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ABSTRACT: Controlling the morphological evolution of electro-
chemical crystal growth in battery anodes is of fundamental and
practical importance, particularly towards realizing practical, high-
energy batteries based on metal electrodes. Such batteries require
highly reversible plating/stripping reactions at the anode to achieve
a long cycle life. While conformal electrodeposition and electrode
reversibility have been demonstrated in numerous proof-of-concept
experiments featuring moderate to low areal capacity (≤3 mA h/
cm2) electrodes, achieving high levels of reversibility is
progressively challenging at the higher capacities (e.g., 10 mA h/
cm2), required in applications. Nonplanar, “3D” electrodes
composed of electrically conductive, porous substrates are
conventionally thought to overcome trade-offs between reversibility and capacity because they hypothetically “host” the
electrodeposits in an electronically conducting framework, providing redundant pathways for electron flow. Here, we challenge this
hypothesis and instead show that a nonplanar substrate with moderate electrical conductivity (ideally, with an electrical conductance
similar to the ionic conductance of the electrolyte) and composed of a passivated cathode-facing surface efficiently regulates electro-
crystallization. In contrast, an architecture with a high intrinsic electrical conductivity or with a high electrical conductivity coating
on the front surface results in dominantly out-of-plane growth, making the 3D architecture in effect function as a 2D substrate. Using
Zn as an example, we demonstrate that interconnected carbon fiber substrates coated by SiO2 on the front and Cu on the back
successfully ushers electroplated Zn metal into the 3D framework at a macroscopic length scale, maximizing use of the interior space
of the framework. The effective integration of electrodeposits into the 3D framework also enables unprecedented plating/stripping
reversibility >99.5% at high current density (e.g., 10 mA/cm2) and high areal capacities (e.g., 10 mA h/cm2). Used in full-cell Zn||
NaV3O8 batteries with stringent N/P ratios of 3:1, the substrates are also shown to enhance cycle life.
KEYWORDS: batteries, metal anodes, electrodeposition, electrochemistry, charge transport, morphology, nonplanar architecture,
surface chemistry

■ MAIN TEXT BEGINS
Electrodes that harness plating/stripping reactions of pure
metals are among the first explored in batteries historically, e.g.,
the Zn−Cu Daniel cell invented nearly 200 years ago.12,13 Pure
metallic electrodes have since been gradually, and now almost
completely, replaced by those based on reversible intercala-
tion/deintercalation of charge-carrying ions, with the most
successful example being in rechargeable batteries, e.g., Li-ion
cells. Compared with intercalation-type electrodes, electrodes
relying on metal plating/stripping reactions continue to be of
interest because of their higher specific capacity, versatility
(e.g., the cathode need not be the source of electrochemically
active metal ions), and in some cases lower cost. A significant
body of work shows, however, that electrodes that rely on
plating/stripping reactions are intrinsically unstable over the
repeated cycles of growth and dissolution of metals therein
required to sustain rechargeable battery operation.14 Among
the various failure mechanisms reported, the emerging

consensus is that processes (chemical, physical, mechanical)
that deplete the active anode material are the most pernicious
and difficult to eliminate.15−19

Various approaches have nonetheless been reported that
improve charge−discharge reversibility and cycle life of metal
electrodes (e.g., via engineering the electrolyte,20,21 separa-
tor,22 electrode substrate,23 and other components24 of a
battery electrode). Additionally, focused efforts to optimize
one or more of these electrode/battery cell design features, has
yielded steady improvements in reversibility of metal plating/
stripping reactions, which in the case of Li metal anodes can
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achieve Coulombic efficiency (CE) values close-to-unity, i.e.,
>99%.25 These promising developments have collectively
contributed to a contemporary revival in scientific and
technological interest for electrodes utilizing plating/stripping
reactions.

With few exceptions26,27 in systems such as Li�a relatively
soft material with a low modulus�the high levels of plating/

stripping reversibility required for practical battery applications
(e.g., CE > 99%), are reported in experiments based on
electrochemical cells with low (<2 mA h/cm2) or at best
moderate (∼3 mA h/cm2) areal capacity electrodes. This
situation contrasts with the typically high areal capacities (∼10
mA h/cm2) required for commercial battery cells to provide
the cell-level energy densities demanded by even the least

Figure 1. Critical areal capacity for metal plating/stripping processes in a battery anode. Progressively poorer reversibility is observed once the areal
capacity of the electrode exceeds a certain critical value. (A) Summary of CE versus areal capacity values determined from state-of-the-art plating/
stripping measurements reported in the contemporary literature.1−11 The numbers represent the reported accumulated capacity over cycling (=
areal capacity × cycle number). The areal capacities used are consistently below 2 mA h/cm2. (B) Evaluation of plating/stripping reversibility of Zn
at different areal capacities. The measurements all use Cu foil, a substrate known to alloy with Zn to promote high Zn reversibility, as a current
collector. A critical areal capacity of 3 mA h/cm2 is observed, above which the cell suffers from rapid failure. (C) Optical microscopy images of the
separator facing the Cu substrate after Zn plating/stripping, at 3 mA h/cm2, and at 10 mA h/cm2, respectively.

Figure 2. Electrochemical plating/stripping of Zn in Cu foam as a model 3D architecture featuring both high electrical conductivity and chemical
affinity. (A) Zn plating/stripping CE at 10 mA h/cm2. (B) Optical microscopy images of Cu foam facing the separator (left), and facing the current
collector on the back (right). Zn preferentially grows only on the top surface of 3D Cu foam, making the architecture a 2D substrate in effect. (C)
Analysis of transport of charged species and the resulting electrodeposition morphology in the 3D architecture.
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demanding applications in transportation. We illustrate this
challenge in Figure 1A using results from contemporary, state-
of-the-art experimental results in the literature employing
battery cells based on Zn anodes in mild-to-neutral pH
electrolytes.1−11 The summary in Figure 1B focuses on
electrodes based on Cu foil as a current collector; a substrate
known to be electrochemically inert in mild aqueous
electrolytes used for Zn batteries and also to enable high
plating/stripping reversibility over extended cycling by
regulating crystallization of the Zn deposits.28−30 The results
are consistent with a common understanding: there is
evidently a trade-off between areal capacity and plating/
stripping reversibility. As shown in Figure 1B and Figures
S1−2, the Zn plating/stripping process on Cu is stable when
the areal capacity is kept below 3 mA h/cm2 but is significantly
destabilized as the areal capacity approaches 10 mA h/cm2.
Post-mortem optical-microscopy analyses in Figure 1C of the
cell cycled at 10 mA h/cm2 show that Zn electrodeposits
penetrate into the glass fiber separator and are likely
electrochemically “orphaned” due to the breakdown of
electronic wiring in dissolution. This can be contrasted with
the corresponding optical micrographs obtained under low-
areal-capacity conditions, where the separator remains
essentially Zn free! Our observations suggest that even under
conditions where the electrodeposition is effectively regulated

at the surface of a planar Cu substrate, the desired compact
growth mode is eventually lost at higher areal capacity. Growth
of the metal deposits instead transforms into what we term an
“aggressive” mode that eventually ends in electrode/cell failure
when the areal capacity exceeds a certain critical value, Qc,
which according to the measurements in Figure 1B is
approximately 3 mA h/cm2 for deposition of Zn on a planar,
2D Cu substrate.

Electrode failure at high areal capacities has been conven-
tionally argued to correlate with transport limitations and
intrinsic electrokinetics of an electrolyte as determined by the
sand’s capacity.31,32 This would imply that the onset condition
is independent of the heterointerfacial interactions at the
surface of a 2D substrate.21 Hosting electrodeposits in an
electrically conductive 3D architecture simultaneously provides
a straightforward test of this hypothesis and potentially offers
an avenue toward achieving higher Qc. In theory, high
reversibility at elevated capacities is anticipated for 3D
architecture because they supply robust electronic pathways
for the large number of metal deposits produced in charging.
The pores inside a 3D architecture also facilitate the storage of
more deposits, while maintaining electrical connectivity and
hence electrochemical activity of the deposits. Surprisingly,
experimental measurements of Zn plating/stripping on a 3D
Cu foams selected as a model system,7,33 indicate that the 3D

Figure 3. Electrodeposition of metals in 3D architectures of a moderate electrical conductivity. (A) Design principle for 3D architectures based on
electrical conductivity. (B) Zn plating/stripping Coulombic efficiencies at different areal capacities on carbon-cloth electrodes, an architecture with
moderate electrical conductivity. (C) Optical microscopy images of Zn growth on the front and the backside of the carbon cloth architecture after
plating, and of the separator facing the electrode after stripping (10 mA h/cm2). The black fibers on separator are debris of the carbon cloth
produced in cell disassembling.
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electrode architecture introduces minimal�if any at all�
improvement in reversibility at 10 mA h/cm2, and cycling ends
in fast failure after only 10 charge−discharge cycles (Figure 2A
and Figure S3 for voltage profile).

The findings for Zn plating/stripping on Cu foam are the
more surprising given the well-known high electrical
conductivity (resistivity ρ = 1.8 × 10−6 Ω·cm) and inertness
of Cu under the conditions of the experiments. A more
reasonable expectation would be for the Cu foam to provide
multiple, redundant pathways of electronically accessing Zn
deposits�even deposits that might be considered orphaned at
a 2D Cu electrode�increasing electrode reversibility and
battery cell cycle life. Moreover, Cu has been reported in
multiple prior studies, including ours.34 to alloy with Zn, which
would strongly anchor the Zn deposits to minimize their
mechanical disconnection and orphaning.

We analyzed the micrometer scale structure of Zn
electrodeposited on 3D Cu foams using optical microscopy.
Results reported in Figure 2B show that the Zn electrodeposits
predominantly exist on the counter electrode-facing, “front”
side of the Cu foam; no Zn deposits are discernible on the
backside thereof. See also low-magnification optical micro-
socpy images in Figure S4. After nucleation on the front
surface of the Cu foam, the Zn electrodeposit growth is
dominantly normal to the substrate and toward the glass fiber
separator. This means that the geometrically-3D Cu foam in
effect functions as a 2D substrate because only the front
surface is in contact with Zn metal deposits. The inner pores of
the 3D framework�which presumably should have hosted the
bulk of the electrodeposits� in contrast remain zinc-free,
clean, and therefore inactive. The results suggest that even a

nominally 3D current collector does not necessarily promote
the 3D electrocrystallization of metal ions deposited from an
electrolyte. It is then of fundamental interest to understand the
factors that regulate the spatial distribution of electrochemi-
cally grown metals in a 3D electronically conductive frame-
work. Such an understanding would in turn provide key design
rules for creating 3D electrodes that fully utilize the inner space
of the electrode to stabilize metal plating/stripping at high
areal capacities.

Coupled charge transport in electron- and ion-conducting
phases of a battery electrode are understood to play
complementary yet distinct roles in the nucleation and growth
of electrodeposited metals in essentially any electrode, whether
2D or 3D.14,35,36 The characteristic relaxation time τ of a
diffusional process is proportional to the square of diffusion
length L over diffusivity D (i.e., L

D
2

). Diffusivity is related
to the resistivity of a material by the Einstein relation, taking
into account the charge carrier concentration. As illustrated in
Figure 2C, considering the charge transport mechanisms where
the metal electrodeposits nucleate at the front and the back
surfaces of a 3D current collector substrate, respectively, fast
transport of electrons is evidently associated with preferential
growth on the front-facing side of the current collector. This
holds true if Re ≪ Rion, for example, when the 3D framework is
made of an excellent electron conductor such as Cu. At the
other extreme, i.e., Re ≫ Rion, the nucleation predominantly
occurs on the back surface of the 3D framework; a piece of
glass-fiber filter exemplifies such a 3D framework. While this
scenario appears to be capable of promoting electrodeposit
growth inside the 3D framework, it is of course not ideal
because a current collector framework with its low electrical

Figure 4. Tailoring chemical affinity of the building-block structure in a 3D architecture. (A) Design principle of chemical affinity for 3D
architectures. (B) Optical microscopy images of a Cu-coated carbon architecture. (C) Electrochemical analyses of Zn plating/stripping on Cu-
coated carbon architectures. (D) Optical microscopy images of Zn electrodeposition on Cu-coated carbon architecture.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00721
JACS Au 2024, 4, 1365−1373

1368

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00721/suppl_file/au3c00721_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00721/suppl_file/au3c00721_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00721?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00721?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00721?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00721?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conductivity would no longer be capable of serving the original
purpose of supplying robust electronic wiring to the metal
deposits.

Considerations of the coupled charge transport at the
electrochemical interface imply that a 3D framework made of a
material with moderate electrical conductivity could provide an
interesting balance between the resistances originating from
electronic and ionic transport (Figure 3A), which would in
turn favor full and reversible utilization of the interior space of
a 3D current collector. It would promote nucleation and
growth of metal inside the 3D framework while maintaining
the electronic wiring. Motivated by this hypothesis, we choose
a framework made of carbon fibers with ρ = 1.1 × 10−3 Ω·cm,
3 orders of magnitude higher than Cu, but still much lower
than SiO2 (ρ > 1014 Ω·cm). Electrical measurements reported
in Figure S5 show that the resistance of the 3D carbon-based
substrate is on the order or 1 Ω, whereas it is ∼0.01 Ω for Cu.
To estimate the ionic resistance of the electrolyte, we
measured the uncompensated Ohmic resistance Ru of a Zn||
Zn symmetric cell using electrochemical impedance spectros-
copy;37 Given that the electrical resistance of the metal parts is
on the order of 0.01 Ω, we attribute the measured Ru of ∼2 Ω
primarily to the ionic resistance of the electrolyte. The
measured values are interestingly comparable to the electrical
resistance of the carbon electrode, confirming that for the
carbon architecture, the electrolyte, and the framework
conductances are of comparable order of magnitude.

Zn plating/stripping tests performed on the carbon fiber
frameworks at areal capacities from 0.2 to 10 mA h/cm2 show
excellent reversibility and stability (see CE values in Figure 3B
and Figures S6∼7). The instability associated with Zn plating/
stripping at high areal capacities (e.g., 10 mA h/cm2) is also
shown to be effectively suppressed on a 3D carbon
architecture, as evidenced by the high CE and cycling
performance observed. More straightforward is that Zn

electrodeposits can be seen from both the back surface and
the front surface of the current collector (Figure 3C),
suggesting a more uniform distribution of the Zn and
improved spatial utilization within the 3D framework. The
separator here also remains clean and no dead zinc is observed.

Electrodeposition of Zn in the 3D carbon framework
therefore unambiguously elucidates the role of the coupled
transport of ions and electrons in controlling the spatial
distribution of metal electrodeposits. On the one hand, it offers
perspective about the factors responsible for the trade-off
between electrode reversibility and areal capacity at high areal
capacities �i.e., conduction of charged species� and offers
insights about how the electrochemical growth of metals in
complex current collector architectures might be controlled.
On the other hand, our findings raise questions about
conventional design rules based on the idea that chemical
affinity/metal-philicity/and alloying of the deposited metal to a
3D substrate regulate where the electrochemical nucleation
and growth happen in a 3D substrate (Figures S8−9).

To study the influence of the first of these features, chemical
modulation, we alternately coated the front side (facing the
separator and counter-electrode) and backside (facing the
current collector) of a 3D carbon framework with a few layers
of Cu (Figure 4A). The Cu deposition is performed by means
of high-vacuum magnetron sputtering that creates uniform,
complete coverage of the framework at the individual fiber
level but only on one side of the framework facing the source
material (Figure 4B and Figure S10). As discussed earlier, Cu
has been shown in several studies to alloy with the
electrodeposited Zn and allows extremely stable plating/
stripping on 2D substrates when the areal capacity is small.
Notable differences are observed in Zn plating/stripping on
the Cu-coated carbon framework. The plating/stripping on the
carbon framework with Cu on the back, for example, manifests
a significantly longer cycle life with close-to-unity reversibility

Figure 5. Tuning electrical conductivity of the building-block structure in a 3D architecture. (A) Design principle for electrical conductivity at the
individual fiber level. (B) Optical microscopy and (C) scanning electron microscopy images of Zn electrodeposition on SiO2-coated carbon fibers.
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at 10 mA h/cm2 (Figure 4C), whereas the carbon framework
with Cu on the front fails after only 40 cycles. The voltage
features specific to Zn−Cu alloying are observed in the voltage
profiles of both samples (Figure S11). This is consistent with
the cyclic voltammetry measurements that confirm the
presence of Zn−Cu alloying reactions in both cases; a minimal
difference between the two samples is observed in CV. The
similar current densities observed on SS/CC/Cu/GF and SS/
Cu/CC/GF, respectively, indicate that the PVD-deposited Cu
layer is effectively guiding Zn deposition regardless of whether
it is facing forward (i.e., separator) or backward (i.e., SS
current collector). The higher current densities on these two
PVD-deposited Cu than commercial Cu foam could result
from the fact that PVD-deposited Cu is oftentimes enriched by
defects and nanoscale boundaries,38 which allows faster
reaction kinetics. Microscopy characterization results corrob-
orate these analyses; It is found that Zn preferentially grows on
the front side of a front-Cu-coated carbon framework toward
the separator, leaving the inside and the backside clean. For the
back-Cu-coated carbon framework, uniform Zn nucleation and
conformal growth at the fiber level are seen on the backside of
the carbon framework, which subsequently leads to Zn
deposits mostly embedded among the fibers when viewed

from the front side. Such morphological dissimilarities, in a
well-expected manner, give rise to the observed electro-
chemical behaviors. The uniform distribution of Zn deposited
into the nonplanar current collector guarantees effective
electronic wiring in the dissolution process. In contrast, for
current collectors that promote nonuniform Zn growth on the
surface, the dissolution is observed to involve significant
orphaning due to the fragility of electronic conduction paths
inherent to aggressive growth patterns. The difference in
morphological evolution eventually results in different plating/
stripping reversibility.

The spatial distribution of Zn on the two types of Cu-coated
carbon frameworks can be understood by accounting for both
the charge transport and chemical modulation. When Cu is
present on the front surface of the carbon framework, Cu not
only chemically induces Zn to nucleate thereupon but also
increases the electrical conductivity on the front surface. The
subsequent Zn growth favors an outward direction into the
separator (Figure 4D). By contrast, the Cu on the back-coated
carbon framework facilitates nucleation of Zn at the backside
of the framework and ensures the subsequently grown Zn
structures’ effective hosting by the 3D framework. This means
that a metal-philic layer beneath a 3D framework promotes

Figure 6. Design principles for 3D frameworks in metal anodes. (A) Zn plating/stripping CE and representative voltage profile. The numbers in the
legends denote the cycle number. (B) Full cell demonstration using Zn||NaV3O8, with an N/P ratio or 3:1, at an areal capacity of ∼8 mA h/cm2.
(C) Illustration of the design principles.
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nucleation at the bottom and the metal extends into the 3D
framework in the growth stage.

Inspired by the capability of magnetron sputtering to
prepare coating with high precision on the individual fiber
level as demonstrated by the Cu case, we use this method to
prepare 3D carbon frameworks with SiO2 coatings�which are
highly electrically insulative,37 on the contrary to the Cu
coatings explored in the previous case�on the front side
facing the counter electrode; see an illustration in Figure 5A.
(See also Table S1 for compositional analysis). The design is
intended to electrically passivate the front side of the fibers,
minimize nucleation and growth outward, and eventually guide
preferential growth of the metal inside the 3D framework.
Microscopy results unambiguously show that the growth
selectively happens on the back side of individual fibers (Figure
5B,C), and therefore, they validate such an approach based on
charge transport modulation. Consequently, improved Zn
plating-stripping reversibility is observed (Figure S12). When
coupled with a Cu-enriched layer facing the current collector,
the electrode Cu/CC/SiO2 shows a even higher, more stable
Zn plating/stripping behavior (Figure 6A). We further
evaluated this concept in a practical full-battery setup (Figure
6B and Figure S13). The full battery consisting of a Zn anode
and a sodium vanadate cathode39−41 shows stable charge−
discharge performance at a high areal capacity of 8 mA h/cm2

over prolonged cycling. Of particular note is that a limited
amount of Zn is predeposited onto the Cu/CC/SiO2
architecture to ensure a practical N/P ratio of 3:1.

Taken together, our findings show that a 3D framework with
moderate electrical conductivity, a front surface passivated by
an insulator, and a back surface functionalized by a metal-philic
layer would represent the ideal design for guaranteeing
utilization of the inner pore of a 3D architecture (Figure
6C). 3D frameworks that satisfy these design requirements
hold the potential for achieving high metal plating/stripping
reversibility and stable cycling of full batteries at high areal
capacities. The results open up new opportunities for electrode
designs that regulate where electro-crystallization of metals
occur in an electrode. In so doing, they provide a simple,
scalable approach for overcoming trade-offs between electrode
reversibility and areal capacity, enabling progress toward
commercially relevant metal electrodes with high areal
capacities.

■ EXPERIMENTAL SECTION

Materials

Zn foil (99.9%), ZnSO4·7H2O (99.95%), V2O5 (99.95%), and
poly(vinylidene fluoride) were purchased from Sigma-Aldrich. Cu
foil (99.8%; 0.025 mm) and Cu foam were purchased from MTI.
Plain carbon cloth 1071 was purchased from Fuel Cell Store. Ketjen
black carbon was purchased from AkzoNobel. Plain carbon cloth was
coated with Cu and SiO2 by a magnetron argon sputtering deposition
system with a setting thickness of 500 nm. Deionized water was
obtained from Milli-Q water purification system. Zn electrolytes were
prepared by dissolving ZnSO4·7H2O in deionized water (2 M).
Whatman glass microfiber filter grade GF/A was used as the
separator. NVO cathode material was synthesized according to the
approach reported in a previous study.42 The weight ratio of the
cathode between NVO, ketjen black, and polyvinylidene fluoride was
80:10:10. The cathode was later dispersed into carbon cloth as stated
by our prior study.43

Characterization of Materials
Scanning electron microscopy was carried out on a Zeiss Gemini 500
Scanning Electron Microscope. Measurements were collected using
the Thermo Scientific Nexsa G2 X-ray photoelectron spectrometer
with the survey spectrum and high sensitivity spectra collected at 200
eV pass energy and the high-resolution scans collected at 50 eV.
Optical microscopy was performed on a Keyence VHX microscope.

Electrochemical Measurements
Galvanostatic charge/discharge performance of coin cells were tested
on Neware battery test systems at room temperature. Cyclic
voltammetry tests were performed on a CH instrument electro-
chemical workstation with a scan rate of 20 mv/s. Electrochemical
impedance spectroscopy was performed on a Biologic SP-200
potentiometer. Electrochemical studies were performed by using
CR2032 coin cells. The area of electrodes in this study is 0.71 cm2.
Electrodes are separated by glass fiber. ∼100 μL of electrolyte is
added into each cell using a pipet. Current density is 10 mA/cm2

unless specified. In a zinc plating/stripping CE measurement (using a
Zn||Cu cell), zinc metal is plated on the substrate with a known
current and capacity, and then the metal deposit is stripped with the
reverse current until the electrochemical potential reaches a threshold.
The CE (plating/stripping efficiency) quantifies the reversibility of
the metal plating/stripping process on the substrate of interest and is
calculated according to

= ×Coulombic efficiency
stripping capacity

plating capacity
100%
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