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Identifying iodide-ion regulation of early-stage
zinc nucleation and growth for high-rate
anode-free zinc metal batteriesy

Wenchao Shi,:® Zhenjun Song,° Wenwei Zhang,® Sitian Lian,® Fuzhi Huang, (22
Qinyou An2*® and Qi Li(®*“

Anode-free agueous zinc (Zn) metal batteries (AZMBs) have the advantage of providing higher energy
density. However, without excess Zn metal, their cycling life is highly dependent on the reversibility of Zn
deposition/dissolution, which is influenced by interfacial issues such as Zn dendrite formation and
parasitic side reactions. A simple approach is developed to tackle this challenge by introducing lithium
iodide as an additive to the electrolyte, where iodide ions (I7) play a crucial role in regulating the early-
stage Zn nucleation and growth. Initially, the formation of an |”-rich electrochemical double layer
reduces the Marcus charge transfer energy barrier of Zn ions (Zn®*), hence significantly lowering the
heterogeneous nucleation overpotential of Zn. Subsequently, I~ ions are preferentially adsorbed onto the
Zn (100) and Zn (101) crystal planes compared to the Zn (002) plane, thereby promoting the Zn growth
onto these two planes and leading to Zn plating with the dominating Zn (002) orientation. As a result,
highly reversible Zn deposition/dissolution is achieved in the Zn|copper battery, with a superior initial
and average coulombic efficiency of 99.9%. Moreover, the anode-free Zn|liodine battery demonstrates
excellent cycling stability and ultra-high-rate performance (0.99 mA h cm™2 capacity retained
corresponding to an 88.2% retention after 10 000 cycles at 50 mA cm™2). The I~ regulation strategy for
early-stage Zn nucleation and growth behavior provides a simple and innovative approach to improving
the Zn deposition/dissolution interfacial stability and hence the cycling stability and rate capability of
anode-free AZMBs and can also be extended to other anode-free metal batteries.

Aqueous zinc (Zn) metal batteries (AZMBs) are considered as one of the most promising energy storage technologies for stationary storage and micropower

systems, owing to their advantages of low cost, high safety, and large theoretical capacity. However, conventional AZMBs suffer from low energy density due to

the use of an unlimited Zn reservoir as the anode. Designing AZMBs with an anode-free structure can potentially achieve higher energy density. However, the

cycling life of such batteries heavily depends on the reversibility of Zn deposition/dissolution, which is influenced by interfacial issues such as Zn dendrite

formation and the hydrogen evolution reaction. Herein, we demonstrate that the interfacial specific adsorption behavior of iodide ions effectively regulates the

early nucleation and growth of Zn, through enhancing the nucleation rate of Zn and initiating a predominant Zn (002) orientation during electrodeposition.

This significantly improved the charge-transfer kinetics of Zn deposition and the interfacial stability of Zn deposition/dissolution, thereby leading to the anode-
free Zn||iodine battery with long-term cycling stability and high-rate performance. This work provides valuable insights into the design of other anode-free

metal batteries.
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The progress of aqueous zinc (Zn) metal batteries (AZMBs) has
been extraordinary, drawing a tremendous amount of interest.'™
The key reasons include the inherent safety and ecological attri-
butes of aqueous electrolytes, low cost of Zn metal, and a high
theoretical capacity (5855 mA h ecm ™ or 820 mA h g~ ), along with
a fairly suitable electrode potential (—0.76 V vs. standard hydrogen
electrode).*” However, the Zn metal anode still faces a series of

This journal is © The Royal Society of Chemistry 2024
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issues, such as the parasitic side reactions and dendritic formation
at the Zn anode/electrolyte interface, leading to unsatisfied Zn
deposition/dissolution reversibility.® To compensate for the insuf-
ficient reversibility, Zn metal is commonly used as the anode in
laboratories, which provides a nearly limitless Zn reservoir to
enhance the cycling stability of AZMBs.” However, this approach
does not accurately reflect the batteries’ performance in practical
applications and significantly limits the real energy density.
Anode-free AZMBs with no excess Zn metal have thus emerged
and are more advantageous for practical applications due to their
ability to provide a higher energy density. However, the cycling life
of anode-free AZMB:s is heavily dependent on the reversibility of Zn
deposition/dissolution.®

Recent studies widely report the strategies for enhancing the
deposition/dissolution reversibility of the Zn anode by manipulating
electrolytes, including salt-in-water electrolytes, eutectic electrolytes,
additives, etc.”"" Among these advances, additive engineering stands
out and has attracted significant attention due to its simplicity,
scalability, and remarkable effectiveness.'®* It is worth noting that
most of these modifications have yet to be evaluated in anode-free
AZMBs. Zn anode, like all other metal anodes, exhibits a dynamically
renewed electrochemical deposition/dissolution interface during
charge-discharge. Previous reports on lithium deposition/dissolu-
tion have demonstrated that early-stage metal nucleation and growth
plays a crucial role in regulating the frontier morphology of the
plated metal and suppressing the metal dendrite formation,
although the underlying early-stage lithium nucleation and growth
theory/model varies.'®® Whereas Zn metal has a hexagonal close-
packed structure with three atomic packing crystal planes of Zn
(002), Zn (100) and Zn (101) (Fig. S1, ESIt). The regulation of the
early-stage Zn nucleation and growth towards one specific crystal
plane orientation is favorable for realizing the ordered Zn growth in
the following deposition process, maintaining the stability of dyna-
mically renewed interfacial structure and hence the Zn deposition/
dissolution reversibility. The early-stage Zn nucleation and growth
regulation is particularly important for anode-free AZMBs, as the
initial heterogeneous Zn nucleation and growth occurs on the
surface of the current collector which has a significantly different
nature from Zn. Additive engineering provides a facile way to
regulate the early-stage Zn deposition process via electrode/electro-
Iyte interfacial modification.”>' The currently proposed mechan-
isms for additive modification mainly involve two key aspects: the
regulation of the electric double layer (EDL) and the solvated sheath
structure. However, it remains elusive regarding how these two
aspects influence the charge transfer process of Zn ions (Zn**) and
subsequently the Zn deposition behavior. According to the Marcus
theory, most investigations about the charge transfer mechanism
have an underlying assumption that each electron must transfer
separately.”? This implies that the charge transfer process of Zn>*
involves two steps: the initial generation of a monovalent Zn"
intermediate, followed by its conversion to a Zn atom.>*** The first
step is commonly considered the rate-determining step for the Zn
deposition process.”® Therefore, seeking high-efficiency additives
and identifying the mechanism for regulating the Zn>* charge
transfer process and early-stage Zn deposition behavior are crucial
for developing anode-free AZMBs.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Energy & Environmental Science

Herein, a simple approach to achieve high-performance
AZMBs by iodide ion (I") interfacial regulation was demonstrated.
Lithium iodide (LiI) was selected as the source of I". The
experimental results of attenuated total reflection Fourier trans-
form infrared (ATR-FTIR), Raman, and nuclear magnetic reso-
nance (NMR) spectroscopy together with molecular dynamics
(MD) simulations verified that I could enter the solvation
structure of Zn>'. Furthermore, density functional theory (DFT)
calculations based on the Marcus theory were applied for analyz-
ing the I" involved interfacial electrochemical reaction process of
Zn deposition. The results identified the crucial role of I" in
regulating the early-stage Zn nucleation and growth process, by
accelerating the initial heterogeneous Zn nucleation process and
modulating the initial Zn growth orientation, eventually leading to
the Zn plating with the dominating Zn (002) orientation. There-
fore, the Zn|copper (Cu) battery showed superior coulombic
efficiency (CE) (an initial CE of 99.9% and an average CE of
99.9% over 50 cycles at 10 mA cm™2). Moreover, the assembled
anode-free Zn|/iodine battery exhibited outstanding cycling stabi-
lity and high-rate performance over 10000 cycles at 50 mA cm ™2
(0.99 mA h em™? capacity output and 88.2% capacity retention).

Results and discussion

Initially, the deposition behavior of Zn on the surface of Cu foil
was investigated in a 2 M zinc sulfate (ZnSO,) electrolyte with
various concentrations of Lil additive (specifically 0, 0.1, 0.25, 0.5,
and 1 M) under the deposition conditions of 10 mA cm 2 and
5 mA h cm 2 Scanning electron microscopy (SEM) results
(Fig. S2a-e, ESIt) clearly revealed that in the absence of the Lil
additive, the Zn plating exhibited a loose, porous, and irregular
morphology. In contrast, with the addition of Lil, the Zn plating
showed a laminar stacking morphology, and with increasing the
Lil concentration, the gaps amid layers gradually diminished.
When the Lil concentration exceeded 0.5 M, the Zn plating
exhibited a blocky morphology. Meanwhile, X-ray diffraction
(XRD) patterns signified that the relative intensity of the Zn
(002) crystal plane within the Zn plating incrementally increased
with increasing Lil additive concentration (Fig. S3a and b, ESIT).
This evolution was quantified by calculating the peak ratio (R) of
the Zn (002) crystal plane to the Zn (100) crystal plane, which
culminated at 0.5 M LiI (Fig. S4, ESIt). As prior research has
shown that the preferential orientation of the Zn (002) crystal
plane can effectively restrain dendritic growth and side
reactions,”*?” the ZnSO, electrolyte with a 0.5 M Lil additive
was chosen as the primary focus of our study. Comparative
experiments were also conducted to investigate the deposition
behavior of Zn on the surface of Cu foil under the same deposi-
tion conditions in the ZnSO, electrolyte with different concentra-
tions of other iodide salts (specifically Nal, KI, and Znl,) and
various concentrations of lithium sulfate (Li,SO,) additives (Fig.
S5-S7, ESIt). The results demonstrated that it is the I" ions that
are primarily associated with the preferential orientation of the
Zn (002) crystal plane rather than the lithium ions (Li"). Real-time
evolution of the deposition and dissolution processes of Zn on
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the surface of Cu foil was investigated using in situ optical
microscopy (Fig. S8, ESIt). In the ZnSO, electrolyte, Zn deposi-
tion/dissolution exhibited distinctively different behavior and
morphology with visibly undissolved ‘“dead Zn” during the
dissolution process. However, in the LiI-ZnSO, electrolyte, uni-
form morphology was observed during the Zn deposition and
dissolution, indicating superior reversibility in the first deposi-
tion/dissolution cycle. The reversibility of the first Zn deposi-
tion/dissolution cycle is crucial, as undissolved ‘“dead Zn” can
further cause non-uniform deposition and degrade the elec-
trode/electrolyte interfacial stability in subsequent cycles.

An in-depth investigation into the regulation of I" on the
solvation structure of Zn*>* and the electrode/electrolyte inter-
face prior to the Zn deposition/dissolution process was con-
ducted. To begin with, the impact of Lil additives on the
solvation structure of Zn>" was examined. Across various Lil
concentrations, no notable shifts were observed in the bending
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vibration peak of O-H and the stretching vibration peak of
sulfate anions (SO,*>) according to the ATR-FTIR spectra
(Fig. 1a). Raman spectra also exhibited similar features as shown
in Fig. 1b. The impact of I” on the solvation structure of Zn>* was
then further examined in detail through '"H NMR. As shown in
Fig. 1c, the 'H peak position in pure D,O was at 4.699 ppm,
shifting to 4.695 ppm upon addition of an equivalent volume of
pure water. Following the addition of 2 M ZnSO,, the peak
shifted to 4.718 ppm, indicating a decrease in the surrounding
electron density and the weakening of shielding for protons in
the water, suggesting a reduction in the content of free water
molecules.?®**° Upon further addition of varying amounts of Lil
(from 0.1 M to 1 M), the 'H peak gradually shifted to lower
values, indicating the release of some coordination water mole-
cules in the solvation structure of Zn>". This could be attributed
to the I" ions entering the solvated structure of Zn** and
replacing some of the coordinated water molecules.’’ In
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Fig. 1 Regulation of the Zn®" solvation structure and the electrode/electrolyte interface by Lil. (a) ATR-FTIR spectra, (b) Raman spectra, and (c) *H NMR
spectra of the ZnSO4-based electrolyte with various concentrations of Lil additives. (d) MD snapshots of the Lil-ZnSO4 electrolyte. Zn, |, S, O, Li, and H
atoms are represented by gray, red, green, white, yellow, and cyan balls, respectively. The water molecules are represented by a stick-and-stick model. (e)
RDF and the coordination number of Zn-0,,. (f) RDF and the coordination number of Zn-I. (g) The adsorption energies of I~ on different crystal planes of
Zn and Cu. (h) The adsorption energies of H,O on different crystal planes of Zn and Cu. (i) Differential capacitance curves for Zn in the Na,SO,4 electrolyte
with or without Lil.
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addition, the negatively charged I" exhibited a stronger inter-
action with Zn?", as reflected by the much lower binding energy
compared to that between H,0 and Zn** (Fig. S9, ESI). Further-
more, MD simulations were conducted to investigate the evolu-
tion of the solvation structure of Zn>* (Fig. 1d and Fig. S10, ESIY).
The primary solvation structure was deduced to be Zn(H,0)s>" in
the pristine ZnSO, electrolyte, with an average coordination
distance of 1.99 A (Fig. $10, ESIt). The addition of 0.5 M Lil
slightly decreased the coordination number N(r) of Zn-O,, from
5.28 to 5.22 (Fig. 1e and Fig. S11, ESIt), where O, represents the
oxygen atom in the water molecule. Meanwhile, a Zn-I coordina-
tion structure emerged, with a coordination peak at 2.98 A and
an N(r) of 0.01 (Fig. 1f). Therefore, it could be concluded that I"™
could enter the solvation structure of Zn>* to form ZnI(H,0)5",
consistent with the previously reported literature.>”*> However,
the fraction of ZnI(H,0)s" in the bulk electrolyte might be small.
Furthermore, an investigation was conducted on the influence of
I on the EDL at the electrode surface by DFT calculations.
Initially, the adsorption energies of I and water molecules on
the three principal crystal planes of Zn and Cu metals were
calculated (Fig. 1g and h). Fig. S12 and S13 (ESIY) illustrate the
adsorption models of I and water molecules on different crystal
planes of Zn and Cu metals, respectively. The results demon-
strated the markedly lower adsorption energies for I compared
to water molecules on all the principal crystal planes of either Zn
or Cu. Moreover, I exhibited higher adsorption energies on the
Zn (002) crystal plane, in contrast to the Zn (100) and Zn (101)
crystal planes. This suggested that I ions were preferentially
adsorbed onto the Zn (100) and Zn (101) crystal planes. In
addition, the differential capacitance curves further confirmed
the adsorption behavior of I" on the surface of Zn metal. The
LiI-Na,SO, electrolyte showed a larger capacitance value and a
pronounced negative shift from —1.020 to —1.125 V in the
potential of zero charge (PZC) of the Zn metal surface (Fig. 1i)
compared to the Na,SO, only electrolyte, where the PZC repre-
sents the potential at the minimum capacitance. This shift in the
PZC should be ascribed to the intrinsic adsorption phenomenon
by negatively charged I~ ions.>* Based on the above results, we
speculated that the mechanism by which I" regulated Zn deposi-
tion behavior was mainly related to the preferential adsorption
of I at the electrode interface to form an I -rich EDL and the
preferred adsorption of I" on certain crystal planes to regulate
the Zn growth orientation.

Zn||Cu batteries were assembled to further explore the
influence of I on the electrochemical reaction kinetics of Zn
deposition/dissolution on the surface of Cu metal. According to
the cyclic voltammetry (CV) results, upon the introduction of Lil
additive, the reaction current density significantly increased,
accompanied by a notable decrease in the nucleation over-
potential value of Zn from 0.065 V to 0.029 V in the first cycle
(Fig. 2a and Fig. S14, ESIY), indicating that the LiI additive
significantly enhanced the kinetics of Zn deposition/dissolu-
tion. Furthermore, the Tafel curves exhibited consistent find-
ings. In the LiI-ZnSO, electrolyte, the exchange current density
surged to 7.685 mA cm™ >, exhibiting a notable increase com-
pared to the 0.090 mA cm ™2 observed in the ZnSO, electrolyte
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(Fig. 2b). Chronoamperometry (CA) experiments were con-
ducted to further investigate the Zn deposition behavior
(Fig. 2¢). In the ZnSO, electrolyte, when applying a —100 mV
overpotential, the current density continued to increase within
200 seconds, indicating a growth mechanism being primarily
governed by 2D diffusion of Zn**. In contrast, in the LiI-ZnSO,4
electrolyte, the Zn deposition behavior transitioned from the
initial 2D diffusion of Zn>" to the 3D diffusion of Zn>" within
the first few seconds and subsequently maintained a stable
current density. Meanwhile, in the LiI-ZnSO, electrolyte, the
current density was significantly higher than that in the ZnSO,
electrolyte, further confirming the capability of I" in accelerat-
ing the kinetics of Zn deposition. In addition, we also studied
the CV (Fig. S15a and b, ESIt), Tafel (Fig. S16a and b, ESIt), and
CA (Fig. S17a and b, ESI¥) results on other halide anions as the
additives, such as chloride ions (Cl") and bromide ions (Br™).
Both Cl™ and Br~ demonstrated the capability to accelerate the
reaction kinetics of Zn deposition/dissolution and reduce the
nucleation overpotential value of Zn, being similar to I . Mean-
while, their accelerating effects followed the order I" > Br~ >
Cl™. Furthermore, the reversibility of the Zn deposition/disso-
lution process was investigated in ZnSO, electrolytes with and
without Lil, under the specific conditions of 10 mA cm™~> and 5
mA h cm 2 Based on the actual weight of the Zn foil, the
calculated actual utilization rate of Zn foil was approximately
53.8%. The Zn|/Cu battery delivered a high average coulombic
efficiency (CE) of 99.9% during 50 cycles in the electrolyte with
Lil, with an initial CE (ICE) of 99.9% (Fig. 2d). The CE values
demonstrated in our work have significantly exceeded the
values reported in previous literature (Fig. S18, ESIt). In con-
trast, the ICE was only 97.1% in the electrolyte without Lil.
Furthermore, the voltage hysteresis between charging and
discharging decreased from 102.0 mV without Lil to 77.5 mV
with Lil (Fig. 2e). As depicted in Fig. 2f, the charge-discharge
curve was obviously abnormal after 16 cycles in the electrolyte
without Lil, whereas a relatively stable charge-discharge curve
was maintained even after 50 cycles in the electrolyte with Lil.
Furthermore, optical images after 10 cycles revealed a signifi-
cant black residue on the surface of the Cu foil in the ZnSO,
electrolyte, while the Cu foil surface remained bright in the LiI-
ZnSO, electrolyte (Fig. S19a and b, ESIt), which suggested the
introduction of I inhibiting the formation of ‘“dead Zn”.
Similar tests were also conducted in the Li,SO,~ZnSO, electro-
lyte to eliminate the influence of Li" (Fig. S20a and b, ESIt). The
results showed a relative improvement in the cycling stability of
the Zn|Cu battery, but no significant enhancements were
observed in polarization and ICE. Furthermore, the rate cap-
ability of Zn|Zn batteries in two electrolytes was tested. The
results demonstrated that the Zn||Zn battery could easily with-
stand a high current density of 50 mA cm™? in the Lil-ZnSO,
electrolyte, while this was unattainable in the ZnSO, electrolyte
(Fig. 2g). Long-term cycling tests revealed that the Zn||Zn
battery exhibited excellent stability in the LiI-ZnSO, electrolyte,
maintaining stable cycling for 400 hours. However, its cycling
life fell short of 100 hours in the ZnSO, electrolyte (Fig. 2h).
Additionally, characterization of the Zn anode after cycling
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indicated that I regulation effectively reduced dendrite for-
mation and side reactions (Fig. S21a-f, ESIt). The above results
indicated that I" significantly enhanced the kinetics of Zn
deposition/dissolution, reduced the nucleation overpotential
of Zn, and markedly improved the reversibility, cycling stability,
and rate capability of the Zn anode.

To further understand the I" regulation mechanism of the
interfacial electrochemical reaction process that occurred during
Zn deposition, the energy barriers during the electrochemical
reaction process were studied via DFT calculations. According to
the Marcus theory, the reduction reaction of Zn>" is hypothesized
to involve two main processes. In the first process, solvated Zn>*
accepts electrons to form monovalent Zn" intermediates, which
then undergo desolvation. In the second process, these desol-
vated intermediates are then adsorbed onto the substrate surface
for the subsequent reduction and deposition. The first process is
generally considered the rate-determining step. Therefore, our
focus was to understand the regulation mechanism of I" in the
first step reduction process of Zn>'. Fig. 3a depicts the Gibbs

7376 | Energy Environ. Sci., 2024, 17, 7372-7381

activation free energy curve for the Zn>* reduction reaction
process in the Lil-ZnSO, electrolyte. Initially, the solvated Zn>*
underwent recombination with the solvated sheathing layer,
while simultaneously experiencing an electron transition, result-
ing in the formation of the active intermediate ZnI(H,0)s. This
intermediate subsequently underwent a desolvation process and
then was adsorbed onto the substrate surface for the electron
transfer and deposition process. The Gibbs activation free energy
of the charge transfer process (AG}) was calculated using the four-
point method based on the Marcus theory, as illustrated in
Fig. 3b.>*”® The Gibbs activation free energy of the desolvation
process (AG3) was determined by calculating the energy differ-
ence between solvated and desolvated structures. The structures
of key intermediates for two electrolytes are also presented in
Fig. S22a-f (ESIT). For the ZnSO, electrolyte, previous studies
indicated that the charge transfer process of Zn>* involved the
participation of OH™ to stabilize the active Zn" intermediate.*®
That means in the Marcus charge transfer process, the electron
first transfers from H,O to Zn>" via the Zn-OH bonds, leading to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Mechanism investigation of the I~ involved interfacial electrochemical reaction process on the Zn anode. (a) Schematic illustration of the interfacial
electrochemical reaction process in the Lil-ZnSO,4 electrolyte (according to the Marcus charge transfer process and the desolvation process). (b) Schematic
illustration of the calculation method for the energy barriers in the Marcus charge transfer process. (c) The calculated Gibbs activation free energy. (d) and (e) EIS of
the Zn electrodes in the electrolytes with and without Lil at different temperatures. (f) The calculated activation energies of both Zn electrodes in symmetric batteries
by using the Arrhenius equation. Schematic illustration for the Zn?* charge transfer process in the electrolyte (g) without or (h) with the Lil additive.

the disruption of the H-OH bond within the coordination water
molecule and the formation of the Zn(OH)(H,O)s intermediate,
followed by a subsequent desolvation process.*” Fig. 3c illustrates
the corresponding calculated Gibbs activation free energy asso-
ciated with this process. It is worth noting that the AG5 of the
Zn(OH)(H,0)s intermediate was calculated to be less than 0,
indicating the spontaneous nature of the desolvation process.
According to the calculated Gibbs activation energy value, the
underlying mechanism for the accelerated kinetics of Zn deposi-
tion in the Lil-ZnSO, electrolyte might lie in the significant
reduction of the Marcus charge transfer energy barrier from
Zn*" to Zn" (AGY). In addition, the Gibbs activation free energies
of the above process were also calculated similarly by replacing I~
with other halide ions CI” and Br, as illustrated in Fig. S23
(ESIT). The corresponding structures of key intermediates are
depicted in Fig. S24a-f (ESIt). Comparing the Gibbs activation
free energy for the different solvation structures of Zn(H,0)s>"
and ZnX(H,0)s" (X =1, Br, Cl), it could be generally deduced that
the accelerated kinetics of Zn deposition by halide ions might

This journal is © The Royal Society of Chemistry 2024

stem from their significant reduction of their Marcus charge
transfer energy barrier from Zn>* to Zn". However, the variation
in kinetics acceleration by different halide ions could be attrib-
uted to the difference in their desolvation energy barriers.

Furthermore, the variable-temperature electrochemical
impedance spectroscopy (EIS) method was also employed to
investigate the kinetics of Zn deposition. The Zn||Zn batteries
in the LiI-ZnSO, electrolyte exhibited a significantly smaller
semicircle, representing a smaller interfacial charge transfer
resistance (Fig. 3d and e), which is because the I -rich EDL
reduces the spontaneous corrosion and I ions lower the
charge transfer energy barrier while maintaining a low desolva-
tion energy barrier for Zn**, thereby accelerating the charge
transfer kinetics at the interface of the Zn anode (Fig. S25a-c,
ESIt). The Arrhenius equation can be used to analyze the
activation energy, E,, as follows:

1—Aex £
R, JOP\TRxT
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where R represents the interfacial resistance, A denotes the
frequency factor, R is the gas constant and T indicates the
absolute temperature.*®*® The calculation showed a lower
activation energy E, (29.3 k] mol ') in the LiI-ZnSO, electrolyte
compared to the ZnSO, electrolyte (42.0 k] mol™') (Fig. 3f),
indicating that the Zn deposition barrier in the former was
significantly lower than that in the latter. Furthermore, dis-
tribution of relaxation times (DRT) analysis was conducted on
the charge transfer process of Zn*>* in two electrolytes (Fig. S26a
and b, ESIt). The low log[z(s)] region corresponded to the zinc
hydroxide sulfate (ZHS, Zn,SO,(OH)sxH,0) by-products, and
the intermediate log[t(s)] region encompassed the charge trans-
fer process of Zn**, including the adsorption and desolvation of
Zn*", as well as the migration of Zn**, Zn*, and Zn°.***! Mean-
while, the high log[t(s)] region was associated with the diffu-
sion of active Zn>". It was evident that two types of diffusion
existed in the high log[t(s)] region in the electrolyte containing
Lil, and we hypothesized that one of them may be related to the
I -coordinated hydrated zn**.**

Based on the experimental results and theoretical calcula-
tion results presented above, we can propose the potential
mechanisms for the charge transfer process of Zn>" in electro-
lytes with and without the LiI additive. As illustrated in Fig. 3g,
in the pristine ZnSO, electrolyte, a water-rich inner Helmholtz
layer is initially formed on the substrate surface due to the
polarizing effect of water molecules. During charging, electrons
accumulated on the substrate surface are transferred to Zn>* via
the Zn-OH bonds in the coordination water molecule. This
transfer process causes the breaking of the H-OH bond, result-
ing in the formation of the Zn(OH)(H,0)s intermediate. However,
this process is hindered by the high Marcus charge transfer energy
barrier, resulting in a slow reaction rate. In addition, the nuclea-
tion growth of Zn atoms shows irregular deposition behavior due
to the absence of any discernible preferred orientation. On the
other hand, as illustrated in Fig. 3h, with the introduction of Lil
additive, the adsorption of I transforms the originally water-rich
inner Helmholtz layer into an I -rich inner Helmholtz layer.
During the charging process, the Zn(H,0)s>" driven by the electric
field coordinates with interfacial I to form ZnI(H,O)s" complexes.
Subsequently, electrons are transferred through the Zn-I bond,
leading to the formation of the ZnI(H,0)s intermediate. Due to a
notably reduced Marcus charge transfer energy barrier, this
process is rapid and so effectively accelerates the reaction kinetics
of initial heterogeneous Zn nucleation. With the electrodeposition
continuing, at the early stage of Zn plating, due to the tendency of
I" to be adsorbed on the Zn (100) and Zn (101) crystal planes
compared to the Zn (002) plane, the Zn growth onto these crystal
planes is promoted. The crystal growth theory suggests that crystal
planes with faster growth rates tend to be prone to being over-
lapped by adjacent crystal planes, resulting in their shrinkage or
even disappearance.’®** This eventually leads to the Zn plating
with the dominating Zn (002) orientation. Overall, we can deduce
that the regulation of early-stage Zn nucleation and growth by I™
contributes to achieving highly reversible Zn deposition/dissolu-
tion, thus holding great potential for high-performance anode-
free AZMBs.
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Furthermore, the commercial activated carbon (AC) as the
cathode iodine carrier and commercial Cu foil as the anode Zn
carrier, with the incorporated electrochemically active I and
Zn** from the Lil-ZnSO, electrolyte were assembled to an
anode-free Zn|iodine battery (also referred to as Cu||AC). As
the active Zn>* and I~ are both from the electrolyte rather than
from either electrode, this test can be showcased as the proto-
type for an anode-free Zn|iodine flow battery. Initially, the
reaction kinetics of this system was investigated through CV
curves at varied scan rates. The CV curves predominantly
exhibited a pair of redox peaks corresponding to the single-
electron transfer process of I" (Fig. 4a). Moreover, the peak
currents (7,) and scan rates (v) in CV tests follow the formula:

- b
I, =av

where a represents a constant and b is interpreted as the slope
of the fitted line.*> When the b value approaches 0.5, it
indicates a diffusion-controlled process, while the b value
approaching 1.0 suggests a capacitive-controlled process. As
shown in Fig. 4b, it could be observed that the b values for the
pair of redox peaks in this system are both approaching 0.5,
implying that the primary electrochemical reaction in this
system is diffusion-controlled. The contribution ratio of
capacitive-controlled processes to diffusion-controlled pro-
cesses was further calculated (Fig. S27, ESIT). This suggested
that the energy storage mechanism of the system was primarily
attributed to the Faraday battery reaction of I" to iodine atoms
(1%), rather than a non-Faraday capacitive reaction related to AC.
Furthermore, the rate performance test on the Cul|AC battery at
current densities of 10, 20, 30, 40, and 50 mA cm > was
conducted, revealing approximate areal capacities of 1.60, 1.51,
1.43, 1.37, and 1.31 mA h cm ™2, respectively. Converting these
values based on the mass of AC yielded mass-specific capacities
of 140.3, 132.5, 126.0, 120.6, and 115.2 mA h g~ " (Fig. 4c). The
corresponding rate curves indicated minimal voltage hysteresis,
suggesting the exceptional high-rate performance for this system
(Fig. 4d). Additionally, the Cu||AC battery maintained an areal
capacity of 1.59 mA h ecm™? after 1000 cycles at 10 mA cm ™2,
corresponding to a mass-specific capacity of 131.5 mA h gyc ™"
and a capacity retention of 92.8% (Fig. 4e). The gradual increase
in initial capacity could be attributed to the progressive wetting of
the AC electrode and the removal of oxygen functional groups,
which corresponded to the gradual improvement in electrode
reaction kinetics (Fig. S28 and S29, ESIt).*® Moreover, SEM and
transmission electron microscopy of Cu foil and AC before and
after cycling were conducted, as shown in Fig. S30a-f and S31
(ESIt). Furthermore, it also delivered 0.99 mA h cm > after
10000 cycles, corresponding to a mass-specific capacity of
84.8 mA h g, ', with an 88.2% retention at an ultra-high current
density of 50 mA cm™> (Fig. 4f). Conversely, the Cu||AC battery
assembled with the ZnSO, electrolyte exhibited near zero capacity
attenuation after less than 100 cycles at 10 mA cm™ 2 (Fig. S32, ESIt).
Additionally, pouch Cul|/AC batteries with capacities of 28.5 mA h
(4 x 4 ecm®) and 824 mA h (8 x 8 cm®) exhibited excellent
cycling stability, retaining 75.7% and 71.6% of their capacities
after 200 and 500 cycles, respectively (Fig. S33a and b, ESIt).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Electrochemical performances of anode-free Zn|iodine batteries.

(a) CV curves of the Cu||AC battery at varied scan rates. (b) The correlation

between peak currents and scan rates. (c) Rate capability of the Cu||AC battery and (d) the corresponding charge and discharge curves at varied cycling

numbers. (e) Cycling performance of the Cul|/AC battery at 10 mA cm™2

In addition, commercial activated carbon cloth (ACC) as a cathode
iodine carrier was applied to study the evolution of anode during
the operation of the Cu||ACC full battery in the ZnSO, electrolyte
with Lil. The optical photos in Fig. S34a-f (ESIf) reveal the
reversible formation and disappearance of Zn deposits with the
charge/discharge process, mirroring the corresponding XRD pat-
terns in Fig. S35 (ESIT). Interestingly, the by-product ZHS also
exhibited similar changes and the reversible formation and dis-
appearance during the charge and discharge process. In addition,
the energy-dispersive X-ray spectroscopy mapping and the corres-
ponding atomic content analyses of elements aligned well with
the XRD results (Fig. S36 and Table S1, ESIt). In particular, the
iodine element was clearly detected on the surface of Cu foil
during the Zn deposition process but vanished upon Zn dissolu-
tion, confirming the active participation of I during the Zn
deposition process. In summary, on the anode side, the I
regulation on the electrochemical reaction interface enables the
highly reversible Zn deposition/dissolution on the surface of Cu
foil, whereas on the cathode side, I serves as the redox-active
species. The highly reversible and high-rate aqueous anode-free

This journal is © The Royal Society of Chemistry 2024

. (f) Cycling performance of the Cul||AC battery at 50 mA cm

-2

Zn-iodine battery demonstrates its significant potential for prac-
tical applications, particularly in anode-free Zn-based flow
batteries.

Conclusions

In conclusion, an innovative approach to achieve high-
performance anode-free AZMBs was demonstrated by simply
adding Lil as the additive into the electrolyte. The underlying
mechanism of I regulating the early-stage Zn nucleation and
growth process was identified by experimental results and
theoretical calculations. Initially, the formation of an I -rich
electrochemical double layer reduces the Marcus charge trans-
fer energy barrier of Zn*" ions, hence significantly lowering the
heterogeneous nucleation overpotential of Zn. Subsequently, I
ions are preferentially adsorbed onto the Zn (100) and Zn (101)
crystal planes compared to the Zn (002) plane, thereby promot-
ing the Zn growth onto these two planes and leading to the Zn
plating with the dominating Zn (002) orientation. As a result,
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the assembled Zn||Cu asymmetric batteries demonstrated an
extremely high CE (99.9% of ICE and 99.9% of average CE during
50 cycles at 10 mA cm ™ 2). Furthermore, the assembled anode-free
Zn|iodine battery exhibited superior cycling stability and high-
rate performance, with a maintained capacity of 0.99 mA h cm ™2,
corresponding to an 88.2% retention after 10000 cycles at
50 mA cm 2. This work provides valuable insights into the
electrochemical reaction interface regulation of anode-free
AZMBs, where I ions at the interface effectively regulate the
early-stage Zn nucleation and growth, leading to a highly rever-
sible and high-rate Zn anode. This approach demonstrated can
also be applied to other anode-free metal batteries.
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