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A B S T R A C T   

Aqueous hybrid Zn2+/Na+ ion batteries (AHZSIBs) have gained considerable attention for stationary energy 
storage applications because of their outstanding safety, sustainability, abundance, and low raw material costs. 
However, the low capacity values (<100 mAh/g) of the Na+ ion deinsertion/insertion cathodes limit the overall 
capacity storage of AHZSIBs. Herein, we propose a novel concept to extend the charge storage performance of 
AHZSIBs using electrolyte with redox characteristics. The benefits of using redox aqueous electrolytes such as 4- 
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) and sodium ferrocyanide (Na4[Fe(CN)6]) were inves
tigated in an AHZSB, which consists of Zn metal as an anode and sodium nickel hexacyanoferrate (Na-NiHCF) as 
the Na+ deinsertion/insertion cathode. The proposed AHZSB using Na4[Fe(CN)6] redox electrolyte provided a 
capacity (144 mAh/g) that was ~2.94 times higher than AHZSIB using a conventional Na2SO4 electrolyte (49 
mAh/g). This capacity enhancement emanated from the faradaic contribution of the Fe2+(CN)6

4− /Fe3+(CN)6
3−

redox pair present in the electrolyte and Fe2+/Fe3+ redox pair in the lattice of Na-NiHCF. In addition, the 
TEMPOL-based redox electrolyte also improved the capacity (from 49 to 120 mAh/g) through the combined 
faradaic contribution of the TEMPOL/TEMPOL+ redox pair dissolved in the electrolyte and the Fe2+/Fe3+ redox 
pair in the Na-NiHCF lattice. These results confirm the competence of the redox electrolyte in AHZSIB in 
enhancing the charge storage capacity. We anticipate that this proof-of-concept study will provide a new di
rection for developing high-capacity storage AHZSIBs. More importantly, this approach can be used in any 
aqueous/non-aqueous batteries.   

1. Introduction 

Carbon dioxide (CO2) is the leading cause of global warming and 
climate change. Nearly 80% of CO2 is produced by coal-based power 
plants and fossil fuel-based (e.g., oil and gas) transport sectors. Hence, 
most countries are now shutting down coal-based power plants and 
reducing the use of combustion engine vehicles by utilizing renewable 
energy technologies (i.e., solar and wind power) and implementing 
electric vehicles/transports (i.e., cars, trains, trucks, and buses), 
respectively. Therefore, energy storage systems have become a critical 
element in ensuring the effective deployment of renewable energy 
technology and the development of electric vehicles. Currently, lead- 
acid batteries (LABs) and Li-ion batteries (LIBs) are the most widely 
used and well-known electrochemical energy storage systems. LIBs are 
an attractive candidate for high energy density charge storage (150–200 

Wh/kg) but are costly (~250 USD per kWh), and present safety issues; 
these factors hinder their ability from scaling up for large-scale energy 
storage applications [1,2]. In contrast, LABs are low-cost (~170 USD per 
kWh) and are more appropriate for large-scale energy storage applica
tions because they rely on aqueous electrolytes and simple cell assembly 
technology. Nevertheless, the toxicity of lead in LABs, their limited en
ergy density (30–50 Wh/kg), and their short life span (<500 cycles) 
have created a demand for battery experts to develop less hazardous 
aqueous rechargeable batteries with lower costs (~100 USD per kW/h), 
a higher energy density, and longer cycle life [2–4]. 

Recently, a new concept of an aqueous hybrid Zn/Na-ion battery 
(AHZSIB) has been demonstrated through combining a metallic Zn 
anode and a Na+ ion deinsertion/insertion cathode [5–8]. AHZSIBs are 
low-cost, non-flammable, and environmentally friendly, and these fea
tures could make them an attractive contender for stationary energy 
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storage applications over LIBs and LABs. In general, Zn can offer a high 
capacity (819 mAh/g) and low redox (Zn/Zn2+) potential (− 0.78 V vs 
SHE (Standard Hydrogen Electrode), which are important factors for 
boosting the energy density of AHZSIB. In addition, Zn is a low-cost and 
safer metal than Li, Na, and K for use in aqueous-based batteries. Thus 
far, Na0.44MnO2 [9], Na4Mn9O18 [10], Na2NiFe(CN)6 [6], Na2CuFe 
(CN)6) [7], sodium iron hexacyanoferrate [5,8], Na3V2(PO4)3 [11–13], 
and Na3V2(PO4)2F3 [14,15] have been as studied Na+ ion insertion/ 
deinsertion cathodes in AHZSIBs. Regrettably, these Na+ ion insertion/ 
deinsertion cathodes delivered low capacities (50–100 mAh/g) and thus 
resulted in low energy density AHZSIBs. Therefore, it is essential to 
create new high-capacity Na+ ion insertion/deinsertion cathodes for 
AHZSIB or to develop a novel strategy to elevate the capacity of the 
cathode part in AHZSIB. 

Previous studies on supercapacitors have reported that compared to 
the conventional electrolyte, the use of a redox electrolyte (e.g., KI, 
K4[Fe(CN)6]/K3[Fe(CN)6], BiBr3, hydroquinone and para-Benzoqui
none) [16–21] significantly enhances the capacitance of the electrode 
materials by providing redox species involved in the redox reaction at 
the electrolyte–electrode interfaces. Similarly, the potential of redox 
electrolytes (e.g., K3[Fe(CN)6]/K4[Fe(CN)6] and Na4[Fe(CN)6]) with 
Na+ ion insertion/deinsertion electrode materials have also been real
ized in redox flow batteries [22,23] and hybrid electrolyte-based battery 
[24] through attaining an enhanced charge storage capacity. Based on 
these reports, in this study, instead of developing a new high-capacity 
Na+ ion deinsertion/insertion cathode, we propose the replacement of 
the conventional aqueous electrolyte with a suitable aqueous redox 
electrolyte as a simple strategy to boost the overall charge storage ca
pacity of the cathode in an AHZSIB. This proposed approach can effec
tively combine the faradic capacity of electrolyte dissolved redox species 
with a capacity of Na+ ion insertion/deinsertion cathode. In our 
assembled AHZSIB, Zn metal foil behaves as an anode in a Na2SO4/ 
ZnSO4 electrolyte, and sodium nickel hexacyanoferrate (Na-NiHCF) 
serves as the Na+ ion insertion/deinsertion cathode in a sodium ferro
cyanide (Na4[Fe(CN)6]) redox electrolyte or hydroxy-2,2,6,6- 
tetramethylpiperidine-1-oxyl (TEMPOL)/Na2SO4 redox electrolyte. 
The redox pair, Fe2+(CN)6

4− /Fe3+(CN)6
3− dissolved in the Na4[Fe(CN)6] 

redox electrolyte and TEMPOL/TEMPOL+ dissolved in the TEMPOL/ 
Na2SO4 redox electrolyte enhanced the capacity (energy density) of 
AHZSIB to 144 mAh/g (165 Wh/kg) and 120 mAh/g (165 Wh/kg), 
respectively. However, because of the absence of redox species, the 
conventional Na2SO4 electrolyte used in AHZSIB exhibited a lower ca
pacity (energy density) of 49 mAh/g (64 Wh/kg). Notably, compared to 
TEMPOL/TEMPOL+, the Fe2+(CN)6

4− /Fe3+(CN)6
3 pair containing the 

Na4[Fe(CN)6] redox electrolyte acquired a 100% capacity retention 
even after several repeated charge and discharge cycles, owing to its 
excellent electrochemical stability. This comprehensive study highlights 
the feasibility of the redox electrolyte in enhancing charge storage in 
AHZSIB. 

2. Experimental 

2.1. Preparation of Na-NiHCF 

Na-NiHCF was prepared following a simple solution co-precipitation 
method reported elsewhere [6] but with small modifications. Briefly, a 
green solution was first prepared by dissolving Ni(NO3)2⋅H2O (12 mmol) 
in 120 mL of distilled water. At that time, a yellow solution was also 
prepared by dissolving (6 mmol) sodium hexacyanoferrate (Na4[Fe 
(CN)6]⋅10H2O) in 280 mL of distilled water. Then, the green solution 
was added dropwise into the yellow solution under continuous stirring 
at room temperature (~25 ◦C). After one h of stirring, the mixed solution 
was kept at rest mode for 24 h to precipitate Na-NiHCF particles. The 
particles were then washed with distilled water and ethanol several 
times and collected using the centrifugation process. The collected Na- 
NiHCF particles were dried at 80 ◦C overnight, and the powder form 

of Na-NiHCF was ultimately obtained via grinding using a mortar. 

2.2. Preparation of Na-NiHCF cathode electrode 

To prepare the cathode electrode for AHZSIB, a cathodic slurry was 
first prepared by blending 80 wt% of Na-NiHCF (active material), 10 wt 
% of Super-P carbon (conductive additive), and 10 wt% of poly (vinyl
idene) fluoride (binder) with an N-methyl-2-pyrrolidone solvent. Then, 
the cathodic slurry was coated onto carbon felt (14φ mm) and dried at 
80 ◦C in an oven for 12 h. The mass loading of active material (Na- 
NiHCF) on the carbon felt ranged from 3 to 3.5 mg/cm2. The carbon felt 
was used after being pretreated in an oven at 500 ◦C for two h to obtain a 
hydrophilic surface [25]. 

2.3. Cell assembly 

To assemble the AHZSIB, the Zn anode part was prepared first, 
similar to the coin cell. In brief, the NASICON (sodium (NA) SuperIonic 
CONductor) ceramic separator (Na3Zr2Si2PO12) was fastened to the 
open and round top cap of the coin cell. Then, Zn was attached to a metal 
spacer and placed on the bottom lid with Na2SO4 (0.5 M)/ZnSO4 (2 M) 
electrolyte. Finally, the top and bottom lids were combined and sealed to 
obtain a coin-type Zn anode part, as schematically illustrated in Fig. S1a. 
In the coin cell anode part, one side of the ceramic separator faced the Zn 
anode, and the other side faced the cathode electrode. Then, as sche
matically shown in Fig. S1b, AHZSIB was assembled by combining the 
anode coin cell part with the prepared Na-NiHCF cathode electrode. The 
cathodic compartment was filled with 0.1 mL of Na4[Fe(CN)6] (0.1 M) 
or 0.1 mL of TEMPOL/Na2SO4 (0.1/0.5 M) as redox electrolytes. A 0.1 
mL of Na2SO4 (1 M) was also employed as a reference electrolyte. 
AHZSIBs were assembled at room temperature (approximately 25 ◦C) in 
an ambient air atmosphere. The assembled AHZSIB was aged for 12 h 
before electrochemical testing to enhance the wettability of the Na- 
NiHCF cathode electrode with the respective electrolyte. 

2.4. Electrochemical test 

Cyclic voltammetry (CV) measurements of the redox electrolytes 
(TEMPOL/Na2SO4 and Na4[Fe(CN)6]) and Na-NiHCF in the Na2SO4 
electrolyte and redox electrolytes (TEMPOL/Na2SO4 and Na-NiHCF, 
respectively) were performed at a scan rate of 10 mV/s using a three- 
electrode system with a glassy carbon electrode (GCE, 0.07 cm2) as 
the working electrode, Ag/AgCl as the reference electrode, and Pt wire 
as the counter electrode. The CV of the redox electrolytes (TEMPOL/ 
Na2SO4 and Na4[Fe(CN)6]) was performed using a Na-NiHCF uncoated 
GCE as the working electrode. For the CV measurements of Na-NiHCF in 
the Na2SO4 and redox electrolytes (TEMPOL/Na2SO4 and Na-NiHCF, 
respectively), a Na-NiHCF coated GCE was used as the working elec
trode (preparation of the Na-NiHCF coated GCE is given in Supporting In
formation). The CVs of the Na4[Fe(CN)6] redox electrolyte and TEMPOL/ 
Na2SO4 redox electrolyte were recorded between − 0.2 and 0.65 V (vs. 
Ag/AgCl), and 0.4 and 0.75 V (vs. Ag/AgCl), respectively. The CVs of 
Na-NiHCF in the Na2SO4 electrolyte performed between 0 and 1 V (vs. 
Ag/AgCl) and those in redox electrolytes (TEMPOL/Na2SO4 and Na4[Fe 
(CN)6]) recorded between − 0.2 and 1 V (vs. Ag/AgCl). The concentra
tions of the Na2SO4, TEMPOL/Na2SO4, and Na4[Fe(CN)6] electrolytes 
were 1 M, 0.1 M/0.5 M, and 0.1 M, respectively. 

CV measurements in the Na2SO4/ZnSO4 electrolyte and ZnSO4 
electrolyte were also performed to study the redox reaction of the Zn2+/ 
Zn pair at a scan rate of 10 mV/s using Ti foil (~1 cm2) as the working 
electrode, Ag/AgCl as the reference electrode, and Zn as the counter 
electrode. The concentrations of the Na2SO4/ZnSO4 and ZnSO4 elec
trolytes were 0.5 M/2 M and 2 M, respectively. 

The Galvanostatic charge-discharge (GCD) performance of the above 
assembled AHZSIBs was recorded at various current densities (from 0.15 
to 1.5 mA/cm2) based on the area of the electrode. For the comparative 
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GCD cycle performance study, AHZSIB with the Na2SO4 (1 M), TEM
POL/Na2SO4 (0.1 M/0.5 M), and Na4[Fe(CN)6] (0.1 M) electrolytes were 
tested at 0.15 mA/cm2, separately. The prolonged GCD cycle perfor
mance of AHZSIB with the Na4[Fe(CN)6] electrolyte was tested at 1.25 
mA/cm2. In this study, all the provided specific capacity and energy 
density value were calculated with respect to the mass of the Na-NiHCF 
cathode active material. 

CV investigations were performed using an SP150 Biologic multi
channel electrochemical workstation. GCD studies of the AHZSIB were 
performed using a Wonatech (WBCS 3000) electrochemical workstation. 
All the electrochemical characterizations were performed at room 
temperature (approximately 25 ◦C). 

3. Results and discussion 

Fig. 1a and b show the schematic AHZSIB structure and the possible 
electrochemical reactions that occur at the anode and cathode during 
the charge/discharge process for a conventional AHZSIB and a redox 
electrolyte-based AHZSIB, respectively. The conventional AHZSIB con
sisted of a Zn anode and a Na+ ion insertion/deinsertion cathode 
embedded with a mixed Na+/Zn2+ ion-based electrolyte and separated 
by ion-permeable separators (e.g., cellulose and glass fiber). The redox 
electrolyte-based AHZSIB consisted of a Zn anode that was immersed in 
a mixed Na+/Zn2+ ion-based electrolyte and a Na+ ion insertion/dein
sertion cathode that was immersed in a Na+ ion-based redox-active 
electrolyte and separated by a Na3Zr2Si2PO12 ceramic separator. The 
Na3Zr2Si2PO12 separator is an ion-selective membrane that only permits 
the transport of Na+ between the anode and cathode, thereby avoiding 

Fig. 1. Schematic cell structure of a conventional AHZSIB (a) and redox electrolyte-based AHZSIB (b). Schematic diagram that represents the capacity storage ability 
of AHZSIB using the conventional electrolyte (c) and redox electrolyte (d). 
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the shuttle effect associated with the contamination of the anodic part 
with a redox electrolyte present in the cathode. In a conventional 
AHZSIB, as shown in Fig. 1a, the Zn deposition/dissolution process oc
curs at the anode, and Na+ ion deinsertion/insertion occurs at the 
cathode during the charge/discharge process. Thus, owing to the 
ensuing single electrochemical redox reaction, Faraday’s law for the 
capacity (i.e., the amount of charge) at the cathode side of a conven
tional AHZSIB can be simply expressed as Q = n.F, where n is the 
number of electrons (e− ), and F is the Faraday constant. In the redox 
electrolyte-based AHZSIB, a similar Zn deposition/dissolution process 
occurs at the anode. However, the apparent differences are shown at the 
cathode side (Fig. 1b), where along with the Na+ ion deinsertion/ 
insertion process (purple arrows in Fig. 1b), highly soluble redox species 
from the electrolyte can also undergo a reversible redox (oxidation/ 
reduction) reaction at the cathode (green arrows in Fig. 1b). Based on 
the occurrences of these two different electrochemical redox processes 
in the proposed redox electrolyte-based AHZSIB, the total amount of 
electron (e− ) generation at the cathode side can increase. Therefore, the 
Faraday’s law for the capacity at the cathode side of the redox 
electrolyte-based AHZSIB can be expressed as Q = Q1 + Q2, where Q1 
(=n.F) denotes the capacity contributed by Na+ ion deinsertion/inser
tion cathode active material and Q2 (=n.F) represents the capacity 
contributed by the redox electrolyte. Fig. 1c and d illustrate the capacity 
storage abilities of the conventional and redox electrolytes, respectively. 
The conventional electrolyte-based AHZSIB has a limited charge storage 
capacity owing to the lone capacity contribution of the cathode. The 
redox electrolyte-based AHZSIB has an enhanced charge storage ca
pacity because of the combined capacity contribution of the cathode and 
redox electrolyte. 

Several choices of Na+ ion deinsertion/insertion materials for cath
odes (e.g., Na0.44MnO2, Na2NiFe(CN)6 and Na3V2(PO4)3) [6–10] and 
redox molecules/compounds (e.g., Na4[Fe(CN)6], TEMPOL and hydro
quinone) [21,26–31] for the preparation of the aqueous redox electro
lyte are available to develop the AHZSIB proposed above (Fig. 1C). In 
this study, to demonstrate proof-of-concept, we chose sodium nickel 
hexacyanoferrate (Na2NiFe(CN)6, (Na-NiHCF)) as the cathode material 
because of its excellent electrochemical cycle stability, chemical stabil
ity in an aqueous electrolyte (7–8.5 pH), and easy synthesis [6,32–34]. 
Two types of redox-active compounds, i.e., TEMPOL and Na4[Fe(CN)6], 
were selected to prepare the redox electrolytes because both are 
commercially available, water-soluble, and can offer highly reversible 
redox features at a positive potential. Accordingly, TEMPOL and Na4[Fe 
(CN)6] are well-known redox electrolyte compounds in redox flow bat
teries [26,29,35,36]. TEMPOL is an organic compound, and Na4[Fe 
(CN)6] is a metalorganic compound, and both can be used in the near- 
natural pH electrolyte [22,29], which is chemically compatible with 
the Na-NiHCF cathode. However, it was necessary to add Na+ cations 
containing salts such as NaCl or Na2SO4 in TEMPOL redox electrolyte to 
obtain sufficient ionic conductivity and sufficient free Na+ ions to be 
inserted/deinserted into/from Na-NiHCF during cycling. Therefore, in 
this study, the Na2SO4 dissolved TEMPOL redox electrolyte was used in 
the AHZSIB (hereafter referred to as the TEMPOL/Na2SO4 redox electro
lyte). Nevertheless, the Na4[Fe(CN)6] – based redox electrolyte can be 
prepared without any addition of Na+ cations containing salt because 
this compound is a salt that can supply sufficient free Na+ ions to be 
inserted/deinserted into/from Na-NiHCF. 

In this study, a Na-NiHCF cathode material was synthesized via a 
simple precipitation method (for details, see the Experimental section). The 

Fig. 2. XRD pattern (a), FT-IR spectra (b), SEM image (c), and EDAX images (d) of as-prepared SNHCF. In (d), X is the SEM image of SNHCF that was used for EDAX 
mapping. The scale bar for the SEM image (c) is 500 nm and that for the EDAX images (d) is 2 µm. 

S.T. Senthilkumar et al.                                                                                                                                                                                                                       



Chemical Engineering Journal 411 (2021) 128416

5

XRD pattern of the as-prepared Na-NiHCF is shown in Fig. 2a. All the 
observed peaks (2θ) and the plane (hlk) values shown in Fig. 2a indicate 
that the as-prepared Na-NiHCF is a Prussian blue crystalline structure 
(ICDD No. 98–015-1705) with a face-centered cubic phase. The sharp 
and well-split peaks indicate the high degree of crystallinity of the as- 
prepared Na-NiHCF. In addition, no impurity peaks were observed in 
the XRD pattern of Na-NiHCF. In the FTIR spectra (Fig. 2b), the detected 
peaks at 2095 cm− 1 and 2166 cm− 1 corresponded to the stretching vi
bration of the C–––N legends, which coordinated to Fe2+ and Ni2+ (i.e., 
Fe2+–C–––N–Ni2+) and Fe3+ and Ni2+ (i.e., Fe3+–C–––N–Ni2+), respec
tively [37]. This result corroborates the formation of the metalorganic 
framework in the as-prepared Na-NiHCF. The resultant peak of 
Fe3+–C–––N–Ni2+ arises from the oxidation of Fe2+ in Fe2+–C–––N–Ni2+, 
which typically occurs during the preparation of Na-NiHCF. The peaks at 
3419 and 1608 cm− 1 are related to the hydroxyl group (O–H) stretching 
and bending mode of water (H2O), which generally originates from the 
lattice water in the as-prepared Na-NiHCF [6,38]. The SEM image 
(Fig. 2c) shows that the as-prepared Na-NiHCF powder is composed of 
agglomerated nanoparticles with a size of 10–20 nm and an irregular 
shape. The EDAX images (Fig. 2d) and spectra (Fig. S2) verify the 
presence of Na, Ni, Fe, C, and N in the as-prepared Na-NiHCF. 

(1)  

(2)  

(3) 

First, the electrochemical features of Na4[Fe(CN)6] and TEMPOL/ 
Na2SO4 redox electrolytes were individually studied via CV in three- 
electrode electrochemical cells. As displayed in Fig. 3a, both redox 
electrolytes show their corresponding redox states. The redox peak 
observed for the Na4[Fe(CN)6] redox electrolyte was correlated to the 
Fe2+(CN)6

4− /Fe3+(CN)6
3− (i.e., ferrocyanide/ferricyanide) redox pair 

(see Eq. (1)) [26,39]. The redox peak for the TEMPOL/Na2SO4 redox 
electrolyte corresponded to the redox pair TEMPOL/TEMPOL+ (see Eq. 
(2)) [29,40]. The obtained redox potential for the Fe2+(CN)6

4− / 
Fe3+(CN)6

3− redox pair was 0.2 V (vs. Ag/AgCl), and that for the TEM
POL/TEMPOL+ redox pair was 0.63 V (vs. Ag/AgCl) (Fig. 3a). Notably, 
the redox potential of the TEMPOL/TEMPOL+ redox pair was ~0.33 V is 
higher than that of the Fe2+(CN)6

4− /Fe3+(CN)6
3− redox pair. 

The electrochemical characteristics of the Na-NiHCF cathode mate
rial were also studied via CV in a three-electrode electrochemical cell 
using the Na4[Fe(CN)6] and TEMPOL/Na2SO4 based redox electrolytes 
and the Na2SO4 electrolyte as a separate reference. Na-NiHCF in the 
Na2SO4 electrolyte showed a reversible redox peak at a potential of 0.53 
V (Fig. 3b and c). This observed redox peak (0.53 V vs. Ag/AgCl) cor
responded to the redox reaction of Fe2+/Fe3+ that occurred in the lattice 
of Na-NiHCF. Moreover, during this Fe2+/Fe3+ redox reaction at Na- 
NiHCF, the Na+ ions’ deinsertion/insertion processes also spontane
ously occur with Na-NiHCF to maintain crystalline charge neutrality 
(Eq. (3)) [32,38,41]. The CV curve of the Na-NiHCF in Na4[Fe(CN)6] 
redox electrolyte displays a single redox peak with an enhanced current 
area compared to the CV of Na-NiHCF in Na2SO4 electrolyte (Fig. 3b). 
The enhanced current area reveals the occurrence of the combined redox 
reaction (i.e., Eqs. (1) and (3)) of the Fe2+(CN)6

4− /Fe3+(CN)6
3− redox pair 

from the electrolyte and Fe2+/Fe3+ redox pair in the lattice of Na-NiHCF. 
The observed single redox peak, even though two different redox re
actions occurred, may have resulted from the complete overlap of two 
redox peaks associated to the reaction of Fe2+(CN)6

4− /Fe3+(CN)6
3− from 

the electrolyte and Fe2+/Fe3+ at Na-NiHCF lattice [22,23]. Similarly, the 
Na-NiHCF in the TEMPOL/Na2SO4 redox electrolyte also displayed an 

Fig. 3. (a) Comparision of CV curves of the TEMPOL/Na2SO4 (0.1/0.5 M) and Na4[Fe(CN)6] redox electrolytes. (b) CV curve of Na-NiHCF in the Na4[Fe(CN)6] (0.1 
M) redox electrolyte and a comparison with the Na2SO4 (1 M) electrolyte. (c) CV curve of Na-NiHCF in TEMPOL/Na2SO4 (0.1/0.5 M) redox electrolyte and a 
comparison with the Na2SO4 (1 M) electrolyte. Combined CV curves of (d) Zn in the measured ZnSO4/Na2SO4 (2 M/0.5 M) electrolyte and Na-NiHCF measured in the 
Na2SO4 (1 M) electrolyte. (e) Zn measured in the ZnSO4/Na2SO4 (2 M/0.5 M) electrolyte and Na-NiHCF measured in the Na4[Fe(CN)6] (0.1 M) redox electrolyte. (f) 
Zn measured in the ZnSO4/Na2SO4 (2 M/0.5 M) electrolyte and Na-NiHCF measured in TEMPOL/Na2SO4 (0.1/0.5 M) redox electrolyte. Here, all the CV curves are 
recorded at 10 mV/s. 
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improved current area in the obtained CV curve (Fig. 3c) owing to the 
combined redox reaction (i.e., Eqs. (2) and (3)) of the TEMPOL/ 
TEMPOL+ redox pair from the electrolyte and Fe2+/Fe3+ redox pair in 
the lattice of Na-NiHCF. In addition, two redox peaks were observed in 
the CV (see the indicated arrows in Fig. 3c), corresponded to the redox 
reaction of TEMPOL/TEMPOL+ from the electrolyte (green arrow) and 
Fe2+/Fe3+ at Na-NiHCF lattice (blue arrow). However, these increased 
current characteristics implied an enhancement of the overall charge 
capacity. A similar tendency, i.e., an overall charge storage capacity 
enhancement can be expected when combing the redox electrolyte (i.e., 
Na4[Fe(CN)6] or TEMPOL/Na2SO4) and Na-NiHCF in the AHZSIB. 

The CV shown in Fig. S3 indicates that the presence of hybrid ions 
(Na+/Zn2+) in the electrolyte did not modify the electrochemical 
properties of the Zn2+/Zn reaction (i.e., Zn2+ + 2e− ↔ Zn) at the Zn 
anode. Moreover, based on the CV curves of the cathodic and anodic 
semi reactions, we can expect a discharge cell voltage of 1.48 V for the 
Na2SO4 electrolyte (Fig. 3d), 1.31 V for the Na4[Fe(CN)6] redox elec
trolyte (Fig. 3e), and 1.56 V for the TEMPOL/Na2SO4 redox electrolyte 
(Fig. 3f). 

As shown in Fig. S1, AHZSIBs were assembled using a TEMPOL/ 
Na2SO4 redox electrolyte and Na4[Fe(CN)6]) redox electrolyte in contact 
with Na-NiHCF at the cathode side, which was separated from the anode 
side (ZnSO4/Na2SO4 mixed electrolyte and Zn foil) by a Na+ ion- 
selective Na3Zr2Si2PO12 ceramic membrane. For comparative studies, 
AHZSIBs were also assembled using a conventional (non-redox) Na2SO4 
electrolyte. Then, the assembled AHZSIBs were subjected to galvano
static charge/discharge to determine the influences of electrolytes (i.e., 
Na2SO4, TEMPOL/Na2SO4, and Na4[Fe(CN)6]) on battery performance, 
especially the capacity and cycle stability performance. Fig. 4a shows 
the first charge/discharge curve for the three different electrolytes using 

AHZSIB at 0.15 mA/cm2 between 0.8 and 1.9 V (vs. Zn2+/Zn). These 
results show that when introducing the redox electrolyte at the cathode 
side, the storage capacity of AHZSIB increased remarkably. Specifically, 
the discharge capacity of AHZSIB with the Na2SO4 electrolyte was only 
49 mAh/g, but it was boosted to 120 mAh/g with the TEMPOL/Na2SO4 
redox electrolyte and to 144 mAh/g with the Na4[Fe(CN)6] redox 
electrolyte (Fig. 4a and b, respectively). The low capacity (i.e., 49 mAh/ 
g) from the Na2SO4 electrolyte indicates the sole capacity contribution 
of Na-NiHCF cathode (Fig. 4b). The capacity increase from 49 mAh/g to 
144 mAh/g (or 120 mAh/g) after using redox electrolytes designated the 
combined capacity contribution of the Na-NiHCF cathode and redox 
species (Fe2+(CN)6

4− /Fe3+(CN)6
3− or TEMPOL/TEMPOL+) dissolved in 

the redox electrolyte (Fig. 4b). This corroborates our initial expectation 
for the above CV results. 

At the first cycle, AHZSIB tested with the Na2SO4 electrolyte and 
Na4[Fe(CN)6] redox electrolyte (Fig. 4a), respectively, resulted in a 
higher discharge capacity than the charge capacity (i.e., a >100% 
coulombic efficiency). This may have resulted from the low Na+ content 
in the as-prepared Na-NiHCF, and this kind of behavior is typical for 
Prussian blue-based materials [5,8,42,43]. However, for both cases, the 
discharge capacity remained close to the charge capacity (i.e., ~100% 
coulombic efficiency) from the second cycle onward (Fig. 4c and S4). In 
contrast, AHZSIB with the TEMPOL/Na2SO4 redox electrolyte exhibited 
a lower discharge capacity than the charge capacity (i.e., <100 of 
coulombic efficiency) in the first cycle (Fig. 4a and Fig. S4). This may be 
attributed to the irreversibility of the oxidized TEMPOL+ species caused 
by their chemical side reactions [40]. The attained discharge cell volt
ages for Na2SO4, Na4[Fe(CN)6] and TEMPOL/Na2SO4 electrolytes were 
1.31 V (vs. Zn2+/Zn), 1.22 V(vs. Zn2+/Zn), and 1.38 V (vs. Zn2+/Zn), 
respectively. The tested AHZSIB with the Na4[Fe(CN)6] redox 

Fig. 4. (a) First charge and discharge curve of the TEMPOL/Na2SO4 (0.1 M/0.5 M) electrolyte-based AHZSIB and the Na4[Fe(CN)6] electrolyte-based AHZSIB and 
their comparison with the Na2SO4 (1 M) electrolyte-based AHZSIB (at 0.15 mA/cm2). (b) A graph to showing the capacity contributions of the Na2SO4 electrolyte and 
redox electrolytes (TEMPOL/Na2SO4 and Na4[Fe(CN)6]). (c) 1st, 2nd, 10th, 20th, 50th and 100th charge–discharge curves of the Na4[Fe(CN)6] (0.1 M) electrolyte- 
basedAHZSIB (at 0.15 mA/cm2). (d) Cycling performance of the TEMPOL/Na2SO4 (0.1 M/0.5 M) electrolyte-based AHZSIB and Na4[Fe(CN)6] (0.1 M) electrolyte- 
based AHZSIB and their comparison with the Na2SO4 (1 M) electrolyte-based AHZSIB (at 0.15 mA/cm2). The capacity is normalized based on the mass of the Na- 
NiHCF cathode material. All the charge and discharge tests were performed between 0.8 and 1.9 V (vs. Zn2+/Zn). 
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electrolyte exhibited a higher energy density (175 Wh/kg) than AHZSIB 
that tested with the TEMPOL/Na2SO4 redox electrolyte (165 Wh/kg) 
and Na2SO4 electrolyte (64 Wh/kg). 

After 100 repeated charge and discharge cycles at 0.15 mA/cm2 

between 0.8 and 1.9 V (vs. Zn2+/Zn), the capacity was 143 mAh/g for 
the Na4[Fe(CN)6] redox electrolyte, 50 mAh/g for the Na2SO4 electro
lyte, and 68 mAh/g for the TEMPOL/Na2SO4 redox electrolyte. These 
values represented a capacity retention close to 100% for Na2SO4 and 
Na4[Fe(CN)6] electrolytes, but only 50% for the TEMPOL/Na2SO4 
electrolytes (Fig. 4d). For the TEMPOL/Na2SO4 electrolyte, the voltage 
profile rapidly changed, and the discharge capacity decreased with 
increasing cycles (Fig. S5a). The capacity part contributed by the 
TEMPOL/TEMPOL+ redox pair decreased prominently, as shown in 
Fig. S5a. This may have resulted from the poor electrochemical stability 
of the TEMPOL/TEMPOL+ redox pair. The electrochemical stability of 
TEMPOL could be attributed to the presence of O2 in the electrolyte or its 
undesirable side reactions such as irreversible ring cleavage under 
oxidation [40,44,45]. Interestingly, for the Na2SO4 electrolyte and 
Na4[Fe(CN)6] redox electrolyte (Fig. S5b and Fig. 4c, respectively), 
there were no predominant changes in the voltage profiles, and no ca
pacity fading was observed throughout 100 successive repeated cycles. 
This suggests the excellent electrochemical stability of Na-NiHCF and 
the combination of Na-NiHCF and Fe2+(CN)6

4− /Fe3+(CN)6
3− redox pairs. 

The rate performance of the Na4[Fe(CN)6] redox electrolyte-based 
AHZSIB was scrutinized at different current densities from 0.15 to 1.5 
mA/cm2, and the corresponding results are shown in Fig. 5a and b. Using 
this battery, the capacities of 144, 143, 140, 137, 133, 130, 124, 111 and 
78 mAh/g were delivered at 0.15, 0.2, 0.3, 0.4, 0.6, 0.8, 1, 1.25 and 1.5 
mA/cm2, respectively. Fig. 5b shows that the capacity and cell voltage 
decreased with increasing current density. The decrease in the cell 
voltage was mainly caused by the increase in the overall resistance with 
the current density. Notably, the obtained capacity (i.e., 78 mAh/g) at 
1.5 mA/cm2 was 53% of the capacity at 0.15 mA/cm2. The decrease in 
the capacity at high current density might have been caused by the slow 

redox kinetics of the Fe2+(CN)6
4− /Fe3+(CN)6

3− redox species dissolved in 
the electrolyte and the poor utilization of Na+ insertion/deinsertion at 
the Na-NiHCF cathode. Na+ ion insertion/deinsertion at the solid ma
terials is an extremely slow process (diffusion-limited) compared to the 
redox reaction of the redox pair dissolved in the electrolyte. Therefore, 
the large capacity decrease at the high current density could mainly be 
attributed to Na+ ion insertion/deinsertion at the Na-NiHCF cathode. 
The rate performance test of the AHZSIB using the Na2SO4 electrolyte (in 
the absence of redox species) confirms this expectation since only 4% of 
the capacity (i.e., 2 mAh/g) attributed to Na+ insertion/deinsertion was 
maintained at 1.5 mA/cm2 (Fig. S6). Based on this result, it estimated 
that in the obtained capacity of 78 mAh/g at 1.5 mA/cm2 (Fig. 5a and 
5b), ~76 mAh/g of capacity contributing by Fe2+(CN)6

4− /Fe3+(CN)6
3−

redox pairs and only ~2 mAh/g of capacity contributing by the Na- 
NiHCF cathode through Na+ ion insertion/deinsertion process. 

Fig. 5b shows that 100% of the capacity was retrieved returning from 
1.5 mA/cm2 to 0.15 mA/cm2, which indicated a quick capacity recov
erability of the Fe2+(CN)6

4− /Fe3+(CN)6
3− redox species and the Na-NiHCF 

cathode in the AHZSIB. Overall, Fig. 5b reveals that the Na4[Fe(CN)6] 
redox electrolyte simultaneously enhanced the specific capacity and 
energy and improved the rate capability of AHZSIB. The excellent long- 
term cycling ability of the Na4[Fe(CN)6] redox electrolyte-based AHZSIB 
at a high current density of 1.25 mA/cm2 is shown in Fig. 5c. Thereby, 
the capacities of 104 and 110 mAh/g were attained at the first and 500th 
cycles, respectively. This indicated that the obtained discharge capacity 
at the first cycle closer to the discharge capacity gained at the 500th 
cycle. The observed capacity decreases and increases during the cycles 
(Fig. 5c) may have been caused by the formation of hydrogen bubbles on 
the surface of the Zn anode and diffusion of hydrogen bubbles from the 
surface of the Zn anode, respectively [46]. In brief, the Zn2+/Zn redox 
reaction occurs near the hydrogen evolution potential; therefore, during 
the charging process, hydrogen bubbles can form on the surface of the 
Zn anode. Therefore, these formed hydrogen bubble sizes can increase 
by increasing the cycle number, and the formed bubbles take time (a few 

Fig. 5. (a) Charge-discharge curves at different current densities from 0.15 to 1.5 mA/cm2. (b) Rate performances, and (c) Cycle stability (at 1.25 mA/cm2) of 
AHZSIB tested with the Na4[Fe(CN)6] (0.1 M) electrolyte. 
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cycles) to diffuse from the surface of the Zn anode. In the meantime, the 
formed hydrogen bubble can reduce the active area on the Zn anode for 
the Zn2+/Zn redox reaction, causing a capacity decrease with cycling. 
After the hydrogen bubbles began diffusing away from the surface of the 
Zn anode, the active area for the Zn/Zn2+ redox reaction be increased, 
thus increased the capacity with the cycles [46]. However, we can 
conclude that the observed cycle performance at 1.25 mA/cm2 confirms 
the excellent electrochemical stability of both the Fe2+(CN)6

4− / 
Fe3+(CN)6

3− redox pair and Na-NiHCF cathode. 
Even though redox electrolytes can enhance the capacity storage of 

AHZSIB, there are still some practical challenges remaining, including a 
low current operation, low cell voltage, low capacity, complication in 
cell assembly; these demands require further research. The current 
challenges and their mitigation strategies to build an advanced high- 
performance redox electrolyte AHZSIB (Fig. 6) are briefly addressed as 
follows: (i). Low current/power density: The devised AHZSIB operated 
at low current densities (in mA/cm2) (Fig. 4a) due to the high ionic 
resistance of the Na3Zr2Si2PO12 ceramic separator, which resulted in a 
low power performance (see Fig. S7). However, the power performance 
can be improved by replacing the Na3Zr2Si2PO12 separator with highly 
ionic conductive polymer-based membranes, such as Nafion membranes 
(Fig. 6). Na3Zr2Si2PO12 was used in this study to demonstrate the proof- 
of-concept study of redox electrolyte-based AHZSIB. (ii). Low cell 
voltage: The cell voltage obtained in this work for AHZSIB was <1.4 V, 
which is still a limitation in achieving high energy density. However, the 
practical cell voltage of AHZSIB can be further improved using two 
methods (Fig. 6). One is using alkaline electrolyte with a Zn anode, 
which can help to raise the cell voltage to 1.8 V. This is because the 
redox potential of the Zn/[Zn(OH)4]2− pair (− 1.25 V vs. SHE) generated 
in alkaline electrolytes is lower than that of the redox potential of Zn/ 
Zn2+ pair (− 0.76 V vs. SHE) that is generated in near-neutral (or acidic) 
electrolytes [47,48]. The second method is pairing a high-voltage 
cathode with a Zn anode. A pair of Zn and Na2Zn3[Fe(CN)6]2 can 
potentially deliver a cell voltage of 1.8 V [49] and Zn and Na2MnFe 
(CN)6(+) may offer a cell voltage of 2 V [50]. (iii). Low Capacity: 
Similar to the cell voltage, a high capacity is also essential to reach a 
high energy density. The capacity at the cathode side in AHZSIB can be 
further increased by combining a high-capacity cathode (e.g., 
Na3V2(PO4)3 and Na2MnFe(CN)6) [13,50] and a highly concentrated 
Na4[Fe(CN)6] redox electrolyte (~0.6 M) or any other highly concen
trated redox electrolyte (e.g., functionalized ferrocene-based redox 
electrolyte) (Fig. 6) [28]. However, when using a highly concentrated 
redox electrolyte, some other issues such as ionic conductivity, viscosity, 
reversibility of redox pair and utilization of redox pair might be 

penalized so it will be necessary to optimize the concentration of the 
redox electrolyte to get a good trade-off. In this context, the redox pair in 
the redox electrolyte, which can supply more than one electron during 
the redox reaction, may have the most potential (e. g., Br2/Br− , I3− /I− , 
and hydroquinone/quinone) [18,21,51] to enhance the capacity of 
AHZSIB while keeping low concentrations (Fig. 6). (iv). Complexity in 
cell assembly: The use of the Na3Zr2Si2PO12 membrane in AHZSIB 
creates complications during battery cell assembly. This complication 
can be simplified using a gelled electrolyte-covered Zn anode (Fig. 6), as 
reported elsewhere for Zn-MnO2 batteries [52]. Notably, the imple
mentation of a gel electrolyte for Zn anodes could be a potential 
replacement for the expensive ion-exchange membrane; therefore, we 
can expect an improved power performance. 

4. Conclusion 

In this work, to promote the capacity storage of hybrid Zn2+/Na+ ion 
batteries (AHZSIB), we have integrated redox electrolytes based on 
Na4[Fe(CN)6] or TEMPOL/Na2SO4 with Na+ deinsertion/insertion so
dium nickel hexacyanoferrate (Na-NiHCF) cathode. Interestingly, 
compared to the conventional (non-redox) Na2SO4 electrolyte, the 
tested redox electrolytes in the AHZSIB enhanced the overall capacity by 
more than two-fold. The achieved capacity for AHZSIB with the TEM
POL/Na2SO4 redox electrolyte was 120 mAh/g, and that with Na4[Fe 
(CN)6] redox electrolyte was 144 mAh/g; however, that with Na2SO4 
electrolyte was only 49 mAh/g. Despite this result, AHZSIB with the 
TEMPOL/Na2SO4 redox electrolyte showed poor cycle stability 
compared to that of the Na4[Fe(CN)6] redox electrolyte. At 0.15 mA/ 
cm2, nearly 100% of the discharge capacity retention was obtained for 
the AHZSIB with the Na4[Fe(CN)6] redox electrolyte, but this value was 
only 50% for AHZSIB with the TEMPOL/Na2SO4 redox electrolyte. Even 
at a high current density of 1.25 mA/cm2, the AHZSIB with the Na4[Fe 
(CN)6] redox electrolyte maintained 100% of the discharge capacity 
retention for over 500 cycles. This study validates the ability of the redox 
electrolyte to boost the capacity storage of AHZSIB. We foresee that the 
use of electrolytes with redox characteristics will become an important 
step toward developing high energy density stationary AHZSIBs used to 
ensure adequate energy storage applications. However, as specified in 
the discussion section, further future research and development (R&D) 
is required to construct an effective and scalable redox electrolyte-based 
AHZSIB. 

Fig. 6. Future perspective of redox electrolytes used in AHZSIB.  
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