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The propensity of metals to form irregular and nonplanar electrodeposits at liquid-solid interfaces has
emerged as a fundamental barrier to high-energy, rechargeable batteries that use metal anodes. We
report an epitaxial mechanism to regulate nucleation, growth, and reversibility of metal anodes. The
crystallographic, surface texturing, and electrochemical criteria for reversible epitaxial electrodeposition
of metals are defined and their effectiveness demonstrated by using zinc (Zn), a safe, low-cost, and
energy-dense battery anode material. Graphene, with a low lattice mismatch for Zn, is shown to be
effective in driving deposition of Zn with a locked crystallographic orientation relation. The resultant
epitaxial Zn anodes achieve exceptional reversibility over thousands of cycles at moderate and high
rates. Reversible electrochemical epitaxy of metals provides a general pathway toward energy-dense
batteries with high reversibility.

E
lectrodeposition is a two-century-old
electrochemical method for creating
thin, conformal coatings of metals on
electrically conducting substrates. The
method has in recent years reemerged

as an area of scientific and technological
interest owing to the role electrodeposition
plays in the reversibility of energy storage in
secondary/rechargeable batteries that use
active metals—including lithium (Li), sodium
(Na), potassium (K), magnesium (Mg), calcium
(Ca), zinc (Zn), and aluminum (Al)—as anodes
(1–4). The propensity of metals to form rough,
nonuniform electrodeposits is a barrier to
practical batteries because it leads to active
material loss through multiple mechanisms
(5–11). It is also dangerous because short cir-
cuits created when the nonuniform or den-
dritic metal electrodeposits proliferate in the
interelectrode space to bridge the electrodes
(Fig. 1A, left) can lead to fire or explosion.
In an epitaxial electrodeposition process, a

thin-film electrodeposit forms a coherent or
semicoherent lattice interface with the sub-
strate. The single crystalline new phase (epilayer)
exhibits a correlated orientation in relation to
the substrate and low residual stresses. The
strongest orientation correlations are achieved
through directed nucleation and growth of the

epilayer on a substrate that imposes minimal
lattice strain. The process can be used to de-
posit metals, such as copper (Cu) (12, 13) and
platinum (Pt) (14)—on substrates of different
chemistries. Textured interphases that add neg-
ligibly to the mass of a battery electrode and
form low-lattice-mismatch interfaces are of
specific interest in the present study. Further-
more, because the epilayer and substrate can
be composed of the same (homo-) or different
(hetero-) materials, either homoepitaxy or
heteroepitaxy could be used in the process.
During battery charging, an electrochemically

inactive interphase with selected crystal sym-
metry and lattice parameters would ideally
facilitate heteroepitaxial nucleation and growth

of a metal anode in a strain-free state. Once the
nucleates cover the substrate, the as-deposited
metal layer would enable homoepitaxial dep-
osition (Fig. 1A) to create uniform metal coat-
ings. Upon discharging, the metal is stripped
away, while the substrate remains intact and,
therefore, available for a subsequent cycle of
charge and discharge. Thus, the critical steps
in implementing the concept are (i) identify-
ing electrically conductive substrate materials
that have crystallographic facets with low lattice
mismatch with the metal anode of interest and
(ii) fabrication of a macroscopic, textured sub-
strate that preferentially exposes these facets.
We studied themorphology and reversibility

of a zinc metal anode in a 2 mol/liter-ZnSO4

aqueous electrolyte. This system is of interest
because rechargeable batteries based on Zn
anodes have remerged as an area of scientific
and technological interest (15–17). The most im-
portant considerations in choosing Zn include
(i) it has low reactivity and relatively low cost;
(ii) the divalent Zn can be electrochemically
coupled with low-cost cathode chemistries
[for example, MnO2 (18, 19)] in nonflammable
aqueous electrolytes; and (iii) Zn anodes do
not suffer from continuous parasitic reaction
with electrolytes, which has plagued other
metal anode batteries. The last of these at-
tributes is the most important here because it
allows us to focus on the atomic-scale pro-
cesses that control the onset ofmorphological
instability in the metal anode. Furthermore,
Zn has a much higher Young’s modulus (E)
than that of alkali metals of contemporary
interest as battery anodes (EZn ≈ 108 GPa;
ELi ≈ 5 GPa; ENa ≈ 10 GPa); once formed, Zn
dendrites can more easily proliferate to cause
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Fig. 1. Electrochemical
growth pattern
of Zn. (A) Scheme
illustrating the design
principle of epitaxial
metal electrodeposition.
(B and C) Scanning
electron microscopy
(SEM) images and
(D) HAADF-STEM
image of Zn electro-
deposits on bare
stainless steel from
aqueous electrolyte
current density
J = 4 mA/cm2.
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battery failure by metal orphaning (20) or
short-circuiting (21) mechanisms.
The intrinsic growth mode of electrodepos-

ited Zn is shown in Fig. 1, B to D. Zn exhibits a
strong tendency to deposit as platelets, imply-
ing that a lower thermodynamic free energy
is associated with the exposed closest packed
plane—(0002) in hexagonal close-packed (hcp)
metal (22). High-angle annular dark field
scanning transmission electron microscopy
(HAADF-STEM) (Fig. 1D, and fig. S1, energy-
dispersive x-ray spectroscopy mapping) con-
firmed the plate-like morphology. The electron
diffraction pattern (fig. S2) shows that the
plane normal of the Zn plate is [0001]Zn. There-
fore, a candidate substrate for epitaxial electro-
deposition of Zn should show similar atomic
arrangement to the (0002)Zn plane (fig. S3).
A preliminary screening based on crystal

structure was performed. Criteria included
(i) does the crystal plane exhibit a small lattice
misfit with (0002)Zn. Numerically, the lattice
misfit should be no larger than 25% as an
empirical value to form a coherent or semi-
coherent interface (23). (ii) Does the crystal
plane of interest have a low lattice index? A
low lattice index is preferred because it in-
dicates higher atomic packing density and
therefore higher surface stability (24). And

(iii) the substrate should remain intact and
therefore electrochemically inactive during
cycling. Within this screening framework,
graphene stands out as a candidate material
that meets all the specified criteria (fig. S3).
Creating a macroscopic material in which

the basal plane of graphene is parallel to an
electrode surface is not straightforward. We
designed a fluid-based route for creating
aligned graphene coatings. The method takes
advantage of the ease with which high-aspect-
ratio graphene flakes in a slurry are aligned
by shear flow (25). The rheological proper-
ties of the graphene suspensions are shown
in Fig. 2A. The initially elastic slurry (G′ >
10*G′′) yields at a low shear strain (g ≈ 0.05)
and transitions to a liquid-like state at high
strain in which G′′ > G′. Correlations be-
tween graphene sheets are evidently broken
in a modest shear flow. In continuous shear,
the suspensions are shear-thinning at low
rates g

� ð
e

10�2 s�1Þ (fig. S4), and relaxation
after cessation of shear is a two-step process
(fig. S5), with the slower step lasting several
hundreds of seconds. Subjecting a graphene
suspension to a moderate shear rate for even
a short period of time could therefore pro-
duce relatively long-lived orientation parallel
to the shear plane.

We designed a doctor-blade–type apparatus
to implement this process using suspensions
composed of graphene flakes in N-methyl-2-
pyrrolidone (NMP). To lock in the alignment,
the sheared coatings were immediately trans-
ferred to a vacuum chamber, where the NMP
solvent was removed. The effectiveness of the
method can be seen by comparing morpholo-
gies and polarized near-edge x-ray absorption
fine structure (NEXAFS) spectra of the graphene
coating prepared with (Fig. 2B) and without
(Fig. 2C) shearing (fig. S6 to S9). It is evident that
our approach provides a simple, scalable route
toward planar interphases composed of well-
aligned graphene sheets with [0001]graphene
facets perpendicular to the substrate.
In contrast to the depositionmorphology on

stainless steel (Fig. 1, B and C), in which Zn
platelets are randomly oriented, Zn deposits
formed on graphene are well directed, show-
ing a locked orientation relation with the
graphene substrate (Fig. 3 and fig. S10). Fur-
ther analysis reveals that there are two stages
in the epitaxial electrodeposition: stage I,
heteroepitaxy between Zn and graphene (Fig.
3, A to D), and stage II, homoepitaxy of Zn after
the graphene surface has been fully occupied
(Fig. 3, E and F). Small newly deposited Zn
layers are attached to the surface of the Zn
formed in stage I (Fig. 3F and fig. S11). The
Zn deposition rate on graphene appears lower
than that on a bare stainless-steel substrate
because the epitaxial regulation produces thin
plates that are parallel to the substrate, more
uniform, and compact, as schematically illus-
trated in Fig. 1A. This highly ordered growth
is sustained at the high current density of
40 mA/cm2 (fig. S12). Atomic force microscopy
(fig. S13) and x-ray diffraction (figs. S14 to S16)
results confirmed the epitaxial regulation of
Zn deposition. As a comparison, no epitaxial
growth was observed on Ketjen black–coated
(an isotropic carbon) stainless steel (fig. S17).
The plating and stripping of Zn was studied
by means of cyclic voltammetry (CV) (fig. S18),
and the results show no obvious impact of the
deposition process on the electrochemical re-
action mechanism.
When used as a battery anode, a successful

metal electrode must be reversibly plated and
stripped over hundreds or thousands of charge-
discharge cycles. The coulombic efficiency (CE)
is a measure of this reversibility. We quantified
the CE for epitaxially and nonepitaxially de-
posited Zn using a procedure inwhich a certain
amount of metal is plated on the substrate and
then stripped away; the ratio of charge passed
in each segment of the cycle determines the CE.
Zn plating and stripping on an electrochem-
ically inert substrate, such as stainless steel,
shows CE values around 80% (fig. S19). These
cells quickly fail, however, after only 20 plate-
strip cycles. The observed voltage fluctuations
are consistent with failure either as a result of
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Fig. 2. Preparation of the epitaxial substrate in which graphene sheets are parallel to the substrate.
(A) Strain sweep of the 4% graphene in NMP slurry. (B and C) SEM images of graphene membranes
prepared (B) with and (C) without the shearing.

Fig. 3. SEM of Zn deposits on graphene-coated stainless steel. SEM deposition times, (A and B) 40 s,
(C and D) 2 min, and (E and F) 12 min. Current density, J = 4 mA/cm2.
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localized short circuiting or by reconnection of
fragmentary Zn deposits that broke away from
the electrode (“orphaned” Zn) (figs. S20 and
S21) (21). By contrast, epitaxial deposition of
Zn yields quite noticeable improvements in re-
versibility (CE>99%over 1000 cycles) (Fig. 4A).
We measured the CE at higher current

densities of 16 and 40 mA/cm2 (table S1)
(17, 26, 27). As reported in Fig. 4B, high CE
values (CE = 99.9% over 10,000 cycles) were
observed. By contrast, electrodes without the
graphene coating fail after just eight cycles
(fig. S22). We also evaluated the performance
of unaligned graphene substrates, createdwith-
out the shearing procedure. With erratic volt-
age behavior, the measured average CE was
94%, and the cells failed by 125 cycles, which

is attributable to the uneven Zn deposition
morphology (fig. S23).
We increased the areal Zn throughput to

3.2 mAh/cm2 to assess the stability of the
homoepitaxy component of the deposition.
High electrode reversibility (CE ≈ 99.7% over
2000 cycles), stable voltage profiles, and
homoepitaxial regulation of deposition mor-
phology are reported in Fig. 4, C to D (fig. S24).
By contrast, the unmodified electrode fails
after the first cycle.
The high reversibility of the epitaxial anode

allowed us to study rechargeable batteries
with low negative-to-positive electrode capac-
ity (N:P) ratio (28, 29). A low N:P ratio is re-
quired for high overall energy density of a
battery (fig. S25). We created electrochemical

cells in which the epitaxial Zn anode is paired
with a conventional a-MnO2 cathode with a
N:P ratio of 2:1. The cell with the epitaxial Zn
anode maintains excellent capacity retention
over 1000 cycles at 8 mA/cm2 (Fig. 4E and fig.
S26). Analogous Zn||MnO2 cell cycling results
at the same current density, but using anodes
composed, respectively, of a Zn coating on
stainless steel (N:P = 2:1) and a 620-mm-thick
Zn foil (N:P ~ 350:1) are provided in Fig. 4E.
In addition to aqueous electrolytes, the re-

sults in fig. S27 to S29 reveal that the epitaxial
approach can be readily extended to other elec-
trolytes of interest, such as 0.2 mol/liter Zn
(CF3SO3)2 in dimethylether. In this nonaqueous
electrolyte, a 99.97% CE was achieved. The
improvement could stem from the suppres-
sion of hydrogen evolution and other side
reactions.
Epitaxial electrodeposition as a strategy for

creating highly reversible metal anodes is
relevant for other electrode chemistries of
contemporary interest. For face-centered cubic
(FCC) metals (Al and Ca), body-centered cubic
(BCC) metals (Li, Na, and K), and HCP met-
als (Mg), the screening for potential substrates
can be performed on the basis of the atomic
arrangements of their closely packed planes.
Previously, epitaxial electrodeposition of vari-
ous metals has been demonstrated (30, 31).
Although none of these efforts have considered
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Fig. 4. Electrochemical performance of epitaxial Zn metal anodes. (A) CE at moderate current density on graphene coated stainless steel (GSS) substrate.
(B) CE at high current densities on GSS. (C) CE under high current and high areal capacity condition on GSS. (D) The corresponding voltage profile. (E) Cycling
performance of Zn||a-MnO2 full cells with and without graphene, with controlled N:P electrode capacity ratios.

Table 1. Potential epitaxial substrates for anode metals.

Anode metal Potential epitaxial substrate Lattice misfit d %

Al Au/Ag 0.7/0.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Ca Sr/Pb 8/11
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Zn Co/Ti 6/9
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Mg Zr/Ti 0.9/8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Li Ta 6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Na Eu 8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

K Ba 4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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reversibility of the process, they indicate that
the concept is broadly useful. In line with the
criteria used to screen epitaxial substrates for
Zn, we performed a screening for potential
substrates for FCC, HCP, and BCC metals
(Table 1 and tables S2 to S4). As a demon-
stration, we studied the morphology of Al on
(111)–textured gold (Au) nanosheets (32). This
pairing stands out for the small lattice misfit
dAu-Al = 0.7% and chemical inertness of Au. We
also performed electrodeposition in a Lewis-
acidic electrolyte that can dissolve surface
oxide layer (33, 34), which may prevent di-
rect contact between the metals and the sub-
strate. The results reported in figs. S30 and
S31 show that the Au sheets facilitate forma-
tion of evenly distributed, nanosized Al electro-
deposits, in contrast to the uneven, coarse
particulate Al morphologies formed in the
absence of epitaxial regulation.
We report that reversible epitaxial electro-

deposition at a metal electrode can be achieved
by using textured electrically conducting elec-
trode coatings with low lattice mismatch with
themetal of interest. An epitaxial aqueous-Zn
anode is reported to achieve high reversibility
(CE > 99.7%) at moderate and high current
densities. The epitaxy regulation concept
can be extended to achieve reversible cycling in
nonaqueous-Zn electrochemical cells as well
as in other rechargeable batteries that use
metals as anode.
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Controlling electrode growth
Batteries with metal anodes can grow dendrites during cycling, which can cause short circuits in a battery or
subsequently reduce the charge capacity. Zheng et al. developed a process to electrodeposit zinc on a graphene-
coated stainless-steel electrode, such that the zinc forms plates with preferential orientation parallel to the electrode.
This is achieved by depositing a graphene layer on stainless steel designed to epitaxially match the basal (002) plane
of metallic zinc, minimizing lattice strain. During cycling, the zinc will redeposit in plate form rather than as a dendrite
such that the batteries show excellent reversibility over thousands of cycles.
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