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1. INTRODUCTION carbon cloths'” are used in a substantial amount (20—80%)
in the electrode composition. In a different approach, we
showed that using a conducting polymer (CP) backbone with

18—22

The push for an environmentally sustainable society has
created a huge demand for new and sustainable battery

technologies.”” Batteries based on organic redox-active redox pendent groups could result in all-organic or
materials are receiving substantial attention in the research hybrid-organic electrode materials without the use of carbon
community.” > These types of materials enable new and additives since the necessary conductivity was supplied by the
interesting designs thanks to the synthetic possibilities that CP backbone.”***

come with using organic materials that can be produced in In the present work, we investigate if it may be possible to
low-temperature processes from abundant resources.”” These use the CP backbone directly as a conducting additive,
types of materials are therefore considered environmentally together with a non-conducting redox polymer (RP). Our
benign compared to inorganic materials in conventional hypothesis was that, if such an additive was soluble, then a
lithium ion or nickel metal hydride batteries requiring high- solution with the dissolved RP could be formed during

temperature processes during production and the use of
limited resourses.”

Various organic battery designs have been presented,
ranging from the pioneering work of Nishide et al.%® and
Poizot et al.” to the more recent all-organic batteries and
hybrid-organic batteries.'*~'* These batteries require conduct-
ing additives (and binders for adhesion) in the electrode
formulation since the organic redox-active materials themselves
do not supply sufficient conductivity. In most cases, carbon

14,1 16,17
blacks, carbon nanofibers,'*'> carbon nanotubes,'®'” or

processing and that this solution easily could be deposited on
an electrode resulting in an optimal CP/RP blend. Inganis et
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al. have shown a variety of concepts using CPs, i.e., polypyrrole
or poly(3,4-ethylenedioxythiophene) (PEDOT) as conducting
and binder additives together with the biopolymer lignin. In
their work, polymerization, either electrochemically, forming a
film, or chemically, resulting in a suspension, formed
composites between the CP and the RP.>*~** A drawback of
the reported approaches is that a monomeric starting material
for the CP is used, which has to be polymerized from solution.
Mixing the CP and the RP in solution and depositing the blend
on an electrode in its dissolved form are thus not possible.
Composites containing CPs and inorganic redox materials,
such as lithium ion battery cathodes, have also been explored.
For example, using a suspension of PEDOT:PSS together with
the typical formulation used for lithium ion cathode materials,
with lithium iron phosphate as the active component, results in
improved rate capabilities.””*’ Although PEDOT:PSS can be
solution-processed, it is truly a suspension, which is why it
cannot be considered a soluble conducting additive.

Instead of exploring these common paths of creating a
composite in which a CP has binder and conducting
properties, we choose to further study post-deposition
polymerization, where a precursor for a CP in the form of a
trimer is deposited on the electrode and subsequently
polymerized in situ. This way, the conducting additive is
soluble and can be solution-processed together with the RP.
Ideally, the conducting additive should be soluble in the same
solvent as the RP, which could be a wide range of organic
solvents, allowing processing and deposition on the electrode
while being insoluble in the solvent that is used as the
electrolyte. In this study, we focus on naphthoquinone (NQ)
RPs to create a CP/RP composite. This composite polymer
shares the same redox-active group as the conducting RP
where the naphthoquinone (NQ) redox-active group is
covalently bound to a thiophene backbone (EP(NQ)E) on
which we reported earlier.”” We therefore chose EP(NQ)E as a
reference material for the present study. To further explore the
potential of the formed CP/RP composite polymer, we used
the electrode as an anode in a hybrid organic battery with
MnO,/Mn?* as the cathode.

2. EXPERIMENTAL SECTION

2.1. Materials. All solvents and chemicals were purchased from
Sigma-Aldrich and were used without further purifications unless
otherwise specified. Deionized water was used to prepare aqueous
electrolytes.

2.2. Polymer and Trimer Synthesis. PNQ was prepared, as
lined out in an earlier work.>' Shortly, 2-bromo-1,4-naphthoquinone
dissolved in anhydrous dimethylformamide (DMF) was added to a
water solution of poly(allylamine) (M,, = 1600) (15 wt %) and stirred
for 24 h at 25 °C (Scheme S1). For precipitation, the reaction mixture
was poured into acetone to yield a red powder after washing. The
polymer was characterized to be PNQ using "H-NMR spectroscopy
(Figures S1 and S2): 'H-NMR (500 MHz, (CD,),SO, § ppm): 0.3—
24 (CH,, NH, (poly(allylamine))), 5.1-5.9 (NH), 6.7-8.7 (Ph
(NQ)). *C-NMR (400 MHz, solid-state, 5 ppm): 24—58 (br, CH,),
96—112 (br, —CH,—N), 114—142 (br, =C—N), 142—156 (br, —
C=), 168—192 (br, C=0). The degree of substitution of NQ_in
poly(allylamine) was determined by the same method to be 26% (143
mAh/g as a theoretical capacity).

In short, the trimeric precursor (EPE), terthiophene EP(OH)E
(OH hydroxyl), was prepared following the synthetic route
developed by Thayumanavan and co-workers.”>

EP(NQ)E was synthesized, as previously reported; shortly,
EP(OH)E was used, and subsequently, a carboxylic acid-function-
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alized NQ derivate was attached using EDC-HCI coupling conditions,
resulting in EP(NQ)E.

2.3. Electrode Manufacturing. In all electrode compositions, a
glassy carbon (GC) (HTW, Germany) substrate with dimensions of
40 mm X 8 mm X 2 mm acted as the current collector. About 1 mg of
the electrode material was deposited on about ~0.5 cm? and
consequently, mass loading was in general ~2 mg/cm?® for all
experiments.

2.3.1. pEP(NQJE. EP(NQ)E (10 mg) was dissolved in 100 uL of
NMP. Ten microliters, i.e., 1 mg of the material, was drop-casted on
the GC electrode, which subsequently was dried in vacuum for 1 h.
Polymerization of the deposited EP(NQ)E layer, the so-called post-
deposition polymerization, was then achieved by applying a potential
of 0.81 V versus standard hydrogen electrode (SHE) in an aqueous
solution (1 M p-toluenesulfonic acid (aq)) until the residual current
was below 0.1 mA.

2.3.2. PNQ@pEPE. Solution 1: 10 mg of the trimer was dissolved in
100 uL of NMP resulting in a solution containing 208 mM EPE.
Solution 2: Similarly, 10 mg of PNQ was also dissolved in 100 uL of
NMP. Using a pipette, solution 1 and solution 2 were mixed in
varying amounts resulting in different ratios between EPE and PNQ
but always equaling to 10 yL in total, i.e., 1 mg of the total electrode
material. The solution was subsequently drop-casted on the current
collector, which was then dried in vacuum for 1 h. Polymerization of
the deposited PNQ@EPE layer, the so-called post-deposition
polymerization, was then achieved by applying a potential of 0.81 V
versus SHE in an aqueous solution (1 M p-toluenesulfonic acid (aq))
until the residual current was below 0.1 mA.

2.3.3. Comparison with Carbon as Conducting Additive. In the
study, the carbon additives studied were carbon blacks BP2000 and
PBXS1 (both used as received from Cabot Corp.) and SWCNT
(received from Meijo Nano Carbon Corp.). PNQ was dissolved in
NMP and was subsequently thoroughly grinded together with the
carbon additive and polyvinylidene fluoride (PVDF) as the binder in a
ratio of 0.4:0.5:0.1 (PNQ:conducting additive:PVDF). The resulting
slurry was coated on a GC electrode and dried in vacuum.

2.4. Electrochemical Measurements. Three electrode results
were obtained using an Autolab PGSTAT302N potentiostat
(Ecochemie, Utrecht, The Netherlands). The drop-casted electrodes
were put into a beaker cell filled with 0.5 M H,SO, (aq) as the
electrolyte. The electrolyte was degassed with N, and remained under
an inert atmosphere during the whole experiment. An Ag/AgCl (3 M
NaCl, 0.209 V vs SHE) electrode was used as reference, and a
platinum wire served as the counter electrode. For battery cycling, a
Biologic BCS-810 instrument was used. For in situ conductance
measurements, 1 mg of the active material was coated onto an IDA
electrode with 90 pairs of Au bands on a glass substrate (10 mm
between bands, 150 nm high, MicruX Technologies, Spain). A
potential bias of 10 mV was applied, and conductance was calculated,
as previously reported.’® The scan rate was 10 mV/s. For the two-
electrode battery experiments, a GC electrode with the CP/RP
composites was used as an anode together with a carbon felt
(AvCarb) with MnSO, deposited as a cathode. The cathode material
was deposited by applying a potential of 1.2 V versus Ag/AgCl for 100
s in a 0.05 M H,SO,/1 M MnSO, (aq) electrolyte. Both the anode
and cathode were put in a beaker cell with the H,SO,/1 M MnSO,
(aq) electrolyte, which was degassed with N, and remained under an
inert atmosphere during the whole experiment.

2.5. Scanning Electron Microscopy (SEM). SEM was carried
out using a Leo Gemini 1550 FEG SEM instrument (Zeiss, Germany)
equipped with both an in-lens and energy-dispersive X-ray (EDX)
detector. No sputtering was necessary since the conducting properties
of the polymer were sufficient.

3. RESULTS AND DISCUSSION

3.1. Preparation of CP/RP Composite Using Post-
Deposition Polymerization. While there are many available
CPs, we chose a trimeric precursor consisting of 3,4-
ethylenedioxythiophene (E) and 3,4-propylenedioxythiophene

https://dx.doi.org/10.1021/acsami.0c22578
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(P), which are well-known to result in CPs with good
conductivity and high chemical stability.”**> These polymers
also exhibited a low doping onset potential (Figure S3), the
importance of which we will discuss further. To apply the
method of post-deposition polymerization, we designed a
soluble trimeric CP precursor, EPE (Figure 1). EPE can easily

Polymerization in
1M ptoluenesulfonic acid (aq)
0.6V until 1<0.1 mA

Mixing EPE and PNQ
at different ratios.

S<on
a b

Reference,

Materials 1. PNQ@EPE 2. PNQ@pEPE pEP(NQ)E

Figure 1. Schematic showing the process for creating CP/RP
composites. The materials are composed of a CP precursor, EPE,
which polymerizes to pEPE and PNQ. EPE and NQ are mixed and
dried, resulting in a PNQ@EPE composite; subsequently, an oxidative
potential (0.8 V vs SHE) is applied in a 1 M p-toluenesulfonic acid
(aq) solution until the residual current is below 0.1 mA, which creates
CP/RP composite PNQ@pEPE. Also, the structure of the reference
material, pEP(NQ)E, is shown on the left.

be blended with the RP in solution. It is important to mention
that the propylenedioxythiophene unit in the trimeric
precursor is substituted with a hydroxyl (OH) group, which
enhances solubility in common organic solvents. (For
simplicity, we refer to the trimer in the subsequent text as
EPE instead of EP(OH)E). RP bearing NQ was prepared via
the nucleophilic substitution of poly(allylamine) and 2-bromo-
1,4-naphthoquinone, which proceeds in ambient conditions
and the hydrophilicity of the RP can easily be tuned by
changing the NQ introduction rate to poly(allylamine).

The EPE trimer was dissolved together with PNQ, and the
blend was coated onto a current collector and dried.
Subsequently, the EPE portion of the blend was polymerized
electrochemically by applying an oxidative potential (0.8 V vs
SHE) to yield a CP (pEPE), resulting in a blend of CPs and
RPs, ie., PNQ@pEPE (Figure 1). Polymerization was
complete in less than 100 s (Figure S4), with higher currents
and longer durations for blends with a higher content of the
CP, which is plausible since the current response during
polymerization stems from the conversion of EPE to pEPE.
The water-insoluble trimer was polymerized in an aqueous
solution of 1 M p-toluenesulfonic acid (PTSA), which gave
superior results compared to using 0.5 M H,SO,, ie., more
capacity achieved (Figure SS). As will be discussed further in
the evaluation of the electrode materials, this might indicate
that wetting of slightly hydrophobic PNQ_is improved by the
PTSA anions, which are introduced in the structure as a result
of polymerization.

When evaluating the CP/RP composites for battery
applications, ultimately, the specific capacity per total electrode
weight and rate capabilities have to be considered. Ideally, a
low amount of the CP additive should enable all capacities of
the RP to be accessed. Importantly though, the CP is only
conducting in certain potential regions, i.e., above a doping
onset potential, as opposed to carbon conducting additives that
supply conductivity independent of the applied potential.
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Furthermore, the conducting properties of the CP might be
affected by the presence of the RP in the composite. Before
studying electrode characteristics such as specific capacity, we
ensured favorable conducting properties and measured the
conductivity as a function of potential using different ratios of
the CP to RP, ranging from 10 to 100 wt % pEPE (Figure 2).
All data have been compiled in Table 1 below, which we will
refer to throughout the text.
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Figure 2. In situ conductance for PNQ@pEPE at different CP/RP
ratios (10—100 wt % pEPE) in the PNQ@pEPE blend, as evaluated
using bipotentiostat measurements on PNQ@pEPE-covered inter-
digitated array electrodes. A potential bias of 10 mV between the two
working electrodes was applied, and the potential was varied cyclically
at a scan rate of 10 mV/s.

Interestingly, with an increase in the pEPE content in the
electrode composition, the doping onset potential is slightly
downshifted from 0.2 (10 wt % pEPE) to —0.1 V (100 wt %
pEPE) versus SHE. This phenomenon should be attributed to
different chain lengths in the polymers with different CP/RP
ratios, where shorter golymer chains result in higher doping
onset potentials.”*"** This is plausible since a higher
percentage of the RP could result in a disruption of chain
growth. Two regimes in conductance can be observed, a
regime with high conductivity with slight variations in the cases
of 50—100 wt % pEPE and a regime with lower conductivity
for 10 and 30 wt % pEPE. In the lower regime, a peak at
around 0.4 V versus SHE can also be seen, which indicates
electron hopping, further strengthening the notion that shorter
polymer chains are formed in these composites. It is important
to note that the difference in conductance might have an effect
on the rate capabilities, which will be discussed later, where
low conductance in the material could be rate-limiting at high
C-rates. Importantly, in all cases, the potential of the NQ redox
conversion, 0.26 V versus SHE, is above the conductance onset
potential for the CP, implicating that the CP will supply
conductivity for the RP in all CP/RP composites. We therefore
conclude that pEPE should, in theory, be a suitable candidate
as a conducting additive for a NQ-based RP.

To ensure that blending in the CP/RP composite is optimal,
i.e, no distinct separate phases of the CP or RP exist, we
studied the composites visually with SEM (Figure S6). Clearly,
in all cases, a uniform film, about 10 ym thick, is achieved with
little variance between the different CP/RP compositions.
EDX elemental mapping was used to further explore this
notion (Figures S7—S11). Since PNQ contains nitrogen,
whereas pEPE contains sulfur, separate phases would be easily
identified. All compositions exhibit an even distribution
between nitrogen and sulfur in the material, indicating a
uniform distribution of PNQ and pEPE in the material, which
is crucial for efficient charge transport.

https://dx.doi.org/10.1021/acsami.0c22578
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Table 1. Compiled Data for CP/RP Composites from 10 (1:9) to 100 wt % pEPE (10:0)

composite onset maximum

composition potential (V) conductance (mS) (mAh/g)
1:9 0.26 7 54
3:7 0.22 35 77
S:5 0.14 77 64
7:3 0.09 82 49
9:1 0.05 68 31
10:0 —-0.02 60 23

specific capacity at 1 C

capacity contributed by the specific capacity expected from PNQ

CP (mAh/g) (mAh/g), % accessed
2 129, 40
7 100, 70
12 72,72
16 43, 76
20 14, 64
23 0

“In all composites, the total amount of the material on the electrode was maintained at 1 mg. The table shows doping onset potentials, maximum
capacitances achieved, specific capacities at 1 C, the capacities contributed by the CP, and the specific capacities that would be expected from PNQ_
if all materials would be accessed. Furthermore, the percentage of the accessed material is reported.

3.2. Evaluation of the PNQ@pEPE Electrode. Having
established the potential of pEPE as a conducting additive for a
NQ-based RP, we moved on to evaluate the electrochemical
performance of PNQ@pEPE. Similar to the conductance
measurements, we chose different ratios of the CP/RP to
evaluate how much of the RP capacity (theoretical, 143 mAh/
g) could be reached as well as the rate capability for each
composition. Furthermore, we compared the results with the
previously reported performance of the conducting RP,
pEP(NQ)E (Figure 3). Since the specific capacity for the

140+ = 15mA/g
- —_ e 75mAlg
1204 4 200 mA/g
ﬁ v 750 mA/g
£ 1004 — PEPE contribution
= — PNQ expected capacity|
§ 80+ 3 —
. v
& 60{ o i
o L]
o N 1L
£ 404
@ M %
@ 204 d
0-+— 7 T T : :
pPEP(NQ)E 1:9 3:7 5:5 73 9:1

Electrode composition (pEPE:PNQ)

Figure 3. Specific capacity of materials with different ratios of pEPE
(10—90 wt %) and PNQ (90—10 wt %) in the electrode composition
and pEP(NQ)E. Their specific capacity is calculated for the total
electrode weight and given for different charging currents ranging
from 15 (0.2 C) to 750 mA/g (10 C). Also, the capacity that would
be expected to result from the pEPE additive is given (diamond)
together with the capacity that would result if the entire theoretical
specific capacity of PNQ would be accessed (black line).

electrode, including the conducting additive, has to be
optimized for the use in a battery application, we evaluate
and report capacities calculated for the entire electrode weight,
including both the RP and CP. The capacities are extracted
from the second scan of the galvanostatic charge—discharge
experiments starting from pristine electrodes. For pEP(NQ)E,
the capacities, at all current rates, are around 58 mAh/g, where
13 mAh/g, as measured from an experiment with 100% pEPE,
can be attributed to the capacity from the conducting
backbone. This is similar to the capacities achieved by
compositions 1:9, 5:5, and 7:3 pEPE:PNQ_that resulted in
53, 63, and 48 mAh/g, respectively, using a charging current of
75 mA/g. Clearly, the highest overall capacity is achieved with
a composition of 3:7 with a capacity of 77 mAh/g.
Importantly, even in this case, the capacity of the electrode
is far from what would be expected based on the theoretical
capacities. Since the electrode contains 70 wt % PNQ, one
would expect a 100 mAh/g capacity contribution from the RP
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(Figure 3, black line; 100 mAh/g at 70% total weight), but
when accounting for the capacity contribution of the CP (in
this case 7 mAh/g), only 70% of the theoretical capacity can be
achieved. This fact could be attributed to the 7—x interaction
of the NQ group in the polymer or insufficient hydrophilicity,
rendering parts of the polymer inactive (vide infra). When
evaluating the rate capabilities, an interesting trend can be
observed, where increasing the pEPE content in the composite
leads to a narrower split between capacities from low rates and
capacities from high rates. This indicates that pEPE improves
rate capabilities, which can both be attributed to better ion and
electron transport. We further evaluated the current response
by oxidizing the material from the reduced state through a
potential step from 0 to 0.4 V versus SHE (Figure S12).
Clearly, redox conversion is fast in all cases, which is reflected
by the initially high currents exhibited and only small residual
currents presented after 20 s. By investigating the Cottrell
behavior (Figure S12, inset), diffusion coefficients for all
composites were determined, assuming 10 #m film thicknesses
in all cases. The diffusion coefficients ranged from 1.1 X 107"
cm’/s in the case of composite 1:9 to 1.5 X 10~ cm?/s in the
case of composite 7:3 (Table S1), which are in accordance
with previously reported diffusion coefficients for RPs*” and
CPs."” This underscores the relevance of pEPE as a conducting
additive for organic batteries.

To put the results from using pEPE as a conducting additive
into perspective, we chose three different conducting carbons
as references. While most inorganic and organic batteries use
conductive carbons, few systematic studies exist on this topic,
especially for water-based electrolytes. We therefore utilize
single-walled carbon nanotubes (SWCNT), reported as a
conductive additive in numerous studies,*""*! together with
two carbon blacks (CBs) with a similar surface area. One is
hydrophobic (BP2000), and one is hydrophilic (PBXS1).
PBXS51 is employed in, for example, lead-acid batteries due to
its hydrophilic character. Using a ratio of a 50 wt % carbon
additive and 40 wt % PNQ together with a 10% PVDF binder,
capacities of 25 mAh/g for BP2000, 39 mAh/g for SWCNT,
and 45 mAh/g for PBXS1 could be achieved (Figure S13),
which are far from the theoretical capacity of PNQ and lower
than the values obtained by using pEPE (vide supra). Although
the processing of electrodes with the carbon materials likely
could be optimized further, we interpret the achieved
capacities using carbon additives as a further indication that
PNQ is hard to access by the aqueous electrolyte. With almost
twice the capacity achieved by PBXS51 over the hydrophobic
analogue BP2000, choosing a suitable carbon additive is clearly
important. However, by using EPE as a soluble alternative,
more materials can be immediately accessed circumventing the

https://dx.doi.org/10.1021/acsami.0c22578
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Figure 4. Electrochemical characteristics of 3:7 PNQ@pEPE; cyclic voltammogram of the redox response (a) at a scan rate of S mV/s and
potential profile (b) at different charging currents ranging from 15 (0.2 C) to 750 mA/g (10 C).
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Figure S. Electrochemical properties of the polymer-manganese secondary battery. Schematic image of the battery (a) charging and (b)

discharging.

dispersion process when using insoluble carbon conducting
additives. The function of pEPE in aqueous electrolytes also
compares favorably to hydrophilic CB designed for lead-acid
batteries.

To show that pEPE promotes high ion and electron
transport rates when used as a combined conducting and
binder additive, we also investigated pEPE composited with an
anthraquinone-based RP, poly(vinylanthraquinone) (PVAQ).
PVAQ_is similar in structure to PNQ and could only be used
under alkaline conditions due to wettability issues. Even at pH
8, the lowest pH studied, only 10% of the theoretical capacity
of PVAQ could be accessed even in very thin layers (around
100 nm thick). Increasing the pH allowed more polymer
swelling since non-protonated anthraquinone in its reduced
form (AQ*) becomes more predominant, which improves
electrolyte wetting.*” It can therefore be speculated that pEPE
might actually improve performance since the dopant ion (the
anion of p-toluenesulfonic acid) likely introduces water into
the composite structure, increasing wettability of PNQ, which
would explain why PNQ@pEPE outperforms the carbon-based
electrode compositions. We further explored this notion by
using PVAQ in a composite CP/RP electrode with 80% pEPE
and 20% PVAQ. It can be noted that a clear redox response at
pH around 1 is present (Figure Sl4a). When taking into
account the plateau from the PVAQ redox conversion, a
capacity of around 70 mAh/g is achieved, which is 30% of the
theoretical capacity (Figure S14b). While this is still low, the
mere fact that using pEPE as a conducting additive enables
cycling of an AQ polymer under acid conditions, showing that
pEPE indeed has a positive effect on wettability.
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We further investigated this notion by comparing the
contact angle of a drop of water on either PNQ or PNQ@
pEPE (Figure S15). It can be clearly seen that the contact
angle is larger in the PNQ case, as compared to PNQ@pEPE,
confirming improved wettability resulting from the addition of
pEPE.

When moving forward to use any of the evaluated polymer
composite electrodes in a full battery cell, two main aspects are
of interest. First, the capacity of the composite, which includes
contribution from both pEPE and PNQ, should be as high as
possible. Here, composite 3:7 with 77 mAh/g is the most
promising candidate. Second, rate capabilities have to be
favorable. Here, a slight positive trend with increasing the
pEPE content is observed (except for the extreme case of 90%
pEPE). However, all composites exhibit good rate capabilities,
clearly showing the favorable rate capabilities that can be
achieved using quinone redox groups, as previously
reported.*”** The low conductance regime affecting compo-
sites 1:9 and 3:7, as shown in Figure 2, does not have the
negative effect we speculated on when it comes to rate
capability, indicating that conductivity supplied by the CP is
sufficient in all cases. In the case of composite 3:7, looking at
the corresponding cyclic voltammogram, a clear redox peak
can be seen upon oxidation and reduction with an E, /, of 0.26
V versus SHE (Figure 4a), which is, as mentioned earlier,
above the conductance onset potential for pEPE. At different
charging currents from 15 (0.2 C) to 750 mA/g (10 C), the
discharge capacity only varied slightly from 81 to 69 mAh/g,
respectively (Figure 4b), which indicated good rate capability
of the composite electrode. Since both the composite
capacities were the highest of all composites studied and rate

https://dx.doi.org/10.1021/acsami.0c22578
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Figure 6. Battery characteristics: voltage profile (a), cycling stability during S00 cycles at 1 C (b) for charge (black) and discharge (gray) with
corresponding Coulombic efficiency (light gray), and voltage profiles at different rates from 20 (corresponding to 0.3) to 750 mA/g (corresponding

to 10 C) for 3:7 PNQ@pEPE (c).

capabilities were favorable, we continued further with this
electrode composition for evaluation in a battery setting.

3.3. Battery Evaluation. To explore the full potential of
PNQ@pEPE in a battery setting, we used it as an anode
material together with an inorganic cathode (Mn?*/MnO,). By
selecting a stable, well-established cathode with known
characteristics, i.e., rate capabilities and cycling stability, it is
possible to ensure that the observed responses can be
attributed to the PNQ@pEPE anode.”* We chose a large
excess of the cathode material to the extent that the highest
rates studied in our battery experienced by the cathode (0.75
mA/cm?) were below the rates that have been previously
established (200 mA/cm?) for the that material, thus ensuring
that the cathode reaction will not be rate-limiting. As a matter
of fact, when monitoring both the anode and cathode during
battery cycling versus an external Ag/AgCl electrode, no
change in the cathode potential was observed, and the
potential profile of the battery could be entirely attributed to
the anode (Figure S16). It is important to mention though
that, in this battery design, no complete rocking chair motion
of the ions, which is one of the major advantages with all-
quinone-based batteries, is achieved, but instead, different ions
(H" and Mn**) take part in the respective redox reactions
(anode: NQ + 2H" + 2e~ = NQH,; cathode: MnO, + 4H* +2
e~ — Mn?' + 2H,0; Figure 5).

When evaluating the battery using a current of 75 mA/g,
roughly corresponding to 1 C, a discharge plateau at 0.95 V
with a discharge capacity of 63 mAh/g (Figure 6a) was
observed. Cycling this way at 1 C for 500 cycles, the battery
retains 93% of its initial capacity at a Coulombic efliciency of
around 100% (Figure 6b). Evaluating the rate capabilities,
similar results as in the three-electrode setup are observed with
capacities of 48 mAh/g for 750 mA/g, 55 mAh/g for 200 mA/
g 58 mAh/g for 7S mA/g, and 63 mAh/g for 20 mA/g (Figure
6¢). Clearly, the rate capabilities are almost identical to what
has been achieved in the three-electrode evaluation of PNQ@
pEPE, suggesting that the performance is indeed related to the
anode.

4. CONCLUSIONS

Here, we present how a CP, formed from a soluble precursor,
can be used as a combined conducting and binder material in
organic electrodes. We show that PNQ is suitable in this
setting since its redox potential is above the onset potential of
the conducting additive. In this case, a maximum capacity (77

mAh/g), based on the total electrode weight, was achieved
when using 30 wt % pEPE and 70 wt % PNQ. Furthermore,
pEPE improved the capacity achieved compared to carbon
black as an additive, which is attributed to the hydrophobic
nature of PNQ. PNQ@pEPE shows good rate capability. A
battery, with a MnO, cathode and PNQ@pEPE as the anode,
exhibited a voltage of 0.95 V and high cyclability (>500
cycles). In a future work, pEPE could be explored as
conductive additives in other types of organic redox-active
materials as well as in inorganic materials.
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