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ABSTRACT: Benzo[c]cinnoline (1) is investigated as a low- [

potential organic anode material for alkaline aqueous batteries -
(AABs). As organic materials are typically poor catalysts for
hydrogen evolution reaction (HER), anode prepared with 1 can
significantly reduce the rate of hydrogen production and self-
discharge, common issue with conventional metal hydride anodes.
Galvanostatic charge—discharge tests of 1 paired with a Ni(OH),
cathode in an alkaline aqueous electrolyte (4 M KOH + 2 M KF +
2 M K,CO;) show a cell voltage of 1.3 V and a capacity of 229
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mAh g™', with negligible capacity fading after 1000 cycles. The full

cell, with a high loading of 11.1 mg cm™?, delivers a specific energy of 67 Wh kg™ (including both the anode and cathode
masses). Furthermore, the electrode of 1 can be produced from the low-cost precursor 2,2’-dinitrobiphenyl (2, $1.64/g) via in
situ electrochemical reduction, enhancing its potential for large-scale implementation.

queous batteries are an attractive energy media for
Aapplications with lower energy density requirements,

such as grid-scale storage, wearable electronics, etc.
They offer safer alternatives to lithium-ion batteries, which rely
on flammable organic electrolytes.”” Most common alkaline
aqueous batteries (AABs) utilize metal-based anode materi-
als,*~® which face several challenges, including a heavy reliance
on metal mining, limited availability of raw materials,” and the
promotion of the hydrogen evolution reaction (HER), which
accelerates self-discharge and raises safety concerns.*’

These disadvantages of inorganic anodes can be addressed
by developing organic anode materials. First, organic electrode
materials (OEMs) are more sustainable, as they are derived
from abundant elements, such as C, H, N, O, and S."°7'*
Furthermore, organic materials typically are poor catalysts for
HER with high overpotentials, potentially allowing the
electrode to operate outside the narrow electrochemical
stability window of aqueous electrolytes (1.23 V)."* Currently,
most of the development of OEMs focuses on cathode
applications,”*~"” and the potential of organic anode
materials in an aqueous environment has not been fully
explored.'*™**

Herein, we report the use of benzo[c]cinnoline (1) as a low
potential (—0.927 to —0.997 V vs Hg/HgO) and high-capacity
(244 mAh ¢7') organic anode material for alkaline battery
applications. Electrodes prepared with 1 undergo stepwise
potassium- and proton-coinsertion to form the potassium salt
of dihydrobenzo[c]cinnoline (1-KH) as the discharged
material. A proof-of-concept two-electrode cell assembled
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with 1 as the anode at a high loading of 11.1 mg cm™ with a

Ni(OH), cathode shows a high cell voltage of 1.3 V and a
specific energy of 67 Wh kg' (total mass of anode and
cathode) (Figure 1A and 1B). Importantly, the organic anodes
prepared with 1 exhibit a wider electrochemical stability
window than conventional metal-hydride anodes, potentially
avoiding the issues of hydrogen evolution and self-discharging
and highlighting the advantage of organic electrode materials
for aqueous batteries.

Prior to our work, the electrochemical behavior of 1 has only
been briefly investigated with CV in the presence of a proton
donor.**™*’ It was reported that benzo[c]cinnoline can
undergo a two-electron two-proton reduction to
dihydrobenzo[c]cinnoline (1-H,). However, the reversibility
of this redox process is unknown. To evaluate the viability of 1
as anode material for AABs, we performed galvanostatic
charge—discharge (GCD) experiments in a three-electrode cell
with a standard alkaline aqueous electrolyte (4 M KOH + 2 M
K,CO; + 2 M KF) and Hg/HgO reference electrode.

The solid-state CV of 1 shows two consecutive reduction
events at —0.932 V and —0.968 V (Figure 1B). On the return
sweep, two separate oxidation events at —0.957 V and —0.884
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Figure 1. Electrochemical performance of compound 1. (A) Schematic illustration of compound 1/Ni(OH), full cell structure. (B) CV
profiles of compound 1 (blue) and Ni(OH), (red) with proposed 1.3 V full cell voltage. (C) GCD and (D) cycling stability profile of
compound 1 at 1C (1C = 297 mAh g™") in a three-electrode cell. (E) Determining the HER onset potentials of 1 (blue trace) vs conventional

MH electrode (green trace).
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Figure 2. (A-C) Three proposed mechanisms for the redox of 1 in aqueous environment. (D) Solid-state CV of compound 1 in 2—8 M KOH
as electrolyte. (E) E/pH dependence of compound 1 with the average reduction potentials (E,,;) indicated as black, E, , as blue, and average
oxidation potentials (E,,) as red, respectively. (F) GCD profile of compound 1 and corresponding (G) XPS and (H) EPR analysis of pristine
(black), 40% reduced (blue), 100% reduced (red), 40% oxidized (green), and 100% oxidized (purple), respectively.

V occur. The power law fitting of the first redox event gives a b
value of 0.50—0.59, and the second redox event gives a b value
of 0.99—1.00 (Figure S3B). The difference in the b values
suggests different ion insertion mechanisms, which will be
further explored in the mechanistic investigation section.””*’
The low redox potential of compound 1 makes it a promising
candidate as an anode material for AABs, particularly when
paired with a conventional Ni(OH), cathode, yielding a full-
cell voltage of ca. 1.3 V (Figure 1B).

The GCD of 1 at a rate of 1C (assuming two-electron redox
processes, 297 mA g~') exhibits a discharge capacity of 244
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mAh g, representing 82% of the theoretical value (Figure
1C). The discharge curve initially shows a plateau at —0.927 V
vs Hg/HgO, which gradually changes into a slope from —0.927
V to —0.997 V. During the charge, a slope from —0.998 V to
—0.895 V occurs first, followed by a plateau at —0.895 V. Over
100 cycles, the GCD curve maintains a stable capacity of 220
mAh g~' (Figure 1D).

Next, we investigated the electrochemical window of organic
electrodes prepared with 1. Organic materials are poor
catalysts for HER, making 1 a potential solution to the
hydrogen production and self-discharge issues associated with
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Figure 3. Electrochemical performance of a full cell with Ni(OH), as cathode and compound 1 as anode with a 1.0 mg cm™> loading in a
standard ANAB electrolyte. (A) GCD at 1C (1C = 297 mAh g™'), (B) rate capabilities 1 at various C rates, and (C) long-term cycling

stability at 1C.

metal-hydride anodes. The reduced hydrogen generation could
also enhance the safety of aqueous batteries, eliminating the
need for additional mechanical controls to mitigate gas build-
up, a2 common problem in metal hydride systems (Figure
S 4).30732

Upon expansion of the CV scan window, we observed an
onset HER potential of —0.219 V vs RHE (Figure 1E, blue
trace). This value is much lower than the onset HER potential
of metal hydride electrodes (0 V vs RHE, Figure 1E, green
trace).>>** The redox of 1 occurs at a potential well above the
HER onset potential (as indicated by the sharp anodic peak
shape), effectively inhibiting HER production. In contrast, the
redox of the metal hydride electrode has a significant overlap
with HER, leading to hydrogen gas build-up and self-discharge
issues commonly observed in metal hydride batteries. The
metal hydride electrode was harvested from a commercial
alkaline battery due to its well-established performance. The
slowed HER during the redox of 1 is expected to benefit the
stability and safety operation of AABs.

There are three plausible redox mechanisms of 1. The first
involves the reduction of 1 to form the two-electron two-
proton product 1—H, (Figure 2A). Alternatively, potassium
ions can serve as the charge carrier, inserting into 1 during
reduction to form 1—K, (Figure 2B). This pathway is favored
when the single and doubly reduced forms of 1 have a lower
pK, than the pH of the electrolyte (15.7). The third possible
mechanism involves a mixed potassium and proton coinsertion
process, where the initial reduction forms 1—K and the second
reduction leads to 1-KH (Figure 2C). Determination of the
electrochemical behavior of 1 under a basic environment offers
insights into the interplay between proton-couple electron
transfer (PCET) and potassium insertion, shedding light on
the redox mechanisms of organic electrode materials in alkaline
aqueous electrolytes.

First, we set out to determine the dependence of the redox
potential on pH. Solid-state CV of 1 with varying
concentrations of KOH (pH from 14.39 to 15.40)* reveals
that the E;,, of 1 varies by 28 mV/pH unit, suggesting an
overall two-electron one-proton PCET process (Figure
2D,E).*?"*° We propose that the additional negative charge
introduced by the reduction is compensated by K* insertion.
This hypothesis is probed by measuring the CV of 1 in a Li*-
based electrolyte (Figure SS). In 2 M LiOH, the reduction of 1
occurs at 37 mV more cathodic than 2 M KOH, and the
reduction feature is significantly broader, suggesting a cation
dependence impacting the reaction product.

Next, we probed the discharge product as a function of the
state of charge of compound 1 (Figure 2F). The character-
ization of the reduction product 1 is difficult due to air-
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sensitivity. 1—H, is reported to rapidly react with O, and
water’® to regenerate 1. Nonetheless, we evaluate the potential
for ex-situ characterization by assessing the stability of the
reduced product (Table S1). Fortunately, when the fully
discharged electrode is dried under a stream of nitrogen, the
resulting samples are stable enough for solid-state character-
ization with X-ray photoelectron spectrum (XPS) and electron
paramagnetic resonance (EPR).

XPS analysis of 1 in the pristine state showed an N 1s signal
at 399.9 eV with a full-width half max (fwhm) of 1.02 eV,
consistent with N=N (Figure 2G, black trace).”” Upon 40%
reduction of 1 in a three-electrode cell, a broad shoulder
feature at 398.0 eV appears (Figure 2G, blue trace), which was
attributed to the N—K motif from 1-K.'”*' Upon full
reduction (100%), the intensity of the N—K feature increases,
accompanied by further broadening of the peak at 399.9 eV,
indicating N—H bond formation (Figure 2G, red trace). A
similar broadened N—H signal has been observed in pyrrolic
nitrogen in pyrazoles."”*' When 1 is 40% oxidized, the N—H
signal from 1-KH at 399.9 eV diminishes in intensity
compared to the N—K signal at 398.0 eV (Figure 2G, green
trace). Upon full oxidation (100%), both the N—K and N—H
signals disappear, and the original N=N signal of 1 is restored
(Figure 2G, purple trace).

The EPR analysis further supports the assignment of a
stepwise potassium-insertion and proton-insertion mechanism
(Figure 2H). In the pristine state, 1 is EPR silent. Upon 40%
reduction, a free radical signal at g = 2.002 emerges, consistent
with previously reported solution EPR spectra of 1-K
derivatives (Figure 2H, blue trace).”” At the fully reduced
state (100%), the EPR spectrum returns to silent. When 1 is
40% oxidized, the free radical signal at g = 2.002 reappears
(Figure 2H, green trace), but once fully oxidized, the spectrum
becomes silent again. Taking the XPS and EPR together, 1
likely goes through a potassium- and proton-coinsertion
mechanism (Figure 2C). The first reduction proceeds with
K* insertion to form 1—K, and the second reduction converts
1-K to 1-KH.

After establishing the redox mechanisms of 1 with three-
electrode cells, we evaluated their cycling performance in two-
electrode coin cells, which are more common in practical
applications (Figure 3A). The weight percentage of the active
materials was increased from 50% to 70% to achieve higher
active material loading. Additionally, the electrodes were
fabricated using a stainless-steel current collector instead of
stainless-steel mesh. Ni(OH), is used as the cathode in an
excess mass anode: cathode ratio to assess the performance of
the anode materials without interference from the Ni(OH),.
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Figure 4. (A) In-situ electrochemical reduction mechanism of 2 to form 1, (B) GCD profile of full cell with a high areal loading of 1 at 11.1
mg cm > The electrode of 1 in situ generated the electrochemical reduction of 2. The first GCD cycle after the formation of 1 from 2 is
shown in blue, and 1000th cycle is shown in red. (C) Long-term cycling stability of the full cell at a rate of 3,296 mA (1 C).

The rate capability of 1 was evaluated at 0.5C, 1C, 2C, 5C,
10C, and 20C (ca. 6 A g™'), showing capacities of 222 mAh
¢!, 211 mAh g/, 199 mAh g, 180 mAh g™!, 167 mAh g,
and 150 mAh g™ respectively (Figure 3B). The voltage
hysteresis remains low at 20 mV for 0.5C and increases slightly
to 85 mV at 20C (Figure S11). Long-term cycling study at 1C
shows excellent performance, with 90% capacity retention over
1000 cycles and an average Coulombic efficiency (CE) of
99.7% (Figure 3C).

A potential obstacle to deploying 1 as an OEM is its high
cost, exceeding $100/g. This expense likely stems from its
synthesis, which involves reducing 2,2’-dinitrobiphenyl (2)
using palladium or indium catalysts.” ™" However, if the
reduction of the inexpensive precursor 2 ($1.64/g) to 1 could
be integrated into the electrode fabrication process, it would
significantly lower production costs and accelerate the
commercial viability of 1.*97*

To address this issue, we examined whether 1 could be
produced in situ from the electrochemical reduction of
electrodes containing 2. Electrodes with a 70% loading of 2
were fabricated and assembled in a two-electrode coin cell with
a Ni(OH), cathode and a standard alkaline electrolyte. During
the first charge, approximately ten electrons per molecule of 2
were passed, corresponding to the conversion of 2 to 1 (eight-
electron process, Figure 4A) and then 1 to 1-KH (two-
electron process). Subsequent GCD cycles show a reversible
capacity of ca. 210 mAh ¢! at a cell voltage of 1.3 V,
consistent with in situ formation of electro-active 1 (Figure
S12). 'H and C NMR analysis of the electrode materials
(Figures S7 and S8) further confirms the complete conversion
of 2 to 1.

Next, we scaled up the electrochemical reduction of 2 to 1 to
a two-gram scale. Bulk electrolysis was performed with a three-
electrode setup using the standard alkaline electrolyte, a carbon
counter electrode, and a Hg/HgO reference electrode. The
conversion of 2 to 1 was 98% based on 'H NMR analysis
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(Figure S9, top trace), affording an electrode of 1 with a
70:25:5 ratio with 11.1 mg cm™> active material loading. The
electrochemically generated electrode of 1 was cut and used
directly in a coin cell. As expected, increasing the areal loading
of active material (ca. 1 mg cm™ to 11.1 mg cm™2) reduces the
rate capability. However, the overall performance maintains a
capacity output similar to that of the smaller areal loading cells
(Figures S14—S16).

To further demonstrate the viability of 1 in energy storage
application,” we assembled a full cell with 11.1 mg cm™ of
active material loading and an anode: cathode mass ratio of
1:2. The anode of 1 was produced from in situ electrochemical
reduction of 2. The GCD of the full cells is comparable to that
of the previously assessed half-cells (Figure 4B), except slightly
increased voltage hysteresis (145 mV to 280 mV) after 1000
cycles. The high-loading full cell of Ni(OH),/1 cells maintains
80% capacity after 812 cycles (Figures 4C and S17). By
comparison, reports of Ni(OH),/Zn cells in a similar
electrolyte of 4 M KOH + 2 M K,CO; + 2 M KF (ZnO
was added for stability of Zn anode) exhibit a faster decay to
80% capacity (425—460 cycles).”® This comparative full-cell
study supports the higher stability of 1 over inorganic anodes.
Furthermore, compound 1 exhibits high voltage and specific
capacity compared to other top-performing organic anode
materials for alkaline batteries.'”*”*'~>* A detailed comparison
can be found in Table S2. The specific energy of the full cell is
67 Wh kg™, including masses of the anode and the cathode,
which is comparable to that of commercial NiMH batteries.>”

In summary, we describe the electrochemical performance of
benzo[c]cinnoline 1 as anode in AAB. Compared to
conventional metal hydride anodes, 1 exhibits a similar
capacity and voltage profile but higher stability. The reduced
rate of HER at the organic electrode reduces self-discharge,
provides additional stability, and enhances safety. We
developed an in situ method for the formation of 1 ($100/
g) from inexpensive 2 ($1.6/g) in high loading (11.1 mg
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cm™?) and adapted it into a full cell with a specific energy of 67
Wh kg™!, which is comparable to most inorganic anodes used
in AABs. Future works will investigate how the molecular
structure of benzo[c]cinnoline (withdrawing groups, donating
groups, extending the aromatic system, etc.) affects the redox
mechanism and cycling performance.
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