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 Micrometer-sized electrochemical capacitors have recently attracted attention due 
to their possible applications in micro-electronic devices. Here, a new approach to 
large-scale fabrication of high-capacitance, two-dimensional MoS 2  fi lm-based micro-
supercapacitors is demonstrated via simple and low-cost spray painting of MoS 2  
nanosheets on Si/SiO 2  chip and subsequent laser patterning. The obtained micro-
supercapacitors are well defi ned by ten interdigitated electrodes (fi ve electrodes 
per polarity) with 4.5 mm length, 820  μ m wide for each electrode, 200  μ m spacing 
between two electrodes and the thickness of electrode is  ∼ 0.45  μ m. The optimum 
MoS 2 -based micro-supercapacitor exhibits excellent electrochemical performance for 
energy storage with aqueous electrolytes, with a high area capacitance of 8 mF cm  − 2  
(volumetric capacitance of 178 F cm  − 3 ) and excellent cyclic performance, superior to 
reported graphene-based micro-supercapacitors. This strategy could provide a good 
opportunity to develop various micro-/nanosized energy storage devices to satisfy the 
requirements of portable, fl exible, and transparent micro-electronic devices. 
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  1. Introduction 

 Micro-electrochemical capacitors are important comple-

ments to batteries due to their high power density. [  1–3  ]  To 

date, two kinds of capacitive behaviors have been observed 

in materials used as electrodes in micro-electrochemical 

capacitors based on their different energy storage mecha-

nisms. One is the electrochemical double layer capacitance 

(EDLC) related to the double layer formation at the inter-

faces between electrolyte and electrode surface, [  7  ]  while the 

other is pseudo-capacitance related to the fast and revers-

ible redox reactions occurring in the electrodes. [  4  ,  5  ]  Very 

recently, various carbons including carbide-derived carbon, [  6  ]  

activated carbon, [  7  ]  onion-like carbon, [  8  ]  carbon nano-

tubes [  9–11  ]  and graphene sheets (or reduced graphene oxide 

sheets) [  12  ,  13  ]  have been widely used as electrode materials 

for EDLC based micro-sized or thin-fi lm supercapacitors. In 

this regard, graphene is one of the most attractive materials 

due to its high surface area [  15  ]  and exceptional mechanical 

properties and high electrical conductivity. [  14  ]  Unfortunately, 
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the low area capacitance of graphene micro-devices [  12  ]  

(0.5 ∼ 3 mF cm  − 2 ) based on EDLC partially hampers its broad 

use in high power applications. 

 MoS 2  nanosheets, a graphene-like 2D material, have 

shown unique structural and electronic properties. [  16–19  ,  29–35  ]  

In a single MoS 2  nanosheet, the Mo atomic layer is sand-

wiched between two sulfur layers  via  covalent bonding. And 

their multi-layers are stacked by van der Waals force, allowing 

easy intercalation of foreign ions (H  +  , Li  +  ). More importantly, 

the center Mo atoms possess a range of oxidation states from 

 + 2 to  + 6, promising a typical pseudo-capacitance behavior 

with very high specifi c capacitance for MoS 2  nanosheets, sim-

ilar to that of RuO 2,  the theoretical capacitance  ∼ 1000 F g  − 1 . 

Moreover, several procedures such as hydrothermal pro-

cesses, [  20  ]  intercalation-exfoliation method [  21  ,  22  ]  and liquid 

phase exfoliation have been developed to prepare MoS 2  

nanosheets in bulk quantities. [  23  ,  24  ]  Combined with good 

fabrication technologies from nanosheets to fi lms, MoS 2  

nanosheets should be a promising pseudo-capacitance mate-

rial for high performance micro-supercapacitors. 

 Here, we demonstrate a new approach for large-scale 

fabrication of 2D MoS 2  fi lm based micro-supercapacitors  via  

simple spray painting of MoS 2  nanosheets to form thin fi lms 

and subsequent laser patterning. The resulting MoS 2  micro-

supercapacitors are consisting of well-defi ned fi nger-like 

electrodes built from large number of curly MoS 2  nanosheets; 

the structure of the fi lm facilitates the access of the ions to 

the electrode surface. The optimized micro-supercapacitor 
6 www.small-journal.com © 2013 Wiley-VCH 

     Figure  1 .     (A) Fabrication of MoS 2  fi lm micro-supercapacitorsin three step
chips for use as current collectors, 2) masking and spray painting MoS 2  ink
per polarity) on the active material area by laser cutting process. (B) A typ
of the fi nger electrodes is 4.5 mm long, 820  μ m wide and the spacing be
testing device. Cu wire was used for electrical contacts. The black area is th
and pads, and the white area between them is the separator which is fi l
exhibits excellent electrochemical performances and energy 

storage using aqueous electrolytes, it has high area capaci-

tance of 8 mF cm  − 2  and excellent cyclic performance, supe-

rior to reported graphene-based micro-supercapacitors.   

 2. Results and Discussion 

 As illustrated in  Figure    1  , 2D MoS 2  fi lm based micro-super-

capacitors were fabricated  via  laser patterning of painted 

MoS 2  fi lms. First, two types of free-standing MoS 2  nanosheets 

were synthesized via an anionic sulfate surfactant assisted 

hydrothermal process and a liquid exfoliation approach; the 

as-prepared MoS 2  nanosheets were denoted as h-MoS 2  and 

e-MoS 2 , respectively. Both of the MoS 2  nanosheet samples 

were then dispersed in mixed solutions of ethanol and water 

(ethanol/water volume rate  =  4:1) to form inks for painting 

(for details, see Supporting Information). Subsequently, the 

stable suspensions were spray painted onto Si\SiO 2  wafers 

and MoS 2  fi lms with uniform thickness were generated after 

the solvent evaporated (Figure  1 A, steps 1 and 2). A fi nger-

electrode pattern was defi ned by laser patterning (Figure  1 A, 

step 3), and the obtained pattern electrode was assembled 

into an electrochemical test cell (Figure  1 C). The photograph 

of a typical painted and patterned fi lm (Figure  1 B) shows a 

well-defi ned arrangement and the separation between the 

electrodes; the micro-device was constructed with 10 interdig-

itated electrodes (4.5 mm length, 820  μ m wide for each elec-

trode) with appropriate thickness ( ∼ 0.45  μ m, fi ve electrodes 
Verlag GmbH & Co. KGaA, Weinheim

s: 1) deposition of gold electrical conductive pads on the standard silicon 
 on the chips, 3) patterning interdigitated fi nger electrodes (fi ve electrodes 
ical photograph of the as-prepared MoS 2  fi lm micro-supercapacitor. Each 

tween two fi nger electrodes is 200  μ m. (C) Top view of the electrochemical 
e MoS 2  active material including patterned interdigitated fi nger electrodes 
led with electrolyte during the electrochemical tests.  
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     Figure  2 .     Characterization of representative h-MoS 2  fi nger electrodes and h-MoS 2  nanosheets. (A) Typical SEM image of a fi nger-like h-MoS 2  
electrode (solid line area), the space was generated by laser cutting (dot line area). (B) SEM image of h-MoS 2  nanosheets that constructed the 
h-MoS 2  fi lm micro-supercapacitor. (C) HRTEM image of h-MoS 2  nanosheets demonstrated to be 2 ∼ 7 atomic layers. (D) X-ray diffraction (XRD) 
patterns of h-MoS 2  nanosheets.  
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per polarity (Figure S1 in Supporting Information). This 

structure of the device is demonstrated by the typical SEM 

image of one fi nger electrode in  Figure    2  (A), where the MoS 2  

nanosheets are well controlled as a result of the patterning 

process (Figure S2). Note that such a simple strategy allows 

us to prepare various micro-electrodes without use of any 

organic binders. (For details, see Supporting Information).   

 The morphology and the crystalline structure of h-MoS 2  

and e-MoS 2  nanosheets sprayed to form the MoS 2  fi lm 

electrodes were investigated  via  scanning electron micros-

copy (SEM) and transmission electron microscopy (TEM). 

In case of h-MoS 2  nanosheets, crumpled morphology with 

layered structure is visible (Figure  2 B and Figure S3 (A)), 

originating from the thinness of MoS 2  atomic layers. In con-

trast, the exfoliated MoS 2  nanosheets are more fl at and rigid 

(Figure S4 (A)). The thickness of representative h-MoS 2  

and e-MoS 2  nanosheets are demonstrated to be 2 ∼ 7 and 1–3 

atomic layers, respectively; the interlayer spacing is  ∼ 0.65 nm 

(Figure  2 C and Figure S4 (C)). The high-resolution TEM 

(HRTEM) image also reveals the well-defi ned hexagonal 

crystalline lattice of both the h-MoS 2  and e-MoS 2  nanosheets 

(Figure S3 (B) and Figure S4 (B)). X-ray photoelectron 

survey scan spectra (XPS) reveals the presence of Mo and S 

with atomic ratio of 1:2, and no any impurites in both h-MoS 2  
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 17, 2905–2910
and e-MoS 2  samples. (Figure S5 (A)). The high-resolution 

Mo 3d XPS spectra can be deconvoluted into two peaks of 

signals with binding energies of 228.4 and 231.5 eV for both 

samples, corresponding to the doublet Mo3d 5/2  and Mo3d 3/2 , 

respectively (Figure S5 (B,C)). The high resolution S2p XPS 

spectra also shows two binding energies of 162.4 and 161.3 

eV (h-MoS 2 ), corresponding to S2p 1/2  and S2p 3/2 , respectively 

(Figure S5 (D, E)). The crystalline structure of our MoS 2  

nanosheets was further confi rmed by the Raman spectra and 

X-ray diffraction (XRD) patterns. As it is shown in Figure 

S6, the Raman spectra have two peaks at  ∼ 381 and 406 

cm  − 1  which are attributed to the A 1g  and E 2g  modes, respec-

tively. The indexed XRD pattern is shown in Figure  2  (D), 

the peaks corresponding to the (100), (103), (110) planes 

are matching well the JCPDS card (37–1492). The weak 

(002) refl ection indicates that the produced nanosheets are 

made of few layers assembled by van der Waals interactions 

(a spacing of 0.65 nm), in good agreement with the observa-

tion from TEM images. 

 The electrochemical performance of the as-prepared 

h-MoS 2  fi lm based micro-supercapacitor was fi rst studied 

by cyclic voltammetry (CV) at various scan rates over the 

voltage range of  − 0.5–0.5 V. As presented in  Figure    3  A and 

Figure S7 (see Supporting information), two hump peaks at 
2907www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  3 .     (A) CV curves of h-MoS 2  fi lm based micro-supercapacitor at different scanning rates of 40, 100 and 200 mVs  − 1 . (B) Galvanostatic charge-
discharge (GAL) curves of h-MoS 2  micro-supercapacitor at different current densities from 0.22 to 0.45 A m  − 2 . (C) Galvanostatic cycling behavior 
at a current density of 0.22 A m  − 2 . (D) Cycling performance of h-MoS 2  micro-supercapacitor over 1000 cycles at a current density of 0.22 Am  − 2 , the 
inset of (D) is the cycle performance for the fi rst 150 cycles.  
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 ∼ 0.2 and  − 0.2 V are observed. With increasing the scan rate 

from 10 to 200 mV s  − 1 , both peaks become more dominant 

owing to the strengthened redox reaction (MoS 2  + K  +   + e  −    =  

MoS-SK  +  ), consistently with characteristics of MoS 2  elec-

trodes in supercapcitors with aqueous electrolyte. [  25  ]  This 

pseudo-capacitance behavior of h-MoS 2  microsupercapacitor 

is further confi rmed by the nonlinear galvanostatic charge-

discharge curves at different current densities as shown in 

Figure  3 B. A high area capacitance of 8 mF cm  − 2  is achieved 

at a scan rate of 10 mV s  − 1 , which is much higher than that 

reported for onion-like carbon- and graphene-based micro-

supercapatictors (0.5 ∼ 3 mF cm  − 2 ). [  8  ,  12  ]   

 The cycle performance of h-MoS 2  fi lm based microsuper-

capacitor was further examined by charge-discharge testing at 

a current density of 0.22 Am  − 2 . Remarkably enough, only  ∼ 8% 

of capacitance fades after 1,000 cycles, representing excellent 

cycle stability. The small capacitance fading in the fi rst 150 

cycles perhaps originates from the “active” sites saturation on 

the surface of MoS 2  fi lm during the charge-discharge process, 

and the later capacitance increase should be attributed to the 

“intercalation” induced capacitance behavior caused by the 

intercalation of foreign ions (Na  +  ) into van der Waals gaps of 

multilayers of MoS 2 . This phenomenon is similar to the one 

reported for most layered transition metal oxides (such as 

TiS 2 , TiO 2  (B), MoO 3  etc) applied in energy storage. [  3  ,  26–28  ]  

 In comparison, the liquid exfoliated MoS 2  nanosheets 

(e-MoS 2 ) prepared from bulk MoS 2  and commercially 
908 www.small-journal.com © 2013 Wiley-VCH V
available MoS 2  powders (size,  < 2  μ m) were also employed 

for fabrication of MoS 2 -based microsupercapacitors  via  the 

same procedures. (For details, see Supporting information). 

Apparently, the CV area of h-MoS 2  and e-MoS 2  is signifi -

cantly higher than comparable bulk MoS 2  powder, indi-

cating the higher capacitance for h-MoS 2  and e-MoS 2  based 

micro-supercapacitor ( Figure    4  A and Figure S7 and S8). 

This is further confi rmed by their galvanostatic charge-dis-

charge tests at a constant current density of 0.22 A m  − 2 . As 

presented in Figure  4 B and Figure S6, the area capacitance 

of h-MoS 2  based micro-supercapacitor is 8 mF cm  − 2 , much 

higher than those of e-MoS 2  ( ∼ 3.1 mF cm  − 2 ) and MoS 2  

powder (1.8 mF cm  − 2 ). Correspondingly, the highest volu-

metric capacitance is 178 F cm  − 3  for h-MoS 2  based micro-

supercapacitor, which is comparable to those reported for 

the best micro-supercapacitors ( ∼ 180 F cm  − 3  in organic 

electrolyte and  ∼ 160 F cm  − 3  in aqueous electrolyte). [  6  ]  The 

superior electrochemical performance of h-MoS 2  fi lm based 

microsupercapacitor should be attributed to the favorable 

structures of h-MoS 2  nanosheets for energy storage: (1) 2D 

graphene-like sheet structure, which maximizes the sur-

face effects compared to bulk MoS 2  and restacked e-MoS 2  

nanosheets, and provides a larger number of “active” sites 

for fast and reversible surface redox reactions; (2) rough 

morphology of MoS 2  layers, leading to a better pore struc-

ture for easy access of the ions from the aqueous electrolyte 

to the electrodes.    
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 17, 2905–2910
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     Figure  4 .     Comparison of the electrochemical performance of h-MoS 2  nanosheet, e-MoS 2  nanosheet and MoS 2  powder based micro-supercapacitors. 
(A) CV curves of h-MoS 2  nanosheet, e-MoS 2  nanosheet and MoS 2  powder based micro-supercapacitors at a scan rate of 100 mV s  − 1 . 
(B) Galvanostatic charge-discharge (GAL) of h-MoS 2  nanosheet, e-MoS 2  nanosheet and MoS 2  powder based micro-supercapacitors at the current 
density of 0.22 Am  − 2 . Comparisons of the (C) specifi c gravimetric capacitance and (D) volumetric capacitance of h-MoS 2  nanosheet, e-MoS 2  
nanosheet and MoS 2  powder based micro-supercapacitors at various scan rates.  
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 3. Conclusion 

 In summary, we have demonstrated a simple and scalable 

approach to fabricate fi lm based micro-supercapacitors via 

spray painting of MoS 2  nanosheets and subsequent laser 

patterning. The optimized MoS 2  fi lm based micro-super-

capacitor exhibits high area (8 mF cm  − 2 ) and volumetric 

capacitances as well as excellent cycle performance, supe-

rior to EDLC-based micro-supercapacitors. Such effi cient 

approach provides a good opportunity to develop various 

micro/nanosized energy storage devices to satisfy the 

requirements of portable, fl exible, and transparent micro-

electronic devices.   

 4. Experimental Section  

 Hydrothermal Method-Produced h-MoS 2  Nanosheets : 10 mmol 
MoO 3 , 25 mmol potassium thiocyanate and 64mg sodium dodecyl 
sulfate (SDS) were put into a Tefl on-lined autoclave of 40 mL 
capacity, then, fi lled with 30 mL deionized water and sonicated 
for 30 min. The autoclave was sealed into a stainless steel tank 
and kept at 220  ° C for 24 h, and then cooled to room temperature 
naturally. A dark powder was collected and washed with plenty of 
deionized water and ethanol several times to remove the residue 
of the reactants and surfactant. The remaining mixture is centri-
fuged and collected by vacuum fi ltration through a 0.45  μ m PVDF 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 17, 2905–2910
fi lter membrane. The resulting solid is dried in vacuum oven at 
90  ° C overnight.  

 Liquid Exfoliation-Produced MoS 2  Nanosheets : Molybdenum 
disulfi de powder was dissolved in DMF solvent and sonicated for 
10 h (keep the water in sonicator cold). Centrifugation at 6000 rpm 
for 30 min was carried out and the supernatant was washed using 
ethanol and collected by pipette.  

 Characterization : Scanning electron microscopy (SEM) images 
were obtained on a high-resolution fi eld-emission scanning elec-
tron microscope (FEI Quanta 400), the SEM samples were dis-
solved in ethanol and ultrasonicated for 30 min, following that 
dropped on a Si substrate for SEM testing. The TEM image and the 
selected area electron diffraction pattern were obtained on a JEOL 
2100 Field Emission Gun TEM, the sample preparation process 
was similar to the one for SEM, but use the Cu grid with carbon 
supported instead of silicn substrate. XPS analyses were carried 
out on a PHI Quantera x-ray photoelectron spectrometer with a 
chamber pressure of 5  ×  10  − 9  torr and an Al cathode as the X-ray 
source. The source power was set at 100 W, and pass energies 
of 140.00 eV for survey scans and 26.00 eV for high-resolution 
scans were used. Raman spectra were recorded with a Renishaw 
InVia Raman microscope using a 50x objective lens at room tem-
perature, with a 514.5 nm laser beam and 1800 lines per mm 
grating. The Raman band of Si at 521 cm  − 1  was used as a refer-
ence to calibrate the spectrometer. XRD data was collected on a 
Rigaku D/Max Ultima  α  Powder X-ray diffractometer, sample was 
put inside the zero background sample holder during the testing.   
2909www.small-journal.comH & Co. KGaA, Weinheim
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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