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Aqueous all-polymer batteries (AqPBs) are foreseen as promising solutions for safe, sustainable, and high-
performance energy storage applications. Nevertheless, their development is still challenging as it demands
precise optimization of both electrodes and the electrolyte composition to be able to sustain a stable redox
activity, while delivering an optimal voltage output. Herein, we report AgqPBs based on a poly(imide) (PI)
anode and poly(catechol) (PC) cathode that exhibit tunable cell voltage depending on the salt used in
the aqueous electrolyte, i.e., 0.58, 0.74, 0.89, and 0.95 V, respectively, when Li*, Zn®*, A®*, and Li*/H*
were utilized as charge carriers. The PI-PC full-cell delivers the best rate performance (a sub-second
charge/discharge) and cycling stability (80% capacity retention over 1000 cycles at 5 A g% in Li*.
Furthermore, a maximum energy/power density of 80.6 W h kganode+cathode*1/348 kW kganodeﬂamod;1 is
achieved in Li*/H*, superior to most of the previously reported AqPBs.

Introduction

The proper integration of affordable, scalable and eco-friendly
electrochemical energy storage (EES) systems is critical to facili-
tate the development of a safe, secure, and sustainable energy
landscape.”” However, commercial Li-ion batteries exclusively
include insertion-type inorganic anodes, 3d transition metal cath-
odes and organic electrolytes, which are unsafe, scarce, expensive
and energy intensive, and hardly meet the requirements of
a sustainable society.® This calls for a radical change in research
and development beyond Li-ion battery chemistries to meet the
ever-increasing sustainability demands.*

Aqueous all-polymer batteries (AqPBs) that incorporate
redox-active polymers (RAPs) as organic electrode materials
(OEMs) and aqueous solutions as safe and cost-effective elec-
trolytes can be promising alternatives for the development of
sustainable energy storage systems.>” Although a plethora of
RAPs have been successfully applied as OEMs in numerous
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rechargeable battery technologies (mostly, in metal-ion-poly-
mer configuration),®*"” examples of AgPBs sporadically
appeared in the literature.*®" This is partly due to the formi-
dable challenge that requires careful designing of both anode
and cathode RAP partners to be not only able to sustain their
redox activity in aqueous media, but also deliver a high voltage
output within a relatively narrow electrochemical window of
aqueous electrolytes (~1.23 and ~2 V for pure water and typical
salt-in-water electrolytes, respectively).”>>*

Based on the charge storage mechanisms of RAPs, they can
be generally classified into: n-type undergoing N« N~, p-type
undergoing P« P', and bipolar exhibiting B~ < B« B" redox
reactions, with the simultaneous shuttling of electro-
neutralizing cations, anions, and dual ions, respectively.®>'%*°
Depending on the RAP (n- or p-type) and the chemical nature of
the charge carriers, three kinds of AqPBs were realized: (i) n|n-
type combination is generally preferred for the capacity-
oriented design (20-65 mA h g ', <1 V),?*%° p|p-type combi-
nation mostly preferred for the voltage-oriented design (1.1-
1.3 V, <45 mA h ge 1),”? and n|p-type combination offers
a compromise between the capacity and the voltage (10-52 mA h
geen - and 0.9-1.3 V)*** (Fig. S1 and Table S1, see the ESIF).
From these limited examples, it is evident that the development
of AgPBs is at a slow pace and further it is necessary to simul-
taneously improve their capacity and voltage in order to be
competitive with other aqueous-based battery technologies.'®*

Among different varieties of n-type Redox-Active Polymers
(RAPs), poly(imide)s and poly(quinone)s have been attracting
tremendous interest in AqQPBs owing to their (i) high theoretical
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specific capacity, tunable redox potentials and fast kinetics, (ii)
high chemical and electrochemical stability, and (iii) good
compatibility with different types of cationic charge carriers
(e.g., Li*, Na*, Mg?*, zn**, AI**, etc.) (vide supra). Particularly,
their last merit is highly encouraging, which enables them to be
used as universal organic electrodes in numerous polymer-
based battery configurations.***° So far, their n-type redox
behavior was mainly exploited to design various metal-ion—
polymer mono- and multivalent batteries, but interactions
between the polymeric host and the charge carriers were largely
overlooked. Of note, our recent work emphasized the impor-
tance such interactions from the perspective of electrochemical
performance tunability, but in half-cells.**

In this article, we demonstrate the construction of AqPBs,
comprising a poly(imide) anode and poly(catechol) cathode.
First, we studied the electrochemical performance of individual
electrodes in different aqueous electrolytes containing Li*, Zn>",
AP’", and Li*/H" charge carriers. Then, all-organic full-cells were
tested denoting an increase of cell voltage depending on the
charge carriers from Li* to Zn*", to AI** and to Li"/H", respec-
tively. Finally, the performance of full-cells was optimized
including cyclability studies and compared favorably with the
state-of-the-art all-polymer aqueous stationary batteries.

Experimental section

Materials

Lithium nitrate (LINO;, = 99.0%, Sigma-Aldrich), zinc sulfate
heptahydrate (ZnSO,-7H,0, = 99.5%, Sigma-Aldrich), aluminum
nitrate nonahydrate (Al(NOj);, 9H,O, =98.0%, Sigma-Aldrich),
sulfuric acid (H,SO,, ACS reagent, 95-98%, Sigma-Aldrich), anhy-
drous 1-methyl-2-pyrrolidone (NMP, = 99.5%, Sigma-Aldrich),
lithium(x) bis(trifluoromethanesulfonyl)imide (LiTFSI; 99.9%, Sol-
vionic), zinc(n) Dbis(trifluoromethanesulfonyl)imide (Zn(TFSI),;
99.5%, Solvionic), aluminum(m) tris(trifluoromethanesulfonyl)
imide (Al(TFSI)3; 99.5%, Solvionic), polyvinylidene fluoride (PVDF;
Sigma Aldrich), thin multi-walled carbon nanotubes (CNTs; Eli-
carb® MW, Thomas-Swan) and carbon paper (Toray TP-060,
QUINTECH) were used as received. Anhydrous N,N-dime-
thylformamide (DMF, = 99.8%, Sigma-Aldrich) was dried over 4 A
molecular sieves for at least 48 h, distilled, and stored under argon
prior to use.

Synthesis of redox-active polymers

The synthesis of the cathode active-material, P(DA;-stat-
AMPS;,) (termed simply poly(catechol) = PC, M,, = 12.0 kg
mol " and M,,/M,, = 1.19) bearing catechol pendants has been
previously reported.”” The anode organic partner, poly(1,4,5,8-
naphthalenetetracarboxylic diimide-1,2-diethoxyethane) (poly(-
imide) = PI) with imide functionalities in the polymer back-
bone, was synthesized by a polycondensation reaction as
described previously.*

Electrode preparation

Preparation of the PC/CNT cathode. 5 mg of thin multi-
walled carbon nanotubes (CNTs) were dispersed in 3 mL 1-
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methyl-2-pyrrolidone (NMP) using a tip sonicator, followed by
addition of 7.5 mg of PC (the mass ratio of PC:CNT was
6 : 4 wt%), proceeding to sonication for 2 h in a bath sonicator
(Branson 2510, 100 W, 42 kHz) and overnight stirring to prepare
the electrode slurry. This viscous smooth slurry was then
uniformly coated onto a carbon paper current collector by
a doctor blade method, dried overnight at 50 °C under vacuum
and cut into 12-mm disks. The mass loading of polymers on the
current collector was controlled between 1.1 and 1.5 mg cm 2.

Preparation of the PI/CNT anode. PI-based organic anodes
were prepared following a similar protocol as mentioned above;
however, the difference is the use of an additional electrode
component, PVDF as the binder. The mass ratio of
PI: CNT: PVDF was 6: 3 : 1, and the loading of PI was about

1.5 mg cm™ >,

PI-PC full-cell fabrication

PI-PC full-cells were assembled using circular discs (12 mm
diameter) of PI/CNTs as the anode, PC/CNTs as the cathode,
and a pair of porous Whatman® glass microfiber filters (Grade
GF/B) soaked with ~200 pL of electrolyte in CR2032 coin cells.
The mass ratio between Pl and PCwas 1:1,1:0.9,1: 0.7, and
1:0.72 in Li*, zn**, AI**, and Li"/H" configurations, respec-
tively, according to the capacities of individual electrodes in the
three-electrode investigations. The aqueous electrolytes for Li",
Zn*" and AI** ion batteries were prepared by dissolving LiNO3,
ZnSO, or Al(NO;3); in degassed milli-Q water to a 2.5 M
concentration. The mixed aqueous electrolyte (Li'/H") was
composed of 2.5/0.25 M LiNO3/H,SO,. The cells were assembled
in a high-purity argon-filled glovebox (MBraun; O, < 0.5 ppm) to
avoid any possible contamination by oxygen.

Electrochemical characterization

The electrochemical performance of individual electrodes and
full-cells was investigated by cycling voltammetry (CV) and
galvanostatic charge-discharge (GCD) experiments using a Bio-
logic VMP3 multichannel Potentiostat/Galvanostat (Biologic SP-
150). The CV and GCD profiles of redox-active polymers (RAPs)
were obtained using a flooded three-electrode electrochemical
cell with RAP/CNT ink (80/20 wt%) modified glassy carbon (GC,
with an area of 0.07 cm?), Ag/AgCl (KCl sat.) and platinum wire
as the working, reference and counter electrodes, respectively,
in different aqueous electrolytes. The electrolyte was degassed
with argon, and CV/GCD was performed at room temperature
under a positive pressure of argon atmosphere. The real-time
evolution of individual voltages of electrode partners in full-
cells was assessed with Swagelok™ T-cells, in which PI, PC,
and Ag/AgCl (KCl sat.) were used as the anode, cathode and
reference electrode, respectively. As control experiments, the CV
analysis of PC electrodes was also carried out in aqueous citrate
buffer solutions (pH = 5) and organic electrolytes (anhydrous
DMF) containing Li* (from LiTFSI), Zn>" (from Zn(TFSI),), and
APP" (from AI(TFSI);) charge carriers. Ag wire was used as
a pseudo-reference electrode in organic electrolytes.
Theoretical specific capacity (mA h g~ ') was calculated using
the equation = (26 801 X n X Wga)/MWg,, where n is the

This journal is © The Royal Society of Chemistry 2021
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number of electrons exchange per unit of catechol/o-quinone (n
= 2), and wg, and MWg, and are the weight fraction and the
molecular weight of redox-active (RA) units, respectively.*> The
theoretical specific capacity of PC and PI is about 180 and
166 mA h g ', respectively. The energy density (W h kg™ ') of the
full-cell was determined by integrating the area under the gal-
vanostatic specific capacityanode+cathode—voltage discharge
profiles. Power density (W kg™ ') was calculated as (energy
density/discharge time) x 3600.

Computational method

The structure of the PI and PC polymers is truncated to a simple
monomer structure that is composed of naphthalenete-
tracarboxylic diimide (NDI) substituted with a ~-CH; group at
the nitrogen position and a catecholate (CAT) moiety, respec-
tively. The lithium, zinc and aluminum cations are considered
to have their first coordination sphere filled with 4, 6 and 6
explicit water molecules, respectively. The binding free energies
of the solvated metal cations are calculated with respect to the
reduced form of the catecholate/imide monomer moieties from
the following equation: [MONJ*~ + y[M(H,0),]"™" — [MON-
M, (H,0),.P" % + 2(H,0), where MON is the catecholate or
imide species. The absolute redox potentials are calculated
from: E = —AGy/(2F), where AG,,, is the free energy change for
the 2e -reduction reaction: [MON] + 2e~ + y[M(H,0),]"" —
[MON-M,(H,0),,x_.}""? + 2z(H,0). Full details of the computa-
tional protocol are presented in the ESIt and are taken from our
previous work.*

Results and discussion

Effect of charge carriers on the electrochemical response

Redox response of individual electrodes with Li*, Zn>*, and
AP" as charge carriers. The redox reactions in both anode and
cathode redox polymers were probed by cyclic voltammetry (CV)

a Poly(imide) (Pl) anode

View Article Online
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in a three-electrode cell using aqueous electrolytes containing
different charge carriers, such as Li", Zn>" and AI’". The poly(-
imide) (PI) anode (see Fig. 1a for the chemical structure) in the
Li" containing aqueous electrolyte demonstrated two successive
redox processes with average peak potentials, 1, ([Ep.a  Ep,c]/2)
located at Ep;; = —0.26 V and Ep;, = —0.73 V (Fig. 1b, top
panel). These redox peaks correspond to the transformation of
PIinto PI' [1Li'] and then into PI* [2Li"] to give n-doped states
through conjugated carbonyl groups with concomitant elec-
troneutralization by Li* during the reduction sweep
(Fig. 1a).3*3544¢ The reverse reaction occurs in the subsequent
oxidation sweep with the expulsion of Li* from the enolate sites.
Therefore, the overall redox reaction of PI can be considered as
a quasi-reversible two successive one-electron process with an
average conversion potential of Euye p1, i+ = —0.5 V. Here the
term Eqye ([Epra + Epr2]/2) is just used as the average conversion
potential for a two successive one-electron process with the
purpose of representing the anticipated voltage output of the
full-cell when coupled with a positive electrode and should not
be confused with the usage of E,. Interestingly, when the Li"
charge carriers were substituted by divalent Zn>" and trivalent
AI**, the PI exhibited similar electrochemical features; however,
the redox processes appeared at slightly more positive poten-
tials, i.e., Eqve przn>* = —0.47 V and Egee p1, ar+ = —0.40 V (see
Fig. 1a for the schematic representation and Fig. 1b for CVs).
On the other hand, the poly(catechol) cathode (PC) (see
Fig. 1c for the chemical structure) featured a single redox
process corresponding to an anodic peak of PC*> [2Li*, 1Zn*" or
1AI**] to PQ (PQ refers to poly(ortho-quinone) transformation)
and a cathodic peak of PQ to PC*7[2Li", 1Zn*" or 1AI*']
conversions. The CVs in Fig. 1b evidenced the quasi-reversible
nature of this two-Li" (one-Zn>* or one-Al’*) and two-electron
process.** Importantly, differently from the PI, the average
peak potentials of PC were dramatically shifted positive (i.e.,
Epc, 1ir = 0.1V, Epg 7" = 0.28 V, and Epc, ap+ = 0.51 V), in the

0 owwLi
N \g E\ N—/\O/\/O\/\);i
d o n-doped state with

monovalent cation

2
go 3
Current (a.u.)

C Poly(catechol) (PC) cathode
et 30 R 30i
: 0 Proton 0 =
i 07 °NH NH charge carrier 07 "NH NH:
-2¢", 2H" ;
; Os 0./ |
H O/S\\O +2¢7, +2H" O/S\\O
H S S i
c | OH 0 ;
‘'® | OH o L :
O) | P(DAs-stat-AMPS;) 5|2 :
3 | :
o | H
w ] R
o :
B % i
O H

e T “IAE=091V "
| £ i |Lit/H* J\ y >$
i S e M=zn? — ] : o/
LW i °”:'3'§ TN “AE = 0.95 V| eO/S\O
—(—N h\ \_ NJ\O/\/O\/\);E —— T It - L8 wmeze |
d Y n-do_ped state\fvith -1 0 -05 0 0 0 5 10 : ) ‘Mt or APt !
O, e Potential (V vs Ag/AgCl) | monovalent caion Itk caias

Fig. 1

(@ and c) Schematic representation of the n-type redox behavior of PI (a) and PC (c) with both mono- and multivalent cations. (b) Cyclic

voltammograms of Pl (profiles in green) and PC (profiles in red) half-cells in unbuffered aqueous electrolytes containing different charge carriers,
ie., Lit, Zn?*, A®*, and Li*/H™ (top to bottom). The CVs were recorded at 10 mV st in a standard three-electrode configuration.
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same order of electroneutralizing cation valences (Li* < Zn*" <
AI’"), as previously reported by our group.*

Although the electrochemical analysis was carried out in
unbuffered aqueous electrolytes containing different charge
carriers, it was recently demonstrated by our group that the
reduction/oxidation of ortho-quinones/catecholates in similar
electrolytes occurs via the coordination/uncoordination of
cations of the supporting salts.** Very recently, Yan et al.*’” and
Wang et al.*®* have demonstrated a similar redox mechanism
with anthraquinone and quinone compounds, respectively.
Additionally, this redox reaction mechanism with the
coordination/uncoordination of designated metal cations has
been also well proven for both PC and PI elsewhere in the
context of metal-ion aqueous batteries.***°

The reduction of ortho-quinones into catecholates and the
subsequent n-type coordination reaction depend not only on
the pH of the aqueous electrolyte, but also on the nature and
concentration of cationic charge carriers.” As control experi-
ments, we accomplished CV analysis of PC in both aqueous
citrate buffer solutions (pH = 5; Fig. 2a) and aprotic organic
electrolyte media (Fig. 2b) containing Li*, Zn**, and Al’** charge
carriers, separately, which revealed a similar shift of redox
potential in the Li* < Zn>" < AI** order. Notably, the latter results
are in line with the recent study by Svensson et al., who eluci-
dated the redox mechanism of quinone and catechol redox
polymers in organic electrolytes containing different charge
carriers.” It is worth mentioning that besides the main redox
peak associated with the coordination/uncoordination of Li",
the CV of PC in a slightly acidic Li* buffer solution (Fig. 2a) also
shows a small peak at higher potential which might be attrib-
uted to the contribution of protons to the redox mechanism.
Interestingly, this second peak does not appear in the CV of PC
in a neutral Li" containing aqueous electrolyte (see Fig. 1b).
These results suggest that the neutral pH favours Li" cycling,
whereas under slightly acidic conditions both protons and
lithium ions might be involved. Furthermore, the involvement
of different charge carriers (Li*, Zn>" or AI*") in the redox reac-
tion of PC was confirmed here by ex situ ATR FTIR experiments
(Fig. 2¢), where the stretching vibration of the catecholic C=0
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bond at ~1650 cm ™~ becomes discernible upon electrochemical
oxidation but its intensity significantly decreased upon reduc-
tion. Parallelly, the evolution of a characteristic catecholate
stretching band below 1200 cm ™" upon the formation of cat-
echolic C-O™---M"™" (M™ = Li", Zn*" or AI’") during the reduc-
tion was also evident and different from proton reduction.
Interestingly, its red shift in the Li" (1202 cm™') < Zn**
(1106 em™ ") < AI** (1029 cm™ ') order indicates stronger inter-
action of M"" with C-O™ in the same order of metal cation
valences.*®® Taken together, these results confirm that the
cations of the supporting electrolytes are mainly involved in the
electrochemical reaction. However, despite all those control
experiments, we cannot completely exclude the involvement of
protons on the redox mechanism in acidic electrolytes and
further studies would be necessary to undoubtedly elucidate
this aspect.

Using a mixed electrolyte as a strategy to boost the voltage
further. In order to maximize the cell voltage, the potential of
the anode and the cathode should be kept as low (negative) and
as high (positive) as possible, respectively. Thanks to the dis-
tinguishing voltage characteristics of PI and PC, all-organic full-
cells with increasing voltage in the Li* < Zn®" < AI’* order can be
anticipated (Fig. 1b and Table 1). It is worth mentioning here
that chemical manipulation,®®” m-conjugation adaptivity
and spectator cation substitution in the host structure®
approaches are most often used to tune the redox potentials of
the organic core. Negatively, such strategies also add dead-
weight to the active materials, which might penalize the
specific capacity as well. However, in this work we realize
voltage tunability of all-organic cells without modifying the
redox core structure.

In this sense, it is well-known that catechols also undergo
ortho-quinone/catechol redox transformations via a proton-
coupled two-electron process (Fig. 1c) at significantly high
redox potentials.®*~** Therefore, to boost the voltage output of
the PI-PC full-cell further we explored the mixed electrolyte
concept (containing Li" and H').>® Fig. 1b (lower panel) shows
the CVs of PI and PC in such a mixed electrolyte anticipating
a maximum voltage output of 0.95 V with H" and Li" involved in

58,59

a Citrate buffer solution, pH =5 b in DMF (o] Unbuffered aqueous electrolytes
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Fig. 2
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(a) Cyclic voltammograms of PC in (a) agueous citrate buffer solutions (pH = 5) and (b) organic electrolytes (anhydrous DMF). The CVs

were recorded at 5 mV s~tin a standard three-electrode configuration. Potentials in Fig. 2b were later corrected with the ferrocene/ferrocenium
(Fc/Fc*) redox couple. (c) Vertically offset ex situ ATR-FTIR spectra of oxidized PC(i) and reduced PC with H (ii), Li* (i), Zn?* (iv), and A** (v) in the

aqueous unbuffered electrolytes.
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Table 1 Experimental and modelling parameters for Pl and PC in unbuffered aqueous electrolytes

PI anode PC cathode
Cation Eavea (V) Erea 2, exptb (V) Eted 2, calcc (VJ Ebind/cationd (kcal 1’1’10171) El/ze (V) Ered, expff (V) Erea 2, calcC (V) Ebindd (kcal 1’1’10171) Ece[lg (V)
Li* —0.50 —0.78 —0.71 +1.2 ] +0.1 +0.05 —0.06 —7.3 ] 0.6
Zn**  —0.47 —0.73 —0.60 (+0.11)" —2.8 (=4.0) +0.28  +0.2 +0.17 (+0.23)" —25.2 (=17.9) 0.75
AP —0.40  —0.54 —0.49 (+0.22)" —7.9 (—9.0)' +0.51  +0.43 +0.69 (+0.76)" —49.0 (—41.7) 0.91
Li'/H" -0.38 —0.45 nd nd +0.57  +0.52 nd nd 0.95

“ Average conversion potential (Eaye) = (Epr1 + Epr2)/2 measured at 10 mV s Lb

Eed 2, exp Obtained experimentally at 10 mV s . ¢ Refer to the ESI to

see the full details of the computational method to calculate E;cq », cale- @ Refer to the ESI to see the full details of the computational method to

calculate Epinging per cation. © Average peak potential (E;,) =
experimentally at 10 mV s~ .

anodic peak * Ecathodic peak/z measured at 10 mV s

% Ecathode (E1/2) — Eanode (Eave) at 10 mV s~ . All the potentials (in CV and DFT calculations) are referenced against

" S Ereq, exp Obtained

Ag/AgCl. " Relative reduction potential gain of active materials for binding with Zn*" or AI** compared to Li*. ' Change in the binding energy of
active materials with Zn** or AI’* in the reduced state compared to that with Li*. n d = not determined.

the electrochemistry of the PC cathode and PI anode, respec-
tively. It should be noted that achieving AqPBs with an output
voltage above 0.9 V is not that simple task, particularly for the
n|n-type combination (Table S1t). We did not consider proton
cycling in the case of PI because to the best of our knowledge,
imides are not known to undergo proton coupled redox reac-
tions. Evidently, Gheytani et al. demonstrated the pH inde-
pendent redox activity of PI in aqueous electrolytes.*

Quantum chemical calculations. In order to elucidate the
difference in redox potentials for PI and PC, we looked into the
electronic structure of imide/enolate and catecholate/ortho-
quinone repeating units to calculate the second-reduction
potential (Ereq 2, calc) and binding free energy (Epinga) using
quantum-chemical calculations based on density functional
theory (DFT) (see details in the ESIt). From Table 1, it can be
seen that there is a good correlation between the experimental
and the calculated reduction potentials for both imide and
ortho-quinone moieties in the presence of Li*, Zn*" and AI**
charge carriers.

Analogues to the CV observations, a distinctive small and
huge increase of Ereq 2, calc in the order of Li" < Zn** < AI** was
accounted for PI and PC, respectively. Assuming the similar
redox mechanism of both PI and PC based on their n-type
nature, the difference in redox potentials should be ascribed to
the differences in strength of metal cation-reduced redox core
interactions (Ep;nq)- The computed Ey;nq between enolate (of PI)
and Li*, Zn>* and AI’* was +1.2, —2.8, and —7.9 kcal mol™" per
cation, respectively (Table 1). However, a higher Ep;,g of —7.3,
—25.2, and —49.0 kecal mol ! per cation was obtained for metal
cation-catecholate (of PC) with Li*, Zn** and AI**, respectively.
In general, a higher value of E;,q is associated with larger
positive shifts in reduction potentials due to the enhanced
thermodynamic stabilization of the reduced species into the
complexes,**** and thus their re-oxidation becomes increas-
ingly difficult and occurs at more positive potentials in the Li" <
Zn** < AI** order. Therefore, a small enhancement by —4.0 and
—9.0 kcal mol ™! in Ep;,q induced a minute increase of redox
potential for enolate (PI) with Zn*>" and AI**, respectively,
compared to Li*, whereas, a huge increase in redox potential for
catecholate (PC) was linked to the large increment of Eping (by
—17.9 and —41.7 kcal mol ! for Zn*" and AI**, respectively,

This journal is © The Royal Society of Chemistry 2021

compared to Li*). This distinctive trend in Ep,q and thus redox
potential between PI and PC are presumably due to their
different electron density. Localized electron density on the
catecholate ring and the ortho-nature of quinone redox sites
lead to strong metal-polymer interactions in PC,**** while for PI
the para-oriented redox-active enolates and more diffused
electron density over the extended naphthalenetetracarboxylic
diimide (NDI) ring result in weaken metal-polymer
interactions.>*

Electrochemical performance of individual electrodes

Fig. 3 shows the rate performance of PI and PC half-cells by GCD
experiments at progressively increasing C-rates in different
aqueous electrolytes containing Li*, Zn**, AI’*, and Li‘/H"
charge carriers.

The representative specific capacity—potential profiles are
given in the ESI (Fig. S4 and S57). It is also evident from these
potential profiles that despite their sloping nature, the charge/
discharge plateaus of PI and PC were shifted to higher values
in the Li* <Zn®" < AI*" order, but to a different extent, which is in
good agreement with CV studies and DFT calculations. Both PI
and PC delivered reversible capacities in the range of 128-
164 mA h ¢ ' and 167-183 mA h g7, respectively, at 2C in the
aforementioned electrolytes (Fig. 3a). PI in Li" provided the
highest discharge capacity of 164 mA h g™ %, close to the theo-
retical limit (166 mA h g~ ). However, lower capacity utilization
values of 93, 86 and 77% were obtained in Zn*", AI**, and Li*/H",
respectively. Notably, the coulombic efficiencies were close to
100% in all the cases (Fig. S41). On the other hand, PC
demonstrated a better active-material utilization in the range of
93-100% (theoretical specific capacity of 180 mA h g~') but
lower coulombic efficiencies at low C-rates, and subsequently
recovered to the quantitative values at higher C-rates (Fig. S57).

With increasing C-rates from 2C to 240C, both the discharge
capacities (Fig. 3a) and consequently the capacity retentions
(capacities at higher C-rates w.r.t. the capacity at 2C; Fig. 3b) of
PI and PC decreased monotonically in the Li* < Zn*" < AI**
order. As demonstrated in our previous publication,* this
diminished rate performance should be ascribed to the sluggish
ion mobilities on account of stronger metal cation-polymer
interactions in the same order of charge carrier valences.
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Remarkably, even at a very high C-rate of 240C, PI and PC still
retained 71, 60 and 47% and 71, 57 and 52% of their initial
capacities in Li*, Zn>" and AI**, respectively. Additionally, both
the electrode partners of the all-organic cell also demonstrated
excellent dynamic performance in the Li*/H" electrolyte, but the
overall performance of PC was superior to that of PI (Fig. 3).
In order to understand the origin of the outstanding rate
performance of PI and PC, the electrochemical kinetics of redox

reactions in polymer working electrodes were investigated by
CV at different scan rates (v) in the aqueous electrolyte con-
taining Li" as the representative charge carrier. The Laviron
method was used to determine the transfer coefficient («) and
apparent reaction rate constant (k°) parameters (Fig. 4a, d and
S67).%* The value of o was close to 0.5 for both systems, indi-
cating almost symmetric energy barriers for the oxidation and
reduction reactions. Furthermore, the calculated k° was found
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to be 1.5 and 2.6 s~ ' for PI and PC, respectively. Additionally,
considering that the peak currents (i) in the CV curves obey the
power-law relationship as: i, = av®, where ¢ and b are adjustable
coefficients, the slope (b-value) of the log(i,) vs. log(v) plot
provides insights into the underlying redox mechanism.*
Ideally, the b-value of 0.5 indicates a diffusion-controlled
process, whereas the b-value of 1.0 is the signature of a capaci-
tive-controlled behavior.

High b-values of 0.79/0.78 and 0.92/0.90 for the anodic/
cathodic peaks were obtained for PI and PC (Fig. 4b and e),
respectively, suggesting a mixed electrochemical response but
tending to be less diffusion limited. Here, the capacitive-type
electrochemical response is assumed to have mainly origi-
nated from bulk electrochemical reaction sites (similar to
intercalation pseudocapacitance that is observed in some
inorganic intercalation compounds, which is different from
conventional surface pseudocapacitance in nanomaterials)®>*’
that are less limited by the diffusion processes on account of
polymer's high reaction rates and superior ion mobilities.**
To further quantify the contributions of diffusion- and non-
diffusion-controlled charge storage to the total capacity, the
correlation between normalized capacity and v~*> was estab-
lished (Fig. 4c and f). The capacitycapacitive-controlieds Which is
non-diffusion limited, was obtained as the y-intercept,*
resulting in 80 and 85% for PI and PC, respectively, resembling
a fast pseudocapacitive behavior. Thanks to the smart design of
both the electrode partners, they are engineered to exhibit
pseudo-capacitive like energy storage behavior on account of
fast redox reactions and facilitated ion-mobility in the bulk of
the material. In fact, the incorporation of ion conducting 2-
acrylamido-2-methylpropane sulfonate*> and poly(ethylene
oxide)* comonomer moieties in PC and PI, respectively, assis-
ted the ion transport. Therefore, superior rate performance is
anticipated for the PI-PC full-cells.

It is worth noting that both PI and PC demonstrated satis-
factory stable cycling over 100 GCD cycles at 10C, retaining 98,
97, 91, and 98% (Fig. S7T) and 96, 95, 94, and 94% (Fig. S8t) of
their initial capacities, respectively, with quantitative coulombic
efficiencies (>99%) in Li*, zn**, AI**, and Li*/H".

Electrochemical performance evaluation of PI-PC all-organic
batteries

Based on the excellent electrode performance of PI and PC
individual electrodes, along with their tunable voltage behav-
iors, all-organic aqueous rechargeable batteries were assembled
with PI and PC serving as the anode and cathode, respectively. A
schematic illustration of the full-cell structure and the overall
electrode reactions of the cells in two different sets of aqueous
electrolytes are given in Scheme 1.

The full-cells operate in a cationic rocking-chair mode in Li",
Zn** or AI** based electrolytes, with unidirectional shuttling of
charge carriers from the anode to the cathode during discharge
(Scheme 1a) and from the cathode to the anode during charge.*®
On the other hand, the PI-PC full-cell is assumed to operate in
a non-rocking chair cationic hybrid-ion configuration with
a mixed Li'/H" electrolyte: during the discharging process,

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Schematic of the working principle of the PI-PC full-cell
during the discharge process in a cationic rocking-chair mode with Li*,
Zn®* or A" (a), and hybrid-ion configuration with Li*/H™ (b).

enolates are oxidized to imides while releasing Li" into the
electrolyte reservoir, and ortho-quinones are reduced to the
classical catechols with the uptake of H' from the electrolyte
(Scheme 1b).*® Conversely, catechols are oxidized to ortho-
quinones, while H' reversibly breaks away from the cathode and
return to the electrolyte, and the imides are reduced to enolates
with the concomitant coordination of Li*. However, the inter-
action of H" with PI in the Li"/H" mixed electrolyte can be
argued, and we partially discard this through the following
controlled experiment. When PI was cycled in 0.25 M H,SO,, the
electrochemical stability rapidly diminished upon cycling,
indicating its poor compatibility with protons (Fig. S9t), which
was already reported by Wang et al.®® Encouragingly, the cycling
stability of the PI half-cell (Fig. S7et) and PI-PC full-cell (dis-
cussed later, shown in Fig. 5¢) in Li'/H" significantly improved
compared to only in H, once again suggesting that Li" is
involved in the redox reaction of PIL.

The mass ratio between PI and PC in the full-cell was
calculated to be 1:1, 1:0.9, 1:0.7, and 1:0.72 in Li*, Zn*",
AP’*, and Li*/H" configurations, respectively, based on the
capacities of individual electrodes in the three-electrode inves-
tigations. To validate the different mass balance, the overall
voltage of PI-PC full-cells and the individual voltages of the PI
anode and PC cathode were monitored during electrochemical
experiments in Swagelok™ T-cells (see Fig. S10 and the ESI for
detailed discussiont). Fig. S10a-ct show that the average cell
potential (taken as half the sum of mid-point voltages of charge
and discharge branches) increases from 0.58 to 0.74 and further
to 0.89 V when the type of charge carrier changed from Li" to
Zn>*, and further to AI**. This is in good agreement with the CVs
of individual electrodes (see Fig. 1b). Accordingly, a higher
voltage output of 0.95 V was exhibited by the full-cell with
a mixed Li'/H" electrolyte (Fig. $10d7).

Then, the rate capability of full-cells in the aforementioned
electrolytes was assessed in a two-electrode configuration by
GCD studies at progressively increasing current densities. At
a low current density of 0.5 A g~ %, full-cells were able to deliver
155, 145, 134, and 146 mA h g ' discharge capacities in Li",
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Zn>*, AI*", and Li'/H", respectively (Fig. 5a). The rate perfor-
mance of PI-PC full-cells is once again hampered in the Li" <
zZn** < AP** order, which is in accordance with the half-cell
studies. For instance, when the applied current density was
increased to 60 A g~ *, full-cells achieved discharge capacities of
129, 64, and 7 mA h g™, corresponding to 83, 43, and 6% of
their initial capacities in Li*, Zn®>", and AI**, respectively
(Fig. 5b). Remarkably, full-cells in Li" and Li'/H" can still deliver
discharge capacities of 35 and 17 mA h g %, respectively, at even
an extremely high current density of 500 A g~ (corresponding
to a sub-second charge or discharge), reflecting the unprece-
dented rate capabilities of both PI and PC in these electrolytes.
Furthermore, when the current density was brought back to
0.5 A g, nearly quantitative capacity recovery was observed in
all the cases, discarding irreversible capacity fade during the
high current experiments. It is also worth noting here that the
average coulombic efficiencies were close to 100% in Li* and
Zn** aqueous electrolytes at all the current densities, while
slightly lower efficiencies (ca., 94-97%) were obtained below
1 Ag " with AI*" and Li*/H" and then subsequently improved to
> 99% (Fig. S111).

The cycling stability of PI-PC full-cells was evaluated at
a current density of 5 A g~ '. Full-cells were able to maintain 80,
74, 53, and 75% of their initial capacities over 1000 GCD cycles

512 | J Mater. Chem. A, 2021, 9, 505-514

in Li, Zn>", AI**, and Li*/H", respectively (Fig. 5¢c and S127).
Additionally, the coulombic efficiencies were stabilized at >99%
after the initial few catechol-to-ortho-quinone activation cycles.

Finally, to demonstrate the availability of our PI-PC full-cells
as sustainable high-performance energy storage systems, we
compared their performance with that of the state-of-the-art all-
polymer aqueous stationary batteries. The maximum attained
specific capacities in the range of 78-85 mA h g~ were higher
than that of the reported AqPBs, and the average cell voltage of
0.95 V in Li'/H" was also notable for the n|n-type configuration
(Fig. 5d and Table S1t). As shown in the Ragone plot (Fig. 5e),
full-cells in Li" and Li"/H" containing aqueous electrolytes can
deliver a maximum energy/power density of 46.5 W h kg™"/302
kW kg™ ' and 82.2 W h kg '/355 kW kg, respectively. The
concurrent high specific capacity, high cell voltage, and ultra-
fast kinetics, particularly in the mixed Li'/H" aqueous electro-
Iyte, endowed the PI-PC full-cell with a steady and high energy
density over a wide range of power values that clearly rivals most
of the state-of-the-art AqPBs, and also comparable to the pol-
y(viologen)-poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl ~ acryl-
amide) aqueous battery (example 3 in Fig. 5e and Table S17),?®
which is based on the p|p-type combination. Yet another
advantage of n|n-type combination is that it can make use of
lighter weight shuttling cations (e.g., H', Li" etc.), in contrast to

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta09404h

Open Access Article. Published on 16 December 2020. Downloaded on 1/22/2026 6:57:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the p|p- and n|p-type configurations, which require bulky
anions and dual ions, respectively, as the electroneutralizing
charge carriers. Consequently, when the energy and power
density were evaluated based on the total mass of both elec-
trodes and the consumed salt, a small decrease of energy/power
density (<1%) was noted for PI-PC full-cells in Li* and Li‘/H",
while a substantial lowering of 19, 32, and 30% energy/power
density for the examples 3, 6,° and 7, respectively, is
noticeable from their corresponding Ragone plots (Fig. 5e, S13
and Table S17).

Conclusions

In this work, we have developed all-organic aqueous batteries
comprising a poly(imide) (PI) anode and poly(catechol) (PC)
cathode that demonstrated tunable electrochemical performance.
We realized this by exploiting the distinctive strength of metal
cation-redox core ionic interactions of electrode partners with
different charge carriers based on their n-type redox behavior,
resulting in various cationic rocking-chair cells. The increase of cell
voltage from 0.58 to 0.74 and further to 0.89 V was achieved, when
the type of charge carrier changed from Li" to Zn** and to AP’".
Adversely, this gain also comes with the penalty of rate capability
and cycling stabilities in the Li* < Zn>* < AI** order. The PI-PC full-
cell also worked in hybrid-ion mode with a mixed Li'/H" aqueous
electrolyte, exhibiting the highest cell voltage of 0.95 V with good
cycling stability and excellent rate capability. The concurrent high
specific capacity (85 mA h g™'), high cell voltage (0.95 V), and
ultrafast kinetics (working at 500 A g™, which corresponds to 0.1 s
charge or discharge), particularly in Li"/H", provided an impressive
energy density of ~80.6 W h kg !, where a high value of
~10 W h kg~ " was still achieved at an unprecedented power density
of ~348 kW kg™ * based on the total mass of both electrodes and
the consumed salt. This overall performance is far superior to that
of most of the reported all-polymer aqueous stationary batteries.

Based on the CV, GCD results and DFT calculations, we
postulate that PI and PC can be used as universal organic
electrodes in numerous Li-ion and post-Li-ion energy storage
technologies, including proton and all-polymer batteries,
stemming from their versatile n-type charge storage mecha-
nism. The development of such universal organic electrodes is
particularly intriguing and gaining popularity among the
battery community due to the fact that it demands minimal
electrode/device engineering efforts. We hypothesize that the
combination of high safety aqueous electrolytes and high-
performance PI and PC based organic electrodes could offer
a practical option as a truly sustainable energy storage system
for wide use in large-scale applications.
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