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Abstract

Li metal foil is a most promising candidate for Li metal batteries, but its poor

cycle stability remains a major obstacle limiting its development for practical

applications. In the present work, we show that crystallographic orientation

(surface texturing) of Li foil plays a key role in determining the cycle perfor-

mance of the Li metal anode in both symmetrical cells and full cells. Li foil of

{110} texturing is demonstrated to have superior cycling stability when com-

pared to Li {100} or pristine Li foils without specific texturing. Experimental

evidence and computational modeling suggest that the enhanced cycle perfor-

mance of Li {110} originates from the low-surface energy/surface diffusion

barrier associated with the Li {110} plane, leading to not only dense Li plating

but also uniform stripping during cycling. Capacity retention of 96.1%

(125.0 mAh/g) after 400 cycles is demonstrated in a full cell with Li {110}

anode and LiFePO4 cathode at 1 C. This work adds to the current understand-

ing of electrochemical plating/stripping of Li metal, and leads to new technolo-

gies that can largely extend the cycle life of Li metal electrode for the next

generation of energy storage devices.
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1 | INTRODUCTION

Lithium metal, a promising anode material for Li-based
energy storage devices, has high-energy density (3861 mAh/
g) and the lowest electrode potential (�3.04 V vs. SHE)
among all anode candidates. However, a most fundamental
problem of Li-metal anode that limits its practical applica-
tion is the poor cycle performance of the anode due to the
uncontrollable Li plating/stripping process.1 The Li growth
kinetics as well as the inhomogeneity at the electrode sur-
face promotes the dendrite growth.2 The loose structure of
the formed dendrites makes them easily break off from the

electrode, causing “dead lithium”; while the fractured Li
surfaces would continuously react with the electrolyte,
consuming both Li and the electrolyte. Both processes
result in a low Columbic efficiency and reduced cycle life.
In addition, the sharp dendrites could pierce the battery
separator and result in internal short-circuit, which may
induce thermal runaway in batteries, imposing serious
safety concerns.

Many strategies have been developed to improve the
cycle performance of the Li-based electrode. Methods
include mechanically blocking the growth of lithium den-
drites by using capping materials of high-shear modulus3–5;
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improving the Li nucleation uniformity by manipulating
the architecture of current collector, and modifying the
anode surface or solid electrolyte interphases6–8; as well as
restricting the uneven Li growth by forming a high surface
energy capping.9,10 Although these methods indeed
suppress the Li dendrite growth to a certain extent, the
problem persists and remains a major obstacle limiting
the cycle performance of Li metal anode.

A largely unexplored aspect is the effect of pristine Li
texturing on Li plating/stripping characteristics and even-
tually the cycle performance of the electrode. Here textur-
ing refers to the preferential crystallographic orientation,
instead of that commonly used in tribology (i.e., specific
surface topographical features resulted from the engineer-
ing process).11 Generally speaking, different crystalline
planes associate with different surface energies and surface
diffusion energy barriers, and thus affect the nucleation
and growth of Li in a battery process. As a matter of fact,
{0001} texturing of Zn foils has been found to be beneficial
for the long cycle performance of Zn-based batteries.12–14

Some earlier experimental results suggested that similar
principles may apply to the Li-metal electrode. Cui's group
was the first to report Li growing into a {110} texturing in
specific electrolytes in 2017, and such a textured growth
indeed associated with smooth termination surfaces.15 The
same group also found the slow growth of Li along <110>
crystalline direction when studying the Li nanowire
growth using electron microscopy.16 Gu et al. inferred
from simulation results that the growth of Li on Cu {100}
preferred to be along the <110> Li crystalline direction,
and the Li plated on Cu {100} indeed showed prolonged
cycle life.17 Most recently, Zhao et al. demonstrated the
formation of {110} texturing in Li films electroplated on
Cu foil. When employed as the electrode with ether elec-
trolyte, a 2500 min' cycle life at a current density of
1 mA/cm2 is shown in a symmetrical cell.18 Compared to
Cu anode, the direct usage of Li foil as the anode does not
require any pre-lithiation process in batteries of Li-free
cathode, and thus is of great interest. Recently, prepa-
ration of Li {100} texturing was realized by severe plas-
tic deformation upon cold rolling of Li foil.12 However,
the prepared Li foil with {100} texturing did not show
significantly improved electrochemical performance
when used as the electrode.12 As a matter of fact, the Li
{100} plane was suggested to have the lowest surface
energy in vacuum in early literatures.19,20 Neverthe-
less, a more recent theoretical study shows that Li
{110} plane associated with the lowest surface energy
and surface diffusion barrier in a practical battery
working range.21 However, Li foil with {110} texturing
is not available to date, and whether such texturing
can enhance the cycle performance of the electrode
remains unclear.

In the present work, we show that both {110} and
{100} texturing can be prepared for Li metal foil with sim-
ple mechanical methods. Electrode made of Li metal foil
of {110} texturing significantly outperforms that made of
Li foil of {100} texturing as well as the pristine Li foil
(no specific texturing). The enhanced cycle performance
of Li foil with {110} texturing is ascribed to the uniform
Li stripping from /dense plating on the Li foil of {110} tex-
turing, which features are absent in Li {100} or pristine Li
foils. The Li {110} texturing and the flat/dense surface
morphology is found to be well maintained upon long
cycles, leading to stable cycle performance of the elec-
trode in both symmetrical and full cells. By combing
it with other existing strategies, controllable texturing
of metal foils will open up new revenue in the field of
alkaline metal batteries as it directly affects the plating/
stripping behavior of the metal and is also expected to
impact the solid electrolyte interphase formation.

2 | RESULTS

2.1 | Formation of preferential surface
texturing on Li foils

Li foils of specific surface texturing ({110} and {100} in the
present work) can be obtained using mechanical methods
(see Section 4 for details), an illustration of which is shown
in Figure 1A. Li foils of {100} surface texturing result from a
unidirectional pressure exerted on pristine Li foils
(a standard sample is a round foil with a diameter of
16 mm and thickness of 600 μm) at room temperature.
Such process leads to a ~200 μm Li foil with ~50 μm thick
(thickness determination see Figure S1a) {100} surface tex-
turing (Figure 1B) that is stable for at least 30 days
(Figure 1B) when being stored in a glove box at room tem-
perature. Generation of Li {110} surface texturing is slightly
more complex, when pre-rolling and scraping of pristine Li
foil (the same standard starting material) are carried out at
room temperature before a further rolling at 75�C. The
resulted {110} surface texturing is found to be ~100 μm
(Figure S1b) for Li foil of ~200 μm thickness, and it also
remains stable for at least 30 days when being stored in a
glove box at room temperature (Figure 1C). As shown in
the x-ray diffraction (XRD) taken from respective samples,
dominant intensities of (200) and (110) diffractions are
found in Li {100}, and Li {110} foils, respectively (Figure 1B,
C). In contrast, no preferential surface texturing is identified
in the starting pristine Li foil samples—while all diffraction
peaks can be indexed to the body centered cubic (BCC) Li
(JCPDF #15-0401), the intensity ratios of different diffrac-
tion peaks vary largely in different pristine Li foil samples
examined (three examples shown in Figure S2), suggesting
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a combination of different surface crystallographic
orientations.

The formation of texturing on Li foil is mainly driven
by the stress induced activation of sliding systems in BCC
metals.22 The most easily activated slip system in BCC
metals is {110} <111>, the activation of which promotes
the prevalence of cubic texture of {100} <110> in BCC
metals under moderate stress, such as those induced by
pressing or cold-rolling.22 The experimental observation of
{100} surface texturing formation on Li foil in the present
work is consistent with the theory.23 At higher stress
levels, other slip systems in BCC would also be activated,
leading to competition among different texture forma-
tion.22 Another common texture in BCC is the shear tex-
ture {110} <100>, which occurs when the sample is
subjected to shear stress.24 The pre-rolling and scraping in
the present work serve this purpose in preparing the Li foil
of {110} surface texturing. However, shear stress itself
would not guarantee the dominance of the {110} texturing.

Fortunately, it is known that grains of the shear texture
bear rather low defect density/stress levels,25 and such
grain would become the core of re-crystallization upon
post-annealing, eventually leading to the dominance of
{110} texturing in the Li foil. In this regard, the last proce-
dure of mechanical rolling at 75�C is also important, as
the elevated temperature drives the proper recrystalliza-
tion process that leads to the dominance of {110} surface
texturing in Li foil. Optimization of the crystallization tem-
perature can be found in the Figure S3. The gentle rolling
flattens the surface of the Li foil (effect of each step on the
texturing formation can be found in Figure S4).

2.2 | Surface characteristics of pristine
Li foil, Li {100}, and Li {110}

To ensure consistent surface chemistry and flatness of
the Li metal electrode, chemical polishing of all Li foil

(A)

(B) (C)

FIGURE 1 (A) Schematic illustration of Li {110} and Li {100} preparation. The XRD of the Li foil with (B) {100} and (C) {110}

preferential texturing
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samples was employed before cell assembly. The chemi-
cal polishing of all Li foils results in similar flatness
(Figure S5a–c) and chemical composition (Figure S5d–g)
of the foil surfaces. The sizes of the grains in all samples
were found similar, in the range of a few hundreds of
microns (Figure S6). To better understand the sample
surface composition, X-ray photoelectron spectra (XPS)
were taken from all Li samples (Li {110}, Li {100}, and
pristine Li foils) before their assembly into cells. Similar
surface composition is obtained for all samples examined.
The Li 1s spectra (Figure S7a) suggested the presence of
Li2O (binding energy at ~53.6 eV) and Li2CO3 (binding
energy at ~55.4 eV).26 Consistent observation was made for
the C 1s (Figure S7b), in which the 288.8 eV component
originated from Li2CO3.

27 Three other peaks fitted at
~287.0, ~285.0, and ~284.6 eV can be assigned to C O,
C O, and C H,28–30 likely coming from the organic con-
taminations on the foil surface.31 The O 1s spectra
(Figure S7c) can be fitted by four peaks, the one at
~531.8 eV is assigned to Li2CO3 and the one at ~528.0 eV to
Li2O.

32,33 The rest two peaks at ~531.4 and ~533.6 eV are
ascribed to C O and C O, respectively, being common in
organic contaminants on the surface of the Li foil.31

2.3 | Electrochemical performance of
pristine Li foil, Li {100}, and Li {110}
electrode

Using such a chemically polished Li foil as the electrode,
symmetrical cells were assembled for the electrochemical
tests. For pristine Li foil electrode, we plotted the voltage
profile of the cell as a function of time (sample b in
Figure S8) at a current density of 1 mA/cm2 and with a
capacity of 1 mAh/cm2. A large fluctuation of the over-
potential is observed at the start of the cycling, commonly
ascribed to the formation of SEI.34 After that, the over-
potential stabilizes at about 0.15 V. A sudden surge of
over-potential occurs at the 99th cycle, together with fre-
quent voltage fluctuations. This is a common indicator of
device failure, to which the Li dendrite growth and the
formation of dead lithium are known to be major contrib-
utors.35 On the other hand, it is interesting to note that
the cycle performance of different Li foils (pristine sam-
ples with identical chemical polishing) varies signifi-
cantly. The drastic increase of over-potential may show
after 50 cycles in a “short life” case (sample c in
Figure S8), or appear after 200 cycles in a “long life” case
(sample a in Figure S8) in samples tested in the present
work. The range of cycle life is consistent with the litera-
ture.31,36–38

To investigate the galvanostatic charge/discharge per-
formances of Li {110} and Li {100}, symmetric cells were

assembled and tested at a capacity of 1 mAh/cm2 and dif-
ferent current densities of 1 and 5 mA/cm2 in carbonate
electrolyte (1.0 M LiPF6 in EC/DEC [v/v = 1:1]). At the
current density of 1 mA/cm2, the voltage hysteresis of
both Li {110} and Li {100} remain stable until 250 cycles
(Figure 2A). After that, the voltage hysteresis of Li {100}
increased rapidly from 180 mV (at 250th cycle) to
323 mV (at 350th cycle), and fluctuation of the voltage
profile appeared after ~350 cycles (marked by an arrow
in Figure 2A). In contrast, from the 1st cycle to the 400th
cycle, voltage hysteresis of Li {110} slowly increased from
141 to 203 mV without much fluctuation. When the cur-
rent density was increased to 5 mA/cm2 with a capacity
of 1 mAh/cm2, voltage fluctuation appeared after about
100 cycles and short circuit occurred after about
120 cycles for Li {100} (Figure 2B). In contrast, Li {110}
was stable for more than 150 cycles. When capacity was
increased to 5 mAh/cm2 at the current density of
1 mA/cm2, Li {110} (60 cycles) consistently shown a
significantly better performance than those of Li {100}
(35 cycles) and pristine Li foil (25 cycles) (Figure S9). The
electrochemical behavior of Li {100} or {110} electrode
was quite consistent for all samples examined.

More significant voltage hysteresis was always found
in Li {100} (vs. Li {110}) at low-current densities of
1 mA/cm2. At a higher current density of 5 mA/cm2, the
voltage hysteresis of Li {100} and Li {110} was found simi-
lar in the first 65 cycles, suggesting that the occurrence of
increased ion flow inhomogeneity and aggravated side
effects39,40 started to override the benefit brought by the
Li {110} surface. Nonetheless, a longer cycle life was still
achieved in the case of Li {110}. Although no artificial
SEI is introduced and a most common electrolyte
(carbonate without special additive) is employed in the
present work, the Li symmetric cell using the Li {110}
demonstrated comparable performance to those with
artificial SEI (e.g., LiDFOB and graphite fluoride, etc.) in
the literature.41,42 A comparison with the literature can
be found in Table S1.

To further evaluate the performance of symmetric
cells with Li foils of different texturing, the exchange
charge resistance and the exchange current density were
investigated by electrochemical impedance spectroscopy
(EIS) and Tafel kinetics, respectively. Bulk resistance
(Rs), charge transfer (Rct) and SEI (RSEI) resistances can
be estimated by fitting the EIS data (Figure 2C, and
Figure S10a,b). Charge transfer and SEI resistance repre-
sent the capability of charge transfer in the electrode and
at the electrode/electrolyte interface. All electrodes show
similar bulk resistance (Rs), which does not change much
along with cycling (~2.5 Ω at 1st cycle and ~4.8 Ω at 50th
cycle). At a current density of 1 mA/cm2 and with a
capacity of 1 mAh/cm2, both the SEI (RSEI) and the
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charge transfer (Rct) resistance of the Li {110} electrode
were found to be lower than those of Li {100} (191.6 Ω
vs. 269.4 Ω for RSEI and 97.2 Ω vs.133 Ω for Rct). Even
larger values were found in the case of pristine Li elec-
trode (532.7 Ω for RSEI and 173 Ω for Rct). After 50 cycles
at the same conditions, the RSEI and Rct of Li {110}
decreased to 104.6 and 56.1 Ω, respectively, remaining to
be lower than those of Li{100} (161.3 Ω for RSEI and
66.1 Ω for Rct) and pristine Li (252.1 Ω for RSEI and 80 Ω
for Rct). The similar bulk resistance suggests little effect
of surface texturing on the conductivity of the metal
foils.43 The decrease observed in both Rct and RSEI for all
samples may result from increased Li surface area as well
as the formation of SEI with higher ionic conductivity
along with cycling, especially for Li{100} and pristine
sample. As the Li {110} was found to have smoother sur-
face with cycling, the lowest Rct and RSEI values obtained
in the Li {110} electrode then suggested formation of
more desirable SEI on the Li {110}. The exchange current
density was estimated by fitting the linear region of the
Tafel plots (Figure 2d, and Figure S10c,d). A higher
exchange current density would suggest easier deposit-
ing/stripping of Li.44 As shown in Figure 2D, Li {110}
showed a slightly higher exchange current density
(1.12 mA/cm2) than that of Li {100} (0.57 mA/cm2) and
pristine Li (0.86 mA/cm2) at the 1st cycle. After 50 cycles,
the difference become significant, that is, Li {110} still had
the highest exchange current density of 4.52 mA/cm2, fol-
lowed by Li {100} (1.77 mA/cm2) and pristine Li
(1.61 mA/cm2). The observation that the exchange current
density increases along with cycling also agrees with the
EIS results.

Li//LiFePO4 (Li//LFP) full cells were tested to evaluate
the effect of Li foil texturing in a full cell configuration with
LFP mass loading of 8.0 mg/cm2 with a capacity of
~1.5 mAh/cm2. After being pre-activated at 0.1 C, the cell
with Li {100} anode reached a discharge capacity of
135.7 mAh/g and the capacity retention of the correspond-
ing full cell was 36.7% (49.8 mAh/g) after 250 cycles at 1 C
(Figure 2E). In the case of Li {110} anode, despite of a
slightly lower initial discharge capacity of 130.1 mAh/g, the
corresponding full cell showed significantly improved
capacity retention of 96.1% (125.0 mAh/g) after 400 cycles
at 1C. The Li //LFP full cells made of either Li {100} or
{110} anode showed improved capacity retention when
compared to cells made of pristine Li foil (without preferen-
tial surface texturing). Being similar to results obtained in
the symmetrical cells, the electrochemical performance of
the full cell with pristine Li foil anode varied. Two examples
of a “short-lived” (~20% capacity retention after 250 cycles)
and a “long-lived” (~20% capacity retention after 350 cycles)
cases are shown in Figure S11, while their initial discharge
capacity were always similar (~140 mAh/g). The rate

capacities of the full cells at current densities of 0.1, 0.2, 0.5,
1, 2, and 5 C were shown in Figure 2F, and capacity decay
at large current density was found in both Li {110} and
{100} anode. The difference in the capacity retention
between cells adopting Li {110} or {100} electrode was com-
pared in Figure 2G, when a better capacity retention was
maintained in the case of Li {110}, and the difference
between the two increased toward larger current density.
Full cell performance also was tested at a high rate of 5 C.
Full cell with Li {110} electrode showed an initial capacity
of 103.4 mAh/g, with 94.9% retention (98.2 mAh/g) at the
end of 500 cycles, and 81.3% retention (84.1 mAh/g) at the
end of 800 cycles, being much superior to those made of Li
{100} electrode (Figure S12). At a lower rate of 1 C, the volt-
age hysteresis (Figure S13) of cells with Li {100} and {110} is
similar, with that of Li {110} being slightly lower than Li
{110}. The difference became larger for cells cycled at 5 C
(0.623 V of Li {110} vs. 0.744 V of Li {110}).

2.4 | Surface composition of cycled
samples

The surface composition of all electrodes (Li {110}, {100},
and pristine Li foil) was analyzed by XPS after the 1st
cycle (cell cycled at a current density of 1 mA/cm2 and
with a capacity of 1 mAh/cm2). All samples were washed
by DEC to remove residual electrolyte. Compositional
analysis suggested the presence of P and F in addition to
Li, C, and O (Figure S14), which three elements were also
presented in the respective Li foil samples before cell
assembly (Figure S7). Consistent observation was made
when comparing the fine scans of Li, C, and O in the
cycled samples (Figure S14a–c) to those in the as-
prepared Li foils (Figure S6a–c). New peaks at ~54.9,
56.0, and ~58.5 eV in the Li 1s (Figure S14a) spectra sug-
gested the formation of ROCO2LI, LiF, and
LixPOyFz,

45–47 in addition to the original Li2O and
Li2CO3. Similarly, new peaks fitted at ~284.2 and
~285.7 eV in the C 1s spectra suggested the presence of
C F and ROCO2LI (Figure S14b).47,48 In the O 1s scan
(Figure S14c), new components with binding energy at
~533.0, ~533.8, and ~540.0 eV consistently revealed the
presence of ROCO2Li, phosphate, and LixPOyFz

46,49,50 in
the surface composition of the cycled Li foil samples. The
1s spectra of F in all samples (Figure S14d) can be fitted
by three peaks at ~684.9, ~686.6, and ~687.5 eV, agreeing
with the binding energies of LiF, F C, and LixPOyFz.

51-53

Consistent result was found for the P 2p spectra
(Figure S14e), that is, the two peaks fitted at ~134.3, and
~136.9 eV matched those of phosphate and LixPOyFz.

54,55

The XPS results from all Li foil samples after the 1st cycle
suggest a modified surface composition due to the
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formation of solid electrolyte interphase (SEI). The F and
P elements came from the LiPF6 decomposition upon
cycling. The changed chemical states of both P and F sug-
gested their participation in the new phase formation in

SEI. It is interesting to note that the relatively high-
atomic ratios of Li (19.95%), F (12.77%), and P (1.64%) are
found in the surface composition of the pristine Li foil
after cycling, when compared to the two other samples

(A) (B) (C)

(D)

(E)

(F)

(G)

FIGURE 3 (A) The composition comparison among the three samples of pristine Li, Li {110}, and Li {100} foil electrodes after the 1st

cycle (cell cycled at a current density of 1 mA/cm2 and with a capacity of 1 mAh/cm2). The evolution of XRD patterns of the symmetrical

cells with (B) Li {100} and (C) Li {110} electrode cycled at a current density of 1 mA/cm2 with a capacity of 1mAh/cm2. (D) Li {100} and

(E) Li {110} surface morphology after being stripped at a current density of 1 mA/cm2 with a capacity of 1mAh/cm2. (F) Li {100} and (G) Li

{110} surface morphology after being platted at a current density of 1 mA/cm2 with the capacity of 1 mAh/cm2
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(Figure 3A). The fine scan of the respective elements also
revealed the relatively high ratios of LiF in the same
sample.

2.5 | Texturing and morphology
evolution during cycling

Texturing evolution of the Li {110} and {100} electrode
was investigated by ex situ XRD taken at different cycle
numbers. The symmetrical cells were cycled at a current
density of 1 mA/cm2 with a capacity of 1 mAh/cm2. After
being firstly charged to the capacity of 1 mAh/cm2, the
cathode of the symmetrical cells using Li {100} experi-
enced a stripping process. As shown in Figure 3B, the sig-
nal of the (110) diffraction that was nearly absent in the
initial cathode (without cycling) remains insignificant. At
the same time, signal of the (110) diffraction was found
in the anode that experienced plating. At the end of the
50th cycle, the (200) diffraction remained to be the stron-
gest one, but the intensity of the (110) diffraction was
found to grow continuously with cycles. At the end of the
100th cycle, the (110) diffraction became the dominant
one, outgrowing the (200) diffraction. It is interesting to
note that at the end of the 300th cycle, the diffraction
intensity of (211) also outgrew that of the (200). In con-
trast, the diffraction intensity of (110) maintained its
dominance in the case of Li {110} electrode from the 1st
to the last cycles. Little diffraction intensity of (211) or
(200) can be observed even after 300th cycle (Figure 3C).

When symmetrical cells were cycled at a current den-
sity of 5 mA/cm2 with the same capacity (1 mAh/cm2),
evolution of the XRD patterns of the Li electrode com-
posed of Li {100} or Li {110} foils are shown in Figure S15.
After being charged to the capacity of 1 mAh/cm2, the Li
{100} electrode soon loses its preferential texturing of
(200), and the (110) diffraction becomes dominant after
50 cycles (Figure S15a). The intensity of the (211) diffrac-
tion drastically increases from the 50th to the 100th cycle,
and becomes the dominant one at the end of the 100th
cycles. In contrast, the diffraction intensity of (110) main-
tained its dominance in the case of Li {110} electrode to
the 100th cycle (Figure S15b). While the Li {100} electrode
shorted after the 100th cycle, the Li {110} ran longer. At
larger cycle numbers (~150 cycles), low intensity (211),
and (200) diffractions become visible in Li {110} electrode
(Figure S16). A quantitative comparison of texturing evo-
lution of the respective samples can be found in the Sup-
plementary information (Figure S17). Both of Li{100} and
Li{110} tend to end up with the {110} texturing
(Figure S17a,b) when being cycled at low rate (This is also
true for pristine Li foils). In contrast, even the Li {110}
tends to lose its preferential texturing eventually when

cycled at a high rate (Figure S17c,d), suggesting competi-
tion between thermodynamic and kinetic factors in deter-
mining the electrochemical stripping/plating
characteristics of Li.

The surface morphologies of the Li {100} and {110}
electrodes were also monitored along with cycling. We
first compare the stripped surface of Li foils of different
texturing in the first cycle.56 Pitted surface is always
found on Li {100} electrode at both current densities of
1 and 5 mA/cm2, as shown in Figure 3D and Figure S13a.
Denser pits appear in samples cycled at 5 mA/cm2 when
compared to those cycled at 1 mA/cm2. Enlarged images
of the pitted regions disclose the porous-like surface
inside the pit (inset of Figure 3D and Figure S18a). Simi-
lar results are obtained for Li foils without preferential
texturing (pristine sample, Figure S19). As a comparison,
the stripped surface of Li {110} electrode is very different.
At a low-current density of 1 mA/cm2, the Li surface
remains flat with little pit found (Figure 3E). At a higher
current density of 5 mA/cm2, a few pits appear but with
size significantly smaller and coverage much lower than
those on Li {100} surface (Figure S18b).

At the same time, the Li anode surface is plated.
Particle-like deposits formed on the surface of both Li
{100} and Li {110} (Figure 3F,G, and Figure S18c,d). For
anode made of Li {100}, the plated particle layer at a cur-
rent density of 1 mA/cm2 (Figure 3F) appears denser
than that at 5 mA/cm2 (Figure S18c). This trend is also
observed in anode made of Li {110} (Figure 3G and
Figure S18d). Nonetheless, the plated Li layer is found to
be always denser on Li {110} than that on Li {100} at both
current densities examined.

In the discharge process followed (first cycle), the
plated Li anode is stripped. Similar surface morphologies
(significantly pitted surface of Li {100} but not Li {110})
are observed when compared to the Li cathode surface at
the end of the first charging processing (Figure S20). The
discharge process also results in plating of the Li cathode
that is stripped during the initial charging. Most of the
pitted surface of Li {100} is covered by the new deposits.
A denser surface is always found in the cathode of Li
{110} in comparison with Li {100} (Figure S21).

The morphology of Li foils after different number of
cycles at a current density of 1 mA/cm2 with the capacity of
1 mAh/cm2 are shown in Figure S22. Compared to surface
morphology of the Li {100} that was cycled for 50 runs
(Figure S22a), the same surface became much rougher
when the cycle number was increased to 300 (Figure S22b).
In contrast, no obvious deterioration is observed in the sur-
face roughness of the Li {110} until 300 cycles (Figure S22c,
d). When the current density was increased to 5 mA/cm2,
the surface morphology evolution of the Li foils is acceler-
ated (compared to those at a low-current density of
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1 mA/cm2) for the Li {100} samples. Obvious surface rough-
ening appeared at 50 cycles for Li {100}, and continued to
deteriorate toward longer cycles (Figure S23a-c). In contrast,
surface smoothness was maintained for Li {110} with the
same number of cycling (Figure S23d-f). Both surface char-
acterization of the Li {110} electrode (SEM results showing
the surface smoothness) and its electrochemical perfor-
mance (absence of internal short circuit features and con-
tinuous increase of overpotential in the galvanostatic
charge/discharge cycles) suggested that Li dendrite induced
internal short circuit is not the major failure mechanism of
Li {110}. The unstable electrode/electrolyte interface and
consumption of electrolyte are likely to cause the final fail-
ure of the device.

2.6 | Theoretical understanding of the
plating/stripping characteristics of lithium
foils

According to Hagopian et al., Li {110} surface is thermo-
dynamically more stable than Li{100} surface in the elec-
trochemical environment of lithium metal batteries with
ethylene carbonate-based electrolyte, which explained
our experimental observations that the Li{100} surface
will gradually change to Li{110} surface upon repeated
stripping and plating.21 To understand the plating/
stripping phenomena of Li on Li foils of specific textur-
ing, slab models of lithium {100} and {110} surfaces with
10–15 Å vacuum layers were constructed and optimized
using density functional theory (DFT) calculations. For
each surface, two kinds of surface morphology were con-
sidered. In one slab model, half layer of the lithium
atoms at the surface were removed (labeled as “Rplane”),
while in the other slab model, the same number of lith-
ium atoms with a cone shape were removed (labeled as
“Rcone”). The detailed atomic geometries can be found in
Figure S24. Afterwards, these surfaces went through 2 ps
ab initio molecular dynamics (AIMD) simulations in
NVT ensemble. The trajectories of lithium atoms as well
as the potential energies were recorded.

After the 2 ps AIMD simulations, as shown in
Figure S25, the surfaces with “Rplane” morphology show
little difference, while for the surfaces with “Rcone” mor-
phology, the “nano pit” were somehow filled by neighbor-
ing Li atoms. For Li {100} surface, the “nano pit” becomes
a bit shallower, while for Li {110} surface, the “nano pit”
nearly disappeared. To quantitively describe this phenom-
enon, we tracked the mean height of the initially exposed
surface Li atoms in the “Rcone” cases of both Li {100} and
Li {110} as shown in Figure 4A,B. When the “nano pit” is
filled by neighboring Li atoms, the mean height of exposed
surface Li atoms will decrease as illustrated in Figure S26.

It can be found that for Li {100} surface, the mean height
of the initially exposed surface atoms fluctuates around a
certain value, indicating that the “nanopit” remains during
the simulation. While for the Li {110} case, the mean
height of initially exposed surface atoms decreased about
0.5 Å, indicating that neighboring Li atoms filled the
“nano pit” during the simulation.

These results agree well with previous report that the
surface diffusion energy barrier of Li atom on Li {110} sur-
face is only about one half of that of Li {100} surface, which
will result in better surface diffusivity.20 We also compared
the potential energy of “Rcone” and “Rplane” cases for both Li
{100} and Li {110} surface as shown in Figure 4C,D. For
both cases, the “Rplane” case shows a lower potential energy
compared with the “Rcone” case. For the Li {100} surface,
the initial energy difference between these two cases is
small, and the energy difference fluctuated around 0.02 Ha
during the entire simulation. While for the Li {110} surface,
the energy difference between these two cases is much
larger. As the simulation went on, the “nano pit” will be
gradually filled by the neighboring Li atoms and the energy
difference gradually decreased to zero. This potential energy
analysis suggests in addition to the kinetic reason that Li
{110} surface shows a smaller diffusion energy barrier, the
“Rcone” morphology in Li {100} is also thermodynamically
more stable than that in the Li {110} case. Therefore, during
the lithium stripping process, Li {100} surface tends to pre-
serve a rough surface morphology when “nano pits” were
formed; while for Li {110} surface, once a “nano pit” was
created, it will be soon filled by neighboring Li atoms and
result in a much smoother surface morphology, which
agree well with our experimental observations. A flat and
thus dense Li {110} surface is both thermodynamically and
kinetically preferred upon cycling, and consequently the
significantly reduced inhomogeneity of Li plating/stripping
associated with Li {110} texturing contributes to the
improved electrode cycle stability. Schematic illustration of
plating/stripping characteristic of the Li{100} and Li{110} is
shown in Figure 4E,F, respectively.

3 | CONCLUSION

Li metal electrode with {110} texturing is demonstrated to
have significantly improved cycle stability in both devices
adopting symmetrical cell and full cell configurations,
when compared to the same Li metal electrode with {100}
texturing or without any specific texturing (pristine Li
foil). Even without any artificial SEI introduced in the pre-
sent work, the Li {110} electrode showed comparable per-
formance to those with artificial SEI in the literature.
Being different from Li {100} or pristine Li foil, Li metal
electrode with {110} texturing is found to maintain both
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the {110} preferential crystallographic orientation and the
surface flatness upon repeated cycling even at a large cur-
rent density of 5 mA/cm2. The significantly enhanced
cycling performance of Li {110} is ascribed to the uniform
stripping and dense plating of Li on the Li {110} surface
upon cycling, due to the low-surface energy and surface
diffusion barrier associated with such a plane in an elec-
trochemical environment. Experimental results also sug-
gest that the Li {110} also associate with more efficient
charge transfer in cycling.

4 | METHOD

4.1 | Chemical polishing of Li foil
electrodes

All Li foils were chemically polished first using a tetrahy-
drofuran solution of Naphthalene (0.192 g Naphthalene

crystal) (>99.5%, Sigma-Aldrich) dissolved in 15 ml anhy-
drous tetrahydrofuran (>99.8%, Sigma-Aldrich) for
2 min.2 After that the Li foils were rinsed by diethyl car-
bonate (DEC) (>99.8%, Sigma-Aldrich) for a few times to
remove the polishing chemicals. All procedures were car-
ried out in a glove box with oxygen and water content
below 0.5 ppm.

4.2 | Texture formation of Li metal foil

To prepare Li foils of {110} texturing, the pristine Li foil
(China Energy Lithium Co., LTD) was pre-rolled at room
temperature using a stainless steel shaft. The surface of
Li foil was then scraped in a uni-directional manner.
After that, the lithium foil was further rolled using the
same stainless steel shaft at 75�C. Such a sample is
denoted as Li {110}.

FIGURE 4 Mean height (gray line) and its deviation (gray area) of exposed surface atoms in “Rcone” case as a function of simulation

time for (A) Li {100} surface, and (B) Li {110} surface. Potential energy as a function of simulation time for (C) Li {100} surface, and (D) Li

{110} surface with different initial morphology. Schematic illustration of plating/stripping characteristics of (E) Li {100} and (F) Li {110}
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To prepare Li foils of {100} surface crystallographic
orientation, a pristine Li foil of the same size was pressed
at 5 MPa for a few seconds by a hydraulic press at room
temperature. Such a sample is denoted as Li {100}.

4.3 | Measurements of performance of
symmetric cells

CR-2032-type coin cells were assembled to investigate the
electrochemical performance of Li foil with specific
texturing. Symmetric cells were prepared using lithium
foils with the same surface crystallographic orientation
(i.e., {100} or {110}). 1M lithium hexafluorophosphate
(LiPF6) (anhydrous, Sigma-Aldrich) in 1:1 ethylene
carbonate (EC) (>99.8%, Sigma-Aldrich)/diethyl carbon-
ate (DEC) were adopted as the electrolyte. A series of
symmetrical cells were assembled and cycled at current
densities of 1, 2, and 5 mA/cm2 with a capacity of
1 mAh/cm2. At different cycle numbers, the cells were
stopped and disassembled. The disassembled electrodes
were rinsed by DEC for a few times to remove the elec-
trolyte. Then they were sent to ex-situ XRD experiments
for investigation of crystallographic evolution, or trans-
ferred to the scanning electron microscope (SEM) for
surface morphology inspection of the Li foils along with
cycling.

4.4 | Measurements of performances of
LikLiFePO4 batteries

Standard CR2032 coin-type cell were also employed for the
assembly of Li//LiFePO4 (LFP) full cells. The electrolyte
used for full cell was 1.0 M LiPF6 in EC/DEC (v/v = 1:1).
Sixty microliters liquid electrolyte was used in full cell test.
The cathode was prepared by mixing the LFP active mate-
rial (Sigma-Aldrich), carbon black (TIMCAL) and polyviny-
lidene fluoride (PVDF) (Arkema) at the weight ratio of
8:1:1 in anhydrous N-methyl-2-pyrrolidone (NMP)
(>99.5%,Macklin), and casting the formed slurry on the alu-
minum foil with LFP mass loading of and 8.0 mg in the
cathode. The cells were precycled at 0.1 C for three rounds
to activate the cathode. After that, they were cycled at 1, 2,
and 5 C in a voltage range of 2.2–4.0 V verse Li+/Li.57

4.5 | Characterizations

In order to estimate the grain size on the surface, the
samples were immersed in an etching solution (1.92 g
Naphthalene crystal (>99.5%, Sigma-Aldrich) dissolved
in 15 ml anhydrous tetrahydrofuran (>99.8%, Sigma-

Aldrich)) for 30s to disclose the grain boundaries.
The samples are then cleaned several times with diethyl
carbonate. Galvanostatic cycling and full cell perfor-
mance were examined on LANHE CT2001A battery
testing system (LAND Electronics). The XRD test was
conducted on a Rigaku SmartLab diffractometer (Cu Kα
radiation) at 40 kV, 40 mA with scan rate of 5� min�1

and a testing area of 10 � 10 mm2.The sample was
loaded onto a special holder with a Kapton window in
the glove box. SEM images were taken with an JSM
7800F scanning electron microscope at an acceleration
voltage of 5 kV. The samples were transferred by a home-
made vacuum chamber from the glove box to the micro-
scope to avoid exposure to air. Al Ka X-ray line was used
by X-ray photoelectron spectrometer (Nexsa). EIS and
Tafel measurements for symmetric cells were performed
using the CHI 760E electrochemical workstation at
room temperature. EIS was tested with a frequency range
from 10�2 to 105 HZ with an amplitude of 5 mV. Tafel
measurement was carried out with a voltage ranging
from �0.4 to 0.4 V with a scan rate of 1 mV/s.

4.6 | Density functional theory (DFT)
calculations

Density functional theory (DFT) calculations were
performed using abinit software package.58–60 Perdew–
Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) and projector augmented wave (PAW)61,62

pseudopotentials were employed to treat the exchange-
correlation functionals and electron-ion interactions. The
cut-off energy was set to be 20 Ha, and the k-point mesh
was set to be less than 0.05 Å�1.

Ab initio molecular dynamics (AIMD) simulations were
performed using Cp2K software package.63 In NVT ensem-
ble, No�se–Hoover chains thermostat with a time constant
of 100 fs was used to keep the temperature at T = 300 K.
Born-Oppenheimer MD was used for the propagation of
classical nuclei.64 The convergence criterion was set to be
1 � 10�7 a.u. for the optimization of the wave function
using the Gaussian and plane waves method. The wave
function was expanded in the Gaussian double zeta with
valence polarization functions (DZVP) basis set. An auxil-
iary basis set of plane waves was used to expand the elec-
tron density up to a cutoff of 400 Ry. The core electrons
were treated using PBE gradient correction and Geodecker–
Teter–Hutter pseudopotentials. A time step of 0.5 fs was
adopted for all the simulations.61,65
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