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In the pursuit of environmentally friendly energy storage, aqueous organic redox flow batteries (AORFBs) that
use naphthalene diimide hold promise for successful application. In the present article, two different naph-
thalene diimides (NDI) are studied as negative electrolyte materials for pH-neutral aqueous organic/
organometallic redox flow batteries. The two molecules, one core-unsubstituted NDI (2H-NDI) and one core-
dimethylamino substituted NDI (2DMA-NDI) are coupled with a solubilized ferrocene (BTMAP-Fc) at a concen-
tration of 50 mM in phosphate buffered potassium chloride. High energy efficiencies and coulombic efficien-
cies were obtained for both batteries, but a gradual capacity fade was observed while cycling. However, when
changing the cation of the supporting electrolyte from potassium to ammonium, similar energy and coulombic
efficiencies were obtained, but with undetectable capacity losses over 320 cycles. Finally, 2H-NDI and BTMAP-
Fc at 500 mM were tested in the ammonium-based electrolyte, and while obtaining high coulombic efficiency,
the energy efficiency and cycling stability decreased compared to the same system at lower concentration. It is
concluded that loss of activity is mainly due to formation of electrochemically inactive compounds and that the
electrolyte cation is of great importance for the outcome. Important design strategies for AORFB molecules
include using supporting salts that prevent self-association and introducing sterically hindering substituents
to the structures.
1. Introduction

Electricity generated by solar and wind has increased exponentially
since the 1990s in order to minimize dependence on fossil fuels. How-
ever, due to the intermittency of the sources, electricity grid systems
develop a growing dependency on energy storage as the portion of
renewables increases.[1] A highly promising candidate for grid-con-
nected energy storage is aqueous organic redox flow batteries
(AORFBs) due to their low cost and ability to decouple power output
and storage capacity.[2–8]

A seminal work in 2014 where 9,10-anthraquinone-2,7-disulfonic
acid (AQDS) was coupled with bromide in a flow battery with promis-
ing performance[9] generated a large number of research groups pur-
suing high-performing organic molecules for this application.[10–18]
Previous AORFB studies have often focused on the performance of qui-
nones as redox-active material,[2,11,19–23] where the list of organic
non-quinone materials is considerably shorter, and is largely limited to
ferrocene,[16] TEMPO[14,15,24] and viologen.[16,25]
One type of molecule that has a similar redox behavior to quinones
is 1,4,5,8-naphthalene diimide (NDI). It has a rich chemistry due to the
possibility of modifying its electronic properties by chemical substitu-
tion on the naphthalene core,[26] while its solubility and self-associa-
tive properties can be tuned by choice of the side chain, which reaches
from the imide nitrogen.[26] NDI has been thoroughly utilized in poly-
mer solar cells on account of its high chemical stability and tunable
electronic properties.[27,28] Due to its large planar aromatic core,
the molecule is known to self-associate into different motifs depending
on functionalization and molecular environment,[26,29–31] and has
also proven to be suitable as a threading DNA intercalator.[32] In
applications related to electrochemistry, NDI has been investigated
as a sensor for organic molecules[33,34] and as cathode for lithium
ion based batteries.[35–37]

We previously evaluated core-unsubstituted NDI with a propyl-
dimethylamino sidechain, here called 2H-NDI, and found that the
molecule’s strong self-associative behavior has a significant effect
on its aqueous electrochemistry on the cyclic voltammetry (CV)
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timescale.[38] Galvanostatic cycling in a bulk electrolysis cell, how-
ever, showed that close to the theoretical capacity was accessed with
little to no degradation of the molecule.[38] The effect of core-substi-
tution on the electrochemistry of NDIs in aqueous solution has been
investigated experimentally and computationally by our group and
reductive pathways were presented for nine investigated species.[39]
Five out of the nine NDI species were identified to be of particular
interest to investigate experimentally for AORFB applications.[39]

Only two previous articles present the use of NDI in AORFBs.
Firstly, an NDI molecule with a glycine sidechain was coupled with
4-OH-TEMPO in a flow battery that delivered good performance, albeit
with a limited solubility of the NDI of 30 mM and 40 mM in 1 M KCl
and NaCl electrolytes respectively.[40] Secondly, an NDI-polymer was
demonstrated together with 2,7-AQDS in a redox flow battery that
used a single mediator redox targeting reaction as mode of opera-
tion.[41] The battery showed a high degree of capacity retention,
which further underlines the electrochemical stability of naphthalene
diimides in aqueous solution.

In the present article, the operation of redox flow batteries with
core–unsubstituted, N,N’-bis(dimethylaminopropyl)-NDI (short 2H-
NDI) or N,N’-bis(dimethylaminopropyl)-2,6-bis(dimethylamino)-NDI
(short 2DMA-NDI), is investigated. A total of five different neutral
aqueous redox flow batteries using 2H-NDI or 2DMA-NDI coupled with
1,10-Bis[3-(trimethylammonio)propyl]ferrocene dichloride (BTMAP-Fc)
are studied with respect to the effect of self-association, electrolyte
cation and concentration on battery performance.

BTMAP-Fc is a water-solubilized ferrocene that was coupled with a
modified viologen molecule in a system that reported a per-cycle
capacity retention exceeding 99.99% at high concentrations.[16]
The stability, solubility and commercial availability of BTMAP-Fc
makes it a good model compound to test negative electrolytes against.

The voltages of the batteries, which are shown in Table 1, are rel-
atively low compared to many other reported systems.[2,42] How-
ever, as the scope of this article is to evaluate the performance of
2H-NDI and 2DMA-NDI in negative electrolytes, the commercial avail-
ability and proven cycling stability of BTMAP-Fc was considered more
important than demonstrating a battery with a high voltage.[16] It is
identified that if a TEMPO-based species had been used instead of
BTMAP-Fc, a 0.41 V higher voltage would have been achieved
throughout.[2,12,40]
2. Results and discussion

A summary of the studied redox flow batteries is shown in Table 1.
After the assembly of a battery, the ohmic resistance was deter-

mined using impedance spectroscopy at the open circuit voltage. After
this, the battery was charged and discharged for three cycles at a set of
current densities ranging between 5 and 60 mA cm−2 to obtain infor-
mation on its rate performance. Lastly, a larger amount of charging
and discharging cycles was carried out at a given current density to
investigate the stability of the system. While the NDIs are reduced with
two electrons,[38] BTMAP-Fc is only oxidized with one,[43] and
therefore, to keep the capacities of the electrolytes balanced, their vol-
Table 1
Summary of the investigated redox flow battery (RFB) chemistries.

# Conc. Active material Background electrolyt

RFB-1 50 mM 2H-NDI / Fcb 1 M KCl + 0.5 M KP
RFB-2 50 mM 2H-NDI / Fc 1 M NH4Cl + 0.5 M
RFB-3 500 mM 2H-NDI / Fc 1 M NH4Cl + 0.5 M
RFB-4 50 mM 2DMA-NDI / Fc 1 M KCl + 0.5 M KP
RFB-5 50 mM 2DMA-NDI / Fc 1 M NH4Cl + 0.5 M

a Calculated from the average charging and discharging voltages.
b Fc = BTMAP-Fc, c Phos = Phosphate.
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umes were 10 ml and 20 ml respectively. The pH of the electrolytes
was adjusted to 7 and preserved by the phosphate buffer. The voltage
cut-offs for the first 142 cycles of RFB-1 were set to −0.3 V and 1.3 V
but were narrowed to 0 V and 1.2 V for all the following experiments,
if not stated otherwise. In the cycling experiments, charging (reducing
NDI) is shown as increasing cell potentials with increasing charge and
vice versa for discharging.

CVs of 2H-NDI, 2DMA-NDI and BTMAP-Fc are shown in Fig. 1a. At
neutral pH, 2H-NDI has two redox couples, the first at −0.28 V, corre-
sponding to 2H–NDI + e– ⇌ 2H-NDI–●, and this is referred to as the
first redox couple in the following discussion, regardless of whether
occurring during charge or discharge. The second occurs at −0.62 V
and corresponds to 2H–NDI–● + e– ⇌ 2H-NDI2–,[38] and is conse-
quently referred to as the second redox couple. Apart from these two,
a small current corresponding to an additional redox couple is seen
at a potential about 100 mV in the negative direction of the first redox
couple and is thought to be the result of self-association.[38] As the
self-association most likely only involves 2H–NDI and/or 2H-NDI-●,
to simplify the following discussion, the capacity of the shoulder is
counted as belonging to the first redox couple.

The CV of 2H-NDI in Fig. 1a was referenced against BTMAP-Fc and
laid over the charging/discharging curves from the first cycle of RFB-1,
see Fig. 1b. It is seen that the two redox couples give rise to two volt-
age plateaus during cycling, and that a shoulder appears at 0.6 V on
the charging curve that matches the peak that was attributed to the
self-association of 2H-NDI.
2.1. 2H-NDI vs BTMAP-Fc

2.1.1. 50 mM 2H-NDI/BTMAP-Fc in 1 M KCl and 0.5 M KPhos
As a first redox flow battery test, 2H-NDI was coupled with BTMAP-

Fc at a concentration of 50 mM in 0.5 M potassium phosphate (KPhos)
buffer at pH 7, which also contained 1 M potassium chloride for
increased conductivity, see Fig. 2. The cell, here called RFB-1, was
cycled at 10 mA cm−2 for 142 cycles with voltage cut-offs at
−0.3 V and 1.3 V. The battery had a good coulombic efficiency of
99.72(2)% and an energy efficiency of 87% at 10 mA cm−2, see
Fig. 2e. However, Fig. 2c shows that the capacity of the first redox cou-
ple decreased quite rapidly during cycling compared to the capacity of
the second redox couple. A similar phenomenon was recently reported
when cycling an NDI with glycine–based sidechains and was attributed
to the trapping of potassium ions between the imide oxygen atoms and
the glycine group.[40] If the same phenomenon occurs in the present
work, the potassium trapping would be limited to the imide oxygens
due to the positively charged sidechains

To quantify this behavior, the point on each charging and discharg-
ing curve with the highest value of dE/dQ was identified for each cycle
(excluding the areas close to the voltage cut-offs), where E and Q is the
voltage and capacity respectively. The capacity at this point was estab-
lished as corresponding to the first redox couple during charge, and
the remaining capacity was counted to the capacity of the second
redox couple during charge. Fig. 2d was constructed from this data
and shows an interesting cycling behavior. During charging, the
e Voltagea Ohmic resistance Cycling time

hosc 0.65 V 0.63 Ohm 192 h
NH4Phos 0.67 V 1.07 Ohm 156 h
NH4Phos 0.65 V 0.66 Ohm 212 h
hos 0.62 V 0.57 Ohm 88 h
NH4Phos 0.65 V 0.67 Ohm 173 h



Fig. 1. a) CVs of 50 mM 2H-NDI, 2DMA-NDI and BTMAP-Fc in 1 M KCl and 0.5 M KPhos. Sweep rate: 100 mV s−1. b) Charging/discharging curves of RFB-1
overlaid with the CV of 2H-NDI. Current density: 5 mA cm−2.

a b

c

d
e

RFB-1

1 M KCl
0.5 M KPhos

50 mM 
2H-NDI

50 mM
BTMAP-Fc

Fig. 2. Flow battery performance of 50 mM 2H-NDI/BTMAP-Fc in 1 M KCl and 0.5 M KPhos. a) Charging and discharging curves at varying current densities, b)
energy efficiency and capacity utilization at varying current densities c) charging and discharging curves at selected cycles, d) charge and discharge capacity
utilization for the first and second redox couples and e) efficiencies. For the long-term cycling, a current density of 10 mA cm−2 was used for the first 142 cycles,
and then decreased to 5 mA cm−2 for the remaining cycles.
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plateau for the first redox couple reaches a slightly lower capacity than
for the second, but for discharging, the trend is reversed. The reason
for this behavior is treated in Section 2.3.

After 142 cycles, the current density was decreased to 5 mA cm−2

and the voltage cut-offs narrowed to 0 V and 1.2 V for 54 cycles, to see
if this would diminish the capacity decrease. The capacity fade, how-
ever, continued unabated, see Fig. 2d and e. The coulombic efficiency
at 5 mA cm−2 was 99.63(5)%. CVs after the total of almost 200 cycles
were recorded on each electrolyte, see Figure S1a. The reduction cur-
rent for 2H-NDI after cycling was significantly lower than before
cycling, which shows that 2H-NDI has reacted and formed electro-
chemically inactive compounds. This also explains the decrease in
capacity utilization seen in Fig. 2e. 2H-NDI is known to self-associate
and prolonged cycling seems to build up larger aggregates with limited
3

redox activity.[38,40] No visible amounts of 2H-NDI had crossed over
to the ferrocene side, likely due to the larger size of the self-associated
complexes than of the monomers. A small amount of cross-over of Fc
was observed.
2.1.2. Further cycling experiments of RFB-1
Before disassembling RFB-1, the voltage was held at −0.5 V for

two hours to see if this would recover some of the lost capacity due
to self-association. However, no effect on the capacity was seen, see
Figure S10.

The electrolytes, electrodes and the membrane of RFB-1 was
replaced three times to generate three new batteries, in order to
study the impact of temperature and cycling strategies on the
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self-association. The data related to these batteries are presented in SI
sections 5 – 7.

The second iteration of RFB-1, RFB-1.1, was studied at an increased
temperature of 40 °C. It was envisioned that the increased temperature
might have an effect on self-association. Summarily, the capacity
decreased more rapidly than at room temperature. Once the capacity
had decreased to 27% of its theoretical value, the battery was disas-
sembled, and a CV was recorded on each electrolyte. In addition to a
general decrease of the current after cycling, an oxidation peak on
the 2H-NDI side at −0.03 V vs Ag/AgCl had appeared and was attrib-
uted to a degradation or complexation product of 2H-NDI, see Fig-
ure S14. The cross-over of Fc is also larger compared with the
experiment at room temperature, which contributes to the decrease
in capacity.

In the third iteration, RFB-1.2, discharge potential cut-offs of
−0.3 V and −0.5 V were tested, but no effect on the efficiencies or
capacities was seen. The potential cut-off while charging was kept at
1.2 V. After 120 cycles, the cycling was stopped for 100 h while the
pump was left on. After beginning cycling again, the capacity corre-
sponding to the first redox couple had dropped by approximately
20% but recovered slightly on the following cycles, Figure S15.

In a last iteration, RFB-1.3, every 10th charging step was followed
by a potentiostatic hold at 1.2 V. This was done to study whether the
self-association equilibria could be driven toward higher redox activity
by consuming all the 2H-NDI-●. However, no effect on the accessible
capacity was seen by this operation, Figure S16. It is thus concluded
that the capacity loss is irreversible and needs to be prevented rather
than amended.

2.1.3. RFB-2: 50 mM 2H-NDI/BTMAP-Fc in 1 M NH4Cl and 0.5 M
NH4Phos

In response to the effect of potassium trapping which was reported
for the glycine-NDI-based battery,[40] a battery similar to RFB-1, but
c d

a
RFB-2

1 M NH4Cl
0.5 M NH4Phos

50 mM 
2H-NDI

50 mM
BTMAP-Fc

Fig. 3. Flow battery performance of 50 mM 2H-NDI and BTMAP-Fc in pH 7 0.5 M N
current densities, b) energy efficiency and capacity utilization at varying current
discharge capacity utilization for the first and second redox couples and e) efficienci
first 100 cycles, and then increased to 30 mA cm−2 for the following 220 cycles.
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with ammonium instead of potassium, was assembled. Using the
ammonium ion as cation has been shown to increase the solubility
of AQDS[44] and ferrocyanide[45] in water almost fourfold over alkali
cations, and ammonium-based background salts have frequently been
used in recent flow battery studies.[17,23,44,45]

The results from RFB-2, which was based on 50 mM 2H-NDI/
BTMAP-Fc in 1 M ammonium chloride and 0.5 M ammonium phos-
phate (NH4Phos) are shown in Fig. 3. When changing from potassium
to ammonium, the energy efficiency decreased from 87% to 83% at
10 mA cm−2, see Fig. 2e and Fig. 3e respectively. However, instead
of a capacity fade, a slow capacity increase was seen, and one of the
most stable AORFB chemistries to date is demonstrated. Furthermore,
the coulombic efficiency increased to 99.92(2)% for RFB-2 compared
to 99.72(2)% of RFB–1.

After a total of 320 cycles at room temperature, the temperature
was increased to 40 °C and another 100 cycles at 30 mA cm−2 were
recorded, see Fig. 4. As seen in Fig. 4c, the temperature increase is
accompanied by a drop in capacity utilization of almost 8%, but imme-
diately starts recovering. Both the capacity drop, and its recovery are
limited to the second redox couple, see Fig. 4b. The energy efficiency
also sees a gradual increase, and this may be attributed to the increas-
ing capacity of the second redox couple which corresponds to a higher
battery voltage.

Cyclic voltammograms recorded after cycling show the same
amount of the electroactive material as before cycling, see Figure S1b.
This indicates that the ammonium cation prevents the formation of lar-
ger aggregates that are electrochemically inactive. The reason for the
large differences observed for K+ and NH4

+ is not fully understood
but is probably related to the ability of the cations to shield the nega-
tive charges on the reduced molecules. The potassium and ammonium
cations have similar size and hydration properties in water. The main
differences are in the local water structure in the inner hydration shell,
where the ammonium ion has a smaller number of water molecules
e

b

H4Phos and 1 M NH4Cl solution. a) Charging and discharging curves at varying
densities c) charging and discharging curves at selected cycles, d) charge and
es. For the long-term cycling, a current density of 10 mA cm−2 was used for the



Fig. 4. RFB-2 at a temperature of 40 °C. In the above figures, the last 100 cycles at room temperature are followed by 100 cycles at 40 °C for comparison. a)
Charging/discharging curves at selected cycles. Cycles 2, 50 and 100 overlap. b) Normalized capacities for the separate redox couples and c) efficiencies. Current
density: 30 mA cm−2.
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and a more ordered water structure compared with the potassium ion
[46]. For the ammonium ion there is no charge transfer from the ion to
the surrounding water molecules [47].

2.1.4. RFB-3: 500 mM 2H-NDI/BTMAP-Fc in 1 M NH4Cl and 0.5 M
NH4Phos

To study the performance of 2H-NDI at a high concentration, a
redox flow battery with 500 mM 2H-NDI/BTMAP-Fc in 1 M NH4Cl
and 0.5 M NH4Phos was assembled, see Fig. 5. At this concentration
and with the dimerization constant equal to 146 [38] the dimer is
dominating, i.e. 230 mM (2H-NDI)2 and 40 mM 2H-NDI. Cyclic
voltammograms before and after cycling are shown in Figure S2. Sim-
ilar to the RFB-2 battery with 50 mM NDI, there are no differences in
the peak currents before and after cycling, which clearly shows that H-
NDI is stable in solution.

While the selective capacity decrease of the first electron was not
seen at 50 mM active material concentration in NH4Cl and NH4Phos,
a

c d

1 M NH4Cl
0.5 M NH4Phos

500 mM 
2H-NDI

RFB-3

500 mM
BTMAP-Fc

Fig. 5. Flow battery performance of 500 mM 2H-NDI/BTMAP-Fc in 1 M NH4Cl and
respectively. a) Charging and discharging curves at varying current densities, b) en
and discharging curves at selected cycles, d) charge and discharge capacity utilizati
cycling, a current density of 25 mA cm−2 was used.

5

at 500 mM the capacity fades rapidly while cycling, see Fig. 5e. Similar
to the potassium-based system in RFB-1, the capacity decrease for RFB-
3 was selective to the first redox couple, see Fig. 5d. It should be noted
that the active material concentration in RFB-3 is ten times higher than
in the other batteries but cycled with similar current densities, and the
time for each cycle is thus much longer.

Even though the concentration used in RFB–3 was ten times higher
than in RFB–2, the energy efficiencies at different current densities
were similar between the two batteries. Furthermore, the capacity uti-
lization in RFB–3 decreased significantly at increasing current densi-
ties, and even at a current density of 75 mA cm−2, only 35% of the
capacity was accessed. These effects could be explained by decreased
mass transport of 2H-NDI due to its self-association. At current densi-
ties above 50 mA cm−2, the first plateaus of the charging and discharg-
ing curves reach only a very small capacity before the second plateau
begins, see Fig. 5a. While cycling at 25 mA cm−2, the first plateau
while charging was largely replaced by a long linear region due to
e

b

0.5 M NH4Phos. The volumes of 2H-NDI and BTMAP-Fc were 10 ml and 20 ml
ergy efficiency and capacity utilization at varying current densities c) charging
on for the first and second redox couples and e) efficiencies. For the long-term
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the increased self-association at the high concentration, see Fig. 5c.
Consequently, for the charging curves, the capacity corresponding to
0.85 V was recorded as the capacity for the first redox couple in
Fig. 5d. For the discharging curves, the effect was smaller, but for con-
sistency the capacity at 0.68 V was used.

Following the 50th charging, the battery was left at open circuit
voltage for 37 h to measure the rate of self-discharge, see Fig. 6a. As
seen in Fig. 6b, the discharge capacity accessed after the wait exceeded
slightly that of the previous cycle, illustrating a low rate of self-dis-
charge together with a chemical process. The capacity that was gained
after the wait disappeared in the consecutive cycles, making the oper-
ation ineffective for regenerating lost capacity.

Since the amount of electrochemically active material is the same
before and after cycling, the reason for the rapid decrease in capacity
utilization is likely cross-over of BTMAP-Fc, see the CV in Figure S2,
which mainly will influence the first redox couple.
Fig. 6. Data for RFB-3, which comprised 500 mM 2H-NDI/BTMAP-Fc in 1 M NH4

charge. b) Charging and discharging curves for the cycles before (cycle 49) and af

c

a

1 M KCl
0.5 M KPhos

50 mM 
2DMA-NDI

RFB-4

50 mM
BTMAP-Fc

Fig. 7. Flow battery performance of 50 mM 2DMA-NDI/BTMAP-Fc in 1 M KCl and
b) energy efficiency and capacity utilization at varying current densities c) chargin
cycling, a current density of 10 mA cm−2 was used.
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2.2. 2DMA-NDI vs BTMAP-Fc

While 2H-NDI has two redox-couples, 2DMA-NDI only has one, and
therefore only yields one voltage plateau while cycling. 2DMA-NDI,
however, is reduced with two electrons coupled with two protons at
neutral pH.[39] At high concentrations, this would lead to large pH-
fluctuations during cycling, and could possibly be an obstacle for the
application of 2DMA-NDI in applied AORFB uses.
2.2.1. RFB-4: 50 mM 2DMA-NDI/BTMAP-Fc in 1 M KCl and 0.5 M KPhos
To compare the RFB performance between 2H-NDI and 2DMA-NDI,

a battery coupling 50 mM 2DMA-NDI with BTMAP-Fc in 1 M KCl and
0.5 M KPhos was assembled. In this setup, the effect of current density
on capacity utilization and energy efficiency was similar to the other
50 mM batteries, see Fig. 7b.
Cl and 0.5 M NH4Phos. a) Open circuit voltage (OCV) for 37 h after the 50th
ter (cycle 51) the OCV experiment.

d

b

0.5 M KPhos. a) Charging and discharging curves at varying current densities,
g and discharging curves at selected cycles, d) efficiencies. For the long-term
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The battery was cycled at 10 mA cm−2 for 100 cycles, but the effi-
ciencies fluctuated during the first 60 cycles, see Fig. 7d. This was
caused by an electrolyte flow disturbance in the 2DMA-NDI reservoir,
which was amended once detected, and more coherent data was
acquired.

During the last 40 cycles, an average capacity fade of 0.11% per
cycle at 10 mA cm−2 was observed, which, while significantly lower
than the 0.27% seen for RFB–1, is still quite high. CVs recorded on
the electrolyte reservoirs showed some crossover of BTMAP-Fc, as well
as a slightly decreased peak current compared to the CVs recorded
prior to RFB operation, see Figure S3. Thus, crossover of BTMAP–Fc
as well as some decomposition of 2DMA–NDI in the potassium-based
electrolyte were identified as the main mechanisms of capacity fade
for RFB-4.

2.2.2. RFB-5: 50 mM 2DMA-NDI/BTMAP-Fc in 1 M NH4Cl and 0.5 M
NH4Phos

An RFB with 50 mM 2DMA-NDI/BTMAP-Fc in 1 M NH4Cl and
0.5 M NH4Phos was assembled to see if the choice of ammonium as
cation had a similar impact as for the 2H-NDI-based battery. As seen
in Fig. 8b, RFB-5 performs better at higher current densities than
any of the other four batteries. At 60 mA cm−2, RFB-5 has an energy
efficiency of 55%, compared to 30% for RFB-4, Fig. 7b. The first 100
cycles were run at a current density of 10 mA cm−2, followed by
220 cycles at 30 mA cm−2. Similar to RFB-2, no measurable capacity
loss was seen, highlighting the high stability of the battery. Further-
more, the same gradual capacity increase was observed in the initial
cycles as for RFB-2. The increasing capacity of RFB-2 indicates that
the capacity of RFBs with 2DMA-NDI are also affected by self-
association.

The coulombic efficiency was 99.97(2)% at 10 mA cm−2 and
100.00(5)% at 30 mA cm−2, while the energy efficiencies were 90%
and 72% for the respective current densities. The energy efficiency
was seen to fluctuate and decrease slightly over the cycling time, as
seen in Fig. 8d, but the magnitude of the difference is small enough
c

a

50 mM 
2DMA-NDI

RFB-5

50 mM
BTMAP-Fc

1 M NH4Cl
0.5 M NH4Phos

Fig. 8. Flow battery performance of 50 mM 2DMA-NDI/BTMAP-Fc in 1 M NH4C
densities, b) energy efficiency and capacity utilization at varying current densities
long-term cycling, a current density of 10 mA cm−2 was used for the first 100 cyc
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to possibly be due to temperature variations or similar. Energy effi-
ciency is known to increase with temperature as membrane, elec-
trolyte conductivities and molecular diffusivity increase.[48]

2.3. Considerations on Self-Association and Cycling Behavior

Using ammonium instead of alkali cations as counter ion, as men-
tioned earlier, has been shown to significantly increase the solubility
of AQDS and ferrocyanide.[44,45] In the case of AQDS, the ammo-
nium ions were proposed to form hydrogen bonds to the carbonyl oxy-
gen atoms,[44] and thus electrostatically shield the molecules from
each other. Two main trends on cycling behavior was seen in the pre-
sent article. Firstly, the capacity loss while cycling mainly affects the
first redox couple, however, in the case of 2DMA-NDI, this distinction
cannot be made. One explanation could be that the electrolyte contain-
ing BTMAP-Fc was either parasitically reduced back from its oxidized
state by another process or decomposed in its oxidized state by oxy-
gen.[49] Either way, the process for 2H-NDI-● to be oxidized back to
2H-NDI would be limited.

Another explanation was sought using DFT calculations on the
redox behavior of the 2H-NDI dimer. Potentials and equilibrium con-
stants of dimerization were acquired for a number of relevant struc-
tures, see Section 8 in the SI. It was generally seen that the
equilibrium constants favored self-association, with values ranging
between K = 792 in the case of the oxidized species, (2H-NDI)2,
and K = 1.8�1010 between 2H-NDI and 2H-NDI2- forming (2H-NDI)22–.
However, the two latter species hardly occur simultaneously during
electrolysis, and a more likely scenario is the association between
2H-NDI and 2H-NDI-● to form (2H-NDI)2-●, for which K = 1.7�104.
The dimer (2H-NDI)2 can be reduced with two electrons in the first
redox couple, i.e. one electron per monomer, also forming the dianion
of the dimer, (2H-NDI)22–. The third and fourth electron transfer to the
dimer occur at more negative potentials in the range of the second
redox couple, see the simulated CV in Figure S17. In contrast to the
experimental data, a separate peak is observed for the fourth electron
d

b

l and 0.5 M NH4Phos. a) charging and discharging curves at varying current
c) charging and discharging curves at selected cycles, d) efficiencies. For the
les, and then increased to 30 mA cm−2 for the following 220 cycles.



C. Wiberg et al. Journal of Electroanalytical Chemistry 896 (2021) 115224
transfer. One possible explanation is that the interaction with elec-
trolyte cations will lower the charge of the molecule and move the
potential for the most negative complexes in positive direction. It
should be noted that in the DFT calculations the charged side chains
of the 2H-NDI molecule are truncated and therefore some electrostatic
repulsion and steric hindrance between molecules are not considered.
This probably explains the difference in equilibrium constant for the
formation of (2H-NDI)2 obtained experimentally and by DFT calcula-
tions, 146 [38] and 792 [39] respectively. It can be concluded that
dimer formation at different stages in the reduction process is not
enough to explain the capacity loss in the batteries.

Furthermore, it was hypothesized that any self-associative capacity
loss could be reversed by applying potentiostatic holds. In this scenar-
io, as the first redox couple consistently suffered the largest capacity
loss, it seemed probable that the capacity-reducing self-associative spe-
cies involves 2H-NDI–●. Therefore, it was thought that the equilibrium
of this self-association should be possible to drive toward either 2H-
NDI2- or 2H-NDI by applying potentiostatic holds at either a high or
low enough voltage respectively. However, as shown in SI sections
4, 6 and 7, such treatments were ineffective.

It is concluded that the capacity decrease is related to a loss of
active material during cycling, possibly related to formation of larger
aggregates, and to some cross-over of BTMAP-Fc.
3. Conclusion

2H-NDI and 2DMA-NDI were clearly demonstrated as highly
promising candidates for pH-neutral aqueous organic redox flow bat-
teries, but measures for reducing self-association are needed.

Three redox flow batteries coupling 2H-NDI with BTMAP-Fc were
demonstrated with varying levels of performance. 2H-NDI at 50 mM
in 1 M KCl and 0.5 M KPhos showed high energy efficiency and capac-
ity utilization but had a capacity loss of 31% over 197 cycles, with
most of the capacity loss stemming from the first redox couple. Replac-
ing the potassium cation in the supporting electrolyte with ammo-
nium, a remarkable cycling stability was obtained over 320 cycles,
showing one of the most stable chemistries to date. However, upon
increasing the concentration of the active materials to 500 mM, signif-
icant capacity loss was observed mainly due to cross-over of BTMAP-
Fc.

The best performance was observed for the core-substituted
dimethylamino-NDI (2DMA-NDI). Two redox flow batteries with
50 mM 2DMA-NDI coupled with were studied, one with 1 M KCl
and 0.5 M KPhos as supporting electrolyte, and the other with the
ammonium equivalent. Similar to 2H–NDI, an astonishing increase
in cycling stability was demonstrated for 2DMA-NDI when changing
from potassium to ammonium as cation, and only a capacity increase
was seen over the first 100 cycles before levelling out at a constant
value for the following 220 cycles.

In order to optimize the performance of AORFBs with NDI sub-
stances, tests with higher concentrations and extended cycling are nec-
essary to give better information on the long-term stability of the
systems. For future development, the NDI molecules need to be core-
substituted to limit self-association and the choice of electrolyte cation
needs to be considered as well as the end groups that enable high sol-
ubility in aqueous solution.
4. Experimental and computational details

The investigated NDI materials were synthesized according to pre-
viously reported procedures.[38,39] BTMAP-Fc (98%) was purchased
from TCI.

A Gamry Reference 600 potentiostat was used for all electrochem-
ical analyses. Cyclic Voltammetry: A 3 mm diameter glassy carbon
working electrode (BASi) was polished with alumina (0.3 µm, Struers
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AP-D), rinsed with deionized water and then sonicated for at least one
minute in deionized water. As counter electrode, a platinum mesh was
used and as reference electrode, Ag/AgCl in 3 M NaCl (BASi),
E = 0.214 V vs NHE. Voltammograms at scan rates of 20, 50 and
100, 250 and 500 mV s−1 were collected. Flow Battery Operation:
A 5 cm2

flow battery (Scribner) was used, with an interdigitated gra-
phite flow field and SGL Carbon SIGRACELL electrodes without pre-
treatment. A Selemion DSV membrane which had been stored in
0.25 M NaCl was used after having been washed and left in the to-
be-used electrolyte for at least a day. A peristaltic pump (Lead Flow
BT600L) with Masterflex C-Flex tubing (Cole-Parmer) was used with
a flow rate of 60 ml min–1. The entire flow battery setup was encapsu-
lated in a glovebag (AtmosBag, Sigma Aldrich) which was purged and
pressurized with nitrogen gas. The electrolyte volumes were 10 ml for
the negative electrolyte (2H-NDI or 2DMA-NDI) and 20 ml for the pos-
itive electrolyte (BTMAP-Fc). After assembling a battery with a certain
electrolyte, an impedance spectrum was recorded to acquire the inter-
nal resistance of the cell. This was followed by three galvanostatic
charging/discharging cycles at varying current densities, from which
the third cycle was used for analysis on current density dependencies.
Finally, a larger number of galvanostatic charging/discharging cycles
were carried out at set current density. The capacity utilization was
calculated by dividing the accessed discharge capacity by the theoret-
ical capacity. The energy efficiency was calculated by numerically
integrating the plots of capacity versus voltage for the discharging
curve. and dividing it by the same for the charge curve. The integra-
tion was carried out using MATLAB’s trapz function. Electrochemical
Impedance Spectroscopy: Potentiostatic EIS spectra were recorded at
a frequency range between 100 kHz and 100 mHz, with a 10 mV RMS
potential perturbation from open circuit voltage and 9 points per dec-
ade. pH Measurements were performed using a Metrohm 827 pH lab
pH-meter calibrated using buffer solutions (VWR) with pH = 12.00,
9.00 and 4.00.

DFT calculations were performed using Gaussian 16 Rev. B.01
[50] in combination with the M06–2X functional and a triple-ζ
6–311++G** basis set with diffuse and polarization functions on
all atoms.[51] Solvation was treated using the implicit SMD solvation
model as implemented into Gaussian 16.[52] Convergence of the
structures to the minimum was ensured by testing for, and removal
of, all imaginary frequencies. For further details see reference.[53]
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