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With the high energy ball milling method, Co9S8-decorated reduced graphene oxide (RGO) composite, which shows 

excellent hydrogen storage capacity, has been successfully fabricated with well-organized layered structure. Moreover, the 

stabilized mechanism of the well-organized layered structure is investigated and attributed to the strong interactions 

between Co9S8 and defected RGO. The C-S bond interaction is identified and the hydrogen storage process is also studied 

with different analysis methods. Finally, an optimized Co9S8 to RGO weight ratio of 6:1 shows excellent electrochemical 

performances in terms of the excellent cycle stability and competitive hydrogen storage capacity of 4.86 wt%.

Introduction 

The development of hydrogen-based fuel systems requires 

novel materials which can store large amounts of hydrogen in 

ambient environment, and at the same time with low weight 

and small volume1-3. Over the past few decades, various solid-

state materials have been developed for the hydrogen storage, 

such as metal alloys4, 5, metal-organic frameworks6-8, carbon 

materials9, 10, etc. Among these materials, graphene has recently 

been recognized as one of the most promising candidates for its 

exceptional mechanical flexibility, good chemical stability and 

high specific surface area11. However, the low binding energy，

which is due to physical interaction between molecular 

hydrogen and graphene, has obstructed the further development 

for its practical applications in the field of hydrogen storage12, 

13. Studies have shown that the hydrogen binding energy on 

graphene can be enhanced by means of metal compound (MC) 

decorated nanostructure14, 15. For instance, MC decorated 

nanostructured materials can yield higher adsorption energies 

due to the Kubas interaction16-18. However, for the MC-

decorated graphene materials, the binding energies of MC 

atoms with the graphene substrates are less than the cohesive 

energy in the corresponding bulk MC. Hence, when coated on 

graphene substrates, MC tends to form agglomerates rather than 

distribute evenly on the surface of graphene 12, 19. This usually 

leads to the collapsed structure of the composites and the 

resulting decreased electrochemical reversibility and hydrogen 

storage capacity.  

Addressing on these issues, approaches such as wet-chemical 

route20, hydrothermal method21, 22, ultraviolet ozone treatment23, 

24, gentle plasma treatment25, 26, annealing treatment27, 28 and 

high energy ball milling29-31 have been developed for the 

purpose of a better correlation of the mixture and at the same 

time preventing of the MC aggregation effect. Out of those 

approaches, the high energy ball milling method is favourable 

for its simple, low-cost, high-yield and environmental friendly 

properties32, 33. This method can not only change the ultimate 

size of graphene but also introduce lots of lattice defects during 

fabrication procedure. MC can evenly disperse on the surface of 

graphene and closely integrates with the active carbon atoms31, 

34. In some studies, the chemical bonds between the MC and 

graphene are proposed for stabilizing the layered structure35. 

However, these reports are still short of direct evidence or 

thorough investigation on the effect of the chemical bond. 

In recent years, a series of Co-S compounds have been 

employed for their excellent hydrogen adsorption capacity and 

high electrochemical oxidation activity. Amorphous Co-S 

alloys, processing excellent electrochemical reversibility and 

high charge-discharge capacity, could be obtained through a 

ball milling method. Among them, Co9S8 has shown very 

promising performances as energy storage material, such as 

supercapacitor, solar cell and rechargeable lithium battery 

materials36-40. At the same time, in the electrochemical 

hydrogen storage process, the disoperation of electrode 

materials in the high concentration of alkaline electrolyte (6M 

KOH) has a significant influence on its cycle stability. In the 

light of these reports, we have carried out detailed studies on 

fabrication of Co9S8 with the high energy ball milling method, 

which showed a noticeable improvement on the 

electrochemical hydrogen storage capacities (i.e. 1.79 wt% and 

1.19 wt% after 50 cycles). However, only a few reports have 

addressed on the fabrication of Co9S8-decorated graphene 
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layered structure, and even fewer reports chemical interaction 

or the framework between Co9S8 and graphene. 

In this contribution, we report chemical bond stabilized 

Co9S8-graphene layered structure, which prepared with the high 

energy ball milling method. More importantly, the chemical 

interaction between Co9S8 and graphene is thoroughly 

investigated together with its hydrogen storage capacity. 

Compared with the traditional metal decorated graphene, the 

obtained composites show a much higher electrochemical 

hydrogen storage capacity and better stability. The chemical 

interaction of layered structure Co9S8-graphene is investigated 

with different spectral analysis methods. At the same time, the 

hydrogen storage charge and discharge process of the 

composite is studied with Land battery system.  

Experimental 

2.1. Materials 

The Co9S8 compound is prepared according to the method 

reported in literature using a FRITSCH PULVERISETTE-7 

high energy ball mill41. The reduced graphene oxide(RGO) 

used in this work was purchased from Shen Zhen BRO Nano 

Technology Co., Ltd.  

2.2. Composite preparation 

The fabrication procedure and formation mechanism of the 

layered composite is shown in schematic 1. The Co9S8 and 

RGO were firstly blended together with the weight ratios from 

4:1 to 8:1, then ball milling in a ZrO2 vessel at the speed of 600 

rpm for 10h under Ar gas atmosphere. In this process, RGO is 

crushed into smaller pieces with much more structural defects 
31. Meanwhile, solid Co9S8 particles become partially melt 

during the ball milling process. The resulting Co9S8 liquid 

droplets readily locate on the active site of RGO surface, 

especially on the defects of RGO. In other word, the uniform 

Co9S8 nanostructures are stabilized and located by the defected 

RGO. Finally, the Co9S8/RGO composite results with the 

unique layered structure of Co9S8 decorated RGO with defects. 

 

Schematic 1 Illustration of the formation process of Co9S8/RGO composite. 

2.3. Physical characterization 

Fourier transform infrared (FTIR, Nicolet iS10) spectra were 

recorded using spectrum one in the range 400-4000 cm-1 to 

characterize the chemical bonds of the samples. X-ray 

photoelectron spectroscopy (XPS, ESCALAB MarkⅡ) with Al 

Kα X-ray source was performed to analyse the elemental 

composition of samples. The crystal phases of the samples were 

analysed by X-ray diffraction (XRD, Rigaku D/max IIIA). 

Raman spectrum was performed on a confocal Raman 

spectroscopic system (Jobin Yvon Labram HR800). The 

morphology, structure and size of the samples were obtained by 

scanning electron microscopy (SEM, JEOL JSM-6700F) and 

transmission electron microscopy (TEM, HITACHI H-7000).  

2.4. Electrochemical measurements 

The electrochemical measurements were carried out similarly 

as the method reported in previous report41. The electrolyte was 

6M KOH aqueous solution. The Co9S8/RGO negative electrode 

was charged for 15 h at a current density of 100 mAh g-1 and 

discharged at 30 mAh g-1 to 0 V. In order to study the rate 

capability of samples, the negative electrodes were charged at a 

current density of 100 mAh g-1 for 15 h, and then discharged to 

0 V at current density of 200-1000 mAh g-1. All of the 

electrochemical hydrogen storage experiments were carried out 

using the battery test system (LAND CT2001A) at room 

temperature and ambient pressure. The cyclic voltammetry 

(CV) curves were performed using a three-electrode test cell on 

electrochemical workstation (PRINCETON PARSTAT 4000). 

Results and discussion 

We employed FTIR spectroscopy for the investigation of the 

chemical interaction of the Co9S8 decorated RGO (Fig. 1). As 

for the raw RGO, the band at 1567 and 1200 cm-1 are related to 

the skeletal vibration of the C-C and C-O31, 42. The presence of 

O in RGO should be due to two possible reasons: 1) the oxygen 

in air is adsorbed and reacts with the as-prepared sample as 

exposed in air; 2) the oxygen adsorbed on the reactants is 

introduced into the reaction system. After being decorated by 

Co9S8, the FTIR of the RGO shows remarkable change. 

Additional peaks related to S-O bending vibration and C-S 

stretches are clearly identified. The C-O stretching peak at 1200 

cm-1, which is observed by the FTIR of the raw RGO, 

disappears. The C-O-C stretching peak and S-O bending 

vibration at 1372 cm-1 and 1130 cm-1 emerge instead31, 40.  

 
Fig. 1 FTIR spectra of RGO, the original and fully charged Co9S8/RGO composite 
(mCo9S8:mRGO = 6:1). 
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Fig. 2 (a) XPS spectrum of the Co9S8/RGO composite; High-resolution (b)Co2p; (c) C1s; (d) S2p XPS spectrum; (e) XRD patterns of raw RGO, Co9S8 and the Co9S8/RGO 
composite; (f) Raman spectrum of raw RGO and the Co9S8/RGO composite (mCo9S8:mRGO = 6:1). 

Importantly, one new characteristic peak at 635 cm-1 is 

identified for the obtained Co9S8/RGO composite. When 

compared with the literature, this peak clearly corresponds to 

C-S stretches43, 44. This result provides definitive proof of the 

electronic conjugation between Co9S8 and RGO. During the 

ball milling process, the S atoms of the partially melt Co9S8 

interact with unbounded C atoms at the edge of the defected 

RGO. As for the fully charged Co9S8/RGO composite, the 

observed FTIR spectrum shows a similar characteristic as for 

the uncharged one. The footprints of the S-O bending vibration 

and C-S stretches are still clearly identified. The charging 

process does not influence the chemical interaction of the 

Co9S8/RGO composite. Besides, one more new peak at 520 cm-

1 is observed, which corresponds to S-H stretches. This 

provides definitive proof of a successful hydrogenation. The 

broad absorption band at 3300 and 3600 cm-1 derives from the 

presence of free hydroxyl groups, which is attributable to 

bounded water in the KBr. 

To explore the interaction of Co9S8 and RGO, XPS was used 

to determine the chemical state. The Co2p, C1s and S2p core 

levels were recorded for both the Co9S8/RGO composite and 

the precursors. As shown in Fig. 2(a), the XPS peaks at 162.7, 

284.6, 460.5, and 530.5 eV are assigned to the binding energies 

of S2p, C1s, O1s, and Co2p of Co9S8/RGO composite, 

respectively. Fig. 2(b) shows the high-resolution spectra of 

Co2p in the composite, the peaks at 794.2 and 779.2 eV 

correspond to the Co2p 1/2 and Co2p 3/2 spin-orbit peaks of 

cobalt sulfide, which is indeed similar to the situation in 

Co9S8
45. Each of the spin-orbit peaks (Co2p 1/2 and Co2p 3/2) 

shows a strong satellite feature at higher binding energy side of 

the main peak, indicating the formation of octahedrally 

coordinated, high-spin Co2+ ions in cobalt45, 46. The shape and 

peak position, as well as in literature, have no significant 

change in the spectrum after ball milling, which could provide 

no information of distinction between different S surroundings 

of Co47, 48. 

In Fig. 2(c) , the strong peak of C1s at around 284.6 eV can 

be clearly observed, which corresponds to the sp2 carbon with 

C-C bonds49. Compared to the RGO, the C1s signals become 

broader for the composite, which suggests an additional 

component at 285.6 eV This highly characteristic peak should 

be attributed to the C-S single bonds between the Co9S8 and the 

defected RGO42. The small shoulders at 286.3 and 288.3 eV are 

usually assigned to the formation of C-O and C-O-C bonds, 

respectively50. 

The S2p peak (Fig. 2(d)) is, for the original Co9S8, situated 

around a large band at 162.7 eV with a strong shoulder at lower 

binding energy side of the main peak. The broad peak is fitted 

with two peaks at 162.7 and 161.2 eV respectively, which could 

be assigned to sulfide cobalt49. After ball milling, an additional 
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shoulder at higher binding energy side of the peak at 162.7 eV 

is clearly identified. This shoulder is fitted by the peak at 163.7 

eV, which corresponds to the presence of S-C bonds51. This 

peak is also identified in the C1s XPS spectrum. Besides the 

FTIR measurement, the XPS spectrum of the Co9S8 decorated 

RGO provides another strong evidence for the presence of the 

S-C bond in the layered structure. 

XRD patterns were used to examine the overall phases, 

crystallinity and purity of the precursors and as-prepared 

composite. As shown in Fig. 2(e), the XRD pattern of the raw 

RGO has a broad diffraction peak over 20-30°, demonstrating 

that RGO is non-crystalline. The XRD pattern of Co9S8 

displays three strong diffraction peaks at 29.8°, 47.6° and 52.1°, 

respectively, attributed to the pure fcc structure (PDF# 02-

1459). After high energy ball milling at 600 rpm under Ar 

atmosphere for 15 hours, the XRD patter of the composite 

shows that all diffraction peaks corresponding to Co9S8 become 

broadened. In addition, a very weak and broad peak related to 

RGO is also observed in the XRD pattern of the as-prepared 

Co9S8/RGO composite, indicating RGO in the composite is 

mostly covered by Co9S8. 

Raman spectrum is also used to reveal the significant 

structural changes during the ball milling processing, as shown 

in Fig. 2(f). The Raman spectra of the samples can be divided 

into two parts: < 1000 cm-1 and >1000 cm-1. Few weak Raman 

bands (< 1000 cm-1) indexed to Co9S8 appeared in the 

spectrum52. The Raman bands after 1000 cm-1 are indexed to 

RGO. For pure RGO, a prominent G band at 1602.13 cm-1 is 

assigned to the vibration of sp2 carbon atoms in an ideal RGO 

layer and a broad G band at 1354.15 cm-1 is associated with sp3 

hybridized carbon atoms of RGO from disorder, edges and 

defects53. After ball milling, both G and D bands of Co9S8/RGO 

composite show negative shift to 1595.88 and 1342.54 cm−1, 

respectively. Moreover, the intensity ratio ID/IG of the D to G 

band increases from 0.94 to 1.01. All the results suggest that the 

content of the activated carbon atoms in RGO structure from 

disorder, edges and defects is increased after the high energy 

ball milling process, which is further confirmed by the shift of 

the 2D band and D+G band, as well as the increased ratio of 

ID+G/I2D
54. Furthermore, our findings suggest that there is a 

significant reduction in the size of RGO sheets and an 

accumulation of the defects under mechanical milling impact 

stress. 

In one word, these observations are consistent with the FTIR 

analysis data and indicate the considerable C-S bonds generated 

between the interface of RGO and Co9S8 by the high energy 

ball milling process. In general the presence of the C-S bond is 

identified and served as the constructions for stabilizing the 

framework of the Co9S8 decorated RGO composite. The C-S 

bonds here provide effective channels for fast ion and electron 

transport49. As shown in the product’s examination results of 

Raman, FTIR and XPS spectrums (Figure 1 and 2), the specific 

peaks of graphene are residual. So the RGO structure is 

maintained in the as-prepared sample. 

The morphologies and microstructures of the composite were 

observed by SEM and HTEM. Fig. 3(a) presents a SEM image 

of the obtained Co9S8/RGO composite. It can be seen that the 

composites exhibit regular layered structures, indicating the 

mechanochemical functionalization of RGO is efficient. TEM 

image of the composite is shown in Fig. 3(b). It is obvious that 

there is a darker region at the centre surrounded by narrow 

lighter region. The colour difference is due to the element mass 

difference between Co9S8 (darker region) and RGO (lighter 

region), indicating Co9S8 is well dispersion on the surface of 

RGO. The crystallization of the composite is examined by the 

SAED results as shown in Fig. 3(b) inset. Typical single-crystal 

electron diffraction spots and rings appear and show that Co9S8 

on the surface of RGO sheets is highly crystallinity. HTEM 

image, as shown in Fig. 3(g), clearly demonstrates the presence 

of the lattice fringe with spacing of 1.77Å corresponded to the 

(440) plane of fcc Co9S8 crystal, in good agreement with the 

above XRD analysis. To further determine the specific 

distributions of C, Co and S elements, the corresponding EDS 

elemental mappings are displayed in Fig. 3(d)–(f). It can be 

observed that the distributions of C, Co and S are homogeneous 

throughout the entire Co9S8/RGO composite. In sharp contrast, 

Co and S are concentrated in the centre region. The spatial 

distributions of C, Co and S further confirm the formation of 

unique stable layered structure. It should be noted that even 

after a long time of ultrasonic process during preparation of the 

TEM specimen, very few RGO sheets are thoroughly exposed, 

suggesting strong interaction between Co9S8 particles and 

RGO. All the findings suggest that the high energy ball milling 

process ensures the homogeneous dispersion of Co9S8 on the 

surfaces of RGO to form unique stable layered structure, which 

is beneficial for the improved electrochemical performances of 

the resulting composite in the alkaline solution. 

 
Fig. 3 (a), (b)-(c), (g) SEM , TEM and HRTEM images of the Co9S8/RGO composite 
(mCo9S8:mRGO = 6:1); (d–f) EDS elemental mapping images of C, Co and S in the 
Co9S8/RGO composite. 

With the aim of validating the optimized amount of Co9S8 in 

the Co9S8/RGO composites, we subsequently measured the 

corresponding cycle performances at a discharge current 

density of 30 mA g-1 (Fig. 4(a)). The raw RGO in the alkaline  
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Fig. 4. (a) Cycle performances of raw Co9S8, RGO and the Co9S8/RGO composites; (b) Rate capabilities of the Co9S8/RGO electrodes under various discharge current 
densities; SEM images of the Co9S8/RGO composite with the weight ratios of (c) 4:1; (d) 5:1; (e) 7:1; (f) 8:1. 

solution with a capacity of 0.005 wt% is electrochemically 

inactive, and the capacity of the original Co9S8 was 1.79 wt%. 

The capacities of Co9S8/RGO composites increased with 

increasing Co9S8 to RGO weight ratios from 4:1 to 6:1, and the 

one with mCo9S8:mRGO =6:1 achieved a maximum hydrogen 

storage capacity as high as 4.86 wt%, which is 2.71 times that 

of pure Co9S8. The corresponding composites electrodes 

exhibited well capacity retentions, about 80% of the maximum 

discharge. When the weight ratios rise up to 7:1 and 8:1, the 

hydrogen storage capacities of the composites decrease 

remarkably. 

In general, all experimental Co9S8/RGO composites exhibit 

the improved electrochemical capacities compared with the raw  

Co9S8 and RGO, which suggesting an activation process during 

ball milling. In addition, compared with commonly used AB5 

type hydrogen storage materials (i.e. capacity of about 1.27 wt 

%)55, the obtained Co9S8/RGO composites process much better 

hydrogen storage capacities. The appropriate mass ratio is to 

enable the homogeneous dispersion of the Co9S8 on the surface 

of RGO, which is required for the higher capacities. During the 

high energy ball milling process, the particle sizes of the 

original Co9S8 significantly decrease; the efficient surface areas 

of Co9S8 increase to provide more contact areas with the 

alkaline solution, which is beneficial for the subsequent surface 

electrochemical hydrogenation reactions. The C-S bond ensures 

a stable layered structure of the composite and at the same time 

offers electron transfer channel between the Co9S8. Moreover, 

the generated hydrogen can store efficiently in between the 

framework. If the Co9S8 to RGO weight ratios higher than 7:1 

in the composites, the hydrogen storage capacities of the 

composites decrease. As shown in Fig. 4(e) and (f), the 

defected RGO is not enough to stabilize all of the Co9S8 

particles. The Co9S8 particles tend to agglomerate, and in some 

degree cause the partially corruptions of the framework. The 

obtained Co9S8 nanoparticles are stabilized by the RGO with 

the help of the C-S bond. The appropriate mass ratio is to 

enable the homogeneous dispersion of the Co9S8 on the surface 

of RGO. 

Moreover, the fraction of RGO in the composites could be 

required for the stability of the resulting electrode, as indicated 

by the fact that the cycle performance of the composites 

electrodes with is almost same as that of the pure Co9S8 

electrode. 

Fig. 4(b) gives the rate capabilities of Co9S8/RGO electrodes 

under different current densities: 200, 400, 600, 800 and 1000 

mA g-1. It can be seen that the reversible discharge capacities 

have different decline trends with increasing the current 

density, which is consistent with the previous findings. When 

the weight ratios lower than 6:1, the electrodes exhibit better 

retention rates with the current density incensement. These are 

due to the flexibility of RGO and formation of the C-S bonds, 

which can buffer the volume changes during the charge-

discharge process. 

As a result, the unique layered structure of Co9S8/RGO 

composite effectively prevents the aggregation of Co9S8 and 

consequently provides more hydrogen adsorption sites, which is 

favourable for effective hydrogen storage and retention 

capacities. The composite with Co9S8 to RGO weight ratio of 

6:1 shows the optimized properties in terms of the best 

discharge capacity and cycle stability, therefore, it was selected 

for following investigations about other electrochemical 

performances. 

To explore the electrochemical reaction process and 

mechanism of Co9S8/RGO composite during hydrogen storage, 

the charge-discharge curves were recorded at a discharge 

current density of 30 mAh g-1, as shown in Fig. 5(a). The 

discharge process corresponds to the H2 relaxation process. The 

hydrogen storage capability is calculated according to the 

hydrogen stored release out the layered structure. As can be 

seen, the charging voltage plateau appeared at about 1.40 V, 

which can be attributed to the reaction of 

Co9S8/RGO→Co9S8/RGO-Hx. The composite has three  
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Fig.5. (a) Charge-discharge curves and (b) Cyclic voltammogram curves of the 
Co9S8/RGO composite (mCo9S8:mROG = 6:1). 

discharging voltage plateaus, and the discharge capacity is 

about 4.86 wt%, which corresponding to the hydrogen storage 

capability. According to the XRD patterns of the discharged 

Co9S8/RGO composite (Fig.S5), the composition of the layered 

structure remains the same during the charging and discharging 

process.  

To explore the electrochemical hydrogen adsorption-

desorption behaviour of Co9S8/RGO composite, the cyclic 

voltammogram (CV) curves for the charge-discharge cycle 

were recorded as shown in Fig. 5(b). In the cycle, four 

oxidation and reduction current peaks appear and locate at the 

potentials of -1.09 V, -0.94 V, -0.67 V and -0.37 V (vs. 

Ag/AgCl), respectively, corresponding to one charge and three 

discharge potential plateaus. These indicate that three different 

hydrogen adsorption sites exist; in other words, there are three 

different electrochemical hydrogen storage steps in the 

charging process. The second current peak at about -0.94 V is 

assigned to the electrochemical oxidation of Co9S8/RGO 

composite, consistent with previous observation41. The third 

potential position at about -0.67 V is attributed to the hydrogen 

entered into the space sandwiched between the Co9S8 and 

RGO56. The last current peak should be related to desorption of 

hydrogen adsorbed on the surfaces of the composites37. The 

appearance of peaks in the charge and discharge processes 

further confirm that the reversible electrochemical reaction 

occurs on Co9S8/RGO composites electrode as follows:  

Co9S8/RGO + xH2O + xe-↔ Co9S8/RGO-Hx + xOH- 

Conclusions 

In summary, the C-S bond interaction between the Co9S8 and 

the defected RGO is achieved and thoroughly investigated for 

the first time. The bond, identified here, successfully supports 

and stabilizes layered structure. With this unique layered 

structure, excellent hydrogen storage capability has been 

achieved by the Co9S8 decorated RGO composite.  

The bond not only prevents Co9S8 nanoparticles from 

aggregating, but also provides effective channels for fast ion 

and electron transport. The RGO in this system acts as a 

conducting coating on Co9S8, which not only significantly 

enhances the electrical conductivity of the material, but also 

supplies continuous conductive paths between Co9S8 particle 

and RGO sheets. Last but not least, each of the spaces between 

the RGO sheets, provides elastic buffer spaces to accommodate 

the volume changes during hydrogen insertion and extraction, 

which attributes to excellent cyclability and high rates retention 

ability. In one word, we report the importance of the C-S bond 

for the hydrogen storage capability of the Co9S8 decorated RGO, 

and highlight the way of the fabrication of MC decorated RGO 

with chemical bond stabilized layered structure. 
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