
RESEARCH ARTICLE
www.advenergymat.de

Controlling Sodium Dendrite Growth via Grain Boundaries
in Na3Zr2Si2PO12 Electrolyte

Zhonghui Gao, Yang Bai, Junrun Feng, Jiayi Yang, Porun Liu, Haiyang Yuan, Xuze Guan,
Feng Ryan Wang,* and Yunhui Huang*

Na3Zr2Si2PO12(NZSP)-based NASICON solid-state electrolytes (SSEs) show
not only competitive ionic conductivity but also high chemical stability in air,
holding a great promise for enabling the use of sodium metal anode in
solid-state sodium batteries. However, sodium (Na) metal dendrite growth
inside SSE always leads to undesirable short-circuiting in battery even no
obvious changes in interfacial contact loss and interfacial decomposition
during cycling. How to control Na metal dendrite growth and in situ observe
the effect of SSE/Na interface change on dendrite growth is quite challenging.
Herein, an in situ synchrotron-based X-ray imaging method is developed to
systematically investigate the dendrite origin in NZSP-based SSEs. It is find
that the dendrite growth intrinsically depends on the grain boundaries (GBs)
in NZSP and the NZSP/Na interfacial properties. It is confirmed that Na
dendrite infiltration kinetic evolution in NZSP is strongly associated with Na
ion/electron conductivity and Young’s modulus of GBs. Moreover, the
electro-chemo-mechanical phase-field model evaluation demonstrates that
the basic reason for Na metal dendrite intrusion into the GBs of SSE is a
combination of local polarization potential and the presence of stress formed
at GBs.

1. Introduction

Solid-state batteries with solid-state electrolytes (SSEs) are cur-
rently considered as next-generation electrochemical devices to
achieve both high energy density and safety.[1–3] The current re-
search mainly focuses on solid-state lithium (Li) batteries, but by
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concerning about the availability of Li re-
source triggered by the huge demands
of current and future Li-based battery
markets, developing other rechargeable
batteries as technical reserve is desir-
able, in particular solid-state sodium
(Na) batteries.[4,5] Moreover, very abun-
dant and convenient sodium resources
make solid-state Na batteries very attrac-
tive for the potential large-scale appli-
cation market compared to solid-state
Li batteries.[6] Na3Zr2Si2PO12 (NZSP) ce-
ramic SSE has a high ionic conductiv-
ity up to 10−3 S cm−1 (25 °C) and shows
a stable interface performance when it
contacts with metallic Na.[7,8] However,
Na dendrite growth or filament penetra-
tion during cycling at high current den-
sity is always found in solid-state Na bat-
teries, which shows a similar behavior
to solid-state Li batteries.[9,10] There are
many studies focusing on the Li dendrite
in solid-state Li batteries but few on Na
dendrite.[11] We can use the principles

based on Li dendrite for reference to guide the corresponding
research for solid-state Na batteries. Prior results have demon-
strated that the interface contact is the major motivation for Li
dendrite or filaments propagation or dendrite initiation at the
SSEs/Li interface.[12,13] Thus, numerous methods have been em-
ployed to improve SSE/Li (Na) interface issues. The typical one is
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to introduce a protection layer, such as Al2O3, TiO2, and Sn, be-
tween the metallic Li (Na) with the SSEs.[14–16] In addition, several
chemical/physical treatments of the SSEs have also been used
to uniform the current distribution at the interface, which is be-
lieved to be crucial to suppress dendrite formation.[17,18]

Although the above-mentioned SSE/Li (Na) interface issues
can be improved by using the methods like protection coating
and isostatic pressing treatment,[19] dendrites are always found
to form and propagate in SSE and grow through the SSE when
the solid-state cell runs at above critical current density, result-
ing in short-circuiting of the battery. On the one hand, the den-
drite growth may drive cracks to propagate within SSE because of
the formed inhomogeneous stress, and the newly formed cracks
provide the vacant space for dendrites to grow further.[20] On the
other hand, the metal dendrites can grow along the GBs network
and contact with each other in SSE.[21] To address the dendrite
issue, it is necessary for us to well understand the GBs prop-
erties. The GBs in a real SSE are often interfaces of two ran-
domly oriented grains.[22,23] The growth of a dendrite and its net-
work formation along the GBs involve multiple factors of GBs,
such as the mechanical property, electronic and ionic conductiv-
ity. The inhomogeneity of mechanical property of the SSE due
to the difference between grains with GB may lead to a nonuni-
form stress distribution, and may potentially trigger uneven Li
(Na) deposition.[24–27] In addition to the mechanical considera-
tion, the excess electrons trapped in GBs are believed as the vi-
able cause for the isolated Li nucleation and growth in the bulk
SSEs.[28] A recent experimental work demonstrates that LLZO
GBs show a narrowed bandgap of 2.2 eV, which can promote the
dendrite or filament formation.[21] Han et al. reported that the
LLZO has a high electronic conductivity measured by neutron
depth profiling.[29] The macroscopic characterizations show that
the electronic conductivity of LLZO cannot identify the isolated
role of GBs contribution to the electronic conductivity.[30–32]

Clarifying the effect of GB properties on metal dendrite growth
is crucial for increasing CCD of the solid-state battery. For SSEs,
it is very hard to evaluate the real electrochemical environments
of GBs during galvanostatic cycling, and how the local poten-
tial, ion concentration, and mechanical properties change at GBs
dependent on the applied galvanostatic values during cycling?
Resolving these issues is challenging, because the GBs are al-
ways coupled with electrochemical-mechanical behaviors and the
SSE/Li interface properties are always considered as the gen-
eral motivations for dendrite initiation and propagation. In this
work, we provide answers to above-mentioned questions by com-
bining in situ synchrotron-based X-ray characterization, elec-
trochemical measurements with the electro-chemo-mechanical
phase-field (PF) model. We demonstrate that Na dendrite initiate
within the NZSP and grow along GBs and we also give quan-
titative results on how the interplay between mechanical and
ionic/electronic properties of the GB impacts on the Na pene-
trant kinetics and penetration morphologies. We further provide
a model validated by experiments, which can predict quantita-
tively how the GB properties including Na penetrant morphol-
ogy and evolution, potential, and mechanical stress varies with
applied galvanostatic values. These findings have been used to
guide the synthesis of the SSEs with suitable GBs structure for Na
dendrite suppression, altering the synthesis strategies to increase
the density of NZSP (by reducing porosity), increase the grain

size and/or improve contact at the GBs. The proposed mecha-
nism rationalizes novel guidelines to improve the GB properties
and suggests to create more resilient SSEs for solid-state sodium
battery.

2. Results and Discussion

A symmetric Na/NZSP/Na cell was designed and isostatic press-
ing was applied for the NZSP/Na interface kinetics measure-
ment to avoid the impact of poor interface contact and the grad-
ual contact loss formed during stripping. The pressure perpen-
dicular to the NZSP/Na interface was altered via a screw and
a spring. Figure 1a shows that the polarization voltage of the
symmetric cell increases gradually with applied current den-
sity and becomes fluctuating when the current density reaches
0.3 mA cm−2. The voltage fluctuation becomes more severe with
increasing the current density especially when the current is
higher than 0.45 mA cm−2. The voltage increase is mainly as-
cribed to the inhomogeneous distribution of Na ions around the
GBs, while the voltage reduction of is mainly attributed to the
electrons in the GB leakage current, which induced by a suffi-
ciently large current density (>0.3 mA cm−2 in this work). De-
creasing the local potential can sufficiently reduce Na ions into Na
metal.[33–34] Figure 1c shows the Nyquist plots of the impedance
spectra recorded operando during plating-stripping cycling with
different current densities for ideally contacted NZSP/Na inter-
faces at room temperature (25 °C). The impedance response in-
cludes bulk and grain boundary (inserted in Figure 1c)[35] contri-
butions, and the impedance gradually decreases with increasing
current density. When a constant current density of 0.3 mA cm−2

is applied, the polarization voltage begins to decrease (Figure 1a),
which indicates that the continuous Na infiltration into the NZSP
before the short circuit occurs. When the applied current density
continues to increase, the polarization voltage begins to fluctu-
ate, indicative of continuous Na-ion accumulation and dendrite
growth along GBs. At the meantime, the bulk resistance of the
NZSP decreases from 320 to 254 Ω according to the EIS fitting
results (Figure 1b), which demonstrates the Na metal dendrites
gradually penetrate and grow in NZSP during cycling. That is
because the metallic Na inside NZSP can significantly improve
the electronic conductivity of NZSP. The bulk resistance reduc-
tion of NZSP corresponding to EIS is attributed to the increase in
carriers (electron and Na ion) concentration. Large enough cur-
rent density will lead to continuous Na deposition and growth
along GBs and eventually cause short circuiting. For the Rint of
NZSP/Na, it decreases dramatically after cycling from ≈ 220 to
21 Ω cm2 (Figure 1d). This behavior can be attributed to an ad-
ditional increase in effective contact area (load-bearing contact
area) between the NZSP grains and the Na metal formed at GBs.
It is noteworthy that the contact interface between NZSP pellet
with Na metal electrode was almost electrochemically stable af-
ter we disassembled the cell that had already been short-circuited
(Figure 2). Thus, the Na metal electrode/NZSP contact interface
is not the main motivation for the reduction of Rint. The details
for the NZSP/Na metal interface reaction mechanism during cy-
cling at different current densities will be discussed in Figures 3
and 4.

The NZSP pellet was further examined after a Na/NZSP/Na
symmetric IXIcell was cycled under galvanostatic conditions till

Adv. Energy Mater. 2024, 14, 2304488 © 2024 Wiley-VCH GmbH2304488 (2 of 13)

 16146840, 2024, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202304488 by M
ax Planck Institute for Sustainable M

aterials, W
iley O

nline L
ibrary on [04/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 1. The d.c. cycling performance and the corresponding EIS curves of symmetric Na/NZSP/Na cell. a) The d.c. cycling performance at room
temperature (25 °C) by stepping the current density from 0.05 to 0.65 mA cm−2. The curves with different colors correspond to the potential and
current density. c) Evolution of the Na/NZSP/Na cell Nyquist plots with cycles corresponds to the different current densities, respectively. The Nyquist
plot was collected after each charging-discharging cycle with corresponding current density. (b and d) The fitted impedance of Rbulk NZSP and RNa/NZSP
contributions obtained from the analysis of the impedance spectra (c). All measurements were performed on symmetric Na/NZSP/Na cell with a
constant pressure.

the critical current density (CCD) was exceeded. The CCD was
found to be 0.3 mA cm−2 at room temperature (Figure 1a). The
NZSP pellet disassembled from the IXIcell shows dark spots and
lines at its surface (Figure 2b). The dark locations are caused by
Na dendrites infiltrating the NZSP pellet, leading to short circuit
of the cell. Figure S1 (Supporting Information) shows the dis-
tinct NZSP cross-sectional fracture surface, from which we can
see the trajectory of the Na spots following the Na-ion current
path between NZSP and Na metal electrode. The SEM image
clearly shows that Na dendrite penetrate into NZSP. Figures 2d–g
displays the SEM images of the NZSP pellet surface and cross-
section as well as corresponding EDS mappings for the short-
circuited cycled Na/NZSP/Na cell. For the pores in NZSP, the
onset of Na metal deposition in grain boundaries of NZSP can
progress into the connected pores. The grain boundaries and
voids of NZSP are penetrated by needle like and blade like metal-
lic Na. This indicates that the Na dendrites prefer to nucleate and
grow along the GBs and voids of the NZSP pellet.[36] The growth
of the Na dendrite provides more intimate contact area between
NZSP grains and Na, leading to decrease in voltage and Rint dur-
ing the CCD process, as shown in Figure 1. Figure 2h shows
TEM image of the region selected for study, where three GBs are

connected with a void at the junction. Although the change in
the GB itself cannot be easily reflected in TEM, EDS mappings
are used to characterize microscopic Na dendrite grow in NZSP.
Figure 2i–m show that Na element is aggregated along the grains
and GBs of NZSP after short circuit. This illustrates that Na ions
can diffuse and accumulate along the GBs of NZSP and precipi-
tate as trapped metallic Na. XPS analysis (Figure S2, Supporting
Information) suggests that the dark linear spots or regions have
a more Zr reduced character compared to the white or the white
NZSP area in the cycled pellet.[37] This indicates that the formed
Na metal can lead to local change in Zr environment. XPS anal-
ysis (Figure S3, Supporting Information) suggests that the white
area of NZSP surface have no obvious changes for Na 1s, O 1s,
P 2p and Si 2p regions before and after short circuit.

NZSP/Na interface structural change during the electrochem-
ical cycling can affect Na dendrite growth. To evaluate the influ-
ence of NZSP/Na interface electrochemical properties on Na den-
drite growth, the in situ micro-X-ray absorption near edge struc-
ture (μXANES) measurements were performed at the beamline
I18 at the diamond light source (Harwell, UK). In situ represen-
tative features of NZSP/Na metal interface during cycling at dif-
ferent current densities are shown in Figure 3. The NZSP/Na
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Figure 2. The d.c. cycling test of Na/NZSP/Na and microscopy images of short-circuited NZSP after dendrite penetration. a) Optical microscopy image
of an in situ X-ray imaging cell (IXIcell). b) Optical microscopy image of NZSP pellet with metallic Na attachment disassembled from the IXIcell. c)
Optical microscopy image of the cycled NZSP pellet, the black dendritic lines are the region where the short circuit occurred. d) and e) SEM image of
the NZSP at the short-circuit region and its elemental EDX mapping of Na. f) and g) SEM image of the NZSP in a cross-section and its elemental EDX
mapping of Na, showing the Na dendrite and blade structure along the GBs and voids. h–m) TEM image of NZSP at the short-circuited region after
Focused Ion beam (FIB) treatment and its elemental EDX mapping of Na, O, Zr, Si and P, respectively.

contact interface was further examined after the Na/NZSP/Na IX-
Icell was cycled under galvanostatic conditions till the CCD was
exceeded. The CCD was found in IXIcell to be 0.6 mA cm−2 at
25 °C (Figure 3a). Figure 3c shows the in situ IXIcell electrochem-
ical design for synchrotron-based X-ray characterization. The op-
tical image shows the interface between NZSP (grey area) and
Na metal (metallic luster area). The high sensitivity and resolu-
tion of XANES provides an excellent imaging tool to study mi-
croscale chemical changes or evolution. We conducted 2D grid
scans with the beam (size 2.0 μm × 2.5 μm) at different energy
points, which produced a series of fluorescence images. A sur-
prising observation for NZSP/Na interface after cycling is that
the regions of interphase layer are formed and visible, as shown
in Figure 3d. Zr K-edge XANES maps with different colors show
that there is a new Zr-based phase (green area) in this area of
the NZSP/Na interface. Moreover, the new formed green region
at NZSP/Na interface does not show any significant change with
stepping the current density from 0.05 to 0.3 mA cm−2, even af-
ter a short circuit.[38] This is because the new interphase formed
at NZSP/Na interface is stable, which can protect the NZSP elec-
trolyte from continuous reduction by metallic Na or other electro-
chemical reactions. The Zr K-edge XANES spectra corresponding
to NZSP and NZSP/Na interface are notably different for phase
identification through XANES mapping (Figure 4). We also iden-
tified the possible phase equilibria and decomposition reaction

energies of sodiation and desodiation of NZSP against Na, as
shown in Figure S4 (Supporting Information). Our DFT com-
putation results determine that the thermodynamically favor-
able decomposition formed interphase mainly consists of Na2O,
Na2O2, NaSi and Na3P, which can function as a passivating layer
for NZSP during cycling.[37,39,40]

The XANES spectra and their corresponding first derivatives
of NZSP and the interphase formed at NZSP/Na interface are
shown in Figure 4b–e. For the NZSP/Na interface, with increas-
ing the cycling current density, the main absorption edge clearly
shifts to a lower energy. This clear trend in the XANES spec-
tra implies the occurrence of Zr reduction during cycling.[41] In
Figure 4b, Zr K-edge XANES spectra of the bulk of NZSP do not
change obviously with stepping the current density from 0.05 to
0.6 mA cm−2 after 6 cycles, even after a short circuit. Additionally,
there is no pre-edge feature at about 18 005 eV corresponding
to a 1s-4d transition, which is only allowed if there is some p-d
mixing. The pre-edge structure that is most apparent in tetrag-
onal phase is also lacked in first derivative plots. This indicates
that the pre-edge of NZSP shows feature similar to the octahe-
dral coordination of Zr-O, because the 1s-4d transition is very
weak for the centrosymmetric coordination geometries like in
octahedral ZrO6.[42] The edge width, which can be observed in
the first derivative, can be used to determine the width of the va-
lence band.[43] The large edge width of NZSP indicates the high
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Figure 3. In situ observation of the electrochemical stability of NZSP/Na interface during cycling. a) The d.c. cycling of Na/NZSP/Na IXIcell at 25 °C by
stepping the current density from 0.05 to 0.6 mA cm−2. b) Nyquist plots of Na/NZSP/Na after each cycling. c) The measuring instrument and optical
microscopy image of the Na/NZSP interface; the metallic luster and grey area correspond to the Na metal and NZSP, respectively. d) XANES mapping
(25 × 63 μm) of Zr K-edge at NZSP/Na interface correspond to each cycling. The green area represents the new Zr-based phase in this area of the
NZSP/Na interface, the blue area represents the bulk Zr of NZSP, and the red area represents the Na metal side.

covalency for Zr─O bond.[44] These results demonstrate that
NZSP is electrochemical stable with Na metal during the CCD
cycling, and the continuous electrochemical reaction during
cycling is not observed. Qualitative information can be ob-
tained by comparing XANES spectra with those of mapping ar-
eas, which clearly show that the stable interphase formed at
NZSP/Na interface can protect NZSP from the continuous chem-
ical/electrochemical reactions with Na metal. Thus, we deduce
that the growth of Na metal dendrite in NZSP may involve mul-
tiple factors, such as the NZSP/Na interface properties and the
GBs properties. In addition to the influence of NZSP/Na interface
electrochemical changes, the dynamically evolving local electric
potential and mechanical properties of NZSP GBs are the main
motivation for dendrite growth in NZSP in this study.

The above experimental results have shown that Na metal den-
drites mainly penetrate stiff NZSP pellet along its GB network,
resulting in cell failure. Detecting the local potential change

at the GB and monitoring the kinetics of Na dendrite growth
during cycling are big challenges due to the combined influence
of electrochemical-mechanical coupling and complicated condi-
tions. To illustrate the distributions of various fields (i.e., Na ion
concentration and Na metal dendrite patterns), we initiate the
simulation by artificially inducing nucleation (circular dendrite
dot with a radius around 50 nm) at the center of the NZSP
grains. Taking into account the great influence of the Na ion con-
ductivity and Young’s modulus of GBs on both the growth rate of
Na dendrites and their resulting morphologies, the simulation
has explored various values for these properties. It is important
to highlight that a 5% volume expansion is assumed during
Na metal dendrite growth. All simulations employ an identical
microstructure, characterized by the same number of grains and
same geometry of the grain boundaries (GB). The investigation
varies properties of the GB while maintaining this uniform GB
geometry. It should be noted that this work focuses solely on the
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Figure 4. XANES spectra Zr K-edge for Na/NZSP interface after each cycling. a) Schematic in situ electrochemical cell design and for Na/NZSP/Na
interface characterization in this study. b,c) The XANES spectra of Zr K-edge and their corresponding first derivatives of the NZSP. d,e) The XANES
spectra of Zr K-edge and their corresponding first derivatives of the interphase formed at NZSP/Na interface during cycling. The XANES spectra of Zr
K-edge were smoothened by using Athena because low concentration of the formed interphase shows a high noise-signal ratio.

lithiation process. Nonetheless, simulating the lithiation/
delithiation cycle can be readily achieved by simply altering the
boundary conditions.

Figure 5 displays the localized variations of Na ion concentra-
tion, electric potential, current, and stress change corresponding
to different Young’s modulus of GB. The growth of Na dendrites
at GBs can be attributed to the differences in both Young’s mod-
ulus and Na ion concentration between the GBs and the grains
of NZSP. The growth of Na dendrites results in volume expan-
sion, which subsequently impacts the von Mises stress within the
grains and at grain boundaries. Recalling Equation 15, the vari-
ation in stress distribution gives rise to different driving forces

for dendrite growth. However, Figure 5 indicates that the ultra-
soft nature of Na metal and its extremely low yield stress can
significantly decrease the stress, resulting in low stress level
(70 MPa) for NZSP. Additionally, despite a significant change
in the Young’s modulus of GB (1 GPa, 20 GPa, 50 GPa, and
80 GPa), there is only a minimal difference observed in the ef-
fective plastic strain and von Mises stress, as demonstrated in
Figure 5f. As a consequence, the low stress has a limited im-
pact on dendrite growth, resulting in similar dendrite patterns
across all samples, as depicted in Figure 5a and b. The tip in-
terfaces between Na metal dendrite with GBs have higher con-
centration and electric potential gradient (potential difference
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Figure 5. Effect of Young’s modulus of GBs on dendrite growth. a) The sequence from top to bottom displays dendrite growth at t ≈ 0.05 s, followed by
the b) distribution of Na ions, c) electric potential, d) current density, e) effective plastic strain, and f) the vonMises stress of the sample with varying
GB stiffness.

across the interface), which can give larger driving force for their
faster growth. Thus, all cases exhibit a comparable high cur-
rent density (≈ 400 mA cm−2) at the interface between the Na
metal dendrite phase and GB phase, as shown in Figures 5d
and 6a. The potential changes at the Na dendrite/GBs inter-
face with different modulus are shown in Figure 6b. The faster
the slope of the interface potential decrease, the faster reaction
rate at which Na ions are electrochemically reduced to metal-
lic Na. Figure 6b indicates that GBs with high modulus can in-
hibit Na dendrite growth based on Equation 15. According to
the modeling results (Figures 5 and 6), the Na metal dendrite
preferentially grows along the GBs with lower Young’s modu-
lus, which is due to the low mechanical stress level in the driv-
ing force. Furthermore, we should note that the potential and

stress formed across the Na/GB interface play important roles
in directing the Na metal dendrite growth rate and morphology
evolution.

During the charge/discharge process in NZSP, the Na-ion con-
ductivity of GBs primarily affects the distribution of electric po-
tential and the rate of Na dendrite growth along the GBs. The
potential formed at GBs of NZSP have a more significant change
under a lower GBs Na-ion conductivity. Because a smaller Na ion
conductivity leads to larger GB resistance of NZSP, which indi-
cates that under the same current density, a higher potential can
be observed. Figure 7 shows the snapshots of the metallic Na den-
drite, Na-ion concentration, electric potential, current, and von
Mises stress distributions at NZSP GBs as a function of varying
Na ion conductivity of GBs.
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Figure 6. a) Depicts the variation in current density at the selected point over time for different EGB, b) illustrates the change in potential at this point
over time for different cases.

As shown in Figure 7, the concentration gradient decreases
as ionic conductivity increases (no concentration gradient cap-
tured at the GB). According to Equation 9, higher Na-ion con-
centration can contribute to a larger reaction rate. Consequently,
NZSP samples with lower ionic conductivity may lead to greater
concentration gradient and higher occurrence of dendrite forma-
tion. A typical fiber-like pattern with small branches is captured
in Figure 7a. Further increasing the GB Na-ion conductivity, cor-
responding to a large driving force due to the high Na ion con-
centration, even promotes the tendency of tips to split.

It is evident to see from Figure 7c that higher GB Na-ion con-
ductivity results in less potential change along GBs and across
the Na metal dendrite/NZSP phase interface. For instance, in the
case with �̄�GB= 100 𝜎GB ( 𝜎GB = 0.25 S/m), the potential is almost
uniform (0.1 mV), while in the other cases ( �̄�GB= 0.05 𝜎GB and
�̄�GB= 0.1 𝜎GB), a potential change span of −2.5 V is observed,
as shown in the first column in Figure 7c. GBs in SSEs gener-
ally exhibit poorer electronic conductivity compared to the bulk
material. The fluctuation of local GB potential could lead to the
leakage because of the low work function (2.4 eV) of NZSP mea-
sured by UPS (Figure S5, Supporting Information. Additionally,
when the applied current density is large enough to reduce the
GB potential below 0 V, GBs will serve as the channels for Na
metal deposition. In such cases, electrons tend to preferentially
flow through the GBs, thereby promoting the reduction reaction
of Na ions (dendrite growth). The concentration gradient of lo-
cal Na ions decreases as Na-ion conductivity increases (the blue
region disappears in Figure 7b). GBs with lower Na-ion conduc-
tivity can result in a larger number of dendrites, as illustrated
in the first row of Figure 7a. This is because the lower GB Na
ion conductivity leads to a higher Na-ion concentration gradient,
which can enable a higher reaction rate based on Equation 12.
The rapid growth of metallic Na dendrites leads to significant
NZSP GB/Na dendrites interface potential fluctuations at GB,
as shown in Figure 7c. The Na/NZSP interface current at GB
mainly depends on the potential gradient based on Equation 18.
Figure 7d shows that with larger Na-ion conductivity, the current
density at GBs region along dendrite branch become larger in-
dicating a fact that Na dendrite growth is facilitated by the low

GB Na ion conductivity. Moreover, the higher Na ion conductiv-
ity is able to homogenize Na ion concentration at GBs. In ad-
dition, the larger effective plastic strain in these cases supports
the stronger reaction kinetics, leading to faster Na metal dendrite
growth around the GBs, as shown in Figure 7e and f. However,
the von Mises stress in all samples remains fairly low due to the
extremely low yield stress of metallic Na, and no significant vari-
ation is observed.

The local point of current density and potential for NZSP
GB/Na dendrite are shown in Figure 8. In Figure 8a, the high con-
ductivity of GBs (blue line with triangle markers) enhances Na-
ion diffusion, which results in a higher current than the other two
cases based on the Ohm’s law (Equation 18). Additionally, poor
Na-ion conductivity causes a large potential change (Figure 8b).
The solid yellow line and dark dashed line shows a potential
change of around 2.5 V compared to the green and blue lines
( �̄�GB= 100 𝜎GB and �̄�GB= 10 000 𝜎GB). That is because the differ-
ent GB Na ion conductivity leads to the heterogeneous distribu-
tion of Na ion concentration at GB, thereby, significant potential
change is formed along the GBs according to the Equation 15.
According to the equation IBV, large potential change can further
impede Na-ion diffusion at localization of GB, resulting in faster
Na-ion reduction and a larger number of dendrites. When the
local potential at GBs surpasses the bandgap of NZSP, the GBs
become incapable of impeding the flow of electrons (Figure S5,
Supporting Information). Consequently, with the onset of leak-
age current, the GBs act as a source of electrons, further facili-
tating the growth of Na metal dendrites specifically at the grain
boundaries.

Another important characteristic of GB that can affect the Na
metal dendrite growth is Na-ion diffusivity. As shown in Figure
S9 (Supporting Information), when the GB diffusivity is low, the
diffusion of Na ions through the GB becomes difficult, resulting
in the accumulation of Na ions around the GB. As a result, a lower
GB diffusivity leads to faster and more pronounced Na metal
dendrite growth. It can also affect the distribution of vonMises
stress, plastic strain, and local current density at GBs. Collectively,
these characteristics of GBs unveil two important findings. First,
the varying Young’s modulus and Na-ion conductivity of GBs

Adv. Energy Mater. 2024, 14, 2304488 © 2024 Wiley-VCH GmbH2304488 (8 of 13)
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Figure 7. Effect of GB conductivity of NZSP on dendrite growth during electrochemically induced reaction. The sequence from top to bottom displays a)
dendrite growth, followed by b) the distribution of Na ions, c) electric potential, d) current density, e) effective plastic strain, and f) the vonMises stress
of the sample with varying GB conductivity. 𝜎GB= 0.25 S m−1 has been used in the simulation.

contribute to the non-uniform distribution of potential and Na-
ion concentration within local regions of the GBs. Second, it
is worth highlighting that GBs with distinct properties serve as
favorable regions for the growth of Na metal dendrites within
NZSP electrolyte pellets during cycling. For this model, our pre-
vious studies have shown that the GB resistance for Na ions de-
pends on the GB structure and temperature.[34] The d.c. cycling
of Na/NZSP/Na cells by stepping the current density from 0.06
to 0.25 mA cm−2 at 60 °C shows a better cycling stability than
that at 25 °C (Figures S6 and S7, Supporting Information). Our
studies also demonstrate that reduction of RGB by increasing tem-
perature and improving the Young’s modulus with GB modifier

can effectively suppress the Na metal dendrite growth,[34] which
is apparently consistent with the simulated patterns in Figures 5
and 7. Moreover, our results demonstrated that reducing poros-
ity and microscopic defects of NZSP, as well as altering its grain
structure, is an effective strategy for increasing its CCD.[34]

3. Conclusion

The electrochemical stability of NZSP/Na interface and GB prop-
erties of NZSP are the main motivations for Na metal dendrite
infiltration and the corresponding short circuit. We evaluate the
influence of NZSP/Na interface electrochemical properties on

Adv. Energy Mater. 2024, 14, 2304488 © 2024 Wiley-VCH GmbH2304488 (9 of 13)
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Figure 8. Displays the change in the local current density over time at the selected point in a), and the change in potential over time at the same point
in b).

Na dendrite growth by in situ μXANES experiments, and find
that NZSP is almost electrochemically stable with Na metal dur-
ing cycling and it is not the key motivation for Na metal den-
drite growth. We confirm that GBs properties mainly effect the
Na metal dendrite growth in NZSP. By calculating the dynami-
cally evolving local electric potential at GBs during Na dendrite
growth via an electro-chemo-mechanically coupled phase-field
(PF) model, we demonstrate that the GB properties play impor-
tant roles in directing the Na metal dendrite growth rate and mor-
phology evolution. Microscopic evidence is also provided for lo-
cal properties of GBs to affect Na metal dendrite formation in
NZSP. The local fluctuation of GB potential is very drastic (about
0.5 V), while as the applied d.c. current density is very low. The
fluctuation of local GB potential could lead to the leakage because
of the low work function (2.4 eV) of NZSP measured by UPS.
The Na ion conductivity and mechanical strength of the GBs are
found to be the main factors for the local Na dendrite growth ki-
netics. Based on our study model, tailoring GBs with sufficient
Na ion/electron conductivity and Young’s modulus is an effec-
tive route to suppress Na metal dendrite growth in polycrystalline
SSEs. Given that the growth of Na dendrites results in consider-
able deformation, our subsequent work will integrate finite strain
theory. This will enhance our understanding of the mechanical
effects on Na dendrite growth. Additionally, in our upcoming re-
search, we will delve into various solid electrolyte materials and
examine their chemical and mechanical properties, and their im-
pact on the Na dendrite growth.

4. Experimental Section
NZSP Pellets Synthesis and Surface Cleaning Treatment: The NA-

SICON (Na3Zr2Si2PO12 stoichiometry) was prepared by a solid-state
reaction.[16,34,37] The Na3Zr2Si2PO12 was prepared by mixing stoichio-
metric amounts of Na2CO3 (99.99%, Aladdin), ZrO2 (AR, Sinopharm),
NH4H2PO4 (≥99.99%, Aladdin), SiO2 (AR, Sinopharm), and Isopropanol
(≥99.9%, Aladdin). 10 wt% excess Na2CO3 was added to compensate for
sodium volatilization during high-temperature synthesis. After that, the
mixture was subjected to a two-step heat treatment. The evenly mixed
powder was heated at 950 °C for 4 h, with a temperature ramp-up rate
of 5 °C min−1. The calcined powders were manually ground using a pestle

and mortar, followed by further grounding in a planetary ball mill in iso-
propanol for 7 h. Powder of 0.3 g every time was pressed using uniaxial
pressing at about 7 MPa to form pellets of about 12 mm diameter and
0.9 ± 0.1 mm thickness. Next, calcination of the obtained pellets was per-
formed at 1100 °C for 12 h with a temperature ramp-up rate of 5 °C min−1.
Extra mother powders of the same composition were placed both under-
neath and on the top of the pellets in the Al2O3 crucible. At last, both sides
of prepared the NZSP pellets were polished to remove the contaminations
from the top and bottom of each pellet to further ensure that the homoge-
neous and clean parts of the pellets were used for conductivity measure-
ments and other experiments. X-ray diffraction patterns of the as-prepared
Na3Zr2Si2PO12 were shown in Figure S10 (Supporting Information). The
as-prepared Na3Zr2Si2PO12 sample shows high purity without other im-
purities; all the diffraction peaks can be indexed to a monoclinic structure
(PDF 01-084-1200) with a space group of C2/c.

The heat treatment can clean the surface of NZSP. Heat treatment
(450 °C in air) was used in this study to eliminate the by-product layer
coating on the NZSP, which was generated on NZSP surface when it con-
tacted with air (H2O + CO2). Heat treatment was carried out by placing
the samples in an Al2O3 crucible and heating to temperatures at 450 °C in
a muffle furnace (Kejing Corporation, China) for 2 h using 5 °C min−1 as
heating rate. After this treatment, samples were transferred to an argon-
filed glovebox for the following characterization.

Structure and Microstructure Characterizations of NZSP: The surface
morphologies and cross-section view and EDS mapping of short-circuited
NZSP were characterized by using a field-emission scanning electron mi-
croscope (SEM) (S4800 Hitachi, Japan). The NZSP and short-circuited
NZSP pellets were cut by using FIB-SEM (Hitachi NX5000 ETHOS, Japan).
The morphology and crystal structure of the NZSP short-circuited NZSP
samples processed by FIB were then characterized by field emission TEM
(JEM-2100F, Japan).

In Situ X-ray Imaging Cell (IXIcell) Assembly and Electrochemical Mea-
surements: A thin Na wafer (Φ12 mm and about 0.1 mm thickness) was
put on NZSP pellets in a glovebox filled with ultrahigh-purity argon (Ar),
and then the stacked with a pressure in the IXIcell as shown in Figure S8
(Supporting Information), which designed by ourself and made by Gaos-
sunion Corporation (Tianjin, China). In order to improve the solid-state
contact between NZSP and Na metal, keep-loading-pressure perpendicu-
lar to the Na/NZSP/Na interface was set as about 15 MPa. All the assembly
of Na/NZSP/Na symmetric cells were prepared with the same pressure.
Moreover, the IXIcell was well sealed by using rubber ring and the inside of
the cell filled with Ar gas. Electrochemical impedance spectroscopy (EIS)
measurements were conducted by using a Gamary interface 1010E work-
station between 1 MHz and 1 Hz at the amplitude of 10 mV. Galvanos-
tatic cycling experiments of Na/NZSP/Na at a current density of 0.05, 0.1
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0.2, 0.3 and 0.6 mA cm−2 were performed by using the Gamary interface
1020 workstation. All electrochemical measurements were taken at 25 °C
outside the glove box, and EIS measurements were taken at various time
intervals during the galvanostatic cycling.

EIS data were fitted with an equivalent circuit model consisting of a
series connection of the following elements: a resistor (R1), a parallel ele-
ment consisting of a resistor (R2), and constant phase element (Q). The
resulting circuit was summarized: (R1Q) − (R2Q). The high frequency arc
(and offset resistance) represents the overall bulk Na ion transport (grain
and grain boundary charge transfer resistance), and was modeled by the
R1 series contribution to the equivalent circuit model. The parallel (R2Q)
element models the contribution of NZSP/Na interface charge transfer
resistance to the EIS spectrum.

Micro-XANES Measurement: The micro-XANES (μXANES) experi-
ments were performed at the beamline I18 at the diamond light source
(Harwell, UK). The beamline uses a cryogenically cooled Si (111)
monochromator. The specialized designed cell was held in a plane to the
incident beam, with the fluorescence detector positioned at 60–90° to the
beam direction. In order to detect the average change and distribution of
Zr along the NZSP/Na interface, the mapping method was used. The Zr
K-edge μXANES mapping area was 63 μm × 25 μm in this study, with hor-
izontal direction step size of 1 μm and vertical direction step size of 1 μm.
The beam size was 2 μm × 2.5 μm, which was also the size of each pixel.
Each μXANES mapping was consisting of 123 pieces of μXRF mappings
collected at discrete energies from 17 960 to 18 124 (energy step: 2 eV for
17950-17070 and 18040–18124; 1 eV for 17 971 to 18 039). The data col-
lection time for each pixel at one singal energy point was 0.02 seconds. For
each μXANES mapping, 315 pixels at 123 different energies had a total col-
lection time of 130 mins. The μXANES mapping were converted from the
individual XRF map files recorded during the measurement into a format
suitable for the program Mantis by using a python script.[45] The script
integrates the XRF spectra mapping data for the selected energy window
and divides it by the I0 reading at each point, generating and normaliz-
ing the XANES spectra. In Mantis, the XANES spectra was processed by
using principal component analysis (PCA), which separate the mapping
area by comparing the XANES spectra, and then cluster analysis was used
to show the different XANES spectral associated with each region of the
sample (e.g., interface and bulk for NZSP/Na).

Phase Field Models and Parameters: Phase-field simulation parameters
and their normalized values are shown in Table 1. This study presents
an electro-chemo-mechanical phase-field (PF) model for examining the
growth of sodium dendrites in all-solid-state batteries (ASSB), while con-
sidering the grains and grain boundaries (GBs) through two distinct order

Table 1. Phase-field simulation parameters and their normalized
values.[47,48]

Parameters for the simulation

Parameter name Value Unit

Maximum sodium ion
concentration c0

104 mol m − 3

Maximum sites of sodium
metal cmax

9.71 × 104 mol m − 3

Ionic conductivity of
sodium 𝜎DE

107 s m − 1

Ionic conductivity of SE
𝜎SE

10−1 s m − 1

Energy barrier height W 3.6 × 106 J m − 3

Diffusivity of sodium DNa 1.5 × 10−16 m2 s − 1

Diffusivity of sodium ion
DNa+

1.5 × 10−14 m2 s − 1

Phase mobility L 10−8 m3J−1s−1

Reaction rate Lc 0.6 s−1

parameters, 𝜂 and 𝛽. The dendrite growth was assumed to occur from
the nuclei to the entire domain, encompassing growth within grains and
across GBs. The dendrite phase, representing sodium metal, was denoted
by 𝜂 = 1, while the solid-electrolyte (SE) phase was represented by 𝜂 =
0. Additionally, the GB was designated as 𝛽 = 1, with the grain phase, in-

cluding the dendrite and SSE phases, represented by 𝛽 = 0. The resulting
system free energy can be expressed as:

𝜓 = 𝜓c + 𝜓𝜂 + 𝜓e + 𝜓𝜙 + 𝜓grad (1)

where the chemical free energy 𝜓 c can be given as follows:

𝜓c = RTcmaxcNa+ ln (cNa+ ) (2)

with R and T being the gas constant and room temperature, cNa+ was the
normalized concentration of sodium-ions, cmax was the maximum concen-
tration of Na+ in the SE phase.

The double-well potential shown below can be used to describe the free
energy associated with dendrite growth:

𝜓𝜂 = W𝜂2 (1 − 𝜂)2 = Wc2
Na(1 − cNa)2 (3)

where Equation 3 includes the energy barrier height coefficient, W. The
order parameter for the dendrite phase was represented by 𝜂 = cNa , which
indicates the normalized sodium concentration. The two minimal points
correspond to the SE phase and dendrite phase, respectively, with 𝜂 = 0
and 𝜂 = 1. The interface between these two phases occurs at 0 < 𝜂 < 1,
where the dendrite growth reaction takes place.

This study assumes that volume increase occurs due to dendrite growth
(phase transformation from the SE phase to the dendrite phase), leading
to an elastic free energy expression of the form:

𝜓e =
1
2
𝝈 : 𝜺e, with 𝝈 = ℂ (𝜂) : 𝜺e, 𝜺e = 𝜺 − 𝜺p − 𝜺𝜂 (4)

where 𝜺𝜂 =
Ω
3

h(𝜂)I denotes the volume expansion (dendrite growth) in-
duced eigen strain, 𝝐p represents the plastic strain, and Ω represents the
volume change ratio/percentage from the SE phase to dendrite phase, and
I was the identity tensor. It was worth noting that the elastic properties,
such as the Young’s modulus, of the dendrite phase (5 GPa) and the SE
phase (50 GPa) differ significantly.[34] To ensure a smooth transition be-
tween phases, the phase-dependent elasticity tensor, ℂ(𝜂), has been em-
ployed.

This study has not considered anisotropic properties, such as poly-
crystalline sodium and anisotropic elastic constants, which will be ad-
dressed in future work. To simplify the analysis, the isotropic J2 plasticity
model has been utilized to examine the elastoplastic response associated
with dendrite growth. Given the significantly lower yield stress of sodium
(≈ 0.5 MPa) in comparison to the NZSP phase (approximately 50 MPa),
a phase-dependent yield condition has been introduced as follows:

f
(
𝝈, �̄�eff , 𝜂

)
= ‖dev [𝝈] ‖ −

√
2
3

(
𝜎Y (𝜂) + H (𝜂) �̄�eff

)
(5)

where the yield stress 𝜎Y(𝜂) and the hardening moduli H(𝜂) were calcu-
lated by using the dendrite phase order parameter 𝜂, respectively. Here, the
yield stress 𝜎Y(𝜂) and the hardening moduli H(𝜂) were calculated based
on the dendrite phase order parameter, 𝜂. dev[𝜎] and �̄�eff respectively de-
note the deviatoric part of the Cauchy stress and the effective plastic strain.
Next, the plastic flow can be given by:

�̇�p = 𝜆
dev [𝜎]‖dev [𝜎]‖ (6)

̇̄𝜀eff = 𝜆

√
2
3

(7)
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with 𝜆 being the plastic multiplier. It should be mentioned that, the
smooth interpolation function h (𝜂) = 𝜂3 (6𝜂3 − 15𝜂 + 10) has been used
to calculate the phase-dependent quantities.

The electric free energy of the species takes the form

𝜓𝜙 = Fzici (8)

with zi and ci being the charge number and concentration of i-th species,
and F was the Faraday constant.

The gradient energy for the interface between phases (dendrite phase
and SSE phase) can be read as follows:

𝜓grad = 1
2
𝜅∇2𝜂 (9)

where the anisotropic gradient coefficient 𝜅 can be written as follows:[46]

𝜅 = 𝜅0 [1 + 𝛿 cos (w𝜃)] (10)

The expression for the gradient energy includes the interface thickness
constant, 𝜅0, and the anisotropy strength parameter, 𝛿. The local angle, 𝜃,
for the dendrite growth was determined based on the gradient of the order
parameter 𝜂(𝜃 = arctan( 𝜕𝜂∕𝜕y

𝜕𝜂∕𝜕x
)), and the mode number for the anisotropy

was represented by w.
In this work, the chemical reaction for the dendrite growth was consid-

ered as follows:

Na⇔Na+ + e− (11)

where the reaction only occurs at the interface between Na dendrite phase
and SSE phase was assumed, namely 0< 𝜂 < 1. Then the chemical reaction
at the interface can be read as follows:

IBV = L𝜂 h′ (𝜂)
[
exp

( ΔG
2RT

)
− cNa+ exp

(
− ΔG

2RT

)]
(12)

with L𝜂 being the reaction rate, ΔG was the active Gibbs energy constant
for the reaction. h′(𝜂) was the 1st order derivative of h(𝜂), namely the dou-
ble well function, this function restricts the reaction to occur solely at the
interface (0 < 𝜂 < 1).

Governing equations
The mass conservation of Na+ can be read as follows:

𝜕cNa+

𝜕t
= ∇ ⋅ [D∇cNa+ + DcNa+∇𝜙] −

cs

cmax

𝜕𝜂

𝜕t
(13)

The term D in the equation represents the diffusion coefficient of Na+,
a parameter dependent on phases that will be introduced later. cs was the
concentration of available sites in SE. To describe the evolution of den-
drites, the following Allen-Cahn equation can be employed:

𝜕𝜂

𝜕t
= −L

𝜕𝜓

𝜕𝜂
+ L𝜅∇2𝜂 − L𝜂 IBV (14)

It was worth noting that the term 𝜓 encompasses contributions from
both chemical processes (dendrite growth) and mechanical deformation
(elastic free energy), resulting in the following expression:

𝜕𝜓

𝜕𝜂
=

𝜕𝜓𝜂

𝜕𝜂
+
[
ℂ :

(
𝜺 − 𝜺p − 𝜺𝜂

)]
:
(
−Ω

3
h′ (𝜂) I

)
(15)

the second term on the right-hand side can be simplified to − Ω𝜎h, with
𝜎h = tr(𝝈) being the hydrostatic stress (i.e., trace of the stress tensor).

The current in the Na dendrite phase and the NZSP SSE phase can be
expressed as follows, based on Ohm’s law:

𝜎DE∇𝜙 = iDE (16)

and

𝜎SE∇𝜙 = iSE (17)

Therefore, the mixed current through the phases can be expressed as:

imix = h (𝜂) iDE + (1 − h (𝜂)) iSE = 𝜎mix ∇𝜙 (18)

with 𝜎mix = h(𝜂)𝜎DE + (1 − h(𝜂))𝜎DE. Therefore, the equation governing
the electric field can be expressed as:

∇ ⋅ (𝜎mix∇𝜙) = Fcs�̇� (19)

where the ionic conductivity 𝜎mix depends on both 𝜂 and 𝛽, and will be
introduced later. In the end, the stress equilibrium was solved via:

∇ ⋅ 𝝈 = 0 (20)

Boundary Conditions: It was worth noting that the Dirichlet boundary
condition has been applied to the sodium-ions on the right-hand side of
the sample to ensure the Na-ion was always available at the right edge. To
obtain the solution of the Poisson equation, the potential on the right-side
edge has been set to zero.

Material Properties in Grains and GB: Given that the system includes
both grains and GBs, different properties can be assigned to these two do-
mains using the interpolation function h(x). For example, the diffusion co-
efficients in the dendrite phase (DDE), SSE phase (DSE), and grain bound-
ary (DGB) may differ. As such, the diffusion coefficient for the grain was
expressed as follows:

DGR = h (𝜂) DDE + (1 − h (𝜂)) DSE (21)

Then the final diffusion coefficient of Na+ can be read as follows:

D = h (𝛽) DGB + (1 − h (𝛽)) [h (𝜂) DDE + (1 − h (𝜂)) DSE ] (22)

In a similar manner, the Young’s modulus E and the ionic conductivity
𝜎mix can be expressed as follows:

E = h (𝛽) EGB + (1 − h (𝛽)) [h (𝜂) EDE + (1 − h (𝜂)) ESE ] (23)

and

𝜎mix = h (𝛽) 𝜎GB + (1 − h (𝛽)) [h (𝜂) 𝜎DE + (1 − h (𝜂)) 𝜎SE ] (24)
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the author.
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