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large cell-voltages. [ 7,8 ]  Until now, fi nding suitable anode mate-
rials for aqueous electrolytes appeared to be more diffi cult [ 9 ]  
because most transition metals within common crystal frame-
works position their redox potentials too high for the aqueous 
anodes. Also, the redox potentials of most anodes studied [ 10 ]  in 
organic electrolyte cells are too low. Therefore, new approaches 
are needed for development of high performance anode mate-
rials suitable for aqueous electrolytes and, as a result of such 
research trend, polymeric materials were recently investigated. [ 6 ]  

 Various designs and approaches have been introduced 
recently to use redox active organic compounds as active elec-
trode materials for rechargeable batteries. [ 11,12 ]  The recent 
discovery of organic SIB anodes for organic electrolytes is a 
good example along this direction. [ 13,14 ]  Also, in-depth analysis 
of these organic materials allow one to understand structural 
effects on the cell performance. [ 15–17 ]  For the case of naphtha-
lenediimide (NDI), we have previously demonstrated the crit-
ical effect of the substitution at the  N -site of NDI on the battery 
performance, [ 18 ]  which allowed us to utilize this concept in the 
making of electrodes for the present aqueous SIBs. 

 Here, we report a new carbonyl-based organic salt, namely 
disodium naphthalenediimide (SNDI) ( Figure    1  a), as an 
aqueous SIB anode with a well-defi ned redox plateau at −0.14 V 
versus standard hydrogen electrode (SHE). Remarkably, this 
voltage value is the lowest reported to date among those 
showing single-valued plateaus within the stable water potential 
window. Furthermore, we paired SNDI with one of the Prus-
sian blue (PB) derivatives as a cathode, KCo 0.5 Cu 0.5 Fe(CN) 6 , 
thus forming, for the fi rst time, a hybrid aqueous full-cell made 
up of cheap electrode materials that can be synthesized using 
very simple procedures at low temperatures (<100 °C). The 
good electrochemical performance of this new battery setting 
suggests that aqueous cells employing cheap unconventional 
electrode materials can offer a feasible alternative for grid-scale 
ESSs.  

 SNDI was synthesized (Figure  1 a) by a simple two-step 
reaction. 1,4,5,8-naphthalenetetracarboxylic dianhydride was 
reacted [ 19 ]  with concentrated ammonium hydroxide solution 
under N 2  atmosphere in order to form 1,4,5,8-naphthalenetetra-
carboxylicdimide (HNDI), which was subsequently treated 
with sodium hydride (NaH) in anhydrous dimethylforma-
mide (DMF) for 16 h to yield SNDI as a yellow powder. The 
product was annealed at 200 °C for 1 h in order to remove both 
remaining and coordinating solvent molecules. 

 Formation of SNDI was confi rmed by elemental analysis 
(EA) and  1 H-NMR spectroscopy (Supporting Information, 
Figure S1). The disappearance of imide protons along with a 

  Rechargeable batteries are currently encountering a new 
demand for emerging applications, so-called grid-scale energy 
storage systems (ESSs). [ 1 ]  In particular, development of ESSs 
are especially meaningful as they are expected to play crucial 
roles in resolving various energy and environmental issues on 
the global scale. They could serve as storage systems for effi -
cient distribution of the electricity generated from renewable 
resources, such as sunlight and wind. 

 The rechargeable batteries used for grid-scale ESSs require 
distinctive standards compared to those for conventional 
LIBs. [ 2 ]  Above all, the batteries should be made from cheap and 
abundant raw materials for economic viability. The cells should 
also warrant long cycle life (one or two orders of magnitude 
longer than those of the current LIBs), good rate performance, 
and safety, but the energy density may be compromised to a 
certain level for the aforementioned aspects. With these stand-
ards, sodium ion batteries (SIBs) with decent electrochemical 
performance might be more suitable than the existing LIBs 
because sodium raw materials are much cheaper (30–40 times), 
and their reserves are more abundant and locationally fl exible. [ 3 ]  
Moreover, operation of SIBs in aqueous electrolytes may be 
more preferred than those in conventional organic electrolytes 
in the safety and cost perspectives. [ 4–6 ]  Aqueous electrolytes 
also allow for higher ionic motilities and can thus compensate 
relatively sluggish kinetics of SIBs. However, use of aqueous 
electrolytes impose a signifi cant challenge in fi nding appro-
priate anode and cathode materials that operate within the 
limited potential window of water while generating reasonably 
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down fi eld shift of aromatic protons clearly indicates quantita-
tive conversion of HNDI into SNDI. In addition, experimental 
EA data (Supporting Information) are also in perfect agreement 
with the theoretical data, thus further confi rming the forma-
tion and the purity of SNDI. Furthermore, we have also carried 
out UV-vis (Figure  1 b) and Fourier transform infrared (FTIR) 
(Figure  1 c) spectroscopic analyses to verify the formation of 
series of NDIs, namely HNDI, SNDI, and  aq -SNDI (SNDI 
immersed in the aqueous electrolyte), and also to investigate 
stability of SNDI in an aqueous electrolyte. Notably, the persis-
tent UV-vis spectra of all of the three samples confi rmed that 
there are no side reactions such as hydrolysis upon immersion 
of SNDI (Figure  1 b) into an aqueous electrolyte. A small blue 
shift in the refl ectance spectrum of  aq -SNDI suggests partial 
protonation of SNDI. The FTIR spectra of all of the three sam-
ples commonly showed the characteristic absorption bands at 
1570, 1348, 765, 1680, and 3000–3200 cm −1  corresponding to 
the naphthalene C=C stretching, imide C–N vibration, imide 
C=O δ  bending, imide C=O vibration, and imide N–H stretching, 
respectively, of the NDI moiety. [ 20 ]  However, the FTIR spectrum 
of  aq -SNDI showed absorption bands associated with both 
HNDI and SNDI even before any battery operations, indicating 
that the exposure of SNDI to the aqueous electrolyte immedi-
ately promoted partial protonation, (H)SNDI. In addition, (H)
SNDI turned out to be insoluble in the aqueous electrolyte, as 
the UV-vis spectrum of the electrolyte solution containing (H)
SNDI did not show any signals. 

 Electrochemical characterization of (H)SNDI was performed 
by employing cyclic voltammetry (CV) and galvanostatic meas-
urements in a three-electrode fl ooded beaker cell. Hereafter, 
all of potentials are noted with respect to SHE. The CV data 
( Figure    2  a) indicated that (H)SNDI undergoes reversible redox 
reactions at potentials around −0.15 V. 

  In the fi rst cycle, (H)SNDI exhibited reduction and oxida-
tion peaks at −0.37 V and 0 V, respectively. In the second cycle, 
the reduction peak was shifted to −0.3 V, while the oxidation 
peak remained at the same potential. From the CV data, it is 
anticipated that certain stabilization processes took place at the 
electrode-electrolyte interface during the fi rst reduction. Upon 
stabilization of the interface, the redox peaks remained pre-
served from the fi rst oxidation through subsequent cycles. The 
reversible peaks in the CV profi les are the fi rst indication of 
the reversible and robust character of (H)SNDI during its reac-
tion with Na ions in an aqueous environment. Since Na metal 
is not stable in water, the galvanostatic tests were performed 
by employing an excessively large size of partially discharged 
(sodiated) (H)SNDI as a counter electrode. The galvanostatic 
profi les of (H)SNDI showed well-defi ned single discharge 
(sodiation) and charge (desodiation) plateaus at −0.25 V and 
−0.03 V, respectively, which are in a good agreement with the 
CV data. At a 6C rate, (H)SNDI exhibited a reversible capacity 
of 62 mAh g −1 . This capacity indicates that 0.7 Na ion binds 
reversibly with each formula unit of SNDI, which is quite unex-
pected when compared to naphthalenedimide dilithium case, 
where 1.5 Li ions bind reversibly. [ 18 ]  The C-rate was defi ned 
such that 1C corresponds to 86 mA g −1  based on the theoretical 
capacity when one Na ions bind with each (H)SNDI molecule. 
In addition, all of the C-rates reported in this study are based 
on the current density with respect to 1C, not actual charge or 
discharge durations. 

 When tested at various C-rates, (H)SNDI showed good rate 
performance. Even when the C-rate was increased from 6C to 
24C, a specifi c capacity of 40 mAh g −1  was still preserved, which 
corresponds to 60% capacity retention. Although polypyrrole-
carbon composite electrodes were demonstrated as anode 
materials for potassium ion batteries in aqueous electrolytes, [ 21 ]  
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 Figure 1.    a) A synthetic route for production of disodium naphthalene diimide (SNDI). b) UV-vis and c) FTIR spectra of HNDI, SNDI, and  aq -SNDI.
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(H)SNDI is substantially distinctive since it exhibits well-
defi ned fl at voltage plateaus. On the contrary, the polypyrrole-
based electrodes exhibited [ 21 ]  sloping voltage profi les with 
serious steepness and thus require excessive loading of the 
active materials for well-defi ned voltages over a good portion of 
the state of charge in full-cell operations. In addition, the robust 
reversible reaction of (H)SNDI with Na ions translated into a 
stable cycle life in the extended cycling period. As shown in 
Figure  2 c, 53 mAh g −1  was preserved at the end of 500 cycles, 

corresponding to 74% capacity retention. We have further 
investigated high temperature cycling performance of (H)SNDI 
(Supporting Information, Figure S2a) and observed reasonably 
stable capacity retention: after 100 cycles, the capacity reten-
tions were 86% and 66% at room temperature and 60 °C, 
respectively, when measured at 6C. Interestingly, we observed 
that, at 6C, the initial capacity at 60 °C was higher than that at 
room temperature by ≈5%, which might be due to increased 
mobility of Na ions at the elevated temperature. Also we have 
carried out (Supporting Information, Figure S2b) galvanostatic 
tests on HNDI in the same aqueous electrolyte. Remarkably, 
we observed a serious capacity decay (27% retention) after 
150 cycles, indicating the fact that the presence of Na ions at 
the  N -sites of naphthalenedimide is crucial for the stability of 
the electrode. [ 18 ]  In addition, the partial protonation of SNDI to 
(H)SNDI does not alter the stability of the electrode material. 

 The reversible nature of (H)SNDI during electrochemical 
reactions was further verifi ed using FTIR, X-ray diffraction 
(XRD), and electron paramagnetic resonance spectroscopy 
(EPR). All of the measurements were performed after the gal-
vanostatic pre-cycling, and we refer to the sample after the 
pre-cycling as “as-prepared”. Although moderate peak-shifts 
and intensity changes were observed due to the altered bond 
characters upon sodiation, the FTIR spectra ( Figure    3  a) before 
and after a full cycle were quite similar, implying the reversible 
structural changes over a complete cycle. Upon sodiation, it was 
observed that the N–H band at 3000–3200 cm −1  disappeared 
and the O–H band at 3300 cm −1  newly appeared, from which we 
propose a reaction mechanism, where amide tautomerization 
occurs in order to stabilize the sodiated-state (Supporting Infor-
mation, Figure S3). The XRD analyses at the same electrochem-
ical states further confi rm (Figure  3 b) the reversible nature of 
(H)SNDI. The XRD spectrum of the as-prepared state showed 
peaks at 2 θ  = 15° and 21°, which are in good agreement with 
the report by Ahmed et al., [ 22 ]  suggesting that NDI holds mono-
clinic structure with extended π–π stacking. Upon full sodia-
tion, the intensities of both major peaks decreased, which is 
attributed to the weakened π–π stacking interactions by Na ion 
insertion and lowered crystallinity. However, upon full desodia-
tion, the intensities of those peaks were fully recovered to the 
levels of the as-prepared state. In addition, inductively coupled 
plasma mass spectroscopy (ICP-MS) was used to attain the Na 
ratio between the sodiated and desodiated states. The Na ratio 
between both states turned out to be 2.25, which is reasonably 
close to the designated value of 2. The ex situ characterizations 
of FTIR and XRD were also obtained for HNDI (Supporting 
Information, Figure S4). Unlike (H)SNDI, the FTIR spectrum 
of HDNI showed an N-H band around 3000–3200 cm −1  in the 
sodiated state, implying that HNDI undergoes tautomerization 
only around the N-site near the oxygen where Na ion binds, 
but leaves the N-H bond at the opposite N-site. The XRD result 
of HNDI also showed a bit different behavior upon sodiation 
(red mark in Figure S4b). More critically, after 50 cycles, it was 
observed (Figure S4c) that a large portion of the HNDI electrode 
peeled off as tiny particles, which is in sharp contrast to the (H)
SNDI electrode prepared and measured at the same conditions. 
It is anticipated that the distinct phase transformation of HDNI 
during (de)sodiation affects the mechanical stability of its elec-
trode fi lm and thus cycling performance. Overall, the different 
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 Figure 2.    a) Cyclic voltammetry scans of (H)SNDI at different cycle 
numbers. The scan rate was 400 µV s −1 , and the voltage range was 
−0.46–0.24 V vs. SHE. b) Galvanostatic voltage profi les of (H)SNDI half-
cells measured at different C-rates. c) Discharging cycling performance 
of (H)SNDI measured at 6C. The C-rates were the same for charge and 
discharge in each cycle. 1C = 86 mA g −1 .
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characterization results and cell performance reconfi rm the 
importance of N-substitution in this class of organic molecules, 
which is consistent with other previous reports. [ 18,23,24 ]   

 In order to verify the insertion of Na ions, we have car-
ried out EPR analyses on (H)SNDI. The Gaussian shape lines 
shown in the EPR spectra (Figure  3 c) confi rm that, under the 
magnetic fi elds, there indeed exist the split energy levels for all 
of the three states of SNDI. Also, the Landė  g  values turned out 

to be 1.99 in all of the three states (see Supporting Informa-
tion, Equation S1), which indicates the spin quantum number 
of  S  = ½ and thus verifi es the presence of the unpaired electron 
spins in all of the three states. In the sequential EPR profi les, 
the EPR peaks were enhanced at the sodiation state but were 
lessened back to the as-prepared level after a full redox cycle, 
reconfi rming robust reversibility of (H)SNDI through the rad-
ical-anion form at the sodiation state. [ 25 ]  In addition, it is note-
worthy that the as-prepared and desodiated samples still exhib-
ited small EPR peaks due to presence of the (H)SNDI mole-
cules under the residual radical-anion forms from the previous 
cycles, as previously observed in a similar case. [ 26 ]  

 Recently, Cui et al. [ 21,27–30 ]  reported the use of PB derivatives 
as cathode materials for aqueous rechargeable batteries. The 
large continuous ionic channels present in the crystal struc-
tures of these materials facilitate effi cient diffusion of various 
carrier ions (Li + , Na + , K + , etc.), enabling excellent rate perfor-
mance and long-term cyclability. [ 28,29 ]  However, it should be 
noted that all of these PB derivatives were tested in highly acidic 
conditions because the redox operating voltages of K +  (de)inter-
calation with those PB derivatives are above the stable poten-
tial window of neutral water. However, the use of acidic elec-
trolytes is not desirable for grid-scale applications in the safety 
and processing perspectives. In an effort to use electrolytes 
at neutral pHs, we have replaced a good portion of Fe in the 
conventional ferric ferrocyanides with cobalt (Co) and copper 
(Cu), as inclusion of these transition metals positions the redox 
operating voltage of the PB derivative almost to the highest 
value within the stable water potential window at neutral condi-
tions while delivering excellent cycle life. Although the use of 
Co could increase the material cost in the cell production, the 
safety is also critical for large-scale cells. Thus, the material cost 
may have to be sacrifi ced to some extent in the current system. 
For reference, the PB derivative where a good portion of Fe is 
replaced by Ni exhibited a lower redox voltage of 0.56 V (Sup-
porting Information, Figure S5). Also, the PB derivative where 
Fe is replaced only by Cu showed inferior cycling performance 
(Supporting Information, Figure S6). Based on these results, 
KCo 0.5 Cu 0.5 Fe(CN) 6 , or shortly CoCuHCF, that exhibits average 
redox potential at 0.9 V vs. SHE was selected in the current 
investigation and synthesized by a simple precipitation process 
(see Supporting Information for details). The XRD spectrum 
( Figure    4  a) of CoCuHCF was in good agreement with the previ-
ously reported [ 31 ]  PB derivatives and thus indicates the proper 
crystal structure of the synthesized CoCuHCF. Although 
CoCuHCF has been explored [ 32 ]  for hydrazine ion screening 
since the early 2000s, to the best of our knowledge, this mate-
rial has never been investigated for battery electrodes.  

 Galvanostatic voltage profi les of CoCuHCF (Figure  4 b) 
measured at 10C (500 mA g −1 ) showed clear redox activity in 
the potential range of 0.7–1.1 V and a reversible capacity of 
39 mAh g −1 . In this Na half-cell confi guration, potassium ions 
are extracted in the fi rst charge and subsequently Na ions are 
(de)inserted in the fi rst discharge and in the following cycles. 
Similar to the previous PB derivatives, [ 29 ]  CoCuHCF showed 
excellent electrochemical performance. As shown in Figure  4 c, 
after 200 cycles, 95% (=500 mA g −1 ) of the initial capacity was 
retained and Coulombic effi ciency reached 99.2%, recon-
fi rming robust diffusion of Na ions through the well-developed 
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 Figure 3.    Ex-situ characterizations of (H)SNDI at the as-prepared, fully 
sodiated (sodiation, −0.46 V), and fully desodiated (desodiation, +0.24 V) 
states: a) FTIR, b) XRD, and c) EPR measurements. In (c), the purple 
dots correspond to the Mn reference and were used for calculation of the 
Landė  g  factor ( g ).
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continuous channel structure of CoCuHCF. The effi cient Na 
ion diffusion was also refl ected in the excellent rate capability. 
Even when tested at high C-rates of 10C, 20C, 40C, and 100C, 
specifi c capacities of 44, 43, 42, and 40 mAh g −1  were retained, 
respectively. The galvanostatic profi les at these C-rates are pre-
sented in Supporting Information Figure S7. Overall, the excel-
lent electrochemical results position CoCuHCF as a promising 
SIB cathode material operating in neutral aqueous electrolytes. 

 With the motivation of developing more complete and prac-
tical energy storage platforms, (H)SNDI and CoCuHCF were 
integrated into full-cells ( Figure    5  a). The voltage profi les of (H)
SNDI (red), CoCuHCF (blue), and full-cell (black) are com-
paratively presented in Figure  5 b and Figure S8 (Supporting 
Information). The (H)SNDI/CoCuHCF full-cell showed average 
potential of ≈1.1 V, which is consistent with the voltage differ-
ence of both half-cells and is indeed quite ideal for aqueous bat-
teries. The full-cell delivered 34 mAh g −1  at 20C charging/10C 
discharging when calculated based on the mass of CoCuHCF. 
It should be noted that although rechargeable batteries are usu-
ally measured in the conditions where charging is measured 
at a lower rate than discharging to simulate the discharging-
limiting situations, we tested the cells in opposite conditions 
because the cycling performance (Supporting Information, 
Figure S9) measured at the same C-rates for charge and dis-
charge turned out to be inferior to that of the given opposite 
condition. It is speculated that the inferior cycling performance 
on the same C-rates is ascribed to the fact that the desodiation 
process of SNDI is less kinetically effi cient for Na ion diffu-
sion than the sodiation process at high C-rates. In addition, 
the full-cell showed stable cycling performance (Figure  5 c). At 

the aforementioned rate condition, 88% of the initial capacity 
was preserved after 100 cycles, and this robust cycling per-
formance reconfi rms the success of the cell integration. The 
cycling performance at lower C-rates was also investigated, and 
similar capacity retention was observed (Supporting Informa-
tion, Figure S8). From the obtained full-cell results, we plotted 
a Ragone plot (Supporting Information, Figure S10) based on 
the weight of active materials on both sides. For reference, 
the energy density calculated based on the specifi c capacities 
obtained from the half-cell measurements using Equation S2 
(Supporting Information) was 30 Wh kg −1 . In practice, we cal-
culated the actual energy density based on ED = (total capacity 
measured) voltage/(mass of active materials on both electrodes), 
and the (H)SNDI/CoCuHCF full-cell showed an energy density 
of 26 Wh kg −1  at a power density of 53 W kg −1 , and 17 Wh kg −1  
at 262 W kg −1 . As for the performance of the present hybrid 
aqueous cell, the energy densities are quite similar to those 
(15–27 Wh kg −1 ) of the recent Prussian blue-based full-cells by 
the Cui group, [ 30 ]  but is inferior to those of current commer-
cialized LIBs, once again due to the use of aqueous media that 
restricts the operation voltage window and consequently elec-
trode materials. As described above, the current case undergoes 
the additional sacrifi ce in the energy density owing to the neu-
tral pH condition. Thus, the present hybrid battery compro-
mises the energy density in the expense of the cost, safety, and 
environmentally friendly characteristic.  

 In summary, fi nding the appropriate electrode materials is 
the fi rst critical step in the development of any new battery 
system. The two new active electrode materials investigated 
in the present study, (H)SNDI and CoCuHCF, demonstrated 
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 Figure 4.    a) The XRD spectrum of CoCuHCF and its corresponding lattice orientation to each peak. b) The galvanostatic profi les of the CoCuHCF 
half-cell at various cycle numbers up to 200 cycles. The potential range was −0.03 to 1.12 V vs. SHE, and the current density was 1 A g −1  for both 
charge and discharge. c) The cycling performance of the CoCuHCF half-cell. The current density was 1 A g −1  for both charge and discharge. d) The 
rate capability of CoCuHCF.
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excellent battery performance in both half-cell and full-cell set-
tings even under the neutral aqueous electrolyte conditions. In 
particular, (H)SNDI and CoCuHCF exhibited redox voltages at 
the very low and high positions within the stable water potential 
window, enabling a high full-cell voltage of 1.1 V. By combining 
these two different classes of materials, we have introduced a 
hybrid aqueous full-battery concept, thus opening myriad of 

opportunities to develop more effi cient integrated battery sys-
tems for large-scale battery applications. The current investi-
gation delivers an important message that promising aqueous 
batteries for grid-scale ESSs could come to fruition by fi nding 
and optimizing previously uncommon battery materials.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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