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Abstract 
The electronic structural and phonon properties of Na2-αMαZrO3 

(M=Li, K, α=0.0, 0.5, 1.0, 1.5, 2.0) were investigated by first-principles 
density functional theory and phonon dynamics. The thermodynamic 
properties of CO2 absorption/desorption in these materials were also 
analyzed. With increasing doping level α, the binding energies of Na2-

ɑLiɑZrO3 are increased while the binding energies of Na2-ɑKɑZrO3 are 
decreased to destabilize the structures. The calculated band-structures and 
density of states also showed 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 indicate 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 temperature of the CO2 
capture reactions by Na2-αMαZrO3 and from thermogravimetric analysis 
experimental measurements, compared to pure Na2ZrO3, the Li- and K-
doped mixtures Na2-αMαZrO3 have lower turnover temperatures (Tt) and 
higher CO2 capture capacities. The Li-doped systems have a larger Tt 
decrease than the K-doped systems. When increasing Li-doping level α, the 
Tt of the corresponding mixture Na2-αLiαZrO3 decreases further to 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 on 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. Compared with pure solids M2ZrO3, after 
doping with other elements, their CO2 capture performances are improved.  
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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 working conditions (CO2 pressures of pre- and 

post-capture, 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 have demonstrated 

that by mixing different types of solids it’s 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 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 assumed 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:  

(1) 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 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, ZrO2). Our results showed that in this way, the 

turnover T and the theoretical CO2 capture capacity of mixtures decrease as the ratios of Li2O/SiO2 or 

Li2O/ZrO2 decrease.7-13  

(2) TA>>TB and B component is the key part to capture CO2. In this case, since TB is lower than 

TO, by mixing A into B will increase the turnover temperature TC of the C solid to values closer to To. 

For example, pure MgO (as 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 clean up technology and 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 showed that by 

mixing alkali metal oxides M2O (M=Na, K, Cs, Ca) or carbonates (M2CO3) into MgO, the 

corresponding newly formed mixed systems have higher turnover temperatures making them useful as 

CO2 sorbents through the reaction MgO + CO2 + M2CO3 = M2Mg(CO3)2.
15-17  
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(3) Both A and B components are active to capture CO2. In this case, the CO2 capacity of the 

mixture is the summation of those of A and B. Li2MSiO4 (M=Mg, Ca, etc.) and M2-aNaZrO3 (M, N=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-

ɑMɑZrO3 (M=Li, Na, K, ɑ=0, 0.5, 1.0, 1.5, 2.0).  

During the past decades, experimental investigations widely found that the alkali zirconates are 

good candidates for CO2 capture in terms of a large CO2 sorption capacity, an infinite CO2/N2 or 

CO2/H2 selectivity, good reversibility, and high operating temperatures.4, 18-33 Nakagawa and Ohashi19, 

20 first reported that lithium zirconate powder reacts immediately with ambient CO2 in the range of 

450ºC to 550ºC and the products react and return reversibly to lithium zirconate at temperatures above 

650ºC. Recent experimental results also indicated that doping or mixing another alkali salt into lithium 

zirconate can improve the CO2 sorption.29, 30, 34 With a thermal gravimetric analyzer under isothermal 

conditions, Fauth et al25 concluded that the combination of binary alkali carbonate, binary 

alkali/alkaline earth carbonate, ternary alkali carbonate and ternary alkali carbonate/halide eutectics 

with Li2ZrO3 noticeably improves the CO2 uptake rate and the CO2 sorption capacity. These results 

also are re-confirmed by Pannocchia et al.18 Lopez-Ortiz et al35 found that Na2ZrO3 presented better 

CO2 sorption than Li2ZrO3. Pfeiffer et al.29, 30, 34 demonstrated that the lithium-sodium and lithium-

potassium metazirconates (Li2-xMxZrO3, M=Na, K, 0≤x≤2) present better CO2 absorption than pure 

Li2ZrO3. Ochoa-Fernandez et al.36 demonstrated that both the capture rate and capacity of lithium 

zirconate depend strongly on the ratio of Li2O to ZrO2. Enhanced capture rates were observed when 

there was less Li2O than ZrO2 possibly because excess ZrO2 acts as a dispersant and introduces more 

reactive boundaries. Their recent investigation on the effects of steam addition on the stability of 

Li2ZrO3 capture of CO2 showed that the presence of steam enhances the capture and regeneration rates 

but results in a large decay in the CO2 capacity comparing with capture under dry conditions.37 

Sandoval-Díaz and Pfeiffer 38 explored the effects of CO2 chemisorption on K-doped Na2ZrO3 and 

found that K doping enhanced the CO2 chemisorption and diffusion kinetics of Na2ZrO3 and that the 

40% doping rate gave the best solid solution for the CO2 capture. Velderrain et al.39 found 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 Ohashi20 pointed out that the difference in CO2 sorption capacity between Li2ZrO3 and 

ZrO2 not only depends on temperature and CO2 partial pressure but also on the presence of molten 

carbonates, e.g. alkali carbonate molar ratio of Li:K=62:38.  
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Computational modeling is one of the more useful tools to identify CO2 sorbent candidates with 

optimal performance. 7, 8, 10-12, 14 Our previous results on Li2ZrO3 and Li6Zr2O7 capturing CO2 showed 

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=Li, Na, K), our previous results 

demonstrated 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 found 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 substituting a portion of the Na in Na2ZrO3 

with Li or K in different Na/Li and Na/K ratios. Then, by combining first-principles density functional 

method with phonon dynamics, we investigate the electronic structural and the lattice dynamical 

phonon properties of pure and doped Na2-αMαZrO3 (M=Li, K, α=0.0, 0.5, 1.0, 1.5, 2.0) systems 

extensively. Based on the calculated energetic and thermodynamic results, the CO2 

absorption/desorption properties of these doped lithium zirconates are analyzed in detail. The obtained 

results will provide a deeper understanding of the effects of compositional changes on the CO2 capture 

performance of mixed sorbents and further facilitate the development of CO2 sorbents which will be 

vital to solving the global climate change problems associated with fossil fuel usage. 

The remaining sections of this paper are organized as follows: in the next two sections we 

briefly describe the theoretical and experimental methods we employed. In the fourth section, we 

present the electronic and phonon results for these pure and doped Na2-αMαZrO3 systems and compare 

them with other available data, 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 the last section we summarize our conclusions. 

 

II. THEORETICAL METHODS 
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The calculation performed in this work was based on first-principles density-functional theory 

(DFT) with plane-wave basis sets and pseudo-potentials to describe the electron-ion interactions. The 

Vienna ab-initio simulation package (VASP)41, 42 was employed in this study to calculate the 

electronic structures of the lithium zirconates and zirconia materials. All calculations have been done 

using the projector augmented wave (PAW) pseudo-potentials and the PW91 exchange-correlation 

functional.43 This computational level was shown to provide an accurate description for oxide 

systems.44 Plane-wave basis sets were used with a plane-wave cutoff energy of 500eV and a kinetic 

energy cutoff for augmentation charges of 605.4eV. The k-point sampling grids of 7×4×4, obtained by 

the Monkhorst-Pack method,45 were used for these bulk calculations. The valence electrons contain s 

and p orbitals for M (M=Li, Na, K) and O atoms, s, p, and d orbitals for Zr. During calculations, all 

atoms in the cell as well as the lattice dimensions and angles were 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 description of our computational methodology can be found in our previous 

publications.8-14, 47 Here, we limit ourselves to provide only the main aspects relevant for the current 

study. The CO2 capture reactions for pure and mixed alkali zirconates Na2-αMαZrO3 can be expressed 

generically in the form (for convenience in description, we normalized the reaction to 1 mole of CO2)  

)0.2,5.1,0.1,5.0,0  K;Li,M(ZrOCOM
2

CONa
2

-2
COZrOMNa 2323223-2 





 (a) 

Assuming that the difference between the chemical potential (∆μº) of the solid phases can be 

approximated by the differences in their electronic energy (∆EDFT) and their entropies (∆SPH) and 

harmonic free energies (∆FPH), we can obtain the temperature and pressure dependent chemical 

potential change (∆μ) for these reactions: 8, 13, 14, 48, 49 
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with 

)T(G)T(FEE)T(
2CO
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ZP

DFT0   (2) 

where ∆μ0(T) is the standard Gibbs free energy change of the reaction, ∆EZP 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 (∆FB

PH) and the entropy change 

(∆SPH) between the solid reactants and products can be calculated based on the Helmholtz free energy 

of the solids F BharmB and the entropy of the solids (Sharm)  
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where the Fharm, Sharm and the total vibrational (phonon) energy (Etot) of the solids are defined as51 
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In the above equations r is the number of degrees of freedom in the primitive unit cell, ω is the phonon 

dispersion frequency, and g(ω) is the phonon density of states. It can be seen that the zero-point-

energy (EBZP B) can be obtained from Eq.(7) by taking T→0.  

))T(E(limE tot
0T

zp 
           (8) 

The enthalpy changes (∆Hcal(T)) for reactions(a) can be derived from the above equations as  
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))T(S)T(S(T)T()T(H
2CO

PH0cal 
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In this study, we employed the PHONON software package 52 in which the direct method is 

applied following the formula derived by Parlinski et al 53 to combine 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 (∆EZP) and the phonon free energy change (∆FPH(T) in 

Eq.(2)) are obtained for the CO2 capture reactions. 

In the phonon calculations, a 2x1x1 supercell is created for Na2-αMαZrO3 from their optimized 

unit cells which is calculated through DFT. A displacement of 0.03Å of non-equivalent atoms is 

generated. Then for the supercell, the DFT calculations were performed again to obtain the force on 

each atom due to the displacements. These forces are carried back to PHONON package 52 to calculate 

the phonon dispersions and densities. Partition functions constructed from the phonon dispersions and 

densities were employed to calculate, the thermodynamic properties, such as internal energy, free 

energy, entropy, heat capacity, etc. These thermodynamic properties were evaluated at various 

temperatures and CO2 pressures, with the use of Eq.(1) to calculate the chemical potential changes for 

the reaction (a). 8-14 

 

III. EXPERIMENTAL MEASUREMENTS 

The Li-/K-doped Na2ZrO3 samples were synthesized by solid state reaction. These 

compositions were selected based on our theoretical results obtained in this work. The initial reagents 

were used as obtained: (i) Sodium Carbonate, anhydrous, 99.5%, Alfa Aesar; (ii) Potassium 

Carbonate, anhydrous, 99%, Alfa Aesar; (iii) Lithium Carbonate, anhydrous, 99% Alfa Aesar; (iv) 

Zirconium(IV) Oxide, 99%, Sigma-Aldrich. The Na2ZrO3, Na2-αLiαZrO3, and Na2-αKαZrO3 were 

synthesized from stoichiometric mixtures of Na2CO3, K2CO3, Li2CO3, and ZrO2. The corresponding 
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mixtures were ground in an agate mortar by hand for 10 minutes and then transferred to an alumina 

crucible. The crucible was placed into a box furnace and heated at 900 °C for 4 hours. The samples 

were rapidly cooled to room temperature and then ground by hand for 10 minutes in an agate mortar 

prior to physical property measurements. Correct stoichiometry of the products was assured based on 

the ratio of the starting materials. 

A Panalytical X’Pert Pro diffractometer was used to collect powder diffraction patterns for the 

obtained samples. Scans were performed from 5 to 100 degrees 2-theta with a step size of 0.17° and a 

scan speed of 200 s/°. The patterns were analyzed using Panalytical’s Highscore Plus to determine the 

compositions of samples in this study.  

A PerkinElmer Lambda 1050 dual-beam spectrometer was used to collect data for each 

compound from 200 nm to 2500 nm. The Kubelka-Munk equation 54 was then used to convert 

reflectance data into absorbance data for analysis. Band gap values were then determined using a 

standard method in which the absorption edge is extrapolated to zero. 

Experimental CO2 capture studies were conducted using thermogravimetric analysis (TGA). 

Data were collected on a Mettler Toledo DSC/TGA. For analysis, a sample of approximately 50 mg 

was heated from 30 °C to 800 °C, followed by a dwell of 30 minutes at 800 °C, under flowing carbon 

dioxide gas (75 mL/min). 

Table S1 of the Supporting Materials summarizes the experimental details and the measured 

data. 

 

IV. RESULTS and DISCUSSIONS 

A. Theoretical structural optimization  

As described in previous section, the alkali metal zirconates can be synthesized from alkali 

carbonates and ZrO2 with different ratios. 55-57 As Bastow et al. 55 measured, the structure of Na2ZrO3 

is isostructural with Li2SnO3
58 and Li2TiO3,

59, 60 crystallizing in a monoclinic space group C2/c (#15) 
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with unit cell parameters a=5.623Å, b=9.749Å, c=11.127Å, and β=99.98º, 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=Li, K) with different Na/M ratios ɑ to form Na2-αMαZrO3. In order to keep the 

symmetry unchanged, at each ratio ɑ, two possible substitution systems (Na2-αMαZrO3-A and Na2-

αMαZrO3-B) were created. The optimized structural constants of these substituted systems are 

summarized in Table 1. 

 

 
 

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=Li, K) 
under different combinations, two types (A, B) of Na2-αMαZrO3 (α=0.0, 0.5, 
1.0, 1.5, 2.0) were obtained.  
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Table I. The optimized crystal structural constants and atomic fractional coordinates of pure and doped 
zirconates Na2-αMαZrO3 (M=Li, K). 

Crystal & space 
group 

Optimized lattice constants Optimized fractional coordinates 

Case A Case B Case A Case B 

ɑ=0.0 
Na2ZrO3 

C12/c1(No.15) a 

Experimental:  
a=5.623 Å 
b=9.749 Å 
c=11.127 Å 
β=99.98º 
V=600.74 Å3 

Optimized: 
a=5.612809 Å 
b=9.735747 Å 
c=10.95675 Å 
β=100.01º 
V=617.806 Å3 

Exp.:    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) 

Opt: Na: (0.23647, 0.07872, -0.00024) 
(0.25000, 0.25000, 0.50000) 
(0.00000, 0.08484, 0.25000) 

Zr: (0.00000, 0.41792, 0.25000) 
(0.00000, 0.75026, 0.25000) 

O: (0.14731, 0.26849, 0.14248) 
(0.09680, 0.58461, 0.14222) 
(0.14591, 0.90165, 0.14087) 

ɑ=0.5 
Na1.5Li0.5ZrO3 

a=5.59809 Å 
b=9.70463 Å 
c=10.68159 Å 
β=99.45º 
V=572.429 Å3 

a=5.52729 Å 
b=9.58452 Å 
c=10.92161 Å 
β=99.76º 
V=570.212 Å3 

Li: (0.25000, 0.25000, 0.50000) 
Na: (0.23483, 0.07789, -0.00028) 

(0.00000, 0.07427, 0.25000) 
Zr: (0.00000, 0.40567, 0.25000) 

(0.00000, 0.73860, 0.25000) 
O: (0.14899, 0.25829, 0.13979) 

(0.10328, 0.57412, 0.14149) 
(0.15208, 0.88538, 0.13342) 

Li: (0.00000, 0.08389, 0.25000) 
Na: (0.23526, 0.07842, -0.00019) 

(0.25000, 0.25000, 0.50000) 
Zr: (0.00000, 0.41648, 0.25000) 

(0.00000, 0.74894, 0.25000) 
O: (0.14136, 0.26050, 0.14322) 

(0.11027, 0.58326, 0.14310) 
(0.14076, 0.90657, 0.14295) 

ɑ=0.5 
Na1.5K0.5ZrO3 

a=5.68879 Å 
b=9.79803 Å 
c=11.45424 Å 
β=100.89º 
V=626.954 Å3 

a=5.76510 Å 
b=10.00212 Å 
c=11.06929 Å 
β=100.59º 
V=627.424 Å3 

Na: (0.23863, 0.07949, -0.00038) 
(0.00000, 0.09852, 0.25000) 

K: (0.25000, 0.25000, 0.50000) 
Zr: (0.00000, 0.43278, 0.25000) 

(0.00000, 0.76541, 0.25000) 
O: (0.15180, 0.28398, 0.14878) 

(0.08179, 0.59611, 0.14583) 
(0.14051, 0.91948, 0.14781) 

Na: (0.23547, 0.07728, -0.00044) 
(0.25000, 0.25000, 0.50000) 

K: (0.00000, 0.08905, 0.25000) 
Zr: (0.00000, 0.42298, 0.25000) 

(0.00000, 0.75486, 0.25000) 
O: (0.15928, 0.28669, 0.14263) 

(0.06945, 0.58981, 0.14095) 
(0.15611, 0.89416, 0.13674) 

ɑ=1.0 
Na1.0Li1.0ZrO3 

a=5.51733 Å 
b=9.68352 Å 
c=10.7740 Å 
β=99.51º 
V= 567.716Å3 

a=5.58816 Å 
b=9.78928 Å 
c=10.70617 Å 
β=102.49º 
V= 571.802Å3 

Li: (0.25000, 0.25000, 0.50000) 
(0.00000, 0.09461, 0.25000) 

Na: (0.23280, 0.07707, -0.00033) 
Zr: (0.00000, 0.41031, 0.25000) 

(0.00000, 0.74248, 0.25000) 
O: (0.13901, 0.25455, 0.14016) 

(0.12123, 0.57728, 0.14429) 
(0.14749, 0.89057, 0.13388) 

Li: (0.25824, 0.08530, -0.00275) 
Na: (0.25000, 0.25000, 0.50000) 

(0.00000, 0.09719, 0.25000) 
Zr: (0.00000, 0.43329, 0.25000) 

(0.00000, 0.76522, 0.25000) 
O: (0.14242, 0.28666, 0.13738) 

(0.07727, 0.59747, 0.13611) 
(0.13549, 0.91432, 0.13554) 

ɑ=1.0 
Na1.0K1.0ZrO3 

a=5.79493 Å 
b=10.08989 Å 
c=11.57230 Å 
β=102.06º 
V=661.699 Å3 

a=5.68968 Å 
b=9.92959 Å 
c=11.68874 Å 
β=99.00º 
V=652.245 Å3 

Na: (0.23473, 0.07576,-0.00072) 
K: (0.25000, 0.25000, 0.50000) 

 (0.00000, 0.11253, 0.25000) 
Zr: (0.00000, 0.44687, 0.25000) 

(0.00000, 0.77824, 0.25000) 
O: (0.15834, 0.31242, 0.14821) 

(0.05338, 0.61120, 0.14475) 
(0.14774, 0.91877, 0.14249) 

Na: (0.25000, 0.25000, 0.50000) 
(0.00000, 0.07490, 0.25000) 

K: (0.22939, 0.07525, -0.00004) 
Zr: (0.0000, 0.40558, 0.25000) 

(0.00000, 0.73848, 0.25000) 
O: (0.15000, 0.25952, 0.15065) 

(0.10635, 0.57501, 0.15406) 
(0.15803, 0.88253, 0.14899) 

ɑ=1.5 
Na0.5Li1.5ZrO3 

a=5.48004 Å 
b=9.47440 Å 
c=10.44355 Å 
β=101.01º 
V=532.245 Å3 

a=5.52442 Å 
b=9.59264 Å 
c=10.16423 Å 
β=100.79º 
V=529.111 Å3 

Li: (0.24102, 0.08036, 0.00130) 
 (0.00000, 0.08579, 0.25000) 

Na: (0.25000, 0.25000, 0.50000) 
Zr: (0.00000, 0.42621, 0.25000) 

(0.00000, 0.75895, 0.25000) 
O: (0.13999, 0.27023, 0.13693) 

(0.09703, 0.59105, 0.13482) 
(0.13093, 0.92084, 0.13642) 

Li: (0.25083, 0.08306,-0.00068) 
 (0.25000, 0.25000, 0.50000) 

Na: (0.00000, 0.08424, 0.25000) 
Zr: (0.00000, 0.41782, 0.25000) 

(0.00000, 0.75073, 0.25000) 
O: (0.14360, 0.26873, 0.13159) 

(0.09311, 0.58429, 0.13174) 
(0.14209, 0.90027, 0.12797) 

ɑ=1.5 
Na0.5K1.5ZrO3 

a=5.83914 Å 
b=10.11650 Å 
c=11.70495 Å 
β=99.037º 
V=682.848 Å3 

a=5.72782 Å 
b=9.91788 Å 
c=11.99275 Å 
β=99.157º 
V=672.607 Å3 

Na: (0.25000, 0.25000, 0.50000) 
K: (0.22294, 0.07371, -0.00091) 

(0.00000, 0.06984, 0.25000) 
Zr: (0.00000, 0.40275, 0.25000) 

(0.00000, 0.73584, 0.25000) 
O: (0.16319, 0.26778, 0.14911) 

(0.07922, 0.57206, 0.15052) 
(0.16916, 0.87006, 0.14649) 

Na: (0.00000, 0.08356, 0.25000) 
K: (0.25000, 0.25000, 0.50000) 

(0.23079, 0.07702, -0.00037) 
Zr: (0.00000, 0.41615, 0.25000) 

(0.00000, 0.74870, 0.25000) 
O: (0.15205, 0.26700, 0.15425) 

(0.09818, 0.58301, 0.15392) 
(0.15243, 0.89960, 0.15710) 

a From Ref.11, 55 
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Fig.2. The calculated cell volumes and total energies of the substituted systems with increasing the 
concentration of the substituting elements. 

 

From Fig.1 it can be seen that in Na2ZrO3, each Zr atom is coordinated with six O and each O 

coordinated with two Zr. 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 (ɑ) versus the calculated cell volumes 

and energies are shown in Fig.2 and summarized in Tables 1 and 2. As one can see from Fig.2, overall, 

after Li substitution, the cell volumes of Na2-αLiαZrO3 were compressed with increasing ɑ, while with 

K substitution, the cell volumes of Na2-αKαZrO3 were expanded with increasing ɑ. The calculated 

energies of these systems have opposite trend: the energy of Na2-αLiαZrO3 is decreased with increasing 

ɑ, while the energy of Na2-αKαZrO3 is increased. In other words, when doping Li into Na2ZrO3, the 
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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 ɑ 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 the former is slightly more stable in the structure of Na2ZrO3 (C12/c1) than in the structure of 

Li2ZrO3 (C2/c). Obviously, such structure 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 Supporting Materials respectively. Table 2 

summarizes their band widths and gaps. The experimental measured band gaps of Na2-αLiαZrO3 and 

Na2-αKαZrO3 with ɑ=0.5, 1.0 and 1.5 are also listed in Table 2. The diffuse reflectance data for Li- and 

K-substituted Na2ZrO3 are shown in Figs. S3 and S4 of the Supporting Materials. For Na1.5K0.5ZrO3 

and Na1.0K1.0ZrO3, we made two different samples to measure their band gaps. As listed in Table 2, 

their results showed two absorption features with different values of band gaps (4.1/4.7 eV and 

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 (ɑ=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 band width while their first VBs (VB1) just below the Fermi energy with 

very wide width. All of the Na2-αLiαZrO3 compounds have large gaps (>11.5 eV) between their 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. Fig. 3 demonstrates that increasing Li doping 
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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 

corresponding 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 

 

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

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

Fig. 3. The calculated band structures of Na1.5M0.5ZrO3 (M=Li, K). 
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Table II. The calculated band gaps and valance band widths of Na2-αMαZrO3 (M=Li, K), and their corresponding 
DFT total energy (EDFT), the zero point energies (Ezp), and the entropies (S) at T=298 K from phonon calculations

Crystal 
VB2 

Width 
(eV) 

Gap between 
VB2 & VB3 

(eV) b 

VB3 
Width 
(eV) 

Gap between 
VB3 & VB1

(eV) 

VB1 Width 
 (eV)  

Band Gap  
(eV) 

EDFT 

(eV/f.u.)  
Ezp 

(kJ/mol)
Entropy  

(J/mol.K) 

Na2ZrO3 
a 0.943 11.837   3.259 

4.339(indirect) 
4.83 (exp.) e 

-41.5692 34.49 119.32 

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

3.65 (exp.) 
-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 (exp.)
-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 (exp.) 
-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 (exp.) 

-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 (exp.) 

-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 (exp.) 
-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 
a Taken from Ref. 11 
b For those systems without VB3, this gap refers to the gap between VB2 and VB1. 
c Taken from Ref. 10 
d Calculated within the structure of Na2ZrO3 
e Experimental measured value. Two values means two potassium substituted samples have two absorption features 

 

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 Supporting Materials. 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 from doped-K 

element. As summarized in Table 2, 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 level, 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 configurations have indirect band-gaps located between the Γ and M high symmetry 

points. As summarized in Table 2, the band widths of the first and second VBs for Na2-αKαZrO3 with 
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different K-doping levels are close to each other. Compared to pure Na2ZrO3 and K2ZrO3, when 

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 is that their crystal structures are 

quite different. Different from pure Li2ZrO3, pure K2ZrO3 has an orthorhombic symmetry while Na2-

αKαZrO3 and Na2ZrO3 have monoclinic symmetries.  

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

 

Fig. 4 shows the calculated total density of states (TDOS) of Na2-αMαZrO3. As an example, 

Fig.5 gives the corresponding atom partial density of states (PDOS) of Na1.5M0.5ZrO3. Other PDOS of 
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Na2-αMαZrO3 with M-doping levels of ɑ=1.0 and 1.5 are shown in Figs. S5 and S6, 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 PDOS of 

Na2-αLiαZrO3 do not have significant changes. In contrast, when doping same level of K into Na2ZrO3, 

the TDOS and PDOS of Na2-αKαZrO3-A and Na2-αKαZrO3-B have significant differences as shown in 

Fig. 4(b), 5(b), S5 and S6, which means that  the doping site does play a significant role in their 

electronic properties. With increasing K-doping level, the VB3, formed solely by K p orbitals, was 

broader shifted to higher energy range and split into more than one sub-band as shown in Figs.3-5, S1-

2, and S5-6.  

(a) (b) 
Fig. 5. The calculated partial density of states (PDOS) of Na1.5M0.5ZrO3. 
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C. Dynamical phonon properties 

As described in previous section (IV.A), there are eight unit formula (Z=8) in the Na2ZrO3 unit 

cell. However, its primitive cell only contains four formula units (f.u). Therefore, there are 72 phonon 

modes in all Na2-αMαZrO3 (M=Li, K) because the doped systems have same symmetry as Na2ZrO3, 

with corresponding point group C2h which has the following representations: 

15 ⊕ 18 ⊕ 18 ⊕ 21 																																																														 10  

 

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

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

(c) Na1.5K0.5ZrO3-A (d) Na1.5K0.5ZrO3-B 
Fig. 6. Phonon dispersion curves of Na1.5M0.5ZrO3 (M=Li, K).  
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Obviously, all of the vibrational modes are non-degenerate (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. 

 

(a)  (b) 

Fig. 7. Total Phonon density of states. (a) Na2-αLiαZrO3; (b) Na2-αKαZrO3, α=0.5, 1.0, 1.5 
 

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 

Supporting Materials, 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 configurations at different Li-doping levels. Such results are consistent 

with the calculated DFT total energies listed in Table 2. 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 
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modes are less stable compared to their corresponding ones without soft modes and will not be used 

for the following CO2 capture analysis, further understanding what cause these soft modes are 

interesting topics 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 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.  

Fig. 8 The calculated phonon free energies versus temperatures of Na2-αMαZrO3, 
M=Li, K, α=0.5, 1.0, 1.5. 

 

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 
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evaluated and shown in Figs. 8 and 9, respectively. Obviously, the zero point energy (Ezp) can be 

obtained from Fig. 8 by setting T=0 K. In Table 2, we listed 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 FPH(T) and SPH(T) do 

not change much. Therefore, according to equations (2) and (3), the EDFT plays important role for 

evaluating the thermodynamic properties of CO2 capture reactions (a) by these doped solids. In the 

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

Fig. 9 The calculated entropies versus temperatures of Na2-αMαZrO3, 
M=Li, K, α=0.5, 1.0, 1.5. 

 

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 equation (1), when PCO2
=P0=1 bar, the 
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∆μ(T) is identical with the standard Gibbs free energy change ∆G(T). According to Eqs.(1)~(3), the 

calculated thermodynamic properties (∆H(T), ∆G(T), ∆S(T)) of reactions (a) versus the temperatures are 

plotted in Fig.10 and also summarized in Table 3.  

 

(a) 
(b) 

(c) 

 

Fig. 10. The calculated thermodynamic properties of the reactions of Na2-αMαZrO3 (M=Li, K, α=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 changes versus temperatures. 

 

One can see from Fig. 10 (a) and (b) that for all doped systems reacting with CO2, the heat of 

reaction ∆H(T) and the entropy change ∆S(T) are decreased with increasing temperatures. Such results 

indicate the entropy gain associated with releasing CO2 from the corresponding carbonates gets larger as 
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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 certain turn-over 

temperature (Tt) for different mixture as shown in Fig. 10(c). Above Tt, the doped material will not 

absorb CO2 anymore and the reaction (a) starts to reverse to release CO2.  

Fig. 11. The contour plotting of calculated chemical potential changes versus CO2 
pressures and temperatures of the reactions for Na2-αMαZrO3 (M=Li, K, α=0.5, 1.0, 1.5) 
capture CO2. The typical CO2 pressure for pre- and post-combustions are specified in 
blue lines. Y-axis plotted in logarithm scale. Only ∆μ=0 curve is shown explicitly. For 
each reaction, above its ∆μ=0 curve, their ∆μ<0, which means the for Na2-αMαZrO3 
absorb CO2 and the reaction goes forward, whereas below the ∆μ=0 curve, their ∆μ>0, 
which means the CO2 start to release and the reaction goes backward to regenerate the 
sorbents. 
 

 

According to Eq.(1), for the reactions of Na2-αMαZrO3 capturing CO2, we can explore the 

relationship among the chemical potential change (∆μ(T,P)), the temperature (T), and the CO2 pressure 

(PCO2). In Fig.11 we show this kind of relationship (van’t Hoff plots) for the reactions (a). For 
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comparison, the results of pure M2ZrO3 (M=Li, Na, K)10, 11 are also plotted in the same figure. The lines 

in the Fig.11 indicates that for each CO2 capture reaction, the ∆μ(T,P)→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 are potential to be 

thermodynamically favorable over quite a wide range of temperatures (<1000K) and PCO2, which means 

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 the CO2 at the first half cycle but also be 

easily regenerated from products (M2CO3 and ZrO2 for example) to release the CO2 at the second half 

cycle. The operating conditions of absorption/desorption depend on the pre- and post-combustion 

technologies. Under pre-combustion conditions, after the water-gas shift reaction, the gas stream mainly 

contains CO2, H2O and H2. The partial CO2 pressure is around 20~25 bar and the temperature is around 

300~350ºC. For pre-combustion, the programmatic goal of the Department of Energy (DOE) is to 

capture at least 90% CO2 with cost in electricity no more than 10%. To minimize energy consumption, 

the ideal sorbents should work within these pressure and temperature ranges to separate CO2 from H2. 

The turnover temperature at these pressures, denoted T1, is listed in Table 3, and is the temperature 

above which the Na2-αMαZrO3 cannot absorb CO2 anymore and will start to release CO2. This indicates 

during the first half cycle when CO2 is captured, the operating temperature should be lower than T1, 

whereas the operating temperature may be higher than T1 (depending on the desired obtained CO2 

pressure) during the second half cycle when sorbents regenerate and release CO2. For post-combustion 

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, so that low-temperature capture desired. The DOE 

programmatic goal for post-combustion and oxy-combustion CO2 capture is to capture at least 90% CO2 
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with the cost in electricity no more than 35%, whereas in the case of pre-combustion CO2 capture is to 

capture at least 90% CO2 with the cost in electricity no more than 10%.61, 62 The turnover temperatures 

(denoted as T2) for post-combustion capture CO2 by Na2-αMαZrO3 are also listed in Table 3.  

 

Table III. The weight percentage of CO2 capture, the ratios of Na2O:M2O:ZrO2 (M=Li, K), the calculated energy 
change ∆EDFT, the zero-point energy changes ∆EZP and the thermodynamic properties (∆H, ∆G) of the CO2 capture 
reactions. (unit: kJ/mol). The turnover temperatures (T1 and T2) of the reactions of CO2 capture by solids under 
the conditions of pre-combustion (PCO2=20 bar) and post-combustion (PCO2=0.1 bar) are also listed. 

reaction absorbing 
CO2 wt%

Na2O:M2O
:ZrO2 ratio

∆EDFT ∆EZP  
∆H 

(T=300K) 

∆G 

(T=300K) 

Turnover T (K)

T1 T2 

Na2ZrO3+CO2 ↔ Na2CO3+ZrO2 
a 23.76 1:0:1 -140.862 2.236 -158.327 -114.121 1275 925 

Na1.5Li0.5ZrO3-B+CO2 ↔ 3/4Na2CO3+
1/4Li2CO3+ZrO2 24.83 3/4:

1/4:1 -170.881 4.667 -242.090 -159.144 805 715 

Na1.0Li1.0ZrO3-B+CO2 ↔ 1/2Na2CO3+
1/2Li2CO3+ZrO2 26.01 ½:1/2:1 -157.839 6.480 -228.381 -142.555 745 675 

Na0.5Li1.5ZrO3-A+CO2 ↔ 1/4Na2CO3+
3/4Li2CO3+ZrO2 27.31 ¼:3/4:1 -169.827 9.652 -237.765 -146.230 735 665 

Na1.5K0.5ZrO3-A+CO2 ↔ 3/4Na2CO3+
1/4K2CO3+ZrO2 22.77 3/4:

1/4:1 -210.081 2.486 -281.253 -199.996 915 825 

Na1.0K1.0ZrO3-B+CO2 ↔ 1/2Na2CO3+
1/2K2CO3+ZrO2 21.86 ½:1/2:1 -245.436 2.058 -316.736 -236.789 1015 915 

Na0.5K1.5ZrO3-B+CO2 ↔ 1/4Na2CO3+
3/4K2CO3+ZrO2 21.02 ¼:3/4:1 -278.147 1.519 -349.077 -272.038 1125 1015

Li2ZrO3+CO2 ↔ Li2CO3+ZrO2 
b 28.75 0:1:1 -146.648 11.311 -158.562 -103.845 1000 780 

K2ZrO3+CO2 ↔ K2CO3+ZrO2 
a 20.24 0:1:1 -223.158 5.813 -238.490 -187.884 hTc 1285

a From Ref.11. 
b From Ref.10 
c hT means the temperature is higher than 1500K 

 

From Table 3 and Fig. 11, one can see that, compared with the desired pre-combustion 

condition (573~723K), only Na1.0Li1.0ZrO3 and Na0.5Li1.5ZrO3 have their T1 close to the high end of pre-

combustion condition. Therefore, when doping at least 50% Li into Na2ZrO3, the newly formed Li-

doped Na2ZrO3 could be used for pre-combustion CO2 capture technology. Obviously, the lower Li-

doped (<50%) and all K-doped Na2ZrO3 are not good sorbents for capturing CO2 in pre-combustion 

technology. However, all of the Li- and K-doped Na2ZrO3 materials could be used for high-temperature 

post-combustion CO2 capture with T2 in the range of 665K - 1015 K as listed in Table 3. 

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 3 and Fig. 11, the Li-doped systems have a larger Tt 
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decrease than the K-doped systems. When increasing 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, but, 

further increase in the K-doping level α, cause Tt to increase. In other words, Li doping of Na2ZrO3 has a 

more beneficial influence on its CO2 capture performance than K doping.  

Fig. 12 shows the CO2 capture performances of pure Na2ZrO3 and one doping level α=0.5 

Na1.5M0.5ZrO3. The experimental results clearly show that compared to pure Na2ZrO3, both 

Na1.5Li0.5ZrO3 and Na1.5K0.5ZrO3 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 to the bulk capture process) are importantly 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 TG experiments are qualitative results, it seems that the CO2 bulk 

capture process (400-750 ºC) in Na1.5M0.5ZrO3 samples are faster than in Na2ZrO3. The slopes obtained 

in the Na2ZrO3 sample (0.019 wt/ºC) was smaller than those obtained in the Na1.5Li0.5ZrO3 (0.066 wt/ºC) 

and Na1.5K0.5ZrO3 (0.041 wt/ºC) samples. All these results are in good agreement with our calculated 

results as discussed above.  

Apart from the theoretical data discussed and experimentally corroborated above, all 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 importantly, as 

a function of the lithium content. However, as shown in Figs. 10 and 11, the theoretical results here did 

not suppose 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 ((Na-Li)2CO3), 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 calculations are under the 
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way. It should be pointed it out that in order to fully understand the kinetic mechanisms of CO2 

sorption/desorption by those thermodynamically feasible solid materials, simulations on the CO2 

reacting with sorbent and diffusing through the formed carbonate shell as well as on the formation of 

products are highly demanded.  
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Fig. 12. The TGA measurements of CO2 capture by Na1.5M0.5ZrO3 (M=Li, K) in 
comparison with pure Na2ZrO3. 

 

Na2-αMαZrO3 materials can be stoichiometrically regarded as a mixture of three oxides: Na2O, 

M2O, ZrO2 in the ratio (2-α):α:1. In Table 3, we list these ratios for the corresponding M-doped Na2ZrO3 

with different doping levels. As we know for a given CO2 capture process, its 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. Such Tt may be outside the ΔTo for a particularly 

capture technology. In order to adjust Tt to fit the ΔTo, we have demonstrated that 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/doping more than two oxides to form new sorbents can fit the industrial needs to 

capture CO2 with better performances and proper working conditions.  
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V. SUMMARY and CONCLUSIONS 

We have investigated the electronic structural and phonon properties of Na2-ɑMɑZrO3 (M=Li, 

K, ɑ=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/desorption in these materials were 

analyzed.  

With increasing doping level α, the binding energies of Na2-ɑLiɑZrO3 increased while the 

binding energies of Na2-ɑKɑZrO3 decreased, destabilizing the structure. The Na2-αLiαZrO3 for different 

doping levels (ɑ=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 and M high symmetry points. However, in the case of Na2-αKαZrO3, 

between VB1 and VB2, there is another VB3 which is contributed from doped-K element and its width 

is increased with increasing K-doping level. Compared to pure M2ZrO3 (M=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 doping sites do 

not have large differences with increasing temperature. Hence, the calculated EDFT of each doped 

system plays important role for evaluating their thermodynamic properties of CO2 capture reactions.  
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Based on the calculated relationships among the chemical potential change, CO2 pressure and 

temperature for CO2 capture reactions by Na2-αMαZrO3 and thermogravimetric analysis experimental 

measurements, compared to pure Na2ZrO3, the Li- and K-doped mixtures Na2-αMαZrO3 have lower 

turnover temperatures (Tt) and higher CO2 capacities. The calculated 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 

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 

lower temperature range, further increasing the K-doping level α results in an increase in Tt. 

Therefore, compared to K-doing, lithium inclusion into Na2ZrO3 structure has a larger influence on the 

CO2 capture performance.  

All these results may be of great interest in the development of specific CO2 capture 

applications. As it has been shown, the Na2-αLiαZrO3 and Na2-αKαZrO3 compositions can produce 

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 has identified that 

the capture of CO2 in zirconate materials is not simply a matter of substitutional element, but also the 

doping level. This insight will need to be considered during future sorbent development. We have also 

demonstrated that computational methods can be used to accurately predict aspects of CO2 capture and 

have the potential to drive future work by identifying the most promising candidate materials. 
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