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The poor interfacial contact is one of the biggest challenges that solid-state lithium batteries suffer from.

Reducing the solid-state electrolyte surface energy by transforming the interface from lithiophobic to

lithiophilic is effective to promote the interfacial contact, but electronic conductive interphases usually

increase the risk of electron attack, thus leading to uncontrollable Li dendrite growth. Herein, we propose

a self-assembled thermodynamic stable LiI interphase to simultaneously improve the interfacial contact

between the garnet electrolyte Li7La3Zr2O12 (LLZO) and Li anode, and prohibit the electron attack. The

direct contact between LLZO and Li and the high temperature Li melting process was ascribed to Zr4+

reduction, which facilitated Li dendrite formation and propagation. With the modification of the high

lithiophilic I2 thin film, the area specific interfacial resistance of LLZO/Li was reduced from 1525 �/cm2

to 57 �/cm2. More importantly, LLZO was protected from being reduced due to the outstanding electronic

insulativity of the LiI interphase, which leaded to a high critical current density of 1.2/7.0mA/cm2 in the

time/capacity-constant modes, respectively.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To realize the next generation secondary battery with an energy

density that exceeds 500Wh/kg, lithium metal is regarded as the

ultimate anode due to its high specific capacity (3860 mAh/g) and

low redox potential (−3.04V versus the standard hydrogen elec-

trode) [1–5]. However, huge volume change of Li and side reac-

tions with the conventional liquid electrolyte leads to continuously

increased polarization and the formation of isolated Li, which ac-

celerates battery degradation [6–10]. Moreover, the flammability of

the organic solvent also brings safety issues [11]. Comparatively,

transforming the battery from liquid to solid is promising to ex-

clude the as mentioned worries due to the outstanding Li compat-

ibility and high thermostability of the solid-state electrolytes (SSEs)

[12–17].

Possessing the lowest reduction potential against metal Li and

high ionic conductivity (10−4–10−3 mS/cm), the garnet type SSEs

Li7La3Zr2O12 (LLZO) has attracted extensive attention in the latest

decade [18,19]. However, the high elastic modulus of LLZO lead to

the rigid interfacial contact, which hinders the development of the

LLZO based solid-state lithium batteries (SSLBs) [20]. Due to the

high lithium content in the cubic lattice, LLZO is vulnerable for
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Li+/H+ exchange in ambient air. The as formed LiOH and Li2CO3

contaminants are known to be lithiophobic, which lead to huge

surface energy and poor Li wettability [21,22]. Even though pris-

tine LLZO is demonstrated to be intrinsically lithiophilic [23], the

strategies of surface contaminants eliminations such as mechani-

cal polishing [24], chemical etching [25,26] and carbothermal reac-

tions [27] bring in extra surface defects or reduction phases, which

increase the risk of electron attack.

LLZO is once considered to be electrochemical and chemical sta-

ble against Li. However, Zr4+ and dopants such as Al3+ and Nb5+

were witnessed to be reduced by Li [28,29]. Introducing with artifi-

cial interlayers is the most adopted strategies to promote the inter-

facial contacts [30–34]. Regardless of improving the interfacial con-

tact, prohibiting the electron attack is more important for the sta-

bilization of the LLZO/Li interface. The kinetic and thermodynamic

stabilities of the LLZO/Li interface play a key part in the electro-

chemical performance of the LLZO based SSLBs. A thermodynamic

unstable but kinetic stable interface is beneficial to protect SSEs

from being reduced, but the initial side reactions will lead to huge

interphase layer and increased polarization [35,36]. A kinetic and

thermodynamic unstable interface will lead to continuous side re-

action, which is detrimental for battery performance [37–40]. In

principle, an interface with both high kinetic and thermodynamic

stabilities is desired. Nevertheless, high thermodynamic stability
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will result in high surface energy, which is contradictory with the

promotion of interfacial contact [41,42]. In general, the electronic

conductors that based on alloys [43] or lithium-carbon composites

[44] are mostly adopted in dealing with the LLZO/Li interface is-

sues. The volume expansion of the electronic conductors is ben-

eficial for interfacial contacts but will lead to kinetical instability.

Up to now, there still lack of investigation on reconciling the rela-

tionships between lithiophilicity and thermodynamic stability. On

the contrary, as long as electron attack is not taken into consider-

ation, barely improving the interfacial LLZO/Li contacts is still far

from suppressing Li dendrite formation and propagation. In gen-

eral, electronic conductive modification layer or interphase is ben-

eficial for interfacial contact, but the high thermodynamic instabil-

ity usually suffers from severe Li dendrite growth because Li nu-

cleates preferentially on the electronic conductor. On the contrary,

an electron blocking interphase is either lithiophobic or sluggish in

ionic conduction. Consequently, the in-situ formation of the elec-

tron blocking but ionic conducting interphase is beneficial for in-

timate interfacial contact to reduce the interfacial resistance, and

high thermodynamic stability to suppress Li dendrite growth.

Herein, a thermodynamic stable but intimately contacted

LLZO/Li interface was realized by a self-assembled LiI interphase.

Lithiophilic I2 modification layer was deposited on the LLZO pel-

let by evaporation and reacted with metal Li to reduce the area

specific resistance (ASR) (Fig. S1 in Supporting information). The

direct contact between Li and LLZO, as well as the high temper-

ature Li melting process was demonstrated to be responsible for

LLZO reduction, which facilitated Li dendrite formation. Compara-

tively, with the protection of the thermodynamic stable and elec-

tron blocking LiI interphase, electron attack in LLZO was effectively

inhibited and the critical current density (CCD) was significantly

improved. LiI interphase simultaneously realized intimate LLZO/Li

contact as well as high thermo-dynamic stability reconciled the

contradictory between high surface energy and small interfacial re-

sistance, which resulted in a dendrite-free solid-state battery.

As shown in Fig. 1a, pristine Garnet SSE displayed a poor con-

tact with Li metal due to the poor lithium wettability, which

resulted in a large amount of voids and huge interfacial resis-

tance. The insufficient interfacial contact would result in unevenly

distributed electric field, thus leading to inhomogeneous Li plat-

ing/striping and Li dendrite growth. By contrast, as illustrated in

Fig. 1b, with the modification of I2 layer, the interface showed

superior Li wettability as Li metal reacted with I2 to form an

ionic conductive LiI interphase. The presence of LiI interphase con-

tributed to the intimate interfacial contact, which significantly re-

duced the interfacial resistance and homogenized electric field

Fig. 1. Schematic illustrations of the (a) pristine LLZO/Li, and (b) I2 modified

LLZO/Li interfaces.

distribution. But more importantly, LiI was demonstrated to be

thermo-dynamical stable with metal Li [45]. Therefore, the inter-

facial reaction would transform the interphase from lithiophilic to

lithophobic, and from thermodynamical unstable to stable with

high surface energy, which was effective for Li dendrite suppres-

sion. In addition, the volume change ratio was calculated to be

126% as the solid expand from I2 modification layer to the LiI inter-

phase. The volume expansion of the interphase is beneficial for the

interfacial contact because as the elimination of interfacial voids.

The X-ray diffraction (XRD) was employed to characterize the

phase structure of LLZO. Fig. 2a showed that the XRD pat-

tern of the as sintered LLZO pellet matched with cubic-phase

Li5La3Nb2O12 (PDF#45-0109), indicating that LLZO was in pure cu-

bic phase and no lithium devoid phase such as La2Zr2O7 was

formed. Fig. S2 (Supporting information) demonstrated that the as

formed interphase was LiI as evidenced by the three new peaks

at 29.756°, 42.611° and 50.373°, which were in correspondence

with the crystal planes (200), (220) and (311), respectively. Elec-

trochemical impedance spectroscopy (EIS) measurement was ap-

plied to study the ionic conductivity of LLZO and the interfacial

resistance of the LLZO/Li interface. The ionic conductivity of the

as sintered LLZO was calculated to be 3.5×10−4 S/cm according

to the Nyquist plot in Fig. 2b. The area of LLZO garnet electrolyte

was 0.0785 cm2 and the thickness of was 0.8mm. The first in-

tersection point of the curve with the real axis represented the

bulk resistance of LLZO, and the area specific bulk resistance of

sintered LLZO garnet electrolyte was calculated to be 104 �/cm2.

The second intersection of the curve with the real axis was the

sum of bulk and grain boundary resistance. The area specific re-

sistance of the grain boundary was calculated to be 188 �/cm2.

The activation energy of LLZO was measured by linear fitted the

ionic conductivity of LLZO with different temperatures according

to the Arrhenius equation. As displayed in Fig. 2c, the activation

energy of LLZO was calculated to be 0.40 eV. The impedance of the

LLZO/Li interface was tested under the Li symmetric cells with and

without the I2 modifications on both sides. The pristine LLZO pos-

sessed a huge ASR of 1525 �/cm2 (Fig. 2d). Remarkably, as shown

in Fig. 2e, with the modification of I2, the ASR of the interface was

significantly reduced to 57 �/cm2. Such a remarkable decrease in

LLZO area specific interface resistance was attributed to the fill-

ing of the as formed LiI in the voids between LLZO and Li an-

ode. To optimize the thickness of I2 modification layer, we char-

acterized the ASR of the LLZO/Li interface with different I2 mod-

ification thicknesses (Fig. 2f). With the increase of I2 modification

layer thickness, the ASR of the LLZO/Li interface displayed a notice-

able decrease when the thickness of I2 was under 0.5 μm while a

gradual augment when I2 thickness was above 0.5 μm. Notably, the

ASR of the LLZO/Li interface with I2 modification layer of 0.25 μm

was higher than 0.5 μm. Such a phenomenon could be attributed to

the inconsecutive I2 modification on LLZO, which leaded to a cer-

tain area of direct contact between Li with pristine LLZO. When I2
thickness increased to 0.5 μm, the reduced ASR indicated that the

I2 layer was consecutive and there left no bare pristine LLZO. How-

ever, with the increase of I2 modification thickness, ASR increased

gradually on account of the low conductivity of LiI. The conductiv-

ity was measured to be 6.8×10−8 S/cm according to the Nyquist

plot in Fig. S3 (Supporting information). Consequently, 0.5 μm was

the optimized I2 thickness accounting to the advantage of combin-

ing superior wettability with adequate conductivity.

The scanning electron microscopy (SEM) in Fig. 3a indicated

that the surface of pristine LLZO was smooth. After the deposition

of I2 with a thickness of 0.5 μm, the surface morphology changed

greatly with a dense I2 layer (Fig. 3b). Due to the poor lithium wet-

tability of LLZO, evident voids were observed between LLZO and

Li anode (Fig. 3c). With the modification of lithophilic I2, lithium

wettability was improved remarkably. Li anode contacted with the
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Fig. 2. Characterization of the synthesized LLZO. (a) X-ray diffraction (XRD) pattern, (b) Nyquist plot, and (c) Arrhenius plot of the LLZO pellet. Nyquist plots of (d) Li/Pristine-

LLZO/Li and (e) Li/LiI-LLZO/Li symmetric cells. (f) Plot of area specific resistance of the LLZO/Li interface versus I2 modification thickness.

Fig. 3. SEM images of the (a) pristine LLZO, (b) LLZO with I2 modification layer. Cross-sectional SEM image of (c) pristine-LLZO/Li and (d) LiI-LLZO/Li. X-ray photoelectron

spectroscopy (XPS) spectra of Zr 3d for the melting Li contacted LLZO (e) without and (g) with LiI interphase. Schematic illustration of the LLZO&Li contact and Li dendrite

growth (f) without, and (h) with LiI interphase.

LLZO garnet electrolyte intimately with the presence of LiI inter-

phase. Fig. 3d displayed that all the voids were filled by LiI. In gen-

eral, the garnet electrolyte was regarded as thermodynamic stable

with metal Li in room temperature. However, there still lack of in-

vestigations on thermodynamic stability of garnet/Li interfaces at

which the temperature was over Li melting point. Here, XPS was

conducted to investigate the valence state of Zr at the LLZO/Li and

LiI-LLZO/Li interfaces after cycling. The Zr 3d spectra of cycled LLZO

were deconvoluted into four peaks located at 184.5, 182.3, 180.2

and 179.0 eV (Fig. 3e). The peaks located at 184.5 and 182.3 eV

were designated to be Zr4+. The peaks at 180.2 and 179.0 eV were

indexed to be Zr2+ and Zr0, indicating that the pristine LLZO suf-

fered from being reduced when contacting with Li at a high tem-

perature. The reduction phase was detrimental for interfacial sta-

bility and could be ascribed to the formation of Li dendrite. As il-

lustrated in Fig. 3f. The voids between LLZO and Li anode leaded to

uneven Li plating and stripping. What was worse, electron prone to

inject through such reduction phase or grain boundaries to cause

Li nucleation inside LLZO, which aggravated Li dendrites pene-

trate through the LLZO garnet electrolyte. Comparatively, the XPS

spectra in Fig. 3g showed only two Zr4+ peaks located at 184.5

and 182.3 eV. Chronoamperometry was employed to investigate the

electronic conductivity of the pristine LLZO, the reduced LLZO, as

well as the LiI interphase. Under a bias voltage of 1V, the reduced

LLZO showed a steady-state current of 2.1×10−4 mA, which was

more than two magnitudes higher than the pristine LLZO (Fig. S4

in Supporting information). It could be concluded that the reduc-

tion phases were responsible for the increased the electronic con-

ductivity. By contrast, the LiI interphase displayed a much smaller

steady-state current of 3.92 × 10−7 mA, indicating that the LiI in-

terphase successfully protected LLZO from being reduced when

contacting with melted Li and prohibited electron injection (Fig. S5

in Supporting information). Therefore, as demonstrated in Fig. 3h,

the modification of I2 constructed an ionic conductive but elec-

tronic insulative LiI interphase between Li anode and LLZO garnet

electrolyte, thus improving the interfacial contact and blocking the

electron injection effectively.

Li/Pristine-LLZO/Li and Li/LiI-LLZO/Li symmetric cells were cy-

cled galvanostatically to evaluate the interfacial stability. As the

time-constant mode CCD test shown in Fig. 4a, the CCD test
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Fig. 4. Electrochemical performance of the Li/Pristine-LLZO/Li and Li/LiI-LLZO/Li symmetric cells. Critical current density (a) in the time-constant mode and (b) in the

capacity-constant mode. (c) Galvanostatic cycling stability of the Li/Pristine-LLZO/Li and Li/LiI-LLZO/Li symmetric cells. (d) Voltage profiles of the Li/LiI-LLZO/Li symmetric

cell at various current densities and the polarization voltage of the Li/LiI-LLZO/Li symmetric cell operated at the first 4 and the last 4 h. (e) Comparison of the time constant

mode CCD value and critical capacity in the related literatures.

stepped every 0.2mA/cm2 with a constant charge and discharge

period of 1h. Polarization voltage of Li/Pristine-LLZO/Li sharply in-

creased at 0.2mA/cm2, and then short circuited at the second cy-

cling, indicating that the CCD of the Li/Pristine-LLZO/Li symmetric

cell was only 0.2mA/cm2. Comparatively, Li/LiI-LLZO/Li displayed

a smaller overpotential without any sudden changes until stepped

to the current density over 1.2mA/cm2. As the capacity-constant

mode CCD test displayed in Fig. 4b, Li/Pristine-LLZO/Li and Li/LiI-

LLZO/Li symmetric cells operated at various current densities with

a constant capacity of 0.5 mAh/cm2. Li/Pristine-LLZO/Li was short

circuited at the first cycle. In contrast, the sudden change of over-

potential was not observed at Li/LiI-LLZO/Li symmetric cell un-

til the current density was over 7.0mA/cm2. In principle, higher

relative density will lead to higher ionic conductivity as the re-

duced grain boundary resistance, and higher critical current den-

sity as the reduced internal voids. The critical current density test

was performed in room temperature (25 °C). Apart from temper-

ature, the relative density and the thickness of the solid elec-

trolyte, as well as the external pressure also have effect on the

value of the critical current density. But considering that all the

symmetric cells are assembled and tested in the same condition

such as the relative density (95.2%) and the thickness (1mm) of

LLZO, external pressure (1MPa). The mainly influence factor con-

centrated on the interfacial contact and the thermodynamic stabil-

ity. To further investigate the interfacial stability, Li/Pristine-LLZO/Li

and Li/LiI-LLZO/Li symmetric cells were galvanostatically cycled at

0.1mA/cm2 and 0.1 mAh/cm2 (Fig. 4c). Li/Pristine-LLZO/Li exhib-

ited a higher overpotential from the beginning and cycled less

than 200h. The poor stability was attributed to the poor inter-

facial contact and the continuous growth of Li dendrite. Li/LiI-

LLZO/Li presented a long cycle life of 2000h with a stable voltage

plateau and a low overpotential (45.3mV). To further study the in-

terfacial stability with I2 modification, the Li/LiI-LLZO/Li symmet-

ric cell was also operated at a higher current density of 1mA/cm2

with a capacity of 1 mAh/cm2 (Fig. S6 in Supporting informa-

tion). During the cycling, the polarization voltage slightly increased

from 485mV to 565mV. To further evaluate the advantage of LiI

interphase, Li/LiI-LLZO/Li symmetric cell was performed at range

from 0.2mA/cm2 to 0.6mA/cm2 for 200h at per current density

(Fig. 4d). The stable polarization voltage was still achieved dur-

ing the cycling. The polarization voltage corresponded to the previ-

ous one when the current density was set back to the same value

as the initial one. The corresponding voltage plateaus of differ-

ent process under galvanostatic cycling was also shown in Fig. 4d.

The polarization voltage of Li/LiI-LLZO/Li symmetric cell was sta-

ble at 88.3mV at 0.2mA/cm2 in first 4 h and increased slightly

to 106.7mV in last 4 h. The increasing of the polarization voltage

was mainly ascribed to the contact loss as the volume changes of

Li anode during continuous Li platting and stripping. Even though

the contact loss of the solid interfaces is almost unavoidable dur-

ing electrochemical cycles, the augment of around 20% polariza-

tion voltage had limit effect on the electrochemical performance

of the symmetric cells. Consequently, attributed to the successful

construction of intimate interfacial contact and a thermodynami-

cal stable LiI interphase, Li/LiI-LLZO/Li symmetric cell achieved su-

perior cycling stability, higher CCD in the time/capacity-constant

modes and low polarization voltage at various current densities.

Fig. 4e compared the time constant mode CCD value and criti-

cal capacity. Even though CCD of 1.2mA/cm2 was not the highest,

considering of the long period for each cycle, the critical capacity

of 1.2 mAh/cm2 showed great advantage among the related litera-

tures.

To evaluate the potential of LiI interphase in practical appli-

cations, LMO/LiI-LLZO/Li and LMO/Pristine-LLZO/Li quasi-solid-state

(with 1.2 wt% liquid content) batteries were assembled for further

study. As illustrated in Fig. 5a, the cathode material LiMn2O4 was

mixed with super P and ionic liquid. Toothpaste-like cathode was

pasted uniformly on the front side of LLZO, and Li metal was in-

tegrated on the bottom of LLZO. All full cells were cycled with a

cut off voltage from 3.0V to 4.3V at 25 °C. A higher coulombic

efficiency and specific capacity were achieved in LMO/LiI-LLZO/Li

than LMO/Pristine-LLZO/Li in the first charge and dis-charge cycle
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Fig. 5. Electrochemical performance of the quasi-solid-state (with 1.2 wt% liquid content) batteries with and without I2 modifications. (a) Schematic of the designed battery

using LLZO, Li metal anode, LiMn2O4 (LMO)/super P/ionic liquid composite cathode. (b) Initial charge and discharge curve of LMO/LiI-LLZO/Li and LMO/Pristine-LLZO/Li at 0.5

C. (c) Nyquist plot of LMO/LiI-LLZO/Li and LMO/Pristine-LLZO/Li. (d) Rate performance of LMO/Pristine-LLZO/Li and LMO/LiI-LLZO/Li. (e) Galvanostatic charge and discharge

curve of LMO/LiI-LLZO/Li at various rates. (f) Cycling performance of LMO/Pristine-LLZO/Li and LMO/LiI-LLZO/Li at 0.5 C and 25 ◦C.

at 0.5 C (Fig. 5b). EIS measurement was conducted to characterize

the impedance of LMO/LiI-LLZO/Li and LMO/Pristine-LLZO/Li. Both

batteries showed approximately equal bulk and boundary resis-

tance above the frequency of 0.43MHz (Fig. 5c). The overall ASR of

LMO/Pristine-LLZO/Li was 2267 �/cm2 while LMO/LiI-LLZO/Li dis-

played a lower overall ASR of 763 �/cm2. The lower ASR was in

accordance with the Li symmetric cells, which was attributed to

the improved interfacial contact at the anode side.

Rate performance of both batteries was shown in Fig. 5d.

LMO/Pristine-LLZO/Li presented a faster capacity drop than

LMO/LiI-LLZO/Li with the current density in-creasing. The cor-

responding charge and discharge curve of LMO/LiI-LLZO/Li was

shown in Fig. 5e. The specific capacity of LMO/LiI-LLZO/Li cell

decreased slightly and the voltage platform was around 4.1V.

Fig. 5f showed that LMO/LiI-LLZO/Li also obtained an outstand-

ing cycling performance with a capacity retention of 87% after

100 cycles at 0.5 C and 25 °C while LMO/Pristine-LLZO/Li dis-

played an inferior cycle stability with only 33% capacity main-

tained after 100 cycles. LMO/Pristine-LLZO/Li and LMO/LiI-LLZO/Li

cells were also tested at a higher current density at 25 °C (Fig. S7

in Supporting information). An outstanding capacity retention of

LMO/LiI-LLZO/Li (95%) was achieved compared to LMO/Pristine-

LLZO/Li (31%) at 1 C after 50 cycles. The excellent rate and cy-

cle performance of LMO/LiI-LLZO/Li was contributed to the greatly

improved LLZO/Li interface, which was not only intimately con-

tact, but also thermodynamical stable. To extend the application

of the quasi-solid-state battery with higher energy density cath-

ode materials, the toothpaste-like lithium nickel-cobalt-manganate

(NCM811) was also integrated. Fig. S8a (Supporting information)

show that the quasi-solid-state battery with LiI interlayer displayed

higher initial specific capacity of 171.1 mAh/g at the rate of 0.5

C. The cycling performance in Fig. S8b (Supporting information)

also indicated a much higher capacity retention of 80.3% for the

NCM/LiI-LLZO/Li quasi-solid-state battery after 100 cycles.

We demonstrated an effective strategy to reduce the interfacial

impedance and promoting the interfacial stability of the LLZO/Li

interface through I2 modification. The formation of LiI not only

reduced the ASR of LLZO/Li from 1525 �/cm2 to 57 �/cm2, but

also improved the thermodynamic stability as the effect of elec-

tron blocking. The symmetric cells with LiI interphase displayed

an ultra-long cycling stability over 2000h, high CCD value of

1.2mA/cm2 in time-constant mode and 7.0mA/cm2 in capacity-

constant mode, respectively. In addition, the quasi-solid-state bat-

tery (with 1.2 wt% liquid content) with I2 modification presented

superior rate performance and impressive cycling stability, which

achieved 87% capacity retention after 100 cycles at 0.5 C as well as

95% capacity maintained at 1 C after 50 cycles at 25 °C. Electron
blocking and intimate contacted LLZO/Li interface that constructed

through the reaction of I2 with Li achieved outstanding thermody-

namic stability and electrochemical performance, which provided

an effective strategy for dendrite-free solid-state battery.
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