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Abstract

The electronic structural and phonon properties of Na; ,M,ZrO;
(M=Li, K, 0=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 CO, absorption/desorption in these materials were also
analyzed. With increasing doping level o, the binding energies of Na,.
oL1,ZrO3 are increased while the binding energies of Na,K,ZrO; 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 CO, pressure and temperature of the CO,
capture reactions by Na; ,M,ZrO; and from thermogravimetric analysis
experimental measurements, compared to pure Na,ZrOs, the Li- and K-
doped mixtures Na, ,M,ZrOs; have lower turnover temperatures (T;) and
higher CO, capture capacities. The Li-doped systems have a larger T;
decrease than the K-doped systems. When increasing Li-doping level a, the
T; of the corresponding mixture Na,,Li,ZrO; decreases further to low
temperature range. However in the case of K-doped systems Na; ,K,ZrOs,
although doping K into Na,ZrOs initially shifts its T; to lower temperatures,
further increases on the K-doping level a, causes T; to increase. Therefore,
doping Li into Na,ZrO; has a larger influence on its CO, capture
performance than the K-doped. Compared with pure solids M,ZrOs, after
doping with other elements, their CO; 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 CO; into the atmosphere
creating environmental problems such as global climate change.'” To solve such problems, there is a
need to reduce CO, emissions into the atmosphere through capture and sequestration.**

For a given CO; capture technology, the optimal working conditions (CO, pressures of pre- and
post-capture, absorption/desorption temperature range (AT,), etc.) are fixed. However, at a given CO,
pressure, the turnover temperature (T;) of an individual solid capture CO, reaction is fixed. The T; may
be outside the operating temperature range AT, for a particular capture technology. In order to adjust
T to fit the practical working AT, through reversible chemical transformations, we have demonstrated
that by mixing different types of solids it’s possible to shift T, to the practical operating AT, range.””
Generally, when we mix two solids A and B to form a new sorbent C, the turnover temperature of the
newly resulting system (T¢) is located between those of A and B (Ta, Tg), assuming that A is a strong
CO, sorbent while B is a weak CO; sorbent and Ta>Tg. Also, we assumed that the desired operating
temperature To is between To and Tg (Ta>To>Tg). Depending on the properties of A and B, we
typically have three scenarios to synthesize the mixing sorbent C:

(1) TA>>Tg and the A component is the key component for capturing CO,. 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 T,.
For example, Li,O is a very strong CO, sorbent which forms Li,COs. However, its regeneration from
Li,CO3 only can occur at very high temperature (T4). In order to move its Ta to lower temperatures,
one can mix in some weak CO, sorbents (such as Si0,, ZrO,). Our results showed that in this way, the
turnover T and the theoretical CO; capture capacity of mixtures decrease as the ratios of Li,O/SiO, or
Li,0/ZrO, decrease.” "

(2) ToA>>Tp and B component is the key part to capture CO,. In this case, since Ty is lower than
To, by mixing A into B will increase the turnover temperature T¢ of the C solid to values closer to T,.
For example, pure MgO (as B component) has a very high theoretical CO, capture (:apacity.14
However, its T (250 °C) is lower than the required temperature range of 300-470 °C used in warm
gas clean up technology and its practical CO; capacity is very low, and therefore, it cannot be used
directly as a CO; sorbent in this technology. Our experimental and theoretical results showed that by
mixing alkali metal oxides M;O (M=Na, K, Cs, Ca) or carbonates (M,CO;) into MgO, the
corresponding newly formed mixed systems have higher turnover temperatures making them useful as

CO; sorbents through the reaction MgO + CO, + M,CO;3 = MzMg(C03)2.15 7



(3) Both A and B components are active to capture CO,. In this case, the CO; capacity of the
mixture is the summation of those of A and B. Li,MSiO4 (M=Mg, Ca, etc.) and M, ,N,ZrOs (M, N=Li,
Na, K) belong to this category. Obviously, those doped systems can be treated as mixing of three
solids (Li,0:MO:Si0,, M;0:N,0:ZrO,). In this study, we focus on this type of mixing sorbents: Na,.
«MoZrO3 (M=Li, Na, K, a=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 CO, capture in terms of a large CO, sorption capacity, an infinite CO,/N, or
CO,/H, selectivity, good reversibility, and high operating temperatures.* '**° Nakagawa and Ohashi'*
2 first reported that lithium zirconate powder reacts immediately with ambient CO, in the range of
450°C to 550°C and the products react and return reversibly to lithium zirconate at temperatures above
650°C. Recent experimental results also indicated that doping or mixing another alkali salt into lithium

29, 30, 34

zirconate can improve the CO, sorption. With a thermal gravimetric analyzer under isothermal

conditions, Fauth et al®

concluded that the combination of binary alkali carbonate, binary
alkali/alkaline earth carbonate, ternary alkali carbonate and ternary alkali carbonate/halide eutectics
with Li,ZrO; noticeably improves the CO, uptake rate and the CO, sorption capacity. These results
also are re-confirmed by Pannocchia et al.'® Lopez-Ortiz et al’® found that Na,ZrO; presented better
CO; sorption than Li,ZrO;. Pfeiffer et al.? 3% 3% demonstrated that the lithium-sodium and lithium-
potassium metazirconates (Li, x\MxZrOs;, M=Na, K, 0<x<2) present better CO, absorption than pure
Li,ZrO;. Ochoa-Fernandez et al.>® demonstrated that both the capture rate and capacity of lithium
zirconate depend strongly on the ratio of Li,O to ZrO,. Enhanced capture rates were observed when
there was less Li,O than ZrO; possibly because excess ZrO, acts as a dispersant and introduces more
reactive boundaries. Their recent investigation on the effects of steam addition on the stability of
Li,ZrO; capture of CO, showed that the presence of steam enhances the capture and regeneration rates
but results in a large decay in the CO, capacity comparing with capture under dry conditions.?’
Sandoval-Diaz and Pfeiffer explored the effects of CO, chemisorption on K-doped Na,ZrOs; and
found that K doping enhanced the CO, chemisorption and diffusion kinetics of Na,ZrO; and that the
40% doping rate gave the best solid solution for the CO, capture. Velderrain et al.** found that a small
portion of Li addition increases the absorption capacity of Na,ZrOs, but too much Li (>25% mol)
decreases its absorption capacity. From thermodynamic calculations and experimental measurements,
Nakagawa and Ohashi®’ pointed out that the difference in CO, sorption capacity between Li,ZrOs and
ZrO; not only depends on temperature and CO, partial pressure but also on the presence of molten

carbonates, €.g. alkali carbonate molar ratio of Li:K=62:38.



Computational modeling is one of the more useful tools to identify CO, sorbent candidates with
optimal performance. " * "% * Our previous results on Li,ZrOs and LisZr,0; capturing CO, showed
that the CO, capture performance of Li,ZrO; is better than that of LigZr,O7 and therefore there is no
advantage to using LigZr,0; as a CO;, sorbent.'” For M,ZrO; (M=Li, Na, K), our previous results
demonstrated that Na,ZrOs has a CO; capture performance similar to that of Li,ZrOs, while K,ZrO; is
not a good CO, sorbent candidate because it can only be regenerated at very high temperatures.''
When substituting half of Li in Li,ZrOs with Na or K, we found that the newly formed LiNaZrO; has a
lower T,, compared to pure Li,ZrO;3, while LiKZrOs has a bit higher T..*" In this study, continuing the
previous investigation, we first build our doped systems by substituting a portion of the Na in Na,ZrO3
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 Na, ,M,ZrO; (M=Li, K, 0=0.0, 0.5, 1.0, 1.5, 2.0) systems
extensively. Based on the calculated energetic and thermodynamic results, the CO;
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 CO, capture
performance of mixed sorbents and further facilitate the development of CO, 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 Na, ;M,ZrOs systems and compare
them with other available data, followed by analysis of their capabilities for CO, capture by
calculating the chemical potential change for the capture reactions under different CO, pressure and

temperature regimes. In the last section we summarize our conclusions.

II. THEORETICAL METHODS



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)*" *

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.* This computational level was shown to provide an accurate description for oxide
systems.** 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 7x4x4, obtained by
the Monkhorst-Pack method,* were used for these bulk calculations. The valence electrons contain
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.*®

Detailed description of our computational methodology can be found in our previous

8-14, 47

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

study. The CO, capture reactions for pure and mixed alkali zirconates Na, ,M,ZrOs can be expressed

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

Na, M, ZrO, +CO, <> Z'T“Nach + %M2CO3 +210, (M=LiK;a=0051.01.520)

Assuming that the difference between the chemical potential (Ap°) of the solid phases can be

DFT

approximated by the differences in their electronic energy (AE'") and their entropies (AS™) and

harmonic free energies (AF''), we can obtain the temperature and pressure dependent chemical

potential change (Ap) for these reactions: ™ 1>+ 14 4% 4

P
Ap(T,P) = Ap°(T) - RT 1n% (1)

0



with

Ap’(T) =~ AE”™" + AE,, + AF™(T) = G, (T) )

where Ap’(T) is the standard Gibbs free energy change of the reaction, AEp is the zero point energy
difference between the reactants and products that can be obtained directly from phonon calculations.
Py is the standard state reference pressure of 1 bar. The free energy and entropy of CO; (Gco,, Sco,)
can be obtained with standard statistical mechanics.>

In the harmonic approximation, the phonon free energy change (AF'"") and the entropy change

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

of the solids Fp,m and the entropy of the solids (Spam)

AF o (T) = ZFharm(T) - ZFharm(T) (3)

solid_products solid_reactants

AST (M= D Spm(M= D Spm(T) 4)

solid _ products solid _reactants

where the Fpam, Sharm and the total vibrational (phonon) energy (Ei) of the solids are defined as’!

o ) ho
F. =rtk,T jo g(a))ln[2s1nh(2kBT)]dw (5)
Sy =1k [ &(@){( ROy oth(2 )—1]—1n[1—e_2ZT]}da> (6)
fam B 2k, T 2k, T
E :lrrg(a))(ha))coth( UCEp (7)
AR 2k, T

In the above equations r is the number of degrees of freedom in the primitive unit cell, w is the phonon
dispersion frequency, and g(w) 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.

E,, =lim(E,, (T)) (8)

The enthalpy changes (AH(T)) for reactions(a) can be derived from the above equations as



AH®(T) = Ap’(T) + T(AS™ (T) =S, (T)) ©)

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

|  to combine ab initio DFT with phonon

applied following the formula derived by Parlinski et a
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 (AEzp) and the phonon free energy change (AF'"(T) in

Eq.(2)) are obtained for the CO; capture reactions.

In the phonon calculations, a 2x1x1 supercell is created for Na, M,ZrO; from their optimized
unit cells which is calculated through DFT. A displacement of 0.03A 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 * 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 CO, pressures, with the use of Eq.(1) to calculate the chemical potential changes for

the reaction (a). *'*

III. EXPERIMENTAL MEASUREMENTS
The Li-/K-doped Na,ZrO; 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 Na,ZrOs;, Na,,Li,ZrOs;, and Na, ,K,ZrO; were

synthesized from stoichiometric mixtures of Na,CO3, K,COs, Li,CO3, and ZrO,. The corresponding



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 >* 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 CO; 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 ZrQ, with different ratios. >’ As Bastow et al. > measured, the structure of Na,ZrO;

is isostructural with Li;SnO3™® and Li;TiOs,”” crystallizing in a monoclinic space group C2/c (#15)



with unit cell parameters a=5.623A, b=9.749A, c=11.127A, and p=99.98°, and with eight formula
units (f.u.) per unit cell. As shown in Fig. 1, in Na,ZrOs, there are three types of Na which can be
substituted by M (M=Li, K) with different Na/M ratios a to form Na, ,M,ZrOs. In order to keep the
symmetry unchanged, at each ratio a, two possible substitution systems (Na,.,MqZrO3-A and Na,.
«MoZ1rO3-B) were created. The optimized structural constants of these substituted systems are

summarized in Table 1.
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Fig.1. The crystal structure of Na,ZrOs. The ¢ 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 Na; (M,ZrO; (0=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 Na, M,ZrO; (M=Li, K).

Crystal & space Optimized lattice constants Optimized fractional coordinates
group Case A Case B Case A Case B
Exp.: Na: (0.238, 0.077,-0.0001) Opt: Na: (0.23647, 0.07872, -0.00024)
Experimental: Optimized: (0.250, 0.250, 0.500) (0.25000, 0.25000, 0.50000)
a=0.0 a=5.623 A a=5.612809 A (0.000, 0.085, 0.250) (0.00000, 0.08484, 0.25000)
Na ZfO b=9.749 A b=9.735747 A Zr: (0.000, 0.415, 0.250) Zr: (0.00000, 0.41792, 0.25000)
Cl2/cl(2No 135) a | c=11.127 A ¢=10.95675 A (0.000, 0.747, 0.250) (0.00000, 0.75026, 0.25000)
’ =99.98° p=100.01° 0:(0.141, 0.265, 0.138) 0:(0.14731, 0.26849, 0.14248)
V=600.74 A> V=617.806 A’ (0.102, 0.586, 0.138) (0.09680, 0.58461, 0.14222)
(0.138, 0.906, 0.135) (0.14591, 0.90165, 0.14087)
Li: (0.25000, 0.25000, 0.50000) Li: (0.00000, 0.08389, 0.25000)
_ . Na: (0.23483, 0.07789, -0.00028) Na: (0.23526, 0.07842, -0.00019)
E;gggigg ﬁ i‘);gggégi (0.00000, 0.07427, 0.25000) (0.25000, 0.25000, 0.50000)
a=0.5 c=16 68159 A c=16 92161 A Zr: (0.00000, 0.40567, 0.25000) Zr: (0.00000, 0.41648, 0.25000)
Na, sLig 5ZrO5 3299.450 [3=99‘76" (0.00000, 0.73860, 0.25000) (0.00000, 0.74894, 0.25000)
V=57.2 429 A3 V=57'0 212 A3 0: (0.14899, 0.25829, 0.13979) 0: (0.14136, 0.26050, 0.14322)
’ ’ (0.10328, 0.57412, 0.14149) (0.11027, 0.58326, 0.14310)
(0.15208, 0.88538, 0.13342) (0.14076, 0.90657, 0.14295)
Na: (0.23863, 0.07949, -0.00038) Na: (0.23547, 0.07728, -0.00044)
_ . (0.00000, 0.09852, 0.25000) (0.25000, 0.25000, 0.50000)
;‘);ggg%g i ﬁ;sl'g (6)3;?2‘2‘2\ K: (0.25000, 0.25000, 0.50000) K: (0.00000, 0.08905, 0.25000)
a=0.5 c=1i 45424 A c=11‘06929 A Zr: (0.00000, 0.43278, 0.25000) Zr: (0.00000, 0.42298, 0.25000)
Na,; 5K sZrO4 |3=106 890 [3=106 500 (0.00000, 0.76541, 0.25000) (0.00000, 0.75486, 0.25000)
V=626 954 A3 V=627. 404 A3 0O: (0.15180, 0.28398, 0.14878) 0: (0.15928, 0.28669, 0.14263)
’ ’ (0.08179, 0.59611, 0.14583) (0.06945, 0.58981, 0.14095)
(0.14051, 0.91948, 0.14781) (0.15611, 0.89416, 0.13674)
Li: (0.25000, 0.25000, 0.50000) Li: (0.25824, 0.08530, -0.00275)
_ . (0.00000, 0.09461, 0.25000) Na: (0.25000, 0.25000, 0.50000)
,E;gzlsggi 12;3:5722322 Na: (0.23280, 0.07707, -0.00033) (0.00000, 0.09719, 0.25000)
a=1.0 c=lb 7740 A c=16 70617 A Zr: (0.00000, 0.41031, 0.25000) Zr: (0.00000, 0.43329, 0.25000)
Na, oLi; ¢ZrO, [5=99'51° b1 02.49° (0.00000, 0.74248, 0.25000) (0.00000, 0.76522, 0.25000)
a 5'67 71643 i 57'1 Q02A3 0: (0.13901, 0.25455, 0.14016) 0: (0.14242, 0.28666, 0.13738)
’ ’ (0.12123, 0.57728, 0.14429) (0.07727,0.59747, 0.13611)
(0.14749, 0.89057, 0.13388) (0.13549, 0.91432, 0.13554)
Na: (0.23473, 0.07576,-0.00072) Na: (0.25000, 0.25000, 0.50000)
B B K: (0.25000, 0.25000, 0.50000) (0.00000, 0.07490, 0.25000)
?);Slg?)gngi\ E;ggggggi (0.00000, 0.11253, 0.25000) K: (0.22939, 0.07525, -0.00004)
a=1.0 =11 '57230 A c=1i 68874 A Zr: (0.00000, 0.44687, 0.25000) Zr: (0.0000, 0.40558, 0.25000)
Na, oK, ¢Z1Os b1 05.06° B=99‘00° (0.00000, 0.77824, 0.25000) (0.00000, 0.73848, 0.25000)
V=661. 699 A3 V=652 245 A3 0: (0.15834, 0.31242, 0.14821) 0: (0.15000, 0.25952, 0.15065)
’ ’ (0.05338, 0.61120, 0.14475) (0.10635, 0.57501, 0.154006)
(0.14774, 091877, 0.14249) (0.15803, 0.88253, 0.14899)
Li: (0.24102, 0.08036, 0.00130) Li: (0.25083, 0.08306,-0.00068)
B B (0.00000, 0.08579, 0.25000) (0.25000, 0.25000, 0.50000)
E;gigg%i E;ggé;‘éii Na: (0.25000, 0.25000, 0.50000) Na: (0.00000, 0.08424, 0.25000)
a=1.5 c=1b 44355 A c=16 16423 A Zr: (0.00000, 0.42621, 0.25000) Zr: (0.00000, 0.41782, 0.25000)
NaysLi; sZrO, b1 01.01° b1 00.79° (0.00000, 0.75895, 0.25000) (0.00000, 0.75073, 0.25000)
V=53i 245 A3 V=52§ 111 A3 0:(0.13999, 0.27023, 0.13693) 0: (0.14360, 0.26873, 0.13159)
’ ’ (0.09703, 0.59105, 0.13482) (0.09311, 0.58429, 0.13174)
(0.13093, 0.92084, 0.13642) (0.14209, 0.90027, 0.12797)
Na: (0.25000, 0.25000, 0.50000) Na: (0.00000, 0.08356, 0.25000)
_ _ K: (0.22294, 0.07371, -0.00091) K: (0.25000, 0.25000, 0.50000)
?);Sl(fﬁgoAA E;g;zlgzéi (0.00000, 0.06984, 0.25000) (0.23079, 0.07702, -0.00037)
a=1.5 =11 '70495 A c=1i 99275 A Zr: (0.00000, 0.40275, 0.25000) Zr: (0.00000, 0.41615, 0.25000)
Nag 5K, sZ1Os [5=99'037° B=99.1 i (0.00000, 0.73584, 0.25000) (0.00000, 0.74870, 0.25000)
V=682 848 A3 V=672.607 A3 0:(0.16319, 0.26778, 0.14911) 0: (0.15205, 0.26700, 0.15425)

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

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

*From Ref.!l ¥
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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 Na,ZrOs, each Zr atom is coordinated with six O and each O
coordinated with two Zr. Along the C axis, the connected [ZrO;] groups form planar layers separated
by Na layers containing two types of Na (Na(1) and Na(2)). In the [ZrOs] 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 (a) 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 Na, ,Li,ZrOs; were compressed with increasing a, while with
K substitution, the cell volumes of Na, K,ZrO; were expanded with increasing a. The calculated
energies of these systems have opposite trend: the energy of Na,_,Li,ZrO; is decreased with increasing

a, while the energy of Na, ,K,ZrOs is increased. In other words, when doping Li into Na,ZrOs, the
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doped Na,_,Li,ZrOs is stabilized in comparison with Na,ZrOs, while when doping K into Na,ZrOs, the
doped Na, ,K,ZrOs is destabilized. Clearly, there are some differences between the Na, ;M ZrO;-A
phase and the Na, ,M,ZrOs-B phase. These results indicate that the structure of the doped system
depends not only on the concentration a but also on the doping sites. Compared to M-doped Li,ZrO;
mixtures, LiMZrO3,40 the Na; oLi; ¢ZrO; has a slightly lower binding energy than LiNaZrOs;, which
means the former is slightly more stable in the structure of Na,ZrOs (C12/cl) than in the structure of
Li,ZrO; (C2/c). Obviously, such structure difference will not only affect their electronic structural

properties, but also their CO, capture performances.

B. Electronic structural properties

The calculated band structures of Na,.Li,ZrO; and Na,.K,ZrO; 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 Na,.,Li,ZrO3 and
Nay_(K,ZrO; with a=0.5, 1.0 and 1.5 are also listed in Table 2. The diffuse reflectance data for Li- and
K-substituted Na,ZrO; are shown in Figs. S3 and S4 of the Supporting Materials. For Na, sK¢ sZrO3
and Na,; oK, ¢ZrO;, 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 Na, ,Li,ZrOs for different doping
levels (a=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 (VB;) are located
below -15 eV with narrow band width while their first VBs (VB;) just below the Fermi energy with
very wide width. All of the Na, ,Li,ZrO; compounds have large gaps (>11.5 eV) between their VB,
and VB,. Except for NagsLi; sZrOs;—A which has a direct band-gap, all others have indirect band-gaps

located between the I' 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 Na,,Li,ZrO; with
corresponding pure Na,ZrO; and Li,ZrOs;, when doping Li into Na,ZrOs, the band-gaps of the
obtained Nay_,Li,ZrO; are bigger than pure Na,ZrOs (3.295 ¢V),"' but smaller than that of Li>ZrO;

(3.73eV). "°
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Fig. 3. The calculated band structures of Na; sM sZrO; (M=Li, K).
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Table II. The calculated band gaps and valance band widths of Na, (M,ZrO; (M=Li, K), and their corresponding
DFT total energy (Eprr), the zero point energies (E,,), and the entropies (S) at T=298 K from phonon calculations

VB, |Gap between| VB; |Gap between )
Crystal  |Width| VB, & VB;| Width | VB; & VB, VBI(X,;dth Ba?fv()}ap (65‘/);{1) (kigol) (];“/‘;i‘;plz)
(eV) (eV)" (eV) (eV) - :
Na,ZrO;*  [0.943| 11.837 3059 | #339(ndirect) | 4y seo0 | 3449 11932
4.83 (exp.)
. 4.327(indirect)
Na, sLiosZrOs-A | 1.017| 11.782 3.391 365 (exp) 41.8992 | 3439| 119.29
Na, sLigsZrOs-B | 1.017| 11.696 3391 | 4.208(indirect) | -41.9826 | 34.74| 119.17
4.323(direct)
Na, sKosZrOs-A [0913]  4.399 0.166 7.304 3320 | 4107470 (expy | 407478 | 33.64| 16877
Na, sKosZrOs-B |0.912]  4.149 0.249 7.466 3420 | 4.217(indirect) | -40.5653 | 33.53| 159.81
. 4.175(indirect)
Na, oLi; oZrO+-A [ 1.027| 11.724 3.423 370 (expy | | 423966 | 3489| 117.92
Na, oLi, oZrOs-B | 1.115| 11.666 3517 | 4.277(indirect) | -42.5175 | 35.60| 118.92
4.189(indirect)
Na, K, 0ZrOs-A |0.838|  3.773 0.839 7.379 3350 |3 05/4.82 (expy| 309995 | 3343| 15557
Na, oK, 0ZrOs-B | 1.030| 3.518 0.858 7.552 3.175 | 4.249(indirect) | -40.2861 | 33.46| 166.22
. 4.164(direct)
NagsLi; sZrOs-A | 1.126|  11.607 3.552 .10 (exp. 429598 | 35.10| 123.38
NagsLi; sZrOs-B | 1.142] 11.599 3.603 | 4.152(indirect) | -42.9386 | 33.14| 117.39
NagsK, sZrOs-A [0.919|  3.343 1.170 7.606 3.175 4'21912(12&1;6)“) 395602 | 33.31| 151.06
Nay K, sZrO5-B | 1.091| 2.855 1.175 7.893 3190 | 4.147(direct) | -39.8518 | 33.39| 169.16
. . D ~43.7685
Li,ZrO; 1.010| 11.695 3730 | 3.898(indirect) | 3 'soaza | 36.11| 101.88
. . ~40.3284
K,ZrO; 0973| 2.839 0.487 8.921 2757 | 3.641(direct) | yo oo | 2849| 168.65
% Taken from Ref. !

® For those systems without VB;, this gap refers to the gap between VB, and VB;.
¢ Taken from Ref. '°
4 Calculated within the structure of Na,ZrOs
¢ 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 Na, ,K,ZrOs as shown in Fig. 3 and

Figs. S1 and S2 of the Supporting Materials. Compared to Na,_,Li,ZrOs, one can see that in the case of

Nay.(K,ZrO;, between VB and VB,, there is another VB (VB3) which is contributed from doped-K

element. As summarized in Table 2, for each Na, ,K,ZrO; configuration, the gap between VB, and

VB; is much smaller than that between VB, and VB;. Obviously, with increasing K-doping level, the

widths of VB; are increased. In this case, only Na; sK(5ZrOs-A and Nay 5K, sZrO;-B have direct band

gaps while other configurations have indirect band-gaps located between the I' and M high symmetry

points. As summarized in Table 2, the band widths of the first and second VBs for Na, ,K,ZrO; with
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different K-doping levels are close to each other. Compared to pure Na,ZrO; and K,ZrOs;, when

doping K into Na,ZrO3, the band-gaps of the obtained Na, ,K,ZrO; are similar to pure Na,ZrO; (3.295

eV), but larger than that of K,ZrO; (2.76 V). ' Part of the reason is that their crystal structures are

quite different. Different from pure Li,ZrOs, pure K,ZrO; has an orthorhombic symmetry while Nas.

«KoZ1O3 and Na,ZrO; have monoclinic symmetries.
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Fig. 4. The calculated total density of states of Na, ;M,ZrOs (o= 0.5, 1.0, 1.5). For comparison, the
calculated total density of states of M,ZrO; (M=Li, Na, K) are also shown in the figure.(a) Na, ,Li,ZrO3,
(b) Naz_QKaZI‘O3

Fig. 4 shows the calculated total density of states (TDOS) of Na, ,M,ZrOs. As an example,

Fig.5 gives the corresponding atom partial density of states (PDOS) of Na; sMy sZrOs. Other PDOS of
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Nay.M,ZrO; with M-doping levels of a=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 Na,ZrO;, the TDOS of Na,,Li,ZrOs-A and Na,.
«L1,ZrO3-B are similar to each other. With increasing Li-doping level, the TDOS as well as PDOS of
Nay.4Li,ZrO; do not have significant changes. In contrast, when doping same level of K into Na,ZrOs,
the TDOS and PDOS of Na, ,K,ZrO;-A and Na, ,K,ZrOs-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.
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Fig. 5. The calculated partial density of states (PDOS) of Na; sM sZrOs.
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C. Dynamical phonon properties

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

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

modes in all Na, M,ZrO; (M=Li, K) because the doped systems have same symmetry as Na,ZrOs,

with corresponding point group C,, which has the following representations:
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Obviously, all of the vibrational modes are non-degenerate (Ay, Ag, By, and B,) because their

crystal point groups are quite low with C,,. Among these vibrational modes, 33 are only Raman

active, while 39 are only Infrared active.
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Fig. 7. Total Phonon density of states. (a) Na,.,Li,ZrO3; (b) Na, KZrOs, a=0.5, 1.0, 1.5

As an example, the calculated phonon dispersions of Na; sMg sZrOs are shown in Fig. 6. Other

calculated phonon dispersions of Na; oM ¢ZrOs and NagsM; sZrOs are shown in Figs. S7 and S8 of the

Supporting Materials, respectively. Obviously, there are two soft modes in Na; sLisZrO3;-A, one soft

mode in Na, gLi; ¢ZrOs-A, and four soft modes in Nag sLi; sZrOs-

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 Na,ZrO; systems,

only Na;sKysZrO;-B has a few soft modes. These results indicate that the Na,ZrO; 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 CO, 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 Na, ,Li,ZrO; and Na, (K,ZrOs are
shown in Fig.7. It can be seen that there are some differences between TPDOS of Na, ,M,ZrOs-A and
Nay.M,ZrO;-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.
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Fig. 8 The calculated phonon free energies versus temperatures of Na, ;M,ZrOs,
M=Lj, K, 0=0.5, 1.0, 1.5.

Based on the calculated phonon dispersion frequencies and density of states, the phonon free

SPH

energy (F'(T)) and entropy (S™(T)) of doped systems Na, M,ZrO; Versus temperatures are
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evaluated and shown in Figs. 8 and 9, respectively. Obviously, the zero point energy (E,,) 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 Na, ,M,ZrOs;. Overall, the entropies of Na,
«KoZ1rO3 are larger than corresponding Na, ,Li,ZrO;. It can be seen from Figs. 8 and 9, that with
increasing the Li- or K-doping level, although there are some differences, the F*'(T) and S"'(T) do
not change much. Therefore, according to equations (2) and (3), the EPFT plays important role for
evaluating the thermodynamic properties of CO; capture reactions (a) by these doped solids. In the

following thermodynamic analysis, we only use those systems without soft mode and with lower E”'".
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Fig. 9 The calculated entropies versus temperatures of Nay.,MqZrOs,
M=Li, K, 0=0.5, 1.0, 1.5.
D. Capabilities of CO, capture

Experimental investigations showed that the alkali metal zirconates are potential solid sorbents
for CO, capture because of their large CO, sorption capacity, infinite CO,/N, or CO,/H; selectivity,

good reversibility, and high operating temperature.* ' From equation (1), when Pco,=P¢=1 bar, the
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A(T) is identical with the standard Gibbs free energy change AG(T). According to Egs.(1)~(3), the
calculated thermodynamic properties (AH(T), AG(T), AS(T)) of reactions (a) versus the temperatures are

plotted in Fig.10 and also summarized in Table 3.
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Fig. 10. The calculated thermodynamic properties of the reactions of Na, ;M,ZrO; (M=Li, K, a=0.5,
1.0, 1.5) capturing CO,: (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 CO,, the heat of

reaction AH(T) and the entropy change AS(T) are decreased with increasing temperatures. Such results

indicate the entropy gain associated with releasing CO, from the corresponding carbonates gets larger as
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one raises the temperature. However, the Gibbs free energy changes of the CO, capture reactions by
these mixed sorbents increase with the increasing temperatures and reach zero at certain turn-over
temperature (T;) for different mixture as shown in Fig. 10(c). Above T, the doped material will not

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

—=—Na ZrO,

—o—L1.7Z10,

— K, ZrO,
—v—Na, K, ZrO,
Na K ZrO,

1.0 1.0

- -pre-combustion

q*\
---------'-‘Qsipist-combuslion ——Na, K210,

Na{r.SLil.serR
a0 e Nal.u]“il.nzro1

Na 1 SLil].ﬁer.‘

CO2 Pressure PcmlP0

I
1.5 2.0 2.5
Temperature 1000/T (K)

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

According to Eq.(1), for the reactions of Na,; ,M.ZrO; capturing CO,, we can explore the
relationship among the chemical potential change (Au(T,P)), the temperature (T), and the CO, 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 M,ZrO; (M=Li, Na, K)'* ! are also plotted in the same figure. The lines

in the Fig.11 indicates that for each CO; capture reaction, the Apu(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 Na, ,M,ZrOs is favored to absorb CO, and to form
carbonates M;CO; and ZrO,, while below the line the carbonates are favored to release CO, 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 Pco,, which means
in this temperature range the CO, absorption is thermodynamically favored in Na, ;M,ZrO;. But as a
CO; solid sorbent, the sorbent should not only easily absorb the CO, at the first half cycle but also be
easily regenerated from products (M,CO; and ZrO, for example) to release the CO, 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 CO,, H,O and H,. The partial CO; pressure is around 20~25 bar and the temperature is around
300~350°C. For pre-combustion, the programmatic goal of the Department of Energy (DOE) is to
capture at least 90% CO; 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 CO, from H,.
The turnover temperature at these pressures, denoted T, is listed in Table 3, and is the temperature
above which the Na, ,M,ZrOs3 cannot absorb CO, anymore and will start to release CO,. This indicates
during the first half cycle when CO, is captured, the operating temperature should be lower than T,
whereas the operating temperature may be higher than T; (depending on the desired obtained CO,
pressure) during the second half cycle when sorbents regenerate and release CO,. For post-combustion
conditions, the gas stream mainly contains CO, and N, the partial pressure of CO, 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 CO, capture is to capture at least 90% CO,
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with the cost in electricity no more than 35%, whereas in the case of pre-combustion CO, capture is to

capture at least 90% CO, with the cost in electricity no more than 10%.

61, 62

(denoted as T,) for post-combustion capture CO; by Na, ;M,ZrO; are also listed in Table 3.

The turnover temperatures

Table II1. The weight percentage of CO; capture, the ratios of Na,0:M,0:ZrO, (M=Li, K), the calculated energy
change AEP™", the zero-point energy changes AE” and the thermodynamic properties (AH, AG) of the CO, capture
reactions. (unit: kJ/mol). The turnover temperatures (T; and T,) of the reactions of CO; capture by solids under
the conditions of pre-combustion (Pco>=20 bar) and post-combustion (Pco,=0.1 bar) are also listed.

reaction ?Sor};ig/g I\Izarch)) :lr\:tzg AEPT | AE® 7AH 7AG Tumover T ()
> Wt% | ZrO, (T=300K)|[(T=300K)| T, | T,
Na,ZrO;+CO, < Na,CO5+Zr0, * 23.76 1:0:1 -140.862| 2.236 | -158.327| -114.121 | 1275 | 925
Na; sLig sZr05-B+CO, < */,Na,CO5+'/,Li,CO5+Z1O, 24.83 ¢l |-170.881] 4.667 | -242.090 | -159.144 | 805 715
Naj oLi; ¢ZrO3-B+CO; & '/,Na,CO5+'/,Li,CO5+Z1r0, 26.01 Va:'fl |-157.839| 6.480 | -228.381 | -142.555| 745 675
Nayg sLi; sZr05-A+CO, < '/,Na,CO5+°/,Li,CO5+Zr0, 27.31 Vidlpel  |-169.827| 9.652 | -237.765| -146.230| 735 665
Na; Ko 5ZrO5-A+CO, < */,Na,CO5+'/,K,CO5+Zr0, 22.77 ¢ 1 |-210.081] 2.486 | -281.253| -199.996 | 915 825
Na, oK ¢ZrO;-B+CO, < '/,Na,CO5+'/,K,CO5+Zr0O, 21.86 Va'f 1 |-245.436| 2.058 | -316.736 | -236.789| 1015 | 915
Nayg 5K sZr05-B+CO, < '/,Na,CO5+/,K,CO5+Zr0, 21.02 vidlpl  |-278.147] 1.519 | -349.077| -272.038 | 1125 | 1015
Li,ZrO5+CO, < Li,CO5+Zr0, ° 28.75 0:1:1 -146.648| 11.311 | -158.562 | -103.845| 1000 | 780
K,ZrO;+CO, < K,CO5+ZrO, * 20.24 0:1:1 -223.158| 5.813 | -238.490| -187.884 | hT°® | 1285

* From Ref."".
® From Ref."
“ 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 Na, oLi; ¢ZrOs and Nag sLi; sZrOs have their T, close to the high end of pre-

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

doped Na,ZrO; could be used for pre-combustion CO, capture technology. Obviously, the lower Li-

doped (<50%) and all K-doped Na,ZrO; are not good sorbents for capturing CO, in pre-combustion

technology. However, all of the Li- and K-doped Na,ZrO3; materials could be used for high-temperature

post-combustion CO; capture with T, in the range of 665K - 1015 K as listed in Table 3.

Compared to pure Na,ZrOs;, the Li- and K-doped mixtures have lower turnover temperatures.

The amount by which T; 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 T
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decrease than the K-doped systems. When increasing Li-doping level a, the T; of the corresponding
mixture Na, ,Li,ZrO; decreases further to a low temperature range. However in the case of K-doped
systems Na,_,K,ZrOs, although doping K into Na,ZrO; initially shifts its T; to lower temperatures, but,
further increase in the K-doping level a, cause T; to increase. In other words, Li doping of Na,ZrOs has a
more beneficial influence on its CO, capture performance than K doping.

Fig. 12 shows the CO; capture performances of pure Na,ZrOs and one doping level 0=0.5
Na;sMosZrOs. The experimental results clearly show that compared to pure Na,ZrOs;, both
Na, 5sLipsZrOs and Na, sK(sZrO; have higher CO, capture capacities. Compared to Na; sKysZrO;, the
Na, 5sLip sZrO3 has higher CO, capacity and reaches to the maximum faster and at lower temperature.

At low temperatures the superficial CO, captures are not so different, although the final ones
(associated to the bulk capture process) are importantly different, among the samples. While the pristine
NayZrO; captured 9.11 wt%, NajsLipsZrO; and Na;sKosZrOs; captured 18.35 and 14.54 wt%,
respectively. Although the dynamic TG experiments are qualitative results, it seems that the CO, bulk
capture process (400-750 °C) in Na,; sM sZrO; samples are faster than in Na,ZrOs. The slopes obtained
in the Na,ZrO; sample (0.019 wt/°C) was smaller than those obtained in the Na; sLig 5ZrO; (0.066 wt/°C)
and Na; 5Ky 5ZrO; (0.041 wt/°C) 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,?® the
experimental results clearly showed that CO; capture in Na,.,Li1,ZrO3 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),COs), which induces a partial fusion. In any case, the diffusion processes must be

enhanced due to mixing the alkaline elements in the Na; ,M,ZrO; and further calculations are under the

25



way. It should be pointed it out that in order to fully understand the kinetic mechanisms of CO,
sorption/desorption by those thermodynamically feasible solid materials, simulations on the CO;
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 CO; capture by Na; sMy sZrO; (M=L1i, K) in

comparison with pure Na;ZrOs.

Nay.M,ZrO; materials can be stoichiometrically regarded as a mixture of three oxides: Na,O,
M,0, ZrO, in the ratio (2-a):a:1. In Table 3, we list these ratios for the corresponding M-doped Na,ZrO;
with different doping levels. As we know for a given CO, capture process, its optimal working
temperature range (AT,) is desired to be fixed. Meanwhile, at a given CO, pressure, the T; of an
individual solid capture CO; reaction is also fixed. Such T; may be outside the AT, for a particularly
capture technology. In order to adjust T; to fit the AT,, we have demonstrated that by mixing two
different types of solids to shift T, to the practical operating AT, range.”” This study further provides
ways that mixing/doping more than two oxides to form new sorbents can fit the industrial needs to

capture CO;, 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 Na; (MqZrO; (M=Li,
K, a=0, 0.5, 1.0, 1.5, 2.0) by density functional theory and first-principles determination of phonon
dynamics. The thermodynamic properties of CO, absorption/desorption in these materials were
analyzed.

With increasing doping level a, the binding energies of Na,.Li,ZrOs increased while the
binding energies of Na, (K.ZrOs decreased, destabilizing the structure. The Na,_,Li,ZrO; for different
doping levels (a=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 Nay sLi; sZrO;—A which has a direct band-gap, all others have indirect
band-gaps located between the I' and M high symmetry points. However, in the case of Na,.,K,ZrOs,
between VB, and VB,, there is another VB3 which is contributed from doped-K element and its width
is increased with increasing K-doping level. Compared to pure M,ZrO; (M=Li, Na, K), due to their
different crystal structures, when doping Li into Na,ZrOs, the band-gaps of the obtained Na, (K,ZrO;
are larger than those of pure Na,ZrO; but smaller than those of Li,ZrOs;. When doping K into
NayZrOs, the band-gaps of the obtained Na, ,K,ZrO; are similar to those of pure Na,ZrOs but larger
than those of K,ZrOs;. The calculated density of states showed that at the same doping level, the
doping sites play significant roles in the electronic properties.

As in NayZrOs, Nay ,M,ZrOs 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 Na, M,ZrO; with different doping levels o and doping sites do

DFT

not have large differences with increasing temperature. Hence, the calculated E™ " of each doped

system plays important role for evaluating their thermodynamic properties of CO, capture reactions.
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Based on the calculated relationships among the chemical potential change, CO, pressure and
temperature for CO; capture reactions by Na;.,M,ZrOs and thermogravimetric analysis experimental
measurements, compared to pure Na,ZrOs;, the Li- and K-doped mixtures Na, ,M,ZrOs have lower
turnover temperatures (T;) and higher CO; capacities. The calculated results show that the shift in T,
depends not only on the doping element, but also depends on the doping level. The Li-doped systems
have larger T, decreases than the K-doped systems. When increasing the Li-doping level a, the T; of
corresponding mixture Na, ,Li,ZrOs decreases further to a low temperature range. However in the
case of K-doped systems Na, ,K,ZrOs, although initial doping of K into Na,ZrOs can shift its T to
lower temperature range, further increasing the K-doping level a results in an increase in T
Therefore, compared to K-doing, lithium inclusion into Na,ZrOs structure has a larger influence on the
CO; capture performance.

All these results may be of great interest in the development of specific CO, capture
applications. As it has been shown, the Na,,Li,ZrO; and Na, ,K,ZrO; compositions can produce
modifications in the CO, 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 CO; 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 CO, capture and

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

28



REFERENCES

1

20

21

D. Aaron and C. Tsouris, Separation of CO, from flue gas: A review, Separation Science and
Technology 40, 321 (2005).

C. M. White, B. R. Strazisar, E. J. Granite, J. S. Hoffman, and H. W. Pennline, Separation and capture
of CO, from large stationary sources and sequestration in geological formations-coalbeds and deep
saline aquifers, J. Air Waste Manag. Assoc. 53, 645 (2003).

R. S. Haszeldine, Carbon Capture and Storage: How Green Can Black Be? Science 325, 1647 (2009).
H. Pfeiffer and P. Bosch, Thermal stability and high-temperature carbon dioxide sorption on hexa-
lithium zirconate (LigZr,07), Chemistry of Materials 17, 1704 (2005).

E. Ochoa-Fernandez, H. K. Rusten, H. A. Jakobsen, M. Ronning, A. Holmen, and D. Chen, Sorption
enhanced hydrogen production by steam methane reforming using Li,ZrOs as sorbent: Sorption kinetics
and reactor simulation, Catalysis Today 106, 41 (2005).

B. Y. Li, Y. Duan, D. Luebke, and B. Morreale, Advances in CO, capture technology: A patent review,
Applied Energy 102, 1439 (2013).

Y. Duan, Structural and electronic properties of LigZrOg and its CO, capture capabilities: an ab initio
thermodynamic approach, Physical Chemistry Chemical Physics 15, 9752 (2013).

Y. Duan, D. Luebke, and H. W. Pennline, Efficient theoretical screening of solid sorbents for CO,
capture applications, International Journal of Clean Coal and Energy 1, 1 (2012).

Y. Duan, H. Pfeiffer, B. Li, I. C. Romero-Ibarra, D. C. Sorescu, D. R. Luebke, and J. W. Halley, CO,
capture properties of lithium silicates with different ratios of Li,O/SiO,: an ab initio thermodynamic
and experimental approach, Physical Chemistry Chemical Physics 15, 13538 (2013).

Y. Duan, Electronic structural and phonon properties of lithium zirconates and their capabilities of CO,
capture: A first-principle density functional approach, J. Renewable Sustainable Energy 3, 013102
(2011).

Y. Duan, A first-principles density functional theory study of the electronic structural and
thermodynamic properties of M,ZrO; and M,CO; (M=Na, K) and their capabilities for CO, capture, J.
Renewable Sustainable Energy 4, 013109 (2012).

Y. Duan and K. Parlinski, Density functional theory study of the structural, electronic, lattice
dynamical, and thermodynamic properties of Li4SiO, and its capability for CO, capture, Phys. Rev. B
84, 104113 (2011).

Y. Duan and D. C. Sorescu, Density functional theory studies of the structural, electronic, and phonon
properties of Li,O and Li,CO;: Application to CO, capture reaction, Phys. Rev. B 79, 014301 (2009).
Y. Duan and D. C. Sorescu, CO, capture properties of alkaline earth metal oxides and hydroxides: A
combined density functional theory and lattice phonon dynamics study, J. Chem. Phys. 133, 074508
(2010).

K. L. Zhang, X. H. S. Li, Y. Duan, D. L. King, P. Singh, and L. Y. Li, Roles of double salt formation
and NaNQOj; in Na,CO3-promoted MgO absorbent for intermediate temperature CO, removal,
International Journal of Greenhouse Gas Control 12, 351 (2013).

J. L. Chi, L. F. Zhao, B. Wang, Z. Li, Y. H. Xiao, and Y. Duan, Thermodynamic performance
assessment and comparison of IGCC with solid cycling process for CO, capture at high and medium
temperatures, International Journal of Hydrogen Energy 39, 6479 (2014).

K. L. Zhang, X. H. S. Li, W. Z. Li, A. Rohatgi, Y. Duan, P. Singh, L. Y. Li, and D. L. King, Phase
Transfer-Catalyzed Fast CO, Absorption by MgO-Based Absorbents with High Cycling Capacity,
Advanced Materials Interfaces 1, 1400030 (2014).

G. Pannocchia, M. Puccini, M. Seggiani, and S. Vitolo, Experimental and modeling studies on high-
temperature capture of CO, using lithium zirconate based sorbents, Ind. Eng. Chem. Res. 46, 6696
(2007).

K. Nakagawa and T. Ohashi, A novel method of CO, capture from high temperature gases, J.
Electrochem. Soc. 145, 1344 (1998).

K. Nakagawa and T. Ohashi, A reversible change between lithium zirconate and zirconia in molten
carbonate, Electrochemistry 67, 618 (1999).

K. Essaki, K. Nakagawa, and M. Kato, Acceleration effect of ternary carbonate on CO, absorption rate
in lithium zirconate powder, J. Ceram. Soc. Jpn 109, 829 (2001).

29



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41
42

43

44

45

K. Essaki, K. Nakagawa, M. Kato, and H. Uemoto, CO, absorption by lithium silicate at room
temperature, J. Chem. Eng. Jpn 37, 772 (2004).

K. Essaki, M. Kato, and H. Uemoto, Influence of temperature and CO, concentration on the CO,
absorption properties of lithium silicate pellets, J. Mater. Sci. 40, 5017 (2005).

K. Essaki, M. Kato, and K. Nakagawa, CO, removal at high temperature using packed bed of lithium
silicate pellets, J. Ceram. Soc. Jpn 114, 739 (2006).

D. J. Fauth, E. A. Frommell, J. S. Hoffman, R. P. Reasbeck, and H. W. Pennline, Eutectic salt promoted
lithium zirconate: Novel high temperature sorbent for CO, capture, Fuel Processing Technology 86,
1503 (2005).

J.Ida and Y. S. Lin, Mechanism of high-temperature CO, sorption on lithium zirconate, Environ. Sci.
Technol. 37, 1999 (2003).

J.1da, R. T. Xiong, and Y. S. Lin, Synthesis and CO, sorption properties of pure and modified lithium
zirconate, Sep. Purif. Technol. 36, 41 (2004).

E. Ochoa-Fernandez, M. Ronning, T. Grande, and D. Chen, Nanocrystalline lithium zirconate with
improved kinetics for high-temperature CO, capture, Chemistry of Materials 18, 1383 (2000).

H. Pfeiffer, E. Lima, and P. Bosch, Lithium-sodium metazirconate solid solutions, Li, \Na,ZrO; (0 <= x
<=2): A hierarchical architecture, Chemistry of Materials 18, 2642 (2006).

H. Pfeiffer, C. Vazquez, V. H. Lara, and P. Bosch, Thermal behavior and CO, absorption of Li,.
NaxZrO; solid solutions, Chemistry of Materials 19, 922 (2007).

H. K. Rusten, E. Ochoa-Fernandez, D. Chen, and H. A. Jakobsen, Numerical investigation of sorption
enhanced steam methane reforming using Li,ZrOs; as CO,-acceptor, Ind. Eng. Chem. Res. 46, 4435
(2007).

Y. J. Wang, L. Qi, and W. J. Jiang, Effect of Na-doping on properties of lithium zirconate as CO,-
absorbent, Chinese Journal of Inorganic Chemistry 22, 1118 (2006).

T. J. Zhao, E. Ochoa-Fernandez, M. Ronning, and D. Chen, Preparation and high-temperature CO,
capture properties of nanocrystalline Na,ZrO;, Chemistry of Materials 19, 3294 (2007).

M. Y. Veliz-Enriquez, G. Gonzalez, and H. Pfeiffer, Synthesis and CO, capture evaluation of Li,.
KxZrOj3 solid solutions and crystal structure of a new lithium-potassium zirconate phase, J. Solid State
Chem. 180, 2485 (2007).

A. Lopez-Ortiz, N. G. P. Rivera, A. R. Rojas, and D. L. Gutierrez, Novel carbon dioxide solid acceptors
using sodium containing oxides, Separation Science and Technology 39, 3559 (2004).

E. Ochoa-Fernndez, M. Ronning, X. Yu, T. Grande, and D. Chen, Compositional Effects of
Nanocrystalline Lithium Zirconate on Its CO, Capture Properties, Ind. Eng. Chem. Res. 47, 434 (2008).
E. Ochoa-Fernandez, T. J. Zhao, M. Ronning, and D. Chen, Effects of Steam Addition on the Properties
of High Temperature Ceramic CO, Acceptors, Journal of Environmental Engineering-Asce 135, 397
(2009).

A. Sandoval-Diaz and H. Pfeiffer, Effects of potassium doping on the composition, structure and
carbon dioxide chemisorption of Na,ZrOs, Revista Mexicana De Fisica 54, 65 (2008).

V. G. Velderrain, D. B. Jimenez, D. L. Gutierrez, D. D. Vigil, J. S. Gutierrez, A. L. Ortiz, and V.
Collins-Martinez, Li Promoted Sodium Zirconates as High Temperature Absorbent, Journal of New
Materials for Electrochemical Systems 13, 295 (2010).

Y. Duan, Electronic, structural, phonon dynamical, and CO, capture properties of LiMZrO; (M=Na, K)
by ab initio thermodynamic investigation, Sciencelet 3, 56 (2014).

G. Kresse and J. Hafner, Abinitio Molecular-Dynamics for Liquid-Metals, Phys. Rev. B 47, 558 (1993).
G. Kresse and J. Furthmuller, Efficient iterative schemes for ab initio total-energy calculations using a
plane-wave basis set, Phys. Rev. B 54, 11169 (1996).

J. P. Perdew and Y. Wang, Accurate and Simple Analytic Representation of the Electron-Gas
Correlation-Energy, Phys. Rev. B 45, 13244 (1992).

Y. Duan, Electronic properties and stabilities of bulk and low-index surfaces of SnO in comparison
with SnO,: A first-principle density functional approach with an empirical correction of van der Waals
interactions, Phys. Rev. B 77, 045332 (2008).

H. J. Monkhorst and J. D. Pack, Special Points for Brillouin-Zone Integrations, Phys. Rev. B 13, 5188
(1976).

30



46

47

48

49

50
51

52
53

54

55

56

57

58

59

60

61

62

C. J. Bradley and A. P. Cracknell, The mathematical theory of symmetry in solids (Clarendon press,
Oxford, 1972).

Y. Duan, K. Zhang, X. S. Li, D. L. King, B. Li, L. Zhao, and Y. Xiao, ab initio Thermodynamic Study
of the CO, Capture Properties of M,CO; (M = Na, K)- and CaCOs-Promoted MgO Sorbents Towards
Forming Double Salts, Aerosol and Air Quality Research 14, 470 (2014).

S. Cristol, J. F. Paul, E. Payen, D. Bougeard, S. Clemendot, and F. Hutschka, Theoretical study of the
MoS, (100) surface: A chemical potential analysis of sulfur and hydrogen coverage. 2. Effect of the
total pressure on surface stability, J. Phys. Chem. B 106, 5659 (2002).

J. H. Wang and M. Liu, Surface regeneration of sulfur-poisoned Ni surfaces under SOFC operation
conditions predicted by first-principles-based thermodynamic calculations, J. Power Sources 176, 23
(2008).

R. G. Mortimer, Physical Chemistry (Academic Press, 2000).

M. Sternik and K. Parlinski, Free-energy calculations for the cubic ZrO, crystal as an example of a
system with a soft mode, J. Chem. Phys. 123 (2005).

K. Parlinski, Software PHONON (2010).

K. Parlinski, Z. Q. Li, and Y. Kawazoe, First-principles determination of the soft mode in cubic ZrO,,
Phys. Rev. Lett. 78, 4063 (1997).

P. Kubelka and F. Munk, Ein Beitrag zur Optik der Farbanstriche, Z. Tech. Phys. 12, 593 (1931).

T. J. Bastow, M. E. Hobday, M. E. Smith, and H. J. Whitfield, Structural characterization of Na,ZrO;,
Solid State Nuclear Magnetic Resonance 3, 49 (1994).

B. M. Gatehouse and D. J. Lloyd, Crystal structure of potassium matazirconate and potassium
metastannate - K,ZrO, and K,SnOj; - oxides with 5-coordinate square-pyramidal zirconium(4) and
tin(4), Journal of the Chemical Society D-Chemical Communications, 727 (1969).

B. M. Gatehouse and D. J. Lloyd, The crystal structure of potassium metazirconate, K,ZrOs, and its tin
analogue, K,SnQO;, J. Solid State Chem. 2, 410 (1970).

G. Lang, Die Kristallstruktur einiger vertreter der verbindungsklasse ME(2)1ME403 als beitrag zur
aufklarung der ordungsphase von Li,TiO;, Zeitschrift Fur Anorganische Und Allgemeine Chemie 276,
77 (1954).

G. Lang, Strukturvergleiche an ternaren und quarternaren oxiden, Zeitschrift Fur Anorganische Und
Allgemeine Chemie 348, 246 (1966).

P. Sanchez-Camacho, I. C. Romero-Ibarra, Y. Duan, and H. Pfeiffer, Thermodynamic and kinetic
analyses of the CO, chemisorption mechanism on Na,TiOs: experimental and theoretical evidences,
Journal of Physical Chemistry C 118, 19822 (2014).

DOE-NETL : "Cost and Performance Baseline for Fossil Energy Plants", Volume 1: Bituminous Coal
and Natural Gas to Electricty Final Report (http://www.netl.doe.gov/energy-
analyses/baseline_studies.html, 2007).

J. D. Figueroa, T. Fout, S. Plasynski, H. Mcllvried, and R. D. Srivastava, Advancesn in CO, capture
technology - The US Department of Energy's Carbon Sequestration Program, International Journal of
Greenhouse Gas Control 2, 9 (2008).

31



