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ABSTRACT: “Beyond Li-ion” energy storage solutions based on ions such as Na,
Mg, Ca, and Zn have attracted increasing attention due to growing concerns about
the cost, resource availability, and safety of the currently dominant Li-ion batteries.
One of the greatest challenges for beyond-Li systems, especially multivalent ones, is
the lack of materials with high ionic mobility. In this study, we find that zircon-type
YPO4 presents a unique structural environment that enables superior conduction of
multiple species including Na+, Ca2+, Mg2+, and Zn2+, even in the dilute carrier
concentration regime. This highly unusual capability originates from one-dimen-
sional (1D) percolating channels of adjacent, distorted octahedral sites, which results
in a smoothly varying coordination environment and correspondingly low activation
barriers. Low decomposition energy of multiple compositions of doped YPO4, where
the carrier ions are introduced into the system along with subvalent doping into P
sites, confirmed good stability and synthesizability. Among these compositions, we
found Na0.0625YSi0.0625P0.9375O4 exhibiting good Na+ conductivity of 0.99 mS/cm at 300 K with an activation energy of 220 meV.
Zircon-structured Na0.05YSi0.05P0.95O4 was successfully synthesized; however, the highest density achieved (78%) was insufficient to
conclusively establish its conductivity. Finally, we identify dopant−carrier association in doped YPO4 as a key challenge for long-
range diffusion in this structure family.

■ INTRODUCTION
Li-ion batteries (LIBs) are currently dominating the electric
energy storage market with their high energy density and
reliable performance.1 However, growing concerns about the
cost and resource availability for the projected 10-fold increase
of the energy storage market are prompting the community to
explore alternatives for future, next-generation batteries, i.e.,
“beyond Li-ion” technologies. Hence, rechargeable metal-ion
batteries based on other ions such as Na+, Ca2+, Mg2+, and
Zn2+ are attracting increased research interest.2−8

Electrochemical energy storage inherently relies on the
transport of charge carriers, which motivates the design and
discovery of materials with frameworks with intrinsic high
conductivity. For solid inorganic ionic conductors, it is well
established that ionic mobility depends strongly on the crystal
structure framework and the coordination preference of the
mobile ion.9,10 Despite the significant research progress made
on identifying optimal structure frameworks for fast Li+
conductors,11−15 frameworks that are able to host and conduct
a variety of non-Li carrier species are still very rare. In
particular, multivalent carriers often exhibit different con-
duction pathways and usually higher diffusion barriers
compared to Li in the same framework due to the change in
preferred coordination environments, ionic radii, and electro-
static interactions.16,17

A few notable exceptions exist, e.g., within the β-alumina,
NASICON, and Chevrel families of structures. The β-alumina

family, one of the earliest reported solid-state electrolytes, has
been shown to conduct a wide range of monovalent ions such
as Na+, Ag+, K+, Rb+, and Li+18 as well as a conductivity of 10−3

mS/cm at 40 °C for divalent ions.19,20 The good ionic
conductivity across multiple cations has been attributed to the
specific β-alumina structure, where conduction planes are
formed between spinel blocks that accommodate two-dimen-
sional mobility for multiple species. Similar features are found
in layered oxides and sulfides such as V2O5,

21−23 MoO3,
24−26

and TiS2,
27−29 where diffusion channels for a variety of cations

are observed in large interlayer spaces. Shortly after the
discovery of β-alumina conductors, the NASICON-type
framework with high Na+ conductivity was reported,30 which
later was also found to support conduction of divalent ions like
Mg2+, Ca2+, and Zn2+ at high temperatures (on the order of 1
mS/cm at 800 °C)31,32 within interconnected large interstitial
voids. The discovery of the NASICON-type conductors led to
studies on a variety of compositions in the family as promising
materials for both monovalent33 and multivalent batteries.34−36
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Chevrel-phase MxMo6T8 (T = S, Se, or Te), where mobile
monovalent or divalent cations M+/2+ can occupy the cavities
between Mo6T8 blocks, provides a conduction framework for a
broad range of ionic species including Li+, Mg2+, Ca2+, Cd2+,
Zn2+, Cu+, Ni2+, Mn2+, Al3+, etc.37−40 Specifically, their
excellent Mg2+ mobility has raised great interests as a potential
candidate for Mg-ion batteries, despite their limited energy
density.41 Both NASICON and Chevrel share common crystal
structure features such as connected spacious voids that enable
multispecies conduction. However, in most materials, the
multivalent ion conduction is still insufficient to meet the
criteria for practical applications, i.e., a migration barrier lower
than 650 meV17 or a conductivity higher than 1 mS/cm at
room temperature10 for battery operations.
In this work, we present a new family of structures that are

predicted to not only host and conduct multiple carrier ions
but also provide fast conduction. Using first-principles
calculations, we demonstrate unprecedented low migration
barriers along percolating one-dimensional (1D) channels for
both monovalent cations Na+ and divalent cations Mg2+, Ca2+,
and Zn2+ in YPO4, which presents a zircon-type crystal
framework. Furthermore, in contrast to many known Li-ion
conductors in which the fast conduction is activated at high Li
ion concentrations,15,42,43 the zircon framework is predicted to
exhibit fast ionic mobility even in the dilute carrier regime (less
than 0.1 per formula unit), rendering it less sensitive to
resource constraints. Zircon compounds can be described by
general formula ABO4 with a rich variety of compositions.

44

The zircon-type structure (space group: I41/amd) is formed
with edge-sharing alternating AO8 dodecahedrons and BO4
tetrahedrons (Figure 1). Voids between these edge-sharing
AO8−BO4 chains form open channels along the c-axis, where
interstitials can be introduced.45−47 The conduction of Li+,
Na+, Mg2+, and Ca2+ in zircon-type YPO4 was experimentally
observed in an early study48 with M3PO4 (M = Li, Na) or
M1.5PO4 (M = Mg, Ca) doped into the system. The results
showed a Li conductivity of 3.7 × 10−2 S/cm and a Ca
conductivity of 1.2 × 10−3 S/cm at 600 °C. However, the
cation conduction mechanism was not established. In addition,
as YPO4 is also a protonic conductor,49 the measured
conductivity under ambient atmosphere can be mixed
protonic/cation conduction. Using the charge-density-based
cation insertion algorithm of Shen et al.,50 we identified empty
channels of interlocking, distorted octahedral sites, as shown in
Figure 1. These sites are symmetrically equivalent, and the
intersite distance is very short, about 1.5 Å, a unique feature of
this structural family. Recently multiple compositions in this
material family were proposed as cathode materials for Mg-ion

batteries, showing reversible cycling in electrochemical tests
and extremely favorable intrinsic mobility for Mg.51

In this work, the conduction of multiple mobile species
including Na+, Ca2+, Mg2+, and Zn2+ in pristine and doped
YPO4 is investigated through first-principles calculations.
Nudged elastic band calculations show very low diffusion
barriers for Na/Ca/Mg/Zn in pristine YPO4, and ab initio
molecular dynamics simulations confirm the 1D percolating
diffusion channel in the zircon-type framework. We examine
the phase stability and the defect formation of doped
compositions when both carrier ion and subvalent dopants
are introduced into the system and confirm good stability
through low decomposition energy of compositions with
different carrier−dopant combinations. Out of all examined
compositions, Si-doped YPO4 shows a high Na+ estimated
conductivity of 0.99 mS/cm at 300 K. Zircon-structured
Na0.05YSi0.05P0.95O4 was successfully synthesized through a
solid-state synthesis route; however, the highest density
achieved (78%) of the resulting cold-pressed pellet is
insufficient to conclusively establish its conductivity. Finally,
to guide future explorations into the zircon conductor family,
we investigate the dopant−carrier association behaviors in
doped compositions.

■ METHODS
Density Functional Theory Calculations. Density functional

theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP)52 within the projector augmented wave
(PAW) approach53 with the Perdew−Burke−Ernzerhof (PBE)
generalized gradient approximation (GGA) functional.54 For
calculations with charged carrier ions in pristine YPO4, a uniform
compensating background charge was applied to maintain the charge
neutrality.
Mobile Ion Site and Path Finding. The initial guess of mobile

ion site positions was suggested based on the calculated local minima
of the electronic charge density of the host structure.50 DFT structure
relaxations were performed to identify the most stable insertion site
with the lowest total energy. The mobile ion migration graphs were
constructed based on topological graph-based analysis developed by
Shen et al.55 to identify periodic continuous pathways in the
framework. The identified connected hops were used for the
following migration barrier calculations.
Phase Stability and Defect Formation Energy Calculations.

The M3+ or M4+ ions were substitutionally doped into P sites
(Wyckoff position 4a), and the carrier ions were inserted accordingly
to maintain overall charge neutrality. To account for possible
orderings when multiple carriers/dopants were present, for each
composition, up to 50 symmetrically distinct atomic configurations
with the lowest Ewald summation, as implemented in Pymatgen,56

were generated. The total energy for each configuration was
calculated from DFT, and the configuration with the lowest energy

Figure 1. Crystal structure of zircon-type YPO4 (space group: I41/amd) with carrier ion sites. The orange spheres show the sites where carrier ions
can occupy.
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was used for subsequent calculations such as structure relaxation,
nudged elastic band, and molecular dynamics simulations.
The total energy for each doped composition was calculated with

input parameters consistent with the parameters used in the Materials
Project (MP) database,57 such as a plane-wave energy cutoff of 520
eV and a k-point mesh with a minimal density of 1000 per reciprocal
atom. The energies of stable phases in the A−M−Y−P−O phase
space were obtained from the MP database.57 The thermodynamic
stability of doped AxYMyP1−yO4 was assessed with the convex hull
approach.58

The defect formation energy is calculated as

(1)

where EtotD and Etotpristine are the total energies of the supercell with and
without the defect, respectively. ni is the number of atoms of specie i
added to or removed from the supercell, and μi is the chemical
potential of i. In the case of AxYMyP1−yO4, the formation energy of the
defect complex consisting of one carrier ion interstitial Ai and one
substitution MP is calculated as

(2)

The chemical potentials are determined as the potential set
corresponding to the multiphase equilibrium containing
AxYMyP1−yO4 based on the A−M−Y−P−O phase diagram. To
simulate the dilute limit, the defect formation energy is calculated
using 2 × 2 × 3 supercells of the conventional unit cell (48 formula
units) with one Ai−MP pair.
Nudged Elastic Band Calculations. The minimum energy path

of carrier hops between the two adjacent carrier ion sites was
investigated using climbing-image nudged elastic band (CI-NEB)
calculations.59,60 NEB calculations were conducted for 2 × 2 × 2
supercells consisting of 96 atoms in the host structure and a single
interstitial carrier ion. A plane-wave energy cutoff of 520 eV and a Γ-

centered 2 × 2 × 2 K-mesh were used. The forces were converged to
within 0.02 eV/Å.
Ab Initio Molecular Dynamics Simulations. Ab initio

molecular dynamics (AIMD) simulations based on DFT were
performed for 2 × 2 × 2 supercells in the temperature range of
700−1200 K. Non-spin-polarized calculations were performed with a
plane-wave energy cutoff of 400 eV and a Γ-centered 1 × 1 × 1 k-
point mesh. For AIMD calculations without a background charge, the
lattice parameters were determined based on an NPT ensemble run of
3 ps for all temperatures. For those with a background charge, the
volume of the cell was determined based on the equation of state
using workflows implemented in mpmorph.61 The production runs
with the NVT ensemble were performed with the trajectory length
ranging from 200 to 400 ps. The time step is 2 fs.
The diffusivity was obtained through a linear fitting of mean-

squared displacement (MSD) of carrier ions over a duration time of t

(3)

The activation energy Ea was calculated according to the Arrhenius
relationship

(4)

where D0 is the prefactor, k is the Boltzmann constant, and T is the
temperature.
The conductivity was calculated based on the Nernst−Einstein

equation

(5)

Figure 2. (a) Migration pathway of the carrier ion in YPO4 in the channel along the c-axis. S1 and S2 show the end and intermediate positions of the
carrier ion hop, respectively. Teal and purple polyhedrons represent YO8 dodecahedrons and PO4 tetrahedrons, respectively. (b) Migration barrier
versus the site volume percentage change from the stable state (S1) to the intermediate state (S2). (c) Energy along the minimum energy migration
pathway from S1 to a neighboring S1.
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where n is the density of mobile ions in the simulation cell, z is the
charge carried by each mobile ion, F is the Faraday constant, D is the
diffusion coefficient, R is the gas constant, and T is the temperature.
Synthesis and Characterization of Na0.05YSi0.05P0.95O4. YPO4

and Na0.05YSi0.05P0.95O4 powders were prepared by solid-state
synthesis with stoichiometric amounts of Y2O3 (99.9%), P2O5
(99.9%), Na2O (97%), and SiO2 (99.9%) precursors, all from
Sigma-Aldrich. The mixed precursor powders were ball-milled at 300
rpm for 3 h and then heated at 900 °C for 36 h under air. YPO4 and
Na0.05YSi0.05P0.95O4 powder samples were characterized by X-ray
diffraction (XRD) performed using a Rigaku MiniFlex 600
diffractometer with Cu Kα radiation. Na0.05YSi0.05P0.95O4 powders
were cold-pressed to pellets with 2 metric tons of force using a die
with a diameter of 6 mm for the conductivity measurement.
Consecutive ball milling and sintering at 1100 °C were performed
to improve the relative density of the pellet. The highest relative
density obtained for the pellet was 78%.
The Na-ion conductivity was evaluated using electrochemical

impedance spectroscopy (EIS) with indium metal as blocking
electrodes. As-synthesized Na0.05YSi0.05P0.95O4 was sintered to a 2
mm thick pellet with a diameter of 6 mm. During the sintering, the
powders were uniaxially compressed under a pressure of 300 MPa.
The pellet was then sandwiched between two indium films and
transferred into Bio-Logic leak-tight sample holders for EIS
measurements. EIS measurements were performed using an EC-Lab
Electrochemistry, SP300 (Bio-Logic). The measurements were
conducted at the initial open-circuit voltage in the frequency range
of 7 MHz to 100 mHz with the application of a 10 mV signal
amplitude.

■ RESULTS AND DISCUSSION
Na+/Mg2+/Ca2+/Zn2+ Conduction in the Zircon-Type

Framework. To assess the mobility of different carrier ions in
the zircon-type framework, we used NEB calculations to obtain
migration barriers in the dilute case for single interstitial hops.
Based on the migration graph analysis, the most likely
continuous pathway was identified to be constructed by a
series of single hops between adjacent insertion sites that are
octahedrally coordinated, as shown in Figure 1. We call these
sites S1 with a closer view of the channel in Figure 2a. The
initial and end positions of the hop are symmetrically
equivalent, and the length of the hop is about 1.5 Å. This
1D percolating pathway runs along the open channels, parallel
to the YO8−PO4 edge-sharing chains, which has previously
been identified as the most energetically favorable pathway for
the diffusion of gases such as He and Ne in zircon crystals.62,63

Figure 2c shows the energy barriers along the minimum
energy path (MEP) for Na+, Mg2+, Ca2+, and Zn2+ migration in
YPO4. All carrier ions follow the same MEP passing through

four-coordinated site S2 at the saddle point (S1−S2−S1 in
Figure 2a). All investigated ions show low activation barriers,
setting the stage for fast conduction of these carrier ions in the
framework. We attribute the low migration barriers for
multiple carrier species to the large open channels in the
framework as well as the short distance between identical sites,
resulting in a very gentle variation of the coordination
environment along the pathway. As these features are shared
by all members in the zircon family and the nonmobile cation
species in the framework have limited effect on the ion
mobility of carrier ions,17,64,65 it is expected that comparable
migration barriers can be achieved with Y and/or P
substituted.
An extremely low energy barrier of 40 meV was observed for

Zn2+ hops in YPO4. As the migration barrier is closely related
to the coordination environment of the conducting ion,17 we
attribute this low barrier to the 4-coordinated environment at
the saddle point (S2 in Figure 2a), which Zn2+ prefers.

66 To
investigate other factors that may affect energy barriers for
different carrier ions, we performed Voronoi tessellation
analysis as implemented in Pymatgen56,67 to determine the
volume partitioned to the mobile ion site for both the endpoint
and intermediate images along the migration pathway. The
percentage change in mobile site volume is calculated as (VSd1

−
VSd2
)/VS d1

, where VSd1
and VS d2

represent the site volume when the
mobile ion is in the stable state (S1) and the intermediate state
(S2), respectively. The site volume change for different mobile
species is shown in Figure 2b. A correlation between site
volume change and the migration barrier is observed for Na+,
Mg2+, and Ca2+, which all exhibit higher, but still very low,
migration barriers than Zn2+ along the same pathway. We note
that Na+, Mg2+, and Ca2+ usually do not prefer 4-coordinate
sites, and thus, a larger site volume change can lead to a larger
variation of the energy, hence higher energy barriers.
The conduction of Li ions was also investigated in the same

framework. Unlike other mobile cations in this study, we found
the most stable site for Li+ ions to be the 4-coordinated site in
the channel (S2), which constitutes the intermediate position
for Na+, Mg2+, Ca2+, and Zn2+. As Li+ prefers both 4- and 6-
coordinated environments,66 the site energy difference
between S1 and S2 is relatively small, resulting in a very low
energy barrier of 71 meV (Figure S2 in the Supporting
Information).
AIMD simulations were conducted at 1500 K to further

verify the primary pathway of ionic mobility in the zircon-type

Figure 3. (a) Mg2+ nuclear density isosurface (yellow) in YPO4 obtained from AIMD at 1500 K, where teal and purple polyhedrons represent YO8
dodecahedrons and PO4 tetrahedrons, respectively. (b) 2D view of the Mg2+ nuclear density map in the (001) plane.
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framework. The nuclear density map of Mg2+ in pristine YPO4
from AIMD (Figure 3) shows the percolating 1D movement of
Mg ions parallel to the edge-sharing YO8−PO4 connecting
chains in the zircon-type framework, consistent with the path
information obtained by NEB calculations. The same pathway
was observed for other carriers in YPO4 (Figure S3 in the
Supporting Information). The two-dimensional (2D) view of
the Mg2+ nuclear density map shows the connected density
spots between symmetrically equivalent neighboring carrier
sites S1, which confirms the MEP identified from NEB.
Furthermore, no additional ionic mobility, either by framework
ions or carrier ions, was observed from the MD simulations.
Phase Stability and Defect Formation Energy of

Doped AxYMyP1−yO4. We evaluate the ability to introduce
mobile ions by calculating the energy of materials that are
modified with subvalent species. For YPO4, we substitute M3+

or M4+ into P5+ sites to accommodate A+ or A2+ carrier ions
into the system. The energy of decomposition into stable
products of various AxYMyP1−yO4 compositions and the
formation energy of the Ai interstitial and MP substitution
defect pair in the dilute limit are calculated to evaluate the
thermodynamic stability of AxYMyP1−yO4. The results are
shown in Table 1. The decomposed products for each
composition and their material IDs in the Materials Project
database57 are listed in Table S1 in the Supporting
Information.
The relatively low decomposition energies across different

compositions suggest that these doped structures are likely to
be entropically stabilized at room temperature. At the same
concentration, compositions with monovalent carrier ion A+
and tetravalent M4+ show better stability than ones with A2+
and M3+, which is likely due to the larger electrostatic potential
change associated with A2+−M3+ pairs. Among divalent mobile
species, we find higher decomposition energy as well as larger
defect formation energy for Ca2+ compared to cases with Mg2+
and Zn2+. For trivalent dopant ions, higher instabilities and
defect energies are found for ones with La3+ compared to Al3+
and Ga3+, which may pose a challenge in the synthesis of these
La-doped compositions. This can be attributed to the
significantly larger size of lanthanum ions (117.2 pm)
compared to the host ion P5+ (52 pm) as well as the two
other dopants Al3+ (67.5 pm) and Ga3+ (76 pm), which result
in larger local distortions. As the Si-doped YPO4 with Na with
a defect energy of 3.34 eV is successfully synthesized in this
study, we expect compositions with dopant−carrier ion

combinations exhibiting lower defect energies such as Mg−
Al, Mg−Ga, Zn−Al, and Zn−Ga can potentially be
synthesized.
Na Conduction in Si-Doped YPO4. To investigate the

cation mobility in the zircon-type framework when both carrier
and dopant are present, NEB and AIMD calculations were
performed to investigate Na+ diffusion in Si-doped YPO4
(Na0.0625YSi0.0625P0.9375O4). The 97-atom supercell was con-
structed with one Na+ interstitial in the identified carrier ion
site (Wyckoff position 16f) and one Si4+ substituted for a P5+.
Structures with the Na ion placed in each symmetrically
unique carrier ion site in the cell (Na1 to Na5 in Figure 4a,b)

were relaxed. NEB calculations were performed to evaluate the
migration barriers of hops between the adjacent 16f sites, using
four intermediate images for each hop. The lowest site energy
was found for the Na1 and Na2 sites, two symmetrically
equivalent sites that are closest to dopant Si. This reduction in
site energy is attributed to the decreased Na+−cation repulsion
in replacing a P5+ with a Si4+. A very low migration barrier of
80 meV was found between Na1 and Na2 sites. A larger (but

Table 1. Decomposition Energies and Defect Formation Energies of Doped AxYMyP1−yO4

composition carrier ion x dopant y Edecomp (meV/atom) defect energy (eV)

Na0.0208YSi0.0208P0.9792O4 Na 0.0208 Si 0.0208 7 3.34
Na0.0625YSi0.0625P0.9375O4 Na 0.0625 Si 0.0625 19 -
Ca0.0208YAl0.0208P0.9792O4 Ca 0.0208 Al 0.0208 14 4.45
Ca0.0208YLa0.0208P0.9792O4 Ca 0.0208 La 0.0208 24 8.39
Ca0.0208YGa0.0208P0.9792O4 Ca 0.0208 Ga 0.0208 14 3.73
Mg0.125YSi0.25P0.75O4 Mg 0.1250 Si 0.2500 38 -
Mg0.0625YSi0.125P0.875O4 Mg 0.0625 Si 0.1250 21 -
Mg0.0208YAl0.0208P0.9792O4 Mg 0.0208 Al 0.0208 9 2.54
Mg0.0208YLa0.0208P0.9792O4 Mg 0.0208 La 0.0208 19 6.55
Mg0.0208YGa0.0208P0.9792O4 Mg 0.0208 Ga 0.0208 9 1.88
Mg0.25YSi0.5P0.5O4 Mg 0.2500 Si 0.5000 39 -
Zn0.0208YAl0.0208P0.9792O4 Zn 0.0208 Al 0.0208 8 2.03
Zn0.0208YGa0.0208P0.9792O4 Zn 0.0208 Ga 0.0208 9 1.36
Zn0.0208YLa0.0208P0.9792O4 Zn 0.0208 La 0.0208 18 5.85

Figure 4. (a) Diffusion pathway from Na1 to Na5. The right figure
shows two repeating units along the channel. (b) Migration energy
along the connected NEB path from Na1 to Na5.
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still relatively very small) activation energy of 217 meV is
needed for the Na ion to “escape” from the Si dopant when
moving from Na2 to Na3. When the Na−Si distance increases,
the site energy increases continuously (from Na3 to Na4 to
Na5) with Na−Si distances (see Figure 4). The activation
energies for Na hops between these sites, further from the
dopant, are similar to Na migration barriers in pristine YPO4.
Hence, the overall migration barrier for the 1D percolating
pathway for Na at this composition is found to be 229 meV
and is mainly determined by the lowering of the site energy
near the dopant. Such “trapping” behavior, caused by the
interaction between the carrier ion and the dopant, may
increase the overall migration barriers as compared to pristine
YPO4 and will be further discussed in the following section.
Nevertheless, the low activation barrier of 229 meV for
Na0.0625YSi0.0625P0.9375O4 is comparable to those for well-known
superionic Na-ion conductors such as polycrystalline β-
alumina (0.26 eV68); NASICON-type structures with Mg-
doping (0.25 eV69) and Sc-doping (0.26 eV70); sulfides like
Sn-doped cubic Na3PS4 (0.17 eV

71) and tetragonal Na3SbS4
(0.25 eV72); and antiperovskite-type Na3OCl (0.42 eV

73).
AIMD simulations were performed to evaluate the diffusivity

and conductivity of Na+ in Na0.0625YSi0.0625P0.9375O4. Figure 5

shows the Arrhenius plot of the temperature-dependent Na+
diffusivity obtained from AIMD. The mean-squared displace-
ment of Na vs time at each temperature is shown in Figure S5
in the Supporting Information. The activation energy in the
temperature range from 700 to 1200 K is 220 ± 55 meV,
which is consistent with NEB calculations above. Despite the
very low Na+ concentration in the system that can limit the
overall conductivity according to eq 5, we estimate good Na+
conductivity of 0.99 mS/cm Na0.0625YSi0.0625P0.9375O4 when
extrapolating to 300 K, assuming that the Arrhenius relation-
ship applies into the low-temperature region. This is a notable
feature of the zircon structure that contrasts with many current
high-performance conductors; high concentrations of the
mobile ion are evidently not necessary to achieve high
conductivities. While higher conductivity may potentially be
achieved with more Na incorporated into the system with
accordingly increased dopant concentration, it may also
present exacerbated synthesis conditions as we expect a higher
decomposition energy of the target material toward the
impurity phases.
Na0.05YSi0.05P0.95O4 was successfully synthesized through a

solid-state method. The XRD patterns of YPO4 and
Na0.05YSi0.05P0.95O4 are shown in Figure 6. To confirm that
no structural changes took place upon densification, we also

present the XRD pattern of Na0.05YSi0.05P0.95O4 after
densification. Rietveld refinement of XRD patterns for YPO4
and Na0.05YSi0.05P0.95O4 are shown in Figures S6 and S7 in the
Supporting Information, with Rwp = 6.87% and Rwp = 4.12%,
respectively. In order to check the presence of Na in the
sample, energy-dispersive spectrometry (EDS) analysis was
performed after densification. Figure S8 in the Supporting
Information shows the compositional distribution of Y, P, Si,
and Na in the sample. EDS data is collected from different
locations from the sample, and the average composition is
found to be Na0.045Y0.9925Si0.048P0.95O4.
To measure the conductivity, the Na0.05YSi0.05P0.95O4

powders were cold-pressed into a pellet for the electrochemical
impedance spectroscopy (EIS) experiment. However, the
pellet’s highest relative density achieved was only 78%, leading
to unreliable conductivity measurement from EIS (Figure S1 in
the Supporting Information) due to high grain boundary
resistance and pores blocking the conduction pathways. The
pellet was broken after the measurement, which also suggests
the high porosity of the sample, which leads to low
conductivity. Such an effect of poor densification on
conductivity is commonly observed in other ionic conduc-
tors.74,75 Moreover, for 1D conductors, the diffusion channels
can be easily blocked with defects and impurities.76,77 Future
research should focus on optimizing the synthesis and sintering
conditions to minimize these effects.
Dopant−Carrier Association in Doped YPO4. When

both dopant ion and carrier ion are present in the system, the
subvalent dopant and the positively charged carrier can form
defect pairs introduced by electrostatic or strain interac-
tions.78,79 As a result, carrier ions may be trapped by the
dopant, reducing the long-range transport and overall carrier
ion mobility. To investigate the dopant−carrier association
behavior in YPO4, we calculated the dopant−carrier binding
energy using a 2 × 2 × 3 supercell of the conventional unit cell,
consisting of 48 formula units. The binding energy is calculated
as Eb = Ep − Ei, where Ep is the total energy of the system
where the dopant ion is doped into the P site closest to the
carrier ion and Ei is the total energy of the system where the
dopant and the carrier are isolated with at least 11 Å distance
between them. The higher the binding energy, the more
strongly bound the carrier ion to the dopant ion and less likely
to move past it.
Figure 7 shows the binding energy of divalent carrier and

trivalent dopant pairs versus the ionic radii of the dopant. We
investigated the cases when the dopant is either Ga3+, La3+, or
Al3+ and the carrier ion is either Ca2+, Mg2+, or Zn2+. We
observe high binding energies for all dopant−carrier pairs,
which suggests a significant trapping effect of the carrier ions
by the dopant ions. Zn2+ shows higher binding energy than

Figure 5. Arrhenius plot of Na+ diffusivity in Na0.0625YSi0.0625P0.9375O4
obtained from AIMD.

Figure 6. XRD profiles of YPO4 and Na0.05YSi0.05P0.95O4.
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Ca2+ and Mg2+ for equivalent dopants. Clear correlations
between the binding energy and the ionic radius of the dopant
ion are observed for all carrier ions. As these dopant ions all
exhibit larger ionic radii than P5+, the higher binding energy
with larger dopant ions can be explained by the increased
elastic strain effects due to the increased ion size mismatch
between the dopant and the host ion.78

We further analyzed the trapping behavior when the
concentration of carriers and dopants were increased. The
site energy of Mg2+ occupying different sites in
Mg0.25YSi0.5P0.5O4 was calculated and is shown in Figure S4
in the Supporting Information. Indeed, at this composition, a
large barrier of about 1.5 eV was found for Mg2+ to move from
the Si-surrounded site, suggesting very low Mg2+ mobility.
The analysis of dopant−carrier association in doped YPO4

sheds light on the challenge of realizing the potential of zircon
compounds as Ca/Mg/Zn ionic conductors with the low
activation energies predicted in pristine YPO4. Finding ways to
lower the binding energy between the carrier ion and the
dopant ion appears essential. We hypothesize that it may be
addressed by a thoughtful selection of dopant ions with similar
ionic size to the A or B sites in the host ABO4, which may
reduce the dopant−carrier binding energy and facilitate
mobility.

■ CONCLUSIONS
In this work, we investigated the conduction of monovalent
Na+ and divalent Ca2+, Mg2+, and Zn2+ in YPO4 with a zircon-
type crystal structural framework. We found remarkably low
migration barriers for both monovalent and a broad range of
divalent cations through a 1D channel of adjacent, distorted
octahedral sites in YPO4. Furthermore, we note that the zircon
framework supports intrinsically low activation barriers, even at
low mobile ion concentrations, a rare quality among candidate
conductor structure families. We attribute the uncommonly
low migration barriers in the zircon-type framework for
multiple mobile species to the relatively spacious, open
channels formed by the directly connected and slightly
distorted octahedra, which results in a smooth variation of
the coordination environment along the channel. For different
mobile species, the energy barrier is affected by the local
environment preference of the mobile ion as well as the site
volume change along the migration pathway. By analyzing the
phase stability of doped YPO4 and the defect formation energy,
we found that doped zircons are likely to be synthesized.
Specifically, we predicted Na0.0625YSi0.0625P0.9375O4 to be a
promising fast Na conductor with Na+ conductivity of 0.99
mS/cm at 300 K and a very low activation energy of 220 meV,

even in the dilute carrier concentration regime. In agreement
w i t h e s t ima t e d l ow de compo s i t i o n en e r g i e s ,
Na0.05YSi0.05P0.95O4 powders were successfully synthesized by
a solid-state method and confirmed to crystallize in the zircon
structure. Challenges in achieving high-density pellets limit the
reliability of the conductivity measurements.
We analyzed the dopant−carrier association in doped YPO4,

which often constitutes an obstacle to achieving fast
conduction, especially in the case of divalent cations. With
the insights and guidance on YPO4 provided in this study,
further research efforts through both experimental and
computational approaches are encouraged, particularly in
identifying optimal zircon compositions with comparable
barriers, lowered dopant−carrier binding energies, and
improved conductivity to fully realize fast, multispecies
conduction within the large family of zircon compounds.
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