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ABSTRACT: Thick electrodes with sodium and even anions intercalation organic compounds integrated in a neutral-pH 
aqueous battery offer unique advantages in terms of round trip efficiency, environmental impact, and scalability for off or 
in-grid renewable energy storage. Herein we report on the first anion-rocking chair / dual-ion organic battery. The latter 
reaches 35 Wh/kgmaterials at C/8 rate. It shows remarkable cyclability and Coulombic efficiency in a cheap and neutral NaClO4 
electrolyte pouch cell with highly loaded millimeter thick electrodes (5 mAh/cm²). This achievement is based on a thorough 
study of a commercial benzene TEMPO compound (4-hydroxy TEMPO benzoate) and its naphthalene derivative (4-carboxy 
TEMPO naphthalate) as cathode materials, and a bipyridinium-naphthalene oligomer as the anode. Combined UV-vis spec-
troelectrochemistry and operando XRD account for the much improved cyclability of the hydrophobic 4-carboxy TEMPO 
naphthalate at the expense of a lower specific capacity. This trend is reversed in the case of the 4-hydroxy TEMPO benzoate 
derivative. Results show kinetic limitations of the 4-hydroxy TEMPO benzoate are associated with the surrounding com-
posite electrode, while inner-grain ionic and/or electronic transports play a decisive role for the 4-carboxy TEMPO naph-
thalate. 

Introduction 

Aqueous batteries constitute a novel and promising tech-
nology towards renewable energy storage as they are inher-
ently safe, minimize cost and environmental impact by 
comparison to other battery technologies1–4, thus offering 
a low cost and greener alternative to Li-ion systems. This 
approach is still affiliated however, with energy densities 
below 50Wh/kgcell. Furthermore, the relatively narrow 
electrochemical window available in aqueous media to-
gether with costs and abundance issues makes even more 
challenging the development of appropriate materials. The 
latter should possess optimal potential as well as high 
chemical and electrochemical stability. As a result, the 
choice of greener and more abundant organic materials ap-
pear as a logical step. So far only two families of organic 
compounds have been demonstrating encouraging perfor-
mance as positive electrode active materials in aqueous 
media: i) the p-type conjugated tertiary amine PTPAm 
showing interesting experimental capacity and good cycla-
bility in 21 M LiTFSI water-in-salt electrolyte5 and ii) the 
nitroxyl radicals, more precisely the 2,2,6,6-tetramethylpi-
peridinyl-N-oxyl (TEMPO) derivatives. The latter is the 
most studied p-type redox systems in aqueous electrolyte6–

11. TEMPO undergoes a one electron oxidation process to 

give the oxoammonium cation, the charge being counter-
balanced by the uptake of one anion from the electrolyte 
(Figure 1). 

 

Figure 1. Schematic representation of the redox reaction of 
TEMPO derivatives.  

Up to now, TEMPO derivatives in aqueous batteries have 
been mainly developed in the form of radical polymers. In 
this regard, Oyaizu and Nishide’s group have demon-
strated that the achievement of high molecular weight and 
proper volume swell ratio is fundamental for the good per-
formance of the polymer12. They extensively investigated 
TEMPO’s derivatives6–10,12,13, highlighting the difficulties in 
obtaining proper water compatible TEMPO polymer. As a 
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result, the poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl 
acrylamide) (referred to as PTAm) revealed the most inter-
esting performance, enabling the development of two ani-
onic rocking chair batteries. Noteworthy, until recently, 
electrodes were based on thin films of these polymers 
(from 50 nm to 3.2 µm)12. However, because low cost (≤$100 
kWhinstalled

−1) is a sine qua non condition to insure the eco-
nomic viability of electrochemical systems for grid storage, 
aqueous batteries need to be built with ultra-thick (>mm) 
electrodes. In this context, the same group has recently 
proposed thick composite electrodes of 3 mAh/cm² by hy-
bridizing PTAm with a 3D self-assembled mesh of single-
walled carbon nanotubes (SWCNT)7. Even though the cost 
of SWCNT can potentially be an issue, impressive perfor-
mance have been obtained with only 1 to 5 wt.% SWCNT. 
Although all these approaches are effective in that they 
successfully convey organic materials with interesting per-
formance as positive electrode material for neutral aque-
ous battery, a full cell with thick organic based electrodes of 
several mAh/cm2 still remain to be demonstrated to the best 

of our knowledge. A different approach is proposed in the 
present work based on “small TEMPO molecules”, rather 
than polymeric structures. We note that an example has 
been recently reported in the field of supercapacitor by Itoi 
et al. who adsorbed the HTB (1-Piperidinyloxy,2,2,6,6-tet-
ramethyl-4-(2-oxo-2-phenylethyl)) in the mesoporosity of 
active carbon (AC)14. Thanks to the huge contact area be-
tween the finely dispersed HTB molecules and the conduc-
tive AC surface, fast redox reactions of HTB could be 
achieved in aqueous 1 M H2SO4. Moreover, the strong ad-
sorption capability of AC counteracts the dissolution of 
HTB in the electrolyte. On the contrary, it is worth point-
ing out that this method is inherently restricted to the su-
percapacitor field because of the high loading of conduc-
tive agent. The best performance (81% of capacity retention 
after 2000 cycles at 1 A/g) were typically obtained with 
70 wt.% AC. Importantly, this kind of strategy, that is well 
known especially in the Li-S battery field since the work of 
Nazar15, can only mitigate dissolution but not suppress it. 
Here we report on two different strategies that have been 
followed with the aim to produce a low cost and safe aque-
ous battery including p-type “small TEMPO molecules”. 
Our approach will be supported by in-depth study of elec-
trochemical behaviors as well as demonstration of potenti-
alities and limitations of some of these materials in full 
cells of up to 5 mAh/cm² using a new bipyridinium-naph-
thalene diimide oligomer as the negative electrode. 
 

Experimental section 

General procedure for the synthesis of TEMPO-bearing de-
rivatives (note that all characterizations relative to synthe-
sis of materials including, 1H NMR, FTIR, TGA/DSC and 
XRD are reported at the end of the supplementary infor-
mation file (Figure S20 to S42) to facilitate the reading of 
the article): 
 

All commercially obtained solvents and reagents were used 
without further purification unless noted below. 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), 4-Dime-
thylaminopyridine (DMAP), 4-hydroxyTEMPO benzoate, 
4-carboxyTEMPO, 4-hydroxyTEMPO, phenol, 2-hy-
droxynaphathalene, benzoic acid and 2-naphthalic acid 
were purchased from Sigma Aldrich. The PTAm polymer 
has been prepared and supplied by Nishide and Oyaizu’s 
group. 

Synthesis procedure of 4CTs (4-carboxyTEMPO deriva-
tives):  
To a stirred solution of 4-carboxyTEMPO (1 eq.) DMAP 
(0.3 eq.) and the corresponding alcohol (0.7 eq) in di-
chloromethane cooled to 0°C in an ice bath, was added 
EDC (1 eq), and the mixture was warmed to ambient tem-
perature over several hours and stirred for 48-72 h, follow-
ing the reaction advancement through thin layer chroma-
tography. The solution was diluted with dichloromethane 
and was washed with water (2 x), a saturated aqueous so-
lution of sodium bicarbonate (1x), and brine (1x). The or-
ganic layer was dried over sodium sulfate, concentrated in 
vacuum and purified by silica gel column chromatography 
to afford the compounds as an orange powder.  
 

4CT-Benzene: (yield 75%) 1H NMR (300 MHz, DMSO-d6) 
δ 7.36 – 7.47 (m, 3H), 7.21 – 7.29 (m, 2H), 2.95 (tt, J = 12.9 
Hz, 1H) 1.96-1.97 (m, 2H), 1.58 (t, J = 12.8 Hz, 2H), 1.12 (s, 
6H), 1.09 (s, 6H). HRMS (ESI)+ m/z calculated for 
C16H22NO3Na 299.1497 [M+Na]+ found 299.1503. FT-IR (cm-

1): 2830-3000 (rocking CH2), 1744 (C=O ester), 1366 (N-O. 
stretch). 

4CT-Napthalene: (yield 80%) 1H NMR (300 MHz, DMSO-
d6) δ 7.94 (ddd, J = 12.1, 8.9, 5.9 Hz, 3H), 7.67 (d, J = 2.4 Hz, 
1H), 7.55 (qd, J = 5.1, 1.8 Hz, 2H), 7.31 (dd, J = 8.9, 2.4 Hz, 
1H), 3.02 (tt, J = 12.8, 3.4 Hz, 1H), 2.06 – 1.87 (m, 2H), 1.62 (t, 
J = 12.8 Hz, 2H), 1.14 (s, 6H), 1.11 (s, 6H). HRMS (ESI)+ m/z 
calculated for C20H24NO3Na 349.1654 [M+Na]+ found 
349.1658. FT-IR (cm-1): 2760-3000 (rocking CH2), 1744 (C=O 
ester), 1366 (N-O. stretch). 

Synthesis procedure of 4HTs (4-hydroxyTEMPO deriva-
tives):  
To a stirred solution of 4-hydroxyTEMPO (1 eq.) DMAP 
(0.3 eq.) and the corresponding acid (0.7 eq) in dichloro-
methane cooled to 0°C in an ice bath, was added EDC 
(1 eq), and the mixture was warmed to ambient tempera-
ture over several hours and stirred for 48-72 h, following 
the reaction advancement through thin layer chromatog-
raphy. The solution was diluted with dichloromethane and 
was washed with water (2 x), a saturated aqueous solution 
of sodium bicarbonate (1x), and brine (1x). The organic 
layer was dried over sodium sulfate, concentrated in vac-
uum and purified by silica gel column chromatography to 
afford the compound as a reddish powders.  
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4HT-Benzene: (yield 53%) 1H NMR (300 MHz, DMSO-d6) 
δ 7.98 – 7.91 (m, 2H), 7.75 – 7.61 (m, 1H), 7.59 – 7.49 (m, 
2H), 5.30 – 5.00 (m, 1H), 1.98 (ddd, J = 11.3, 4.3, 1.7 Hz, 2H), 
1.61 (t, J = 11.7 Hz, 2H), 1.13 (s, 12H). HRMS (ESI)+ m/z cal-
culated for C16H22NO3 276.1600 [M]+ found 276.1603. FT-IR 
(cm-1): 2834-3016 (rocking CH2), 1715 (C=O ester), 1363 (N-
O. stretch). 

4HT-Naphthalene: (yield 46%) 1H NMR (300 MHz, DMSO-
d6) δ 8.67 – 8.55 (m, 1H), 8.18 – 8.09 (m, 1H), 8.08 – 7.91 (m, 
3H), 7.74 – 7.58 (m, 2H), 5.26 (tt, J = 11.2, 4.2 Hz, 1H), 2.08 – 
1.99 (m, 2H), 1.67 (t, J = 11.7 Hz, 2H), 1.15 (s, 12H). HRMS 
(ESI)+ m/z calculated for C20H26NO3 328.1913 [M+2H]2+ 
found 328.1916. FT-IR (cm-1): 2838-3016 (rocking CH2), 1712 
(C=O ester), 1365 (N-O. stretch). 

Chemical oxidation of 4CT-Naphthalene: 
The chemical oxidation of 4CT-Napthtalene has been per-
formed following the already reported procedure16. Glacial 
acetic acid (2 mL) and hydrogen peroxide (5 mL, 29.0–
32.0%) was added to 1 M NaClO4 aqueous solution 
(100 mL). The solution was added dropwise to the stirred 
4CT-Naphthalene suspension in 1 M NaClO4 at ambient 
temperature. The mixture was left under vigorous stirring 
during 24 hours. 

Characterization techniques:  
1H-NMR spectra were acquired using a Bruker ARX 300 
MHz spectrometer. Spectra were recorded at room tem-
perature, chemical shifts are written in ppm, and coupling 
constant in Hz. Multiplicity is presented in the following 
way: s = singlet, d= doublet, t = triplet, q = quintuplet, m = 
multiplet. High resolution mass spectrometry (HRMS) has 
been recorded on a XEVO G2-XS QTOF (Waters) operat-
ing on ESI+. Thermal analyses were performed with a 
NETZSCH STA 449F3 device under Argon atmosphere. 
Fourier transform infrared spectroscopy (FTIR) spectra 
were collected with a Bruker Vertex 70 device employing 
KBr pellets, using a DTGS detector at a resolution of 4 cm-

1. Powder XRD diagrams have been recorded with the 
Bruker D8 Advanced system. X-ray single crystal diffrac-
tion data of 4CT-Naphthalene were collected on an Agilent 
SuperNova diffractometer equipped with Atlas CCD detec-

tor and mirror monochromated microfocus Cu-K radia-
tion (λ = 1.54184 Å). The structure was solved and refined 
on F2 by full-matrix least-squares techniques using SHELX 
programs. All non-hydrogen atoms were refined anisotrop-
ically and hydrogen atoms were placed in calculated posi-
tions. Multiscan empirical absorption was corrected using 
CrysAlisPro program (CrysAlisPro, Agilent Technologies, 
V1.171.37.35 g, 2014). Table S1 gives a summary of the crys-
tallographic data and the structure refinement. Operando 
X-ray diffraction patterns were recorded using a PANana-
lytical X’Pert Pro diffractometer operated in Bragg-Bren-
tano reflection geometry with a Long Line Focus Cu-anode 
X-ray source, and a X’Celerator RTMS detector. Data were 

collected in a (10-30)° 2 range with a step of 0.033° and an 
acquisition time of 5’16’’ per diagram. Measurements were 

performed with a Multi Purpose Sample Stage (MPSS) able 
to accommodate the in situ Swagelok-type cell. Note that 
the common beryllium window was removed because it 
was unstable in the tested electrochemical conditions. 
Therefore, we replaced the beryllium window by a thin 
Kapton® foil (X-ray film polyimide Kapton®, PANalytical B-
V); thickness: 10 µm, diameter: 6.4 mm. A threefold-size (in 
mAh) carbon electrode (80 wt.% activated carbon Norit 
1600, 10 wt.% Ketjenblack (Kb) EC-600JD (AkzoNobel), 
and 10 wt.% polytetrafluoroethylene (PTFE)) was used as 
negative and reference electrode whereas the positive elec-
trode composition was 70 wt.% of active material, 25 wt.% 
Ketjenblack EC-600JD, and 5 wt.% PTFE. This mixture was 
pressed at 10 tons on a stainless steel (AISI 316L) grid cur-
rent collector. Thick electrodes of 4HT-benzene and DNVBr 
were obtained pressing at 5 tons a 70 wt% active material, 25 
wt% Ketjen Black, 5 wt% PTFE mixture into a pellet. The latter 
was then inserted in a specially designed mold and pressed at 

2 tons between two stainless steel grids. Peak fitting was per-
formed using Winplotr using a Gaussian function with 
constant FWHM defined by U=0.07°. UV-Vis spectroelec-
trochemistry was conducted by inserting a home-made 
three-electrode quartz cell into a Shimadzu UV-2501 PC 
spectrometer. Each scan was recorded from 250 to 800 nm 
within approx. 4 min. Calibration curves were performed 
by dissolution of 4HT-Bz in acetonitrile and 4CT-Napht in 
Ethylacetate. Both these solvents show an absorbance cut-
off below 270 nm which allows to follow the signal of the 
two compounds. Solutions of these compounds show the 
same color as in the solid state although being more pale 
as dissolution increases. 
 

Electrochemical study:  
The various electrochemical measurements were per-
formed using SP 300, MPG-2 and VMP3 potentiostats from 
Bio-logic SAS (Claix, France). All the TEMPO derivatives 
have been characterized by galvanostatic cycling in aque-
ous NaClO4 1 M electrolyte. 4HT-Benzene was also tested 
in highly concentrated aqueous electrolyte (8 M). Unless 
otherwise specified, the electrode composition is 70 wt.% 
active material, 25 wt.% Ketjenblack, 5 wt.% PTFE. The 
electrode mixtures have been prepared vigorously mixing 
the three components in the dry state with the use of a 
mortar. A co-precipitated mixture has been also prepared. 
The 4CT-Naphthalene (70 wt.%) has been dissolved in the 
minimum volume of dimethylsulfoxide (DMSO) then 
25 wt.% Ketjenblack has been added to the solution. The 
suspension has been vigorously stirred during one hour. 
Subsequently, it has been added dropwise into a stirred 
water solution. The precipitate has been finally filtered, 
washed and dried at 60°C under vacuum overnight. 5 wt.% 
PTFE has been finally added mixing the powders in a mor-
tar. Caution was taken in preparing thin electrodes with at 
7 to 10 mg of active material/cm² (0.7-1 mAh/cm²) pressed 
at 5 tons on a stainless steel (AISI 316L) grid current collec-
tor. Thicker electrodes of 80 mg/cm² were made in two 
steps. First a pellet was obtained by pressing at 5 tons the 
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active material mixture. This pellet was then introduced 
between two stainless steel grids and pressed at 2 tons in 
order to favor the current collector-electrode mixture con-
tacts. A threefold-oversized counter-electrode (80 wt.% 
activated carbon Norit 1600, 10 wt.% Ketjenblack, and 
10 wt.% PTFE) and a Saturated Calomel Electrode (SCE) as 
reference were used in all aqueous tests. Thick electrode 
full cells have been prepared based on 7.8 mAh/cm² 
(80 mg/cm², 1.09 mm for 4HT-benzene) and 8 mAh/cm² 
(80 mg/cm², 0.86 mm for DNVBr). All full cells tests were 
performed within an argon-filled glovebox with less than 
1 ppm O2. An example of thick electrodes full cell has been 
also made using a pouch cell three electrodes configura-
tion. Two microfiber glass separators were used, the first to 
isolate the positive (81 mg/cm², 7.9 mAh/cm² for 4HT-
benzene) and the negative electrode (86 mg/cm², 
9 mAh/cm² for DNVBr) and another between the negative 
and reference electrode. Pouch cells reference electrodes 
were composed of Li0.5FePO4. The cell used was an alumi-

num bag (8 cm  5.5 cm) from Sidec (model CA 40) sealed 
at 190°C, where 1.5 mL of electrolyte (8 M NaClO4) have 
been added. The pouch cell has been prepared in an argon-
filled glovebox and tested outside. Regular cyclic voltam-
metry experiments in solution have been conducted by dis-
solving 1 mM of the four TEMPO derivatives in acetoni-
trile/NaClO4 2.5 M as the electrolyte and recorded with a 

Pt micro disc electrode ( = 1.5 mm). A large Pt wire has 
been used as counter electrode whereas the reference elec-
trode consisted in a Ag/AgNO3 (TBAClO4 10 mM in ace-
tonitrile). The potential values reported in Figure 4 are ver-
sus an aqueous SCE (Ag/AgNO3 = +0.36 V vs SCE). The 
considered temperature of the cell was 25°C. Electrochem-
ical impedance measurements were performed from 
180 kHz to 100 mHz with a perturbation voltage of 10mV. 
Power tests have been carried out on discharge using the 
single discharge technique consisting of relaxation periods 
until ΔE/Δt = 1 mV/h between each current pulse from Imax 
to Imin. All experiments were conducted twice in order to 
ensure reproducibility. Maximum experimental errors re-
lated to capacity values were kept below 5% using our pro-
tocols and set-up.  

Results and discussion 

Four TEMPO bearing redox active molecules have been in-
vestigated (Figure 2): the commercially available 4-hy-
droxy TEMPO benzoate (4HT-Benzene), the isomer 4-car-
boxy TEMPO benzoate and their naphthalene derivatives 
(4HT-Naphthalene and 4CT-Naphthalene). The last three 
compounds have been produced upon esterification reac-
tion in order to obtain the benzoate or naphthalate ester in 
the 4-position of the piperidine ring. Importantly in regard 
to the targeted application, these compounds can readily 
be obtained in gram scales by a one pot reaction. The ma-
terials have been fully characterized by means of Elec-
trospray ionization high-resolution mass spectrometry 
(ESI-HRMS), liquid nuclear magnetic resonance (NMR) 
and Fourier transform infrared (FT-IR) spectroscopies as 

well as thermal analyses (for further details see in supple-
mentary information). 

 

Figure 2. Molecular structure of the four TEMPO derivatives 
and their theoretical specific capacity. 

Single crystals of the 4CT-Naphthalene compound could 
be obtained and its crystal structure compared to that of 
one of the two benzene derivative, the 4HT-Benzene. X-ray 
single crystal structure data study reveals that 4CT-
Naphthalene crystallizes in the non-centrosymmetric P21 
space group and consists of 1D supramolecular arrange-
ments of molecules (Figure 3a). The dN-O distance of 
1.286(3) Å found in 4CT-Naphthalene is typical of a free 
radical single bond N−O•17. Moreover, the chair confor-
mation of the piperidine ring clearly indicates that the ni-
trogen is in sp3 hybridization state confirming N-O is a sin-
gle bond. The organization of 4CT-Naphthalene radicals 
into 1D chains is achieved via weak C−H···O interactions 
between oxygen and hydrogen of the radical rings with a 
N−O• / •O−N distance of 5.766(2) Å (Table 1 and Figure 3b). 
In the bc plane, N−O• / •O−N distances are shorter than in 
1D chains (5.259(3) Å). Comparing structural features of 
4CT-Naphthalene with that of 4HT-Benzene18 brings valu-
able information: N−O• / •O−N distances in 4HT-Benzene 
are not only longer, but an inversion also occurs as the 
shortest N−O• / •O−N distances run along the 1D chains 
(6.128(7) Å) whereas the longest distances are found in the 
bc plane (6.264(7)-6.287(6) Å).  
 

Table 1. Weak C-H···O interactions in 4CT-
Naphthalene 

C—H···O 
C—H 

(Å) 
H···O 

(Å) 
C···O 
(Å) 

C—
H···O (°) 
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C2—
H2C···O1

i 
0.96 2.62 3.553 (3) 163 

C5—
H5···O1

i 
0.98 2.64 3.623 (3) 178 

Symmetry code: (i) x+1, y, z. 

 

 

Figure 3. Structural features of 4CT-Naphthalene a) Crystal packing and N−O·−·O−N distance in the bc plane and b) N−O·−·O−N 
distance into 1D chains and weak C-H···O interactions represented in dashed black line in 4CT-Naphthalene.

The electrochemical activity of the four materials has been 
firstly characterized by cyclic voltammetry in the solubil-
ized state using acetonitrile/NaClO4 2.5 M as the electro-
lyte (Figure S1). All derivatives exhibit a single reversible 

process with Ep approaching the reversible one electron 
value of 58 mV. The characteristic peak potentials on oxi-
dation was not found to vary significantly indicating the 
substituent group has a weak inductive effect if any. Lastly, 
derivation of diffusion coefficients (Figure S2 and Table S2, 
see details in supplementary information) are all similar 
and comparable to the value reported for the 2,2,6,6-tetra-
methylpiperidinyl-N-oxyl (TEMPO) radical13. 

As shown by galvanostatic experiments, the electrochemi-
cal profile is strongly modified in the solid state with the 

occurrence of two electrochemical steps (Figure 4). This 
point is also illustrated using cyclic voltammetry for the 
two naphthalene compounds (Figure S3). The reaction 
starts on oxidation by a smooth increase of the incremental 
capacity (I) followed by a plateau type process (II). We note 
the capacitive contribution of the carbon additive (25 
wt.%) to the overall electrochemical response is negligible 
(Figure S4). The two benzene derivatives appear quite un-
stable in 1 M NaClO4 electrolyte showing an important ca-
pacity fade during cycling (Figure 5). 4HT-Benzene in par-
ticular shows a continuous fading of 70% in 100 cycles (123 
hours). Accordingly, UV-Vis analysis of the 4HT-Benzene 
electrolyte upon 100 cycles clearly highlights the dissolu-
tion of the material (Figure S5). Interestingly, the introduc-
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tion of more hydrophobic naphthalene moiety signifi-
cantly improves the cyclability at the expense of a lower 
specific capacity. In particular, the initial capacity of 4CT-
Naphthalene isomer increases from 35 mAh/g up to to 
44 mAh/g in 60 cycles followed by a capacity loss restricted 

to 4.5% during the following 40 cycles.  Consequently, no 
color change could be detected in the electrolyte, while 
chemical oxidation with hydrogen peroxide did not result 
in any apparent dissolution of the compound (see Experi-
mental part).

 

  

Figure 4. Galvanostatic curves for 4CT-Benzene (blue) on cycle 19, 4HT-Benzene (green) on cycle 1, 4CT-Naphthalene (pink) on 
cycle 60 and 4HT-Naphthalene (violet) on cycle 22 at 0.075 A/g in 1 M NaClO4 aqueous electrolyte. Selected cycles correspond for 
each compound to the maximum capacity obtained during the first 100 cycles as shown on Figure 5. Electrodes are in the vicinity 
of 0.7 mAh/cm2.  

  

 

Figure 5. Cyclability curves for the four compounds in 1 M NaClO4 at 0.075A/g (4CT-Benzene (blue), 4HT-Benzene (green), 4CT-
Naphthalene (pink) and 4HT-Naphthalene (violet)). Electrodes are in the vicinity of 0.7 mAh/cm2.

To get a better insight, UV-Vis spectroelectrochemistry has 
been performed during 158 hours while the sample was cy-
cled at 0.075 A/g (194 cycles) within the usual potential 

window of (0; 0.75) V vs SCE. Simultaneously with the ini-
tial increase of capacity during the first 60 hours, a UV 
band appears at 300 nm (Figure 6). The latter rises during 
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80 hours and stabilizes throughout the remaining cycles to 
0.07mM. This value corresponds in fact to a negligible part 
of the initial compound (5 wt.%) (Figure S6). The question 
is now whether, this concentration corresponds to a solu-
bility limit or alternatively, is limited because part of the 
active material does not participate in the electrochemical 
reaction. A first hint is given by the fact that irrespective of 
the electrolyte to active material mass ratio, 4CT-
Naphtalene always gives the same order of maximum spe-

cific capacity (40 ± 5 mAh/g, 52% of the theoretical capac-
ity). Besides, there is no clue so far regarding the source of 
capacity limitation. In this goal the first issue to be ad-
dressed consist in determining if, as suggested above, some 
grains are poorly electrically connected, or alternatively if 
all grains react but the electrochemical reaction is thermo-
dynamically limited because of overwhelming charge re-
pulsion and/or lack of space to host ions within the oxi-
dized host material.  

 

Figure 6. Operando UV-vis spectroelectrochemical spectra (right) and corresponding evolution of the discharge capacity of 4CT-
Naphthalene upon cycling (left) measured at 0.075A/g in 1 M NaClO4 aqueous electrolyte and within (0; 0.75) V vs SCE potential 
window.Electrode is in the vicinity of 0.7 mAh/cm2. 

To address this point, Operando XRD measurements of 
4CT-Naphtalene have been performed during galvanos-
tatic cycling. Noteworthy, each scan (10-30°) was 5’16’’ 
therefore enabling a reliable description of the structural 
behavior by approx. 24 scans for each charge or discharge. 
The compound has been first cycled within (-0.1; 0.95) V vs 
SCE. The corresponding overall structural evolution is 
given in Figures 7a for the first cycle (the first four cycles 
are shown in Figure S7). The initial phase (P0) is character-
ized in Figure 7a by three main peaks at 12.26°, 13.61° and 
14.62°. During the first part of the charge (0<Q/Q0<15% or 
0<Scan<10) the galvanostatic profile is characterized by a 
smooth variation of the voltage that corresponds to that 
observed for the potential in figure 4b (0<Q<12 mAh/g). 
Surprisingly however, no angular shift was detected for the 
initial set of peaks during the first 10th scans (55 minutes, 
Figure S8). Instead, intensities were found to decrease at 
the expense of a new phase (P1) characterized by a set of 
growing reflections at constant angle (15.22°, 15.77°, 19.49° 
and 24.17°) (Figure 7a and S7). Peak fittings allowed a quan-
titative description of the phase transformation progress 
referred to as ξi ((Figure 7b, pink curve). The latter was de-
rived according to the ratio ξi = 1-[I(P0)i/I(P0)0] where 

I(P0)0 and I(P0)i  are the sum of the integrated intensity of 
the three main peaks of (P0) listed above, at the beginning 
and, during the electrochemical cycling respectively. The 
evolution of (P1) (Figure 8b, violet curve) was tracked by 
the ratio between the integrated intensity I(P1)i of the (P1) 
main peak at 15.22° on cycle i, over that obtained by extrap-
olation of I(P1)i at 100% of the theoretical capacity, referred 
to as I(P1)MAX (see Supplementary Information, Figure S9). 
Finally, the evolution of the specific capacity Qn normal-
ized by the theoretical one Qtheoretical is also shown in Fig-
ure 8b (for the sake of clarity, comparison of these curves 
vs the voltage is reported in supplementary information, 
Figure S10). The trends of the structural and electrochem-
ical evolutions probed by ξi and Qn/Qtheoretical generally fits 
well for the whole cycle and the similar slopes of 1-
[I(P0)i/I(P0)0] and I(P1)i/ I(P1)MAX) in shows (P0) and (P1) 
transforms into one another during the reaction. However, 
at the beginning of the charge and discharge the extent of 
the phase transformation is up to 10% below that expected 
by referring to the relative capacity Q/Q0. This type of 
“structural delay” has been observed for the phase transfor-

mation between LiFePO4/FePO4 19–22 due to inhomogeneities 

at the electrode scale20. We note that on the first cycle 
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the capacity on charge is 28.8% higher than on dis-
charge while it is only 12.7% higher on the second cycle 
(Figure S11). However, the amounts of P1 at the end of 
the 1st and 2nd charge are virtually unchanged (Figure S8) 
therefore demonstrating a significant participation of 
oxygen evolution to the Coulombic inefficiency (Figure 
S12). Importantly, results clearly show that a significant 
fraction of (P0) (48%) does not react upon charge (Figure 
7b). When the current is reversed, 88% of (P1) transforms 
back to (P0) which fits well with the recovered specific ca-
pacity of 41 mAh/g. We note that the residual trace at the 
end of the reduction (6%) of (P1) suggests either kinetic 

limitation and/or oxidation of (P0) by dissolved oxygen 
which was produced on charge.  
In conclusion, based on a one electron reaction as pro-
posed in Figure 1, operando XRD shows that the specific 
capacity of 4CT-Naphthalene scales with the mass ratio of 
matter that is involved in the electrochemical reaction. Ac-
cordingly, either some grains are not connected to the elec-
trical circuit and/or the electrode highly suffers from ki-
netic hindrance causing some grains to partially react. This 
last hypothesis can primarily stem either from the effi-
ciency of electronic percolation network within the com-
posite electrode or, from the electrical conductivity of the 
compound itself (electronic and/or ionic). 

 

 

Figure 7. a) XRD diagrams collected for 4CT-Naphtalene during the first cycle within (-0.1; 0.95) V vs SCE showing the phase 

transformation between the initial phase P0 and the new phase P1 characterized by a peak at 15.22°. b) Evolution of the corre-
sponding structural phase transformation derived by ξi = 1-[I(P0)i/I(P0)0], (P0) being the initial phase, compared to the evolution 
of the fraction of the new phase (P1) and the relative specific capacity (Qn/Qtheoritical). 

In this context, the 4CT-Naphthalene has been tested dou-
bling the amount of conductive carbon (40 wt.% of Kb, 
10wt% of CNT) everything else being the same. Surpris-
ingly enough, the discharged capacity in 1M NaClO4 aque-
ous electrolyte is virtually unchanged (38 mAh/g) (Fig-
ure 8). The SEM images of this sample is compared in Fig-
ure 9 to that containing 25 wt.% of carbon additive. The 
two samples distinctively show the three components of 
the composite electrodes. More particularly, the two mix-
tures show 4CT-Naphthalene particles are nicely wrapped 
by nano-grains (and nano-tubes in the case of the 50wt% 
mixture) of the carbon additive which suggests the main 
cause for the relatively low specific capacity of 4CT-
Naphthalene is not related to insulated grains but rather to 
kinetic hindrance. The size of 4CT-Naphthalene grains and 
quality of the carbon additive/active grain mixture could 
be modified by using an alternative protocol to prepare the 
electrode. The latter consists in co-precipitating a DMSO 
solution of 4CT-Naphthalene containing 25 wt% of carbon 
additive in water (see Experimental part for more details). 

SEM images of the corresponding electrode mixture show 
that carbon particles leave this time some un-covered ac-
tive material grains (Figure 9). As a result, only 29 mAh/g 
could be attained with this type of electrode which is ap-
prox. 25% lower than with the two other electrode mix-
tures (Figure 8). Complementary images taken at lower 
magnifications (Figure S13) reiterate these observations 
and highlight that in all cases most 4CT-Naphtalene grains 
are a few micron large. Accordingly, in an attempt to unify 
these results, we believe the slow kinetics of 4CT-
Naphthalene electrodes is primarily ascribed to the low 
electrical conductivity of the compound. Its effect is all the 
more detrimental to the performance that grains are gen-
erally quite large. Therefore, the quality of the mixture 
with the carbon additive does improve the performance up 
to a certain point where the entire surface of the grains is 
covered (as observed with 25 wt.% of carbon – hand 
mixed). It would therefore not be surprising that decreas-
ing the grain size while achieving a kind of conducting 



9 

 

coating would most likely greatly enhance the electro-
chemical properties of this compound. In this regard, Ket-
jenblack is presumably not the most appropriate carbon 
additive. To nail our point, we provide in the supplemen-
tary information the test of the well-known PTAm polymer 
using the present electrode chemistry. Results reported in 
Figure S15 indeed show that the maximum specific capacity 
that could be measured does not exceed 44 mAh/g (49% of 
the theoretical capacity). This value significantly departs 
from that obtained recently by Oyaizu and Nishide’s group 
using an optimized electrode design with only 5 wt.% of 
single wall carbon nanotubes and an optimized current 
collector7. 

 

Figure 8. Galvanostatic curves of 4CT-Naphthalene mixed 
with 25 wt.% Kb (pink), 40 wt.% Kb + 10% CNT (blue) and co-
precipitated with 25 wt.% Kb (light blue) obtained in 1 M 
NaClO4 aqueous electrolyte (0.075 A/g). Inset shows the ma-
terial capacity upon correction of that associated with the car-
bon (Figure S14). Electrodes are in the vicinity of 0.7 
mAh/cm2. 

 

Figure 9. SEM images of 4CT-Naphthalene electrode mixtures with 50 wt% and 25 wt.% of conductive carbon (Ketjenblack). The 
co-precipitated electrode mixture with 25 wt.% of conductive carbon is also shown.  

As mentioned above, the oxidized form of the 4HT-
Benzene dissolves in 1 M NaClO4. Accordingly, a “water-in-
salt” approach was evaluated using a more concentrated 
NaClO4 electrolyte (8 M) without any other additives23. It 
seems important to remind that the price of NaClO4, H2O 
is only 1-2$/kg24. The material has been cycled at 0.075A/g 
in a (0; 0.9) V potential window vs SCE. Figure 10 high-
lights the effect of the electrolyte concentration. First, an 

estimation of the equilibrium potentials (defined as (Eeq  

<E> = (Epa + Epc)/2) shows the latter is 50 mV lower in the 
concentrated electrolyte (8 M) than in the 1 M electrolyte 
solution which compares well with the potential difference 

expected from the Nernst equation (i.e., E = 53 mV). Sec-
ond, the cyclability and Coulombic efficiency of the mate-

rial are significantly improved in the concentrated electro-
lyte. Indeed, the initial capacity is nearly the same than in 
the 1M electrolyte but remarkably, it increases a bit from 
52 mAh/g to nearly 60 mAh/g (62% of the theoretical ca-
pacity) during the first 30 cycles and is then constant for 
the next 70 cycles (123 hours in total). Notwithstanding, as 
shown by the Ragone plot in Figure 10c only 64% of the 
theoretical capacity could be achieved even at a C/10 rate. 
In conclusion, despite a higher concentration of the elec-
trolyte solves the cyclability issue, the specific capacity of 
4HT-Benzene is still hindered.  

To gain a better understanding of the 4HT-Benzene redox 
behavior in concentrated NaClO4 electrolyte (8M), electro-
chemical impedance spectroscopy (EIS) measurements 
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have been performed at different states of charge using a 
sample containing 10 wt% of carbon additive (Figure 11a,b). 
This relatively low carbon content is used to exacerbate the 
electrical response associated with the material itself. Ex-
cept for the spectrum corresponding to the initial state, all 
EIS spectra measured during the electrochemical process 
show a semicircle followed by a diffusion and capacitive 
part (Figure 11 and S16). The significant change between 
partially charged and initial states indicates the resistance 
associated with the semicircle can be confidently ascribed 
to a charge transfer process. Interestingly, results show the 
charge transfer resistance (36 Ohms) is almost stable all 
along the electrochemical reaction. Consistently, no effect 
of the ratio between the nitroxide and oxoammonium 
forms is observed. Most importantly, this relatively low 
value of the charge transfer resistance suggests that 4HT-

Benzene is not an insulating material. However, the de-
crease of the carbon content to 10% does reduce signifi-
cantly the capacity to only 11 mAh/g, that is 82% lower than 
with 25 wt.% (Figure 11 c,d), therefore suggesting a strong 
impact of the percolating network. In this regard, the EIS 
results suggest that the low experimental capacity could be 
attributed to the low conductivity between the material 
grains hampering electron feeding between particles. This 
assertion is also supported by the trend of the charge trans-
fer resistance that scales almost linearly with the inverse of 
the specific capacity (Figure 11c) and therefore with the 
number of connected grains. Accordingly, the full capacity 
(97 mAh/g) could be achieved with 40 wt.% of Ketjenblack 
and 10 wt.% of CNT hand mixed with the material (Fig-
ure 11d). As a result, both TEMPO derivatives (4HT-
Benzene and 4CT-Naphthalene) suffer from kinetic hin-
drance that inhibits the performance.  

 

Figure 10. a) Incremental capacity curve on cycle 4 derived from galvanostatic cycling of 4HT-Benzene at 0.075 A/g in highly 
concentrated 8 M (blue) and 1 M (green) NaClO4; b) cyclability of 4HT-Benzene at 0.075 A/g in 8 M (blue) and 1 M (green) NaClO4; 
c) Ragone plot of 4HT-Benzene in 8 M NaClO4. Electrodes contain 25wt% of carbon additive and are in the vicinity of 0.7 mAh/cm2.
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Figure 11. a) EIS measurements performed at different states of charge using a sample of 4HT-Benzene containing 10 wt% of carbon 
additive in 8M NaClO4; b) Galvanostatic curve of the 4HT-Benzene (0.7 mAh/cm2) electrode containing 10 wt% of carbon additive 
in 8M NaClO4; c) Dependence of charge transfer resistance towards the specific capacity (the capacity has been normalized to the 
theoretical capacity (Q0); inset of c) EIS measurements performed at the end of charge of samples of 4HT-Benzene containing 
50wt%, 25wt% and 10wt% of conductive carbon; d) Ragone plot of 4HT-Benzene electrodes containing 50wt%, 25wt% and 10wt% 
of conductive carbon. 

To curtail the impact (mass and cost) of the concentrated 
NaClO4 electrolyte at the cell level, a 4HT-Benzene thick 
electrode of 7.8 mAh/cm² (80 mg/cm²; 1.10 mm) areal ca-
pacity was designed and evaluated (Figure 12). During the 
first 68 cycles, the capacity sharply rises from 22 to 
40 mAh/g which most likely mirrors an activation process 
associated with the wetting of the electrode porosity. The 
latter can be mitigated however, by applying a floating pe-
riod at the end of the charge (0.9 V) until the current drops 
to 0.015 A/g (C/5) (Figure 12a and S17). With that condi-
tion, the discharged capacity slightly increases up to 
66 mAh/g4HT-Benzene or 5.3 mAh/cm² (68% of the theoretical 
capacity) after 535 cycles (38 days). The Coulombic effi-
ciency also increases during the first 30 cycles to stabilize 

at 99.8%, suggesting an important contribution of the ox-
ygen evolution in the initial stages. A blank electrode con-
taining only the conductive additive indicates that half of 
the irreversibility actually stems from side reactions going 
on at the surface of the carbon (Figure S18). The latter sen-
sibly attenuate with cycling presumably due to the increas-
ing acidity of the electrolyte from neutral pH to pH=4 after 
25 cycles (Figure 12b). Remarkably, the power properties of 
the thick electrode are not strongly impacted up to C-rate 
as it merely behaves like the thin ones (Figure 12c). This 
therefore also serves to reiterate that performance are lim-
ited by the efficiency of the electrode chemistry in coping 
for the low conductivity of the material.  



12 

 

    

Figure 12. a) Cyclability of 4HT-Benzene in 8 M NaClO4 aqueous electrolyte (80 mg/cm²); b) corresponding cyclability and cou-
lombic efficiency together with c) Ragone plots of both thin (10 mg/cm²) and thick electrodes (80 mg/cm²). 

Although no further attempts have been done to improve 
the overall kinetics of the electrodes, a full cell has been 
evaluated with thick electrodes (mixed with 25 wt.% of 
Ketjenblack) by coupling the 4HT-Benzene positive elec-
trode to a novel bipyridinium-naphthalene diimide oligo-
mer (referred to as DNVBr) as the negative one. The for-
mula and synthesis of DNVBr are provided in the supple-
mentary information. As demonstrated in our previous 
work for a molecule of the same family25 and illustrated in 
schema S1, DNVBr is a p and n type active material that 
releases anions and uptakes cation simultaneously during 
its electrochemical reduction (charge of the full cell). The 
present 4HT-Benzene/DNVBr full cell is therefore a mixed, 
rocking-chair anionic12,26 cell (that corresponds on charge 
to the transfer of anions from DNVBr to 4HT-Benzene) and 
a dual-ion5 one simultaneously (with the transfer on 
charge of cations from the electrolyte to DNVBr and corre-
sponding anions to the 4HT-Benzene). Although a detailed 
study of the electrochemical performance of the DNVBr 
compound is out of the scope of the present paper, its 
charge-discharge profile and specific capacity retention are 
provided in Figure S19 for an 80 mg/cm2 electrode. The ca-
pacity ratio 4HT-Benzene:DNVBr leading to the highest 
energy density was found to be 0.99 and the areal capacity 
of both electrodes was approx. 8 mAh/cm² (see Experi-
mental part for more details regarding the electrode prep-
aration). For the sake of comparison, an identical full cell 
but using thin electrodes of 0.7 mAh/cm² (10 mg/cm² elec-
trodes) has also been evaluated. The cell has been cycled at 
0.075 A/g (1C) within a controlled voltage of (0; 1.8) V vs. 
SCE (Figure 13a, b) by holding the end-of-charge potential 
until 0.015 A/g (C/5). Under these conditions, an average 

voltage of 0.96 V was obtained with a remarkably flat spe-
cific capacity of 30 mAh/gactive materials associated with an ex-

cellent Coulombic efficiency (99.6%) over 285 hours (12 
days, 190 cycles) (Figure 13b). These results compare well 
with that achieved with the thin electrode full cell while 
allowing much higher areal capacity of 4.6 mAh/cm² (vs 
0.7 mAh/cm² for the thin one). Remarkably such a high ar-
eal capacity competes well up to 8C (Figure 13d). We note 
the slightly reduced discharge voltage arises from a higher 
polarization associated with the thick electrodes (Fig-
ure 13a). In addition is worth noting that although a high 
maximum charge voltage of 1.8 V is applied, self-pH-buff-
ering of the electrolyte occurs to around pH=7, thus miti-
gating current collector corrosion. The specific energy den-
sity of this non-optimized thick electrode cell is 28 Wh/kg 
per mass of both active materials at C-rate and 35 Wh/kg 
at C/8 rate, the latter rate being still acceptable for station-
ary storage. This 4HT-Benzene//DNVBr cell is the first full 
organic cell with close to millimeter thick electrodes to the 
best of our knowledge. In comparison, the specific energy 
density obtained for the thin electrode cell saturates to ap-
prox. the same value of 36 Wh/kg at C and C/2 rates. How-
ever, extrapolating these results to a whole stack cell with 
electrodes of more than 700 cm2, shows that the lower frac-
tion of inactive components inherent to the use of millime-
ter thick electrodes enables 13.6 Wh/kgstack at 1C and 
17.4  Wh/kgstack at C/8, which represents gains of nearly 13% 
and 37% respectively, vs. the same cell but having 
0.7 mAh/cm² electrodes (12.7  Wh/kgstack) (Figure 13c, d) 
(see supplementary information for details regarding cal-
culations). 
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In the light of these results, pouch cell configurations with 
similar thick electrodes have also been evaluated to further 
demonstrate the practicability of the present full organic 
aqueous battery (see Experimental part for further details). 
The capacity ratio 4HT-Benzene: DNVBr was set to 1.01. In 
these conditions, an average output voltage of 0.78 V was 

obtained with similar areal capacity (4.5 mAh/cm² corre-
sponding to 30 mAh/gactive materials), high cyclability (98% of 
capacity retention after 500 hours), Coulombic efficiency 
(99.6%) at 0.075 A/g (Figure 14a) and rate capability (Fig-
ure 14b). More interestingly, an even higher areal capacity 
(5 mAh/cm²) has been further attained at 0.009 A/g (C/8).  

 

 

 

 

Figure 13. a) Cell voltage (Ecell)-capacity profile of full cells of 0.7 (blue) and 8 mAh/cm² (red) electrodes at 0.075 A/g, b) Cyclability 
of the full cells (violet thick electrodes full cell; blue thin electrodes full cell) at 0.075A/g along with Coulombic efficiency; c, d) 
corresponding Ragone plots in 8M NaClO4. 
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Figure 14. a) Cyclability of the full cells (violet pouch cell; red glass cell) along with Coulombic efficiency in 8M NaClO4; c, d) 
corresponding Ragone plots. 

 

Conclusion 

All the above results serve to demonstrate and rationalize 
the potentialities and limitations of two small TEMPO 
molecules in neutral molar aqueous electrolyte. For the 
first the commercially available 4-hydroxy TEMPO benzo-
ate molecule has been proved to be highly efficient active 
material in millimeter thick electrodes delivering up to 5.3 

mAh/cm² at C rate for over 500 cycles in neutral and cheap 
8 M NaClO4 electrolyte. Paired with a new bipyridinium-
naphthalene diimide oligomer a novel type of aqueous bat-
tery that operates simultaneously in anion-rocking chair 
and dual-cation/anion mode is demonstrated. The full cell 
shows excellent cyclability and Coulombic efficiency offer-
ing 35 Wh/kgmaterials on discharge at C/8. We believe these 
results represent an important advance towards cheaper 
and more sustainable energy storage systems. 
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