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Abstract: Coated Co9S8/carbon nanotube (Co9S8/2CNTs) microspheres were constructed and successfully applied to 
aqueous ammonium-ion batteries. The introduction of carbon nanotubes in the Co9S8 microspheres increased the 
electronic conductivity, shortened the diffusion distance for NH4

+ ions and improved the buffering ability against volume 
changes in the cycling processes. As a result, Co9S8/2CNTs microspheres had a reversible capacity of 112 mA·h/g at 
0.1 A/g. In addition, the ammonium ion energy storage mechanism accompanied by the formation of reversible phase 
transition product CoSO4·6H2O and establishment/breaking of intermolecular hydrogen bonds in Co9S8/2CNTs was 
investigated. 
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1 Introduction 
 

Aqueous rechargeable batteries have great 
potential in large-scale energy storage applications 
due to their high safety, fast ionic conductivity, low 
cost and environmental friendliness. Since DAHN 
et al designed the first aqueous lithium-ion battery 
in 1994, numerous metal ions, such as K+ [1],   
Na+ [2], Zn2+ [3,4], Mg2+ [5], Ca2+ [6] and Al3+ [7], 
have been widely investigated as charge carriers.  
In recent years, aqueous nonmetal ion batteries [8] 
such as NH4

+ [9], H+ [10] and H3O+ [11] have 
received increasing attention. Compared with 
metallic charge carriers, nonmetallic charge carriers 
are irreplaceable, especially when their almost 
infinite resources are given. Among nonmetal 
cations, NH4

+ ions as charge carriers have revealed 
more prominent attractions in less corrosive and 

lower hydrogen evolution, ultrafast ion diffusion 
kinetics in aqueous electrolytes and sustainable 
developments for safety, abundant resources and 
low cost in the energy storage fields [12,13]. It is 
worth noting that Li+, Na+, and K+ are monoatomic 
spherical ions with a nonpreferential orientation, 
while NH4

+ ions are tetrahedral polyatomic ions [14]. 
Different intercalation chemistry from monoatomic 
spherical ions and tetrahedral polyatomic ions could 
bring about unique topological chemistry or ionic 
diffusion mechanisms. 

Since the pioneering attempt of WESSELLS  
et al [15] on the Prussian blue [16] analog 
KM[Fe(CN)6] (M=Cu and Ni), various electrode 
materials, such as conducting the polymers  
(polyaniline [17], PTMA [18]) and metal    
oxides (V2O5 [19], MnOx [20], titanic acid [21], 
NH4V4O10 [22], MoO3 [23], WO3 [24]), have been 
used for NH4

+ storage. For example, DONG et al [19] 
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reported that V2O5 could act as an NH4
+ host through 

H-bonds. The hydrogen bonding chemistry was 
investigated by comparing the electrochemical 
behavior of NH4

+ and K+ in the V2O5 host. Recently, 
SONG et al [20] reported the electrochemical 
deposition of manganese oxide (MnOx) for NH4

+ 
storage. Systematic experimental evidence and 
computational studies have shown the continuous 
building/breaking of hydrogen bonds between NH4

+ 
and MnOx layers. 

The metal sulfides exhibited extraordinary 
potential in electrochemical energy storage fields 
but were hardly involved in aqueous ammonium- 
ion energy storage. Co9S8 has gained considerable 
attention in electrochemistry fields due to its 
inherent mixed valences and metallic behavior. 
However, Co9S8 exhibited poor cycling stability and 
rate performance owing to the volume change and 
dissolution of active materials during the charge 
and discharge processes. The combinations of 
Co9S8 and carbon-based materials were considered 
a promising solution [25]. The introduction of 
carbonaceous materials could effectively increase 
the electrical conductivity, alleviate the volume 
expansion and inhibit the dissolution of active 
materials during the charge and discharge  
processes [26,27]. Carbon nanotubes (CNTs) are 
promising nanocarbon materials with excellent 
electrical conductivity, large specific surface area, 
chemical stability and excellent mechanical 
flexibility that can modify Co9S8 particles [28,29]. 
In particular, Co9S8 coupled with carbon nanotubes 
as a cathode material for ammonium ion batteries 
has rarely been reported. 

Herein, coated Co9S8/carbon nanotube (Co9S8/ 
2CNT) microspheres were constructed and 
successfully applied in aqueous ammonium-ion 
batteries. The Co9S8/2CNTs microspheres exhibited 
a high capacity, excellent cycling stability and good 
rate performance. Some Co9S8 in Co9S8/2CNTs 
microspheres underwent reversible phase 
transformation to form CoSO4·6H2O during the 
charge/discharge processes, while the reaction 
kinetics of the electrodes, including the evolution  
of the first-cycle transport kinetics, was further 
investigated to demonstrate the pseudocapacitive 
properties of NH4

+ embedding/de-embedding 
behavior in Co9S8/2CNTs microspheres, and the 
diffusion process was always accompanied by 
uninterrupted intermolecular hydrogen bond 

building/breaking. This investigation provided a 
promising strategy for aqueous ammonium-ion 
storage. 
 
2 Experimental 
 
2.1 Synthesis of Co9S8 

Co9S8 was prepared by solvothermal method. 
4.3572 g cobalt acetate tetrahydrate and 1.3332 g 
thiourea were dissolved in 100 mL ethylene glycol 
and stirred under magnetic stirrers for 30 min. The 
uniform solution was transferred to a 100 mL 
Teflon lined stainless steel reactor for hydrothermal 
reaction at 200 °C for 48 h. The product was 
collected by centrifugation at a speed of 6000 r/min 
for 20 min, washed with ethanol and deionized 
water for several times, and dried in a vacuum 
drying oven at 60 °C for 3 h. 
 
2.2 Synthesis of Co9S8/2CNTs 

2 wt.% CNTs coated Co9S8 (Co9S8/2CNTs) 
was prepared by solvothermal method. 0.5 g Co9S8 
and 0.1 g CNTs were dispersed in 100 mL ethylene 
glycol (the control group was 0.5 g Co9S8 dispersed 
in 100 mL ethylene glycol), stirred under magnetic 
stirrers for 30 min, and the homogeneous solution 
was transferred to a 100 mL PTFE-lined stainless 
steel reactor for hydrothermal reaction. The reaction 
temperature was 200 °C, and the reaction time was 
24 h. The obtained product was centrifuged at 
6000 r/min for 20 min, washed with ethanol and 
deionized water for several times, and dried in a 
vacuum drying oven at 60 °C for 3 h. 
 
3 Results and discussion 
 
3.1 Phase structure and chemical component 

analysis 
Figure 1(a) shows the XRD patterns of     

the Co9S8 and Co9S8/2CNTs microspheres. The 
diffraction peaks of the two microspheres were 
attributed to cubic Co9S8 phase (PDF# 65-1765). 
The CNT diffraction peaks were invisibly observed 
in the Co9S8/2CNT microspheres due to the low 
CNT content. Nevertheless, the presence of CNTs 
could be confirmed by Raman spectra (Fig. 1(b)). 
The two obvious peaks positioned at 1333 and 
1589 cm−1 could be assigned to the D-band induced 
by disordered carbon and the G-band related to 
graphitized carbon, respectively. The ratio of the  
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Fig. 1 XRD patterns (a), Raman spectra (b) and nitrogen adsorption−desorption isotherms (c) of Co9S8 and 
Co9S8/2CNTs, and XPS spectra of Co 2p, S 2p and C 1s in Co9S8/2CNTs sample (d) 
 
D-band and G-band intensities (ID/IG) was 1.16꞉1, 
indicating the formation of abundant defect 
structures in the CNTs; this demonstrated that the 
incorporation of CNTs could provide additional 
defect sites for NH4

+ storage and further enhance 
the electrochemical properties of Co9S8/2CNTs 
microspheres. Some weak bands below 750 cm−1 
were perfectly indexed to Co9S8 crystals. 

The specific surface area and pore size 
distribution of the microspheres were determined 
by the N2 adsorption−desorption method. The two 
microspheres both exhibited typical IV isotherms 
and H3-type hysteresis loops, indicating the 
presence of microporous and mesoporous structures 
in the two microspheres (Fig. 1(c)). The specific 
surface area of the Co9S8/2CNTs microspheres was 
calculated to be 40.72 m2/g, which was significantly 
higher than that of Co9S8 (12.20 m2/g). The pore 
size distribution curves (inset in Fig. 1(c)) also 
showed that Co9S8/2CNTs microspheres had more 
abundant micropores and a relatively narrow pore 
size distribution than Co9S8 microspheres, which 

could accelerate the ion transfer and reduce the 
volume change during the cycling processes to 
improve the electrochemical properties of the 
materials. 

The elemental composition and surface 
chemical state of Co9S8/2CNTs microspheres were 
further determined by XPS methods (Fig. S1 in 
Supporting Information (SI)). The binding energies 
of Co 2p3/2 and Co 2p1/2 ranged from 778 to 786 eV 
and from 793 to 803 eV, respectively (Fig. 1(d)). 
The peaks centered at 784.4 and 800.4 eV were 
satellite peaks for Co 2p2/3 and Co 2p1/2, 
respectively. The binding energies at 780.2 and 
796.9 eV could be attributed to Co2+, while those  
at 778.3 and 794.1 eV belonged to Co3+ [30,31]. 
Furthermore, the S 2p XPS spectrum was fitted   
to three peaks, which could be attributed to S in 
Co9S8 (162 eV), C—S—C (163.5 eV) and SO4

2− 
(167.6 eV). The presence of SO4

2− should be related 
to the partial surface oxidation of the sample [32]. 
The high-resolution XPS spectrum of C 1s revealed 
two peaks at approximately 284.8 eV for C—C 
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bonds and 285.5 eV for C—S bonds [33]. The C—S 
peaks were ascribed to the single bond between 
Co9S8 and carbon, demonstrating that carbon 
nanotubes were tightly attached to Co9S8. The 
above results further elucidated the chemical 
composition of Co9S8/2CNTs microspheres, which 
was consistent with the XRD patterns and Raman 
spectrum analysis. 

Figure 2 shows a schematic diagram of the 
Co9S8 crystal structure. The structure consisted of 
two polyhedra for CoS6 octahedra and CoS4 
tetrahedra, where each CoS6 octahedron shared its 
six angles with 24 CoS4 tetrahedra. Nine cobalt atoms 
in each formula occupied two Witkoff positions, 
CoⅠ (4b) and CoⅡ (32f), and eight sulfur atoms 
occupied two different Witkoff positions, SⅠ (8c) 
and SⅡ (24e). CoⅠ coordination was formed from 
six SⅠ atoms to form the CoS6 octahedron, and CoⅡ 
coordination was composed of one SⅡ and three SⅠ 
atoms to form the CoS4 twisted tetrahedron [34]. 

 
3.2 Morphology and microstructure 

Figure 3 shows SEM and TEM images, and 
EDS mappings of Co9S8 and Co9S8/2CNTs micro-  

 

 
Fig. 2 Crystal structure and its partial enlargement 
 
spheres. The inhomogeneous clustered microspheres 
could be distinguished from Figs. 3(a, b). The typical 
high-resolution transmission electron microscopy 
(HRTEM) images exhibited the single-crystal of 
Co9S8 microspheres with d spacings of 2.64 Å   
and 2.54 Å (Figs. 3(c, d)), corresponding to the 
(400) and (004) crystal planes, respectively.    
The corresponding Fourier transforms (FFTs) of the  

 

 
Fig. 3 SEM (a) and TEM (b−d) images of Co9S8, SEM (e) and TEM (f−i) images of Co9S8/2CNTs, selected area 
electron diffraction (SAED) diagram of Co9S8/2CNTs (j), and EDS mappings of Co9S8 (k) and Co9S8/2CNTs (l) 
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selected regions could be identified as cubic 
symmetric structures (inserted in Fig. 3(c)), which 
was in good agreement with the Co9S8 spatial 
structure (Fig. 2). For the Co9S8/2CNTs micro- 
spheres, the uniform and disperse microspheres 
were related to the CNTs (Figs. 3(e, f)). The 
HRTEM observations for the Co9S8/2CNTs 
microspheres (Figs. 3(g, h)) revealed crystal 
spacings of 2.92 nm and 2.42 nm, corresponding to 
(131) and (004) crystal planes, which were 
evidenced by the inserted FFTs (Fig. 3(g)). The 
three typical diffraction rings (Fig. 3(j)) could be 
attributed to (311), (400) and (440) planes of    
the Co9S8 phase (PDF# 65-1765). The EDS 
mapping images (Figs. 3(k, l)) for the Co9S8 and 
Co9S8/2CNTs microspheres confirmed the perfect 
overlap of Co and S but a slight extension of C due 
to the CNT combinations. The introduction of 
CNTs could inhibit the aggregation of active 
particles, alleviate electrode expansion to improve 
the structural stability during the cycling processes 
and enhance the electrical conductivity to increase 
the rate capability. 

3.3 Electrochemical performance 
The electrochemical performances of the  

Co9S8 and Co9S8/2CNTs microspheres were 
evaluated. Figures 4(a, b) display the typical 
charge−discharge curves of the Co9S8 and 
Co9S8/2CNTs microsphere electrodes at a current 
density of 0.1 A/g. The initial charge/discharge 
specific capacities were 186.4 and 113.2 mA·h/g for 
the Co9S8/2CNTs microspheres and 195.8 and 
112.5 mA·h/g for the Co9S8 microspheres. The poor 
coulombic efficiency indicated irreversible 
reactions in the initial ammonization and 
deammonization processes. Although the Co9S8 and 
Co9S8/2CNTs microspheres exhibited almost 
identical discharge capacities in the initial cycle, 
they emerged with completely different capacity 
trends in the subsequent cycles. The Co9S8 
microspheres suffered a continuous capacity decay 
with 95.3% capacity retention (107.2 mA·h/g) after 
50 cycles. However, the discharge capacity for the 
Co9S8/2CNTs micro-spheres exhibited an evident 
increase at the second cycle followed by a sustained 
rise to 142.5 mA·h/g. 

 

 
Fig. 4 Electrochemical performance of Co9S8/2CNTs cathode in voltage window from −1 to 1 V: (a) Charge‒discharge 
curves of Co9S8 at 0.1 A/g; (b) Charge‒discharge curves of Co9S8/2CNTs at 0.1 A/g; (c) Cyclic performance of Co9S8 
and Co9S8/2CNTs at 0.1 A/g for 500 cycles 
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Compared with the Co9S8 microspheres, the 
Co9S8/2CNTs microspheres had significantly 
improved cycling stability after 500 cycles at a 
current density of 0.1 A/g (Fig. 4(c)). The Co9S8/ 
2CNTs microspheres revealed a discharge capacity 
of 60 mA·h/g at the 500th cycle, which was 
markedly higher than that of the Co9S8 
microspheres (13 mA·h/g). This result confirmed 
that the addition of CNTs could reduce the 
dissolution of Co9S8 polysulfides in the aqueous 
electrolyte, effectively buffering the large volume 
change of the Co9S8 microspheres during the 
discharge/charge processes [33,35]. The rate 
capabilities of Co9S8/2CNTs microspheres were 
investigated by changing the current density   
from 0.1 to 10.0 A/g (Fig. 5(a)). The Co9S8/2CNTs 
microspheres obtained an evidently higher capacity 
than the Co9S8 microspheres at any current density. 
The capacities for the Co9S8/2CNTs microspheres 
varied from 112 to 66 mA·h/g as the current 

densities increased from 0.1 to 10.0 A/g. When the 
current density was restored to 0.1 A/g, the capacity 
of Co9S8/2CNTs microspheres could recover back 
to 110 mA·h/g, indicating a good rate performance. 

Figure 5(b) depicts the CV curves of the 
Co9S8/2CNTs microspheres in the voltage window 
between −0.5 and 1.2 V at different scanning rates 
from 0.4 to 1.0 mV/s. The two pairs of redox peaks 
could be obviously observed on the Co9S8/2CNTs 
microspheres, which was similar to the results of 
Co9S8 in lithium-ion batteries [25], indicating that 
the Co9S8/2CNTs microspheres manifested NH4

+  
energy storage. In the cathodic scanning, there were 
two reduction peaks at −0.4 and 0 V, which were 
related to NH4

+ insertion in the Co9S8 host. In the 
anodic scanning, the oxidation peaks at 0.3 and 
0.85 V approximately were attributed to NH4

+ 
extraction in the Co9S8 host [36]. The totally  
stored charges were derived from the capacitive 
processes, including pseudocapacitors, double layer 

 

 
Fig. 5 Rate performances of Co9S8 and Co9S8/2CNTs at 0.1−10 A/g (a); CV curves at different scan rates (b) and 
corresponding lg I vs lg v plots of redox peaks (c) of Co9S8/2CNTs in Fig. 5(b); Diffusion/capacitance contributions at 
different scanning rates of Co9S8/2CNTs (d) 
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capacitors, capacitor contributions and diffusion- 
controlled Faraday intercalation processes. 
Generally, the measured peak current (I) in the CV 
curve and the corresponding scan rate (v) followed 
Eq. (1) [37]:  
I=avb                                                       (1)  

This can also be expressed as  
lg I=lg a+blg v                           (2)  
where a and b are adjustable parameters. The b 
values of 0.5 and 1.0 were considered to be 
diffusion-controlled and capacitance-controlled 
processes, respectively. The calculated b values for 
the two pairs of redox peaks were 0.97, 0.73, 0.81 
and 0.77 (Fig. 5(c)), indicating the combination   
of capacitance-controlled and diffusion-controlled 
behaviors. 

In addition, diffusion/capacitance contribution 
at different scan rates could be calculated by 
Eq. (3):  
I=k1v+k2v1/2                                           (3)  
where k1v and k2v1/2 denote the capacitance and 
diffusion contributions, respectively. Therefore, the 

 
capacitive contributions could be calculated as 85%, 
87%, 88% and 90% at scan rates of 0.4, 0.6, 0.8 and 
1.0 mV/s (Fig. 5(d)), respectively, and only minor 
diffusion-controlled behaviors could be obtained. 
 
3.4 Reaction mechanism 

To reveal the structural evolution and chemical 
state changes of Co9S8 during NH4

+ intercalation/ 
deintercalation processes, XRD, FT-IR and XPS 
spectra at different states were recorded (Reference 
supporting information for equipment used for 
material characterization). During the first charge 
process (a−b in Fig. 6(a)), a new diffraction peak 
corresponding to CoSO4·6H2O (PDF# 16-0304) 
appeared in the XRD spectra, indicating partly 
oxidized Co9S8. After the discharge to −1 V (Point e 
in Fig. 6(a)), the newly generated CoSO4·6H2O 
returned to Co9S8 (Figs. 6(a, b)). From the 
magnified diffraction peaks (Fig. 6(b)), the (311) 
diffraction peaks shifted to low angles upon 
discharging and recovered the original position 
upon charging, indicating Co9S8 lattice expansion 
and shrinkage [38]. The highly reversible structural 
evolution of the Co9S8/2CNTs microspheres during 

 

 
Fig. 6 Spectroscopic analysis of electrochemical reaction mechanism of Co9S8/2CNTs electrode: (a) Charge‒discharge 
curve; (b) XRD patterns; (c) FT-IR characterization; (d) XPS spectra  
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the charge/discharge processes was the intrinsic 
manifestation of the excellent cycling stability. 

The bonding chemistry between NH4
+ and the 

host materials was investigated by FT-IR and XPS 
measurements (Figs. 6(c, d)). The peaks at 3422 
and 1629 cm−1 were assigned to the stretching   
and bending vibrations of the O—H bond of 
chemisorbed water. The absorption peaks located at 
1404 and 3145 cm−1 were credited with the bending 
and stretching vibrations of N—H [39,40]. The  
two peaks gradually increased upon discharging  
and recovered upon charging, indicating NH4

+ 
intercalation/deintercalation. The peaks at 1093 and 
1394 cm−1 were attributed to the symmetric and 
asymmetric vibrations of the S=O bond. The 
variation in the peaks demonstrated partial 
oxidation of Co9S8 in the charge processes and 
incomplete reduction of CoSO4·H2O in the 
discharge processes. Meanwhile, the N—H···O 
hydrogen bond signal was observed near 3220 cm−1, 
indicating the formation of hydrogen bonds 
between the inserted NH4

+ and the oxidized Co9S8. 
After charging (e−g in Fig. 6(a)), the wide peak near 
3220 cm−1 disappeared, indicating that the insertion/ 
extraction of NH4

+ ions in the Co9S8/2CNTs host 
was related to the oxidation/reduction of Co9S8 and 
building/breaking of hydrogen bonds [20,41,42]. 
This was also supported in the XPS survey spectra 
(Figs. 6(d) and 7(c)). The N 1s peak increased with 
NH4

+ intercalation, and the XPS spectrum of N 1s 
moved to a higher binding direction, while the 

charge process was reversed, further indicating the 
interaction between NH4

+ and the matrix material 
(Figs. 6(d) and 7(b)). 

The S 2p XPS spectrum of Fig. 7(a) was fitted 
to three peaks from S in Co9S8 (162 eV), C—S—C 
(163.5 eV), and SO4

2− (167.6 eV). The presence of 
SO4

2− in the original electrode plate (Point a in 
Fig. 6(a)) should be related to the partial oxidation 
of the sample. After the first charge (Point b in 
Fig. 6(a)), the binding energy of SO4

2− increased 
significantly, indicating formation of CoSO4·6H2O, 
which partially recovered upon discharging   
(Point e in Fig. 6(a)). From the N 1s spectra 
(Fig. 7(b)), peak states of —N—H—(NH3) and  
—N+H—(NH4

+) were obviously found, originating 
from two different states of NH4

+ ions. Compared 
with the pristine state and the charged state, the 
ratio of —N—H—/—N+H—  was significantly 
increased, demonstrating that more intercalated 
NH4

+ ions existed in the form of NH3. The N atom  
at 398.9 eV was ascribed to the C—N bond,  
which could originate from the interaction between 
the carbon nanotubes and the intercalated NH4

+  
ions [43,44]. 

The Co 2p spectrum (Fig. 7(c)) consisted of 
two spin-orbit doublets characterized by Co3+ 
(778.3, 794.1 eV) and Co2+ (780.2, 796.9 eV) and 
two shaking satellites [30,31]. Compared with State 
b (1.26:1), the ratio of Co3+/Co2+ calculated by the 
corresponding integral peak area in the complete 
discharge state was 0.44:1. Owing to the embedding 

 

 

Fig. 7 High-resolution spectra of S 2p (a), N 1s (b) and Co 2p (c) corresponding to Co9S8/2CNTs circulating at different 
potentials during charge−discharge processes (a−g corresponding to Points a−g in Fig. 6(a)) 
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of NH4
+, the content of Co3+ decreased, while the 

content of Co2+ increased significantly. When 
charged to 0.3 V (Point f ), the ratio of Co3+/Co2+ 
increased to 1.17:1 due to NH4

+ extraction. After 
being fully charged, the Co3+/Co2+ ratio recovered 
to 1.23:1. The reversible charge transfer reaction 
showed that Co9S8/2CNTs was suitable electrode 
material for NH4

+ accommodation; in terms of 
reaction chemistry, this could be attributed to the 
unusual hydrogen bonding interaction between NH4

+ 
and the material, which contributed to the ultrafast 
storage kinetics of NH4

+ [21,23,45,46]. 
 
3.5 Kinetic analysis 

The aqueous ammonium-ion batteries 
assembled with Co9S8/2CNTs microspheres as the 
cathode and active carbon as the anode were 
evaluated under a practical operating voltage of 
0.01−1.00 V. The CV curves presented a pair of 
distinct redox peaks (Fig. S2 in SI), indicating that 
NH4

+ ions could be reversibly inserted/extracted 
from Co9S8/2CNTs microspheres. From the second 
scan, the CV curves could exactly overlap, 
suggesting the good cycling ability of Co9S8/2CNTs 
microspheres. The galvanostatic charge‒discharge 
curves of the Co9S8/2CNTs microspheres (Fig. S3 
in SI) exhibited a pair of voltage plateaus in the 
initial charge and discharge cycle, indicating that 
NH4

+ was reversibly inserted/extracted from the 
Co9S8/2CNTs microspheres, which was consistent 
with the CV results. For the next 10−60 cycles, the 
voltage platform remained in the same position. The 
Co9S8/2CNTs microspheres (Fig. 8) provided 60, 46, 
39, 32, 28, 27 and 25 mA·h/g at current densities of 
0.1, 0.5, 1.0, 3.0, 5.0, 7.0 and 10.0 A/g, respectively, 
suggesting a good rate performance. Impressively, 
when the current density was continuously 
decreased to 0.1 A/g, it still provided a discharge 
specific capacity of 57 mA·h/g with a ratio of 95%. 
Table S1 in SI demonstrates the performance of 
various NH4

+ cathode host materials, and it can be 
inferred that the specific capacity of Co9S8 as an 
ammonium ion battery cathode material is superior 
to some of the reported ammonium ion battery 
materials, such as NiHCF (38 mA·h/g at 0.5 A/g) 
and NiAPW (51.3 mA·h/g at 0.3 A/g), and is only 
followed by some vanadium- and manganese-based 
composite cathode materials. 

The evolution of charge transfer during cycling 
was investigated by electrochemical impedance  

 

 
Fig. 8 Electrochemical performance of Co9S8/2CNTs 
cathode in voltage window of 0.01−1.00 V and rate 
performance of Co9S8/2CNTs cathode at 0.1−10.0 A/g 

 
spectroscopy (EIS) and galvanostatic intermittent 
titration technique (GITT). All Nyquist plots 
consisted of a semicircle in the high-frequency 
region and a linear part in the low-frequency region, 
where the semicircle region represented the charge 
transfer impedance (Rct), and the intercept of the 
real axis in the high-frequency range corresponded 
to the ohmic resistance (Rs). In the EIS plot 
measured before cycling (Fig. 9(a)), the Rct of the 
Co9S8/2CNTs microspheres was smaller than that of 
the Co9S8 microspheres. Figures 9(b, c) illustrate 
the change in Rct and Rs (related to byproducts) as a 
potential function. Upon charging, an increased Rs 
was observed due to the formation of CoSO4·6H2O 
with poor conductivity [47]. The Rs values could 
recover upon discharging due to the reversible 
reduction of CoSO4·6H2O. Meanwhile, Rct showed 
a gradually decreasing trend in the discharge 
process, and the impedance increased after 
decreasing to platform b−c in Fig. 6(a), which  
was caused by the volume expansion of the Co9S8/ 
2CNTs microspheres. In the subsequent charging to 
plateaus e−f in Fig. 6(a), Rct and Rs reached the 
bottom. The charge transfer resistance of the 
Co9S8/2CNTs microspheres was 4.6 Ω before the 
charge and discharge processes and 2.5 and 0.3 Ω 
after the discharge and charge processes, indicating 
that the reduction in charge transfer resistance was 
related to activation processes [48,49]. 

The diffusion coefficient of ammonium ions 
can be derived using Eq. (4) (please refer to the 
supporting information for details) [50]: 
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Fig. 9 (a) Precycle Nyquist plots of Co9S8 and Co9S8/2CNTs cathodes; (b) Nyquist plots obtained at various potentials 
during the 1st cycle of Co9S8/2CNTs cathode; (c) Rs and Rct at different potentials (inset shows the equivalent circuit for 
fitting the EIS curve) of Co9S8/2CNTs cathode; (d) Corresponding linear curves of Z' vs ω−1/2 in low-frequency region 
of Co9S8/2CNTs cathode 
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The ammonium-ion diffusion coefficients 

(denoted by D(NH4
+)) in the Co9S8 and Co9S8/2CNTs 

microspheres were calculated to be as high as 
2.58×10−10 and 8.25×10−10 cm2/s, respectively. This 
result demonstrated that the ammonium-ion 
reaction kinetics of Co9S8/2CNTs microspheres was 
remarkably fast. In addition, the relationships 
between Z' and the inverse square root of the 
angular frequency (ω−1/2) are shown in Fig. 9(d). 
According to the slope of the fitted Z'−ω−1/2 curve, 
the Warburg coefficients during the first cycle were 
8.5, 6.2, 5.9, 4.2, 6.6, 8.3 and 3.3. The ion diffusion 
coefficients were inversely proportional to the slope 
of the fitted curve of Z'−ω−1/2, which was consistent 
with the available literature. During the first cycle 
from the Co9S8/2CNTs microspheres discharged to 

platform c−d in Fig. 6(a), D(NH4
+) increased, and 

when discharged to −1 V (Point e in Fig. 6(a)), 
D(NH4

+) decreased to 1.37×10−8 cm2/s, and when 
charged to 1 V (Point g in Fig. 6(a)), D(NH4

+) 
increased to the maximum value of 5.47×10−8 cm2/s. 
These results demonstrated the improved capacity 
and rate performance. 

The ammonium-ion diffusion coefficients were 
also measured by the GITT technique (Fig. 10). It 
was calculated based on the following Eq. (5) (refer 
to supporting information for details) [51]: 
 

22
sB m

B τ

4
π

Em V
D

M S Eτ
∆ 

=   ∆ 

 
 
 

                (5) 

 
The NH4

+ diffusion coefficients in the 
Co9S8/2CNTs microspheres were calculated to be 
approximately 10−7−10−9 cm−2/s, and the results 
were in good agreement with the EIS results. A 
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relatively stable trend of D(NH4
+) could be observed 

throughout the charge-discharge testing processes, 
indicating the rapid and stable diffusion behavior of 
NH4

+ ions during insertion/extraction from the 
Co9S8 host. 
 

 
Fig. 10 Charge‒discharge curves of Co9S8/2CNTs 
cathode and corresponding NH4

+ diffusion coefficient (D) 
 
4 Conclusions 
 

(1) CNTs introduction could improve the 
dispersion of the material, widen the lattice spacing 
and increase the specific surface area of material; 
moreover, it could improve the electron transfer and 
restrain the volume variation and dissolution of 
polysulfides during the cycling processes. 

(2) The Co9S8/2CNTs microspheres were 
revealed to be favorable to the rapid penetration of 
electrolyte and the short diffusion distance of 
ammonium ions. 

(3) The reversible phase transition between 
Co9S8 and CoSO4·6H2O was found during the 
charge/discharge process. Moreover, the highly 
reversible insertion/extraction of NH4

+ ions in the 
Co9S8 host was accompanied by the building/ 
breaking of intermolecular hydrogen bonds. 

(4) The Co9S8/2CNTs microspheres were 
considered potential cathodes for the aqueous 
ammonium-ion batteries. 
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摘  要：构建 Co9S8/碳纳米管(Co9S8/2CNTs)涂层微球，并成功将其应用于水性铵离子电池。在 Co9S8 微球中引入

碳纳米管可增加电子传导性，缩短 NH4
+离子的扩散距离，并提高对循环过程中体积变化的缓冲能力。因此，

Co9S8/2CNTs 微球在 0.1 A/g 条件下具有 112 mA·h/g 的可逆容量。此外，研究了 Co9S8/2CNTs 中伴随着可逆相变

产物 CoSO4·6H2O 的形成和分子间氢键的形成/断裂的铵离子储能机理。 
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 (Edited by Bing YANG) 


