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E L E C T R O C H E M I S T R Y

Stabilization of garnet/Li interphase by diluting 
the electronic conductor
Wuliang Feng1, Jiaming Hu2, Guannan Qian3, Zhenming Xu4, Guibin Zan3, Yijin Liu3, Fei Wang1*, 
Chunsheng Wang5*, Yongyao Xia1*

The high interfacial resistance and lithium (Li) dendrite growth are two major challenges for solid-state Li batter-
ies (SSLBs). The lack of understanding on the correlations between electronic conductivity and Li dendrite forma-
tion limits the success of SSLBs. Here, by diluting the electronic conductor from the interphase to bulk Li during 
annealing of the aluminium nitride (AlN) interlayer, we changed the interphase from mixed ionic/electronic con-
ductive to solely ionic conductive, and from lithiophilic to lithiophobic to fundamentally understand the correla-
tion among electronic conductivity, Li dendrite, and interfacial resistance. During the conversion-alloy reaction 
between AlN and Li, the lithiophilic and electronic conductive LixAl diffused into Li, forming a compact lithiopho-
bic and ionic conductive Li3N, which achieved an ultrahigh critical current density of 2.6/14.0 mA/cm2 in the time/
capacity-constant mode, respectively. The fundamental understanding on the effect of interphase nature on in-
terfacial resistance and Li dendrite suppression will provide guidelines for designing high-performance SSLBs.

INTRODUCTION
Solid-state lithium (Li) batteries (SSLBs) with a ceramic electrolyte 
receive intense interests as they could deliver both higher energy 
density and enhanced safety compared with the conventional 
Li-ion batteries (1–3). Garnet-type solid-state electrolytes (SSEs) 
[Li7La3Zr2O12 (LLZO)], with an order of magnitude higher shear modu-
lus than metal Li, were once expected to mechanically suppress Li 
dendrite growth (4, 5). However, the critical current density (CCD) 
of LLZO is still far below the value of liquid electrolyte (6). The garnet/
Li interface usually suffers from high interfacial resistance due to 
the lithiophobic behavior of the Li2CO3 contaminants (7, 8). Although 
pristine LLZO has been demonstrated to be lithiophilic, Zr4+ and 
doping element such as Al3+ or Nb5+ are prone to be reduced by 
metal Li (9), which increase the electronic conductivity and are vul-
nerable to Li penetration (10).

Li dendrite propagation in LLZO can be either “from inside out” 
as the higher local electronic conductivity at the grain boundary (11–13) 
or “from outside in” due to the poor interfacial contacts and insta-
bility of the interphase between the garnet electrolyte and metal Li 
(14). The interphase can be electronic conductive (15–17), ionic con-
ductive (18–21), and mixed conductive (22–26). In principle, SSEs 
or interphases that are thermodynamically stable against Li will be 
lithiophobic to Li, while Li wetting (lithiophilic) could be ascribed 
to the high Gibbs formation energy (27, 28). Electronic conductive 
graphite or Li alloyable metals are highly reactive with metal Li to 
form an electronic conductive interphase (ECI), which brings about 
small area-specific resistance (ASR). Unfortunately, ECI leads to 
not only Li nucleation on the electronic conductor but also electron 

injection into SSEs, resulting in continuous electrolyte degenera-
tions. On the contrary, the ionic conductive interphase (ICI) pro-
vides sufficient electron insulativity to prohibit electron attack but 
usually suffers from lithiophobic behavior (29, 30), the formation of 
Li-ion resistive by-products (19, 20, 31), low room temperature ion-
ic conductivity (32), and low mechanical strength (33), resulting in 
a relatively higher ASR. As a compromise, the mixed conductive 
interphase (MCI) containing both electronic and ionic conductors 
is developed, which has moderate interfacial overpotential by scari-
fying the electron insulativity. The small electron transfer barrier 
also provides channels for leakage current to decompose LLZO and 
increases the electronic conductivity at the grain boundary. Theo-
retically, an ideal interphase should be thermodynamically stable 
against Li and contact intimately with high interface energy. How-
ever, LLZO is not stable at a negative potential during Li plating, while 
a thermodynamical stable interphase will probably increase the 
overpotential. To reduce the overpotential, the interphase should be 
lithiophilic with mixed or electronic conductivity (34), but such in-
terphases may promote Li dendrite growth (35). Consequently, out-
standing lithiophilicity and high capability for Li dendrite suppression 
seem to be a paradox, and how the conduction types and lithio-
phobicity of the interphase affect the Li dendrite growth is still unknown.

To realize high capability for Li dendrite suppression, we have to 
adjust the interfacial electronic and ionic conductivities. However, 
the widely investigated interphases with different ionic and electronic 
conductivities are derived from different materials. The diversified 
electronic and ionic conductivities will cause the large difference in 
contact resistances and Li nucleation behaviors, thus making it hard 
to evaluate which conduction type is more suitable for the garnet/Li 
interphase. To explore the impact of the conduction types on the 
interfacial stabilities more rigorously, the conduction types should 
be dynamically changeable and the interphases should be fixed in 
certain compositions. Up to date, it is still challenging to regulate 
the distribution of electronic conductor inside the interphases un-
der intimate contact.

Here, we tuned the ionic and electronic conductivities of the garnet/
Li interphase under fixed components by annealing the aluminium 
nitride (AlN) interlayer at 400°C for different durations. During 
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annealing, AlN reacted with metallic Li, forming a mixed conduc-
tive Li3N-LixAl interphase through the conversion-alloy reaction: 
AlN + Li → Li3N + LixAl. The electronic conductor LixAl gradually 
diffused into bulk Li due to its higher lithiophilicity than Li3N, which 
in situ converted the interphase from mixed conductive to solely ionic 
conductive. Moreover, the notable lattice expansion of Li3N made 
the new interphase dense and intimate with metal Li. The correla-
tion between Li dendrite propagation and the interfacial electronic 
conductivity was systematically investigated by x-ray photoelectron 
spectroscopy (XPS), CCD, and COMSOL Multiphysics simulation, 
confirming that high electronic conductivity in the interphase pro-
moted Li dendrite growth. As the optimized ICI colligated both 
lithiophobicity and intimate interfacial contact, an ultrahigh CCD 
of 2.6 mA/cm2 (time-constant mode) and 14.0 mA/cm2 (capacity- 
constant mode) was realized, suggesting that the outstanding Li 
dendrite suppression benefited from the dilution of the electronic 
conductor from the interphase.

RESULTS
Tuning the electronic and ionic conductor in the interphase
As shown in the schematic in Fig. 1A, AlN was magnetron-sputtered 
on Ta-doped garnet electrolyte Li6.75La3Zr1.75Ta0.25O12 (LLZTO), 
transforming the surface of LLZTO from smooth to porous (fig. S1). 
After the conversion-alloy reaction with metal Li at 400°C for 15 min, 
LLZTO and Li were intimately contacted due to the volume expan-
sion of the Li3N-LixAl interphase. The interphase that was indexed in 
fig. S2 was a mixture of ionic (Li3N) and electronic (Li9Al4) conduc-
tor, forming a typical MCI (Fig. 1B). As the annealing treatment was 
prolonged, the Li9Al4 electronic conductor diffused from the inter-
phase to bulk Li successively as the high mutual diffusivity between 
Al and Li, and the volume expansion of Li3N, forming a transition 
state interphase (Fig. 1C). Eventually, Al would be infinitely diluted 
due to the negligible Al mass ratio compared with the bulk Li anode, 
in situ transforming the interphase from MCI to ICI (Fig. 1D). 
Molecular dynamics (MD) simulation was carried out to investigate 
the diffusive behavior of Al in bulk Li. Both 700- and 1000-K MD 
simulations in fig. S3 demonstrate that Al is highly diffusible in met-
al Li, and the elevated temperature can further promote the diffusion.

The process of the conduction type transformation can be divided 
into two steps: a conversion-alloy reaction to form Li3N-Li9Al4 
composite and a relatively slower process of Li9Al4 diffusion. The 
high porosity of AlN facilitated the infiltration of molten Li under 
high temperature and pressure, resulting in complete formation of 
Li3N that was accompanied with 238% volume expansion (69.9 Å 
for AlN and 166.4 Å for Li3N, respectively). After substitution of Li 
from the lattice, Al alloyed with the excessive Li to form Li9Al4 and 
created an Al concentration gradient from the Li3N-Li9Al4 inter-
phase to bulk Li anode. Al diffused into bulk Li spontaneously due 
to the Al concentration gradient, volume expansion of Li3N, and 
high lithiophilicity of Li9Al4. Because of the infinitesimal mass ratio 
compared with Li, Al was eventually “diluted” from the interphase 
after a long annealing treatment time. By contrast, Li3N was im-
moveable due to its high chemical stability with Li and higher lithi-
phobicity than Li9Al4 (27, 36), thus transforming the interphase 
from MCI to ICI. With a high ionic conductivity of 10−3 S/cm and a 
low electronic conductivity (37, 38), Li3N provided both fast ionic 
conductive and electron blocking environment. Density functional 
theory calculation also demonstrates that Li3N has more than a 70% 

decrease in shear modulus than pristine AlN. Therefore, a softer in-
terphase was created (table S1).

Al diffusion from the Li3N-Li9Al4 interphase to bulk Li during 
annealing at 400°C was demonstrated by elemental line scanning. 
As shown in Fig. 1E, the plummet of La was related to the surface of 
LLZTO. After reacting with Li at 400°C for 15 min, the sharp Al peak 
manifested the high Al content at the interphase. With the increase 
of annealing treatment duration, the Al peak gradually weakened, 
which manifested the diffusion of Al into bulk Li. Subsequently, the 
Al peak almost disappeared when the annealing treatment was ex-
tended to 60 min, and finally the scanning curve became flat (120 min), 
indicating that Al was infinitely diluted from the interphase to the 
bulk Li anode. Correspondingly, N distance was almost constant 
and did not change in time due to Al diffusion (fig. S4), manifesting 
that Li3N was chemically stable with Li. X-ray computed micro-
tomography in Fig. 1F and line scan of absorption intensity in Fig. 1G 
demonstrated the evolution of Al concentration from MCI (15 min 
of annealing treatment) to ICI (120 min of annealing treatment). 
The absorption gradient at the right edge is related to the decrease 
of atomic mass, where the slowly reduced absorption curve is re-
ferred to the residual Al in the MCI. By contrast, the sharp decrease 
in ICI manifested the sudden transition from LLZTO to Li3N or 
metal Li, indicating that Al had been diluted out of the interphase. 
The comparison confirmed the successful tuning of the distribution 
of electronic conductor and lithiophilicity of the interphase.

The contact potential difference (CPD) was used to further verify 
the electrical potential distribution of MCI and ICI in the vertical 
section using Kelvin probe force microscopy (KPFM). Because the 
electronic conductor has a lower potential than the electronic insu-
lator, the dark region corresponded to Li9Al4, while the bright re-
gion was in accordance with Li3N. It is obvious that MCI in Fig. 1H 
displays an uneven CPD, and the dark region scatters randomly, which 
probably provided dispersed Li nucleate sites. By contrast, ICI in 
Fig. 1I shows not only more uniform CPD but also higher average 
potential according to the line scanning of the CPD, indicating that 
the electronic conductor had been almost diluted out of the inter-
phase and that the electron tunneling barrier had been significantly 
increased.

Interfacial resistance evolution with annealing time
The intimate contact of the interphase to both LLZTO and Li was 
demonstrated by cross-sectional scanning electron microscopy (SEM) 
and optical images. As shown in Fig. 2A, large gaps were observed 
between the pristine LLZTO and Li anode due to the lithiophobic 
Li2CO3 surface as evidenced by a large Li contact angle of 152°. After 
integrating with AlN and reacting with Li, intimate interfacial con-
tact was obtained and the corresponding Li contact angle was reduced 
to 23° (Fig. 2B). As the transmission electron microscopy (TEM) 
image of MCI shows in Fig. 2C, the thickness of the MCI was about 
150 nm. The region with the highest contrast indicated the fraction 
of LLZTO, while the closed white dotted line highlighted the dispersed 
Li-Al alloy. According to the high-resolution TEM image and the corre-
sponding selected-area electron diffraction (SAED) pattern in Fig. 2D, 
interplanar distances of 2.30 and 4.01 Å corresponded to (  

_
 6  11) and 

(301) crystal planes of Li9Al4, respectively. The distinct spots in 
the SAED pattern also indicate that the Li9Al4 particle was single 
crystalline.

The evolution of garnet/Li interfacial resistance during anneal-
ing treatment was also characterized by the electrochemical impedance 
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spectroscopy (EIS) profiles of the Li/LLZTO/Li symmetric cells. The 
pristine-LLZTO/Li interface demonstrated a huge ASR of 1189.3 ohms/
cm2 (fig. S5). After the 15-min conversion-alloy reaction between 
AlN and Li, the interfacial resistance was reduced to 173.5 ohms/cm2 
and contained two resistance arcs (Fig.  2F). Considering that the 
scattered Li9Al4 particles lead to the randomly distributed poten-
tials, the capacitance behaviors of Li3N/Li9Al4 and Li3N/Li interfac-
es would also be diversified, which probably led to different response 
frequencies. As illustrated in the schematic of resistance contribu-
tions of MCI (Fig. 2E), Rin2 represents the interfacial resistance of 
Li3N/Li, while Rin3 is related to Li3N/Li9Al4. Because Li3N is ultra-
thin, the bulk and grain boundary resistance can be neglected. The 
inflexion points of the second arc appeared in the similar frequency 
regions in the two symmetric cells, which were 775.8  Hz for Li/
MCI-LLZTO/Li and 581.6  Hz for Li/ICI-LLZTO/Li (Fig.  2G). 

Therefore, it can be deduced that the Rct of Li3N/Li9Al4 emerged in 
the lower frequency than that of Li3N/Li. The vanishment of the 
third arc in the Nyquist plot of Li/ICI-LLZTO-ICI/Li should be ex-
plained as the dilution of Li9Al4, and the ASR of Li3N/Li was calcu-
lated to be only 30.3 ohms/cm2.

The EIS profiles of the symmetric cells with various annealing 
treatment durations are also compared in fig. S6. It is noticeable that 
the Rint3 arc of the symmetric cell after 30 min of annealing treat-
ment shrank significantly, indicating that the concentration of 
Li9Al4 had been greatly reduced. When extended to 60 min, the Rint3 
arc disappeared, demonstrating that Li9Al4 almost vanished from 
the interphase. ASR of bulk garnet, grain boundary, and the overall 
interphase-LLZTO/Li interface are summarized in fig. S7. It is no-
ticeable that ASR of interphase-LLZTO/Li reduces with the increase 
of annealing treatment duration due to gradual disappearance of 

Fig. 1. Characterization of Al diffusion. Schematics of (A) AlN-modified LLZTO, (B) the MCI, (C) the transition state interphase, and (D) the ICI. (E) Elemental line scanning 
profiles of La and Al at the garnet/Li interphase as reaction time increases. (F) X-ray computed microtomography and (G) absorption intensity of MCI and ICI. CPD analysis 
of (H) MCI and (I) ICI.
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Li9Al4. Nevertheless, the actual ASR of interphase-LLZTO/Li con-
taining Li9Al4 should be smaller than the calculated results because 
the calculation area was based on the cross-sectional area of LLZTO, 
but the real contact area between Li3N and Li9Al4 can be larger than 
the cross-sectional area of LLZTO.

Correlation between interphase property and  
Li dendrite propagation
We investigated how the ionic and electronic conductivities of the 
interlayer affect the Li plating/stripping. The composition distribu-
tion in MCI and ICI after Li plating for 0.1 mAh/cm2 was analyzed 
by XPS at different etching depths. The Li metal was polished clean 
before the XPS analysis. A total Ar-ion etching time of 45 min was 
conducted to divide the interphase into 15 signal parts (including 
some parts of LLZTO). As shown in Fig. 3A, Li 1s XPS spectra of 
MCI can be divided in three distinguishable zones. In the surface of 
zone 1, the peak at ~55.2 eV in the first layer can be identified as 
Li3N, while it may also contain some Li-Al alloy. As Ar-ion etching 
went deeper, Li0 peak at 52.8 eV (39) slowly emerged in the middle 
zone 2 and strengthened toward LLZTO, suggesting that Li was 
mainly plated between  LLZTO and the MCI. Last, the main peak 
shifted to the Li─O bond at 54.5 eV in the deep zone 3, correspond-
ing to the LLZTO. The reason that no Li0 signal was detected in 
zone 1 but noticeable Li0 signal was detected in zone 2 should be 
ascribed to the high electronic conductivity of MCI and its relative-
ly lower ionic conductivity than LLZTO, where MCI functions 
as the current collector. Consequently, Li plating on the LLZTO 
surface will reduce the LLZTO at a high Li plating current (overpo-
tential) and promote Li dendrite growth. However, upon further 
annealing, Li9Al4 gradually diffuses into bulk Li, and the function 
of the Li3N-Li9Al4 interphase layer gradually changed from current 
collector to electrolyte. Therefore, Li nucleation site will change 
accordingly from the Li3N-Li9Al4/LLZTO interface and inside the 
Li3N-Li9Al4 interphase to the surface of bulk Li anode. The changing 

of Li nucleation site by transforming the interphase from MCI to 
ICI was confirmed by the XPS depth profile in Fig. 3B, which consists 
of only two zones. Zone 1 is Li3N and zone 3 is LLZTO, indicating 
that Li only nucleated on the surface of bulk Li anode under the ICI 
interphase. The comparison of XPS results confirms that the elec-
tronic conductor of MCI served as the Li nucleation site to promote 
Li plating on LLZTO, while the unwanted Li nucleation could be 
effectively prohibited by an electron insulative, ionic conductive, 
and lithiophobic Li3N interphase.

The Li plating sites were also visually observed by a specially de-
signed liquid-based Li symmetric cell. The reason that we used the 
liquid electrolyte for observing the Li plating site is to provide suffi-
cient convenience to peel off the polypropylene (PP) membrane 
without damaging the surface of Li disc. As shown in fig. S8, AlN 
was magnetron-sputtered on Li disc and then annealed at 400°C for 
15 and 120 min, respectively. The integration of liquid electrolyte 
and PP membrane played the same role as the garnet electrolyte. Li 
discs with the mixed conductive and ionic conductive surface were 
set as working electrodes with a pure Li disc as counter electrodes. 
As shown in fig. S9, after Li plating at 1 mAh/cm2, the discontinuous 
metal Li dots can be visually observed on the mixed conductive sur-
face, while the ionic conductive surface still remained clean. This clear 
and sharp comparison further confirms that Li-ion was reduced inside 
or on the surface of the MCI but transported smoothly across ICI.

Chronoamperometry analysis was used to quantify the electronic 
conductivity of the interphases. As illustrated in fig. S10, no evident 
polarization was observed in the mixed conductive Li3N-Li9Al4 in-
terphase with 15 min of annealing treatment, indicating that electronic 
flux of MCI dominated the unsteady-state current. The electronic 
conductivity of MCI was measured to be as high as 3.6 × 10−3 S/cm. 
As shown in Fig. 3C, when the reaction was extended to 30 min, the 
polarization occurred and the electronic conductivity markedly de-
creased to only 7.8 × 10−9 S/cm, manifesting that Li9Al4 diffused out 
of the interphase and a successive electronic blocking region was 

Fig. 2. Distribution of electronic conductor. Cross-sectional SEM images of (A) pristine-LLZTO/Li and (B) interphase-LLZTO/Li interfaces. (C) TEM image of 
MCI. (D) High-resolution TEM image of Li9Al4, with SAED pattern inset. (E) Schematic of resistance contributions in MCI. EIS profiles of (F) Li/ICI-LLZTO-ICI/Li and (G) Li/
MCI-LLZTO-MCI/Li symmetric cells.
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formed. As the thermal reaction was prolonged to 45, 60, and 
120 min, electronic conductivities were 1.2 × 10−9, 3.8 × 10−10, and 
2.6 × 10−10 S/cm, respectively, which confirmed the conversion 
from MCI to ICI process due to migration of Al from the interlayer 
to bulk Li. According to the direct current (DC) polarization curve, 
the electronic conductivity of the ICI after Al diffusion was six orders 
of magnitude lower than the MCI. It is also noticeable that the elec-
tronic conductivity after 60 min of annealing treatment was quite 
close to the one after 120 min, indicating that a successive electron 
blocking Li3N region had already formed, and the impact of the 
residual Li9Al4 on electrochemical performances of the batteries 
would be weakened.

CCD of the Li symmetric cells was adopted to evaluate the den-
drite suppression capability of the interphases with different con-
duction types. As shown in Fig.  3D and fig. S11, the CCD at the 
time-constant mode of Li/Pristine-LLZTO/Li was only 0.2 mA/cm2 
and then increased to 1.2 mA/cm2 for Li/MCI-LLZTO-MCI/Li. As 
the interphase was transformed from MCI to ICI with 30, 45, and 
60, and 120 min of annealing treatment, the CCD values were con-
tinuously increased to 2.0, 2.2, 2.2, and 2.6 mA/cm2, respectively, 
indicating that the dilution of the electronic conductor suppressed 
Li dendrite. The significant increase in CCD by converting the inter-
phase from MCI to ICI demonstrated that preventing the Li plating 
on the LLZTO surface is critical for stabilizing LLZTO and prevent-
ing Li dendrite growth. Figure 3E summarizes the up-to-date CCD 
values of the Li/garnet/Li symmetric cells with different interphases. 
It is noticeable that the ICI leads to higher CCD values than MCI 
and ECI, which is mainly due to the success of electron blocking. As 
annotated by the pentastar, our work realized not only high CCD 
value but also the highest critical capacity density (2.6 mAh/cm2), 
indicating that the in situ formed ICI by diluting the electronic con-
ductor led to the most stable Li/garnet interface. Accordingly, CCD 
values in the capacity-constant (0.1 mAh/cm2) mode were also 
investigated and displayed in fig. S12. Li symmetric cells with different 

annealing treatment durations showed the values of 8.0 (15 min), 
11.0 (30 min), 13.0 (45 min), 14.0 (60 min), and 14.0 mA/cm2 
(120 min), which were in accordance with the variation trend of the 
time-constant mode. It should be noted that the real CCD value of 
Li/MCI-LLZTO/Li may be smaller than that of the results shown 
here because the contact area between Li3N and Li9Al4 can be larger 
than the cross-sectional area of LLZTO. However, it is very hard to 
precisely characterize or calculate the contact area between Li3N and 
Li9Al4. Consequently, all CCD values were calculated on the basis of 
the cross-sectional area of LLZTO. In addition, the contact between 
the ICI and LLZTO is two-dimensional. Therefore, the real contact 
area should be very close to the cross-sectional area of LLZTO.

Electronic conductivity, CCD value, and polarization voltage as 
the function of annealing treatment duration are illustrated in Fig. 3F. The 
main changes occurred in the first 45 min, indicating that the tran-
sition from MCI to ICI took at least 45 min at 400°C. It is also ap-
parent to see that both electronic conductivity and the polarization 
voltage decreased with the prolonging of Al diffusion. Comparatively, 
CCD was inversely proportional to electronic conductivity and po-
larization voltage, indicating that Li dendrite growth was in direct 
correlation with the electronic conductor concentration in the inter-
phase. All these characterizations strongly convince that lowering 
the interfacial electronic conductivity and a compact but lithiopho-
bic interphase could suppress the Li dendrite propagation, thus 
demonstrating the validity of the interfacial medication strategy by 
taking advantage of Al diffusion.

To further understand the impact of electronic conductor on Li 
dendrite propagation, COMSOL Multiphysics was used to simulate 
electric potential in MCI and ICI. Figure 4 (A and B) illustrates the 
simulation models of the MCI and ICI, respectively, where Li9Al4 
scattered inside Li3N in either round or irregular shapes. Because of 
the high crystallinity and rigidity compared with metal Li, grain 
boundaries and voids were introduced into both LLZTO and Li3N 
to provide rooms for the plated Li. Figure 4C shows the electric potential 

Fig. 3. Impact of electronic conductor on Li dendrite propagation. Li 1s XPS depth profiling analysis of (A) MCI and (B) ICI. (C) DC polarization curve of the interphase 
with different reaction times. (D) CCD of the Li/pristine-LLZTO/Li, Li/MCI-LLZTO-MCI/Li, and Li/ICI-LLZTO-ICI/Li symmetric cells in the time-constant mode. (E) CCD values 
in recent literature compared with our work (20, 21, 24, 25, 47–52). (F) AlN/Li reaction time dependence of electronic conductivity, CCD, and polarization voltage.
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of MCI before (0 s) and after Li plating (1200 s). The white equipo-
tential region at the bottom and inside of MCI referred to bulk Li 
and Li9Al4. The randomly distributed Li9Al4 led to an uneven elec-
tric potential gradient near LLZTO and served as Li nucleation sites 
to promote Li plating on the surface of LLZTO. The directly contacted 
Li and LLZTO will induce the reduction of LLZTO and cause Li den-
drite growth in the voids of LLZTO (dendrite 1). The growth from 
the surface of bulk Li anode can also form Li dendrite (dendrite 2). 
Comparatively, ICI in Fig. 4D displayed a homogeneous electric po-
tential gradient and Li plating only took place on the surface of bulk 
Li anode.

Because the electronic conductivity of Li9Al4 is orders of magni-
tude higher than Li3N, the huge difference of dielectric constant 
would also lead to the distortion of the electric field in MCI. As 
shown in the simulation result of electric field intensity (fig. S13), 
Li9Al4 led to uniformly distributed electric field intensity in MCI.  
After Li plating, the sharply decreased electric field intensity in 
LLZTO indicated that Li nucleated either on the surface of Li9Al4 or 
inside LLZTO. As for ICI, Li3N and LLZTO have the same electric 
field intensity. The slightly distorted electric field intensity after Li 
plating could only be attributed to the plated Li in Li3N voids, but 
the electric field intensity inside the LLZTO was kept constant, 
indicating that Li dendrite propagation was prohibited inside 
LLZTO. Correspondingly, the temporal evolution of potential dif-
ference between the upper and lower boundaries was also illustrated 
in fig. S14. The distance between the upper boundary and the sur-
face of bulk Li was 300 nm. It is noticeable that high electronic con-
ductivity led to much lower potential difference in MCI (0.769 mV) 
than in ICI (0.972 mV). As Li plated on the surface of Li9Al4 and at 
the grain boundary of LLZTO, the potential difference in MCI was 
markedly reduced to 0.024 mV, while the potential difference in ICI 
was maintained to be as huge as 0.516 mV, further manifesting that 
the dilution of Li9Al4 functioned the interphases from current col-
lector to electrolyte.

The impact of electronic conductor on  
electrochemical performances
The impact of interphase electronic conductivity on the stability of 
Li symmetric cell was evaluated. As shown in Fig. 5A, short circuit 
of Li/Pristine-LLZTO/Li symmetric cell occurred after 93 hours un-
der the current density of 0.1 mA/cm2. The Li/MCI-LLZTO-MCI/
Li symmetric cell displayed a much smaller initial polarization voltage 
but increased continuously and suddenly leaped to 400 mV until short 
circuit took place after 1376 hours. By contrast, the Li/ICI-LLZTO- ICI/
Li symmetric cell displayed not only the smallest (~20 mV) but 
also the most stable overpotential during the 3600-hour cycling. 
When the current density was 10-fold increased (Fig. 5B), the Li/
MCI-LLZTO-MCI/Li symmetric cell showed a higher initial over-
potential and short circuited after only 148 hours. In comparison, 
the overpotential augmentation of Li/ICI-LLZTO-ICI/Li was negli-
gible, indicating that ICI not only was favorable in dendrite sup-
pression but also provided a more stable physical contact.

Garnet/Li contact loss is known to play a key role in the polar-
ization voltage increase. Uneven initial Li plating deteriorates the 
subsequent Li stripping uniformity, leading to the accumulation of 
interfacial stress and voids. According to the simulation of the stress 
distribution in fig. S15, the stress in ICI only increased at the Li3N/
Li interface and the voids of Li3N after Li plating. By contrast, the 
existence of Li9Al4 led to the markedly increased stress at three parts 
in MCI: (i) Li3N/Li9Al4 interface, (ii) the voids of LLZTO and Li3N, 
and (iii) Li3N/Li interface. As the temporal changes of the resistance 
shown in fig. S16, the ASR of the Li3N/Li interface in both symmetric 
cells showed a noticeable increase, which was from 37.2 to 63.6 ohms/
cm2 in Li/MCI-LLZTO-MCI/Li and from 30.3 to 52.9 ohms/cm2 in 
Li/ICI-LLZTO/Li. Comparatively, the ASR of the Li3N/Li9Al4 inter-
face in Li/MCI-LLZTO-MCI/Li showed a much larger increase 
from 146.9 to 378.5 ohms/cm2, which dominated the contact loss in 
Li/MCI-LLZTO-MCI/Li. During continuous Li plating and strip-
ping, more voids remained on Li9Al4 particles than at the Li3N/Li 

Fig. 4. COMSOL Multiphysics. Schematics of the simulation models: (A) MCI and (B) ICI. Simulation results of electric potential: (C) MCI and (D) ICI.
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interface, which led to severe contact loss and increased porosity of 
MCI. Once the voids were irreversible, the local pressure would 
soar up to potentially crack the interphase or LLZTO, and the local 
current density would also be increased to facilitate the Li propaga-
tion (40, 41).

The hybrid solid-state batteries LiCoO2 (LCO)/LLZTO/Li with 
different garnet/Li conduction types had also been assembled to 
evaluate their application potentials in energy storage devices. To 
reduce the resistance of the cathode part, toothpaste-like LCO cath-
ode was made by integrating with ionic liquid PY14FSI. As shown 
in fig. S17, the hybrid solid-state battery with ICI displayed the highest 
capacity of 124.1 mAh/g at 0.2 C compared with MCI (121.8 mAh/g) 
and the pristine garnet (114.2 mAh/g). According to the rate perform-
ances in Fig. 5C, LCO/pristine-LLZTO/Li displayed the fastest deg-
radation. LCO/MCI-LLZTO/Li showed similar discharge capacities 
at low rates of 0.1 and 0.2 C with LCO/ICI-LLZTO/Li but decreased 
faster at a high rate of 0.5 or 1 C, manifesting that the electronic 
conductor in the interphase was detrimental for the interfacial sta-
bility especially at higher current densities. Furthermore, the cy-
clability of LCO/ICI-LLZTO/Li at 0.2 C also presented the highest 
capacity retention of 86.6% after 200 cycles (Fig. 5D). In sharp con-
trast, the capacity retentions of LCO/MCI-LLZTO/Li and LCO/
pristine-LLZTO/Li cells were only 70.1 and 5.1%, further corrobo-
rating the superiority of the ICI.

DISCUSSION
Li dendrite growth in inorganic SSEs has been extensively investi-
gated during the past decade, while the mechanisms are still under 
debate. Most Li dendrites propagate from outside in, which is due 
to the increased overpotential from contact loss during cycling 
(42, 43), electrolyte reduction (44), and mechanical failure of SSEs 
(45). In addition, Li is also potentially deposited from inside out as 

revealed by neutron depth profiling (11) and garnet bandgap de-
creasing (46) due to the high electronic conductivity at the grain 
boundary. In both mechanisms, Li nucleation on the SSE surface 
will cause the direct contact of SSEs with Li, leading to the electron 
injection from bulk Li to the SSEs and reduction of SSEs. Conse-
quently, an interphase with sufficient electrical insulation should 
be the most basic requirement for Li dendrite suppression inside  
the SSEs.

As the schematic of MCI shown in Fig. 6A, the ultrasmall distance 
among Li9Al4 particles leads to an electron tunneling network from 
Li to LLZTO. The electron injection would reduce the Zr4+ and fur-
ther increase the electronic conductivity, thus lowering the local 
potential to below 0 V versus Li+/Li. Therefore, in the MCI, the Li 
nucleation spot is determined by the ionic and electronic conduc-
tivity and lithiophobicity. When the interphase has a high electronic 
and a low ionic conductivity, Li deposits between LLZTO and inter-
phase. With a lowered electronic conductivity and an enhanced ionic 
conductivity, Li may still nucleate inside the interphase, determined 
by the lithiophobicity of the interphase. When the interphase changed 
into a fast ionic conductor with sufficient electronic insulativity, Li 
will deposit on the surface of bulk Li anode.

On the other hand, as shown in Fig. 6B, the electron blocking 
nature of ICI leads to a huge potential difference between LLZTO 
and bulk Li, avoiding the reduction of LLZTO. However, the high 
interface energy of ex situ formed ICI also increased the polarization, 
forming voids at the interface and facilitating Li dendrite propagation, 
which was confirmed by the large impedance of Li/Li3N- LLZTO-Li3N/
Li symmetric cell (fig. S18A). The chemical vapor deposited Li3N 
was formed in both  and  phases (fig. S18B). The Li symmetric 
cell displayed huge polarization voltage (~400 mV) and short cir-
cuited at the 159th hour (fig. S18C). The intrinsic lithiophobicity of 
Li3N could suppress the dendrite propagation on the aspect of sur-
face energy, and the concomitant huge ASR could also promote 

Fig. 5. Battery performances. Galvanostatic cycling of the Li symmetric cells at (A) 0.1 mA/cm2 and (B) 1.0 mA/cm2. (C) Rate and (D) cycling performances of the LCO/
LLZTO/Li hybrid solid-state batteries.
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the uneven Li plating, forming the seemingly unsolvable puzzle. The 
ideal interphase, as shown in Fig. 6C, has long been pursued but was 
never truly achieved. Through the dynamical evolution from MCI 
to ICI, the intimate interfacial contact, high ionic conductivity, elec-
tronic insulativity, and lithiophobicity were achieved simultaneously 
in the interphase.

On the basis of the well-controlled comparison, the correlation 
between the interphase nature and dendrite growth is summarized 
in the triangle diagram (Fig. 6D). Current methods to suppress Li 
dendrite are to ex situ form an interphase layer that is either elec-
tronic conductive, mixed conductive, or ionic conductive (bottom 
of the triangle). These “ex situ” interphases with a high electronic 
conductivity and lithiophilicity (Au, Si, Al, etc.) suffer from the re-
duction of LLZTO, while the ex situ ICI with a high ionic conduc-
tivity, low electronic conductivity, and strong lithiophobicity (Li3N, 
LiF, etc.) suffers from poor interfacial contact. The higher ASR and 
overpotential of the ex situ formed ICI also reduce the cell perform-
ance seriously. As a makeshift, MCI was used to compromise Li 
dendrite growth and cell performance.

To date, it remains very challenging to either in situ or ex situ 
form an interphase that simultaneously achieves intimate interfa-
cial contact with both SSE and Li, a low electronical conductivity, a 
high Li-ion conductivity, and strong lithiophobicity. In most cases, 
the property of the interphase was solely determined by the compo-
sition, which corresponds to a single point in the triangle. Different 
from traditional interphase engineering, our strategy can regulate 
the ionic/electronic conductivity and lithiophobicity, thus covering 
a line in the gradient ramp between the in situ formed MCI and ICI 
in the summarized triangle. As indicated by the white arrow, the 
initial interphase (400°C, 15 min) was lithiophilic with a highly 

electronic conductivity, which induced Li nucleation inside the 
interphase or LLZTO. With the dilution of the electronic conduc-
tor, the ionic conductivity and the lithiophobicity increased, push-
ing the interphase property to the topside. Meanwhile, the intimate 
interfacial contact was also maintained due to the volume expan-
sion of Li3N, making the in situ formed ICI (400°C, 120 min) as the 
ideal interphase to suppress Li dendrite propagation.

In summary, the controllable evolution of the garnet/Li inter-
phase from mixed conductive to ionic conductive was achieved by 
diluting the electronic conductor in the interphase through anneal-
ing of the AlN interlayer for different durations. The Al concen-
tration gradient, volume expansion of Li3N, and high lithiophilicity 
of Li9Al4 enabled the in situ formed ICI. Al diffusion was traced 
by elemental line scanning, x-ray computed microtomography, and 
MD simulation, manifesting the dilution of the electronic conduc-
tor from the interphase. Because the interphase composition was 
fixed, the interphase nature was simply determined by the dis-
tribution of lithiophilic and electronic conductive LixAl and lithio-
phobic and ionic conductive Li3N. The electronic conductive Li9Al4 
inside the MCI was demonstrated to be responsible for Li dendrite 
propagation by reducing the potential in LLZTO and creating non-
uniform Li nucleation sites. When Li9Al4 was diluted out of the 
interphase, the as-formed interphase combined both lithiophobility 
and stable interfacial contact, thus enabling not only a CCD of 
2.6 mA/cm2 in the time-constant mode and 14.0 mA/cm2 in the 
capacity-constant mode but also a prolonged electrochemical cy-
cling. The fundamental understanding and the above demon-
strations of successful solid-state batteries provide a viable route to 
optimize the garnet/Li interphase and high-performance solid-state 
batteries.

Fig. 6. Detailed schematics of the interphases and design principle. Schematics of the (A) MCI, (B) ex situ formed ICI, and (C) in situ formed ICI. (D) Correlation between 
the interphase nature (electronic/ionic conductivity, lithiophobicity, overpotential, and ASR) and the Li dendrite growth.
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MATERIALS AND METHODS
Material synthesis
The LLZTO powder was purchased from Kejing Materials Technology 
Co. Ltd. The powder was originally pre-prepressed under 30 MPa, 
followed by hot-press sintering in a graphite die at 1100°C under 
60 MPa for 1 hour in argon. The pellet was then sintered at 900°C in 
air for 1 hour to eliminate the residual graphite on the surface. The 
as-prepared pellet was finally polished to remove the Li-devoid 
phase and stored in argon. AlN was magnetron-sputtered on LLZTO 
pellet with AlN target. Chemical vapor deposition of Li3N was per-
formed by evaporating pure Li disc in N2 atmosphere.

Assembly of Li/LLZTO/Li symmetric cell and LCO/LLZTO/Li 
hybrid solid-state battery
Two Li discs were attached on both sides of the LLZTO pellet. To 
control the reacting time of AlN and Li precisely, the symmetric 
cells were not annealed until the panel was heated to 400°C. A pres-
sure of about 5000 Pa was applied to ensure intimate contact between 
molten Li and LLZTO. With regard to the LCO/LLZTO/Li batteries, 
the composited cathode consisted of the active material (LCO), 
conductive agent (Super-P), Li salt (LiTFSI), and ionic liquid 
(PY14TFSI) in a mass ratio of 12:4:3:29. LiTFSI was first dissolved 
in PY14TFSI, followed by the integration of Super-P and LCO. The 
toothpaste-like cathode slurry was blade-coated on LLZTO with a 
thin poly tetra fluoroethylene die, and the cathode loading was 
around 5 mg. Stainless steels were attached as current collector. 
Both symmetric cells and the hybrid solid-state batteries were 
assembled and tested in Swagelok cells.

Characterizations
The morphology of the cross-sectional images and elemental line 
scanning of La and Al were characterized by SEM (JOEL JSM6390) 
and TEM (JOEL JEM2010). The CPD profile of MCI and ICI was 
characterized by KPFM (Bruker, Dimension ICON). The impedance 
of the Li symmetric cell and Li3N film was measured by EIS with a 
frequency range from 7 MHz to 1 Hz with 50-mV perturbation am-
plitude (BioLogic, VSP-300). XPS was carried out on an RBD 
upgraded PHI-5000C ESCA system (PerkinElmer) with Mg K 
radiation (h = 1253.6 eV). X-ray diffraction pattern was character-
ized with a Bruker D8 advance diffractometer by Cu K radiation. 
X-ray computed microtomography was performed using a Sigray 
PrismaXRM x-ray microscope (Sigray Inc., Concord, CA, USA). 
Galvanostatic cycling of Li symmetric cells and Li2CoO2/LLZTO/Li 
battery was operated on LAND CT2001A Battery Cycler (Wuhan, 
China). Methods of MD simulation and COMSOL Multiphysics are 
demonstrated in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add8972
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