M=Fe, Ni or Cu) is also
expected. Reactions (4)–(7) show the ideal carbonation process for
pristine NaCoO2 and the metal-containing compounds.

2 NaCoO2+CO2→Na2CO3+Co2O3 (4)

2 NaCo1-xFexO2+CO2→Na2CO3+ (1-x) Co2O3+ x Fe2O3 (5)

2 NaCo1-xNixO2+CO2→Na2CO3+ (1-x) Co2O3+ x Ni2O3 (6)

2 NaCo1-xCuxO2+CO2→Na2CO3+ (1-x) Co2O3+ 2x CuO+½x O2

(7)

Fig. 4 presents the dynamic TG analysis of NaCoO2 and metal-
containing samples in a saturated CO2 flow (60mL/min), where it can
be seen that all these thermograms exhibited a similar behavior. In-
itially, thermograms presented a continuous weight increase between

100 °C until decarbonation temperature. Pristine NaCoO2 as well as Ni
and Cu containing samples increase their weight in two steps. Between
100 and 650 °C, weight increment was associated with a superficial CO2

chemisorption, while at higher temperatures, weight increment was
associated with bulk chemisorption [10,13]. It could be also observed
that decarbonation process was shifted from 840 °C in NaCoO2 to 835
and 850 °C for Cu and Ni-NaCoO2 samples, respectively. Besides, in the
whole temperature range CO2 chemisorption was always larger for
NaCoO2. In the Fe-NaCoO2 case, weight increase could be divided in
three steps, between 100 to 460 °C, then from 460 to 700 °C and finally
from 700 to 860 °C, gaining 2.4, 2.2 and 2.3 wt%, respectively. The first
and second steps can be associated to superficial and bulk chemisorp-
tion, respectively. Final weight increment, between 700 and 860 °C, can
still be considered as a part of bulk chemisorption process, enhanced
from a partial iron reduction, where oxygen should be released. These
changes are not observed in none of the other samples, where there is
no apparent change below 650 °C, where CO2 volumetric chemisorption
begins. This behavior may be associated with different oxidation state
of cations, since iron can present more oxidation states. Thus, even the
partial presence of FeO on Fe-NaCoO2 samples may enhance CO2 che-
misorption process, as FeO may act as oxygen donor, with the con-
sequent iron reduction.

According to these thermogravimetric results, only iron enhances
CO2 capture, in comparison to pristine NaCoO2. Therefore, different Na
(Co1-xFex)O2 compounds were synthesized, with x values between 0.1
to 0.3 in order to analyze the effect of iron content on CO2 chemi-
sorption. These samples were labeled as Fe10, Fe20 and Fe30, ac-
cordingly to iron content in mole percentage. Fig. 5 presents the XRD
patterns of Na(Co1-xFex)O2 samples and NaCoO2 as reference. All these
diffractograms were identified according to 01-087-0284 PDF file,
corresponding to Na0.74CoO2 and none of them presented 2θ shifts. As
mentioned before, Fe10 sample presented FeO (99-101-0507 PDF) as a
minor secondary phase. In Fe20 sample, a sodium ferrite phase
(NaFeO2, 01-076-2299 PDF) appeared. Both, FeO and NaFeO2 tended to
increase as a function of iron content, as it could be expected, indicating
that iron was not completely incorporated into NaCoO2 crystal struc-
ture, by means of a solid-state synthesis.

After the structural characterization, XPS analysis was performed on
Fe-NaCoO2 samples. From XPS data (Table 2). it is possible to observe
that Co3+ 2p3/2 signal appeared between 779.22 eV and 779.85 eV.
This slight fluctuation indicates a negligible influence of Fe3+ on Co3+

binding energy. Similar behavior was observed in the Co3+ 2p1/2 signal
values. Additionally, Fe3+ 2p3/2 and Fe3+ 2p1/2 signal values varied
more than Co analogous signals, but these fluctuations are within ac-
cepted values for Fe3+ signals [40,41]. Fig. 6 shows deconvoluted O 1s
XPS spectra of pristine NaCoO2 and Na(Co1-xFex)O2 compounds, where

Table 1
XPS peak positions for Co 2p, and O 1s signals in NaCoO2 and NaCo0.9M0.1O2

samples.

Compound XPS peak position (eV)

Co 2p O 1s

3/2 ½ A B C

NaCoO2 779.85 795.02 535.71 531.37 530.35
Fe-NaCoO2 779.54 795.46 535.24 531.14 529.14
Ni-NaCoO2 779.57 795.44 535.28 531.37 529.52
Cu-NaCoO2 779.57 795.16 535.21 531.24 529.31

Fig. 4. NaCoO2 and M-NaCoO2 dynamic thermograms on CO2 flow.
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as it was previously described, XPS spectra showed three different
signals. Here, it can be observed that the intensity of peak C changed as
a function of iron content. In Fe10 sample the peak C intensity is half of
the peak B, while in Fe20 sample the intensity of peak C was higher
than that of peak B. Peak C enhancement suggests that Fe concentration
is mainly located at particle surface. However, in Fe30 sample this peak
diminishes again to a similar intensity than that of Fe10 sample. It
seems that iron was incorporated to NaCoO2 structure in a higher
concentration, which is in good agreement with the peak B shift, which
is situated at 531.13 eV for Fe10 and Fe20 samples and at 530.88 eV for
Fe30 sample (Table 2).

The dynamic TG analyses of the CO2 capture on Fe-NaCoO2 samples

are shown in Fig. 7. NaCoO2 dynamic analysis is also shown for com-
parison purposes. Fe-NaCoO2 samples presented higher CO2 captures
than NaCoO2, in the whole experimental temperature range. As it was
mentioned, these samples presented a continuous weight increase that
could be divided in three processes. These processes were particularly
visible in Fe20 sample: (1) from 100 to 290 °C corresponding to su-
perficial CO2 chemisorption, (2) from 290 to 600 °C which is bulk
chemisorption and (3) from 600 to 790 still corresponding to bulk
chemisorption but enhanced by oxygen release caused by iron reduc-
tion. These processes, along with decarbonation, were shifted to higher
temperatures in Fe10 and Fe30 samples. The slopes of weight increases,
corresponding to bulk chemisorption, were also different; 0.0189,
0.0182 and 0.0234wt%/°C for Fe10, Fe20 and Fe30, respectively. This
result suggests that CO2 chemisorption kinetics is faster in Fe30 sample.
In fact, while final weight increased as a function of iron content, it is
important to note that Fe20 sample had higher weight increments in
almost the whole temperature range. These results are in good agree-
ment with XPS analyses previously mentioned, where it was observed
that Fe20 oxygen ions have a different chemical environment than
NaCoO2 and other metal-containing samples, as most of iron is located
at the particle surface. Therefore, different isothermal experiments
were performed using Fe20 sample as CO2 captor. The obtained pro-
ducts were analyzed by XRD to elucidate the reaction mechanism.

Fig. 8A shows the Fe20 isotherms performed at different tempera-
tures into a CO2 flow. The first isothermal experiment, performed at
200 °C, exhibited an exponential behavior that had a final weight in-
crement of 2.7 wt% and it did not reach equilibrium after three hours.
The consecutive isothermal analysis, performed between 300 and
700 °C, exhibited the same exponential behavior, where final weight
increments increased as a function of temperature, from 3.6 wt% at
300 °C to 10.6 wt% at 700 °C, respectively. It has to be mentioned that
none of these isotherms achieved equilibrium after three hours. Finally,
isotherm performed at 800 °C exhibited an initial weight increase of
9.4 wt% during the first minutes of experiment, then it presented a
partial CO2 desorption. Thus, at T > 700 °C CO2 chemisorption-deso-
rption equilibrium is modified.

To elucidate the reaction mechanism between CO2 and Fe20 iso-
thermal products were characterized by XRD, which are presented in
Fig. 8B. In the 200 °C isothermal product it was observed that intensity
of XRD pattern corresponding to Na0.74CoO2 was reduced, which can be
associated to loss of crystallinity. Besides, reflection corresponding to
(002) plane, located at 19.03°, was shifted to lower angles. This beha-
vior has been associated to a partial release of sodium from the crys-
talline cell [25]. The following XRD patterns (300-600 °C) exhibited the
formation and gradual increase of Na2CO3 and cobalt oxide (Co3O4),

Fig. 5. XRD patterns of Fe-NaCoO2 samples with different iron amounts; 10, 20
and 30mol%. NaCoO2 XRD pattern is shown for comparison purposes.

Table 2
XPS peak positions for Co 2p, O 1s and Fe 2p signals in iron containing NaCoO2

samples.

Compound XPS peak position (eV)

Co 2p O 1s Fe 2p

3/2 ½ A B C 3/2 1/2

NaCoO2 779.85 795.02 535.71 531.37 530.35 – –
Fe10-NaCoO2 779.54 795.46 535.24 531.14 529.14 710.86 720.91
Fe20-NaCoO2 779.72 795.46 534.79 531.13 529.28 711.02 722.31
Fe30-NaCoO2 779.22 794.98 535.02 530.88 528.74 709.82 723.65

Fig. 6. XPS spectra of O 1s signal for pristine and Fe-containing NaCoO2

sample.

Fig. 7. Dynamic thermograms on CO2 for Fe-NaCoO2 samples. NaCoO2 ther-
mogram was included for comparison purposes.
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while Na0.74CoO2 phase remained constant (it did not seem to dis-
appear). At T≥ 700 °C Na0.74CoO2 phase was no longer present on the
diffraction patterns, and additionally, the formation of iron oxide
(Fe3O4) was observed. Finally, at 800 °C a different cobalt oxide was
formed (CoO). XRD results evidenced that cobalt and iron metals
change their oxidation state during carbonation. Cobalt was reduced
from Co3+ to Co2+ (Reaction (8)), while iron was partially reduced
from Fe3+ to Fe2+ (Reaction (9)). Of course, these metallic reduction
process must be accompanied with an oxidation process; the oxygen
lattice release. Based on that, the corresponding reaction mechanism is
proposed for Na0.74(Co0.8Fe0.2)O2 carbonation process (Reaction (10),
where cobalt and iron oxides evolutions were previously described in
the Reactions (8) and (9)).

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +
− ° > °

3Co O 2Co O 1
2

O 6CoO 3
2

O
C

2 3
300 700

3 4 2
T 700 C

2 (8)

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ +
≥ °

3Fe O 2Fe O 1
2

O2 3
T 600 C

3 4 2 (9)

+ ⎛
⎝

⎞
⎠

→ ⎛
⎝

⎞
⎠

+

+
−

−

Na (Co Fe )O 0.74
2

CO 0.74
2

Na CO

(0.8) Co oxides

(0.2) Fe oxides
Rx

Rx

0.74 0.8 0.2 2 2 2 3

( 8)

( 9) (10)

As it was mentioned, Co and Fe reductions lead to oxygen release,
enhancing CO2 chemisorption by making bulk chemisorption process
less dependent on oxygen crystalline diffusion through NaCoO2 crys-
talline cell [42]. It also seems that iron addition modifies cobalt re-
duction mechanism, since it takes place at higher temperatures than in
NaCoO2 [25]. According to this reaction mechanism, the highest che-
misorption efficiency reached in the isothermal analyses was 69.9%, at
700 °C, which is larger than that of NaCoO2 at the same temperature
(55.9%).

Although Fe containing NaCoO2 sample presented the best CO2

chemisorption properties, similar analyses were performed on Cu- and
Ni-NaCoO2 samples to compare the CO2 capture among them. Fig. 9
shows the final weight increments of these isothermal analyses. Trends
observed for all samples were similar, where the maximum weight
gained increased as a function of temperature, from 500 to 700 °C. At
800 °C, CO2 chemisorption-desorption equilibrium was modified to-
wards decarbonation, independently of the cation used. Similar to dy-
namic analyses (Fig. 5), Fe20 sample has a greater weight increment in
the whole temperature range compared to other samples. The max-
imum weight increment in all samples is observed at 700 °C, where it
varied from 6.1 wt% in Ni-NaCoO2 to 10.6 wt% in Fe20. Since all these
samples have similar surface areas, differences in CO2 chemisorption
are merely dependent on metal addition; Ni, Cu or Fe. Differences

observed may be related to structural and chemical variations produced
during cation additions. Iron presents the same oxidation state than
cobalt, 3+ . Conversely, copper and nickel have lower oxidation states
(2+), which produced structural changes (described in the Krögen-
Vink Reactions (2) and (3)). Moreover, M

δ1
O

δ2
Na (where M=Co, Fe,

Cu or Ni) bonding charge densities change as a function of cation as
follows; Ni

δ
O < Cu

δ
O < Co

δ
O < Fe

δ
O due to electronegativity

and oxidation state values. The O
δ2

Na bound charge density is in-
creased by Cu and Ni addition, but decreased by Fe addition on
NaCoO2. Therefore, Fe-NaCoO2 samples have a larger oxygen avail-
ability to be released and sodium atom mobility during CO2 chemi-
sorption process than Ni- or Cu-NaCoO2 samples, which are already
oxygen deficient structures and where sodium atoms are strongly
bounded.

To complement the isothermal analysis of Fe20 sample, a kinetic
analysis was performed. As there are several processes involved during
CO2 capture, namely, superficial and bulk chemisorption as well as Co
and Fe reduction, data was fitted to a first order reaction during the first
moments of reaction. In this short time section, it can be assumed that
the sole reaction taking place is related to Fe20 particles and CO2, as-
suming a saturated atmosphere (60mL/min). Therefore, the equation
corresponding to rate of reaction can be written as:

= −ktln [Na (Co Fe )O ]0.74 0.8 0.2 2 (11)

where, [Na0.74(Co0.8Fe0.2)O2] is the sample concentration, k is the

Fig. 8. CO2 chemisorption isothermal analyses of Fe20 sample at different temperatures (A) and XRD patterns of corresponding products (B).

Fig. 9. Comparison of maximum weight increments of isothermal analyses at
different temperatures for NaCoO2 and M-NaCoO2 (M=Fe, Ni or Cu) samples.
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reaction rate constant and t is time. Data were only fitted for the first
60 s to consider a superficial reaction. Table 3 shows the obtained k
values, which had a linear trend as a function of temperature, varying
from 1.2×10−4 to 4.2×10−3 s−1. Rate constants were fitted to
Eyring’s model for heterogeneous reactions to calculate the activation
enthalpy (ΔH‡) of reaction. Using this model, a ΔH‡ value of 17.9 kJ/
mol was obtained.

k and ΔH‡ obtained values are comparable to other values of dif-
ferent Na and Li ceramics. For instance, the rate constant values of
Fe20-NaCoO2 and NaCO2 [25] samples were very similar among them
(∼5–10%), although ΔH‡ values did vary. While ΔH‡ value of NaCoO2

was around 50 kJ/mol (between 400 and 750 °C), Fe20-NaCoO2 re-
duced its ΔH‡ to 17.9 kJ/mol. This result clearly shows that iron ad-
dition to sodium cobaltate reduces its temperature dependence of CO2

chemisorption process, at least in the first moments of the whole pro-
cess. Moreover, if k values are compared with Li5AlO4 and Li5FeO4,
which present some of the best CO2 chemisorption capacities, it can be
seen that the corresponding Li5AlO4 rate constants oscillate between
7.3×10−4 and 7.4×10−3 s−1 while Li5FeO4 values varied from
1×10−3 to 5×10−3 s−1 [40]. Thus, k constants obtained with Fe20-
NaCoO2 sample have the same order of magnitude. On the other hand,
the activation enthalpy value obtained here is considerably low com-
pared to Na2TiO3 (188.1 kJ/mol) [14] and Li5FeO4 (88.3 kJ/mol) [40],
but similar to Na2ZrO3 (33 kJ/mol) [43] and Na2(Zr0.7Al0.3)O3

(22–30 kJ/mol) [33]. Based on this comparison, it can be seen that iron-
containing NaCoO2 has similar rate constant values than other im-
portant alkaline ceramics, but it presents one of the lowest temperature
dependence (ΔH‡) during CO2 chemisorption. Moreover, it has to be
mentioned that Fe-containing sodium cobaltate has shown the ability of
trapping CO2 at temperatures as high as 800 °C, which is something not
so common on this kind of materials. Besides, it has to be noticed that
few alkaline and earth-alkaline ceramics have reported CO2 chemi-
sorption improvements by the oxygen addition (PO2≤ 0.2) [42]. CO2

chemisorption on sodium containing ceramics not only depends on CO2

concentration, temperature and pressure, but on the Na1+ and O2-

diffusion properties over the external shell. In this specific case, sodium
atoms have to diffuse from NaCoO2 to Na2CO3 and cobalt oxide core
shell surface, but some oxygen atoms too. Previously, it was established
that CO2 chemisorption on iron-containing samples was enhanced due
to oxygen release caused by metal reduction. Thus, oxygen presence on
the gas flow must show a higher CO2 chemisorption improvement on
iron containing samples, than that of pristine NaCoO2. Based on that,
different dynamic and isothermal thermograms were performed on
NaCoO2 and iron containing samples (Fe10-, Fe20- and Fe30-NaCoO2)
with the following gas mixture; PCO2:PO2= 0.95:0.05.

Fig. 10 shows dynamic thermograms of the CO2 capture, in presence
of oxygen, on NaCoO2 and Fe-containing samples. All samples pre-
sented continuous weight increments, as those thermograms obtained
in absence of oxygen (see Fig. 7), although the following changes must
be pointed out. (i) Fe-NaCoO2 samples presented higher CO2 captures
than pristine NaCoO2 in the whole temperature range; at superficial
(150–300 °C) and bulk (400–800 °C) levels. In fact, weight increment
was favored as a function of iron content, where Fe30-NaCoO2 sample

presented the highest CO2 chemisorption. (ii) Qualitatively, CO2 che-
misorption, in oxygen presence, was always higher than that obtained
in oxygen absence, independently of iron content. (iii) CO2 capture
segmentation, as a function of temperature, was not so evident. Tem-
perature segmentation had been attributed to iron reduction, which
may not occur now, since oxygen was added.

Based on previous results, different isothermal experiments were
performed on Fe30-NaCoO2 (sample with the best qualitative perfor-
mance) in presence of a CO2:O2 gas mixture (PCO2:PO2= 0.95:0.05,
Fig. 11). At 500 °C, Fe30-NaCoO2 sample gained 6.4 wt%, being the
lowest CO2 chemisorption. At higher temperatures, final weights in-
creased as a function of temperature; 8.5, 10.6 and 12.3 wt% at 600,
700 and 800 °C, respectively. When CO2 chemisorption was performed
in oxygen absence (see Fig. 7) the maximum weight increments were
always lower than those obtained with oxygen, except at 700 °C, where
both isotherms captured 10.6 wt%. However, while in absence of
oxygen this was the best CO2 chemisorption temperature, CO2 chemi-
sorption was improved at 800 °C (12.3 wt%) in oxygen presence.
Therefore, oxygen addition to gas flow enhances CO2 chemisorption
and thermal stability of carbonation process. Additionally, isothermal
data was fitted to first order reaction model to obtain the corresponding
k rate constant values (Table 4) and compare them with previous results
obtained in oxygen absence (see Table 3). At any temperature, these k

Table 3
Rate constants values (k) obtained for Fe20-NaCoO2 sample from the first order
reaction model, using CO2 on the gas flow.

T (°C) k (1/s) R2

200 1.29×10−4 0.9962
300 3.12×10−4 0.9998
400 6.18×10−4 0.9997
500 8.92×10−4 0.9999
600 1.84×10−3 0.9976
700 2.41×10−3 0.9949
800 4.19×10−3 0.9968

Fig. 10. Dynamic thermograms on CO2-O2 (PCO2:PO2=0.95:0.05) flow for
NaCoO2 and Fe-NaCoO2 samples. Weight percentages were normalized at
100 wt% after dehydration process (T = 100 °C).

Fig. 11. CO2 chemisorption isothermal analyses of Fe30-NaCoO2 sample at
different temperatures, with specific PCO2 and PO2.
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values indicated faster CO2 chemisorption in oxygen presence than
those in oxygen absence; confirming that oxygen presence improves
CO2 chemisorption and thermal stability. As in the previous case, ΔH‡

value was obtained from the Eyring’s equation, obtaining a ΔH‡ value
of 26.3 kJ/mol, indicating that oxygen addition increases temperature
dependence on whole process, in comparison to the same reaction
process in oxygen absence (17.9 kJ/mol).

CO2-O2 isothermal products were analyzed by XRD (data not
shown), to fully understand the variations produced by oxygen addition
on reaction mechanism. XRD patterns obtained from these isothermal
products at T≤ 700 °C evidenced the formation of Na0.74CoO2, Na2CO3

and cobalt oxide (Co3O4), as sodium and cobalt phases, while Fe3O4

was the only iron-containing phase found. Only at 800 °C a different
cobalt oxide phase was found, CoO, and Na0.74CoO2 was almost not
present on this diffraction pattern. Moreover, as it was described above,
metallic reduction is accompanied with oxygen release (oxidation
process). Based on these results, oxygen presence must have modified
the reaction mechanism as follows, where iron is working as inter-
mediate and catalytic specie. Once oxygen diffusion and release began,
iron may be reduced enhancing this process by releasing oxygen to form
CO3

2− ions, but at the same time iron acted as catalyst, dissociating
oxygen molecules and housing new oxygen atoms. In such a way, iron
must perform a triple-process cycle; reducing, oxygen dissociating and
oxidizing, as it is schematized on Fig. 12. Cobalt could have a similar
oxidation-reduction behavior; however, it is mostly located in the ma-
terial’s bulk (both in pristine and iron containing samples). On the other
hand, as XPS results showed, iron is preferably located on the surface of
samples, thus allowing a faster oxidation-reduction process, and con-
sequently a faster and improved CO2 chemisorption. This was con-
firmed by the kinetic values obtained before. Otherwise, if it were
simply assumed that oxygen inhibits iron reduction, the presence of
iron would be useless and pristine NaCoO2 sample must had presented
the best behavior, which did not happen. Of course, some iron atoms
must be gradually reducing and stabilizing (deactivating oxygen in-
terchange) due to the formation of chemisorption products, which

explains the Fe3O4 formation.
Based on previous comparison and proposal, one of the most im-

portant properties to be analyzed corresponds to CO2 chemisorption-
desorption properties. Thus, to evaluate and compare NaCoO2 and Fe20
in cyclic conditions, several sorption-desorption tests were performed
(Fig. 13). These experiments were implemented in presence or absence
of oxygen during CO2 desorption step, as there are different papers
showing that an oxidant specie, for example O2 or H2O, enhance des-
orption and ceramic regeneration [42,44]. The first set of analyses were
carried out by carbonating samples at 700 °C during 90min in a satu-
rated flow of CO2. Then, desorption stages were performed at the same
temperature by changing the gas flow to only N2 for 90min. In both
samples, CO2 capture tended to decrease as a function of cycles, thus
gradually reducing the efficiency of these materials. Each cycle tended
to decrease exponentially (Fig. 13). This performance can be associated
with reaction mechanism between CO2 and NaCoO2 or Fe20. As pre-
viously mentioned, carbonation leads to partial reduction of Co and Fe
(in the case of Fe20), which results in oxygen release. While oxygen
release enhances CO2 chemisorption, after several cycles the sample
becomes oxygen-deficient, making it less reactive towards CO2 capture.
To overcome this limitation a new set of sorption-desorption cyclic
experiments were performed, where oxygen was added during deso-
rption stage to recover the pristine stoichiometry of samples. Fig. 13A
presents the cyclic experiments of NaCoO2 and Fe20 in presence of O2

during desorption. Fe20 presents an initial weight increase of 6.8 wt%
with a consecutive weight decrease of 8.6 wt%. This difference may be
attributed to previous carbonation of sample. In the last chemisorption
cycle, a 5.3 wt% weight increase was achieved. For NaCoO2, the first
and last chemisorptions corresponded to weight increases of 6.3 and
5.4 wt%. The cycles performed in O2 presence during sorption and
desorption stages are presented in Fig. 13B. NaCoO2 presented a similar
behavior than that of the last experiment, however the loss of efficiency
during cycles was slightly lower, passing from a weight increase of 5.7
to 5.3 wt% between first and last cycles. In the Fe20 case, after the third
decarbonation process, cycles tended to stabilize in a weight gain of
7.5 wt%, which is a higher CO2 chemisorption than that obtained in
absence of O2 during carbonation step (5.3 wt%). Therefore, the pre-
sence of O2 affects in two ways the cyclic behavior, (i) enhancing CO2

chemisorption by aiding the oxidation-reduction cycle of iron and (ii)
recovering the pristine sodium cobaltate phase before a new cycle be-
gins.

Fig. 13C presents CO2 capture efficiencies of all experiments de-
scribed above. If no oxygen was supplied during desorptions, cycles
showed a rapid decrement of sorption efficiency. However, it must be
pointed out that Fe20 sample always presents a higher efficiency than

Table 4
Rate constants values (k) obtained for Fe30-NaCoO2 sample from the first order
reaction model, using CO2 and O2 on the gas flow.

T (°C) k (1/s) R2

500 1.78×10−3 0.9958
600 3.04×10−3 0.9944
700 4.86×10−3 0.9756
800 7.87×10−3 0.9986

Fig. 12. Schematic representation of oxygen addition effect during CO2 chemisorption on iron containing NaCoO2 samples, where iron oxidation state changes as a
function of oxygen dissociation and release.

E. Vera et al. Journal of CO₂ Utilization 25 (2018) 147–157

154



NaCoO2. In addition, this tendency does not seem to be stabilized even
after 8 cycles. On the other hand, for cycles performed with oxygen,
CO2 capture tends to stabilize both samples. NaCoO2 stabilizes at
around 35% of efficiency (1.4 mmolCO2/gcer) on both experiments. In
the case of Fe20, cycles performed with O2 only in desorption, stabilize
also at 35% of efficiency, but cycles performed in O2 during all the
experiment present a faster stabilization and greater efficiency, 50%
(1.7 mmolCO2/gcer). In fact, these data can be adjusted to an exponential
regression in order to calculate the minimum efficiency of samples after
a large number of cycles. The equation corresponding to the decreasing
exponential is:

y=A+Be−x/t (12)

where y, x, A, B and t correspond to the CO2 efficiency that can be
achieved, the number of cycles, the offset, amplitude and decay con-
stant of the curve, respectively. For cycles without oxygen, the
minimum sorption efficiencies are 7.4 and 21.3% for NaCoO2 and Fe,
respectively, while for cycles with oxygen during desorption steps,
these values are 35.9 and 35.1%, and 34.6 and 49.7% for experiments
with O2 in the whole process, which are in good agreement with these
experimental data.

To further analyze cyclic behavior, products of these analyses were
characterized by XRD (data not shown). Cycles performed without

Fig. 13. CO2 sorption-desorption (700–700 °C) cyclic tests of NaCoO2 and Fe-NaCoO2 performed with addition of oxygen during the sorption and/or desorption steps
(A). Comparison of the NaCoO2 and Fe-NaCoO2 stabilities when oxygen was present, or not, during sorption steps (B).
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oxygen, evidenced Na2CO3, CoO and FeO (only in Fe20 sample). It is
worth noting that when a single isotherm was performed at equal
temperature, only Co3O4 and Fe3O4 were formed. Thus, performing
several sorption-desorption cycles produce a progressive reduction of
Fe and Co. On the other hand, products of cycles with oxygen on des-
orption steps, presented mainly Na0.74CoO2 phase, along with Na2CO3,
Co3O4 and Fe2O3 (only in Fe20). Thus, despite some products remain
after decarbonation step, pristine sample is regenerated. These results
are in good agreement with the behavior observed in cyclic experi-
ments. When oxygen is added to desorption step, compounds re-
generate allowing to continue the cyclic CO2 capture.

4. Conclusions

Pristine NaCoO2 and other samples containing Fe, Cu or Ni (10mol
%) were synthesized by solid-state reaction. All these samples were
characterized by structural (XRD) and superficial (XPS, SEM and N2

adsorption-desorption) techniques. Based on the characterization re-
sults, it was determined that Fe, Cu and Ni are only partially in-
corporated into NaCoO2 structure. The other metal portions are located
over the NaCoO2 particle surfaces as metal oxides. After the char-
acterization process, samples were tested on CO2 chemisorption,
through dynamic thermogravimetric experiments. While Fe-containing
sample highly improved CO2 chemisorption, Cu- and Ni-containing
samples reduced CO2 chemisorption, in comparison to pristine NaCoO2

sample. CO2 chemisorption observed on iron containing sample was
attributed to the following factors. Fe presents the same oxidation state
than cobalt (3+), in comparison to Cu and Ni (2+ ). This fact, in ad-
dition to electronegativity values, produced structural changes on M

δ1
O

δ2
Na bound charge densities, as follows; Ni

δ
O < Cu

δ
O < Co

δ
O < Fe

δ
O. Thus, O

δ2
Na bound charge density is increased on Cu and

Ni cases, but decreased on the Fe case.
Based on these results, iron concentration was varied on Fe-NaCoO2

sample (10, 20 and 30mol%), and they were characterized by the same
structural and superficial techniques. Characterization confirmed that
only part of iron is located into NaCoO2 structure and the other part
formed iron (II) oxide (FeO) and sodium ferrite (NaFeO2), indicating a
partial iron reduction. Independently of iron content, Fe-NaCoO2 sam-
ples presented a higher CO2 chemisorption than pristine NaCoO2. CO2

chemisorption was observed from very low temperatures (∼100 °C) to
800 °C. Thus, CO2 isotherms were performed between 200 and 800 °C
(each 100 °C), where carbonation process was confirmed, through CO2

capture and partial cobalt and iron reductions. Moreover, kinetic
parameter values (k) obtained for Fe20-NaCoO2 reaction mechanism
increased as a function of temperature, as it could be expected, showing
some CO2 desorption at 800 °C. Besides, ΔH‡ value was determined;
17.9 kJ/mol. Therefore, CO2 chemisorption dependence on tempera-
ture on NaCoO2 is importantly reduced by iron addition, as ΔH‡ of
NaCoO2 reported values are 52.8 and 48.8 kJ/mol. Based in all previous
results, a second set of Fe-containing NaCoO2 were evaluated modifying
the gas flow composition to PCO2:PO2= 0.95:0.05, during CO2 chemi-
sorption. Results clearly showed that oxygen addition improves ki-
netics, efficiencies, thermal stability and reaction mechanism of CO2

chemisorption on Fe-containing NaCoO2 samples. All these changes
were attributed to iron reduction-oxidation ability.

Finally, different cyclic experiments were performed on NaCoO2

and Fe20-NaCoO2 samples. Results clearly show that both samples are
partially decomposed by oxygen release produced during CO2 capture.
Therefore, in order to avoid sample decomposition, a second set of
cycles were performed adding oxygen during desorption step. In these
cases, samples were regenerated and cyclic stability was highly im-
proved. Finally, a set of cycles with oxygen during sorption and deso-
rption stages were performed, showing the same stability and re-
generation, with an enhancement of CO2 chemisorption (only in the
Fe20 sample) caused by oxidation-reduction cycle of iron.
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