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ELECTROCHEMISTRY

Design principles for heterointerfacial alloying kinetics
at metallic anodes in rechargeable batteries

Jingxu Zheng'*t, Yue Deng't, Wenzao Li**, Jiefu Yin®, Patrick J. West*$, Tian Tang', Xiao Tong’,
David C. Bock*?, Shuo Jin®, Qing Zhao®, Regina Garcia-Mendez’, Kenneth J. Takeuchi®**%%,
Esther S. Takeuchi®**®%, Amy C. Marschilok>*%8, Lynden A. Archer'>*

How surface chemistry influences reactions occurring thereupon has been a long-standing question of broad
scientific and technological interest. Here, we consider the relation between the surface chemistry at interfaces
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and the reversibility of electrochemical transformations at rechargeable battery electrodes. Using Zn as a
model system, we report that a moderate strength of chemical interaction between the deposit and the sub-
strate—neither too weak nor too strong—enables highest reversibility and stability of the plating/stripping redox
processes. Focused ion beam and electron microscopy were used to directly probe the morphology, chemistry, and
crystallography of heterointerfaces of distinct natures. Analogous to the empirical Sabatier principle for chemical
heterogeneous catalysis, our findings arise from competing interfacial processes. Using full batteries with stringent
negative electrode-to-positive electrode capacity (N:P) ratios, we show that such knowledge provides a powerful
tool for designing key materials in highly reversible battery systems based on Earth-abundant, low-cost metals

such as Zn and Na.

INTRODUCTION
Control of chemical reaction kinetics at a heterointerface is required
in multiple chemical transformations, including ammonia synthe-
sis (1), hydrocarbon reforming (2), and water-gas shift reactions (3)
to achieve economic viability at commercial scale. All of these pro-
cesses typically involve multiple and complex physiochemical kinetic
steps occurring on the surface of a solid with specific catalytic activity
for one or more reactants; they are here collectively termed hetero-
catalysis. Driven by the fundamental challenge of rationally design-
ing substrates with high and selective activity to speed up conversion
of inexpensive reactants into high-value products and commercial
interest in performing these reactions on a large scale, research cen-
tering on heterointerfacial chemical reactions has flourished for at
least the past 100 years (4, 5). Here, we consider a successful empirical
design concept, the Sabatier principle—which has provided a useful
framework for organizing heterocatalysis data—in what might at
first appear an unrelated context, electrical energy storage in bat-
teries using metallic anodes. The Sabatier principle states simply that
the highest chemical activity is achieved when the interaction be-
tween reactant molecules and the catalyst surface is at an optimal
value (6, 7), i.e., neither too weak nor too strong.

Figure 1 is the starting point of our analysis. It illustrates the sim-
ilarities between the physicochemical sequence that leads to growth/
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dissolution of a metal electrode in a rechargeable battery and those
that govern reversible chemical transformations on the surface of
catalyst particles, e.g., hydrogen evolution reaction and hydrogen
oxidation reaction on Pt (8). Considering that unlike the latter sce-
nario, the reactant undergoes a coupled redox reaction and phase
change in the former, we wondered whether an analogous Sabatier-
like design principle exists and whether the principle could be
used for electrode design/selection in rechargeable metal batteries
to achieve high reversibility. The answer to this question is particular-
ly critical to metal anodes with low negative electrode-to-positive
electrode capacity (N:P) ratios or those utilizing a so-called “anode-free”
configuration. In these cases, reversible metal plating/stripping on
a heterosubstrate, as opposed to the metal itself, is inevitable during
battery cycling.

As the first step to evaluate this conjecture, we investigated zinc
metal plating/stripping in aqueous electrolytes. Our motivation for
studying aqueous zinc batteries is straightforward. First, secondary/
rechargeable batteries based on Earth-abundant and low-cost met-
als such as Zn, Na, and Al are among the most promising solutions
for high-energy density, low-cost, and long-term storage of electric
power at scales compatible with the rapidly rising scale of global
production of electricity from renewable wind and solar photovol-
taic resources (9, 10) and which can handle both the diurnal and sea-
sonal variability in energy supply from these sources (11, 12). Second,
Zn metal has a moderate redox potential, which means that electro-
chemical processes at a Zn electrode can be more easily decoupled
from chemical and electrochemical parasitic reactions with electro-
lyte components, which are known to lower the reversibility of metals
such as Li and Na (10), allowing us to focus on the chemical kinetics
between the metal and the substrate at the heterointerface. Last,
analogous to conventional heterocatalytic processes (13), the elec-
trochemical and physical transformations that control the charge
(electroreduction) and discharge (ion dissolution/solvation) pro-
cesses at the solid-liquid heterointerface in a Zn battery electrode
place quite different and even competing demands for the electrode
and electrolyte design.
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Fig. 1. Chemical reaction path at a heterointerface. Reactions in metallic anodes of secondary batteries (left) and in heterogeneous catalysis (right). In both scenarios,

the reactant species first “attaches” to and then “detaches” from the surface of a solid, as labeled by

It is also known that for rechargeable batteries of any chemistry
to offer cost-competitive storage of electric power, high levels of elec-
trode reversibility are required to enable long operating lifetimes
and, consequently, low amortized system costs. Understanding and
controlling the chemical kinetics of reversible deposition/dissolution
of metals at heterointerfaces in battery electrodes are therefore
fundamental requirements for progress. On the one hand, it is un-
derstood that the irreversibility of plating/stripping processes at a
metal battery anode is the dominant source of degradation of stor-
age capacity with time (9) and is also associated with serious safety
risks associated with internal shorting (14). On the other hand, multi-
ple physiochemical processes are actively involved, such as crystal
nucleation and growth (15), diffusion, and convection, and therefore,
control is challenging (16, 17). A diversity of strategies has been
proposed to address these challenges, including electrolyte design
(18, 19), electrode architecture design (20, 21), and surface chemistry/
interphase design (12, 22). Redox chemistry at heterointerfaces has
also been leveraged in some studies, via intentional, a priori chemical
design of the substrate or through ion exchange chemistry of elec-
trolyte additives to regulate growth of the electrodeposited metals.
Strong chemical binding/interactions between the substrate and the
metal deposited at the heterointerface, also known as the “metal-
philicity,” are conventionally thought to improve control of deposit
morphology in either case by enabling a uniform nucleation land-
scape for electrodeposit growth (23, 24).

A first requirement for our studies is to create a series of hetero-
interfaces that are of high quality, that exhibit good uniformity, and
that enable the interaction strengths with Zn metal to be tuned. A
common approach for manipulating binding strength is to dope
carbonaceous materials with heteroatoms (22). The approach is un-
attractive here because it introduces complications (e.g., the typically
used carbon-based materials are associated with nontrivial geome-
tries, e.g., anisotropic shape and high specific surface area) (25),
which could play additional unexpected roles in electrodeposition
(e.g., by altering the local electric field distribution at the substrate)
(12), confounding any serious efforts at deconvoluting and evaluat-
ing the contribution from interfacial chemical kinetics.

Here, we instead leverage Zn’s known capability to form alloys
with other metals upon electroreduction as reported in early litera-
ture (26, 27). These metals are commercially available as foils, which
offer a well-defined, planar geometry as is evident from scanning
electron microscopy (SEM) topographic and atomic force micros-
copy (AFM) roughness analysis (fig. S1). Given the rich chemistries
achievable on metals that have different interaction strengths with
Zn, it is possible to semiquantitatively evaluate the role played by
heterointerfacial chemical kinetics in electroplating/stripping.
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RESULTS

We first used cyclic voltammetry (CV) as a classical electroanalyti-
cal tool (28) to interrogate the electrochemical reactions occurring
at a representative set of metal substrates in a range of chemistries:
stainless steel (SS), aluminum (Al), tantalum (Ta), copper (Cu), sil-
ver (Ag), and gold (Au). In the CV experiments, the metal substrate
is used as the working electrode in an electrochemical cell and is
immersed in a conventional Zn battery electrolyte, 2 M ZnSOj (aq).
The results reported in Fig. 2 show the current-potential (i-V) re-
sponses. The differences are stark, large, and systematic. On SS, Al,
and Ta, only the metal plating and stripping peaks are detectable. For
example, in a negative scan, the response currents above 0 V versus
Zn**/Zn are negligible, i.e., <0.5 mA/cm? (Fig. 2, A and B), and
the standard Zn?* — Zn reaction is detected as the potential en-
ters the regime below 0 V versus Zn**/Zn. In contrast, response
currents of two orders of magnitude higher are observed above 0 V
versus Zn>"/Zn on Cu (Fig. 2, C to E), Ag (Fig. 2, F to H), and Au
(Fig. 2, I to K), respectively, in addition to the Zn plating current
below 0 V versus Zn**/Zn.

Clues about the origins of the i-V responses can be found in
prior studies. Specifically, the “underpotential deposition” behaviors
of Zn on Cu, Ag, and Au are attributable to spontaneous alloying
between the metal substrate and metal deposits (29). The Zn alloys
exhibit a lower free energy than elemental Zn, resulting in a smaller
potential required to reduce Zn* (30). Further quantitative examina-
tion of the i-V responses of Cu, Ag, and Au reveals subtle but critical
differences in alloying mechanism. We plot the peak current i, over
a series of scan rates v in Fig. 2 (E, H, and K). Ag and Au show a
characteristic i, ~ v""2 scaling behavior, while Cu manifests a linear
relation i, ~ v!. The R* values of the fittings are 0.99, 0.96, and 0.998
for Ag, Au, and Cu, respectively. We conclude that whereas Ag and
Au undergo diffusion-controlled, bulk conversion-type alloying
processes as described by the Randles-Sevcik equation, alloying be-
tween Cu and Zn progresses by a “pseudo-capacitive”-like route
(31). This suggests that the Cu-Zn alloying reaction is confined to
a thin skin layer on the substrate, which is consistent with the
pseudo-capacitive i, ~ v scaling relation apparent from the CV
experiments.

Conclusions from our indirect electroanalytical analyses of the
reaction currents are corroborated by findings from more in-depth
characterization of the electrodeposited phases. X-ray diffraction (XRD)
is used to directly capture the crystallographic transitions occurring
on the substrates (Fig. 3). The results show that SS, Al, and Ta re-
main chemically intact after Zn plating, not undergoing any detectable
reaction with Zn metal. In contrast, diffraction patterns assigned to
intermetallic compounds, i.e., e-CuZny, e-AgZns, and AuZn; + AuZn,
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Fig. 2. CV of Zn metal plating/stripping on substrates of different chemistries. CV scans in the range -0.3 to +1.0 V versus Zn*"/Zn at various metal electrodes substrates in a con-
ventional 2 M ZnSO4 (aq) electrolyte: (A) stainless steel, Aland Ta, respectively; (B) the enlarged plot showing the underpotential regime in the cathodic scans. (C) CV scans, (D) enlarged
plot of CV and (E) plot of peak current density versus scan rate (i, versus v in V/s) for Cu. (F) CV scans, (G) enlarged plot of CV and (H) plot of peak current density versus square root of
scan rate (i, versus v 2, inV"2/s" 2) for Ag. (I) CV scans, (J) enlarged plot of CV and (K) plot of peak current density versus square root of scan rate (ipversus v 2, inV"2/s" 2) for Au.

are detected on Cu, Ag, Au, respectively. The stronger alloy peaks
(labeled by the cross 1) observed for Ag and Au, relative to those
seen for the Cu substrates, imply that the amounts of alloy formed
on the former two are substantially greater than the latter after
cycling. This observation is consistent with the argument that Ag
and Au undergo bulk conversion with Zn, but the reaction on Cu is
limited to a thin layer.

Figure 4 reports the electrochemical galvanostatic plating/stripping
behaviors of Zn on the same metal foil substrates. As can be seen
in Fig. 4A, the substrate chemistry has a strong influence on the
plating/stripping cycling reversibility of Zn as quantified by the
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stripping capaci
S PPRE R 100%
plating capacity

Coulombic efficiency (CE) = (see also Materials

and Methods and fig. S2 for additional information). We note fur-
ther that the current density used is well below the diffusion limit
(32). These results therefore lead to two conclusions: (i) SS, Al, and
Ta are less effective substrates for achieving high Zn reversibility
because they lead to a broader distribution of CE values than Cu, Ag,
and Au, indicating unstable plating/stripping process, and (ii)
Cu, Ag, and Au all show relatively narrow CE distributions, but
Au has a lower CE value corresponding to low plating/stripping
reversibility.
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Fig. 3. XRD analysis of various metal substrates after Zn plating/stripping cy-
cling. e, Zn metal; ¥, substrates; -|— intermetallic phases. The respective two-dimensional
XRD patterns are provided on the right. Sample condition: after 100 cycles at 8 mA/cm?,
0.8 mAh/cmZ, with Zn deposition (0.8 mAh/cmz) remaining on the substrate before
cell dissembling. Zn deposits could be peeled off and stuck in the porous glass
fiber separators if the interface between Zn and the substrates is not mechanically
robust. Hence, the Zn deposits may not appear in the XRD patterns.

The diverse plating/stripping behaviors on different metal sub-
strates can be understood by examining the voltage profiles of the
plating/stripping cycles as shown in Fig. 4 (B to H). For SS, Al, and
Ta where broad CE distributions are seen, the stripping process con-
sistently features spiky, erratic voltage evolution; in stark contrast,
the voltage profiles of Zn stripping on Cu, Ag, and Au are smooth
and stable (see also fig. S3 for Zn plating/stripping on Cu with a lower
cutoff voltage). The voltage profiles of SS, Al, and Ta are indeed sug-
gestive of an undesirable process termed metal orphaning (33-35).
The behavior of Ti foil, another conventional substrate used for
evaluating Zn plating/stripping, is similar to SS, Al, and Ta (fig. S4).
See also figs. S5 and S6 for measurements made at other capacities.
In the orphaning process, the metallic, solid electrodeposits are physi-
cally disconnected from the electron source at the electrode, thereby
becoming electrochemically inactive/dead. The sudden potential drops
and the sometimes >100% CE values are caused by random recon-
nection of inactive/dead metal fragments over cycling (32, 35). Both
the nonuniformity of the deposition and ease of physical detachment
from the substrate are related to the propensity of the electrodepos-
ited metal to orphan.

To experimentally verify this interpretation, we use optical mi-
croscopy and SEM to characterize the separator membrane facing
the heterointerface after plating/stripping cycling (figs. S7 and S8).
The results show that large amounts of Zn metal electrodeposits on
SS, Al, and Ta become electrochemically inactive and are stuck in
the separator during repeated plating/stripping, while no dead Zn is
observable on Cu and Ag substrates. On the separator facing an Au
substrate, coarse, dark brownish powders are observed under the optical
microscope, which are identified as an intermetallic phase (AuZn;
brown cross +) by XRD (fig. $9), as opposed to dead metallic Zn.

Zheng et al., Sci. Adv. 8, eabq6321 (2022) 4 November 2022

We further examined the galvanostatic plating/stripping voltage
profiles to assess the resistances to electrochemical change. The first
observation is that a prominent nucleation overpotential exists at
the onset of Zn plating on SS, Ta, and Al but not on Cu, Ag, and Au;
instead, pronounced capacities above 0 V versus Zn**/Zn are detected
that are attributable to the alloying reactions. Spontaneous alloy-
ing processes can also occur after the electrodeposition, directly
between Zn metal and the substrate. This portion of alloying reac-
tion is not captured by the capacity above 0 V versus Zn>*/Zn in the
plating branches of the galvanostatic voltage profiles. The presence
of a secondary plateau in the stripping voltage profile is also notice-
able. The secondary plateau corresponds to the dealloying process,
which occurs after the stripping of elemental zinc. These identified
signatures of the interfacial reaction are in good agreement with the
CV results (Fig. 2) and the XRD results (Fig. 3 and fig. S10); see also
x-ray photoelectron spectroscopy (XPS) in fig. S11. Focused ion beam
(FIB) and advanced aberration-corrected atomic-resolution scanning
transmission electron microscopy (STEM) were used to further
characterize these alloying phenomena (Fig. 5, A to C, and figs. S12
to S15). In addition, as shown in figs. S16 to S18, we performed Zn
plating/stripping efficiency measurement on a nonplanar SS mesh
to evaluate the possible influence from substrate roughness. The re-
sult shows that roughness on these scales have, at most, a negligible
influence on Zn plating/stripping, in comparison with the interfa-
cial chemistry.

DISCUSSION

Together, our findings indicate that chemical interaction at the het-
erointerface is necessary to effectively prevent detachment of metal de-
posits, in analogy to the first component to the Sabatier principle.
That is, moderate chemical interaction is needed to promote adsorp-
tion of the molecules to the catalyst surface. We believe that the
alloying-induced adhesion is comparable to the concept of “diffusion
welding” in metallurgy (36, 37). Such diffusion welding is thermo-
dynamically driven by alloying reactions, i.e., the formation of metal-
metal solid solution and/or intermetallics. Unlike a conventional
thermal- or pressure-driven diffusion welding process, diffusion in
this scenario is mainly driven by a spontaneous chemical reaction.
This is allowed due, in part, to the relatively low melting tempera-
ture of Zn (T, = 698 K). At room temperature, Zn has a moderate

homologous temperature Ty = Tl =

of Zn can occur on moderate time scales (38). Motivated by this analy-
sis, we summarize the melting temperatures and the Ty values of metals
of contemporary interest as battery anodes (see table S1). Our find-
ings imply that the diffusion welding mechanism is likely to play an
even more important role for the alkali metal electrodes and possi-
bly some role for Al electrodes.

One may naively conclude that a stronger alloying interaction
would provide a greater driving force for the interdiffusion and further
suppress the detachment of metal deposits. We interrogated the
reversibility of Zn electrodeposition on three metal substrates, Cu,
Ag, and Au, which all show some chemical interaction with Zn, but
quite different electrochemical characteristics. The capacity con-
tributed by the secondary plateau in the stripping process is used as
a parameter for comparison across Cu, Ag, and Au: capacities are
0.08, 0.23, and 0.49 mAh/cm” (accounting for 10, 25, and 70% of the
total stripping capacity) and are attributed to dealloying reaction of

0.4, suggesting that interdiffusion
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Fig. 4. Galvanostatic electrochemical deposition/dissolution behaviors of Zn on substrates of different chemistry. (A) Coulombic efficiency (CE) for Zn plating/
stripping as a function of cycle number. (B) Voltage evolution in the nucleation regime. Representative plating/stripping voltage profiles of Zn plating/stripping on (C) SS,

(D) Al (E) Ta

, (F) Cu, (G) Ag, and (H) Au. The spiky nature of the stripping voltage profiles observed on SS, Al, and Ta is consistent with expectations for formation of

“orphaned” Zn metal. Secondary voltage plateaus are observed on Cu, Ag, and Au. Current density, 8 mA/cm?.

Zn from Cu, Ag, and Au, respectively. The amount of this second-
ary capacity is negatively correlated to the reversibility (i.e., CE) and
the cycle life achieved on the three substrates. This explicitly contra-
dicts the conventional wisdom of a monotonic dependence of metal
plating/stripping performance on the strength of the heterointerfa-
cial chemical affinity. More insights can be obtained by comparing
the galvanostatic plating/stripping efficiencies to the results obtained
from the CV and XRD experiments discussed earlier. The greater deal-
loying capacities of Ag and Au substrates are indicative of the bulk
conversion, while the interaction between Zn and Cu is limited to
the surface.

This last inference is supported by SEM characterization of the
surface topology of the cycled substrates (fig. S$19)—Cu remains
almost intact, while Ag and Au develop into porous structures. We
note that this finding is consistent with the observation of a consid-
erable amount of pulverized AuZn intermetallic phase stuck in the
separator (figs. S7 to S9). It means that a strong chemical interac-
tion will result in bulk phase transition, which pulverizes the sub-
strate, causes incomplete dissolution of the deposited metal [e.g.,

Zheng et al., Sci. Adv. 8, eabq6321 (2022) 4 November 2022

see Fig. 5 (A to C); incomplete Zn dissolution only found on Ag but
not on Cu after cycling], and ultimately leads to battery failure. The
extreme cases are demonstrated by Si, Sn, Ag, and so forth when
they are paired with Li metal (39-41). A large initial irreversibility
and quick capacity fading is consistently observed. The optimal case
in the Zn system is exemplified by Cu, where the substrate offers what
appears to be a just right, moderate degree of interaction at the het-
erointerface with the metal deposits—neither too weak, which caus-
es detachment of dead metal, nor too strong, which induces phase
transitions penetrating the bulk. The pseudo-capacitive behavior in
the underpotential regime (i.e., >0 V versus Zn) of a negatively po-
larized voltage sweep provides an easily accessible signature of sub-
strates where such limited, interfacial chemical interaction exists
and presages high levels of reversibility in metal anodes of batteries.
These analyses could be used to interpret the observed variation of
reversible plating/stripping behaviors over substrate chemistry (Fig. 5D
and fig. $20). We performed additional electrochemical measure-
ments to evaluate the possible influences of surface oxide layer, desol-
vation structure, and electrolyte decomposition on plating/stripping

50f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

+0.03ev_ 0

C 8.4 8.6 8.8 9.0
Zn Ka @ 8.63 keV o Ag[r1500
P o Cu
S
o @
)
o Cukp@Bdtkevl
@ % £
s 8
o 5 5% 500
OO
2

8.4 8.6 8.8 9.0
Energy (keV)

Metal electrodeposition
reversibility/stability o

+

Secondary capacity
-0.2eV -

0

=0.04 eV

D E
S
E Fe Al Ta Cu Ag Au
£ 10— : ———— —1 100 | 99%
S u
% 994 " 99
L
£
S 984 98
3
o
o
2 97- 97
s
& "
2 96 = 96
= -
£
S 95 95
s Fe Al Ta Cu Ag Au

Weak interaction

Formation enthalpy

Battery short and
metal orphaning

Stable and

P Pulverization and
complete stripping

incomplete stripping

Interfacial reaction Bulk conversion

Fig. 5. A Sabatier-like principle for reversible metal deposition/dissolution at battery anodes. FIB-SEM characterization of (A) Cu and (B) Ag electrodes after Zn
plating/stripping. A Pt protection layer is deposited on electrode surface before FIB. (C) Energy-dispersive spectroscopy near the Zn Ko energy (i.e., 8.63 keV) collected at
the two interfaces formed on Ag and Cu. See more details in figs. S12 to S15. (D) The average values and the SDs of the metal plating/stripping CE of the substrates.
(E) The proposed qualitative volcano-shaped relation in battery anodes. Gr*, graphene.

behaviors; the results suggest that they do not act as the determinant
factor in scenarios studied in this work (figs. S21 to S23).

In the original Sabatier principle for heterogeneous catalysis,
enthalpy of formation of the adsorbed species is used as a represen-
tative parameter for qualitatively evaluating the interaction strength.
A more negative enthalpy means that more heat is released by the
reaction and therefore indicative of stronger interactions. Here, an
obvious, phenomenological relation can be seen—the dependence
of plating/stripping reversibility on the capacity contributed by the
secondary reaction (Fig. 5E); both the cases of no secondary reac-
tion and excessive secondary reaction are unfavorable. We note that
use of secondary capacity as a phenomenological parameter is also
advantageous as it reflects the fundamental thermodynamic and ki-
netic parameters intrinsic to the chemistry.

Reorganizing the results using this scheme, we observe a similar
volcano-like qualitative trend of electrochemical plating/stripping
reversibility/stability over the range of formation enthalpy of the in-
termetallic species explored (Fig. 5E) (12, 23, 42, 43). Ta is a widely
known refractory, inert metal, which has been used to make cruci-
bles to contain Zn for identifying the binary phase diagrams of Zn
(e.g., U-Zn and Mn-Zn). We therefore assumed that the interaction
between Ta and Zn are thermodynamically unfavorable at room
temperature, suggesting a positive formation enthalpy of Ta-Zn
intermetallics. Judging from the electrochemical performance in Fig. 4
and the visualization results in figs. S7 and S8, the interaction between
Ta and Zn is weaker than Cu-Zn, but stronger than SS-Zn and Al-Zn.
As semiquantitatively shown in the plot, SS (Fe and Cr), Al, and Ta
have positive formation enthalpies with Zn; Cu, Ag, and Au have
negative formation enthalpies with Zn, but the value for Au is ap-
proximately four to five times greater than Cu and Ag. The greater heat
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dissipation generated by Au than by Cu and Ag upon Zn deposition
is experimentally confirmed by in operando microcalorimetry
(fig. S24) (44). This analysis is in excellent agreement with the
observed plating/stripping performance—Cu and Ag show much
higher reversibility and stability than the metals on the left side
(e.g., SS, Ta, and Al) and the metals on the right side (e.g., Au).
The electronegativity y of these elements follows a sequence of
Ta(1.5) < Ti(1.54) < Al(1.61) < Zn(1.65) < Cr(1.66) < Fe(1.83) <
Cu(1.90) < Ag(1.93) < Au(2.54); this trend indicates that a greater
Ayx, = Ym — Xzn may induce a stronger charge transfer effect between
Zn and the substrate metal M and thus a stronger chemical bond-
ing. We note further that, in some other cases, the alloying reaction
between the metal deposits and the substrate could, be suppressed
by surface passivation (e.g., the presence of an oxide layer). This re-
sults in a scenario that falls onto the weak-interaction side. Viewed
in a broader context, this framework can alternatively be used to
comprehend other physical interactions between the metal deposit
and the substrate. Earlier studies report that Zn exhibit extremely
stable, reversible plating/stripping on graphene substrate (12). The ad-
sorption energy of Zn onto graphene is —0.02 eV (23), very close to
the optimal values identified in the present work.

The ease of tuning the reaction rate of the plating/stripping reac-
tion by varying the externally imposed current offers an additional
dimension for understanding heterointerfacial electrochemical phe-
nomena in batteries. The ratio of the deposition rate and the alloy-
forming reaction rate is a natural dimensionless group to capture
the influence of the current density. On the basis of the results in the
preceding sections, one would expect that the negative effects of
excessive alloying reactions observed on Ag and Au on electrode
reversibility should be exacerbated at lower deposition rates but
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attenuated at higher rates. As shown in fig. 525, the observations
from experimental plating/stripping measurements are highly con-
sistent with this expectation. At a low current density (i.e., 2 mA/cm?),
Ag and Au exhibit more pronounced alloy formation behaviors, as
evidenced in the potential profile. This is accompanied by a clear
deterioration in electrode reversibility as the current density de-
creases. At a high current density of 40 mA/cm?, the traits of exces-
sive alloying reactions are hardly observable, and the CE values of
the substrates are notably improved. An additional notable finding
is that the plating/stripping remains highly stable on Cu at all cur-
rent densities and areal capacities (see also figs. S26 and S27). This
suggests the interfacial nature of this process, underscoring the im-
portance of our earlier observation that a moderately strong chemical
interaction at the interface represents the optimal case for reversible
plating/stripping of metals in battery anodes.

It is important to point out here that while the considerations
based on energy (i.e., formation enthalpy) appear to be fairly ef-
fective in qualitatively predicting the observed trends, the kinetic
aspects, e.g., the solid-state transport and the intrinsic chemical re-
action rate, can play nontrivial roles. For example, the diffusivity of
Zn in Ag is generally reported to be higher than that in Cu (45-47).
This could originate from the larger atomic radius of Ag (Zn, 142 pm;
Cu, 145 pm; and Ag, 165 pm). The larger Ag lattice may allow
additional diffusion mechanisms. Notwithstanding the kinetical as-
pects, a reasonably good design rule can still be deduced from the
data from an energy standpoint, namely, that a very negative formation
enthalpy is consistent with a strong propensity of the system for
undergoing bulk transition and invariably causes volume change that,
after many plating/striping cycles, causes fatigue failure and pulver-
ization of the substrate (48). This may, in turn, accelerate the trans-
port kinetics. We further point out that the tendency for Zn to form
solid-solution phases with Cu, Ag, and Au could be an important
kinetic step in the formation of intermetallic phases where the par-
ent lattices of the substrates are initially preserved, in the solid-solution
formation step, but later on transformed, in the intermetallic for-
mation step. The absence of solid solutions in the phase diagram may
result in sluggish kinetics that prevent these heterointerfacial alloying
reactions from occurring at time scales relevant to general battery
operation (i.e., minutes to hours) at room temperature. The energy
scale associated with solid-solution formation, for example, between
Zn and Cu, is on the order of —0.01 eV (49, 50); this means that al-
loying reactions of such a nature could also be sufficient to promote
diffusion welding. A complete prediction may require detailed ab initio
simulation to capture the kinetics step by step and the remaining
aspects of the intermetallic phase formation, e.g., volume change and
elasticity. The next step toward an atomistic, computational under-
standing of the system could be based on experimental measure-
ments performed on single-crystalline substrates.

We note further that achieving highly stable and reversible Zn
plating/stripping and leveraging it to advance the development of
rechargeable batteries are of immediate interest to the growing
community interested in low-cost, Earth-abundant electrochemical
couples capable of storing large amounts of electrical energy. A close
to unity plating/stripping reversibility is required, for example, to
create commercially relevant Zn battery systems (fig. S28), because
it minimizes the amount of Zn needed in the battery anode and
lowers the amortized battery costs (51). As suggested by the plating/
stripping CE results shown in Fig. 4, Cu stands out as a promisin
substrate for Zn anodes (see also fig. S29 for CE measured at 40 mA/cm™:
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99.94% over 10,000 cycles). Motivated by these observations, we
assembled Zn full-cell batteries by paring the Zn anode of interest
with an imperfect but state-of-the-art vanadium-based cathode (see
fig. S30 for more details of the cathode design) (52). As a proof-of-
concept demonstration, we deposit a known amount of Zn metal
onto Cu and SS and harvest them as two representative Zn anodes
for full-battery evaluation. We intentionally use a somewhat strin-
gent N:P ratio of 3:1, which is approximately more than two orders
of magnitude lower than conventional N:P values for Zn battery
studies based on commercial Zn foil. Reversible metal plating/
stripping on heterosubstrates is inevitable in these scenarios, i.e., with
low N:P ratios or even anode-free. The battery performance reported
in Fig. 6 shows that the Zn on Cu anode manifests stable cycling
over 500 cycles with a 73% capacity retention (91% after 100 cycles),
which outperforms the Zn on SS anode (see also fig. S31). It should
be noted that the cathode material makes the dominant contribu-
tion to the observed capacity decay. More impressive is that the Zn
on Cu electrode with an N:P ratio of 3:1 is no worse than commer-
cial Zn foil with an N:P > 100:1. This observation means that via
manipulating the chemical kinetics at the heterointerface, only <5%
of the originally needed Zn is required here to achieve a same level
of battery performance.

Because of the interfacial nature of the Sabatier-type principle, a
thin coating of a rationally chosen substrate should be sufficient.
Results in figs. S32 to S37 show that by coating a thin Cu skin layer
(0.36 mg/cm®) onto the SS substrate, the propensity of Zn for form-
ing dead fragments observed on SS is completely suppressed. This
means that, essentially, any substrate (probably chosen for other
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reasons, e.g., lightweight) can be tailored using standard depo-
sition methods to achieve favorable surface chemistry for the
purpose of promoting highly reversible metal plating/stripping in
battery anodes.

Last, in light of the universality of the fundamental processes
that underlie our concept, we wanted to explore the relevance of
the “Sabatier”-like principle to metal electrode reversibility in an
entirely different context, i.e., charge and discharge of sodium (Na)
metal anodes. Na is, like Li, a body-centered cubic metal, is highly
reactive, and has a much lower reduction potential than Zn. Na is
also mechanically fragile at room temperature and prone to or-
phaning (52) and is conventionally assumed to require formation of
a stable solid-electrolyte interphase (SEI) for reversible plating/
stripping at planar substrates. We choose Au as a model substrate
for Na deposition and in-depth analysis. Na-Au is attractive for funda-
mental and application-related reasons. From a more fundamental
perspective, density functional theory calculations report that its
formation enthalpy per atom is —0.283 eV, which is comparable to
the formation enthalpy of Zn-Au. This strong interaction reflects
the large Ay =2.54 - 0.93 = 1.61 between Na and Au. The large gap
in electronegativity suggests a strong charge transfer effect between
Na and Au when alloyed. From an applications perspective, Na
is among the most promising candidates for electrical energy
storage in the mass-manufactured, low-cost batteries needed to
enable an “electrify everything” future.

Despite the obvious differences between Zn and Na, the Sabatier-
like principle appears relevant for designing substrates for achieving

highly reversible Na metal deposition. Comparing Zn-Au and
Na-Au, it is apparent and expected that the XRD and electrochemical re-
sponses of Au-to-Na plating/stripping (Fig. 7, A to D) show that
Na-Au falls into the category of “too-strong” interaction, i.e., the right
side of the Sabatier-like relation (Fig. 5). The Sabatier-like frame-
work offers a straightforward approach for securing highly revers-
ible deposition of Na on Au: maintain the thickness of the Au layer
below a certain value where the substrate bonding contribution is
just right to prevent metal orphaning but still weak enough to en-
able complete recovery during the stripping process. In other words,
the thickness of the Au substrate can serve as a highly effective knob
for tuning the metal-substrate interaction and therefore Na plating/
stripping reversibility. The results reported in Fig. 7D show that
thinning down of the Au coatings to values in the range of 10 to
100 nm drives the interaction into a more interfacial, stable regime,
as evidenced by Na plating/stripping voltage profiles. These profiles
are evidently similar to those reported earlier for Zn-Cu (Fig. 4F).
Figure 7 (E and F) shows further that these changes also result in
high Na plating/stripping reversibility, with an optimal CE value of
>99% achieved on the Au film with a thickness of 50 nm. A more
detailed discussion of these findings is provided in note S1.

In summary, we report a simple, yet powerful design principle
for achieving reversible metal electroplating/stripping behaviors at
a heterointerface. Analogous to the Sabatier principle for heteroge-
neous chemical catalysis, we specifically find that a moderate inter-
facial chemical interaction strength between the metal and the substrate
is favorable. This discovery is also in line with the recent progress of
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designing advanced Li-sulfur cathodes by achieving optimal inter-
action between the polysulfides and the host materials guided by a
similar Sabatier-type relation. Under these conditions, mechanical
detachment of metal deposits (i.e., dead metal formation) and ex-
cessive bulk phase transition, which pulverizes the substrate, can both
be prevented. A rule-of-thumb criterion is that the formation enthalpy
of the intermetallic species formed should be slightly negative; very
roughly, this optimal value is estimated to be around —0.02 to —0.04 eV
per formula unit. The study also demonstrates that advanced surface
characterization tools (e.g., FIB and aberration-corrected STEM) provide
a robust approach for probing these critical electrochemical inter-
faces with high spatial and chemical resolution. The electroanalytical
and structural characterization results together reveal the distinct
natures of the chemical kinetics occurring at the heterointerfaces. We
further show that this knowledge can be translated to guide the materials
design of advanced battery anodes with much less need for excess metal
in the anode but that exhibit stable, long-term cycling behaviors.

MATERIALS AND METHODS

Materials

Zn foil (99.9%), ZnSO47H,0 (99.95%), V,05 (99.95%), NaCl (99%),
sodium hexafluorophosphate (NaPFg), and glycol dimethyl were
purchased from Sigma-Aldrich. Ta foil (99.95%; 0.025 mm), Au foil
(99.95%; 0.025 mm), Ag foil (99.95%; 0.025 mm), and 304 SS foil
(0.025 mm) were bought from Alfa Aesar. Cu foil (99.8%; 0.025 mm)
and Al foil (99.3%; 0.015 mm) were purchased from MTI. The foils
were used as received unless otherwise specified. Deionized water was
obtained from Milli-Q water purification system. The resistivity of
the deionized water is 18.2 megohm-cm at room temperature. Zn
electrolytes were prepared by dissolving ZnSO,47H,0 into the de-
ionized water (2 M). Cu electrolytes were prepared by dissolving
CuSO45H,0 into the deionized water (1 M). Electrolyte for Na cells
was prepared in the laboratory by dissolving 1.0 M NaPFg in anhy-
drous, 99.5% diethylene glycol dimethyl ether, followed by further
drying using molecular sieve. Plain carbon cloth 1071 HCB was
purchased from Fuel Cell Store. Ketjen Black (KB) carbon was pur-
chased from AkzoNobel. SS 304 discs with a diameter of 15.8 mm
were polished on-site using a VibroMet vibratory polisher, using
Final-POL polishing cloth and 0.3-um alumina slurry. Polished SS
discs were coated with a thin layer of Au by magnetron argon sput-
tering deposition system.

Characterization of materials
Field-emission SEM was carried out on Zeiss Gemini 500 scanning
electron microscope. CV was performed using a CH 600E electro-
chemical workstation. XRD was performed on a Bruker D8 general
area detector diffraction system with a Cu or a Co Ka x-ray source
and a Bruker D8 powder diffractometer. Galvanostatic measurements
were carried out using Neware battery testing system. AFM was per-
formed on Cypher ES (Asylum Research Inc.). FIB was performed
on the VELION system manufactured by Raith. A Zeiss Gemini scan-
ning electron microscope system was used to obtain the secondary
electron images and the energy-dispersive spectroscopy results.
Aberration-corrected high-angle annular dark-field-STEM was carried
out on FEI Themis Z G3. The materials characterization was per-
formed, in part, at the MIT.nano Characterization Facility.

XPS data were collected at the Center for Functional Nanomate-
rials at Brookhaven National Laboratory, NY, in an ultrahigh vacuum
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chamber equipped with a SPECS Phoibos 100 MCD analyzer and
nonmonochromatized Al Ko (hv = 1486.6 eV) x-ray source. The
experiments were carried out using an accelerating voltage of 12kV and
a current of 20 mA, with a base chamber pressure of 2 x 10~ torr.
Cycling was terminated with a deposition step to a capacity of
0.1 mAh/cm?®. For all cycled samples, data were collected in the
as-prepared state and after 45 min of Ar sputtering, performed at
room temperature with a pressure of 2 x 10~ torr with an energy
of 1.5 keV. Electrodes were pressed onto a conductive Cu tape and
mounted on the sample holder. Charge correction was performed by
calibrating the Zn 2p binding energy to 1022 eV for Zn 2p;/; spectra
for cycled samples and 284.8 eV for adventitious carbon for pristine
foils. Data were analyzed using CasaXPS software. A Shirley back-
ground was subtracted before peak deconvolution. Fitting was
performed using a mixed Lorentzian-Gaussian line shape.

The operando isothermal microcalorimetry (IMC) measurements
were performed with a TA Instruments TAM IV microcalorimeter.
Coin-type cells were placed in IMC ampules submerged in an oil
bath where the temperature was rigorously maintained at 30°C. All
operando electrochemistry tests were controlled using a BioLogic
VSP potentiostat. The cells monitored by the IMC were charged or
discharged at a constant current of 0.8 mA/cm? for 5 cycles. A voltage
limit of 1.0 V (versus Zn/Zn>") was used for metal stripping (charge,
oxidation), while an areal capacity limit of 0.8 mAh/cm” was used to
control the metal plating (discharge, reduction). Between each plating/
stripping step, a 1-hour open-circuit rest was introduced to ensure
thermal equilibration.

Electrochemical measurements

Fabrication of the cathode

NaV;04-1.5H,0 (NVO) was synthesized according to a prior study
(53). One gram of V,05 powder was mixed with 15 ml of 2 M NaCl
solution. The mixture was stirred for 96 hours at room temperature.
The product was washed and collected after freeze drying. The NVO
material was mixed with KB and polyvinylidene fluoride (weight ratio
of 80:10:10) and dispersed into carbon cloth following a procedure
reported in our previous study (52).

Coin cell fabrication

CR2032 coin cells were used. Electrodes are separated by glass
fiber (Whatman) filter membranes. The thickness of a piece of free-
standing glass fiber separator before battery assembling is on the
order of hundreds of micrometers (200 to 400 um). The effective
thickness of the membranes is reduced under pressure when
used in coin cells. In each cell, ~100 pl of electrolyte was added
by pipette.

Cu deposition on SS

The electrodeposition of Cu on SS was performed at a constant po-
tential at —0.5 V versus Cu®*/Cu in coin cells. A piece of Cu foil was
used as the reference/counter electrode; SS was used as the substrate
(working electrode). The areal capacity of the deposited Cu is
0.3 mAh/cm?, corresponding to a ~400-nm theoretical thickness.
CE measurement

See fig. S2 for details. The metal plating/stripping CE =

stripping capacity

x 100%, which quantifies the reversibility of

plating capacity on the substrate
the metal anode. For example, CE = 100% means that all the plated
Zn on the substrate can be stripped, while CE = 80% means that

80% of plated Zn can be stripped and 20% Zn is electrochemically
inactive.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq6321
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