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The electronic structural and phonon properties of Na2−αMαZrO3 (M ¼ Li,K, α ¼ 0.0,0.5,1.0,1.5,2.0)
are investigated by first-principles density-functional theory and phonon dynamics. The thermodynamic
properties of CO2 absorption and desorption in these materials are also analyzed. With increasing doping
level α, the binding energies of Na2−αLiαZrO3 are increased while the binding energies of Na2−αKαZrO3

are decreased to destabilize the structures. The calculated band structures and density of states also show
that, at the same doping level, the doping sites play a significant role in the electronic properties. The
phonon dispersion results show that few soft modes are found in several doped configurations, which
indicates that these structures are less stable than other configurations with different doping levels. From
the calculated relationships among the chemical-potential change, the CO2 pressure, and the temperature of
the CO2 capture reactions by Na2−αMαZrO3, and from thermogravimetric-analysis experimental mea-
surements, the Li- and K-doped mixtures Na2−αMαZrO3 have lower turnover temperatures (Tt) and higher
CO2 capture capacities, compared to pure Na2ZrO3. The Li-doped systems have a larger Tt decrease than
the K-doped systems. When increasing the Li-doping level α, the Tt of the corresponding mixture
Na2−αLiαZrO3 decreases further to a low-temperature range. However, in the case of K-doped systems
Na2−αKαZrO3, although doping K into Na2ZrO3 initially shifts its Tt to lower temperatures, further
increases of the K-doping level α causes Tt to increase. Therefore, doping Li into Na2ZrO3 has a larger
influence on its CO2 capture performance than the K-doped Na2ZrO3. Compared with pure solidsM2ZrO3,
after doping with other elements, these doped systems’ CO2 capture performances are improved.

DOI: 10.1103/PhysRevApplied.3.044013

I. INTRODUCTION

The burning of fossil fuels is still the main energy source
for the world’s economy. One consequence of the use of
these fuels is the emission of huge quantities of CO2 into
the atmosphere, creating environmental problems such as
global climate change [1–3]. To solve such problems, there
is a need to reduce CO2 emissions into the atmosphere
through capture and sequestration [4–6].
For a given CO2 capture technology, the optimal work-

ing conditions [CO2 pressures of pre- and postcapture,
absorption-desorption temperature range (ΔTO), etc.] are
fixed. However, at a given CO2 pressure, the turnover
temperature (Tt) of an individual solid capture CO2

reaction is fixed. The Tt may be outside the operating

temperature range ΔTO for a particular capture technology.
In order to adjust Tt to fit the practical working ΔTO
through reversible chemical transformations, we demon-
strate that, by mixing different types of solids, it is possible
to shift Tt to the practical operating ΔTO range [7–9].
Generally, when we mix two solids A and B to form a new
sorbent C, the turnover temperature of the newly resulting
system (TC) is located between those temperatures of A and
B (TA, TB), assuming that A is a strong CO2 sorbent while
B is a weak CO2 sorbent, and TA > TB. Also, we assume
that the desired operating temperature (TO) is between TA
and TB (TA > TO > TB). Depending on the properties of A
and B, we typically have three scenarios to synthesize the
mixing sorbent C:
(a) TA ≫ TB and the A component is the key component

for capturing CO2. In this case, since TA is higher than
TO, mixing B into A will decrease the turnover TC of
the C solid to values closer to TO. For example, Li2O
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is a very strong CO2 sorbent which forms Li2CO3.
However, its regeneration from Li2CO3 only can occur
at very high temperature (TA). In order to move its TA
to lower temperatures, one can mix in some weak CO2

sorbents (such as SiO2 or ZrO2). Our results show that,
in this way, the turnover Tt and the theoretical CO2

capture capacity of mixtures decrease as the ratios of
Li2O∶SiO2 or Li2O∶ZrO2 decrease [7–13].

(b) TA ≫ TB and the B component is the key component
for capturing CO2. In this case, since TB is lower than
TO, mixing A into B will increase the turnover
temperature TC of the C solid to values closer to
TO. For example, pure MgO (as the B component) has
a very high theoretical CO2 capture capacity [14].
However, its TB (250 °C) is lower than the required
temperature range of 300–470 °C used in warm-gas
cleanup technology, its practical CO2 capacity is very
low, and therefore, it cannot be used directly as a CO2

sorbent in this technology. Our experimental and
theoretical results show that by mixing alkali-metal
oxides M2O (M ¼ Na,K,Cs,Ca) or carbonates
(M2CO3) into MgO, the newly formed mixed systems
have higher turnover temperatures, making them
useful as CO2 sorbents through the reaction MgOþ
CO2 þM2CO3 ¼ M2MgðCO3Þ2 [15–17].

(c) Both A and B components are active for capturing
CO2. In this case, the CO2 capacity of the mixture is
the summation of those capacities of A and B.
Li2MSiO4 (M ¼ Mg,Ca, etc.) and M2−aNaZrO3

(M;N ¼ Li,Na,K) belong to this category. Obviously,
those doped systems can be treated as mixing of three
solids (Li2O∶MO∶SiO2, M2O∶N2O∶ZrO2). In this
study, we focus on this type of mixing sorbents:
Na2−αMαZrO3 (M ¼ Li,Na,K, α ¼ 0,0.5,1.0,1.5,2.0).

During past decades, experimental investigations widely
found that the alkali-metal zirconates are good candidates for
CO2 capture because of their a large CO2-sorption capacity,
an infinite CO2-N2 or CO2-H2 selectivity, good reversibility,
and high operating temperatures [4,18–33]. Nakagawa and
Ohashi [19,20] first reported that lithium zirconate powder
reacts immediately with ambient CO2 in the range of 450 °C
to 550 °C and that the products react and return reversibly to
lithium zirconate at temperatures above 650 °C. Recent
experimental results also indicate that doping or mixing
another alkali-metal salt into lithium zirconate can improve
the CO2 sorption [29,30,34]. With a thermal gravimetric
analyzer under isothermal conditions, Fauth and co-workers
[25] conclude that the combination of binary alkali carbon-
ate, binary alkali-metal–alkaline-earth-metal carbonate,
ternary alkali-metal carbonate, and ternary alkali-metal-
carbonate–halide eutectics with Li2ZrO3 noticeably
improves theCO2 uptake rate and the CO2-sorption capacity.
These results are confirmed by Pannocchia and co-workers
[18]. Lopez-Ortiz and co-workers [35] find that Na2ZrO3

presents better CO2 sorption than Li2ZrO3. Pfeiffer and

co-workers [29,30,34] demonstrate that the lithium-sodium
and lithium-potassium metazirconates (Li2−xMxZrO3,
M ¼ Na,K, 0 ≤ x ≤ 2) present better CO2 absorption than
pure Li2ZrO3. Ochoa-Fernandez and co-workers [36] dem-
onstrate that both the capture rate and capacity of lithium
zirconate depend strongly on the ratio of Li2O to ZrO2.
Enhanced capture rates are observed when there is less Li2O
than ZrO2, possibly because excess ZrO2 acts as a dispersant
and introduces more reactive boundaries. The recent inves-
tigation on the effects of steam addition on the stability of
Li2ZrO3 capture of CO2 shows that the presence of steam
enhances the capture and regeneration rates but results in a
large decay in the CO2 capacity, compared with capture
under dry conditions [37]. Sandoval-Díaz and Pfeiffer [38]
explore the effects of CO2 chemisorption on K-doped
Na2ZrO3 and they find that K doping enhances the CO2

chemisorption and diffusion kinetics of Na2ZrO3 and that a
40% doping rate gives the best solid solution for the CO2

capture. Velderrain and co-workers [39] find that a small
portion of Li addition increases the absorption capacity of
Na2ZrO3, but too much Li (>25% mol) decreases its
absorption capacity. From thermodynamic calculations
and experimental measurements, Nakagawa and Ohashi
[20] point out that the difference in CO2 sorption capacity
between Li2ZrO3 and ZrO2 not only depends on temperature
and the CO2 partial pressure but also on the presence of
molten carbonates, e.g. an alkali-metal carbonate molar ratio
of Li∶K ¼ 62∶38.
Computational modeling is one of the more useful tools

to identify CO2 sorbent candidates with optimal perfor-
mance [7,8,10–12,14]. Our previous results on Li2ZrO3

and Li6Zr2O7 capturing CO2 show that the CO2 capture
performance of Li2ZrO3 is better than that of Li6Zr2O7

and therefore there is no advantage to using Li6Zr2O7 as a
CO2 sorbent [10]. For M2ZrO3 (M ¼ Li,Na,K), our
previous results demonstrate that Na2ZrO3 has a CO2

capture performance similar to that of Li2ZrO3, while
K2ZrO3 is not a good CO2-sorbent candidate because it
can only be regenerated at very high temperatures [11].
When substituting half of Li in Li2ZrO3 with Na or K,
we find that the newly formed LiNaZrO3 has a lower Tt,
compared to pure Li2ZrO3, while LiKZrO3 has a bit
higher Tt [40]. In this study, continuing the previous
investigation, we first build our doped systems by sub-
stituting a portion of the Na in Na2ZrO3 with Li or K in
different Na∶Li and Na∶K ratios. Then, by combining
a first-principles density-functional method with phonon
dynamics, we extensively investigate the electronic
structural and the lattice dynamical phonon properties
of pure and doped Na2−αMαZrO3 (M ¼ Li,K,
α ¼ 0.0,0.5,1.0,1.5,2.0) systems. Based on the calculated
energetic and thermodynamic results, the CO2 absorption
and desorption properties of these doped lithium zircon-
ates are analyzed in detail. The obtained results provide a
deeper understanding of the effects of compositional

YUHUA DUAN et al. PHYS. REV. APPLIED 3, 044013 (2015)

044013-2



changes on the CO2 capture performance of mixed
sorbents and further facilitate the development of CO2

sorbents that will be vital to solving global climate-
change problems associated with fossil-fuel usage.
The remaining sections of this paper are organized as

follows: in Secs. II and III, we briefly describe the
theoretical and experimental methods we employ. In
Sec. IV, we present the electronic and phonon results for
these pure and doped Na2−αMαZrO3 systems and compare
them with other available data. This is followed by analysis
of their capabilities for CO2 capture by calculating the
chemical-potential change for the capture reactions under
different CO2 pressure and temperature regimes. In Sec. V,
we summarize our conclusions.

II. THEORETICAL METHODS

The calculation performed in this work is based on first-
principles density-functional theory (DFT) with plane-
wave basis sets and pseudopotentials to describe the
electron-ion interactions. The Vienna ab initio simulation
package (VASP) [41,42] is employed in this study to
calculate the electronic structures of the lithium zirconates
and zirconia materials. All calculations are done using the
projector-augmented-wave (PAW) pseudopotentials and
the Perdew-Wang 1991 exchange-correlation functional
[43]. This computational level is shown to provide an
accurate description for oxide systems [44]. Plane-wave
basis sets are used with a plane-wave cutoff energy of
500 eV and a kinetic energy cutoff for augmentation
charges of 605.4 eV. The k-point sampling grids of
7 × 4 × 4, obtained by the Monkhorst-Pack method [45],
are used for these bulk calculations. The valence electrons
contain s and p orbitals forM (M ¼ Li,Na,K) and O atoms,
and s, p, and d orbitals for Zr. During calculations, all
atoms in the cell as well as the lattice dimensions and
angles are relaxed to the equilibrium configurations. For the
band structure and phonon dispersion calculations, the
symbols and coordinates of the high-symmetrical points
in the first Brillouin zone of the crystals are taken from
Bradley and Cracknell’s definitions [46].
Detailed descriptions of our computational methodology

can be found in our previous publications [8–14,47]. Here,
we limit ourselves to providing only the main aspects
relevant for the current study. The CO2 capture reactions for
pure and mixed alkali-metal zirconates Na2−αMαZrO3 can
be expressed generically in the form (for convenience in
description, we normalize the reaction to 1 mol of CO2)

Na2−αMαZrO3þCO2↔
2−α

2
Na2CO3þ

α

2
M2CO3þZrO2

ðM¼Li;K;α¼0;0.5;1.0;1.5;2.0Þ:

Assuming that the difference between the chemical
potential (Δμ0) of the solid phases can be approximated

by the differences in their electronic energy (ΔEDFT),
their entropies (ΔSph), and their harmonic free energies
(ΔFph), we can obtain the temperature- and pressure-
dependent chemical-potential change (Δμ) for these
reactions [8,13,14,48,49],

ΔμðT; PÞ ¼ Δμ0ðTÞ − RT ln
PCO2

P0

; ð1Þ

with

Δμ0ðTÞ ≈ ΔEDFT þ ΔEZP þ ΔFphðTÞ −GCO2
ðTÞ; ð2Þ

where Δμ0ðTÞ is the standard Gibbs free-energy change
of the reaction, ΔEZP is the zero-point energy difference
between the reactants and products that can be obtained
directly from phonon calculations. P0 is the standard
state reference pressure of 1 bar. The free energy and
entropy of CO2 (GCO2

, SCO2
) can be obtained with

standard statistical mechanics [50].
In the harmonic approximation, the phonon free-energy

change (ΔFph) and the entropy change (ΔSph) between the
solid reactants and products can be calculated based on the
Helmholtz free energy of the solids Fharm and the entropy of
the solids (Sharm)

ΔFphðTÞ¼
X

solid products

FharmðTÞ−
X

solid reactants

FharmðTÞ; ð3Þ

ΔSphðTÞ¼
X

solid products

SharmðTÞ−
X

solid reactants

SharmðTÞ; ð4Þ

where the Fharm, Sharm, and the total vibrational (phonon)
energy (Etot) of the solids are defined as [51]

Fharm ¼ rkBT
Z

∞

0

gðωÞ ln
�
2 sinh

�
ℏω
2kBT

��
dω; ð5Þ

Sharm ¼ rkB

Z
∞

0

gðωÞ
��

ℏω
2kBT

��
coth

�
ℏω
2kBT

�
− 1

�

− ln½1 − e−ðℏω=2kBTÞ�
�
dω; ð6Þ

Etot ¼
1

2
r
Z

∞

0

gðωÞðℏωÞ coth
�

ℏω
2kBT

�
dω: ð7Þ

In Eqs. (5), (6), and (7), r is the number of degrees of
freedom in the primitive unit cell, ω is the phonon
dispersion frequency, and gðωÞ is the phonon density of
states. It can be seen that the zero-point-energy (EZP) can be
obtained from Eq. (7) by taking T → 0,

EZP ¼ lim
T→0

½EtotðTÞ�: ð8Þ

The enthalpy changes [ΔHcalðTÞ] for the capture reac-
tions above Eq. (1) can be derived from Eqs. (2), (3), (4),
(5), and (6)) as
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ΔHcalðTÞ ¼ Δμ0ðTÞ þ T½ΔSphðTÞ − SCO2
ðTÞ�: ð9Þ

In this study, we employed the PHONON software pack-
age [52] in which the direct method is applied following the
formula derived by Parlinski, Li, and Kawazoe [53] to
combine the ab initio DFT with phonon calculations.
Similar to our previous approach, the phonon dispersion
and the thermodynamic properties (zero-point energy, free-
energy change, and entropy change, etc.) can be found for
each crystal. In turn, the zero-point energy change (ΔEZP)
and the phonon free-energy change [ΔFphðTÞ in Eq. (2)]
are obtained for the CO2 capture reactions.
In the phonon calculations, a 2 × 1 × 1 supercell is

created for Na2−αMαZrO3 from their optimized unit cells,
which are calculated through DFT. A displacement of
0.03 Å of nonequivalent atoms is generated. Then for the
supercell, the DFT calculations are performed again to
obtain the force on each atom due to the displacements.
These forces are carried back to the PHONON package [52]
to calculate the phonon dispersions and densities. Partition
functions constructed from the phonon dispersions and
densities are employed to calculate the thermodynamic
properties, such as internal energy, free energy, entropy,
heat capacity, etc. These thermodynamic properties are
evaluated at various temperatures and CO2 pressures, with
the use of Eq. (1) to calculate the chemical-potential
changes for the capture reactions given above Eq. (1)
[8–14].

III. EXPERIMENTAL MEASUREMENTS

TheLi- andK-dopedNa2ZrO3 samples are synthesized by
a solid-state reaction. These compositions are selected based
on our theoretical results obtained in this work. The initial
reagents are used as obtained: (a) sodium carbonate, anhy-
drous, 99.5%, Alfa Aesar; (b) potassium carbonate, anhy-
drous, 99%, Alfa Aesar; (c) lithium carbonate, anhydrous,
99% Alfa Aesar; (d) zirconium(IV) oxide, 99%, Sigma-
Aldrich. The Na2ZrO3, Na2−αLiαZrO3, and Na2−αKαZrO3

are synthesized from stoichiometric mixtures of Na2CO3,
K2CO3, Li2CO3, and ZrO2. The corresponding mixtures are
ground in an agate mortar by hand for 10 min and then
transferred to an alumina crucible. The crucible is placed into
a box furnace and heated at 900 °C for 4 h. The samples are
rapidly cooled to room temperature and then ground by hand
for 10 min in an agate mortar prior to physical-property
measurements. Correct stoichiometry of the products is
assured based on the ratio of the starting materials.
A Panalytical X’Pert Pro diffractometer is used to collect

powder diffraction patterns for the obtained samples. Scans
are performed from 2θ ¼ 5°–100°, with a step size of 0.17°
and a scan speed of 200 s= deg. The patterns are analyzed
using Panalytical’s Highscore Plus to determine the com-
positions of samples in this study.
A PerkinElmer Lambda 1050 dual-beam spectrometer is

used to collect data for each compound from 200 to

2500 nm. The Kubelka-Munk equation [54] is then used
to convert reflectance data into absorbance data for analy-
sis. Band-gap values are then determined using a standard
method in which the absorption edge is extrapolated
to zero.
Experimental CO2 capture studies are conducted using

thermogravimetric analysis (TGA). Data are collected on a
Mettler Toledo differential scanning calorimeter (DSC).
For analysis, a sample of approximately 50 mg is heated
from 30 to 800 °C, followed by a dwell of 30 min at 800 °C,
under flowing carbon dioxide gas (75 ml=min).
Table S1 of the Supplemental Material [55] summarizes

the experimental details and the measured data.

IV. RESULTS AND DISCUSSIONS

A. Theoretical structural optimization

As described in Sec. III, the alkali-metal zirconates can
be synthesized from alkali carbonates and ZrO2 with
different ratios [56–58]. As Bastow and co-workers [56]
measured, the structure of Na2ZrO3 is isostructural with
Li2SnO3 [59] and Li2TiO3 [60,61] crystallizing in a
monoclinic space group C2=c (no. 15) with unit-cell
parameters a ¼ 5.623 Å, b ¼ 9.749 Å, c ¼ 11.127 Å,
and β ¼ 99.98°, and with eight formula units (f.u.) per
unit cell. As shown in Fig. 1, in Na2ZrO3, there are three
types of Na which can be substituted by M (M ¼ Li,K)
with different Na∶M ratios α to form Na2−αMαZrO3. In
order to keep the symmetry unchanged, at each ratio α, two
possible substitution systems (Na2−αMαZrO3-A and
Na2−αMαZrO3-B) are created. The optimized structural
constants of these substituted systems are summarized in
Table I.

FIG. 1. The crystal structure of Na2ZrO3. The c axis is vertical.
There are three types of Na atoms in the structure. By substituting
these Na with M (M ¼ Li,K) under different combinations, two
types (A, B) of Na2−αMαZrO3 (α ¼ 0.0,0.5,1.0,1.5,2.0) are
obtained.
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TABLE I. The optimized crystal-structure constants and atomic fractional coordinates of pure and doped zirconates, Na2−αMαZrO3

(M ¼ Li,K).

Crystal and
space group

Optimized lattice constants Optimized fractional coordinates

Case A Case B Case A Case B

α ¼ 0.0
Na2ZrO3
C12=c1 (no. 15)a

Experimental:
a ¼ 5.623 Å
b ¼ 9.749 Å
c ¼ 11.127 Å
β ¼ 99.98°
V ¼ 600.74 Å3

Optimized:
a ¼ 5.612 809 Å
b ¼ 9.735 747 Å
c ¼ 10.956 75 Å
β ¼ 100.01°
V ¼ 617.806 Å3

Experimental:
Na: (0.238, 0.077, −0.0001)

(0.250, 0.250, 0.500)
(0.000, 0.085, 0.250)

Zr: (0.000, 0.415, 0.250)
(0.000, 0.747, 0.250)

O: (0.141, 0.265, 0.138)
(0.102, 0.586, 0.138)
(0.138, 0.906, 0.135)

Optimized:
Na: (0.236 47, 0.078 72,−0.000 24)

(0.250 00, 0.250 00, 0.500 00)
(0.000 00, 0.084 84, 0.250 00)

Zr: (0.000 00, 0.417 92, 0.250 00)
(0.000 00, 0.750 26, 0.250 00)

O: (0.147 31, 0.268 49, 0.142 48)
(0.096 80, 0.584 61, 0.142 22)
(0.145 91, 0.901 65, 0.140 87)

α ¼ 0.5
Na1.5Li0.5ZrO3

a ¼ 5.598 09 Å
b ¼ 9.704 63 Å
c ¼ 10.681 59 Å
β ¼ 99.45°
V ¼ 572.429 Å3

a ¼ 5.527 29 Å
b ¼ 9.584 52 Å
c ¼ 10.921 61 Å
β ¼ 99.76°
V ¼ 570.212 Å3

Li: (0.250 00, 0.250 00, 0.500 00)
Na: (0.234 83, 0.077 89,−0.000 28)

(0.000 00, 0.074 27, 0.250 00)
Zr: (0.000 00, 0.405 67, 0.250 00)

(0.000 00, 0.738 60, 0.250 00)
O: (0.148 99, 0.258 29, 0.139 79)

(0.103 28, 0.574 12, 0.141 49)
(0.152 08, 0.885 38, 0.133 42)

Li: (0.000 00, 0.083 89, 0.250 00)
Na: (0.235 26, 0.078 42,−0.000 19)

(0.250 00, 0.250 00, 0.500 00)
Zr: (0.000 00, 0.416 48, 0.250 00)

(0.000 00, 0.748 94, 0.250 00)
O: (0.141 36, 0.260 50, 0.143 22)

(0.110 27, 0.583 26, 0.143 10)
(0.140 76, 0.906 57, 0.142 95)

α ¼ 0.5
Na1.5K0.5ZrO3

a ¼ 5.688 79 Å
b ¼ 9.798 03 Å
c ¼ 11.454 24 Å
β ¼ 100.89°
V ¼ 626.954 Å3

a ¼ 5.765 10 Å
b ¼ 10.002 12 Å
c ¼ 11.069 29 Å
β ¼ 100.59°
V ¼ 627.424 Å3

Na: (0.238 63, 0.079 49,−0.000 38)
(0.000 00, 0.098 52, 0.250 00)

K: (0.250 00, 0.250 00, 0.500 00)
Zr: (0.000 00, 0.432 78, 0.250 00)

(0.000 00, 0.765 41, 0.250 00)
O: (0.151 80, 0.283 98, 0.148 78)

(0.081 79, 0.596 11, 0.145 83)
(0.140 51, 0.919 48, 0.147 81)

Na: (0.235 47, 0.077 28,−0.000 44)
(0.250 00, 0.250 00, 0.500 00)

K: (0.000 00, 0.089 05, 0.250 00)
Zr: (0.000 00, 0.422 98, 0.250 00)

(0.000 00, 0.754 86, 0.250 00)
O: (0.159 28, 0.286 69, 0.142 63)

(0.069 45, 0.589 81, 0.140 95)
(0.156 11, 0.894 16, 0.136 74)

α ¼ 1.0
Na1.0Li1.0ZrO3

a ¼ 5.517 33 Å
b ¼ 9.683 52 Å
c ¼ 10.7740 Å
β ¼ 99.51°
V ¼ 567.716 Å3

a ¼ 5.588 16 Å
b ¼ 9.789 28 Å
c ¼ 10.706 17 Å
β ¼ 102.49°
V ¼ 571.802 Å3

Li: (0.250 00, 0.250 00, 0.500 00)
(0.000 00, 0.094 61, 0.250 00)

Na: (0.232 80, 0.077 07,−0.000 33)
Zr: (0.000 00, 0.410 31, 0.250 00)

(0.000 00, 0.742 48, 0.250 00)
O: (0.139 01, 0.254 55, 0.140 16)

(0.121 23, 0.577 28, 0.144 29)
(0.147 49, 0.890 57, 0.133 88)

Li: (0.258 24, 0.085 30,−0.002 75)
Na: (0.250 00, 0.250 00, 0.500 00)

(0.000 00, 0.097 19, 0.250 00)
Zr: (0.000 00, 0.433 29, 0.250 00)

(0.000 00, 0.765 22, 0.250 00)
O: (0.142 42, 0.286 66, 0.137 38)

(0.077 27, 0.597 47, 0.136 11)
(0.135 49, 0.914 32, 0.135 54)

α ¼ 1.0
Na1.0K1.0ZrO3

a ¼ 5.794 93 Å
b ¼ 10.089 89 Å
c ¼ 11.572 30 Å
β ¼ 102.06°
V ¼ 661.699 Å3

a ¼ 5.689 68 Å
b ¼ 9.929 59 Å
c ¼ 11.688 74 Å
β ¼ 99.00°
V ¼ 652.245 Å3

Na: (0.234 73, 0.075 76,−0.000 72)
K: (0.250 00, 0.250 00, 0.500 00)

(0.000 00, 0.112 53, 0.250 00)
Zr: (0.000 00, 0.446 87, 0.250 00)

(0.000 00, 0.778 24, 0.250 00)
O: (0.158 34, 0.312 42, 0.148 21)

(0.053 38, 0.611 20, 0.144 75)
(0.147 74, 0.918 77, 0.142 49)

Na: (0.250 00, 0.250 00, 0.500 00)
(0.000 00, 0.074 90, 0.250 00)

K: (0.229 39, 0.075 25,−0.000 04)
Zr: (0.000 00, 0.405 58, 0.250 00)

(0.000 00, 0.738 48, 0.250 00)
O: (0.150 00, 0.259 52, 0.150 65)

(0.106 35, 0.575 01, 0.154 06)
(0.15 803, 0.882 53, 0.148 99)

α ¼ 1.5
Na0.5Li1.5ZrO3

a ¼ 5.480 04 Å
b ¼ 9.474 40 Å
c ¼ 10.443 55 Å
β ¼ 101.01°
V ¼ 532.245 Å3

a ¼ 5.524 42 Å
b ¼ 9.592 64 Å
c ¼ 10.164 23 Å
β ¼ 100.79°
V ¼ 529.111 Å3

Li: (0.241 02, 0.080 36, 0.001 30)
(0.000 00, 0.085 79, 0.250 00)

Na: (0.250 00, 0.250 00, 0.500 00)
Zr: (0.000 00, 0.426 21, 0.250 00)

(0.000 00, 0.758 95, 0.250 00)
O: (0.139 99, 0.270 23, 0.136 93)

(0.097 03, 0.591 05, 0.134 82)
(0.130 93, 0.920 84, 0.136 42)

Li: (0.250 83, 0.083 06,−0.000 68)
(0.250 00, 0.250 00, 0.500 00)

Na: (0.000 00, 0.084 24, 0.250 00)
Zr: (0.000 00, 0.417 82, 0.250 00)

(0.000 00, 0.750 73, 0.250 00)
O: (0.143 60, 0.268 73, 0.131 59)

(0.093 11, 0.584 29, 0.131 74)
(0.142 09, 0.900 27, 0.127 97)

α ¼ 1.5
Na0.5K1.5ZrO3

a ¼ 5.839 14 Å
b ¼ 10.116 50 Å
c ¼ 11.704 95 Å
β ¼ 99.037°
V ¼ 682.848 Å3

a ¼ 5.727 82 Å
b ¼ 9.917 88 Å
c ¼ 11.992 75 Å
β ¼ 99.157°
V ¼ 672.607 Å3

Na: (0.250 00, 0.250 00, 0.500 00)
K: (0.222 94, 0.073 71,−0.000 91)

(0.000 00, 0.069 84, 0.250 00)
Zr: (0.000 00, 0.402 75, 0.250 00)

(0.000 00, 0.735 84, 0.250 00)
O: (0.163 19, 0.267 78, 0.149 11)

(0.079 22, 0.572 06, 0.150 52)
(0.169 16, 0.870 06, 0.146 49)

Na: (0.000 00, 0.083 56, 0.250 00)
K: (0.250 00, 0.250 00, 0.500 00)

(0.230 79, 0.077 02,−0.000 37)
Zr: (0.000 00, 0.416 15, 0.250 00)

(0.000 00, 0.748 70, 0.250 00)
O: (0.152 05, 0.267 00, 0.154 25)

(0.098 18, 0.583 01, 0.153 92)
(0.152 43, 0.899 60, 0.157 10)

aFrom Refs. [11,56].
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From Fig. 1, it can be seen that in Na2ZrO3 each Zr atom
is coordinated with six O’s and each O coordinated with
two Zr’s. Along the c axis, the connected [ZrO3] groups
form planar layers separated by Na layers containing two
types of Na [Na(1) and Na(2)]. In the [ZrO3] layer, Zr is in
the middle, the bonded O located on both sides of Zr, with
one type of Na [Na(3)] atoms also located on the Zr plane
as shown in Fig. 1. The relationships of the concentration of
M (α) versus the calculated cell volumes and energies are

shown in Fig. 2 and summarized in Tables I and II. As one
can see from Fig. 2, overall, after Li substitution, the cell
volumes of Na2−αLiαZrO3 are compressed with increasing
α, while with K substitution, the cell volumes of
Na2−αKαZrO3 are expanded with increasing α. The calcu-
lated energies of these systems have an opposite trend: the
energy of Na2−αLiαZrO3 is decreased with increasing α,
while the energy of Na2−αKαZrO3 is increased. In other
words, when doping Li into Na2ZrO3, the doped
Na2−αLiαZrO3 is stabilized in comparison with Na2ZrO3,
while when doping K into Na2ZrO3, the doped
Na2−αKαZrO3 is destabilized. Clearly, there are some
differences between the Na2−αMαZrO3-A phase and the
Na2−αMαZrO3-B phase. These results indicate that the
structure of the doped system depends not only on
the concentration α but also on the doping sites.
Compared to M-doped Li2ZrO3 mixtures, LiMZrO3

[40], the Na1.0Li1.0ZrO3 has a slightly lower binding energy
than LiNaZrO3, which means Na1.0Li1.0ZrO3 is slightly
more stable in the structure of Na2ZrO3 (C12=c1) than in
the structure of Li2ZrO3 (C2=c). Obviously, such a struc-
ture difference will not only affect their electronic structural
properties, but also their CO2 capture performances.

B. Electronic structural properties

The calculated band structures of Na2−αLiαZrO3 and
Na2−αKαZrO3 with different Na∶Li and Na∶K ratios are
shown in Fig. 3 and Figs. S1 and S2 in the Supplemental

FIG. 2. The calculated cell volumes and total energies of the
substituted systems with increasing concentration of the sub-
stituting elements.

TABLE II. The calculated band gaps and valance bandwidths of Na2−αMαZrO3 (M ¼ Li,K), and their corresponding DFT total energy
(EDFT), the zero-point energies (EZP), and the entropies (S) at T ¼ 298 K from phonon calculations.

Crystal

VB2
width
(eV)

Gap between
VB2 and VB3

(eV)b

VB3
width
(eV)

Gap between
VB3 and VB1

(eV)
VB1 width

(eV)
Band gap

(eV)
EDFT

( eV=f:u:)
EZP

( kJ=mol)
Entropy
(J=molK)

Na2ZrO3
a 0.943 11.837 3.259 4.339 (indirect)

4.83 (expt.)e
−41.5692 34.49 119.32

Na1.5Li0.5ZrO3-A 1.017 11.782 3.391 4.327 (indirect)
3.65 (expt.)

−41.8992 34.39 119.29

Na1.5Li0.5ZrO3-B 1.017 11.696 3.391 4.208 (indirect) −41.9826 34.74 119.17
Na1.5K0.5ZrO3-A 0.913 4.399 0.166 7.304 3.321 4.323 (direct)

4.10, 4.70 (expt.)
−40.7478 33.64 168.77

Na1.5K0.5ZrO3-B 0.912 4.149 0.249 7.466 3.420 4.217 (indirect) −40.5653 33.53 159.81
Na1.0Li1.0ZrO3-A 1.027 11.724 3.423 4.175 (indirect)

3.70 (expt.)
−42.5966 34.89 117.92

Na1.0Li1.0ZrO3-B 1.115 11.666 3.517 4.277 (indirect) −42.5175 35.60 118.92
Na1.0K1.0ZrO3-A 0.838 3.773 0.839 7.379 3.354 4.189 (indirect)

3.95, 4.82 (expt.)
−39.9995 33.43 155.57

Na1.0K1.0ZrO3-B 1.030 3.518 0.858 7.552 3.175 4.249 (indirect) −40.2861 33.46 166.22
Na0.5Li1.5ZrO3-A 1.126 11.607 3.552 4.164 (direct)

4.10 (expt.)
−42.9598 35.10 123.38

Na0.5Li1.5ZrO3-B 1.142 11.599 3.603 4.152 (indirect) −42.9386 33.14 117.39
Na0.5K1.5ZrO3-A 0.919 3.343 1.170 7.606 3.175 4.211 (indirect)

4.92 (expt.)
−39.5602 33.31 151.06

Na0.5K1.5ZrO3-B 1.091 2.855 1.175 7.893 3.190 4.147 (direct) −39.8518 33.39 169.16
Li2ZrO3

c 1.010 11.695 3.730 3.898 (indirect) −43.7685−43.5635d 36.11 101.88
K2ZrO3

c 0.973 2.839 0.487 8.921 2.757 3.641 (direct) −40.3284−39.0854d 28.49 168.65

aTaken from Ref. [11].
bFor those systems without VB3, this gap refers to the gap between VB2 and VB1.
cTaken from Ref. [10].
dCalculated within the structure of Na2ZrO3.
eExperimental measured value. Two values means two potassium-substituted samples have two absorption features.
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Material [55], respectively. Table II summarizes their
bandwidths and band gaps. The experimentally measured
band gaps of Na2−αLiαZrO3 and Na2−αKαZrO3 with
α ¼ 0.5, 1.0, 1.5 are also listed in Table II. The diffuse
reflectance data for Li- and K-substituted Na2ZrO3 are
shown in Figs. S3 and S4 of the Supplemental Material
[55]. For Na1.5K0.5ZrO3 and Na1.0K1.0ZrO3, we make two
different samples to measure their band gaps. As listed in
Table II, their results show two absorption features with
different values of band gaps (4.1,4.7 eVand 3.95,4.82 eV),
which could be due to two phases or two different
transitions in the same phase.
From these figures, one can see that the band structures

of Na2−αLiαZrO3 for different doping levels
(α ¼ 0.5,1.0,1.5) and configurations (case A and B) have
some similarities. They have two valence bands (VBs) and
their shapes look similar to each other. Their second VBs
(VB2) are located below −15 eV with narrow bandwidth
while their first VBs (VB1) are just below the Fermi energy
with very wide width. All of the Na2−αLiαZrO3 compounds
have large gaps (>11.5 eV) between VB1 and VB2. Except
for Na0.5Li1.5ZrO3-A, which has a direct band gap, all
others have indirect band gaps located between the Γ and
M high-symmetry points. Figure 3 demonstrates that

increasing the Li doping level results in a slight decrease
of the band-gap energy. At the same Li doping level, the
band gap has a small difference of about 0.1 eV between
case A and case B. Comparing Na2−αLiαZrO3 with corre-
sponding pure Na2ZrO3 and Li2ZrO3, when doping Li into
Na2ZrO3, the band gaps of the obtained Na2−αLiαZrO3 are
bigger than pure Na2ZrO3 (3.295 eV) [11] but smaller than
that of Li2ZrO3 (3.73 eV) [10].
Similar results also can be found in the band structures of

Na2−αKαZrO3 as shown in Fig. 3 and Figs. S1 and S2 of the
Supplemental Material [55]. Compared to Na2−αLiαZrO3,
one can see that in the case of Na2−αKαZrO3, between VB1

and VB2, there is another VB (VB3) which is contributed
by the doped-K element. As summarized in Table II, for
each Na2−αKαZrO3 configuration, the gap between VB2

and VB3 is much smaller than that between VB1 and VB3.
Obviously, with increasing K-doping levels, the widths of
VB3 are increased. In this case, only Na1.5K0.5ZrO3-A and
Na0.5K1.5ZrO3-B have direct band gaps while other con-
figurations have indirect band gaps located between the Γ
and M high-symmetry points. As summarized in Table II,
the bandwidths of the first and second VBs for
Na2−αKαZrO3 with different K-doping levels are close to
each other. Compared to pure Na2ZrO3 and K2ZrO3, when

(a) Na1.5Li0.5ZrO3-A  (b) Na1.5Li0.5ZrO3-B

(c) Na1.5K0.5ZrO3-A (d) Na1.5K0.5ZrO3-B

FIG. 3. The calcu-
lated band structures
of Na1.5M0.5ZrO3

(M ¼ Li,K).
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doping K into Na2ZrO3, the band gaps of the obtained
Na2−αKαZrO3 are similar to pure Na2ZrO3 (3.295 eV), but
larger than that of K2ZrO3 (2.76 eV) [11]. Part of the reason
for this is that their crystal structures are quite different.
Different from pure Li2ZrO3, pure K2ZrO3 has an ortho-
rhombic symmetry while Na2−αKαZrO3 and Na2ZrO3 have
monoclinic symmetries.
Figure 4 shows the calculated total density of states

(TDOS) of Na2−αMαZrO3. As an example, Fig. 5 gives the
corresponding partial density of states (PDOS) of
Na1.5M0.5ZrO3. Other PDOS of Na2−αMαZrO3 with M-
doping levels of α ¼ 1.0 and 1.5 are shown in Figs. S5
and S6 of the Supplemental Material [55], respectively.
It can be seen from Fig. 4(a), after doping with Li
into Na2ZrO3, the TDOS of Na2−αLiαZrO3-A and
Na2−αLiαZrO3-B are similar to each other. With increasing

Li-doping level, the TDOS as well as the PDOS of
Na2−αLiαZrO3 do not have significant changes. In con-
trast, when doping the same level of K into Na2ZrO3,
the TDOS and PDOS of Na2−αKαZrO3-A and
Na2−αKαZrO3-B have significant differences as shown
in Figs. 4(b), 5(b), and Figs. S5 and S6 in the
Supplemental Material [55], which means that the doping
sites do play a significant role in their electronic proper-
ties. With increasing K-doping level, the VB3, formed
solely by K p orbitals, is broader, shifted to a higher
energy range, and split into more than one subband, as
shown in Figs. 3–5 and Figs. S1, S2, S5, and S6 [55].

C. Dynamical phonon properties

As described in Sec. IVA, there are eight unit formulas
(Z ¼ 8) in the Na2ZrO3 unit cell. However, its primitive

FIG. 4. The calculated total density of states of Na2−αMαZrO3 (α ¼ 0.5,1.0,1.5). For comparison, the calculated total density of states
of M2ZrO3 (M ¼ Li,Na,K) is also shown in the figure. (a) Na2−αLiαZrO3. (b) Na2−αKαZrO3.

FIG. 5. The calculated partial density of states of Na1.5M0.5ZrO3.
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cell only contains four formula units. Therefore, there are
72 phonon modes in all Na2−αMαZrO3 (M ¼ Li,K)
because the doped systems have the same symmetry as
Na2ZrO3, with corresponding point group C2h, which has
the following representations:

Γb
m¼ 15AgðRÞ⊕ 18BgðRÞ⊕ 18AuðIÞ⊕ 21BuðIÞ. ð10Þ

Obviously, all of the vibrational modes are nondegen-
erate (Au, Ag, Bu, and Bg) because their crystal point groups
are quite low with C2h. Among these vibrational modes, 33
are only Raman active, while 39 are only infrared active.
As an example, the calculated phonon dispersions

of Na1.5M0.5ZrO3 are shown in Fig. 6. Other calculated
phonon dispersions of Na1.0M1.0ZrO3 and Na0.5M1.5ZrO3

are shown in Figs. S7 and S8 of the Supplemental Material
[55], respectively. Obviously, there are two soft modes in
Na1.5Li0.5ZrO3-A, one soft mode in Na1.0Li1.0ZrO3-A,

and four soft modes in Na0.5Li1.5ZrO3-B, which indicate
these structures are not stable compared to other configu-
rations at different Li-doping levels. Such results are
consistent with the calculated DFT total energies listed
in Table II. In contrast, for K-doped Na2ZrO3 systems, only
Na1.5K0.5ZrO3-B has a few soft modes. These results
indicate that the Na2ZrO3 is more stable when doped with
K than with Li. It should be pointed out that although these
doped systems with soft modes are less stable (compared to
corresponding ones without soft modes and will not be
used for the following CO2 capture analysis), further
understanding what causes these soft modes is an interest-
ing topic which may lead to other useful applications.
The calculated total phonon density of states (TPDOS)

of Na2−αLiαZrO3 and Na2−αKαZrO3 are shown in Fig. 7. It
can be seen that there are some differences between
TPDOS of Na2−αMαZrO3-A and Na2−αMαZrO3 − B.
With increasing Li-doping level, the TPDOS spans to a

(a) Na1.5Li0.5ZrO3-A (b) Na1.5Li0.5ZrO3-B 

(c) Na1.5K0.5ZrO3 )d( -A  Na1.5K0.5ZrO3-B 

FIG. 6. Phonon dispersion curves of Na1.5M0.5ZrO3 (M ¼ Li,K).
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higher frequency range while, with increasing K-doping
level, the TPDOS shrinks to lower frequency. The reason is
that the Li is lighter than Na while K is heavier than Na.
Based on the calculated phonon dispersion frequencies

and density of states, the phonon free energy [Fph (T)] and
entropy [Sph (T)] of doped systems Na2−αMαZrO3 versus
temperatures are evaluated and shown in Figs. 8 and 9,
respectively. Obviously, the zero-point energy (EZP) can
be obtained from Fig. 8 by setting T ¼ 0 K. In Table II,
we list the calculated zero-point energies and the room-
temperature entropies of these doped systems
Na2−αMαZrO3. Overall, the entropies of Na2−αKαZrO3

are larger than corresponding Na2−αLiαZrO3. It can be
seen from Figs. 8 and 9, that with increasing the Li- or
K-doping level, although there are some differences, the
FphðTÞ and SphðTÞ do not change much. Therefore,
according to Eqs. (2) and (3), the EDFT plays an important
role for evaluating the thermodynamic properties of the
CO2 capture reactions by these doped solids. In the

following thermodynamic analysis, we only use those
systems without soft modes and with lower EDFT.

D. Capabilities of CO2 capture

Experimental investigations showed that the alkali-metal
zirconates are potential solid sorbents for CO2 capture
because of their large CO2 sorption capacity, infinite
CO2-N2 or CO2-H2 selectivity, good reversibility, and high
operating temperature [4,18–33]. From Eq. (1), when
PCO2

¼ P0 ¼ 1 bar, the ΔμðTÞ is identical to the standard
Gibbs free-energy change ΔGðTÞ. According to Eqs. (1),
(2), and (3), the calculated thermodynamic properties
[ΔHðTÞ, ΔGðTÞ, ΔSðTÞ] of the capture reactions [given
above Eq. (1)] versus the temperatures are plotted in Fig. 10
and also summarized in Table III.
One can see from Figs. 10(a) and 10(b), for all doped

systems reacting with CO2, the heat of reaction ΔHðTÞ and
the entropy change ΔSðTÞ are decreased with increasing
temperatures. Such results indicate that the entropy gain

FIG. 7. Total phonon density of states. (a) Na2−αLiαZrO3. (b) Na2−αKαZrO3, α ¼ 0.5,1.0,1.5.

FIG. 8. The calculated phonon free energies versus temper-
atures of Na2−αMαZrO3, M ¼ Li,K, α ¼ 0.5,1.0,1.5.

FIG. 9. The calculated entropies versus temperatures of
Na2−αMαZrO3, M ¼ Li,K, α ¼ 0.5,1.0,1.5.
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associated with releasing CO2 from the corresponding
carbonates gets larger as one raises the temperature.
However, the Gibbs free-energy changes of the CO2

capture reactions by these mixed sorbents increase with
the increasing temperatures and reach zero at a certain turn-
over temperature (Tt) for different mixtures, as shown in
Fig. 10(c). Above Tt, the doped material will not absorb
CO2 anymore and the capture reaction starts to reverse to
release CO2.
According to Eq. (1), for the reactions of Na2−αMαZrO3

capturing CO2, we can explore the relationship among the
chemical-potential change [ΔμðT; PÞ], the temperature (T),
and the CO2 pressure (PCO2

). In Fig. 11, we show this kind
of relationship (van ’t Hoff plots) for the capture reactions.
For comparison, the results of pure M2ZrO3 (M ¼ Li,Na,
K) [10,11] are also plotted in the same figure. The line in
Fig. 11 indicates that for each CO2 capture reaction, the
ΔμðT; PÞ → 0. Around the line is a good region for the
absorption and desorption because the energy costs of

performing absorption and desorption are low. Above the
line, the solid Na2−αMαZrO3 is favored to absorb CO2 and
to form carbonates M2CO3 and ZrO2, while below the line
the carbonates are favored to release CO2 and regenerate
the initial solids.
As described above and shown in Fig. 11, all of the

absorption reactions have the potential to be thermodynami-
cally favorable over quite a wide range of temperatures
(<1000 K) andPCO2

, whichmeans in this temperature range
the CO2 absorption is thermodynamically favored
in Na2−αMαZrO3. But as a CO2 solid sorbent, the sorbent
should not only easily absorb CO2 at the first half-cycle
but also should be easily regenerated from products
(M2CO3 and ZrO2, for example) to release the CO2 at the
second half-cycle. The operating conditions of absorption or
desorption depend on the pre- and postcombustion technol-
ogies. Under precombustion conditions, after the water-gas
shift reaction, the gas streammainly contains CO2, H2O, and
H2. The partial CO2 pressure is around 20–25 bar and the

FIG. 10. The calculated thermodynamic properties of the reactions of Na2−αMαZrO3 (M ¼ Li,K, α ¼ 0.5,1.0,1.5) capturing CO2.
(a) The heat of reaction versus temperature. (b) The entropy change of the reaction versus temperature. (c) Gibbs free-energy change
versus temperature.

TABLE III. The weight percentage of CO2 capture, the ratios of Na2O∶M2O∶ZrO2 (M ¼ Li,K), the calculated energy change ΔEDFT,
the zero-point energy changes ΔEZP, and the thermodynamic properties (ΔH, ΔG) of the CO2 capture reactions (units are kJ=mol). The
turnover temperatures (T1 and T2) of the reactions of CO2 capture by solids under the conditions of precombustion (PCO2

¼ 20 bar) and
postcombustion (PCO2

¼ 0.1 bar) are also listed.

Reaction
Absorbing

CO2
wt%

Na2O∶M2O∶ZrO2
ratio ΔEDFT ΔEZP

ΔH
(T¼300K)

ΔG
(T¼300K)

Turnover T (K)

T1 T2

Na2ZrO3 þ CO2 ↔ Na2CO3 þ ZrO2
a 23.76 1∶0∶1 −140.862 2.236 −158.327 −114.121 1275 925

Na1.5Li0.5ZrO3-Bþ CO2 ↔ ð3=4ÞNa2CO3 þ ð1=4ÞLi2CO3 þ ZrO2 24.83 3=4∶1=4∶1 −170.881 4.667 −242.090 −159.144 805 715
Na1.0Li1.0ZrO3-Bþ CO2 ↔ ð1=2ÞNa2CO3 þ ð1=2ÞLi2CO3 þ ZrO2 26.01 1=2∶1=2∶1 −157.839 6.480 −228.381 −142.555 745 675
Na0.5Li1.5ZrO3-Aþ CO2 ↔ ð1=4ÞNa2CO3 þ ð3=4ÞLi2CO3 þ ZrO2 27.31 1=4∶3=4∶1 −169.827 9.652 −237.765 −146.230 735 665
Na1.5K0.5ZrO3-Aþ CO2 ↔ ð3=4ÞNa2CO3 þ ð1=4ÞK2CO3 þ ZrO2 22.77 3=4∶1=4∶1 −210.081 2.486 −281.253 −199.996 915 825
Na1.0K1.0ZrO3-Bþ CO2 ↔ ð1=2ÞNa2CO3 þ ð1=2ÞK2CO3 þ ZrO2 21.86 1=2∶1=2∶1 −245.436 2.058 −316.736 −236.789 1015 915
Na0.5K1.5ZrO3-Bþ CO2 ↔ ð1=4ÞNa2CO3 þ ð3=4ÞK2CO3 þ ZrO2 21.02 1=4∶3=4∶1 −278.147 1.519 −349.077 −272.038 1125 1015
Li2ZrO3 þ CO2 ↔ Li2CO3 þ ZrO2

b 28.75 0∶1∶1 −146.648 11.311 −158.562 −103.845 1000 780
K2ZrO3 þ CO2 ↔ K2CO3 þ ZrO2

a 20.24 0∶1∶1 −223.158 5.813 −238.490 −187.884 HTc 1285

aFrom Ref. [11].
bFrom Ref. [10].
cHT means the temperature is higher than 1500 K.
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temperature is around 300–350 °C. For precombustion, the
programmatic goal of the Department of Energy (DOE) is to
capture at least 90%CO2with cost in electricity nomore than
10% [62,63]. To minimize energy consumption, the ideal
sorbents should work within these pressure and temperature
ranges to separate CO2 fromH2. The turnover temperature at
these pressures, denoted T1, is listed in Table III, and is the
temperature above which the Na2−αMαZrO3 cannot absorb
CO2 anymore and will start to release CO2. This result
indicates during the first half cyclewhenCO2 is captured, the
operating temperature should be lower than T1, whereas the
operating temperature may be higher than T1 (depending on
the desired CO2 pressure) during the second half-cycle when
sorbents regenerate and release CO2. For postcombustion
conditions, the gas stream mainly contains CO2 and N2, the
partial pressure of CO2 is around 0.1–0.2 bar, and the
temperature range is quite different, but the low-temperature
capture is desired. The DOE programmatic goal for post-
combustion and oxycombustion CO2 capture is to capture at
least 90%CO2 with the cost in electricity nomore than 35%,
whereas in the case of precombustion CO2 capture, the goal
is to capture at least 90% CO2 with the cost in electricity no
more than 10% [62,63]. The turnover temperatures (denoted
asT2) for postcombustion captureCO2 byNa2−αMαZrO3 are
also listed in Table III.
From Table III and Fig. 11, one can see that, compared

with the desired precombustion condition (573–723 K),
only Na1.0Li1.0ZrO3 and Na0.5Li1.5ZrO3 have their T1 close
to the high end of the precombustion condition. Therefore,

when doping at least 50% Li into Na2ZrO3, the newly
formed Li-doped Na2ZrO3 could be used for precombus-
tion CO2 capture technology. Obviously, the lower Li-
doped (<50%) and all K-doped Na2ZrO3 are not good
sorbents for capturing CO2 in precombustion technology.
However, all of the Li- and K-doped Na2ZrO3 materials
could be used for high-temperature postcombustion CO2

capture with T2 in the range of 665 K–1015 K as listed in
Table III.
Compared to pure Na2ZrO3, the Li- and K-doped

mixtures have lower turnover temperatures. The amount
by which Tt is shifted not only depends on the doped
element, but also depends on the doping level. Obviously,
as shown in Table III and Fig. 11, the Li-doped systems
have a larger Tt decrease than the K-doped systems. When
increasing Li-doping level α, the Tt of the correspon-
ding mixture Na2−αLiαZrO3 decreases further to a low-
temperature range. However, in the case of K-doped
systems Na2−αKαZrO3, doping K into Na2ZrO3 initially
shifts its Tt to lower temperatures but further increase in the
K-doping level α causes Tt to increase. In other words, Li
doping of Na2ZrO3 has a more beneficial influence on its
CO2 capture performance than K doping.
Figure 12 shows the CO2 capture performances of pure

Na2ZrO3 and one doping level α ¼ 0.5 Na1.5M0.5ZrO3.
The experimental results clearly show that, compared to
pureNa2ZrO3, bothNa1.5Li0.5ZrO3 andNa1.5K0.5ZrO3 have
higher CO2 capture capacities. Compared to Na1.5K0.5ZrO3,
the Na1.5Li0.5ZrO3 has higher CO2 capacity and reaches to
the maximum faster and at lower temperature.
At low temperatures, the superficial CO2 captures are not

so different, although the final ones (associated with the
bulk capture process) are significantly different, among the
samples. While the pristine Na2ZrO3 captured 9.11 wt %,
Na1.5Li0.5ZrO3 and Na1.5K0.5ZrO3 captured 18.35 and
14.54 wt %, respectively. Although the dynamic TGA
experiments are qualitative results, it seems that the CO2

FIG. 11. Contour plot of calculated chemical-potential
changes versus CO2 pressures and temperatures of the reactions
for Na2−αMαZrO3 (M ¼ Li,K, α ¼ 0.5,1.0,1.5) capture
of CO2. The typical CO2 pressures for pre- and postcombustions
are given in blue lines. The y axis is plotted in logarithm
scale.Only theΔμ ¼ 0 curve is shown explicitly. For each reaction,
above its Δμ ¼ 0 curve, Δμ < 0, which means Na2−αMαZrO3

absorbs CO2 and the reaction goes forward, whereas below the
Δμ ¼ 0 curve,Δμ > 0, which means the CO2 starts to release and
the reaction goes backward to regenerate the sorbents.
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bulk capture process (400–750 °C) in Na1.5M0.5ZrO3 sam-
ples is faster than in Na2ZrO3. The slopes obtained in the
Na2ZrO3 sample (0.019 wt%=°C) is smaller than those
obtained in the Na1.5Li0.5ZrO3 (0.066 wt%=°C) and
Na1.5K0.5ZrO3 (0.041wt%=°C) samples. All of these
results are in good agreement with our calculated results
as discussed above.
Apart from the theoretical data discussed and experi-

mentally corroborated above, all of these results validate
different diffusion and kinetic analyses previously reported.
In a previous study [30], the experimental results clearly
showed that CO2 capture in Na2−αLiαZrO3 samples
increased significantly, as a function of the lithium content.
However, as shown in Figs. 10 and 11, the theoretical
results here did not anticipate such a high difference. Thus,
the explanation must be related to kinetic factors. The
kinetic factors may be related to the structural variations
mentioned previously and/or to eutectic phase formation
[ðNa;LiÞ2CO3], which induces a partial fusion. In any case,
the diffusion processes must be enhanced due to mixing the
alkaline elements in the Na2−αMαZrO3 and further calcu-
lations are under way. It should be pointed it out that, in
order to fully understand the kinetic mechanisms of CO2

sorption or desorption by those thermodynamically feasible
solid materials, simulations are in high demand for CO2

reacting with a sorbent and diffusing through the formed
carbonate shell as well as for the formation of products.
Na2−αMαZrO3 materials can be stoichiometrically

regarded as a mixture of three oxides: Na2O, M2O, ZrO2

in the ratio ð2 − αÞ∶α∶1. In Table III, we list these ratios for
the correspondingM-doped Na2ZrO3 with different doping
levels. As we know, for a given CO2 capture process, the
optimal working temperature range (ΔTO) is desired to be
fixed. Meanwhile, at a given CO2 pressure, the Tt of an
individual solid capture CO2 reaction is also fixed.
However, such Tt may be outside the ΔTO for a particular
capture technology. In order to adjust Tt to fit the ΔTO, we
demonstrate that this adjustment can be achieved by mixing
two different types of solids to shift Tt to the practical
operating ΔTO range [7–9]. This study further provides
ways that mixing or doping more than two oxides to form
new sorbents can fit the industrial needs to capture CO2 with
better performance and proper working conditions.

V. SUMMARY AND CONCLUSIONS

We investigate the electronic structural and phonon
properties of Na2−αMαZrO3 (M ¼ Li,K, α ¼ 0,0.5,1.0,
1.5,2.0) by density-functional theory and first-principles
determination of phonon dynamics. The thermodynamic
properties of CO2 absorption or desorption in these materi-
als are analyzed.
With increasing doping level α, the binding energies of

Na2−αLiαZrO3 increase while the binding energies of
Na2−αKαZrO3 decrease, destabilizing the structure. The
Na2−αLiαZrO3 for different doping levels (α ¼ 0.5,1.0,1.5)

and configurations (case A and B) have two VBs and
their shapes look similar to each other. Except for
Na0.5Li1.5ZrO3-A which has a direct band gap, all others
have indirect band gaps located between the Γ andM high-
symmetry points. However, in the case of Na2−αKαZrO3,
between VB1 and VB2, there is another VB3, which is
contributed by the doped-K element and its width is
increased with increasing K-doping level. Compared to
pure M2ZrO3 (M ¼ Li,Na,K), due to their different crystal
structures, when doping Li into Na2ZrO3, the band gaps of
the obtained Na2−αKαZrO3 are larger than those of pure
Na2ZrO3 but smaller than those of Li2ZrO3. When doping
K into Na2ZrO3, the band gaps of the obtained
Na2−αKαZrO3 are similar to those of pure Na2ZrO3 but
larger than those of K2ZrO3. The calculated density of
states showed that, at the same doping level, the doping
sites play significant roles in the electronic properties.
As in Na2ZrO3, Na2−αMαZrO3 possesses 72 phonon

modes. Among them, 33 modes are Raman active and
39 modes are infrared active only. Calculated imaginary
frequencies found in several doped configurations indicate
that the structures are not stable compared to other
configurations with different doping levels. Based on the
calculated phonon frequencies and density of states, the
obtained phonon free energies and entropies of
Na2−αMαZrO3 (with different doping levels α and different
doping sites) do not have large differences with increasing
temperature. Hence, the calculated EDFT of each doped
system plays an important role for evaluating the thermo-
dynamic properties of CO2 capture reactions.
From the calculated relationships among the chemical-

potential change, the CO2 pressure and the temperature for
CO2 capture reactions by Na2−αMαZrO3, and from TGA
experimental measurements, the Li- and K-doped mixtures
(Na2−αMαZrO3) have lower turnover temperatures and
higher CO2 capacities than the pure Na2ZrO3. The calcu-
lated results show that the shift in Tt depends not only on
the doping element, but also depends on the doping level.
The Li-doped systems have larger Tt decreases than the K-
doped systems. When increasing the Li-doping level α, the
Tt of the corresponding mixture Na2−αLiαZrO3 decreases
further to a low-temperature range. However, in the case of
K-doped systems Na2−αKαZrO3, although initial doping of
K into Na2ZrO3 can shift its Tt to a lower temperature
range, further increasing the K-doping level α results in an
increase in Tt. Therefore, compared to K-doping, lithium
inclusion into a Na2ZrO3 structure has a larger influence on
the CO2 capture performance.
All of these results may be of interest in the development

of specific CO2 capture applications. As is shown, the
Na2−αLiαZrO3 and Na2−αKαZrO3 compositions can pro-
duce modifications in the CO2 capture temperatures, which
may be used in the design of a specific composition
depending on the temperature range that industry requires.
Our work shows that the capture of CO2 in zirconate
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materials is not simply a matter of a substitutional element,
but also relies on the doping level. This insight needs to be
considered during future sorbent development. We also
demonstrate that computational methods can be used to
accurately predict aspects of CO2 capture and such meth-
ods the potential to drive future work by identifying the
most promising candidate materials.
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