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ABSTRACT: In this work, we present the synthesis of
lithium- and sodium-based ferrites by nitrate decomposition,
using low and short thermal treatments. X-ray diffraction and
Rietveld refinement were used to identify three different
crystal phases: cubic, rhombohedral, and orthorhombic. By
means of thermogravimetric experiments under CO2 atmos-
phere, it was found that cubic-phase samples did not present
an important CO2 capture from 30 to 900 °C. However,
rhombohedral and orthorhombic phases showed large capture
properties at the same temperature range. The rhombohedral
phase displayed a maximum CO2 capture with 65% of
expected capture (750 °C), while the orthorhombic phase
showed 90% of the expected capture (700 °C). Additionally,
the double exponential model, together with the Eyring model, were used to obtain rate constants and enthalpy of the activated
states for CO2 capture. From these data, a correlation of each capture process with the crystal structure and chemical
composition was carried out. Finally, structural parameters together with electronegativity and hardness in chemical bonding
were used to explain capture properties among the studied compositions.

■ INTRODUCTION

Over the past years, due to the rising carbon dioxide (CO2)
levels in the atmosphere, the research community has focused on
developing CO2 capture technologies with a consequent
increase in patents and research papers.1 Most of these capture
technologies are based on cryogenic distillation,2,3 oxyfuel
systems,4,5 fuel cell systems,6 ionic liquids,7,8 and adsorp-
tion2−4,8,9 or sorption processes.2,3,5 In the last case, solid
sorbents have been widely studied at low, moderate, and high
temperatures9 and in the presence of steam,10−12 showing that
alkali metal ceramics have good capture capabilities only at
moderate and high temperature ranges.13 Lithium- and sodium-
based ceramics are particularly interesting for CO2 capture at
moderate and high temperatures in their native oxide forms,14 as
well as zirconates,15−18 silicates,19−21 cuprates,22 aluminates,23

and titanates,24,25 among others.
Concerning CO2 capture properties on lithium-based ferrites,

it has been reported that Li5FeO4 has a maximum capture of 45
wt %,26 while LiFeO2 has been studied for CO2 capture between
200 and 600 °C, showing small capture values below 500
°C.27−29Also, LiFeO2 with alkali excess has been studied,
showing a relation between CO2 capture and alkali ion excess
into the lattice.30 Considering that alkali ions in crystal
structures are mainly responsible for CO2 capture properties,
the study on (Li,Na)FeO2 compounds has relevance due to a
possible synergistic effect between CO2 capture and different
catalytic properties and applications, as has been already
reported for different lithium-based ferrites.31

To our knowledge, LiFeO2 compound crystallizes in a cubic
close-packed arrangement of anions with cations located
randomly in octahedral holes,30 while the NaFeO2 compound
exhibits two crystal phases. α-NaFeO2 presents a lattice with a
rhombohedral crystal system in which oxygen anions form a
close-packed-like array and cations are alternatively located in
octahedral holes.32 On the contrary, the β-NaFeO2 crystal phase
displays an orthorhombic crystal system, which can be described
as a framework buildup of FeO4 corner-linked tetrahedra. In this
arrangement sodium ions are located in tetrahedral holes.33 The
α-NaFeO2 phase is a low-temperature phase, whereas the β-
NaFeO2 phase is stable above 750 °C.34 There are two other
polymorphs with NaFeO2 chemical composition, but these are
not of interest in this work due to their stabilization conditions.
The γ-NaFeO2 phase prevails above 1000 °C, and the δ-NaFeO2
phase appears above 1250 °C.34

In this context, the aim of this work was to synthesize several
compositions that belong to the Li1−xNaxFeO2 system, in order
to correlate their CO2 capture properties with their chemical
composition and structural characteristics.

■ EXPERIMENTAL SECTION

Li1−xNaxFeO2 (0 < x < 1) compounds were synthesized by the
nitrate decomposition route. Stoichiometric amounts of lithium
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carbonate, sodium carbonate, and ferric nitrate ninth-hydrated
(all supplied by Meyer 99.9%) were weighted according to eq 1.
The reagents were mixed and dissolved in distilled water, and
then HNO3 (Sigma-Aldrich 99%) was added dropwise until the
total alkali carbonate reaction. The solution was heated to
dryness, and the remaining solid was pyrolyzed at 500 °C for 3 h
in air atmosphere. Finally, a precursor was annealed at 800 °C
for 1 h in air atmosphere.

− + + ·

→ + +−
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Li CO
2

Na CO Fe(NO ) 9H O

Li Na FeO CO 3NOx x x

2 3 2 3 3 3 2

1 2 2 (1)

The crystal structure characterization of synthesized
compositions was carried out by X-ray diffraction in a Siemens

D5000 diffractometer coupled with a CoKα anode (λ = 1.789 Å)
and scintillation counter. Further Rietveld refinement was
performed on each X-ray pattern using the GSAS code35 with
EXPGUI interface.36

CO2 capture evaluation was performed in a TA Instruments
Q500HR thermobalance using dynamic and isothermal
conditions. All experiments were performed under 60 mL/min
CO2 flow (Praxair 3.0 grade). Dynamic experiments were
performed on 30 mg of samples between 30 and 900 °C with a
heating rate of 10 °C/min. Isothermal experiments were done
with 90 mg of samples and were heated under an inert
atmosphere (60 mL/min flow of N2 Praxair 4.8 grade) up to a
stable state at target temperature, and then gas flowwas switched
to CO2. Under these conditions weight data were collected for
180 min. CO2 capture cycling experiments were carried out in a

Figure 1. X-ray diffraction patterns for all synthesized samples.

Figure 2.Rietveld refinement plots for: (A) LiFeO2, (B) Li0.3Na0.7FeO2, and (C)NaFeO2 nominal compositions. (D) Phase composition in the whole
system. At small sodium content values there is a solid solution with cubic crystal phase.
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TA Instruments Q550 themobalance with 90 mg of sample. The
CO2 capture process was done under CO2 flow (60 mL/min) at
600 °C for 2 h, while the decarbonation process was done under
N2 flow (60 mL/min) at 800 °C for 30 min. Cyclic experiment
products were characterized by X-ray diffraction and N2
adsorption−desorption in a Bel-Japan Minisorp II at 77 K; an
additional Brunauer−Emmet−Teller (BET) model was em-
ployed to obtain specific surface area. Temperature-pro-
grammed desorption (TPD) analyses were done to identify
CO2 desorption processes. TPD experiments were carried out in
a chemisorption analyzer Belcat, Bel-Japan, coupled with a
thermal conductivity detector (TCD). Before TPD experiments,
each sample was pretreated by heating it to 850 °C in a helium
flow (30 mL/min Praxair 4.7 grade) for 1 h. Then the
temperature was fixed to 700 °C, and a 60 mL/min CO2 flow
was passed through the cell for 1 h to saturate the sample. After
pretreatment, TPD analysis was performed between 80 and 900
°C at 5 °C/min of heating rate in helium flow (30 mL/min).

■ RESULTS AND DISCUSSION
The compositions synthesized presented a progressive color
change from orange for lithium-rich samples to brown for
sodium-rich samples. X-ray diffraction patterns (Figure 1)
showed a single-crystal phase only for LiFeO2, Li0.97Na0.03FeO2,
Li0.94Na0.06FeO2, and NaFeO2 samples. Lithium-based compo-
sitions displayed characteristic patterns for face cubic centered
lattice with Fm3̅m space group (SG).30 However, the NaFeO2
composition presented a characteristic pattern for a primitive
lattice with orthorhombic crystal system and Pna21 SG.

37 The
remaining compositions showed X-ray diffraction patterns with
two or three different crystal phases, including a rhombohedral
lattice similar to the α-NaFeO2 phase reported by McQueen et
al.38

Based on that, Rietveld refinements were performed on all
diffraction patterns. Figures 2A, 2B, and 2C display Rietveld
refinement plots for LiFeO2, Li0.3Na0.7FeO2, and NaFeO2
compositions, respectively. Also, the behavior of weight fraction
of different crystal phases is presented in Figure 2D. It is possible
to observe that the cubic phase was the only crystal phase
present in samples with high lithium content (LiFeO2,
Li0.97Na0.03FeO2, and Li0.94Na0.06FeO2). The rhombohedral
phase took place at compositions between 0.1 and 0.9 mol %
of sodium. This phase reached a maximum content on
Li0.3Na0.7FeO2 nominal composition with 0.75 wt %, as well as
0.04 of orthorhombic phase and 0.21 of cubic phase. At higher
sodium contents, the rhombohedral phase decreased, while the
orthorhombic phase took place in the system. On 100 mol % of
Na composition, the orthorhombic phase was the only crystal
phase presented. Additionally, in Figure 2D it was possible to
observe a linear decrement of the cubic phase, while sodium
content increased which could imply that both phases did not
form a solid solution system. Along with this behavior, the
rhombohedral phase fraction decreased when sodium contents
were higher than 70%. In the same region, the orthorhombic
phase took place in the diagram, increasing its weight fraction,
while the rhombohedral phase vanished. Additionally, structural
and atomic parameters obtained from Rietveld refinements are
listed in Tables 1 and 2.
According to Figure 2D, compositions with small sodium

content (x < 0.06) only displayed a cubic phase. Therefore,
thermogravimetric CO2 capture studies were performed initially
on LiFeO2, Li0.97Na0.03FeO2, and Li0.94Na0.06FeO2 samples to
evaluate sodium influence on CO2 capture properties in the

cubic phase (Figure 3). The LiFeO2 sample showed a weight
gain (1.6 wt %) at 490 °C, and CO2 capture was significant from

300 °C. Several alkali-based oxides display a slight CO2 capture
between 200 and 500 °C before a second and largest capture.
This behavior is associated with a double-stage capture process:
at low temperatures (T < 500 °C) CO2 capture takes place by
surface interactions. At T > 500 °C ion diffusion increases
considerably, and CO2 capture occurs by bulk interac-
tions.14,39,40 Consequently, the weight increment showed by
the LiFeO2 sample was associated with a CO2 surface capture. At
T > 500 °C a weight loss took place indicating a complete
superficial decarbonation. Moreover, samples with x = 0.03 and
x = 0.06 values displayed a maximum CO2 capture of 1.15 and
1.34 wt %, respectively; these values were slightly smaller than

Table 1. Crystal Structure Parameters for (Li,Na)FeO2
Ferrites

parameter cubic phase
rhombohedral

phase
orthorhombic

phase

space group (no.) Fm3̅m (225) R3̅m (166) Pna21 (33)

lattice parameters
(Å) a = 4.1572(6)

a = 3.0172(1) a = 5.6661(2)
b = 7.1475(2)

c = 15.9163(9) c = 5.3830(2)
volume (Å3) 71.848(4) 125.48(1) 218.01(2)
Z 2 3 4

Table 2. Atomic Positions and Site Occupation Factors
(S.O.F.) for Crystal Phases Presented by (Li,Na)FeO2
Ferrites

crystal phase
crystallographic

atom x/a y/b z/c S.O.F.

cubic Li 0 0 0 0.5
Fe 0 0 0 0.5
O 1/2 1/2 1/2 1.0

rhombohedral Na 0 0 0 1.0
Fe 0 0 1/2 1.0
O 0 0 0.235 1.0

orthorhombic Na 0.428 0.120 0.470 1.0
Fe 0.069 0.129 0.466 1.0
O(1) 0.036 0.099 0.344 1.0
O(2) 0.374 0.170 0.911 1.0

Figure 3. Dynamic thermogravimetric experiments performed on
LiFeO2, Li0.97Na0.03FeO2, and Li0.94Na0.06FeO2 samples under CO2
atmosphere.
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the one displayed by the LiFeO2 sample. However, in both
compositions, the surface decarbonation process took place at
520 °C. This increment in the decarbonation temperature was
related to a possible surface modification by sodium addition. In
fact, not only the decarbonation temperature was modified in
these Na-doped samples but also the temperature in which the
CO2 capture began. In both doped samples, the CO2 capture
process started at 175 °C, which was 125 °C lower than that
displayed by LiFeO2 sample.
Unlike LiFeO2, the superficial decarbonation process in

Li0.97Na0.03FeO2 and Li0.94Na0.06FeO2 samples was not com-
pleted, and a remnant weight lasted until 860 °C. In fact, a
second decarbonation process was observed for Li0.94Na0.06FeO2
at higher temperatures, which was related to sodium carbonate
decomposition. The presence of both lithium and sodium
carbonates on Li0.97Na0.03FeO2 and Li0.94Na0.06FeO2 samples
could be related to the weight losses shown in Figure 3.
Although CO2 capture was improved by sodium addition in
cubic LiFeO2 at T > 550 °C, the maximum capture displayed by
Na-doped samples was considerably lower than 23 wt %, which
is the expected CO2 capture for LiFeO2, considering eq 2.

+ → +2LiFeO CO Fe O Li CO2 2 2 3 2 3 (2)

Additionally to dynamic thermogravimetric experiments,
isothermal experiments were carried out to elucidate kinetics
related to CO2 capture in these compositions. Figure 4 shows
two sets of isothermal experiments for LiFeO2, Li0.97Na0.03FeO2,
and Li0.94Na0.06FeO2 samples at 300 and 500 °C. Experiments
performed at 300 °C showed a small CO2 capture after 180 min
(Figure 4A). The Li0.94Na0.06FeO2 sample displayed the higher
CO2 capture (0.8 wt %), which was related to sodium content.
Moreover, at this temperature, the Li0.97Na0.03FeO2 sample
showed less CO2 capture than LiFeO2. Perhaps, at this
temperature chemical composition was not enough to
significantly enhance the CO2 capture, and only superficial
capture was mainly responsible in both compounds.
Figure 4B shows isothermal experiments for LiFeO2,

Li0.97Na0.03FeO2, and Li0.94Na0.06FeO2 samples performed at
500 °C. The null CO2 capture displayed by the LiFeO2 sample is
remarkable, which agreed with the decarbonation process
displayed in dynamic experiments. Otherwise, Li0.97Na0.03FeO2
and Li0.94Na0.06FeO2 samples displayed CO2 capture capabilities
proportional to sodium content: 2.8 and 4.1 wt %, respectively.
The profile depicted by isothermal CO2 capture at 300 °C
suggests that the reaction was almost completed in each sample,

but at 500 °C it did not occur (see Figure 4). This characteristic
indicated a different capture process at this temperature. Bearing
this hypothesis in mind, isothermal experiments at the 250−500
°C temperature range were performed. Time-dependent data
were processed taking into account the double exponential
model which represented two independent capture processes
with different rate constants (k1 and k2, min−1)16,41 as in eq 3.

+

→ +

→ +

2(Li, Na)FeO CO

Fe O ((Li, Na) CO )

Fe O ((Li, Na) CO )

k

k

2 2

2 3 2 3 surface

2 3 2 3 bulk

1

2
(3)

The weight percentage gain with time evolution was well
described by the double exponential model (eq 4), wherein A
and B are CO2 capture capability (in weight percentage) for each
process and C is the total CO2 amount captured by the material
plus the initial sample weight. In this case C = A + B + 100%,
100% was taken as the initial sample weight percent.

= − − − − +A k t B k t Cwt % exp( ) exp( )1 2 (4)

In addition to double exponential model fit, rate constants
obtained were treated under the Eyring model to calculate the
activated-state enthalpy (ΔH⧧).41 The Eyring model takes into
account an activated state where not only the momentum
transfer and symmetry orientation matter but also vibrational
states as well as tunneling effect were used to calculate the
potential surfaces to describe the activated state, for which
kinetic energy was quantized by the position in the potential
surface.42−44 The Eyring formulation is presented in eq 5, where
R is the ideal gas constant, kB the Boltzmann constant, h the
Planck constant; and ΔS⧧ is the activated-state entropy
associated with the CO2 capture process.
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Figure 5 shows the calculated rate constants under Eyring
treatment, and it could be seen that rate constants associated
with the k2 process (open symbols in Figure 5) had the same
behavior for the studied samples. According to X-ray diffraction
patterns, these compounds had the same crystal structure;
therefore, k2 values could be related with a CO2 capture process,
in which a bulk-diffusional effect was mainly responsible for this
process.

Figure 4. Isothermal thermogravimetric experiments for LiFeO2, Li0.97Na0.03FeO2, and Li0.94Na0.06FeO2 samples under CO2 atmosphere at (A) 300 °C
and (B) 500 °C.
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Otherwise, k1 values (filled symbols in Figure 5) had two
different behaviors: one with a positive slope for the LiFeO2
sample, and thus, there was no physical meaning to estimate
ΔH⧧. The second behavior yielded a negative slope, so it was
possible to estimate a ΔH⧧ = 56.9 kJ/mol between 350 and 500
°C for Li0.97Na0.03FeO2 and Li0.94Na0.06FeO2 samples. This
difference between the LiFeO2 sample and Na-based com-
pounds could be correlated with their chemical composition. In
this way, the calculated ΔH⧧ represents a sodium-dependent
process, which agreed with surface CO2 capture. Additionally, it
was expected that, in doped systems (as Li0.97Na0.03FeO2 and
Li0.94Na0.06FeO2 samples where Na ions replace Li ions), defect
concentration should be high at the particle surface. In such a
case, CO2 capture could be favored by Na2CO3 formation
instead of Li2CO3 for which formation was not suitable on the
cubic LiFeO2 sample.30

Concerning the k2 rate constant process, it could be seen that
it involves a slow CO2 capture; additionally, in Figure 5 the k2
values display similar behavior between them despite the
different chemical composition. Thus, k2 values could be
correlated with the crystal structure which is the same for
these three samples. In this scenario, bulk diffusion processes
could be responsible for CO2 capture. The fact that k2 values
diminish with the temperature is against a thermally activated
diffusion process, but the Eyring model considers different
aspects to model the potential surface. Thus, bulk diffusion
could not be the only process involved in bulk capture.
Additional to the diffusion process, intensity in lattice vibrations
(phonons) increased with temperature; in consequence, it could
be possible that CO2 capture in the cubic LiFeO2 sample was not
favored due to phonon energy. Therefore, the kinetic rate
became lower as the temperature increased. However, for Na-
containing samples it was possible to obtain a ΔH⧧ = 56.9 kJ/
mol, which was similar to that calculated for other Na-containing
ceramics, e.g., 48 kJ/mol for Na2ZrO3,

16 23.9 kJ/mol for
Na2SiO3,

19 30.6 kJ/mol for Na2Zr0.7Al0.3O3,
40 and 21.6 kJ/mol

for Na2TiO3.
24

CO2 capture properties in high sodium-containing samples
were performed, at first, by dynamic thermogravimetric analysis
on NaFeO2 and some Li1−xNaxFeO2 samples. These results are
shown in Figure 6, where it could be seen that the NaFeO2
sample had a maximum CO2 capture of 15.2 wt % at 790 °C,
which represented near 75% of the expected capture (19.9 wt %
according to eq 6). Additionally, the CO2 capture profile
depicted by the Li0.1Na0.9FeO2 sample was similar to the

NaFeO2 profile. Moreover, the CO2 capture in Li0.1Na0.9FeO2
dropped to 9.5 wt % which corresponds to 37.5% less CO2
capture than that presented by the NaFeO2 sample. This ratio
correlates with orthorhombic weight fraction presented in
Li0.1Na0.9FeO2 composition (near 60% in Figure 2D). In this
way, CO2 capture displayed by the Li0.1Na0.9FeO2 sample could
be produced due to the orthorhombic crystal phase.

+ → +2NaFeO CO Fe O Na CO2 2 2 3 2 3 (6)

Furthermore, Li0.2Na0.8FeO2 and Li0.3Na0.7FeO2 samples were
studied by dynamic thermogravimetry. In Figure 6 it could be
seen that these compositions displayed maximum CO2 captures
around 11.7 wt % at 850 °C, which were higher than that
presented by the Li0.1Na0.9FeO2 sample. Moreover, not only
maximum CO2 capture changed but also the dynamical
thermogravimetric profile was depicted. For Li0.2Na0.8FeO2
and Li0.3Na0.7FeO2 compositions, CO2 capture began at 250
°C, which was almost 150 °C lower than in the 90 and 100%
sodium compositions. Also, these compounds presented a
maximum CO2 capture 60 °C above the NaFeO2 sample. To
compare these thermogravimetric analyses, derivative thermog-
ravimetric plots (DTGs) are presented in Figure 7, where a

Figure 5. Eyring-type plots for CO2 capture rate constants in LiFeO2,
Li0.97Na0.03FeO2, and Li0.94Na0.06FeO2 samples.

Figure 6. Dynamic thermogravimetric results for NaFeO2,
Li0.1Na0.9FeO2, Li0.2Na0.8FeO2, and Li0.3Na0.7FeO2 samples under
CO2 atmosphere.

Figure 7. Derivative thermogravimetric analysis for NaFeO2,
Li0.1Na0.9FeO2, Li0.2Na0.8FeO2, and Li0.3Na0.7FeO2 samples under
CO2 atmosphere. (A) Capture interval and (B) decarbonation interval.
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capture process with a positive derivate in the inset A can be
observed. In this graph can be seen a maximumCO2 capture rate
at 534 °C for NaFeO2 and Li0.1Na0.9FeO2 samples, but this value
decreased to 486 °C for the Li0.3Na0.7FeO2 sample.
Li0.2Na0.8FeO2 and Li0.3Na0.7FeO2 compositions also presented
a second maximum capture rate at 814 °C, which were not
present in higher sodium-containing compositions. These
characteristics would be related to the rhombohedral crystal
phase, which was the majority crystal phase in Li0.2Na0.8FeO2
and Li0.3Na0.7FeO2 samples (see Figure 2D).
Figure 7B displays a negative derivate associated with

decarbonation. At first sight, it is possible to observe a maximum
decomposition rate at 836 °C for the NaFeO2 sample, which
shifted progressively to higher temperatures (884 °C), while
sodium content decreased. This characteristic could be
correlated with the presence of the rhombohedral crystal
phase in Li0.2Na0.8FeO2 and Li0.3Na0.7FeO2 nominal composi-
tions. To elucidate the decarbonation process in these samples,
CO2-TPD experiments were performed (Figure 8) where it can

be seen that the NaFeO2 sample displayed a desorption process
with a maximumTCD signal at 614 °C, which was 212 °C lower
than the decarbonation process presented in Figure 7B. This
temperature difference was due to the environmental atmos-
phere: as high CO2 concentration increases, the decarbonation
process moves at higher temperatures according with the Le
Chatelier principle.

While the signal at 614 °C vanished as sodium content
reached 70%, the Li0.3Na0.7FeO2 sample showed a desorption
process with a maximum TCD signal at 683 °C. This behavior
agreed with the fact that the orthorhombic crystal phase ratio
decreased as the rhombohedral phase took place as a major
crystal phase in the Li0.3Na0.7FeO2 sample. Thus, it must be
correlated that CO2 capture properties in this sample were
mainly due to the rhombohedral crystal phase. Besides, this
phase showed a CO2 desorption process 70 °C above, compared
to the orthorhombic phase. In addition, CO2 capture in the
cubic phase was neglected, and the orthorhombic weight
fraction was near 4%.
Under this hypothesis, isothermal thermogravimetric experi-

ments on Li0.3Na0.7FeO2 and NaFeO2 samples were performed
to study kinetic CO2 capture properties in both rhombohedral
and orthorhombic crystal phases. Results of these experiments
are shown in Figure 9, where it is possible to observe that the
Li0.3Na0.7FeO2 sample displayed a 5.5 wt % of CO2 capture at
300 °C (Figure 9A), which was a higher value compared with
those obtained in a dynamic experiment at the same temperature
(1 wt %, in Figure 6). For the Li0.3Na0.7FeO2 sample, CO2
capture increased as a function of temperature until the gain
mass reached 13.5 wt %, which was 65% of CO2 theoretical
capture (at 750 °C). Moreover, 65% CO2 capture was close to
70% sodium content in nominal composition which implied that
the rhombohedral crystal phase could be composed mainly by
sodium ions.
Furthermore, isothermal thermogravimetric experiments on

the NaFeO2 sample (Figure 9B) showed a maximum of 17.5 wt
% of CO2 captured at 700 °C, which corresponded to 90% of the
expected capture. At higher temperatures, maximum CO2
capture displayed lower values due to the decarbonation process
(data not shown). It is remarkable that the linear-like profile
exhibited by isothermal experiments performed at 300 and 350
°C, which are substantially different from those made at higher
temperatures. In fact, CO2 capture at 300 °C was almost 2 wt %,
which was lower than Li0.3Na0.7FeO2 capture at the same
physicochemical conditions (5.5 wt %). This fact could be
related with a change in capture properties.
CO2 capture cycling experiments were carried out on

Li0.3Na0.7FeO2 and NaFeO2 samples in order to evaluate their
performance against cyclability (Figure 10). In these experi-
ments capture was done at 600 °C under a CO2 flow (60 mL/
min), while decarbonation was performed at 800 °C under N2
flow (60 mL/min). Cycling experiments were not performed at
constant temperature since decarbonation did not occur by gas

Figure 8. CO2-TPD experiments for NaFeO2, Li0.1Na0.9FeO2,
Li0.2Na0.8FeO2, and Li0.3Na0.7FeO2 samples under helium atmosphere.

Figure 9. Isothermal thermogravimetric experiments for (A) Li0.3Na0.7FeO2 and (B) NaFeO2 samples under CO2 atmosphere.
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flow changing at 600 °C (data not shown). Figure 10A shows
that CO2 capture for the Li0.3Na0.7FeO2 sample began with 11.8
wt %, and after ten cycles the maximum CO2 capture remained
constant, even increasing (12.6 wt %). In Figure 10B it is shown
the X-ray diffraction patterns before and after the cycling
experiments for Li0.3Na0.7FeO2. At the beginning, this sample
showed three crystal phases: cubic, rhombohedral, and
orthorhombic (last one as traces), but after ten cycles the
sample displayed only cubic and orthorhombic phases. Thus, the
rhombohedral crystal phase disappeared, while the orthorhom-
bic crystal phase became the majority phase.
Figure 10C displays CO2 cycling capture of the NaFeO2

sample, and it can be seen that the maximum capture started at
13.3 wt % but decreased to 8.7 wt % after seven cycles, before
remaining constant. Moreover, X-ray diffraction patterns before
and after cycling experiments (Figure 10D) showed the same
crystal structure in the NaFeO2 sample, indicating a complete
regeneration after multiple CO2 capture−decarbonation pro-
cesses. Additionally, specific surface area was determinate,
employing BET model on N2 adsorption−desorption curves
(data not shown). Results showed that initial specific surface
areas were 1.69 and 1.52 m2/g for Li0.3Na0.7FeO2 and NaFeO2
samples, respectively. After cycling, both samples decreased
specific surface areas to 0.25 m2/g for Li0.3Na0.7FeO2 and 0.27
m2/g for NaFeO2. These values indicated that microstructure
showed a small modification by cycling experiments compared
with superficial sorbents, such as carbon-based materials for
which specific surface areas around hundreds of times the values
were shown by Li0.3Na0.7FeO2 and NaFeO2 samples.45 The
reduction in specific surface areas after cycling experiments
agrees with a sintering process produced due to thermal
conditions.
Kinetic CO2 capture properties at different temperatures were

related with chemical composition and crystal structure. Thus,
CO2 capture rate constants were obtained from the double
exponential model (eq 4), and the Eyring model (eq 5) was
further employed to obtain the activated-state enthalpies
(ΔH⧧). Figure 11 presents rate constants in an Eyring-type

plot, where corresponding activated-state enthalpies for k1 and
k2 of Li0.3Na0.7FeO2 and NaFeO2 samples are shown. From this
figure, it is possible to observe that k2 values were similar
between both compositions, but k1 values contrasted consid-
erably. In this case, faster carbonation occurred in rhombohedral
structure, where cations have octahedral coordination. From
Li0.97Na0.03FeO2 the kinetic study was settled that k2 values were
correlated with crystal structure, while k1 values were correlated
with chemical composition. Under this consideration, the
resemblance in activated-state enthalpy obtained from k1 values
(25.6 and 30.6 kJ/mol for the Li0.3Na0.7FeO2 and NaFeO2
compositions, respectively) agreed with the fact that both
compositions had high sodium content, and this species was
mainly responsible for CO2 capture on alkali-based ferrites.
Moreover, there was a considerable difference between the

ΔH⧧ obtained from k2 values for the above cited compositions,
8.1 kJ/mol for the rhombohedral crystal phase and 21.6 kJ/mol
for the orthorhombic crystal phase. This higher value took place

Figure 10. CO2 capture−desorption (600−800 °C) cyclic tests for (A) Li0.3Na0.7FeO2 and (C) NaFeO2 samples. Also, X-ray diffraction patterns
before and after cycling experiments are shown for (B) Li0.3Na0.7FeO2 and (D) NaFeO2 samples.

Figure 11. Eyring-type plots for CO2 capture kinetic constants on
Li0.3Na0.7FeO2 and NaFeO2 samples. Square symbols denote the rate
constants obtained for NaFeO2 with orthorhombic crystal phase. Circle
symbols denote rate constants obtained for the Li0.3Na0.7FeO2 sample
with the rhombohedral crystal phase as a majority phase.
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in the crystal structure, where alkali cations had tetrahedral
coordination with oxygen ions (orthorhombic crystal structure,
Figure 12). The other two structures had an octahedral
environment for alkali cations, but in all these structures alkali
cations must pass through three oxygen ions to diffuse into the
lattice and then react with CO2. Oxygen anions form a triangle
gap, which could be related with the activated-state enthalpy
obtained for each structure. The triangle-gap area in this work
was calculated using the formula of Heron, and the edge length
for each triangle was calculated from the crystallographic data
obtained from Rietveld refinement for each composition. Table
3 lists the calculated triangle-gap areas, and it is possible to see

that the highest structure-related ΔH⧧ (21.6 kJ/mol) appeared
in composition with only the orthorhombic crystal phase
(NaFeO2). In this sample, the calculated triangle-gap area was
5.84 Å2. The ΔH⧧ value diminishes to 8.1 kJ/mol for the
rhombohedral phase, which had only 5.01 Å2 in the triangle gap.
For lower area values, there was not an experimentalΔH⧧ value.
Perhaps the gap was too narrow, where crystal diffusion was a
nonfavored process.
The relation between the ΔH⧧ structure-related and triangle-

gap area could be employed in analogous systems, such as
Li1+xFeO2, where lithium ions are located into octahedral sites
when x = 0. Additionally, when x = 0.3, lithium excess ions were

placed into tetrahedral sites, and they reacted with CO2;
however, octahedral-coordinated lithium remained nonreact-
ing.30 In the Li1+xFeO2 system, it was possible to obtain a ΔH⧧

structure-related value of 36.1 kJ/mol only for the compound
with 30% lithium excess, which has a similar quantity of lithium
in tetrahedral sites. This value agreed with the ΔH⧧ value
obtained for NaFeO2 (21.6 kJ/mol, Table 3). Analogous to
Li1.3FeO2, in the NaFeO2 structure, sodium ions had a
tetrahedral coordination. It would be said that the ΔH⧧ was
higher for lithium-based ferrites than sodium-based ferrites; this
value was related with diffusional process into the lattice, so a
lithium ionic radius of 0.59 Å46 must facilitate lithium diffusion
compared with the larger sodium ionic radius (0.99 Å).46

Moreover, the ΔH⧧ values obtained for Li1.3FeO2 and NaFeO2
opposed this idea, which indicated that there was another
characteristic changing this effect. Since there is a similarity in
both coordination number and surrounding anions, the effects
of electronegativity and the hardness were helpful concepts to
understand ΔH⧧ values. The electronegativity for Li+ and Na+

ions is known as 40.52 and 26.21 eV,47 respectively, indicating
that Na−O interaction is more ionic than Li−O interaction.
Analogously, hardness values for Li+ and Na+ are 35.12 and
21.08 eV, suggesting a strong hard−hard interaction in the Li−O
bond. The higher hardness and lower ionic character in the Li−
O bond suggested that, additionally to ionic contribution, this
bond had a covalent contribution which needed more energy to
be broken in order to diffuse lithium and then increase theΔH⧧

value compared with the NaFeO2 case.
Therefore, to improve CO2 capture in alkali-based ferrites, the

following characteristics should be considered: the relation
between crystal structure and carbonation rate. Carbonation
rates were higher in crystal structures, where alkali ions had an
octahedral coordination (rhombohedral phase). This feature
suggests that the Li0.3Na0.7FeO2 sample is suitable to capture
CO2 at intermediate temperatures. Another important charac-
teristic is the relation of ΔH⧧ value with temperature. The
rhombohedral phase had the lowest ΔH⧧ values, which implied
that CO2 capture was slightly affected by increasing temperature.

Figure 12. Crystal structures for different compositions studied in this work. Alkali-cation environment is octahedral in the cubic and rhombohedral
crystal phases, while it is tetrahedral in the orthorhombic crystal phase.

Table 3. CO2 Capture ΔH⧧ Values Obtained for All
Compositions Studied in This Work and Their Relationship
with the Alkali Crystal Environment

sample
composition

ΔH⧧

composition-
related
(kJ/mol)

ΔH⧧

structure-
related (kJ/

mol)
alkali cation
coordination

triangle-
gap area
(Å2)

LiFeO2 -- -- 6 ≈3.7
Li0.97Na0.03FeO2 56.9 -- 6 ≈3.7
Li0.94Na0.06FeO2 56.9 -- 6 ≈3.7
Li0.3Na0.7FeO2 25.6 8.1 6 5.01

NaFeO2 30.6 21.6 4 5.84
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However, in the orthorhombic phase, where alkali ions have a
tetrahedral coordination, ΔH⧧ values were higher, involving a
strong temperature dependency, making NaFeO2 a suitable
material for CO2 capture at high temperatures.

■ CONCLUSIONS

In this work, several compositions were synthesized that belong
to the Li1−xNaxFeO2 system by nitrate decomposition, using low
and short thermal treatments. The compositions in which
sodium content were less than 6% (mole fraction) displayed a
cubic single phase. On the contrary, the 100% sodium
composition presented an orthorhombic single phase, while
intermediate compositions showed mixtures in which a
rhombohedral phase coexisted between 0.1 < x < 0.9 values.
The rhombohedral phase was the major phase at x = 0.7
composition. Concerning to CO2 capture, the kinetic CO2
capture studies on compounds with cubic structure allowed us
to identify that k1 and k2 rate constants are related with the
chemical composition and the crystal structure, respectively.
Despite the high alkali content in the cubic phase compositions,
these are not suitable for CO2 capture. Moreover, the NaFeO2
compound showed a 90% efficiency in CO2 capture at 700 °C
with ΔH⧧ values of 30.6 and 21.6 kJ/mol for composition and
structural CO2 capture-related processes, respectively. In spite of
the high capture efficiency showed by the NaFeO2 composition,
the faster carbonation reaction took place in the Li0.3Na0.7FeO2
composition, which displays a rhombohedral crystal phase as a
main phase. This composition showed a 65% efficiency in CO2
capture at 750 °C, and this capture percent is comparable with
its sodium content. Furthermore, Li0.3Na0.7FeO2 presented the
best CO2 cycling behavior.
TPD experiments showed that the decarbonation process in

this composition was different from theNaFeO2 compound, and
then, this process was associated with the rhombohedral crystal
phase. Additionally, the decarbonation process took place at
temperatures above 700 °C for the NaFeO2 compound, whereas
the same process took place at 750 °C in the Li0.3Na0.7FeO2
composition. Also, for this sampleΔH⧧ values were 25.6 and 8.1
kJ/mol for the composition and structural CO2 capture-related
process, respectively, which were related only to the
rhombohedral phase. Finally, CO2 capture was associated with
a triangle gap that oxygen anions make around alkali ions. It was
found that if the triangle gap is narrow (3.7 Å2 in cubic phase)
CO2 capture is neglected. However, if the triangle gap is wide (5
Å2 or higher) the compositions were able to capture large
amounts of CO2, 13.5 and 17.5 wt % for rhombohedral and
orthorhombic crystal phases, respectively. Also, the structural-
related ΔH⧧ was associated with bonding properties, finding
that a covalent contribution increases the ΔH⧧ values in CO2
capture.
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