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ABSTRACT

Aqueous zinc batteries are highly attractive for large-scale storage applications owing to their
inherent safety, low-cost, and durability. Yet, their advancement is hindered by a dearth of positive
host materials (cathode) due to sluggish diffusion of Zn?* inside solid inorganic frameworks. Here,
we report a novel organic host, tetrachloro-1,4-benzoquinone (also called: p-Chloranil), which due
to its inherently soft crystal structure can provide reversible and efficient Zn>* storage. It delivers
a high capacity of >200 mAh g! with a very small voltage polarization of 50 mV in a flat plateau
around 1.1 V, which equate to an attractive specific energy of > 200 Wh kg! at an unparalleled
energy efficiency (~95%). As unraveled by density functional theory (DFT) calculations, the
molecular columns in p-Chloranil undergo a twisted rotation to accommodate Zn?*, thus restricting

the volume change (-2.7%) during cycling. In-depth characterizations using operando X-ray
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diffraction, electron microscopy, and impedance analysis reveal a unique phase evolution, driven
by a phase transfer mechanism occurring at the boundary of solid and liquid phase, which leads to
unrestricted growth of discharged/charged phases. By confining the p-Chloranil inside
nanochannels of mesoporous carbon CMK-3, we can tame the phase evolution process, and thus

stabilize the electrochemical cycling.

INTRODUCTION

Industrialization brought tremendous societal changes at an extraordinary speed, but it came at
huge costs to our environment, and eventually to the health of all living beings. The scientific
consensus is very clear now that we are on the verge of a significant and possibly dramatic climate
change, which has raised the call for an environmentally sustainable energy economy based on
renewable energy sources like solar and wind.! However, these energy resources are not viable
without efficient energy storage. Therefore, renewable energy generation coupled with
electrochemical energy storage has gained enormous prominence around the world, pushing forth
considerable advances in the last decade. Lithium ion batteries (LIBs), which are ubiquitous in
portable electronics and electric vehicles due to their high energy and power densities, seem like
an obvious choice due to their market readiness and validation.>* However, factors like
constrained resource (low abundance of lithium in Earth’s crust, vulnerable geopolitical
distribution), high cost, safety concerns, and poor recycling infrastructure limit their applicability
in large-scale stationary storage where safety, cost, and durability are more of a concern than

weight or size.>

Among beyond lithium ion energy storage systems, multivalent (Zn**, Mg>*, AI**) ion
batteries, which not only offer potential cost benefit but may facilitate superior volumetric

capacities, have attracted substantial interests.””'® Aqueous zinc batteries (AZBs) are particularly



intriguing owing to zinc’s high abundance and nontoxicity.'” Most importantly, zinc has low redox
potential (-0.76 V against Standard Hydrogen Electrode), and high kinetic overpotential for
hydrogen evolution, which renders it stable in water. The issues of poor rechargeability and
dendrite formation, typical in alkaline electrolytes, is thwarted by using mildly acidic to near-
neutral (pH: 4-6) electrolytes,? resulting in rechargeable AZBs with a kinetic voltage window
exceeding 2 V (Figure S1). However, there are not many positive host materials that can reversibly
host Zn**. The problem stems from small size of Zn** (Shannon radii of 0.74 Ais comparable to
Li*’s 0.76 A in 6 fold coordination) and its double valence — thus, high charge density, which
imposes greater energy barrier for ion mobility in solids due to strong Coulomb interaction with
the surrounding anionic lattice.?! Although layered and tunneled inorganic structures with wide
ion migration pathways have shown promise, use of nano/submicrometer particles is crucial to

circumvent the issue of sluggish solid-state diffusion.??2°

Organic molecular solids, which have attracted ample interests for both monovalent (Li",
Na*, and K*) and divalent (Mg?*) cation storage in recent times, offer an interesting alternative to
inorganic structures.?’3!1® These materials, held together by weak intermolecular van der Waals
forces, pose only a modest Coulomb repulsion to the diffusing cations. Furthermore, their
malleable and soft lattice may allow molecular reorientation for facile and reversible intercalation
of hard divalent cations. This is what we observe for Zn?* intercalation in tetrachloro-1,4-
benzoquinone (also known as p-Chloranil, where p: para) from mildly acidic aqueous electrolytes.
Upon discharge (reduction), p-Chloranil delivers a large specific capacity of > 200 mAh g,
corresponding to 1 Zn**/2¢e” reduction per formula unit, in a flat plateau around 1.1 V. Remarkably,
structural evolution as probed by Operando X-ray diffraction combined with scanning electron

microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and Electrochemical Impedance



Spectroscopy (EIS) studies reveal a unique phase transformation between p-Chloranil and Zn-p-
Chloranil (i.e., Zn2+—p—Chlorani12') via a water assisted phase transfer mechanism. As a result, the
discharged/charged phases grow as large microstructures, a part of which loses contact with the
electrode every cycle, leading to capacity fading. Details of the structural change as projected by
DFT unravels a rotation molecular columns in p-Chloranil to accommodate the inserting Zn**, and
a relatively small volume change (-2.7%) for the Zn?* storage. To tackle the unhindered evolution
of the discharged/charged phase, p-Chloranil was confined inside mesoporous nanochannels of
CMK-3 carbon, which dramatically restricts the growth of discharge/charge products, and thus

enhances the electrochemical reachargeability and cyclability significantly.

RESULTS AND DISCUSSION

Electrochemical Zn?* storage in p-Chloranil. Quinones have been extensively explored as
cathode materials for nonaqueous lithium and sodium ion batteries as the carbonyl reduction
potential is easy to tune by modifying the functionalization of quinone derivatives.?’>>*> While
such quinone-based batteries deliver high capacity and energy density, solubility of quinones and
corresponding reduction products in typical organic electrolytes and consequent capacity fading
with battery cycling pose a serious problem. Interestingly, some quinones like p-Chloranil are
completely stable and insoluble in aqueous electrolyte,*” thus making it possible to use p-Chloranil
as a solid cathode in aqueous batteries. Figure 1a shows the cyclic voltammograms (CV) of p-
Chloranil in 1M zinc trifluoromethanesulfonate (Zn(OTf)2) in water (pH ~4.45). A mixture of p-
Chloranil with Super P® carbon and a water based composite binder (carboxymethylcellulose
(CMC) and styrene-butadiene rubber (SBR)) in 60:35:5 weight ratio (see methods in
supplementary information for details) served as the positive electrode, while a Zn foil was used

as the negative. Notably, both negative (Zn) and positive (p-Chloranil) redox couples fall well



within the working potential window of the electrolyte (~2.5 V) bounded by H> and O evolution
reactions (Figure S1a and b). The CV curves are reproducible (Figure S1c) and feature only one
cathodic (reduction) and one anodic (oxidation) peak indicating a single step reduction/oxidation
of p-Chloranil. Overall, the Zn — p-Chloranil couple displays an average working voltage of 1.1 V
with a very small hysteresis. The redox kinetics was probed by performing CV at various scan

rates as shown in Figure 1b. Increasing scan rate shifts the cathodic peak to lower potential and
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Figure 1. (a) Cyclic voltammograms (CV) of the Zn anode (black line) against the p-Chloranil cathode (red
line) in 1 M Zn(OTf)»-H,0 electrolyte at 5 and 0.1 mV s, respectively. (b) CV curves of the p-Chloranil
cathode at various scan rates. (c) The logarithmic relationship of peak current with scan rate for the CV
curves in (b). (d) Voltage-capacity profiles of the p-Chloranil cathode at a C/5 rate (1C: 217 mA g')ina
0.8-1.4 V window against Zn. The labels indicate the cycle number.

the anodic peak to higher potential due to worsened polarization. The linear fit of the logarithmic
relationship of peak current and scan rate (Figure 1c) reveals that slopes for both anodic and

cathodic peaks are nearly 0.5, suggesting a predominantly diffusion controlled kinetics for faradic



Zn* storage in p-Chloranil.>* Presumably, the soft organic lattice combined with facile adsorption
of Zn** by quinol groups (resulting from quinone reduction) leads to a fast solid-state diffusion of
Zn*. This is further evident from the galvanostatic charge/discharge curves (Figure 1d), which
displays a very small polarization of ~50 mV between charge and discharge plateau. The low
voltage polarization translates to a very high energy efficiency of ~95% that is unparallel among
state of the art inorganic Zn>* host materials. The first discharge capacity of 205 mAh g!is
comparable to 1 Zn**/2e” reaction (217 mAh g!) occurring in a single plateau, which points to a
biphasic electrochemical process. This single plateau feature is quite distinct compared to the
nonaqueous Na* (de)insertion in p-Chloranil, where two voltage plateaus appear (separated by 0.3
V) with the formation a stable Naj 5 intermediate phase.>**> Stabilization of the intermediate phase
leads to incomplete electrochemical reaction and lower Na* storage capacity of ~150 mAh g,
Such difference in behavior for Zn** vis-a-vis Na* insertion is quite reasonable considering Zn?*
is quite small (0.6 A in 4-fold coordination) compared to Na* (1.00 A), and only one Zn’* is
(de)inserted during the electrochemical process against two Na*. However, dissimilar
electrochemical mechanism — specifically, different charge transfer process - in the two systems
can also be responsible for the different electrochemical behavior. As evident from Fig. 1d,
galvanostatic charging also proceeds in a single plateau, but a fraction of the discharge capacity is
not recovered at the end of charge. Incomplete charging in every cycle results in steady capacity

decay, leading to a retention of only 70 mAh g! at the end of 30 cycles.

Mechanism. Instability and dissolution of p-Chloranil in the electrolyte can be a possible source
of the capacity decay. However, that hypothesis could be discarded as visually no coloration of
the electrolyte was observed during cell cycling (Figure S2). Cycled electrolyte (after 10 cycles)

probed further by FTIR showed no extra band compared to the pure electrolyte, which confirmed



the absence of dissolution mechanism (Figure S3). In order to understand the influence of
phase/structural evolution of p-Chloranil on Zn** storage, X-ray diffraction was performed in-
operando during electrochemical discharge/charge (Figure 2a and 2b). The commercial p-
Chloranil (commercial) displays a P 2;/c monoclinic crystal structure. Milling with carbon for

electrode fabrication leads to small peak broadening, but the structure remain intact (Figure 4).
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Figure 2. X-ray diffraction patterns of the p-Chloranil electrode during the (a) first discharge (bottom left)
(b) and charge (upper left) cycled at a C/5 rate (1C: 217 mA g') in a 0.8-1.4 V window against Zn. The
black upward facing arrows in the discharge and charge profiles indicate the primary diffraction peaks of p-
Chloranil (charged phase) and Zn-p-Chloranil (discharged phase), respectively. Typical SEM image of the
(c) pristine, (d) discharged, and (e) charged p-Chloranil-Super P electrodes showing the morphology
evolution as a function of discharge/charge. Inset in (d) and (e) shows the magnified image of the discharged
Zn-p-Chloranil fibers and charged p-Chloranil rhombus particles, respectively.



During discharge, the most intriguing structural transformation is the disappearance of p-Chloranil
peaks and the appearance of a completely new set of peaks. With progressive Zn** insertion, the
intensity of p-Chloranil peaks gradually diminish and the new peaks increase in intensity, although,
they all remain unaltered in position. This behavior is indicative of a biphasic structural evolution,
which is also apparent from sharp reduction/oxidation peaks in CV and flat plateau in galvanostatic
profile. A reverse evolution occurs during charge with the p-Chloranil peaks being fully restored
at the end of the charge process, indicating a high reversibility of the Zn>* (de)insertion mediated
phase transformation. Although a small discrepancy between the inserted and extracted Zn>*
amount (x; Fig. 2a and b) is apparent, no peaks corresponding to the zinc-inserted phase is detected
after charge, possibly due to its small fraction (~2.5%). Therefore, SEM coupled with EDX was
performed to elucidate the composition and nature of the discharged and charged products. SEM
revealed a remarkable morphology transformation accompanying the phase transition during
discharge/charge process (Figure 2c-e). The pristine electrode consists of carbon particles coated
with a film of p-Chloranil. Upon discharge, this film converts to highly homogeneous fibers of
several tens of micrometers in length and <I pm in diameter. Interestingly, on charging, the fibers
do not convert back to the film, but transform to nonuniform rhombus particles of 5-20 um in
dimension. In agreement with incomplete electrochemical charging, a small amount of partially
reacted fibers 1s found on the charged electrode. Such morphology evolution during
electrochemical cycling can be explained by a water assisted phase transfer mechanism as depicted
in Figure 3. A single step 2e” reduction of p-Chloranil during discharge leads to the formation of
quinoxide dianions, which react with water protons as a Brgnsted base to form soluble quinols at
the solid-liquid phase boundary of the cathode and electrolyte. The quinol molecules then

instantaneously undergo a metathesis with Zn>*, which are in high abundance in the electrolyte,



driven by the free energy of formation of solid crystalline Zn-p-Chloranil (ZnCsCl402). Charge
follows a reverse course: water protons react with the surface of the Zn-p-Chloranil fibers to form
quinols, releasing Zn* into the electrolyte. Soluble quinols are then oxidized on the carbon surface

with concomitant crystallization of p-Chloranil. The proposed phase transfer mechanism, which is
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Figure 3. Schematic illustration of the H,O assisted phase transfer mechanism for the formation of the
discharged — Zn-p-Chloranil (grey fibers) and charged — p-Chloranil (yellow rhombus). Black spherical/oval
particles are Super P carbon while the thin yellow shell on the carbon particles (upper section) stands for
the p-Chloranil in the pristine electrode. The reactions presented inside the dotted box proceed at the phase
boundary of solid electrode and liquid electrolyte. During discharge, p-Chloranil reduces at the solid
electrode and reacts with water protons to form quinols at the solid/solution interface. The quinols
subsequently undergo metathesis with Zn>* to form insoluble Zn-p-Chloranil that nucleates and grows as
fibers. Charge follows a reverse proceeding: Zn-p-Chloranil exchanges protons with water to form soluble
quinols, which then oxidize at the carbon surface and grow as rhombus particles of p-Chloranil.

a well-established technique in organic synthesis, is believed to proceed at the boundary between
immiscible phases (here, solid and liquid), and therefore bulk diffusion of active species to the
counter electrode can be neglected. Growth of Zn-p-Chloranil fibers and p-Chloranil rhombus
particles most occur anisotropically, promoted most likely by the surface energy anisotropy of

different crystal facets. Careful EDX analysis of the discharged — fibers, charged — rhombus



particle and the remnant fibers in the charged electrode confirmed their composition. The fibers
are indeed the result of 1 Zn>* reaction per p-Chloranil unit, in perfect accordance with the
electrochemical results, while the rhombus crystals are recharged p-Chloranil, containing a

negligible amount of zinc (Figure S5).

EIS measurements were performed at different state of discharge/charge (as indicated in
Figure 4a) to understand the kinetics of the p-Chloranil — Zn-p-Chloranil phase transformation
closely. The corresponding Nyquist plots are shown in Figure 4b, where the frequency decreases
from left to right on the ‘x’ (Re(Z)) axis. All the impedance profiles can be decomposed into the
following components: a small Ohmic resistance at high frequencies (>200 kHz) corresponding to
the electrolyte and contact resistance in the cell; a high-medium frequency (200 kHz — 100 Hz)
capacitive semicircle related to the electrochemical charge transfer at the interface; a medium-low
frequency (100 Hz — 1 Hz) inductance loop typically associated with the relaxation of species (of

ions, molecules) adsorbed on the electrode surface;®’

and a low frequency (<1Hz) solid-state
diffusion component. EIS measurements performed under different dc bias current further
validated the assignment of the capacitive semicircle to the charge transfer step (Figure S6). A
clear shrinkage of the capacitive arc is observed with increasing bias current as anticipated for a
charge transfer process.*® Overall, the charge transfer resistance during charge becomes half that
of discharge, indicating a slightly faster kinetics for the charge reaction. This is also evident from
the smaller (9 mV) overpotential (difference between the charge/discharge potential and
equilibrium potential at point B/D) during charge compared to discharge (20 mV). This can be
explained by the relatively large surface area of Zn-p-Chloranil microfibers accessible for the

phase transfer mediated charge transfer process (see above). Intriguingly, on a closer look the

capacitive semicircle appears like a combination of two depressed capacitive arc of slightly
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Figure 4. (a) Galvanostatic discharge/charge profiles of the p-Chloranil cathode where the labels A to E
indicate different depth of discharge/charge at which impedance (EIS) measurements were conducted. The
cells were equilibrated for 0.5 h before each measurement. The blue boxes at point B and D highlight the
voltage polarization during discharge and charge, respectively, as obtained from the difference of
discharge/charge voltage and the equilibrium voltage. (b) Nyquist plots corresponding to the impedance
measurements. Fitting (solid black line) of the impedance data (black circles) collected at point (c) B and
(d) D with the model shown in (e). The red doted arcs are for guidance; the first one (left, high frequency)
corresponds to the ion transfer at the interface, while the second one (right, low frequency) represents the
nucleation of solid Zn-p-Chloranil on the cathode. R, Ohmic resistance; Q, non-ideal capacitor; La, non-

ideal inductor.

different time constants. This became apparent while fitting the impedance data with a model
circuit, as a single capacitive arc lead to inferior fit and odd parameter values. Figure 4c and 4d
show the fitting of the Nyquist impedance collected at point B and D, which are around halfway

during discharge and charge, respectively. Better fit was obtained considering a two-step charge
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transfer model (Figure 4e) for the transformation of p-Chloranil to Zn-p-Chloranil: a fast ion
(Zn>*) transfer (higher frequency capacitive arc) at the electrolyte/electrode interface (for p-
Chloranil to p-Chloranil* transformation), followed by a slightly slower (lower frequency
capacitive arc) nucleation of the solid Zn-p-Chloranil on the cathode surface. The two arcs are
manually denoted in Fig. 4c and 4d (red dotted arcs) for guidance. As expected, the resistance to
ion transfer remains nearly the same from discharge to charge; however, the resistance associated
with the solid nucleation (or dissolution during charge) decreases by more than half during charge
(Table S1). This is an outcome of the large exposed surface area of the Zn-p-Chloranil fibers

available for the charge transfer reaction, as discussed above.

DFT insight into the structural transformation. In order to gain further insight into the Zn>*
insertion process, it was imperative to obtain structural information of the resultant phase, but
quality of the diffraction data forbade an ab initio structure solution. Therefore, first principles
density functional calculations were carried out to elucidate the possible structure of Zn— p-
Chloranil, i.e., Zn-C¢Cl1O2 (see experimental methods for details). Table 1 lists the experimentally
obtained lattice parameters, compared with the values predicted by DFT for the lowest energy
solution. While experimental data is indexed to a monoclinic cell with a B angle of 94.03°, the DFT
structure shows a slightly distorted monoclinic phase with B = 99.58°. Overall, the predicted DFT
model shows a good agreement with the experimental results and reproduces the primary
diffraction peaks of the experimental pattern within shifts (Figure S7). It is important to note that
the experimental pattern was obtained from the operando cell, and due to the anisotropic structure
of the discharged Zn-p-Chloranil, many diffraction peaks are low intensity or missing. Figure 5a
and 5b show the fully relaxed structure of pure p-Chloranil and Zn** inserted p-Chloranil,

respectively. Remarkably, upon insertion of Zn** the p-Chloranil molecules undergo a squeezing

12



Cell parameters Experiment DFT
a(A) 7.37 7.37
b (A) 4.64 4.62
¢ (A) 12.65 12.51
o (%) 90 88.90
B () 94.03 99.58
v () 90 90.19

Table 1. Comparison of the cell parameters of Zn-p-Chloranil obtained by indexing the experimental X-ray
powder pattern, and DFT calculations.

Figure 5. Structural models of (a) p-Chloranil and (b) Zn-p-Chloranil (Zn*CsCl4O,) as obtained from DFT
structural optimization. The curved arrows in (a) show the direction of the rotation of the p-Chloranil
molecular columns upon Zn** insertion. Color code: C (brown), Cl (green), O (red), and Zn (grey). CI-Cl,
0-0, and C-C (which is actually the distance between two adjacent aromatic rings in the molecular column)
distances in (c) p-Chloranil and (d) Zn-p-Chloranil.

reorientation in order to accommodate the inserted ions. The reorientation can be understood as
the rotation of stacked Chloranil columns driven by the insertion of Zn>* ions, which increases the

O-O distance and decreases the CI-Cl distance compared to Chloranil (Figure Sc and 5d). The

atomic distances change as a consequence of the coordination of Zn** with two O and CI of two
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Chloranil molecules of adjacent columns, housing Zn>* in a slightly distorted tetrahedral
environment. Moreover, Zn** accommodation results in shortening of the d spacing between (100)
and (010) planes (Figure S8) as a result of improved packing of the organic structure, which is
also evident from the small contraction (-2.7%) of the unit cell volume from 432 A3 to 420 A3.
Compact structure also stems from the aromatization of the carbon ring upon discharge, which
leads to an enhanced n-7t stacking® in the Chloranil column along b, decreasing the intermolecular
distance from 5.83 A in Chloranil to 4.62 A in Zn-Chloranil (Figs 5c and d). Interestingly, a
rotation of the Chloranil stacks has also been predicted by DFT calculation for Na* insertion.!*¥
However, in a sharp contrast to the zinc system, one Na* insertion is expected to cause 8% volume
increase, which doubles up for 2 Na* insertion, due to large size of Na* (and its higher coordination

number) and strong electrostatic repulsion between Na-ions.

p-Chloranil confinement in CMK-3: improved electrochemical cycling. With the knowledge
of the discharge/charge mechanism and accompanying morphology evolution, it was clear that the
uncontrolled evolution of the discharged/charged phase must be contained to enable full
rechargeability and thus better cyclability in this system. Taking a cue from the work by Nazar
group on Li-S battery, where they confined the sulfur inside mesoporous nanochannels of CMK-
3 carbon to mitigate the polysulfide shuttle,*” we used CMK-3 as the conductive host for p-
Chloranil. As-synthesized CMK-3 shows a large surface area of 736 m* gm™! and pore (diameter
3.5 nm) volume of 0.65 cm® ¢! (Figure S9), which was impregnated with p-Chloranil from a
solution in acetone. After p-Chloranil imbibition, the surface area decreases by more than 15 times
to 40 m* g! and total pore volume decreases to 0.08 cm® g, indicating to partial filling of the
mesopores. Filling of the CMK-3 mesopores is more obvious from the pore size distribution plot

(Figure S10), which shows that the pore volume corresponding to the nanochannels (3 - 5 nm

14



diameter pores) decreases markedly upon p-Chloranil infusion. It is also clear that some volume
remain unfilled, which along with the residual micropores allow percolation of the electrolyte

inside the composite structure.

For the electrode fabrication, the ratio of p-Chloranil to carbon (in the form of CMK-3-p-
Chloranil composite; no Super P was added) and binder was kept the same (i.e., 60:35:5 by weight)
as in the Super P electrode. As evident from Figs 6a and 6b the CMK-3-p-Chloranil composite
(60:35) shows much improved electrochemical cyclability relative to the Super P electrode. An
initial capacity of ~140 mAh g is delivered at 0.1C (C/10; 1C: 217 mA g™') rate in the initial
cycle, which then stabilizes at 100-110 mAh g! after the first three cycles. Increasing the current
to 0.2C (C/5) reduces the starting capacity to 125 mAh g!, but cycling stability remains unaffected.
The capacity fading observed in the initial cycles can be ascribed to the p-Chloranil that remains
on the surface of the mesoporous carbon. Note that poor conductivity (0.2 S cm™) of CMK-3
increases the overall impedance of the electrode (Figure S11) leading to a higher charge/discharge
polarization (Figure S12) and lower specific capacity compared to the Super P electrode. The
origin of the improved cycling becomes more apparent after SEM inspection of the discharged and
charged electrodes (Figure 6c-e). Even though CMK-3 does not completely contain the growth of
the Zn-p-Chloranil within its pores, in a remarkable contrast to the Super P electrode Zn-p-
Chloranil grows as < 50 nm nanoribbons, which appear to originate out of the CMK-3 pores and
entangle the CMK-3 particles. Smaller dimension and intimate wiring with carbon (CMK-3) result
in superior rechargeability of Zn-p-Chloranil, which in turn improves the cycling behavior
significantly. Similarly, charging of Zn-p-Chloranil from CMK-3 leads to a film like morphology,
very unlike the large particles that appear on charging of the Super P based electrode. Such film

morphology leads to better electrical contact within the electrode, which in turn influences efficient
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active material utilization and renders better electrochemical cyclability. Therefore, it is safe to
say that the CMK-3 not only acts as an electronic conduit for the confined p-Chloranil, its
mesoporous nanochannels serve as microscopic electrochemical reaction chambers. The
confinement induces a complex redox process, restricting the nucleation and growth of discharged

and charged products, which plays a vital role in improving the electrochemical cyclability.
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Figure 6. Galvanostatic cyclability and corresponding Coulombic efficiency of the p-Chloranil
infused CMK-3 electrode at a C/10 (a) and C/5 rate (b) (1C: 217 mA g™'). Representative SEM
images of the pristine (c), discharged (d), and charged (e) electrode, showing the formation of the
Zn-p-Chloranil nanoribbons upon discharge, which disappears on charging. Here, p-Chloranil in
the pristine and the charged electrode has a film morphology.
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CONCLUSION

In summary, we demonstrate that organic materials with crystal structure pinned by weak van der
Waals forces could be ideal for facile Zn* storage. Malleable lattice of p-Chloranil allows a unique
rotation of stacked molecular columns to make way for incoming Zn?**, and thus minimize the
volume change (-2.7%) accompanying Zn>* cycling. The structural flexibility facilitates a high
specific capacity of >200 mAh g! at 1.1 V with a very small voltage polarization for 1Zn**/2e"
reaction. While the specific energy (~200 Wh kg™!) is attractive and on par with state of the art
Zn** storage materials, the energy efficiency (95%) is significantly ahead of those. The problem
of active material dissolution, typically associated with quinone electrochemistry in nonaqueous
batteries, is absent, but an unprecedented phase evolution between p-Chloranil and discharged Zn-
p-Chloranil is central to the electrochemical process here. Water assisted phase transfer mediated
discharge and charge reactions lead to an unrestricted growth of large microstructures of the
discharged/charged phases, jeopardizing the electrochemical rechargeability. Even though this is
the first report on such a process in rechargeable metal-ion batteries, we believe this is not unusual
for organic materials whose physical properties change as a function of redox state. Confining p-
Chloranil inside mesoporous nanochannels of CMK-3 ensures intimate contact of the discharged
and charged phases with the conductive carbon framework and their restricted growth originating
from inside the nanopores, which affords improved rechargeability and excellent cyclability. Thus,
we show that the nanoconfinement strategy, which is typically used in sulfur cathode design to
entrap soluble polysulfide species in Li-S batteries, is also extendable to rechargeable metal-ion
batteries, particularly to tame the complex electrochemical phase evolution. Our strategy paves the

way for the departure from conventional cathode design, and may further inspire ingenious
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approaches to spatially contain the growth of discharge/charge phases, which might be the key to

cycle other organic host materials as well in aqueous rechargeable batteries.
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