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le engineering of a heterogeneous
microstructure for uniform, stable and fast lithium
plating/stripping†

Xianshu Wang,a Jingchun Zhuang,a Mingzhu Liu,a Cun Wang,a Yaotang Zhong,a

Huirong Wang,a Xueqiong Cheng,a Si Liu,a Guozhong Cao *b and Weishan Li *ac

The uniform, stable and fast lithium (Li) plating/stripping, which enables a Li metal anode to be free from

dendrites, is of great importance for the practical application of rechargeable Li metal batteries. Herein,

a novel strategy was reported to provide the Li anode with a feature that involved engineering

a heterogeneous microstructure on the Li metal via the solid-phase reaction between zinc phosphate and

Li at room temperature. The as-engineered microstructure consisted of well-distributed LiZn and Li3PO4

components, which possessed high Li-ion affinity and provided void spaces, enabling Li plating/stripping

to be uniform, stable and fast. The resulting Li anode demonstrated cycling stability values of over 600,

210 and 140 h in an undecorated LiPF6-based carbonate electrolyte for a symmetric cell at the current

densities of 1, 3, and 5 mA cm�2, respectively, with low voltage hysteresis. Additionally, much better

electrochemical performances of LiFePO4 full batteries could be obtained as compared to that of bare Li.

This engineering is facile and scalable for the continuous manufacturing of Li anodes and therefore paves

an avenue for the practical application of rechargeable high-energy-density Li metal batteries.
Introduction

Rechargeable batteries with lithium (Li) metal anodes are being
signicantly pursued for energy-storage applications due to the
substantial improvement of storage capacity that outperforms
the current state-of-the-art lithium-ion batteries based on
a graphite anode.1–6 This characteristic is because of not only
the high theoretical capacity (3860 mA h g�1) and the most
negative potential (�3.04 V, vs. standard hydrogen electrode) of
the Li metal anode,7–10 but also the high accessibility to couple
with promising cathodes such as S8 and O2.11–13 Unfortunately,
the fundamental challenges associated with Li plating/stripping
on Li metals still remain and perplex researchers. Generally, the
Li plating/stripping rate is determined by the convection
diffusion of lithium ions (Li+) at the electrode/electrolyte
interface, where the uneven movement signicantly leads to
uncontrolled dendritic/powdered/dead Li, which gives rise to
volume expansion or even safety hazards.14–17 This issue is more
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severe at high current densities according to the Sand's equa-
tion18–21 and inevitably terminates the battery life and causes
difficulty to guarantee safe workability.

Considerable tactics for the control of Li plating/stripping
have been proposed, and these mainly involve electrode fabri-
cation and articial interface manufacture. Cui and co-workers
fabricated a Li electrode with a polyimide layer, which pre-
sented vertical nanoscale channels of a high aspect ratio, and it
could disperse the Li+ ux uniformly, achieving a uniform Li
deposition and dendrite-free surface.14 Similarly, Xiang et al.
controlled the diversion of the Li+ ux by the modication of
a carbon ber matrix to improve safety.16 However, the strategies
referring to electrode assembly present a signicant complexity.
An articial interface armored directly on a Li metal with solid-
state electrolyte-like chemistry such as Al2O3 and LiF is obviously
more facile22–26 although such an interface inherently increases
the interfacial impedance and enlarges voltage hysteresis.25,26

The elevated impedance and hysteresis are highly associated
with the lithiophilicity of the architected interface,27–34 which
regulates the Li plating/stripping processes. Therefore, it is
highly desired to rationally design interface chemistry that
exhibits high lithiophilicity through a new strategy.

In this contribution, we reported a novel interface design to
regulate Li plating/stripping. A heterogeneous microstructure
was engineered on a Limetal via a facile rolling/grinding process,
in which zinc phosphate (Zn3(PO4)2, denoted as ZPO) powder
reacted with the Li metal at room temperature (RT). Conve-
niently, grinding provided extra energy for the occurrence of the
This journal is © The Royal Society of Chemistry 2019
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solid-phase conversion reaction. Aer conversion, the Li metal
surface was engineered with a heterogeneousmicrostructure that
consisted of well-distributed LiZn and Li3PO4 particles, which
could not only regulate Li plating/stripping but also present low
interfacial impedance due to the high lithiophilicity and void
spaces provided by the particles. As a result, excellent electro-
chemical performances were achieved when the well-modulated
Li metal (ZPO–Li) anode was tested in symmetric and asym-
metric cells. This engineering could also be accomplished for the
continuous production of modied Li ribbons under motor
driving and therefore is scalable, presenting a great potential for
the practical utilization of rechargeable Li metal batteries.
Results and discussion

The basic strategy for engineering a heterogeneous microstruc-
ture is illustrated in Fig. 1a. The white ZPO powder insoluble in
a carbonate or ether solvent (Fig. S1a and b†) was dispersed onto
a fresh Li metal surface. Then, the Li metal was rolled repeatedly
until the color of the Li metal surface changed. It could be seen
that the silvery surface of the Li metal (Fig. 1b) became black
(Fig. 1c) aer grinding, indicating the successful engineering of
a heterogeneous microstructure via the reaction of ZPO with Li
metal. Correspondingly, the smooth surface of the fresh Li metal
turned into a cragged one, which comprised angular and multi-
dimensional particles that were different from those of ZPO
(Fig. S1c†). It can be noted from Fig. 1c that the thickness of the
microstructure layer is �10 mm, which consists of Li3PO4, LiZn
Fig. 1 (a) Schematic illustration of rolling operation for generating the h
and cross-sectional SEM images of Li foil (b) before and (c) after rolling. (d
Li 1s XPS spectra of pure ZPO powder and ZPO–Li.

This journal is © The Royal Society of Chemistry 2019
and Zn3(PO4)2, as conrmed below. The loading amount of these
species was �1.4 g cm�2, which was determined by weighing the
residues aer dissolving the sample in alcohol. Reducing the
loading amount of Zn3(PO4)2 could not ensure the uniform
coverage of the microstructure layer on the Li metal. Under the
cross-sectional view, the particles in the resulting microstructure
could be identied by SEM and their composition could be
conrmed by elemental mappings (Fig. S2†), which were different
from those of bare Li (inset SEM images in Fig. 1b). Furthermore,
TEM characterizations showed the sizes and polycrystalline
lattices of sub-particles as well as the heterogeneous
microstructure (Fig. S3†). This morphological evolution aer
rolling was attributed to the solid-phase conversion, which
could be conrmed by the Gibbs free energy change (Fig. S4†).
The much negative Gibbs free energy change (DG ¼
�1495 kJ mol�1) veried the feasibility of the solid-phase
conversion reaction: Zn3(PO4)2 + 9Li ¼ 2Li3PO4 + 3LiZn. X-ray
diffraction (XRD) patterns were recorded to characterize the
formed species on a Li foil aer conversion (Fig. 1d). Aer the
conversion reaction, many peaks of ZPO powder on the Li metal
disappeared and were replaced by the weak (110) and (101) peaks
of Li3PO4, the strong (111), (220) and (311) peaks of LiZn and some
residual ZPO peaks in addition to the main (110) peak of Li metal.
This weak Li3PO4 signal could be explained by the amorphous
structure of Li3PO4 formed from solid-phase conversion. These
featured surface components were further validated by the X-ray
photoelectron (XPS) analysis of the ZPO powder and ZPO–Li
(Fig. 1e, f and S5†). The new peaks appearing at low binding
eterogeneous microstructure on Li metal. Digital photos and top-view
) XRD patterns of bare Li, ZPO powder and ZPO–Li. The (e) Zn 2p and (f)

J. Mater. Chem. A, 2019, 7, 19104–19111 | 19105
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energies in the Zn 2p3/2 and Zn 2p1/2 spectra of ZPO–Li (Fig. 1e)
suggest that the ZPO–Li electrode contains another Zn-based
species that is different from ZPO.35–37 This species presented
slightly lower binding energy than that of a pure Znmetal (1022.3
eV),38 indicating the formation of a LixZn alloy. The electron
density of Li shied to Zn due to the different electronegativities,
resulting in the decreased binding energy of Zn in the formed
alloy. This alloy phase was also detected in the Li 1s spectrum of
ZPO–Li (54.6 eV, Fig. 1f). Moreover, a highly obvious peak at
55.1 eV corresponding to Li3PO4 (ref. 39) could be identied in the
Li 1s spectrum of ZPO–Li. The dissimilarities between the P 2p
and O 1s spectra (Fig. S5†) further conrmed the formation of
Li3PO4 aer rolling.

To understand the effect of surface components on Li
plating/stripping, the Vienna ab initio simulation package
(VASP) and Gaussian 09 package were used to simulate the Li
affinity and chemical stabilities (Fig. 2). As shown in Fig. 2a and
b, the (111) and (220) planes of the LiZn alloy deliver binding
energies of �2.30 and �2.16 eV, respectively. Both are more
negative than that of the (111) plane of Li metal (�1.58 eV)
(Fig. 2c), indicating the high Li affinity of LiZn that is benecial
for the on-surface diffusion of Li atoms during plating/strip-
ping.29 Furthermore, the Li3PO4 component stabilized the Li
metal due to the differences between their energy levels
(Fig. 2d). The highest occupied molecular orbital (HOMO)
energy of Li metal is inferior to that of the lowest unoccupied
molecular orbital (LUMO) of Li3PO4, providing an insur-
mountable gap for electrons. Thus, Li3PO4 can maintain the
interfacial stability by preventing the Li metal degradation and
electrolyte depletion. In addition, Li3PO4 also guarantees fast
on-surface diffusion during Li plating/stripping due to its ion
conductivity.40 These features endowed the as-engineered
heterogeneous microstructure with the ability to regulate
homogenized, stabilized and fast Li plating/stripping (Fig. 2e).
Fig. 2 The binding energy of (a) (111) and (b) (220) planes of LiZn and (
frontier molecule orbital of Li metal and Li3PO4, verifying the stability of
anodes with and without heterogeneous microstructure.

19106 | J. Mater. Chem. A, 2019, 7, 19104–19111
In contrast, the bare Li anode suffered from the locally dense Li+

ux and serious electrolyte decomposition, leading to dendrite
growth, electrode pulverization and volume expansion (Fig. 2f).

To evaluate the electrochemical performance of ZPO–Li,
symmetric cells with bare Li or ZPO–Li electrodes were fabri-
cated and then charged/discharged by the galvanostatic mode
in the undecorated LiPF6-EC/EMC/DMC electrolyte (Fig. 3). At
current density of 1 mA cm�2 with controlled Li plating/
stripping capacity (1 mA h cm�2), the symmetric cell with
bare Li rendered fast increment in voltage hysteresis aer 100
cycles, which exceeded the axis range at 260 h (Fig. 3a). This very
high voltage increase resulted from the increased resistance by
the accumulation of the by-products of electrolyte decomposi-
tion and “dead Li”.41 In contrast, much smaller voltage uctu-
ation and increase during the cycling over 600 h were detected
for the ZPO–Li-based symmetric cell. This voltage uctuation
and increase were still present for the ZPO–Li-based cell, but
they were smaller than that of the bare Li-based cell, suggesting
that the electrolyte decomposition is inevitable on the ZPO–Li
electrode. The optimization of electrolyte components further
highlights the boosted cyclic lifespan of Li plating/stripping by
the as-engineered heterogeneous microstructure (Fig. S6†). The
electrolyte additive was responsible for stable cycling over 600 h
for the bare Li electrode, but voltage increase was inevitable for
the subsequent cycling. Aer cycling over 820 h, the ZPO–Li
electrode remained stable without voltage undulation and
short-circuit. The contribution of the as-engineered heteroge-
neous microstructure became more obvious at higher current
densities. When the current density increased to 3 mA cm�2

(Fig. 3b), the ZPO–Li cell showed a consistent and stable plateau
overpotential for Li plating/stripping and no cell short-circuit
during the whole cycling lifetime (210 h); in contrast, the bare
Li-based cell maintained stable cycling of less than 80 h and
exhibited a short-circuit indicated by the appearance of
c) (110) plane of Li metal with Li atom. (d) Energy level comparison of
Li3PO4 component. (e and f) Schematic diagrams of Li depositing on Li

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Electrochemical performances of the ZPO–Li anode. The cycling stability of symmetric cells using bare Li and ZPO–Li electrodes at
various current densities of (a) 1.0, (b) 3.0 and (c) 5.0 mA cm�2 with a Li plating/stripping capacity of 1.0 mA h cm�2. Voltage-areal capacity
profiles of symmetric cells with (d) bare Li and (e) ZPO–Li electrodes at different current densities of 0.2, 0.5, 1, 2, 3 and 5 mA cm�2. Electro-
chemical impedance spectra of symmetric cells with (f) bare Li and (g) ZPO–Li electrodes after 3 cycles. Insets in (f) and (g) are the equivalent
circuit for fitting.
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anomalous voltage rising and falling at the 130th cycle due to
the formation of Li dendrites. It should be noted that the size
modulation of the Zn3(PO4)2 particles played an important role
in the cyclability of the ZPO–Li electrode (Fig. S7†). At 5 mA
cm�2, the ZPO–Li cell signicantly predominated in cyclic
stability as compared to the short-lived bare Li cell (140 vs. 40 h,
Fig. 3c). When the current density was controlled to 1.0 mA
cm�2 with xed capacity of 3.0 mA h cm�2, the different life-
spans and overpotentials of the symmetric cells revealed the
superior stability (Fig. S8†). These results demonstrate that the
ZPO-derived heterogeneous microstructure can serve as a good
candidate to boost the Li anode.

To evaluate the characteristics of ZPO–Li, the correlation
between voltage hysteresis and current densities and the elec-
trochemical impedance was evaluated and analyzed in detail. As
shown in Fig. 3d, the bare Li symmetric cell exhibits pronounced
polarization voltages of 23, 98 and 208 mV at the current
densities of 0.2, 2.0 and 5.0 mA cm�2, respectively. In contrast,
a smaller voltage hysteresis increment from 6 to 142 mV at the
corresponding current densities was observed for the symmetric
This journal is © The Royal Society of Chemistry 2019
cell with ZPO–Li electrodes (Fig. 3e). These values were lower
than the de-lithiation potential of the LiZn alloy (0.27 V vs. Li/
Li+), suggesting that the de-alloying process of the LiZn
component did not occur during the Li stripping stage for the
ZPO–Li symmetric cell. The enhanced anti-current capability
was attributed to the reduced real current density and the
regulated Li plating/stripping by the as-engineered heteroge-
neous microstructure. The electrochemical impedance spectra
of the symmetric cells aer 3 cycles are presented in Fig. 3f and
g. Here, the as-tested dots can be tted through the equivalent
circuit (insets in Fig. 3f and g), as shown by the tting lines.
There are three arcs for both bare Li and ZPO–Li cells aer the
tting. According to a previous report,42 the rst semicircle in the
high-frequency region reects the effect of the interface layer
(Ri,bulk), and the other two arcs involve the charge transfer
resistance (RA/I and RE/I; here, A, E and I represent anode, elec-
trolyte and interface, respectively), as schematically depicted in
Fig. S9a.† The bare Li-based cell presented a high Ri,bulk value of
144.5 U (Fig. S9b†), corresponding to the yellow area in Fig. 3f,
indicating the poor Li+ kinetics at the bare Li electrode resulting
J. Mater. Chem. A, 2019, 7, 19104–19111 | 19107
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from the deteriorated interface under pre-formation. In
comparison, a low interface resistance of 5.2 U was obtained for
the ZPO–Li electrode (yellow area in Fig. 3g), indicating the fast
Li deposition/dissolution due to the contribution of the as-
engineered heterogeneous microstructure. Moreover, the much
lower RA/I value (15.4 U) of the ZPO–Li electrode (cyan arc in
Fig. 3g) than that of the bare Li electrode (155.3 U, cyan arc in
Fig. 3f) indicated the good lithiophilicity of LiZn and the high Li+

conductivity of Li3PO4,40 suggesting that Li+ can be easily
reduced with expedited electron transfer underneath the inter-
face. In contrast, RE/I shows the opposite case (rosy arcs, 134.8 U

vs. 88.9 U), which can be attributed to the anti-reducibility and
stability of Li3PO4. Apparently, the as-engineered heterogeneous
microstructure was effectively responsible for the circumvention
of electrolyte decomposition and decrease in the plating/
stripping overpotential and the cell resistance. The electro-
chemical impedance spectra of the cells with different cycles
further conrmed the improved stability of the ZPO–Li electrode
by the heterogeneous microstructure (Fig. S10†).

SEM was conducted to compare the surface and cross-
section morphologies of the bare Li and ZPO–Li electrodes.
The morphological evolution of the bare Li and ZPO–Li surfaces
can be illustrated in Fig. 4a and b. The top-view of bare Li aer
1st plating displays multiple lament-consisted cakes with
random distribution (Fig. 4c), which results from the poor SEI-
induced irregular Li+ ux.43 During 1st stripping, the plated Li
could not return to the counter electrode due to the blocking
Fig. 4 Structure and morphology of bare Li and ZPO–Li anodes after cyc
plating/stripping behavior of (a) bare Li and (b) ZPO–Li electrodes. Top-vi
1st (c and e) plating and repeated (d and f) plating/stripping. Insets in (c–f)
of (g–i) bare Li and (j–l) ZPO–Li electrodes after (g and j) 10, (h and k) 2
corresponding top-view SEM images.

19108 | J. Mater. Chem. A, 2019, 7, 19104–19111
from SEI. Instead, bulk Li dissolved, rendering some pores on
the Li surface (Fig. 4d). The as-engineered heterogeneous
microstructure was a mixed conducting layer based on the
electronic conductor of LiZn and Li+ conductor of Li3PO4.
Additionally, the more negative binding energy of LiZn caused
a faster movement of Li+ to LiZn sites. Therefore, the ZPO–Li
electrode displayed uniform Li plating in the as-engineered
heterogeneous microstructure (Fig. S11†), resulting in smooth
morphology (Fig. 4e). This feature is associated with the high
surface area-reduced current density and the wettability of the
LiZn component. With regard to 1st stripping, the ZPO–Li
electrode recovered to particle-covered surface morphology
(Fig. 4f), suggesting reversible Li plating/stripping. The digital
photographs of the bare Li and ZPO–Li electrodes aer 1st

plating and stripping further conrm that the ZPO-derived
heterogeneous microstructure possesses uniform Li
depositing/stripping on the whole surface rather than the local
and random one of the bare Li electrode (Fig. S12†).

With further cycling, the surface of bare Li deteriorated
seriously, as shown in Fig. 4g–i. The cross-sectional SEM image
of the bare Li electrode aer 10 cycles afforded an incompact
layer of “dead Li” (23 mm, Fig. 4g). Worse still, this notorious
layer expanded by 17% and 104% aer 20 and 40 cycles,
respectively (Fig. 4h and i). Their respective top-view SEM
images further conrm the serious deterioration of the bare Li
electrode, presenting dendrite growth, dead Li micro-particles,
electrolyte byproducts and interbedded cracks (insets in
ling at a current density of 1.0 mA cm�2. Schematic illustration of the Li
ew SEM images of (c and d) bare Li and (e and f) ZPO–Li electrodes after
are the respective enlarged views at local. Cross-sectional SEM images
0, and (i and l) 40 cycles in the discharged state. Insets in g-l are the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4g–i). Fortunately, the ZPO–Li electrode effectively circum-
vented these issues, maintaining a smooth and dendrite-free
surface aer deep cycling (inset top-view SEM images in
Fig. 4j–l). Under a cross-sectional view, we observed that the
ZPO–Li electrode aer 10 cycles displayed negligible volume
expansion without obvious layer separation (Fig. 4j), which was
maintained up to 20 cycles (Fig. 4k). Aer 40 cycles, only a slight
increase in the surface layer thickness occurred (Fig. 4l). These
observations emphasized that volume expansion and dendrite
growth as well as electrolyte side reactions are highly sup-
pressed by the as-engineered heterogeneous microstructure.
Therefore, a very smooth and integrated surface could be
observed on the ZPO–Li electrode compared to the uneven one
on the bare Li electrode (Fig. S13†).

To demonstrate the alternative large-scale energy-storage
applications of Li metal batteries, a high-safety and long-
lifespan lithium iron phosphate (LiFePO4, 6.5 mg cm�2,
1.0 mA h cm�2 Li capacity) cathode was selected for coupling
with Li anodes (Fig. 5). Fig. 5a presents the long-term cyclic
performances of LikLiFePO4 full batteries with different Li
anodes, which delivered very different capacities. The bare
LikLiFePO4 battery offered initial specic capacity of
130 mA h g�1 at a rate of 1C (1C ¼ 170 mA g�1); it presented fast
capacity decay aer 177 cycles and possessed discharge capacity
of only 56.7 mA h g�1 with capacity retention of 44% aer 250
cycles. In contrast, slightly higher specic capacity of
135 mA h g�1 at the initial cycle was obtained for the ZPO–
Fig. 5 (a) Galvanostatic cycling performance at a rate of 1C (1C ¼ 170 m
LikLiFePO4 and ZPO–LikLiFePO4 full batteries. The electrochemical imp
before cycling, after (d) 3 cycle formation and (e) 20 cycles. The digital pho
LiFePO4-based batteries. Insets in SEM images of f and g are the local e

This journal is © The Royal Society of Chemistry 2019
LikLiFePO4 battery due to the reduced interfacial resistance by
the as-engineered microstructure. Aer 300 cycles, capacity of
85 mA h g�1 (64% of the initial capacity) remained. The voltage–
capacity proles at the selected cycles also conrmed the
signicantly improved cyclic stability of the ZPO–LikLiFePO4

battery (Fig. S14†). Moreover, the ZPO–LikLiFePO4 battery also
presented better rate capability than the LikLiFePO4 battery
(Fig. 5b). The ZPO–LikLiFePO4 battery contributed to the
reversible capacities of 153.8, 142.4, 128.9, 113.5, and
95.6 mA h g�1 at 0.2, 0.5, 1, 2, and 4C, respectively. In contrast,
only 151.8, 137.3, 122.7, 107, and 85.5 mA h g�1 were obtained
for the bare LikLiFePO4 battery under the same conditions due
to sluggish kinetics. As demonstrated in Fig. 5c–e, the bare
LikLiFePO4 battery presents larger interfacial resistance than
the ZPO–LikLiFePO4 battery under various states: before
cycling, aer 3 cycles, and aer 20 cycles. Such a distinct feature
yielded difference in polarizations between discharge and
charge curves (123 vs. 78 mV) and the initial charging stage
(3.536 vs. 3.473 V) for the two batteries (Fig. S15†). For the
battery with the ZPO–Li anode, the interfacial resistance
remained unchanged from initial to 20 cycles, signifying its
excellent stability. The surface of bare Li was coated with a dark
layer (Fig. 5f), and its color changed from gray to dark, resulting
from the self-ignition of the high-specic-surface Li micropar-
ticles and electrolyte side-products in the glove box. Under
magnied SEM, many particles with various sizes can be
observed with free scattering. Moreover, there appeared several
A g�1) and (b) rate capability at different rates from 0.2 to 4C for bare
edance spectra of bare LikLiFePO4 and ZPO–LikLiFePO4 batteries (c)
tos and SEM images of (f) bare Li and (g) ZPO–Li anodes after cycling in
nlarged view.

J. Mater. Chem. A, 2019, 7, 19104–19111 | 19109
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Fig. 6 Schematic drawing of scalable rolling and pouch cell presenting LiFePO4-based battery with ZPO–Li anode. Optical images of large-scale
Li ribbon (a) before and (b) after rolling ZPO powder. (c) Optical image of the pouch cell with ZPO–Li anode. (d) The “SCNU” typeface lit by a string
of lights containing 77 light emitting diodes (LEDs). (e) Schematic drawing of a roll-to-roll system for the continuous flow production of ZPO–Li
anodes. (f) The long-term galvanostatic cyclability of the LiFePO4-based pouch cells with the yielded ZPO–Li and bare Li ribbons.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n 
on

 1
/3

0/
20

23
 1

0:
16

:1
7 

PM
. 

View Article Online
holes with different sizes and depths, resulting from the “dead
Li” formation and pulverization by electrolyte infringement. In
contrast, the ZPO–Li anode preserved its surface integrity
without dendrite growth (Fig. 5g), but some small crevices were
present; these were associated with the uneven byproduct
accumulation from the inevitable electrolyte decomposition
when we performed deep cycling for the Li electrode. Similar
electrochemical performances and surface morphologies can
also be seen for lithium-free Li4Ti5O12-based full batteries
(Fig. S16–S18†), further evidencing the greatly improved cycla-
bility, reduced ion transport barrier and dendrite-free behavior
upon cycling in the presence of ZPO–Li anodes. All these
improved characteristics were ascribed to the as-engineered
heterogeneous microstructure aer rolling: (a) excellent Li
wettability, (b) uniformly decentralized Li+ ux, and (c) retentive
interfacial stability with low resistance.

As an additional advantage of this extremely facile strategy,
the scalable production of dendrite-free Li anodes could be
achieved in spite of the existing huge challenges. As shown in
Fig. 6, a Li ribbon (length 60 mm � width 48 mm, Alfa aesar,
99.9%) can be successfully implemented. The surface color
changed from silvery to black aer repeated rolling (Fig. 6a and
b). Furthermore, a large type of LiFePO4 cathode (mass loading,
6.38 mg cm�2; length, 57 mm � width 45 mm, Fig. S19†) was
paired with the scale-up ZPO–Li anode to fabricate a pouch cell
(Fig. 6c), which successfully lit the “SCNU” typeface composed
of 77 light-emitting diodes (LEDs) aer charging (Fig. 6d).
Fig. 6e shows the schematic illustration of a roll-to-roll system
for the continuous production of the ZPO–Li anode. The motors
19110 | J. Mater. Chem. A, 2019, 7, 19104–19111
drove the Li ribbon to coil at an adjustable speed within
a certain tension; meanwhile, the reactant powder was scattered
by a tuned shaker. Then, Li ribbons passed through the press-
tunable roller to be ground for the solid-phase conversion
reaction. The continuous and scale-up manufacturing of the
ZPO–Li anode could be combined in a roll-to-roll system, which
was similar to the currently prevailing pre-lithiation technology.
Furthermore, aer being coupled with the LiFePO4 cathode, the
modied Li anode was fabricated to measure its usability in
practice. High capacity retention and stable coulombic effi-
ciency (CE) of the ZPO–LikLiFePO4 pouch cell against the
dendrite-induced low retention and uctuated CE in the bare
LikLiFePO4 pouch cell were detected within 200 cycles at a rate
of 1C (Fig. 6f). These results demonstrated that the strategy
developed in this work is feasible for the practical applications
of Li metal anodes.
Conclusions

A convenient rolling ZPO powder to react with Li at room
temperature was successfully developed, yielding a heteroge-
neous microstructure on a Li metal. The as-engineered hetero-
geneous microstructure featured lithiophilicity and stability,
which originated from the derived LiZn and Li3PO4 compo-
nents, enabling the fast Li plating/stripping to be uniform and
stable. As a result, enhanced cyclic lifespan and rate capability
for the LikLi symmetric cell were obtained with a low over-
potential and interfacial resistance, enhanced anti-current
capability, lower volume expansion, and the absence of
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta06500h


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n 
on

 1
/3

0/
20

23
 1

0:
16

:1
7 

PM
. 

View Article Online
dendrite growth. The modied Li anode was also superior to the
bare Li anode with respect to the electrochemical performance
of the LiFePO4-based full batteries. Impressively, a scalable
model was designed to produce large-scale and dendrite-free Li
anodes with feasible continuity by motor driving, powder
coverage, and rolling technique. Our facile strategy can be
further extended to other reactants and also emphasizes the
potential commercialization for high-safety and long-lifespan Li
metal batteries.
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