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and power outputs, and long cycling sta-
bility is urgently required. [ 3–9 ]  According to 
the mechanism of energy storage, super-
capacitors could be generally divided into 
two types: electrochemical double-layer 
capacitors (EDLCs) in which capacitance 
arises from charge accumulation in the 
electrode/electrolyte interface, and pseu-
docapacitors that are based on the fast and 
reversible redox reactions at the surface 
of electro-active materials. [ 3,5,10 ]  Hence, in 
general, the capacitance of pseudocapaci-
tors is much higher than EDLCs. Carbona-
ceous materials are dominated in EDLCs 
while conducting polymers and transition 
metal oxides are commonly used as elec-
trode materials for pseudocapacitors. Due 
to the low cost, facile synthesis, control-
lable electrical conductivity, and high pseu-
docapacitance, [ 11–13 ]  PAni as a conducting 
polymer has been considered as one of the 
most promising pseudocapacitor mate-
rials. Unfortunately, PAni suffers from a 
large volumetric swelling and shrinking 

during doping/dedoping process as a result of repeated inser-
tion/de-insertion of electrolyte ions. [ 14–16 ]  The poor mechanical 
stability often leads to cracks, breaking, and thus fast capaci-
tance decay of PAni-based pseudocapacitors. [ 1,13 ]  Recently, 
much effort has conducted in order to stabilize PAni pseudo-
capcitors by various techniques. Liu et al. prepared carbona-
ceous coated PAni nanowire by a hydrothermal method, and the 
pseudocapacitor based on these PAni@C showed a capacitance 
of 787.40 mF cm −2  (189.73 F g −1 ) with enhanced cycling sta-
bility(≈95% retention after 10 000 cycles) in the there-electrode 
measurement. [ 17 ]  Wu et al. combined PAni and graphene to 
generate graphene/PAni nanofi ber composites fi lm for super-
capacitors with a large electrochemical capacitance (210 F g −1 ) 
at a discharge rate of 0.3 A g −1  and improved electrochemical 
stability (≈74% retention after 800 cycles at current density of 
3 A g −1 ). [ 18 ]  Wang et al. reported a route to grow mesoporous 
polyaniline fi lm on ultrathin graphene sheets by in situ poly-
merization using graphene–mesoporous silica composite as 
template, and the supercapacitor using this composite showed 
a maximal capacitance of 749 F g −1  at 0.5 A g −1  in the three-elec-
trode test, as well as achieving capacitance retention of 88% at 
5 A g −1  after 1000 cycles. [ 19 ]  Additionally, conducting polymers 
doped with organic molecules such as  p -toluenesulfonate have 
also found to be an alternative method to enhance their cycling 
stability (≈96% capacitance retention after 500 cycles). [ 20 ]  

 Conducting polymers such as polyaniline (PAni) show a great potential 
as pseudocapacitor materials for electrochemical energy storage applica-
tions. Yet, the cycling instability of PAni resulting from structural alteration 
is a major hurdle to its commercial application. Here, the development of 
nanostructured PAni–RuO 2  core–shell arrays as electrodes for highly stable 
pseudocapacitors with excellent energy storage performance is reported. A 
thin layer of RuO 2  grown by atomic layer deposition (ALD) on PAni nanofi bers 
plays a crucial role in stabilizing the PAni pseudocapacitors and improving 
their energy density. The pseudocapacitors, which are based on optimized 
PAni–RuO 2  core–shell nanostructured electrodes, exhibit very high specifi c 
capacitance (710 F g −1  at 5 mV s −1 ) and power density (42.2 kW kg −1 ) at an 
energy density of 10 Wh kg −1 . Furthermore, they exhibit remarkable capaci-
tance retention of ≈88% after 10 000 cycles at very high current density of 
20 A g −1 , superior to that of pristine PAni-based pseudocapacitors. This 
prominently enhanced electrochemical stability successfully demonstrates 
the buffering effect of ALD coating on PAni, which provides a new approach 
for the preparation of metal-oxide/conducting polymer hybrid electrodes with 
excellent electrochemical performance. 

  1.     Introduction 

 The intermittent nature of several sustainable energy sources 
such as solar and wind energy has ignited the demand of 
energy storage materials and devices. [ 1 ]  Batteries are the most 
commonly used devices in energy storage systems. In spite 
of their affordability and large energy density, batteries suffer 
from serious shortcomings such as low power density and 
short cycling life. [ 2,3 ]  In contrast, supercapacitors represent 
another important energy storage device, which can offer much 
longer life cycle and higher power density than batteries. Thus, 
supercapacitors are emerging as critical components to comple-
ment or even replace batteries in various applications. There-
fore, the development of supercapacitors with higher energy 

Adv. Energy Mater. 2015, 5, 1401805

www.MaterialsViews.com
www.advenergymat.de

http://doi.wiley.com/10.1002/aenm.201401805


FU
LL

 P
A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1401805 (2 of 9) wileyonlinelibrary.com

However, the above-mentioned studies showed relatively low 
capacitance with limited enhancement of cycling stability for 
PAni-based pseudocapacitors. It is so far a great challenge to 
stabilize PAni pseudocapacitors while maintaining their high 
capacity. Furthermore, the fabrication of two-electrode full cell 
devices is meaningful for real-life energy storage application. [ 21 ]  

 Herein, we report a novel approach to fabricate nanostruc-
tured core–shell PAni–RuO 2  nanofi ber arrays for highly stable 
PAni pseudocapacitors with much improved electrochemical 
performance. The ultrathin RuO 2  shell achieved by atomic layer 
deposition (ALD) as a buffer layer not only effectively prevents 
the damage of the PAni structures during charge and discharge 
processes, but also facilitates the charge transfer and the elec-
trolyte ion diffusion to the PAni electrodes. The symmetric 
pseudocapacitors of PAni/RuO 2  core–shell nanofi ber arrays 
show an ultrahigh specifi c capacitance of 710 F g −1  at 5 mV s −1  
(in full cell confi guration), and enhanced cycling stability at 
very high current density (≈88% capacitance retention after 
10 000 cycles at 20 A g −1 ). This study shows a new strategy 
toward fabrication of conducting polymers based pseudocapaci-
tors with high stability and good energy storage performance.  

  2.     Results and Discussion 

 The fabrication of PAni–RuO 2  core–shell nanofi ber arrays 
is shown in  Figure    1  , which involves a dilute chemical poly-
merization of PAni nanofi ber arrays on pristine carbon fi ber 
cloth followed by an ALD growth of ultrathin RuO 2  layer. The 
as-fabricated PAni–RuO 2  core–shell nanofi ber arrays inherit 
the macroporous nature of the pristine carbon cloth, while 
possessing the nanoscale characteristics of the PAni–RuO 2  
core–shell fi bers. Typically, vertically aligned polyaniline arrays 
( Figure    2  b) were successfully grown on carbon fi ber cloth by 
dilute chemical polymerization according to the literature, [ 22 ]  as 
can be differentiated them from the smooth surface of the pris-
tine carbon cloth fi bers (Figure  2 a). The as-formed PAni arrays 

maintain high specifi c area and ordered nanostructures with 
thickness of about 300 nm (Figure  2 b and Figure S1, Supporting 
Information). Unfortunately, the pure PAni arrays based pseu-
docapacitors did not show desirable energy storage capacity 
with stable electrochemical performance as will be shown in 
the next section. In order to stabilize the PAni pseudocapaci-
tors, an ultrathin layer of RuO 2  was selectively deposited on 
the PAni arrays by atomic layer deposition to form PAni–RuO 2  
core–shell nanofi ber arrays based on the following considera-
tions. It was reported that an outer protection layer is important 
to stabilize the conducting polymer-based electrodes, and the 
thickness of the outer layer may generate signifi cant differences 
in the electrochemical performance of the electrodes. [ 23–25 ]  We 
therefore prepared various thicknesses of RuO 2  using different 
ALD cycles (from 50 cycles to 1500 cycles) to form the PAni–
RuO 2  core–shell nanostructures. ALD is an important ultrathin 
fi lm growth technique with conformal deposition in atomic 
level control. [ 26 ]  The ALD method thus enables deposition of 
uniform and conformal ultrathin fi lms on very high-aspect-ratio 
substrates [ 27,28 ]  or nanoparticles. [ 29 ]  Importantly, ALD at low 
growth temperature offers good opportunity to retain the basic 
properties of the polymer matrix. Although ALD and RuO 2  are 
currently somewhat expensive technique and material, the pre-
sent study utilized only a very small amount of RuO 2  consisting 
of only 100 cycles to achieve the optimized performance. Thus, 
the material cost for the ultrathin RuO 2  layer is relatively low. 
Moreover, the cost of the PAni–RuO 2  devices can be further 
decreased when they are scaled up for mass production.   

 Figure  2 c,d show the morphology and microstructure of the 
PAni–RuO 2  composite with 500 ALD cycles of RuO 2  at different 
magnifi cations. The close-up image (Figure  2 d) demonstrates 
that the PAni array still retains its basic morphology even after 
500 ALD cycles of RuO 2 , thanks to the conformal deposition 
nature of the ALD process. Moreover, the macroporous nature 
of the carbon fi ber cloth is also maintained (no blocking of its 
macropores, as shown in the inset of Figure  2 c). It is believed 
that the high specifi c area and porous structure are favorable 
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 Figure 1.    Schematic of the design process of PAni–RuO 2  core–shell nanofi ber arrays on carbon cloth as an electrode for symmetric pseudocapacitor. 
a) Pristine carbon fi ber woven cloth; b) PAni nanofi ber arrays on carbon cloth by dilute polymerization of aniline; c) PAni–RuO 2  core–shell nanofi ber 
arrays on carbon cloth by further ALD growth of RuO 2  on the PAni nanofi ber arrays.
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for the effective contact between the electrolyte ions and active 
materials, which leads to enhanced charge storage capacity. 

 Transmission electron microscopy (TEM) was conducted 
to further verify the core–shell structure of PAni–RuO 2 . As 
shown in  Figure    3  a–c and Figure S2 (Supporting Informa-
tion), a uniform shell with thickness of ≈1.7, ≈5.2, and ≈11 nm 
was observed for samples of 100, 500, and 1500 ALD cycles 
of RuO 2 , respectively. The darker regions at the edge of the 
core–shell structures are the RuO 2  coating layers. Even after 
1500 ALD cycles of RuO 2 , the PAni nanofi bers appear to be con-
formally coated with the RuO 2  layer and no clusters are obvi-
ously seen. The lattice fringes with different orientations shown 
in Figure  3 d suggest that the deposited RuO 2  is polycrystalline 
in nature, which is confi rmed by its selected area electron dif-
fraction (SAED) pattern. Figure  3 e shows the STEM EDS line 
scans of the core–shell composite for ruthenium and nitrogen. 
EDS line scanning across the core–shell nanofi ber reveals that 
the profi le of Ru has a broad spectrum throughout the entire 
diameter while the peaks for N are only prominent at the core 
region, corresponding to the RuO 2  shell and the PAni core, 
respectively. The analysis of TEM images (Figure  3 f) revealed 
that the variation of the RuO 2  shell thickness is directly propor-
tional to the number of deposition cycles, as expected for ALD 
deposition process. [ 23 ]   

 The composition of the PAni–RuO 2  core–shell nanofi ber 
was further investigated by SEM energy-dispersive X-ray 
spectroscopy (EDS) elemental mapping and X-ray photoelec-
tron spectroscopy (XPS). Figure S3 (Supporting Information) 
reveals that the PAni–RuO 2  nanocomposites possess uniform 
elements distribution consisting of nitrogen, ruthenium, and 
oxide. Undoubtedly, this nitrogen comes from the polyaniline 
nanofi ber arrays. From Figure S3c,d (Supporting Information), 
the even distribution of ruthenium and oxide confi rms the suc-
cessful uniform deposition of RuO 2 . XPS analysis was employed 
to further study the chemical state of element of ruthenium. 
The survey XPS spectrum of PAni–RuO 2  core–shell nanofi bers 
with 500 ALD cycles of RuO 2  (Figure S4, Supporting Informa-
tion) shows all the existing elements which match well with 
EDS measurement. In  Figure    4  a, the doublet peaks at 281 and 
285.2 eV originate from RuO 2  due to the screened fi nal state, 
and the doublet peaks at 282.1 and 286.3 eV are also ascribed 
to RuO 2  due to the unscreened fi nal-state. [ 30–32 ]  Another peak at 
285.1 eV is associated with C 1 s  peak coming from our carbon 
fi ber support. The XPS peaks of N 1 s  (Figure  4 b) are further 
decomposed into three Gaussian peaks with binding energies 
of 398.6, 399.7, and 400.6 eV. The peaks locate at 398.6, 399.7, 
and 400.6 eV are assigned to the quinoid imine (–N=), ben-
zenoid amine (–NH–), and nitrogen cationic (–N + –) of PAni, 
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 Figure 2.    FESEM images of a) pristine carbon fi ber cloth; b) PAni nanofi ber arrays and; c,d) PAni–RuO 2  core–shell nanofi ber arrays with 500 ALD 
cycles of RuO 2 .
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respectively. [ 33 ]  The EDS and XPS results further suggest the 
good integration of RuO 2  shell on PAni nanofi ber arrays.  

 Raman spectra were also carried out to characterize the 
PAni–RuO 2  core–shell nanofi ber with 500 ALD cycles of RuO 2  
(Figure S5, Supporting Information). Apart from the D and 
G bands of carbon fi ber cloth, the spectra of neat PAni show 

characteristic bands at 1162, 1216, 1412, 1486, 1567, and 
1615 cm −1  corresponding to C–H bending of quinoid ring, 
C–N stretching of benzenoid ring, C–C stretching of qui-
noid ring, C=N stretching vibration of quinonoid ring, C=C 
stretching vibration of quinoid ring, and C–C stretching of the 
benzenoid ring, respectively. [ 34,35 ]  The absence of the obvious 
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 Figure 3.    TEM characterization of PAni–RuO 2  core–shell nanofi ber with different ALD cycles of RuO 2 . a) 100 ALD cycles, b) 500 ALD cycles, 
c) 1500 ALD cycles; d) HRTEM image and SAED pattern of PAni-500 ALD cycles of RuO 2  sample, e) STEM EDS line scan of PAni-500 ALD cycles of 
RuO 2  sample, the red and blue lines represent counts of ruthenium and nitrogen signals along the solid yellow line. f) The changes in average thickness 
of RuO 2  coating with different ALD cycles of RuO 2  on PAni nanofi ber arrays.
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RuO 2  characteristic peaks from Raman spectra is probably due 
to the ultrathin layer of the RuO 2  on the PAni nanofi ber-carbon 
cloth substrate for enough Raman signals acquisition. Mean-
while, the considerable overlap of Raman peaks of RuO 2  and 
PAni from 400 to 800 cm −1  also made the RuO 2  peaks hard to 
be distinguished. However, the three major Raman features, 
namely, the E g  (located at 513 cm −1 ), A 1g  (located at 630 cm −1 ), 
and B 2g  (located at 701 cm −1 ) modes are obviously observed on 
RuO 2  thin fi lm deposited on glass by 500 ALD cycles, as shown 
in Figure S6 (Supporting Information). 

 The electrochemical performances of bare PAni and PAni–
RuO 2  core–shell nanofi ber arrays were evaluated using two-
electrode symmetric pseudocapacitors and investigated in 
1 M H 2 SO 4  electrolyte solution.  Figure    5  a shows the cyclic 
voltammetry (CV) of PAni-100 ALD cycles of RuO 2  core–shell 
nanofi ber arrays under different scan rates. The quasi-rectan-
gular CV curves demonstrate a typical pseudocapacitor-like 
behavior, resulting from both PAni and RuO 2 . [ 36 ]  The pair of 
redox peaks shown in CV curves is ascribed to the Faradaic 
transformation of the emeraldine-pernigranilin form of PAni. [ 13 ]  
The anodic peaks shift to higher potential while the cathodic 

peaks shift to lower potential as the increased scan rate due to 
the faster charge and discharge rates. This yields wider poten-
tial differences between anodic and cathodic peaks, resulting in 
the capacitances decrease. The galvanostatic charge–discharge 
(CD) curves (Figure  5 b) show symmetric mirror-like feature of 
charge and discharge process, implying the high effi ciency of 
the pseudocapacitor and highly reversible redox reaction taking 
place in the PAni–RuO 2  core–shell nanofi ber arrays. Even at 
very high current density (such as 100 A g −1 ), the voltage ( IR ) 
drop observed from the CD curve is still very small, which indi-
cates the low value of equivalent series resistance (ESR). These 
excellent electrochemical features are believed to contribute 
to high power output for the PAni–RuO 2  core–shell nanofi ber 
pseudocapacitors.  

 Figure  5 c,d summarize the results of CV and CD measure-
ments of bare PAni nanofi ber arrays and PAni–RuO 2  core–shell 
nanofi ber pseudocapacitors with different ALD cycles of RuO 2 . 
At the same scan rate of 100 mV s −1 , it’s obvious that the inte-
grated area of CV curves of different samples (from bare PAni 
to 1500 ALD cycles of RuO 2 ) fi rstly increase from bare PAni 
to the sample of 100 ALD cycles of RuO 2  on PAni and then 
decrease dramatically from 100 to 1500 ALD cycles of RuO 2  
on PAni, suggesting the change of energy storage capacity by 
the infl uence of the ALD cycles of RuO 2  (Figure  5 c). The CD 
curves also illustrate the varied discharge periods with different 
ALD cycles of RuO 2  on PAni at the constant current density of 
20 A g −1 , consistent with the electrochemical behavior of the 
CV curves (Figure  5 d). To be specifi c, the PAni–RuO 2  core–
shell nanofi bers reach the best electrochemical performance 
at 100 ALD cycles of RuO 2 . Figure  5 e presents specifi c and 
areal capacitance of all studied samples. It is clear that the 
specifi c capacitance of 100 ALD cycles of RuO 2  on PAni has 
much higher specifi c capacitance (710 F g −1  at 5 mV s −1 , cor-
responds to 354 mF cm −2 ) than that of bare PAni (564 F g −1  at 
5 mV s −1 , 230 mF cm −2 ), and 1500 ALD cycles of RuO 2  on PAni 
(484 F g −1  at 5 mV s −1 , 196 mF cm −2 ). Furthermore, the spe-
cifi c capacitance of 710 F g −1  at 5 mV s −1  obtained by 100 ALD 
cycles of RuO 2  on PAni-based pseudocapacitor is one of the 
highest values reported so far for PAni-based full cell devices in 
aqueous electrolytes under relatively high mass loading of the 
active materials. [ 37,38 ]  Notably, at high scan rate of 100 mV s −1 , 
the specifi c capacitance of PAni-100 ALD cycles of RuO 2  
core–shell nanofi ber sample can still be up to 667 F g −1 , cor-
responding to a high rate capability of 94%. Even at very high 
scan rate of 500 mV s −1 , this PAni-100 ALD cycles of RuO 2  
core–shell nanofi ber-based pseudocapacitor still retained 68% 
of its initial specifi c capacitance, demonstrating excellent rate 
performance. The ultrahigh specifi c capacitance and good 
rate performance may be related with effi cient utilization of 
the active material as a result of the vertical aligned core–shell 
structure and the porous feature of the whole electrode design. 
Additionally, the controllable RuO 2  shell is directly grown on 
the vertical aligned PAni arrays, resulting in the strong bonding 
and coupling between PAni and RuO 2  in the hybrid nanostruc-
ture, which can signifi cantly enhance the charge transfer of the 
electrode. [ 39 ]  Most importantly, the highly conductive vertical 
aligned PAni–RuO 2  core–shell nanofi ber arrays contact directly 
with the carbon cloths to form an integrated electrode with 
superb highways for fast electron transportation and electrolyte 
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 Figure 4.    XPS of PAni–RuO 2  core–shell nanofi ber with 500 ALD cycles of 
RuO 2 . Core-level spectra of a) Ru 3 d  and C 1 s , b) N 1 s .
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ions diffusion, which greatly increase the charge rate of the 
device for high-power and energy applications. 

 Figure  5 f shows that the specifi c capacitance of our pseu-
docapacitors is strongly correlated to the number of ALD 
cycles. Among different ALD cycles of RuO 2  for PAni–RuO 2  
pseudocapacitors, the PAni-100 ALD cycles of RuO 2  core–
shell nanofi ber-based pseudocapacitor shows the optimized 
performance in spite of different scan rates. It reveals that an 
optimized thickness of RuO 2  layer (≈1.7 nm) is required for 
PAni pseudocapacitors with high performance. The thickness 
correlated electrochemical performance of PAni–RuO 2  pseu-
docapacitors can be explained by the schematic in Figure  5 g. 
Originally, the pure PAni-based pseudocapacitors will undergo 
signifi cant volume alteration during the cycling tests, leading to 
the failure of the cells. When a certain thin RuO 2  layer is con-
formally and homogenously coated on the PAni nanofi bers, the 
PAni electrode can be effectively protected from the mechanical 
change due to the robust electrochemical stability of the RuO 2  
layer. The high conductivity of RuO 2  in the PAni–RuO 2  core–
shell nanofi ber facilitates the fast electron transportation in the 
electrode for facile redox reactions of PAni with the electrolyte. 

Meanwhile, the deposited RuO 2  shell itself is involved in the 
redox reaction, which synergistically contributes to the higher 
energy storage capacity of the device. However, too thin layer 
of the RuO 2  coated PAni showed limited contribution to the 
improvement of overall device performance, probably due to 
the limited mechanical constraints of RuO 2  to the fracture of 
PAni during cycling. Nevertheless, subsequent increase of the 
RuO 2  thickness is also not desirable for the electrode due to 
longer diffusion distance of electrons and ions to the PAni core 
caused by the separation of the thick RuO 2  layer and the lim-
ited active redox sites on the surface of RuO 2  layer. [ 40 ]  Moreover, 
the dramatic reduction of energy storage capacity of our pseu-
docapacitor by further increasing the RuO 2  shell thickness will 
possibly isolate the PAni from the electrolyte during fast charge 
and discharge process or even block the active reaction sites of 
the macroporous electrode, resulting in limited redox reactions 
and hence lower performance devices. [ 23 ]  The phenomenon of 
ALD thickness correlated electrochemical performance was also 
observed in batteries. [ 41–43 ]  To further understand the unique 
design and the enhanced electrochemical performance of our 
PAni–RuO 2  core–shell nanofi ber-based pseudocapacitors, we 
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 Figure 5.    Electrochemical performance of PAni–RuO 2  core–shell nanofi ber arrays based symmetric pseudocapacitors. a) Cyclic voltammetry and 
b) galvanostatic charge–discharge profi les of PAni-100 ALD cycles of RuO 2  based pseudocapacitor; c) cyclic voltammetry, and d) galvanostatic charge–
discharge profi les for pseudocapacitors of PAni–RuO 2  core–shell nanofi bers with different ALD cycles of RuO 2 ; e) summary of specifi c and areal 
capacitance as function of scan rate; f) summary of specifi c capacitance as function of ALD cycles; g) schematic of the change of ALD cycles of RuO 2  
on PAni nanofi ber arrays.
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have conducted the measurements of the EDLC contribution 
and the three-electrode measurements of the PAni and PAni–
RuO 2  core–shell electrodes as shown in Figures S7 and S8 
(Supporting Information). 

 The Nyquist plots show the impedance variation of the PAni–
RuO 2  core–shell nanofi ber-based pseudocapacitors ( Figure    6  a). 
The nearly vertical line behavior at low frequency for all sam-
ples correspond closely to an ideal capacitor. [ 44 ]  The half circles 
formed at high frequency range indicate that our pseudocapaci-
tors have very low ESR (≈0.1 Ω), indicating excellent electrical 
conductivity of the integrated electrodes. The charge-transfer 
( R  ct ) resistances are illustrated by the diameters of the half 
circles shown in Figure  6 a (insert). The values of  R  ct  of pure 
PAni and PAni–RuO 2  core–shell nanofi ber-based pseudoca-
pacitors with 50, 100, 200, 500, 1500 ALD cycles are 2.46, 1.53, 
1.21, 1.11, 0.95, and 0.81 Ω, respectively. The charge-transfer 
resistance decreases gradually with the increase of RuO 2  con-
tent, which demonstrates the improvements in the conductivity 
of the electrodes. Figure  6 b shows an advanced Ragone plot 
(energy density vs power density vs charge time) of PAni-100 
ALD cycles of RuO 2  core–shell nanofi ber pseudocapacitor. The 
energy and power density were calculated based on cell capaci-
tance, suggesting that the total mass loading of two electrodes 
is considered. Impressively, the energy density can approach to 
10 Wh kg −1  at a very high power density of 42.2 kW kg −1 , and 
the corresponding charge time is only ≈1 s. What is more, it 
is worth noting that with the increase of power density from 

4.4 to 42.2 kW kg −1 , the energy densities drop very slowly from 
11.5 to 10 Wh kg −1 . Getting an extremely high power density 
without large sacrifi ce of energy density further indicates that 
the novel nanostructure of PAni–RuO 2  core–shell nanofi ber 
arrays possess signifi cantly enhanced electrochemical perfor-
mance as pseudocapacitor electrodes. The long-term cycling 
performance of different PAni–RuO 2  core–shell pseudocapaci-
tors at a very high current density of 20 A g −1  for 10 000 cycles 
are shown in Figure  6 c. After 10 000 electrochemical cycles, the 
PAni-100 ALD cycles of RuO 2  core–shell nanofi ber pseudoca-
pacitor still retains ≈88% of its initial capacitance, much higher 
than that of pure PAni cell (only ≈65% of capacity retention). As 
a proof-of-concept, the pure PAni and PAni-100 ALD cycles of 
RuO 2  core–shell nanofi ber-based pseudocapacitors after 10 000 
cycles were disassembled and investigated by SEM (Figure S9, 
Supporting Information). Surprisingly, the PAni–RuO 2  core–
shell nanofi ber-based pseudocapacitor electrode maintained 
its original morphology very well (Figure  6 d), while the PAni 
nanofi bers tend to be fused and merged with each other in 
the pure PAni pseudocapacitor electrode (inset of Figure  6 d 
and Figure S9, Supporting Information). The better stability 
of PAni-100 ALD cycles of RuO 2  core–shell nanofi ber pseudo-
capacitor is mainly attributed from the optimized thickness of 
RuO 2  coating. First, the RuO 2  shell could serve as a mechan-
ical buffering layer that prevents the structural evolution of 
PAni nanofi ber during its charge/discharge cycling. Second, 
the RuO 2  shell is able to tolerate the volumetric swelling and 

 Figure 6.    a) Nyquist plots of all PAni–RuO 2  core–shell nanofi ber-based pseudocapacitors, b) Ragone plot (energy density vs power density) of PAni-100 
ALD cycles of RuO 2  core–shell nanofi ber-based pseudocapacitors; c) cycling stability of all PAni–RuO 2  core–shell nanofi ber-based pseudocapacitors; 
and d) FESEM of PAni-100 ALD cycles of RuO 2  core–shell nanofi ber electrode and pure PAni electrode (inset) after 10 000 cycles. Note that the PAni 
structure is completely destroyed without RuO 2  surface coating after 10 000 cycles.
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shrinking, acting as a conductive network to alleviate the elec-
trode fragments and maintain their mechanical and electro-
chemical stability. [ 17 ]  The extraordinary high power density with 
energy density and good cycling stability make the PAni–RuO 2  
core–shell pseudocapacitor as a promising candidate for prac-
tical energy storage applications.   

  3.     Conclusion 

 We have demonstrated for the fi rst time that the deposition 
of nanoscale RuO 2  shell onto PAni arrays can signifi cantly 
enhance pseudocapacitive stability and performance. Electro-
chemical measurements revealed signifi cant enhancement of 
cycling stability at very high current density, and a high rate 
capacity using PAni–RuO 2  core–shell structure. The opti-
mized PAni-RuO 2  structure achieved very high specifi c and 
areal capacitance (710 F g −1  and 354 mF cm −2  at 5mV s −1 ), 
excellent rate performance (≈94% retention of initial capaci-
tance from 5 to 100 mV s −1 ), and excellent cycling stability 
(≈88% retention after 10 000 cycles at 20 A g −1 ). In addition, 
our optimized symmetrical pseudocapacitors show very low 
ESR and rapid charge–discharge characteristic, resulting in 
exceptionally high power density (42.2 kW kg −1  at energy den-
sity of 10 Wh kg −1 ). From the performance we have achieved, 
we believe that deposition of metal oxide by ALD on con-
ducting polymer is a promising general approach that can 
be employed to improve the cycling performance of polymer 
electrodes. Importantly, our results indicate the thickness 
of metal oxide shell in this heterogeneous nanostructure 
plays an important role in deciding the electrochemical 
performance.  

  4.     Experimental Section 
  Preparation of PAni Nanofi ber Arrays : Polyaniline (PAni) arrays were 

prepared using dilute chemical oxidative polymerization with presence 
of fl exible carbon cloth as described in ref.  [ 22,45 ] . Typically, 20 mL of 
1  M  HClO 4  aqueous solution was poured into a reaction vessel in an 
ice bath. A piece of carbon cloth substrate was placed into the vessel. 
5 mL of ethanol was added to improve the wettability of the carbon 
substrate. After the solution was fully cooled, aniline monomer was 
added into the solution and stirred for 10 min to form a uniform mixture 
with fi xed aniline concentration of 0.01  M . In another beaker, the oxidant, 
(NH 4 ) 2 S 2 O 8  (APS), was dissolved in 15 mL 1 M  HClO 4  aqueous solution 
and precooled (the molar ratio of aniline/APS was 1.5). Next, the oxidant 
solution was added to the monomer solution, and polymerization was 
started. The mixture was reacted for 24 h in an ice bath, repeatedly 
washed with DI water and ethanol, and dried in air after the reaction, 
thereby yielding the vertical aligned PAni nanofi ber arrays on carbon 
substrate. 

  Atomic Layer Deposition of RuO 2  : Atomic layer deposition of RuO 2  was 
carried out on Oxford Instrument ALD system FlexAL which provides 
both thermal and remote plasma-enhanced ALD confi gurations. A 
commercially available liquid precursor Ru(EtCp) 2  was used as Ru 
precursor and remote plasma of oxygen as reactant/oxidant respectively. 
The temperature of precursor was maintained at 75 °C. Ru(EtCp) 2  vapor 
was carried to the process chamber through Ar gas at a fl ow rate of 
150 sccm (standard cubic centimeters per minute). 

 The ALD process of RuO 2  used follows standard deposition cycle 
including the following sequence: a pulse of Ru(EtCp) 2  vapor, an 
Ar gas purge, a pulse of oxygen plasma, and another Ar gas purge. 

In order to achieve the RuO 2  thin fi lm deposition at an acceptable 
low temperature, modifi cations to the standard ALD process were 
implemented. First, an optimization of an early reported modifi ed ALD 
process was adopted in which a continuous Ar gas diluted oxygen 
exposure was maintains through all the steps of a standard ALD 
deposition cycle. [ 46 ]  The optimized process reduced RuO 2  deposition 
from a deposition temperature of 265 °C to 170 °C. Second, a Ru(EtCp) 2  
precursor soaking step inserted between the precursor pulse step and 
the following Ar gas purge step, with an intention to prolong the dwell 
time of Ru(EtCp) 2 . The soaking step reduced the ruthenium precursor 
usage and helped to achieve a self-limited atomic layer deposition. The 
RuO 2  deposition temperature was maintained at 180 °C. In order to 
monitor the deposition process, glass substrate were used together with 
PAni coated carbon cloth substrate. The following process parameters 
were employed for the ALD RuO 2  thin fi lm deposition: The ruthenium 
precursor pulse time is 1.5 s. The following soaking step is 3 s after the 
precursor valve is closed. The reactant of oxygen plasma step is 4 s and 
the ALD chamber purge steps are 2.5 s. 

  Material Characterization : The morphology and microstructure 
were investigated by SEM (Nova Nano 630, FEI) and TEM (Titan 
80–300 kV (ST) TEM, FEI), and the elemental presence and composition 
were identifi ed using energy-dispersive X-ray spectroscopy (EDS) and 
XPS analysis (Kratos AXIS Ultra DLD). The Raman spectroscopy was 
conducted on a Hariba LabRAM HR spectrometer. 

  Electrochemical Measurements : The electrochemical tests were carried 
out at room temperature in both three-electrode (half-cell) and two-
electrode (full-cell) confi gurations. In the three-electrode measurements, 
PAni or PAni-RuO 2  coated carbon cloth was used as the working 
electrode, a Pt wire as the counter electrode, and saturated calomel 
electrode (SCE) as the reference electrode. Assembled coin cells for two-
electrode confi guration were fabricated to sandwich two identical pieces 
of the electrode samples (≈1 mg of mass loading and ≈1 cm 2  of each 
electrode) by a monolayer separator (Celgard 3501), and placed inside 
a coin cell. All electrochemical measurements were carried out at room 
temperature using VMP3 multichannel electrochemical workstation (Bio-
Logic) by the techniques of electrochemical impedance spectroscopy 
(EIS), cyclic voltammetry (CV), and galvanostatic charge–discharge 
(CD). The voltage window is from 0 to 0.7 V for both three-electrode 
measurement and symmetric cell. 1M H 2 SO 4  was used as electrolyte for 
all measurements. 

 The absolute capacitance ( C  in  F ) was obtained from the cyclic 
voltammograms (CV) or from the CD curves according to the following 
equations
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 where  i  is average cathodic current of the CV loop and  f  is the scan rate, 
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the discharge curve. [ 47 ]  The specifi c capacitance and cell capacitance ( C  sp  
and  C  cell  in F g −1 ) were then calculated as
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 where  m  is the mass loading of each electrode; and A is the area for 
each electrode. 

 The key parameters of the supercapacitor, energy density ( E ) and 
power density ( P ), were calculated based on the total weight of the two 
electrodes in the full cell devices according to the following equations
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where  C  cell  is the cell capacitance calculated from CD curve,  V  is the 
voltage window (0.7 V) applied during the charge–discharge measure-
ment, and Δ t  is the discharge time obtained from the discharge curve.  
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