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a b s t r a c t

The emerging anode-free lithium metal battery (AFLMB) is very promising for the next-generation elec-

trochemical energy storage technology due to its remarkable high-energy density. However, the cur-

rent development of AFLMB is seriously hampered by the low Coulombic efficiency and limited lifes-

pan caused mainly by the uncontrolled dendritic lithium growth and significant volume change during Li

plating/stripping on the traditional current collector. Here, we report the design of a “breathable” three-

dimensional (3D) lithium host with MnO2 nanoflake array for long-lifespan AFLMB. Specifically, a dense

MnO2 nanoflake array stretchably grown on carbon cloth by an easy solution dipping method is con-

structed as a 3D current collector for AFLMBs. Both experimental and theoretical studies underlined that

the Li2O/Mn nanoflake arrays produced spontaneously upon the initial lithiation can effectively guide

uniform lithium nucleation and growth. Moreover, this unique 3D hierarchical structure expands/shrinks

along with the lithium plating/stripping, accommodating the large volume expansion/shrinkage over the

subsequent charge/discharge processes. As such, a dendrite-free lithium structure was achieved even at

a high capacity of 10 mAh/cm2. More importantly, the as-constructed AFLMB with this current collec-

tor exhibits impressive cycling stability with 64% capacity retained after 200 cycles. This study offers

new insights into constructing highly efficient 3D protective layers for metal anodes toward the practical

feasibility of anode-free batteries.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the increasing energy-storage demand for portable elec-

tronics and electrical vehicles, safe and smart battery systems with

high energy density and prolonged life are highly desirable [1].

Lithium-metal batteries stand out among various battery technolo-

gies since lithium metal anode shows a remarkable theoretical ca-

pacity of 3860 mAh/g and a low work potential of −3.04V (vs.

standard hydrogen electrode), both enabling an extremely high en-

ergy density [2]. In particular, since the pioneering work by Zhang

et al. [3], the anode-free lithium metal batteries (AFLMBs) con-

structed with a lithium-containing cathode and a bare anode cur-

rent collector have attracted tremendous attention among the re-

search community [4,5]. To achieve the working of AFLMB, lithium
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metal is plated onto the anode current collector during the initial

charge process and serves as the lithium source in the subsequent

charge/discharge cycles. As such, the air-sensitive lithium metal foil

does not need to be used when fabricating the AFLMB. This not

only greatly enhances manufacturing safety but also maximizes the

energy density of rechargeable AFLMB.

However, the lithium plating/stripping chemistry of AFLMB

faces several challenges: (1) The chemically active lithium metal in

direct contact with various electrolyte components may result in

forming unstable solid electrolyte interphases (SEIs) [6]; (2) Since

the lithium deposition is extremely sensitive to the uniformity of

Li+ flux and electric field distribution at the lithium metal sur-

face [7], lithium dendrites enabled by the preferential Li growth at

the tips could penetrate the separator and cause severe safety con-

cerns [8]; (3) The large volume swelling/contraction during lithium

plating/stripping also causes breaking of the SEI layers and the
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continuous SEI growth, resulting in the continue consumption of

electrolytes, dead lithium production, and the reduced Li plat-

ing/stripping reversibility [9]; (4) The limited Li source in AFLMB

cells imposes pressed requirements for high reversibility, e.g., the

AFLMB can sustain 200 cycles at 80% capacity retention if the

Coulombic efficiency (CE) is 99.9 %, but only 53 and 23 cycles when

CE is slightly reduced to 99.5% and 99%, respectively [10]. To pro-

mote uniform Li plating/stripping for boosting the Coulombic effi-

ciency of AFLMB, several effective strategies have been proposed in

previous studies. For instance, novel electrolytes have been formu-

lated by tuning the electrolyte composition [11–13] and concentra-

tion [14] to produce a more rigid and resilient SEI. More attrac-

tively, 3D functional lithium hosts like carbon cloth (CC) have been

widely developed for AFLMB to accommodate the volume change

during Li+ plating/stripping [15–20]. Functional modifications on

lithium metal surfaces have also been proposed via electrochemical

pretreatment [21,22] or mechanical coatings [23–26] to effectively

guide non-dendrite Li growth. Since the repeated and large volume

expansion/contraction of the anode during charge/discharge cycles,

like mechanical breathing, seriously hinders the electrochemical

stability of lithium metal anodes, rational designing of 2D lithium

anodes with functional modification layer can accommodate this

mechanical stress well along the thickness direction. However, con-

structing a mechanically compliant modification layer for AFLMB

becomes challenging in 3D lithium anodes because of the enor-

mous size variation in three dimensions (Fig. S1a in Supporting in-

formation). Modifying the 3D lithium host surface modification by

lithiophilic layer is expected to induce uniform lithium deposition

at or near the modified surface. Nevertheless, there would still be

massive lithium dendrites produced at a high lithium deposition

capacity (Fig. S1b in Supporting information). Moreover, this fabri-

cation process is usually complex and costly.

Here, we report a MnO2 nanoflake array growth on 3D CC as

a current collector for long-lifespan AFLMBs. The MnO2 thin layer

was easily grown on CC through a facile solution dipping pro-

cess at room temperature. Attractively, the MnO2 layer transforms

into Li2O/Mn nanoflake arrays after lithiation, demonstrating fa-

vorable mechanical breathing during lithium plating/stripping pro-

cesses (Fig. S1c in Supporting information). As such, the Li2O/Mn

nanoflake arrays continuously guide uniform lithium deposition

and growth with smooth dendrite-free lithium morphology even at

a high lithium plating capacity of 10 mAh/cm2. More importantly,

the as-fabricated AFLMB based on such a current collector displays

impressive cycling stability with 64% capacity retained after 200

charge/discharge cycles. This work sheds fresh light on exploiting

mechanically breathable 3D modification layers to guide even 3D

lithium growth for long-lifespan AFLMBs.

To facilitate the growth of MnO2, the CC substrate was first

treated through two different methods: a vigorous manner by

H2SO4/HNO3 refluxing and a mild manner via H2O2 oxidation.

The as-treated CC substrates are designated as CC-v and CC-m,

respectively. The surface functional groups on CC substrates af-

ter oxidization were detected by Fourier-transform infrared spec-

troscopy (FTIR). As shown in Fig. 1a, the FTIR spectrum of the

pristine CC shows no prominent vibration modes of oxygen func-

tional groups. After a mild H2O2 oxidation, a weak peak centered

at 1700 cm−1 was detected in the FTIR spectrum of CC-m. In the

case of H2SO4/HNO3 refluxing-treated CC, stronger peaks centered

at 1700, 1580, and 1180 cm−1 are identified in the FTIR spectrum

of CC-v, indicating the presence of carbonyl groups (−C=O). Mean-

while, the broad peak centered at about 3000 cm−1 corresponds

to the stretching vibration of –OH [27]. X-ray photoelectron spec-

troscopy (XPS) has also been conducted for quantitative analysis of

surface oxygen functional groups. As summarized in Table S1 (Sup-

porting information), the surface oxygen content of CC, CC-v, and

CC-m was determined to be 4.5, 6.2, and 10.6 wt%, respectively.

Fig. 1. The structural characterization of CC, CC-v-MnO2, and CC-m-MnO2 samples.

(a) FTIR spectra of the pristine CC and two treated CC substrates. (b) XRD patterns

of CC, CC-v-MnO2, and CC-m-MnO2. TEM images of (c-e) CC-v-MnO2 and (f-h) CC-

m-MnO2 at different magnifications. The insets in (e) and (h) correspond to the

SAED patterns.

The treated CC substrates were then dipped into a KMnO4 so-

lution to in-situ grow MnO2. The spontaneous redox reaction be-

tween the surface functional groups of modified CC and KMnO4

gives rise to the formation of CC-MnO2 composites. The corre-

sponding sample is designated CC-v-MnO2 and CC-m-MnO2, re-

spectively. X-ray diffraction (XRD) tests were conducted to reveal

the phase composition of CC-v-MnO2 and CC-m-MnO2. As shown

in Fig. 1b, the XRD pattern of carbon cloth exhibits typical char-

acteristics of amorphous carbon material featuring a broad peak

centered at about 26° [28]. The XRD patterns of CC-v-MnO2 and

CC-m-MnO2 show additional diffraction peaks corresponding to α-

MnO2. We note that the diffraction peaks of α-MnO2 in the XRD

pattern of CC-v-MnO2 are stronger than that in CC-m-MnO2, indi-

cating the presence of more crystallized α-MnO2 produced in the

CC-v-MnO2 composite. Notably, the preparation procedure of CC-

m-MnO2 is easier and more feasible for large-scale production (Fig.

S2 in Supporting information).

Scanning electron microscope (SEM) and transmission electron

microscope (TEM) observations were further performed to reveal

the surface morphology and inner microstructure of CC and two

CC-MnO2 composites. As can be seen from SEM images of two

CC-MnO2 composites (Figs. S3a-c in Supporting information), the

interwoven structure of CC is well maintained after oxidation. No

noticeable morphological differences are observed between CC and

two CC-MnO2 composites at low magnification (Figs. S3d-f in Sup-

porting information). At large magnifications, distinct surface mor-

phologies are observed. The pristine CC shows a smooth surface of

carbon fibers with a diameter of 6–8 μm (Fig. S4a in Supporting

information). The CC-m-MnO2 demonstrates a coating layer over

the carbon fiber surface, as indicated by the broken region high-

lighted by the red arrow (Fig. S4b in Supporting information). The

CC-v-MnO2 displays many nanoflakes grown at the carbon fiber

surface with a thickness of several nanometers and a lateral size

of ∼100nm (Fig. S4c in Supporting information). Notably, if the CC

surface is not modified with the oxygen-containing group, many
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tiny nanoparticles are produced on the surface (Fig. S5 in Support-

ing information). This may be ascribed to the weak reactivity be-

tween the pristine CC and KMnO4.

TEM was further conducted to characterize the internal mi-

crostructures of two CC-MnO2 composites. As shown in Fig. 1c, the

low-magnified TEM image of the CC-v-MnO2 composite demon-

strates nanoflakes vertically grown on the surface of carbon fibers,

with a thickness of several nanometers and lateral size of ∼50nm.

The high-resolution TEM image and the associated selected area

electron diffraction (SAED) pattern show the good crystallinity of

the as-produced nanoflakes (Fig. 1d). The lattice fringes with an

interlayer space of 0.24nm correspond to the (330) crystal plane

of α-MnO2 (Fig. 1e). In contrast, the CC-m-MnO2 product shows a

typical coating layer on the carbon fiber surface (Figs. 1f and g).

The high-resolution TEM image shows good crystallinity, as con-

firmed by the SAED patterns in the inset (Fig. 1h). The clear lattice

fringes also correspond to the (330) crystal plane with an inter-

layer space of 0.24nm.

We assembled half-cells to study the Li plating/stripping in the

CC-MnO2 hosts. The morphology and microstructure of the CC-

MnO2 hosts after lithiation were examined by SEM and TEM. In-

terestingly, after lithiation to a low potential of 0.12V, there is

an obvious morphology change from a thin layer coating to a

nanoflake array (Figs. S6a-e in Supporting information). Such mor-

phology transformation is supposed to be caused by stress-induced

structure rearrangement [29]. Upon full discharge, more nanoflakes

were clearly observed (Fig. S6f in Supporting information). The

microstructure of two CC-MnO2 composites after full lithiation

was further examined by TEM. The above-mentioned morpholog-

ical transformation is also observed in the TEM image. Numer-

ous nanoflakes with a thickness of ∼10nm and lateral size of

∼100nm at the CC surface are observed (Fig. S6g in Supporting in-

formation). These nanoflakes are composed of numerous nanocrys-

tallines (Fig. S6h in Supporting information). The corresponding

SAED pattern is well indexed to the (511), (330), and (221) crystal

planes of cubic Mn, indicating the reduction of MnO2 to metallic

Mn (Fig. S6i in Supporting information) [30]. Moreover, it can be

observed from Fig. S7 (Supporting information) that the nanoflake

array morphology of CC-v-MnO2 can be well preserved during

lithiation.

As shown in Figs. 2a-d, the SEM images of the CC-m-MnO2/Li

composite at a lithium deposition capacity of 10 mAh/cm2 and

after full stripping indicate that a dendrite-free smooth morphol-

ogy is preserved even at high-capacity lithium deposition. As high-

lighted by red circles in Fig. 2b, some nanoflakes are randomly dis-

tributed on the deposited lithium surface. It indicates the expand-

able feature of the 3D nanoflake array. The presence of Mn-based

nanoflakes above the deposited lithium is also confirmed by the

energy-dispersive X-ray spectroscopy (EDS) mapping. We can ob-

serve the dense distribution of Mn elements along the contour of

the carbon fibers (Fig. S8 in Supporting information). In contrast,

the intensity of the Mn element signal is very weak in EDS map-

ping of the CC-v-MnO2/Li composite at the same lithium deposi-

tion capacity of 10 mAh/cm2 (Fig. S9 in Supporting information).

Additionally, after the complete lithium stripping, the morphol-

ogy of nanoflake arrays recovers (Figs. 2c and d). Such mechani-

cal breathing behavior of the 3D nanoflake array is beneficial for

continuously guiding uniform lithium deposition.

To further verify the Mn distribution in the above-mentioned

CC-v-MnO2/Li and CC-m-MnO2/Li composites, we performed XPS

depth analysis. As shown in Fig. 2e, no Mn signal is observed at

the surface of the CC-m-MnO2/Li composite. Prominent B and F

signals are detected before Ar+ sputtering, which can be assigned

to the SEI at the anode surface (Fig. 2f and Fig. S10 in Support-

ing information). After a sputtering of 30 s, a prominent signal of

Mn appears, indicating the existence of Mn below the SEI layer.

Fig. 2. SEM images of the CC-m-MnO2/Li composite (a, b) at a lithium plating ca-

pacity of 10 mAh/cm2 and (c, d) after full lithium stripping. Depth profiles of XPS

measurement of (e) Mn 2p and (f) B 1s spectra in the CC-m-MnO2/Li composite.

The B and F signals are not detected, suggesting the sputtering had

passed through the SEI layer. As the sputtering goes on, the inten-

sity of characteristic peaks of Mn becomes weaker and weaker. In

contrast, almost no Mn signal is detected with the prolonged sput-

tering time in the CC-v-MnO2/Li composite (Fig. S11 in Supporting

information). Such XPS depth profiling confirms the expansion of

Mn/Li2O arrays and the moving of Mn/Li2O nanoflakes from the

carbon fiber surface to the deposited lithium surface upon lithium

plating in the CC-m-MnO2/Li composite, while the Mn/Li2O array

keeps static over lithium plating on the CC-v-MnO2/Li composite.

To illustrate the efficient guiding effect of the expandable

nanoflake arrays, we simulated the distributions of the electric

field of bare Li and the modified Li anode after the formation of

Li nuclei by COMSOL Multiphysics. As shown in Fig. S12a (Sup-

porting information), the CC-m-MnO2/Li anode shows an evenly

distributed electric field. No hotspot or tip effect can be observed

at the Li nuclei surface. As shown in Fig. S12b (Supporting infor-

mation), the electric field around the lithium nuclei of the bare Li

metal anode is drastically enhanced in certain regions (red color),

which is derived from the well-known tip effects. This means Li-

ion flux is more readily adsorbed to the projecting nuclei and

can increase dendritic development and SEI breakage. The sim-

ulation suggests that expandable nanoflake arrays of the CC-m-

MnO2/Li anode are more favorable for promoting uniform Li plat-

ing/stripping.

Symmetrical Li/Li cells were fabricated to investigate the Li plat-

ing/stripping properties of the CC-v-MnO2/Li and CC-m-MnO2/Li

electrodes. Figs. S12c and d (Supporting information) compare the

galvanostatic cycling of the CC-m-MnO2/Li and CC-v-MnO2/Li sym-

metric cells at a Li deposition capacity of 1.0 mAh/cm2 and an areal

current density of 5mA/cm2, respectively. We observe that the

CC-m-MnO2/Li-based cell shows considerably lower voltage polar-

ization of ∼50mV and an extended cycling lifespan (750 cycles)

with no noticeable voltage fluctuation or rise in voltage polariza-

tion, suggesting its superior electrochemical stability. In contrast,
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Fig. 3. (a) Schematic illustration of lithiation of and lithium deposition in the CC-

v-MnO2 and CC-m-MnO2 hosts. (b, c) DFT calculation of the Li nucleation energies

at different sites.

the potential of the CC-v-MnO2/Li-based cell is stable at ∼150mV

in the initial 30h but gradually increases in the following charge-

discharge cycles. After cycling for 45h, obvious voltage reduction

is observed, suggesting severe Li dendrite growth and local short

circuits. Subsequently, voltage fluctuation and more severe polar-

ization are detected, indicating the poor electrochemical stability

of the CC-v-MnO2/Li electrode. Li plating/stripping reversibility was

evaluated by assembling Li/Cu and Li/CC-m-MnO2 half cells. As we

can see in Fig. S13 (Supporting information), the Li/Cu cell shows

an average Li plating/stripping Coulombic efficiency of 98.2 % at a

current density of 0.5mA/cm2 and Li plating/stripping capacity of

1 mAh/cm2. And the Li/CC-m-MnO2 cell shows a boosted average

Coulombic efficiency of 98.9 %.

The final morphology of Li plating is highly dependent on nu-

cleation and growth behavior in the initial stage. This can be a cru-

cial factor affecting the dendritic formation. After lithiation, MnO2

in the CC-MnO2 composites was converted to Mn nanocrystals em-

bedded in the Li2O matrix [31]. Each composite thus provides dif-

ferent sites for lithium nucleation and deposition, i.e., the carbon

surface and the carbon/Li2O interface (Fig. 3a). These different sites

are expected to show different nucleation energies for lithium nu-

cleation and deposition. We thus further conducted theoretical cal-

culations to study the mechanism of lithium nucleation/growth on

CC-m-MnO2 and CC-v-MnO2.

The carbon surface of CC-v-MnO2 has abundant carboxyl

(−COOH) functional groups, while the CC-m-MnO2 shows few oxy-

gen functionalities. Therefore, a graphene basal plane (site D) and

carboxyl-bonded graphene basal plane (site B) were used to model

the carbon surfaces of CC-m-MnO2 and CC-v-MnO2, respectively.

Likewise, the graphene basal plane/Li2O interface (site C) and

carboxyl-bonded graphene basal plane/Li2O interface (site A) were

used to model the interfaces of CC-m-MnO2 and CC-v-MnO2, re-

spectively (Fig. 3b). Nucleation energy was then estimated to fore-

cast the initial nucleation behavior of lithium. As exhibited in Fig.

3c, a negative value suggests that the nucleation process is ther-

Fig. 4. (a) Cycling performances of NCM//Cu, NCM//CC-v-MnO2, and NCM//CC-m-

MnO2 based AFLMB at 0.5 C. (b) Charge/discharge curves of the NCM//CC-m-MnO2

anode-free cell at the 1st and 200th cycle.

modynamically favorable and vice versa. We found that the bare

graphene basal plane (site D) shows a positive and high nucle-

ation energy, indicating unfavorable Li nucleation. Meanwhile, the

nucleation energy is significantly reduced to negative values at

the graphene basal plane/Li2O interface (site C). This results in

lithium nucleation and subsequent deposition under the Mn/Li2O

nanoflake array. In contrast, the carboxyl-bonded graphene basal

plane (site B) shows nucleation energies near zero, much lower

than the bare graphene basal plane due to the lithiophilicity of car-

boxyl groups. However, the nucleation energies are much higher

at the carboxyl-bonded graphene basal plane/Li2O interface (site

A). That largely explains why lithium deposits over the Mn/Li2O

nanoflake array in CC-v-MnO2/Li. To summarize, the CC-v-MnO2

composite can induce uniform Li nucleation but is not able to

guide even lithium growth. In contrast, the CC-m-MnO2 composite

can work as an efficient lithium host to guide uniform Li nucle-

ation and growth by the lithiophilic nanoflake array breathing on

the 3D lithium host.

To verify the practical viability of the CC-m-MnO2 lithium host,

AFLMB was assembled with NCM532 as the cathode and 3D Li

host of CC-m-MnO2 as the “anode”. Note that the initial discharge

and charge capacities of the CC-m-MnO2 host are determined to

be 49 and 37 mAh/g, respectively, with an irreversible capacity

of 12 mAh/g (Fig. S14 in Supporting information). It corresponds

to a tiny areal capacity loss of 0.11 mAh/cm2 based on the areal

mass density of 9.1mg/cm2. The NCM532 cathode owns a high

areal mass loading of ∼20mg/cm2 and a theoretical areal capacity

of 3.5 mAh/cm2. The initial charge/discharge curve of the NCM532

cathode was plotted in Fig. S15 (Supporting information), show-

ing an initial Coulombic efficiency of 82%. This corresponds to

an irreversible areal capacity of 0.63 mAh/cm2. It can be com-

pensated for the first-cycle Li loss for the CC-m-MnO2 host and

subsequent-cycle Li loss by Li plating/stripping. The NCM532 cath-

ode also shows excellent cycling stability with 91% and 82% capac-

ity maintained over 200 cycles at 0.5 C and 1 C, respectively (Fig.

S16 in Supporting information).

Fig. 4a compares the cycling performances of AFLMBs with var-

ious current collectors of Cu foil, CC-v-MnO2, and CC-m-MnO2. We

found that the Cu foil-based AFLMB shows stable specific capaci-

ties of ∼180 mAh/g at the initial five cycles, which subsequently

drop rapidly to 50 mAh/g after 51 cycles because of irreversible

Li plating/stripping. The CC-v-MnO2-based AFLMB shows a similar

capacity variation trend. However, the capacity decay rate is much

slower, with 122 mAh/g retained after 64 cycles, revealing the ad-

vantage of 3D hosts for facilitating reversible Li plating/stripping.

Note that an abrupt capacity decay is observed at the 65th cycle.

The voltage fluctuation in the charge curve indicates the local short

circuit (Fig. S17 in Supporting information). Subsequently, the ca-

pacity declined remarkably fast to near zero over 25 cycles. More

impressively, the CC-m-MnO2-based AFLMB demonstrates stabi-

lized capacity in the initial ten cycles, which slowly dropped in the

following cycles, maintaining 64% of the initial capacity after 200
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cycles. The charge/discharge curve in Fig. 4b also does not show

significant voltage polarization or fluctuation, suggesting remark-

able electrochemical stability. Considering the high working volt-

age utilized and no external pressure applied in this study, such

cycling performance is among the best of reported AFLMB systems

with modified current collectors (Table S2 in Supporting informa-

tion) [32–36].

In summary, we have developed a dense MnO2 nanoflake ar-

ray grown on carbon cloth as a “breathable” 3D current collec-

tor for stable AFLMB. Such a MnO2 nanoflake array can trans-

form into an expandable Li2O/Mn nanoflake array after the initial

lithiation. Spectroscopy measurements and theoretical simulations

have revealed the preferential deposition at the carbon/Li2O inter-

face, thereby guiding uniform lithium nucleation and growth. The

dendrite-free structure was observed even at a high lithium depo-

sition capacity of 10 mAh/cm2. The as-constructed AFLMB based

on such a current collector shows 64% capacity retention over

200 cycles, among the best cycling performances for AFLMBs with

modified current collectors. This work thus provides new insights

into the rational design of novel current collectors with mechanical

breathing capability for long-life AFLMBs.
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