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Abstract: Zinc-ion batteries (ZIBs) have received attention as one type of multivalent-ion batteries
due to their potential applications in large-scale energy storage systems. Here we report a prototype
of rocking-chair ZIB system employing Zn2Mo6S8 (zinc Chevrel phase) as an anode operating at
0.35 V, and K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (rhombohedral zinc Prussian-blue analogue) as a cathode
operating at 1.75 V (vs. Zn/Zn2+) in ZnSO4 aqueous electrolyte. This type of cell has a benefit due to
its intrinsic zinc-dendrite-free nature. The cell is designed to be positive-limited with a capacity of
62.3 mAh g−1. The full-cell shows a reversible cycle with an average discharge cell voltage of ~1.40 V,
demonstrating a successful rocking-chair zinc-ion battery system.

Keywords: rocking-chair battery; Prussian blue analogue; zinc hexacyanoferrate; Chevrel phase;
zinc-ion battery; multivalent-ion battery

1. Introduction

Recently emerging technologies such as smart grids and renewable energy grids utilizing solar
and wind power are placing urgent demands on the higher performance of batteries for large-scale
stationary energy storage systems (ESSs) [1,2]. Thus far, lithium-ion batteries (LIBs) have been the most
successful energy storage system, due to their high energy and power densities. However, there have
been increasing concerns regarding safety [3], cost, and the uneven distribution of lithium resources,
resulting in the vigorous development of post-LIB systems over the last few years, such as sodium-ion,
potassium-ion [4], and multivalent-ion (Mg, Ca, and Zn)-based batteries [5].

Rechargeable zinc-ion batteries (ZIBs) have received attention as large-scale energy storage
systems, and are expected to provide various advantages such as low toxicity and cost,
abundance of the element, safety, and potential high energy density [6]. In recent years,
many host compounds have been investigated for rechargeable electrochemical zinc-ion intercalation.
Some inorganic examples would include various types of MnO2 (hollandite [7], birnessite [8] and
todorokite [9]), Chevrel phase Mo6S8 [10–12], Prussian-blue analogues (A2Zn3[Fe(CN)6]2) [13,14],
KxNiFe(CN)6 [15], KxCuFe(CN)6 [16]), ZnMn2O4 [17], ZnNixMnxCo2−2xO4 [18], Na3V2(PO4)3 [19],
VS2- [20], VO2 [21], V2O5 [22], VO1.52(OH)0.77 [23], Mo2.5+yVO9+z [24], LiV3O8 [25], Zn2V2O7 [26],
Zn0.25V2O5·nH2O [27], Zn2(OH)VO4 [28], Na3V2(PO4)2F3 [29], Mn3O4 [30], Co3O4 [31], H2V3O8 [32],
and Fe5V15O39(OH)9·9H2O [33], where zinc ions are reversibly intercalated into the structures in an
aqueous electrolyte with ZnSO4, Zn(NO3)2, Zn(O2CCH3)2, or Zn(CF3SO3)2.

It should be pointed out that a pure, composite, or fabricated zinc-metal-based anode has been
adopted for most of the previous studies. Zinc metal is well known to form a dendrite during the
charging (deposition) process [34] (see also Figure S1)—similar to Li metal, which grows continually,
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piercing the separator and causing a short circuit, and will eventually lead to a loss in the efficiency
and capacity of batteries. In particular, since ZIBs are candidates for ESSs that are expected to have
a long cycle life (>10 years), preventing dendrite formation would be one of the most important
requirements for commercialization of ZIBs. To prevent the zinc dendrite, investigations have been
actively underway by developing zinc-based anode materials (e.g., carbon/zinc composites [35],
CaCO3-coated zinc [36], hyper-dendritic zinc [37], or flowing zinc anode [38]), and by modifying
electrolytes (e.g., organic electrolyte [15], adding additives [31,39], or high concentration [40]). Besides,
aqueous zinc electrolytes lead to form byproducts at the zinc anode [16,41], causing another problem
to solve in the form of the low Coulombic efficiency.

To fundamentally solve such problems, here we propose using an intercalation-type anode
material instead of zinc metal and demonstrate a successful prototype of a rocking-chair zinc-ion
battery system that is theoretically free from a dendrite formation. In this work, zinc Chevrel phase
Zn2Mo6S8 and zinc hexacyanoferrate Kx(H2O)0.22Zn3[Fe(CN)6]2 (named as ZPB) are adopted as anode
and cathode, respectively. Zinc Chevrel phase Zn2Mo6S8 (Figure 1a) was considered as an anode
material because it is a highly stable intercalation-type host material with a low operating voltage (0.35
V vs. Zn/Zn2+), moderate capacity (128 mAh g−1), and high Coulombic efficiency in ZnSO4-based
aqueous electrolyte (Figure S2) [12]. The cathode material ZPB was proven to be an attractive cathode
material for ZIBs because of its high operating voltage (1.75 V vs. Zn/Zn2+) and porous structure
formed by three-dimensional networks of FeC6 octahedra and ZnN4 tetrahedra via C≡N ligands
(Figure 1b), accommodating zinc ions into the large sites [13,14].
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Figure 1. (a) The crystal structure of the Chevrel phase, Mo6S8. (b) The crystal structure of zinc
hexacyanoferrate (ZPB). (c) Powder X-ray Rietveld refinement profile for Mo6S8 at 25 ◦C, and an SEM
image of the powder. (d) Powder X-ray Rietveld refinement profile for the ZPB at 25 ◦C, and an SEM
image of the particles (red points: experimental data; green line: calculated data; pink line: difference;
black bars: Bragg positions).
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2. Experimental

2.1. Synthesis of Materials

The anode material, zinc Chevrel phase Zn2Mo6S8, was obtained by electrochemical zinc insertion
into Mo6S8 that was prepared by chemical oxidation (Cu extraction) of Cu2Mo6S8 by stirring its
powder overnight in 1 M aqueous solution of FeCl3, as described in our previous work [12]. Cu2Mo6S8

was prepared by solid-state synthesis from a stoichiometric mixture of copper powder (99.7%, Aldrich,
St. Louis, MO, USA), molybdenum powder (99.9%, Aldrich) and sulfur powder (99.98%, Aldrich) at
1050 ◦C for two days in a vacuum-sealed fused-silica tube.

The cathode material, rhombohedral zinc hexacyanoferrate (Prussian-blue analogue),
was synthesized according to a previously reported method [13]. An aqueous solution of ZnSO4·6H2O
(≥99.0%, Sigma-Aldrich) (1.3 M, 10 mL) was slowly added into an aqueous solution of 0.5 M
K3[Fe(CN)6] 3H2O (≥99.0%, Sigma-Aldrich) (0.5 M, 20 mL) with vigorous stirring at 60 ◦C, immediately
producing insoluble colloidal products. The stirring was continued for about 30 min until a
homogeneous yellow-colored product was obtained. The final product was washed with distilled
water by centrifuging at 6000 rpm for 15 min three times to remove any unreacted soluble species.
The powder was finally dried in a vacuum oven at 80 ◦C overnight.

2.2. Electrochemical Characterization

Electrochemical measurements were conducted with three-electrode cells. The working electrode
consists of the host material (ZPB or Mo6S8), conductive carbon (Super P carbon black, Timcal Graphite
& Carbon, Bodio, Switzerland), and a poly(vinylidene difluoride) binder (W#1300, Kureha Co., Osaka,
Japan) (8:1:1 weight ratio). The mixture was dispersed in N-methyl-2-pyrrolidone (NMP) to form
a slurry that was cast onto carbon-coated thin stainless steel foil (SUS-316L, Wellcos Co., Gunpo-si,
Korea) as the current collector, dried at 80 ◦C in an oven for 10 h to completely remove the NMP
solvent. Then, the electrodes were pressed by an electrode rolling machine (Wellcos Co., Korea).
The loading of each active material for the electrode was 4.16 mg and 22.88 mg for ZPB and Mo6S8,
respectively, with an electrode area of 1.53 cm2. For a half-cell experiment, a zinc metal disc (1 mm
thickness) and zinc rod (3.18 mm diameter) were used as the counter and the reference electrode,
respectively. A glass fiber was used as a separator (GF/A, Whatman, Maidstone, UK) and 0.1 M
Zn(SO4)2 aqueous solution (Aldrich) as the electrolyte. The electrolyte has an electrochemical window
of ~2 V vs. Zn/Zn2+ (Figure S3), enabling us to utilize the high-voltage ZPB material as the cathode.
To prepare negative Zn2Mo6S8 electrodes to be used for a full-cell measurement, Mo6S8 electrodes were
first electrochemically reduced to 0.25 V vs. Zn/Zn2+ in the half-cell set-up, followed by washing with
distilled water. Cyclic voltammetry and galvanostatic discharge-charge measurements were performed
using the EC-Lab software on a Biologic VMP3 multichannel potentiostat (Biologic Science Instruments
SAS, Seyssinet-Pariset, France). The galvanostatic charging and discharging were performed with a
constant-current mode.

2.3. Materials Characterization

Powder X-ray diffraction (XRD) data were collected at room temperature on a Rigaku Miniflex
600 diffractometer with a Cu X-ray tube (λ = 1.5418 Å), a secondary graphite-monochromator, and the
angular range of 10◦ ≤ 2θ ≤ 70◦ for a general purpose. For the structural determination of the
zinc-inserted ZPB phase (=Zn0.72ZPB), a PANalytical Empyrean X-ray diffractometer was used with
a Cu Kα1 X-ray (λ = 1.5406 Å) with a Ge (111) monochromator, position-sensitive PIXcel3D 2x2
detector, the angular range of 5◦ ≤ 2θ ≤ 80◦, step 0.013000◦, and total measurement time of 9 h at
room temperature. The crystal structures for the synthesized ZPB phase was confirmed using the
powder profile refinement program GSAS [42]. Determination of the crystal structure of Zn0.72ZPB was
performed using a combination of the powder profile refinement program GSAS and the single-crystal
structure refinement program CRYSTALS [43], in a similar way to that described in our previous
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work [12]. For a three-dimensional view of the Fourier density maps, MCE [44] was used. Le Bail
fitting was carried out with a structural model of ZPB. The structure factors were extracted, which were
used as input data for the single crystal refinement program, CRYSTALS. Then, the position of the
inserted Zn atom was determined from the Fourier difference synthesis map, completing the structural
model for Zn0.72ZnPB. Finally, Rietveld refinement was applied.

The morphology and elemental compositions of samples were analyzed by high-resolution
field-emission scanning microscopy (HR FE-SEM, Hitachi SU-8020) with an energy dispersive X-ray
spectrometry (EDX) attachment, and inductively coupled plasma analysis (ICP, Varian 700-ES).
Thermogravimetric analysis (TGA, Rigaku TG 8120) was performed to determine the amount of
water of the samples.

3. Results and Discussion

3.1. Characterization of the Synthesized Materials

The synthesized Mo6S8 phase was confirmed using powder X-ray Rietveld refinement as
presented in Figure 1c with its SEM image in the inset and Figure S4, where no impurities are
observable. The particle sizes are in the range 200–900 nm. The crystal structure of Mo6S8 is trigonal
with the space group of R-3 and the refined lattice parameters of a = 9.1952(1) Å, and c = 10.8825(3)
Å, in good agreement with the previous report [12]. The refined atomic parameters and selected
interatomic distances are summarized in Tables S1 and S2.

The ZPB phase was synthesized without impurity and confirmed by the powder X-ray Rietveld
refinement as shown in Figure 1d with its SEM image in the inset. The particles are well segregated with
their sizes in the range of 10−20 µm (Figure S5). Its crystal structure is trigonal with the space group
of R-3c and the refined lattice parameters of a = 12.6006(3) Å, and c = 32.9652(12) Å, in good agreement
with a previous study [45]. The refined atomic parameters and selected interatomic distances are
summarized in Tables S3 and S4. The metal compositions of the ZPB phase were determined using
the ICP analysis (Table S5) and the water content was determined by TGA (Figure S6). The chemical
formula of the initially synthesized ZPB is K0.02(H2O)0.22Zn2.94[Fe(CN)6]2.

3.2. Characterization of the Anode Material in a Half-Cell

The electrochemical properties of zinc intercalation into Mo6S8 have previously been thoroughly
studied [12]. The material prepared in this work shows the same features as before according to cyclic
voltammogram (CV), galvanostatic discharge-charge curves, and cycling performance in zinc half-cells,
as presented in Figure 2a–c, where the n C rate is defined as the rate of charge (or discharge) at which
the charge (or discharge) is completed in (1/n) hours. Here, the 1 C rate was defined as 128 mA g−1

because the theoretical capacity of the four-electron reaction from Mo6S8 to Zn2Mo6S8 is 128 mAh g−1.
To briefly summarize its characteristics, the electrochemical zinc-ion insertion into Mo6S8 occurs in

a stepwise fashion. ZnMo6S8 first forms from Mo6S8 in the higher-voltage region at around 0.45−0.50 V
vs. Zn/Zn2+. The inserted zinc ions occupied the interstitial sites in cavities surrounded by sulfur
atoms (Zn1 sites). A significant number of the inserted zinc ions were trapped in these Zn1 sites, giving
rise to the first-cycle irreversible capacity of ∼46 mAh g−1 out of the discharge capacity of 134 mAh
g−1 at a current of 6.4 mA g−1. In the lower-voltage region, further insertion into Zn2 sites occurs to
form Zn2Mo6S8 at around 0.35 V, also involving a two-phase reaction. The electrochemical insertion
and extraction into the Zn2 sites appeared to be reversible and fast.

In the rocking-chair full-cell experiments that will be discussed later (vide infra), we use the
zinc-inserted phase Zn2-δMo6S8 (0 < δ << 1) as the initial anode material and intend to utilize only
the lower voltage (0.35 V) region by adopting a high N/P ratio (5.5/1) that is sufficient for the anode
voltage to be maintained at 0.35 V during cycles. We chose a slightly zinc-deficient phase (0 < δ << 1),
not fully inserted (discharged) Zn2Mo6S8, to avoid the end region of the discharge profile where the
voltage varies sensitively by the Zn content (see Figure 2b).
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Figure 2. (a) Cyclic voltammograms of the Mo6S8 electrode for the initial cycle at 0.05 mV s−1 with
zinc metal as the counter and reference electrode in 0.1 M ZnSO4 aqueous electrolyte; (b) reversible
discharge-charge cycles at various C rates (the second cycle); and (c) cycling performance at 0.1 C rate.

3.3. Characterization of the Cathode Material in a Half-Cell

Figure 3a shows the CV profile of the ZPB electrode in the range of 1.20–2.05 V (vs. Zn/Zn2+),
with a scan rate of 1 mV s−1. The initial open-circuit voltage of the electrode was 1.81 V, and a negative
sweep was first applied. There is just broad and seemingly overlapping cathodic (zinc-insertion) peaks
with its maximum current at 1.72 V, and the corresponding anodic (zinc-extraction) peak at 1.91 V.
The shape of each peak appears to contain more than two overlapping peaks, implying a mechanism
involving multiple intercalation stages during the zinc insertion/deinsertion.

The galvanostatic discharge-charge profiles of the ZPB electrodes with two different C-rates
are shown in Figure 3b. Here, the 1 C rate is defined as 84.4 mA g−1, because the theoretical
capacity of the two-electron reaction (one zinc insertion) per formula unit of ZPB is 84.4 mAh g−1.
Multiple quasi-plateaus are seen in the discharge curves, which are more clearly seen in the dQ/dV
curve (Figure 3c). The difference between Figure 3a,c is noteworthy, and appears to come from the
measurement speed. The total time for a full cycle is about three times slower for the latter, resulting in
the sharp peaks in Figure 3c. The zinc insertion/deinsertion into/from the host ZPB structure seems
complicated involving multiple stages. Five cathodic peaks are observed: two sharp peaks at ~1.82 and
1.80 V with a partial overlapping, and three broader peaks at 1.72, 1.65, and 1.59 V. On the other hand,
only four anodic peaks are observed at ~1.94 1.85, 1.83, and 1.81 V. The sharpest and most intense
redox couple (1.80 V and 1,85 for cathodic and anodic currents, respectively) has a lower polarization
than the redox couple at higher voltage (1.82 and 1.94 V), indicating relatively fast kinetics of the
insertion-deinsertion reactions. The three broad cathodic peaks at lower voltage region (1.72, 1.65, and
1.59 V) seem to correspond to the two overlapping peaks at 1.83, and 1.81 V, implying that the insertion
reaction at the lower voltage region is more sluggish than the deinsertion reaction. The reason for this
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difference between the insertion and deinsertion stages is not apparent, and a further study will be
necessary to understand the mechanism better.

Batteries 2018, 4, x FOR PEER REVIEW  6 of 13 

intense redox couple (1.80 V and 1,85 for cathodic and anodic currents, respectively) has a lower 
polarization than the redox couple at higher voltage (1.82 and 1.94 V), indicating relatively fast 
kinetics of the insertion-deinsertion reactions. The three broad cathodic peaks at lower voltage region 
(1.72, 1.65, and 1.59 V) seem to correspond to the two overlapping peaks at 1.83, and 1.81 V, implying 
that the insertion reaction at the lower voltage region is more sluggish than the deinsertion reaction. 
The reason for this difference between the insertion and deinsertion stages is not apparent, and a 
further study will be necessary to understand the mechanism better.     

 
Figure 3. (a) Cyclic voltammograms of the ZPB electrode at 1 mV s−1 with zinc metal as the counter 
and reference electrode in 0.1 M ZnSO4 aqueous electrolyte; (b) initial discharge-charge cycles at 
various C rates; (c) dQ/dV curves corresponding to the profiles in (b); (d) cycling performance at 0.5 
C rate. 

In Figure 3b, the discharge capacity 62.5 mAh g−1 at a 0.5 C rate decreases to 41.2 mAh g−1 at 1.0 
C rate, showing a low rate-performance, similar to the sodium-ion intercalation into the same host 
material [46]. The cycle performance of the ZPB electrode is displayed in Figure 3d. The capacity 
retention is 81% at the 10th cycle. Considering that the particle size decreased after 50 cycles, as 
evidenced in XRD and SEM images (Figure S7), the insertion of zinc ions seems to involve mechanical 
stress due to the high charge of zinc ions [47] or the significant anisotropic lattice changes of the 
structure during cycles, which that will be discussed later (vide infra), resulting in the low rate-
performance. 

3.4. Elemental Analysis of the Cathode Material 

To quantify the zinc content in ZPB during the electrochemical zinc insertion-deinsertion 
process, we performed EDX FE-SEM and ICP analyses for several samples taken at a different state 
of charge (Figure 4a and Tables S6 and S7). The analyzed zinc amount matches very well with that 
calculated from the discharge/charge capacity. The elemental mapping for the fully discharged 
electrode (Figure 4b) shows a uniform distribution of zinc atoms in the particles.  

Figure 3. (a) Cyclic voltammograms of the ZPB electrode at 1 mV s−1 with zinc metal as the counter and
reference electrode in 0.1 M ZnSO4 aqueous electrolyte; (b) initial discharge-charge cycles at various C
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In Figure 3b, the discharge capacity 62.5 mAh g−1 at a 0.5 C rate decreases to 41.2 mAh g−1

at 1.0 C rate, showing a low rate-performance, similar to the sodium-ion intercalation into the
same host material [46]. The cycle performance of the ZPB electrode is displayed in Figure 3d.
The capacity retention is 81% at the 10th cycle. Considering that the particle size decreased after
50 cycles, as evidenced in XRD and SEM images (Figure S7), the insertion of zinc ions seems to
involve mechanical stress due to the high charge of zinc ions [47] or the significant anisotropic lattice
changes of the structure during cycles, which that will be discussed later (vide infra), resulting in the
low rate-performance.

3.4. Elemental Analysis of the Cathode Material

To quantify the zinc content in ZPB during the electrochemical zinc insertion-deinsertion process,
we performed EDX FE-SEM and ICP analyses for several samples taken at a different state of charge
(Figure 4a and Tables S6 and S7). The analyzed zinc amount matches very well with that calculated from
the discharge/charge capacity. The elemental mapping for the fully discharged electrode (Figure 4b)
shows a uniform distribution of zinc atoms in the particles.

Prussian-blue analogues easily intercalate/deintercalate zeolitic water into/from its crystal
structure, and its water content is dependent on synthetic and environmental conditions [15,48].
The initial ZPB phase contains a small amount of water content (0.22 H2O per formula unit of ZPB)
according to TGA analysis (Figures S6 and S8). However, when the ZPB electrode is inside the aqueous
cell, water molecules must be intercalated into the structure, which is evidenced by TGA and XRD
analyses (Figure S8). Two samples are compared: just a wetted electrode (in principle, equivalent to a
fully recharged electrode) and a fully discharged electrode in the electrolyte. The determined water
content is 8.3 moles per formula unit of ZPB for both samples, suggesting that once water is intercalated
into the host structure in the electrolyte, the water content is maintained during the cycle, similar to
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the nickel Prussian-blue analogue [15]. The wetted electrode shows a slight change in XRD pattern
from the pristine one, confirming that the water is genuinely intercalated, not merely adsorbed on
the surface of the particles. The chemical formula of the wetted ZPB is K0.02(H2O)8.3Zn2.94[Fe(CN)6]2,
the structure of which was also confirmed with the Rietveld refinement as presented in Figure S9,
and Tables S8 and S9. Its structure is the same as the pristine ZPB except that the occupancy of the
water increases.Batteries 2018, 4, x FOR PEER REVIEW  7 of 13 
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Figure 4. (a) Zn atomic ratios for ZnxZPB electrode samples during a discharge-charge cycle, where the
x values were estimated from ICP and FE-SEM EDX elemental analyses; (b) EDX elemental mapping
of Zn0.72ZPB; (c) XRD patterns of ZnxZPB (x = 0, 0.25, 0.50, and 0.72) during discharging.

3.5. Structural Analysis of the Cathode Material

The zinc-inserted phase can be formulated as ZnxK0.02(H2O)8.3Zn2.94[Fe(CN)6]2 (named as
ZnxZPB, 0 ≤ x ≤ 0.72). The just-wetted phase is expressed as Zn0ZPB to distinguish it from the
pristine ZPB phase. The powder XRD patterns of the ZnxZPB electrodes were recorded with respect
to the number of inserted zinc ions (x = 0, 0.25, 0.5, and 0.72) employed during the galvanostatic
reduction, as shown in Figure 4c. Unlike cubic Prussian-blue analogues [15,48], the evolution of the
patterns is complicated due to multiple insertion stages, as implied by the multiple quasi-plateaus
in the discharge profile. An atomic-scale structural analysis would be crucial to understanding the
insertion mechanism. In this work, the crystal structure of the fully reduced phase Zn0.72ZPB was
determined and refined for the first time using similar crystallographic techniques described in our
earlier work [12], with a particular interest in the location and environment of the inserted Zn ions.
The crystal structure of Zn0.72ZPB and Rietveld refinement profile are shown in Figure 5a,b, respectively.
The refined parameters are summarized in Table S10, with interatomic distances in Table S11. The a
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and c parameters are anisotropically changed from the initial Zn0ZPB phase (a is decreased by 2.44%
while c is increased by 5.98%), while the unit cell volume is almost kept (increased by 0.86%). It is
also noted that Zn0.72ZPB has a distinct structure compared to other related phases AxZnPB (A = Na+,
K+, Rb+, Cs+). The inserted Zn ion is located at 6b Wyckoff position (0, 0, 0) as clearly evidenced
by the Fourier difference map (Figure 5c), whereas other A cations are in a disordered site, forming
six-membered rings inside the large cavities in the structure [45,49–51] (see Figure S10 for a graphical
illustration).
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Figure 5. (a) The crystal structure of Zn0.72ZPB, with FeC6 octahedra (yellow), ZnN4 tetrahedra (red),
and inserted Zn2 atoms (green). (b) The powder X-ray Rietveld refinement profile for Zn0.72ZPB,
recorded at 25 ◦C (Red points: experimental data; green line: calculated data; pink line: difference;
and bars: Bragg positions). (c) (001) sections of observed Fourier map at z = −0.072 (left) and difference
Fourier maps at z = 0.0 (right) for the Zn0.72ZPB phase at the refinement stage prior to the location of
Zn2 atoms. The map width is 10 Å, and the center of the left map is at (0, 0, −0.072). The contour levels
are adjusted unequally for clarity. Zn2 is identified from the right plane that is above the left plane by
2.51 Å (∆z = 0.072). The minimum and maximum contour levels are (a) 2.71 and 20.1 e/Å3, and (b) 2.71
and 14.5 e/Å3.

3.6. Rocking-Chair Zn-Ion Battery Cell

A prototype of the rocking-chair zinc-ion cell was constructed in a three-electrode system with the
Zn2Mo6S8 anode (counter electrode), ZPB cathode (working electrode), and the zinc reference electrode
in 0.1 M ZnSO4 aqueous electrolyte (Figure S11). A large voltage gap between the cathode and anode
is preferred to design a high-energy rocking-chair cell. Zn2Mo6S8 was adopted for its low operating
voltage at 0.35 V and ZPB for its high voltage around 1.75 V (vs. Zn/Zn2+). The electrochemical system
is schematically presented in Figure 6a.

The cell was designed to be a positive-electrode limiting cell by making a sufficiently high
negative/positive (N/P) electrode mass ratio of 5.5/1 (equivalent to the capacity ratio of 7.74/1)
to reduce parameters affecting the cell performance: in this case the anode potential is constant,
and its capacity is much larger than the cathode, so that the cell voltage and capacity is dependent
only on the cathode performance. However, it should be pointed out that the N/P ratio is not
optimized, and such a high ratio is not practical, either, because it reduces the energy density of
the cell significantly, considering that an N/P capacity ratio in practical LIBs is mostly within the
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range of 1.05–1.2. The effects of various N/P ratios on the cell performance should be investigated
systematically as a further study. Figure 6b shows the discharge-charge profiles of the cell where the
profiles on each electrode are respectively presented. The negative electrode shows a flat pattern at
0.35 V. The cell shows a capacity of 62.3 mAh g−1 when it is discharged to 1.10 V (vs. Zn/Zn2+) and
recharged up to 2.05 V with 0.2 C rate. Because of the flat anode voltage, the cell voltage profile is
almost the same as the cathode profile in shape, but the cell voltage is just smaller by 0.35 V.Batteries 2018, 4, x FOR PEER REVIEW  9 of 13 
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Therefore, the suggested electrochemical reactions on each electrode can be expressed as:

Cathode: x Zn2+ + Zn0ZPB + 2x e− ↔ ZnxZPB (1)

Anode: Zn2−δMo6S8 ↔ Zn2−δ−xMo6S8 + x Zn2+ + 2x e− (2)

where δ is small (0 < δ << 1), and the amount (x) of the reversible zinc ions is in the range 0 ≤ x
≤ 0.72 within the cell voltage window 0.75–1.70 V. The discharge-charge profile for a two-electrode
cell also shows a reversible cycle with an average discharge voltage of ~1.40 V (Figure S12). Cycling
performance of the full-cell is shown in Figure 6c. It shows a similar tendency to that for the ZnPB
half-cell presented in Figure 2d. Because of the low cycling performance of the cathode, the full-cell is
also not expected to be better. The long-term cycle stability of the cell should be investigated further as
a future study. Nonetheless, the rocking-chair Zn-ion battery cell is successfully demonstrated for the
first time, to the best of our knowledge.

The energy density of the present cell with high N/P capacity ratio (7.74/1) is estimated at 13 Wh
kg−1 based on the mass loading of the active materials (4.16 mg of cathode, 22.88 mg of anode),
the cell capacity (0.259 mAh/cell), and voltage (1.40 V), not taking into account the mass of electrolytes
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and current collectors. The energy density of a simulated cell with a practical N/P capacity ratio
(e.g., 1.20/1) could be 47 Wh kg−1, which is comparable to those for lead-acid batteries. For comparison,
the energy density of a LIB cell with 1.20/1 capacity ratio is estimated to be 367 Wh kg−1 (150 mAh −1

for LiCoO2, 350 mAh g−1 for graphite, and the discharge voltage of 3.7 V).

4. Conclusions

To develop ZIB cells that are theoretically free from the zinc dendrite problem, we propose
adopting an intercalation-type anode material instead of zinc metal and demonstrate a successful
prototype of a rocking-chair zinc-ion battery system employing Zn2Mo6S8 as the anode operating
at 0.35 V, and K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (ZPB) as the cathode operating at 1.75 V (vs. Zn/Zn2+)
in ZnSO4 aqueous electrolyte. The demonstration cell is designed to be positive-limited with the
N/P mass ratio of 5.5:1 to reduce factors influenced by the negative material. The full-cell shows a
reversible cycle, with a capacity of 62.3 mAh g−1 and an average discharge cell voltage of ~1.40 V.
Considering the high cost of molybdenum, Zn2Mo6S8 is unlikely to be the best choice as an anode
material. Nonetheless, this work is the first proof-of-concept, and may motivate further developments
of rocking-chair ZIB batteries adopting electrode materials with higher performance than the materials
demonstrated in this work.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-0105/5/1/3/s1,
Figure S1: SEM images of the zinc anode before and after 20 cycles, Figure S2: Coulombic efficiencies for zinc
metal and Mo6S8 in 0.1M ZnSO4 or 1M ZnSO4 aqueous electrolytes, Figure S3: Cyclic voltammogram of 0.1M
ZnSO4 aqueous electrolyte. Pt was used as the working electrode at 25 ◦C and a scan rate of 20 mV s–1, Figure S4:
SEM images of synthesized Mo6S8 powder, Figure S5: SEM images of the synthesized zinc hexacyanoferrate
(ZPB) particles, Figure S6: Thermogravimetric analysis for K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (ZPB) under nitrogen
flowing atmosphere and XRD patterns to check structural stability (rate = 10 oC/min), Figure S7: SEM images
of XRD patterns of ZPB electrodes before and after 25cycles, Figure S8: (Left) Thermogravimetric analysis for
K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (ZPB) and ZnxK0.02(H2O)8.3Zn2.94 [Fe(CN)6]2 (ZnxZPB) (x = 0, 0.72)phases under
nitrogen flowing atmosphere. (Right) XRD patterns of raw (ZPB) and its wetted phase (Zn0ZPB), Figure S9:
Powder XRD Rietveld refinement profile for the wetted ZPB phase, K0.02(H2O)8.3Zn2.94[Fe(CN)6]2 (= Zn0ZPB) at
room temperature, Figure S10: Structural illustration for intercalation position of various gest ions (a) Na+, (b) Rb+,
(c) K+, (d) Zn2+, Figure S11: The schematic design of Zn2Mo6S8/ZnPB full cell system, and the photographic
images of the beaker-type cell and its components used in this work, Figure S12: Galvanostatic curves of the
Zn2Mo6S8/ZnPB full cell at 0.5C-rate. Note that the voltage is the cell voltage (the difference between the
cathode and anode), Table S1: Crystallographic data and Rietveld refinement results of Mo6S8 powder: atomic
coordinates, site occupancies, isotropic displacement parameters and reliability factors at room temperature,
Table S2: Selected interatomic distances (Å) in the crystal structure of Mo6S8 at room temperature, Table S3:
Crystallographic data and powder XRD Rietveld refinement results for K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (ZPB)
powder: atomic coordinates, site occupancies, isotropic displacement parameters and reliability factors at room
temperature, Table S4: Selected interatomic distances (Å) in the structure of K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (ZPB)
at room temperature, Table S5: Elemental ratios estimated from ICP (Inductively coupled plasma) analysis for
K0.02(H2O)0.22Zn2.94[Fe(CN)6]2 (ZPB) powder, Table S6: Quantitative HR FE-SEM EDX data from which the
(Zn/Fe) atomic ratios were estimated for each electrode sample of ZnxK0.02(H2O)8.3Zn2.94[Fe(CN)6]2 (ZnxZPB)
(x = 0, 0.25, 0.50, 0.72) during discharge/charge cycle, Table S7: Elemental ratios estimated from ICP (Inductively
coupled plasma) analysis for K0.02(H2O)0.22Zn2.94 [Fe(CN)6]2 (ZPB), ZnxK0.02(H2O)8.3Zn2.94[Fe(CN)6]2 (ZnxZPB)
samples (x = 0.72 and 0), Table S8: XRD powder diffraction and Rietveld refinement results for the wetted ZPB
phase, K0.02(H2O)8.3Zn2.94[Fe(CN)6]2 (= Zn0ZPB): atomic coordinates, unit-cell parameters, site occupancies,
isotropic displacement parameters and reliability factors from the Rietveld refinement, Table S9: Selected
interatomic distances (Å) for the wetted ZPB phase, K0.02(H2O)8.3Zn2.94[Fe(CN)6]2 (Zn0ZPB) at room temperature,
Table S10: XRD powder diffraction and Rietveld refinement results for Zn0.72ZPB sample: atomic coordinates,
unit-cell parameters, site occupancies, isotropic displacement parameters and reliability factors from the Rietveld
Refinement, Table S11: Selected interatomic distances (Å) in Zn0.72ZPB at room temperature.
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