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Perovskites exhibit excellent protonic conductivity in the mid-temperature range, and among them, yttria-doped bar-
ium zirconate (BZY) is considered one of the most promising perovskite proton conductors. Molecular simulations provide
an efficient approach to investigating the thermal transport behavior of nanocrystalline materials. The effect of doping con-
centration on the thermal transport properties of BZY structures was investigated using the equilibrium molecular dynamics
(EMD) method combined with phonon spectral energy density (SED) analysis. The results show that the thermal trans-
port properties gradually decrease with increasing doping concentration, and for structures with dopants only and without
oxygen vacancies, the thermal conductivity exhibits a similar decreasing trend but remains higher than that of structures
containing both dopants and oxygen vacancies. Comparison of phonon lifetime and group velocity reveals that oxygen
vacancy defects enhance phonon scattering, thereby leading to a reduction in thermal transport properties, while doping
reduces the thermal transport properties by weakening lattice harmonicity. The effect of different hydration levels on the
thermal transport properties of BZY was also investigated, and the results indicate that the thermal conductivity fluctuates
in structures with low hydration levels and continues to decrease as the proton defect concentration increases with hydra-
tion. Further analysis of phonon lifetime and group velocity demonstrates that proton defects reduce the thermal transport

properties through both enhanced phonon diffusion and weakened harmonicity.

Keywords: molecular dynamics, spectral energy density, hydration, thermal transport property
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1. Introduction

Perovskite oxides show great potential for proton trans-
port in hydrogen and water vapor environments at 300—
800 °C.I'*1 Proton transport occurs through hopping from
one ion to the next, making these materials very promis-
ing electrolytes for medium-temperature solid oxide fuel
cells.P1 BaCeO; (BCO), SrCeOs; (SCO), and BaZrO;
(BZO) perovskites exhibit outstanding potential,!'~17] with
BCO and SCO showing poor stability and conductivity at
high temperatures, '8! whereas BZO possesses a high melting
point and good high-temperature phase stability. However, the
high refractoriness, grain-boundary impedance, and poor sin-
tering behavior of BZO result in low conductivity, and yttrium-
doped barium zirconate (BZY) successfully overcomes the
poor sintering properties and grain-boundary impedance un-
der medium-temperature conditions.!'2!1 In addition, BZO
is also promising for various other high-temperature appli-
cations, such as crucible materials for high-quality crys-

tal growth, [22-25] n,[20:27]

substrates for thin film depositio
and interface materials for ceramic—ceramic composites. 2821

Therefore, an in-depth study of the thermal transport proper-
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ties of BZO is needed.

Experimental studies of the thermal conductivity of BZO
and BCO show that the thermal conductivity of BZO is
approximately three times that of BCO at room temper-
ature and decreases with increasing temperature for both
BZO and BCO, indicating dominant phonon-mediated heat
transport.[3") Molecular dynamics simulations of the macro-
scopic thermodynamic properties of BZO revealed that the
typical potential wells of Ba—O and Zr-O originate from
Coulomb interactions, and the radial distribution function indi-
cates that the atomic structure of BaZrO3 remains dynamically
stable at high temperatures. The thermal conductivity was cal-
culated using a nonequilibrium molecular dynamics method,
and the simulation results were in good agreement with ex-
perimental data.l3!! First-principles calculations and experi-
mental studies further revealed that BZO exhibits high phase
stability from room temperature to the melting point, good
mechanical properties, and low thermal conductivity, while
Young’s modulus, flexural strength, and thermal conductivity
all decrease significantly with increasing temperature.3?! For
BZO structures with A- or B-site doping by Ca>*, Sr>*, Ti**,
and Ce**, experimental studies of microstructure, phase com-
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position, and mechanical and thermal properties showed that
Ba;_,Ca,ZrO3 (x = 0.2 and 0.4) samples exhibit relatively ex-
cellent overall performance. Co-doping with Ca>* and Ti** at
appropriate ratios was further used to enhance the strength and
density of the samples, while the thermal conductivity of all
doped samples remained generally low. 3! Machine-learning
molecular dynamics methods have also been employed to cal-
culate the thermal conductivity and thermal expansion coef-
ficients of BZO and related materials. In these studies, 100
trajectories from ab initio molecular dynamics (AIMD) sim-
ulations were selected to generate the initial training set, and
an active learning approach was used to train the machine-
learning potential. The resulting phonon dispersion curves
agree well with density functional theory results, thereby val-
idating the accuracy of the machine-learning potential. Based
on this potential, homogeneous nonequilibrium molecular dy-
namics simulations were performed, and the calculated results
for materials such as BZO at temperatures up to 1500 K show
excellent agreement with experimental measurements. (34!

In this paper, we investigate the thermal transport prop-
erties of BZY before and after hydration at different Y-dopant
concentrations using Green—Kubo equilibrium molecular dy-
namics (EMD) simulations and phonon spectral energy den-
sity (SED) analysis.
models with different doping concentrations and hydration

By performing EMD simulations for

levels, we demonstrate that oxygen vacancies, dopants, and
proton defects all lead to a reduction in the thermal conductiv-
ity of BZY. Furthermore, the mechanisms by which hydration
reactions affect the thermal transport properties of BZY are
elucidated through analysis of phonon correlation properties.

2. Computational theory
2.1. Potential

BZO systems are inorganic ionic compounds, and in
this work, the interactions between ions are described using
the Coulomb—Buckingham potential function, as expressed in
Eq. (1), where g; and g; denote the charges of an ionic pair
and r;; is the distance between the ions. The first term on
the right-hand side represents the short-range repulsive inter-
action arising from the close proximity of ions. The second
term describes the dispersion interaction caused by asymmetry
in the electron cloud distribution. This dispersive attraction is
weak compared with the Coulomb and repulsive interactions,
and because the dispersion coefficient is positive (or zero),
the dispersive potential decreases with decreasing interionic
distance. The third term represents the Coulomb interaction,
which is the most fundamental long-range interaction between
ions. The potential parameters A;;, p;j, and C;; were empiri-
cally derived for each ion—ion interaction. Lattice energy cal-
culations employ the standard Ewald summation method to

treat Coulombic interactions, and the ion-pair parameters used

in this work are listed in Table 1.[35:30]
U = Ajjexp <”> s L (1)
Pij T Tij
Table 1. Potential parameters of Buckingham.
Interaction Ajj (eV) pij (eV) G (eVlAﬁ)
Ba2t...0%~ 931.700 0.3949 0.00
Zrtt .. .0% 985.869 0.3760 0.00
Y3*... 0% 4121.837 0.2804 0.00
0 ...0* 22764.300 0.1490 27.890
H!*...0* 311.97 0.25 0

2.2. EMD simulations

There are two main approaches to modeling atomic-scale
heat transport using molecular dynamics simulations. The first
approach, known as the EMD method,?”! is based on quan-
tifying heat flow fluctuations in a system at equilibrium at a
given temperature, and the Green—Kubo formalism[®®! is em-
ployed to calculate the thermal conductivity of a bulk material.
The second approach, known as the nonequilibrium molecular
dynamics (NEMD) method or the direct method,**! is based
on establishing a steady-state heat flow between a heat source
and a heat sink and extracting the thermal conductivity of the
bulk or the interface from the slope or discontinuity of the tem-
perature gradient, respectively. In this paper, the EMD method
is employed to calculate the thermal conductivity of the bar-
ium zirconate system.

The calculation of properties such as thermal conductiv-
ity using the EMD method is based on fluctuation—dissipation
relations and linear response theory. At equilibrium, the heat
flow in a particle system fluctuates around zero, and this fea-
ture is directly exploited. The heat flow vectors and their time
correlations are evaluated throughout the simulation. In this
method, the thermal conductivity is related to the heat current
autocorrelation function as shown in the following equation:

1 Tin
K= g, WEI0) @)
where V is the volume of the system, kg is the Boltzmann con-
stant, T is the system temperature, 7, is the correlation time
required for sufficient decay of the heat flux autocorrelation
function, and (J(7)J(0)) denotes the ensemble average of the
heat flux autocorrelation function.

The heat flow J for systems described by three-body po-

tentials can be calculated using the following equation:

1
J(I) = ZV[S,'—FE Z r,'j(E'j-v,')
i

iji#]
1
+82(rij+rik) X (Fiji-vi) s 3)
ijk
where v; and v; denote the velocities of atoms i and j, respec-
tively, and F;; is the interatomic force exerted on atom i by
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atom j. The first term on the right-hand side represents the
convective term, corresponding to heat carried by convective
energy transport, while the second and third terms are inter-
action terms associated with lattice vibrations. Therefore, the
EMD method enables decomposition of the contributions to
the thermal conductivity from a single simulation result,[“°]
which is achieved by correlating the integrals for each type of

heat flow separately

1
Kvirial = W/O <-,viria1(7:)-]virial (0)> dT» (4)
1 [
Keonvection = WA <Jconvection(T)Jconvection (O)> dT) (5)
1 @
Keross = W (/O <Jviria1(T)Jconvection(o» dr
Tm
+/0 <Jconvection(T)Jviria](0)> dT)v (6)

where Kyiria 18 the virial thermal conductivity, representing lat-
tice vibrational heat transfer arising from interatomic poten-
tials; Keonvection 1S the convective thermal conductivity, repre-
senting heat transfer due to atomic motion; and Kcrogs 1S the
cross thermal conductivity, representing the correlation be-
tween the virial and convective contributions.

2.3. Calculation of phonon correlation properties

The vibrational density of states (VDOS) is a character-
istic quantity that describes the frequency-domain distribution
of vibrational modes in a structure and is also referred to as
the phonon density of states (PDOS) when describing mode
distributions in crystalline materials. It can be obtained us-
ing molecular dynamics simulations by performing a Fourier

transform of the atomic velocity autocorrelation function*!!

A
vDOS, = ). [ via©) - vialop e, @)

where v;, denotes the velocity component of atom i along
the o direction, N denotes the total number of atoms, and @
denotes the angular frequency. The phonon spectral energy
density (SED)“?#] is extracted from the time evolution ob-
tained by molecular dynamics simulations to analyze phonon
behavior.[**l The calculation of the phonon spectral energy
density is based on mapping the kinetic energy onto phonon
normal modes using the phonon eigenvectors

(k. NN m \ (kb
o(3r) = X yyei)e (e)
xexp{ikrro(rg)}, (3)

where k is the wave vector, A denotes the phonon mode, « is
the Cartesian coordinate direction, /V, is the number of atoms

in the unit cell, N is the number of unit cells in the system, m
denotes the atomic mass, v is the atomic velocity in real space,
e* is the phonon eigenvector, and 7 is the position vector of
the unit cell relative to the origin. Based on the normal-mode
representation, the phonon spectral energy density can be ex-
pressed as

\/%q (’; ) exp (ior) dt

where o is the angular frequency of the phonon mode and ¢

3n 1
D(k,0)=2) lim — x ;9
A

To—eo 2T

denotes time. After obtaining the spectral energy density, the
phonon lifetime can be extracted by fitting the half-width of
the spectral peak using a Lorentzian function

1

P (k,0) = : (10)
1+ [(0-a) /7
1
T= 2 11

where I denotes the peak intensity, ¥ denotes the half-width at
half-maximum of the peak, @, denotes the peak angular fre-
quency, and 7 denotes the phonon lifetime.

3. Results and discussion

The EMD method has been widely used to investigate the
thermal conductivity of perovskite materials and has produced
reliable results using both 8 x 8 x 8 and 10 x 10 x 10 supercell
models. 31401 EMD simulations employing 5 x 5 x 5,6 X 6 X 6,
8 x8x8,10x10x 10, and 12 x 12 x 12 BZO supercells in-
dicate that the calculated thermal conductivity is insensitive
to the supercell size. In this work, a 10 x 10 x 10 supercell
was selected to facilitate construction of structures with dif-
ferent doping concentrations. Based on the BZO structure,
different concentrations of Y+ were used to randomly substi-
tute Zr**, and a corresponding number of lattice oxygen atoms
were removed to form oxygen vacancies in order to maintain
charge neutrality, yielding Y-doped BZY structures. On this
basis, oxygen vacancies were filled with different concentra-
tions of OH™, and H" ions were introduced near neighboring
lattice oxygen atoms to obtain hydrated BZY structures. The
atomic structures of BZO, Y-doped BZY, and fully hydrated
BZY are shown in Fig. 1. In the simulations, periodic bound-
ary conditions were applied in all three directions, and the ini-
tial structures were first energy-minimized using the conjugate
gradient method. The initial atomic velocities were assigned
according to the Boltzmann distribution at 300 K, and a time
step of 0.5 fs was used. The systems were first equilibrated at
300 K for 100 ps using the NPT ensemble, followed by fur-
ther equilibration at 300 K for 100 ps using the NVT ensem-
ble to ensure thermal equilibrium. Subsequently, production
runs of 2000 ps were carried out in the NVE ensemble, dur-
ing which the heat flux was recorded to compute the heat flux
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autocorrelation function and the thermal conductivity accord-
ing to Egs. (2)—(6). The equations of motion were integrated
using the velocity Verlet algorithm. To ensure statistical reli-
ability, different initial atomic velocities were generated using
different random seeds, and the reported thermal conductiv-
ities represent averages over 20 independent simulations for
each structure.

H

e O

oY

& AL oz

O#O%O O Ba
ogg@o@* t O $O ¢
o= 0)=g= = © 8= - © 0
‘0:0‘0 0:!0:0:

Fig. 1. Atomic configurations of BZO (a), BZY (b), and hydrated BZY (c).

3.1. Influence of doping concentration on the thermal
transport properties of BZY

To investigate the effect of doping concentration on the
thermal transport properties, additional structures with Y dop-
ing concentrations of 2%, 5%, 10%, 15%, 20%, 25%, and
30%, together with the corresponding fully hydrated struc-
tures, were constructed. The total number of atoms in each
structure, as well as the numbers of Y37 ions, oxygen vacan-
cies (Vg), and H™ defects, are summarized in Table 2. The
thermal conductivity of these structures was calculated using
the EMD method with a simulation setup consistent with that
used for calculating the thermal conductivity of BZO in Sec-
tion 3.

For different doping concentrations and the correspond-
ing fully hydrated structures, the variations of the total thermal
conductivity, virial thermal conductivity, convective thermal
conductivity, and coupling thermal conductivity are shown in
Fig. 2. In the EMD method, the virial thermal conductivity re-
flects the contribution from lattice vibrations driven by poten-
tial energy interactions, while the convective thermal conduc-
tivity corresponds to energy transport arising from fluid-like
atomic motion. From a mathematical perspective, the cross-
correlation function between the convective and virial heat
fluxes is negative, which leads to a negative cross thermal con-
ductivity. This indicates that the fluctuations of the two com-
ponents tend to cancel each other: when the convective heat
flux increases, the virial heat flux tends to decrease, resulting
in a partial offset of energy transport. Under this mechanism,
convection does not simply enhance heat conduction but in-
stead acts to weaken the overall thermal conductivity.

Table 2. Ionic numbers of systems.

Total number Y3+ Vi H*
System
of atoms number number number
BZO 5000 0 0 0
BZY2 4990 20 10 0
BZY5 4975 50 25 0
BZY10 4950 100 50 0
BZY15 4925 150 75 0
BZY20 4900 200 100 0
BZY25 4875 250 125 0
BZY30 4850 300 150 0
Fully hydrated BZY?2 5020 20 0 20
Fully hydrated BZY5 5050 50 0 50
Fully hydrated BZY 10 5100 100 0 100
Fully hydrated BZY 15 5150 150 0 150
Fully hydrated BZY20 5200 200 0 200
Fully hydrated BZY25 5250 250 0 250
Fully hydrated BZY30 5300 300 0 300

From a broader perspective, convection can be under-
stood as a complex extension of conduction,*3! where solid
lattice vibrations and fluid-like atomic motion are described
within a unified mathematical framework. In this framework,
the energy flux is closely related to the velocity component
vcos 0 (where 0 denotes the angle between the convective ve-
locity and the direction of energy propagation). Since this
component can take negative values, negative contributions to
thermal conductivity may arise under certain conditions, high-
lighting the role of velocity orientation in energy transport.
It is worth emphasizing that although the cross term is neg-
ative, the total thermal conductivity always remains positive,
because the positive contributions from the virial and convec-
tive parts far outweigh the offset from the cross term. More-
over, with increasing yttrium doping concentration, lattice dis-
tortion becomes more pronounced and ion motion is further
restricted, thereby weakening the negative coupling between
convection and vibration.

The fluid-like motion of Ba®" ions in the structure gives
rise to a significant convective thermal conductivity, and Y
doping weakens this convective contribution, which gradually
decreases with increasing Y doping concentration. The con-
vective contribution associated with Ba** jon motion is nega-
tively coupled with the vibrational heat transport of the Zr—O
framework, leading to a strong suppression effect and result-
ing in a total thermal conductivity lower than the virial thermal
conductivity. The thermal conductivity of the undoped and de-
fective BZO structure is 16.41 W/mK, which is larger than
the experimentally reported value of 5.75 W/mK,?*! and this
discrepancy arises because the simulation employs a perfect
crystalline structure, whereas experimentally prepared sam-
ples inevitably contain defects generated during the sintering
process. According to previous reports,“®! the thermal con-
ductivity of 20% La>*-doped barium zirconate at room tem-
perature is 2.8 W/mK, while our simulation yields a value of
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2.75 W /mK for 20% Y>*-doped barium zirconate. These val-
ues are in very close agreement, and considering that La and
Y induce similar structural distortions due to their comparable
ionic radii, this consistency strongly supports the reliability
and accuracy of the present simulations.

When the BZO structure is doped with Y ions and oxy-
gen vacancies are introduced, the thermal conductivity of the
system decreases significantly. With increasing doping con-
centration and oxygen vacancy concentration, the thermal con-
ductivity of the BZY structure continues to decrease, although
the rate of decrease gradually slows down. When the dop-
ing concentration reaches 30%, the thermal conductivity is re-
duced to 1.99 W/mK, corresponding to a decrease of about
88%. This behavior is consistent with experimental observa-
tions that B-site cation doping leads to a substantial reduction
in the thermal conductivity of BZO. For the corresponding
fully hydrated BZY structures, the variation of thermal con-
ductivity is shown in Fig. 2(b). Upon complete hydration,
oxygen vacancy defects are occupied by hydroxide ions (OH-)
to form proton defects, and the number of proton defects is
twice that of the oxygen vacancy defects, as summarized in
Table 2. The increased defect concentration further reduces
the thermal conductivity. For the BZY structure with a dop-
ing concentration of 30%, the thermal conductivity decreases
to 1.86 W/mK after hydration, corresponding to an additional
reduction of about 6.5% compared to the dehydrated case, and
an overall decrease of 88.7% relative to the perfect BZO struc-
ture.

T T

%40 % 20 (®)
[ L |

g 30 B

= 20 Z 10

z 10 2

= o z 0

E 10 g

T 210

g ——TcTotal g ——TcTotal

g —20f +TZV?I'&] 3 +¥C\C/irial

= —30F TcC > = cConvec
2 —30 TgCE')(I)‘sVseC 2_20 TcCross

£ £

S 4055510 15 20 25 30 ] 2 5 10 15 20 25 30
B B

Different Y content (%) Fully hydrated corresponding to

different Y content (%)
Fig. 2. Thermal conductivity of BZY (a) and fully hydrated BZY (b) with
different doping concentrations.

During the doping process, two types of defects, namely
impurities and oxygen vacancies, are introduced into the BZO
crystal simultaneously. To investigate the effect of doping
on the thermal transport properties, the thermal conductivity
of the Y-doped structure without oxygen vacancies (denoted
as BZYO) was additionally calculated. The model was con-
structed based on the doped structures listed in Table 2, where
the number and positions of the Y ions were kept the same
as in the corresponding models, while all oxygen vacancies
were filled with O ions. The calculated thermal conductivity
results are shown in Fig. 3. Compared with the thermal con-
ductivity of the doped structures containing oxygen vacancy

defects shown in Fig. 2(a), the lattice vibrations in the doped
structures without oxygen vacancies yield a higher virial ther-
mal conductivity, leading to a higher total thermal conductivity
than that of the structures containing oxygen vacancy defects.
At a low doping concentration of 2%, the decrease in thermal
conductivity is small. As the doping concentration increases,
the thermal conductivity exhibits a pronounced decrease and
then gradually approaches saturation. This decreasing trend is
consistent with that observed in the doped structures contain-
ing oxygen vacancies. When the doping concentration reaches
30%, the thermal conductivity of the structure without oxy-
gen vacancies is 5.56 W /mK, corresponding to a reduction of
about 66.1% compared with the pristine BZO structure.
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Fig. 3. Thermal conductivity of different doping concentrations BZY
without oxygen vacancies.
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Fig. 4. Vibrational density of state for different atoms in BZO (a), BZY
(b), and BZYO (c), and structure (d).

To understand the mechanism by which changes in
atomic motion affect the thermal conductivity, the VDOS of
different atomic species in BZO, BZY?20 (denoted as BZY),
and BZY20 without oxygen vacancy defects (denoted as
BZYO) were calculated by performing a Fourier transform of
the atomic velocity autocorrelation functions. The correspond-
ing results are shown in Fig. 4. As shown in Figs. 4(a)-4(c),
the VDOS of the Ba—O lattice is mainly concentrated in the
low-frequency range of 0-2 THz, whereas the VDOS of the
Zr-0 lattice is primarily distributed over three frequency re-
gions, namely 2-4 THz, 4.6-6 THz, and 8-9 THz. The VDOS
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distribution range of the Y-O lattice is similar to that of the
Zr—0 lattice. The total vibrational density of states of the dif-
ferent structures is shown in Fig. 4(d). Compared with the
pristine BZO structure, the doped structures exhibit a reduced
VDOS peak intensity accompanied by a slight elevation of
the trough regions, indicating that doping enhances the non-
monochromaticity of lattice vibrations, which in turn leads to
a reduction in thermal conductivity.

To further investigate the mechanism of thermal con-
ductivity reduction induced by doping and oxygen vacancy
defects from a phonon perspective, the phonon lifetimes of
BZO, BZY20, and BZY20 without oxygen vacancy defects
were calculated using the SED method. The phonon disper-
sion relations were obtained by solving the dynamical matrix,
and the phonon group velocity was calculated according to
vy = dw/dq, where w and q denote the phonon eigenfrequen-
cies and wavevectors, respectively. The calculated phonon
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lifetimes and phonon group velocities are shown in Fig. 5.
As shown in Fig. 5(a), there is little difference between the
phonon lifetimes of the BZYO and BZO structures, whereas
the phonon lifetime of the BZY structure is significantly re-
duced in the frequency range of 0-20 THz. This result in-
dicates that Y doping alone has a relatively minor effect on
phonon scattering, while the oxygen vacancies introduced dur-
ing the doping process substantially enhance phonon scatter-
ing, thereby increasing the thermal resistance and reducing
the thermal transport capability of the structure. As shown in
Fig. 5(b), the phonon group velocities of the BZY and BZYO
structures are markedly reduced in the frequency range of 0-
25 THz compared with that of the BZO structure, whereas the
difference between the BZY and BZYO structures is relatively
small. This indicates that Y doping suppresses phonon group
velocity by weakening lattice harmonicity, thereby degrading
the thermal transport performance.
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Fig. 5. Comparison of phonon lifetime (a) and phonon group velocity (b).

To investigate the effect of the hydration reaction on the
thermal transport properties, BZY structures with hydration
levels of 2%, 5%, 10%, 20%, 40%, 60%, and 80% were addi-
tionally constructed for the BZY system with a fixed Y doping
concentration of 20%. Table 3 summarizes the total number
of atoms for each structure, as well as the corresponding num-
bers of Y3* ions, oxygen vacancies, and H* ions. The thermal
conductivity of these structures was calculated using the EMD
method, with a simulation setup consistent with that used for
the BZO thermal conductivity calculation in Section 3.

For structures with different hydration levels, the vari-
ation in thermal conductivity is shown in Fig. 6. At low
hydration levels (< 20%), the contributions from the virial
and convective terms exhibit no pronounced changes, whereas
the cross term shows noticeable fluctuations. This behavior
arises because the cross term is evaluated from the autocor-
relation between kinetic-energy and potential-energy heat cur-
rents, whose magnitudes differ significantly, leading to numer-
ical fluctuations in the calculated thermal conductivity. For the

unhydrated structure with 20% Y doping, the thermal conduc-
tivity is 2.75 W/mK. When hydration begins, oxygen vacan-
cies are gradually occupied by hydroxide ions, and the thermal
conductivity exhibits fluctuations. Once the hydration level
exceeds 20%, the thermal conductivity decreases monotoni-
cally. Upon complete hydration, the thermal conductivity is
reduced to 2.26 W/mK, corresponding to a decrease of ap-
proximately 17.8% relative to the unhydrated structure.

T
ob —e—TcTotal
—e—TcVirial

—+—TcConvec
TcCross

Thermal conductivity (W-m~ LK)

0 2 5 10 20 40 60 80 100
Different hydration level (%)

Fig. 6. Thermal conductivity of BZY with different hydration levels.
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The vibrational density of states of different atomic
species in the fully hydrated BZY structure and the corre-
sponding unhydrated BZY structure with 20% Y doping were
calculated by Fourier transforming the atomic velocity auto-
correlation functions, and the results are shown in Fig. 7. As
shown in Fig. 7(a), the VDOS distributions of the Ba—O, Zr-0O,
and Y-O lattices are consistent with those of the BZY structure
shown in Fig. 4(b), whereas the VDOS of H ions is mainly dis-
tributed in the frequency ranges of 12.6-16.5 THz and 18.3—
21.9 THz. As shown in Fig. 7(b), the presence of H ions exerts
a passivating effect on lattice vibrations, suppressing phonon
modes in the low-frequency range of 0-12.5 THz. This sup-
pression further weakens the thermal transport properties of
the hydrated structure.

Table 3. Ionic numbers of systems.

Total number Y3+ Vi H*
System
of atoms number number number

BZY20 4900 200 100 0

2% hydrated BZY20 4906 200 98 4
5% hydrated BZY20 4915 200 95 10
10% hydrated BZY20 4930 200 90 20
20% hydrated BZY20 4960 200 80 40
40% hydrated BZY20 5020 200 60 80
60% hydrated BZY20 5080 200 40 120
80% hydrated BZY20 5140 200 20 160
Fully hydrated BZY20 5200 200 0 200

To investigate the mechanism by which hydration reduces
thermal conductivity through phonon properties, the phonon
lifetimes and group velocities of the fully hydrated BZY20
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structure (hydrated BZY, Fig. 8) were calculated using the
same method described previously. The results are shown in
Fig. 8.

As shown in Fig. 8(a), the phonon lifetimes of the hy-
drated BZY structure are significantly reduced compared to
those of the pristine BZO structure. The introduction of pro-
ton defects during the hydration reaction further decreases the
phonon lifetimes across the frequency range of 0-25 THz, in-
dicating that these defects substantially enhance phonon scat-
tering, which leads to a reduction in thermal transport proper-
ties.

From Fig. 8(b), it can be seen that hydration also sup-
presses the phonon group velocities of the structure in the
same frequency range, weakening lattice harmonicity and
thereby decreasing thermal transport performance. These re-
sults demonstrate that proton defects introduced during hydra-
tion reduce the thermal conductivity of BZY through both en-
hanced phonon scattering and weakened harmonicity.
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Fig. 7. Vibrational density of states of different atoms in fully hydrated
BZY (a) and structure (b).
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Fig. 8. Comparison of phonon lifetime (a) and phonon group velocity (b).

4. Conclusion

In this work, we investigated the effect of hydration on
the thermal transport properties of BZY using the Coulomb-
Buckingham potential in EMD simulations combined with
phonon correlation analysis.

The results show that the thermal conductivity of BZY
gradually decreases with increasing Y doping concentration

and the presence of oxygen vacancy defects. Hydration fur-
ther reduces the thermal transport properties by introducing
proton defects. For structures with only Y doping but without
oxygen vacancies, the thermal conductivity also decreases, but
remains higher than that of structures containing both dopants
and oxygen vacancies.

Analysis of phonon lifetimes and phonon group velocities
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indicates that oxygen vacancy defects enhance phonon scat-
tering, while Y doping suppresses lattice harmonicity, both of
which contribute to the reduction in thermal transport perfor-
mance. For BZY with 20% Y doping, different hydration lev-
els were considered: at low hydration levels, the thermal con-
ductivity exhibits slight fluctuations, whereas higher hydration
levels lead to a continuous decrease due to the increasing con-
centration of proton defects. Overall, hydration reduces the
thermal transport performance by approximately 17.8% rela-
tive to the unhydrated structure. Phonon analysis confirms that
proton defects simultaneously enhance phonon scattering and
weaken harmonicity, resulting in decreased thermal conduc-
tivity from both effects.

This study provides an in-depth characterization of ther-
mal transport in yttria-doped barium zirconate, offering in-
sights that are instructive for the further design and application
of perovskite electrolyte materials.
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