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  1.     Introduction 

 Nowadays the energy storage has become 
a global concern since it has a wide 
range of critical application fi elds and 
plays a vital role in the development 
of sustainable society. Among various 
electrochemical energy-storage devices, 
supercapacitors (SCs), and rechargeable 
batteries are mostly promising as power-
type and energy-type candidates, respec-
tively. [ 1–3 ]  To combine the merits of SCs 
and batteries, a battery-supercapacitor 
hybrid system with both high energy and 
power densities has been proposed. [ 4–6 ]  
Recent years has witnessed great progress 
in fundamental research of hybrid energy-
storage devices for large-scale applica-
tions such as electric vehicles, etc. [ 7,8 ]  
However, their role in smart portable and 
wearable electronics needs much more 
attention; in these applications the power 
sources should be miniaturized in dimen-
sions with robust mechanical fl exibility. [ 9 ]  
This aim has inspired intensive efforts 
to explore fl exible, solid-state, and thin-

fi lm electrode-based SCs/Li ion batteries with great volumetric 
energy storage capability. [ 10–13 ]  Despite this, great challenge still 
remains in developing new types of fl exible solid-state hybrid 
energy storage devices based on low-cost and environmentally 
friendly electrode materials. 

 Transition metal oxides (TMOs) in general exhibit high elec-
trochemical energy storage ability as electrode materials due to 
multielectron Faradic reactions. Among them, ferroferric oxide 
(Fe 3 O 4 ) is particularly promising since it is cheap, environ-
mentally benign, and much more conductive than other TMOs 
(σ = 2 × 10 4  S m −1 ). [ 14,15 ]  On the basis of the possible variation 
of iron's valence states (Fe 3+  � Fe 0 ), Fe 3 O 4  has a high theo-
retical capacity of ≈346.5 mAh g −1  in alkaline aqueous solution, 
making it potentially attractive as anode material for alkaline 
batteries. [ 16 ]  Nevertheless, such a theoretical value can only be 
realized upon complete redox reaction within a wide negative 
potential window (≤−1.3 V vs Ag/AgCl). Under this condition, 

 Carbon-Stabilized High-Capacity Ferroferric Oxide 
Nanorod Array for Flexible Solid-State Alkaline Battery–
Supercapacitor Hybrid Device with High Environmental 
Suitability 

   Ruizhi    Li     ,        Yimeng    Wang     ,        Cheng    Zhou     ,        Chong    Wang     ,        Xin    Ba     ,        Yuanyuan    Li     ,    
    Xintang    Huang     ,       and        Jinping    Liu   *   

 Iron oxides are promising to be utilized in rechargeable alkaline battery with 
high capacity upon complete redox reaction (Fe 3+   Fe 0 ). However, their 
practical application has been hampered by the poor structural stability 
during cycling, presenting a challenge that is particularly huge when 
binder-free electrode is employed. This paper proposes a “carbon shell-
protection” solution and reports on a ferroferric oxide–carbon (Fe 3 O 4 –C) 
binder-free nanorod array anode exhibiting much improved cyclic stability 
(from only hundreds of times to >5000 times), excellent rate performance, 
and a high capacity of ≈7776.36 C cm −3  (≈0.4278 C cm −2 ; 247.5 mAh g −1 , 
71.4% of the theoretical value) in alkaline electrolyte. Furthermore, by pairing 
with a capacitive carbon nanotubes (CNTs) fi lm cathode, a unique fl exible 
solid-state rechargeable alkaline battery-supercapacitor hybrid device 
(≈360 µm thickness) is assembled. It delivers high energy and power 
densities (1.56 mWh cm −3 ; 0.48 W cm −3 /≈4.8 s charging), surpassing many 
recently reported fl exible supercapacitors. The highest energy density value 
even approaches that of Li thin-fi lm batteries and is about several times that 
of the commercial 5.5 V/100 mF supercapacitor. In particular, the hybrid 
device still maintains good electrochemical attributes in cases of substantially 
bending, high mechanical pressure, and elevated temperature (up to 80 °C), 
demonstrating high environmental suitability. 

DOI: 10.1002/adfm.201502265

  R. Li, Prof. J. Liu 
 School of Chemistry 
 Chemical Engineering and Life Science and 
 State Key Laboratory of Advanced Technology 
for Materials Synthesis and Processing 
 Wuhan University of Technology 
  Wuhan  ,   Hubei    430070  ,   P. R. China   
E-mail:  liujp@whut.edu.cn    
 R. Li, Y. Wang, C. Zhou, C. Wang, X. Ba, Prof. X. Huang, Prof. J. Liu 
 Institute of Nanoscience and Nanotechnology 
 Department of Physics 
 Central China Normal University 
  Wuhan  ,   Hubei    430079  ,   P. R. China    
 Prof. Y. Li 
 School of Optical and Electronic Information 
 Huazhong University of Science and Technology 
  Wuhan    430074  ,   P. R. China   

Adv. Funct. Mater. 2015, 25, 5384–5394

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201502265


FU
LL P

A
P
ER

5385wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the multiphase changes of iron oxides would cause huge volu-
metric expansion and structural deformation/dissolution, and 
electrolytic hydrogen evolution will be much more serious, 
which eventually lead to drastic capacity decay and ending 
after merely hundreds of cycles. [ 17,18 ]  In order to address this 
issue, one popular way is to select relatively narrow working 
potential window to avoid too many phase-transition reac-
tions, achieving the balance between capacity and cycling sta-
bility. For example, Shi et al. tested Fe 3 O 4  nanoparticle elec-
trode within a potential range of −0.8 to 0.2 V, but attained a 
capacity of only 28.9 mAh g −1 . [ 19 ]  Much effort has also been 
made on mounting/dispersing nanosized Fe 3 O 4  onto various 
carbonaceous materials such as carbon nanotubes/nanofi bers/
nanosheets, carbon black, carbon foam, and graphene, etc. [ 20–23 ]  
As expected, the strong covalent bonding with conductive 
carbon has potentially improved the electrochemical stability 
of Fe 3 O 4  (mostly improved up to ≈1000 times). Despite great 
progress, challenge still remains in simultaneously obtaining 
high capacity, long cycling life and good rate capability, espe-
cially for thin-fi lm iron oxide electrode in which the iron oxide 
nanostructures are grown directly on the current collector 
without any binder and additive for protection. In this case, the 
reported “carbon bonding/dispersion” method is also inappli-
cable for cycleability improvement. Since binder-free directly 
grown nanostructured electrodes are particularly promising 
for future fl exible energy devices, [ 24–26 ]  it is urgent to develop 
alternative way to address the cycleability issue of such Fe 3 O 4  
electrode architecture. In addition, matching of iron oxide alka-
line battery anode with a pure capacitive cathode to assemble 
a fl exible solid-state hybridized cell has never been considered 
but would be of great importance to the substantial advance in 
energy storage technology. 

 Herein, we put forward a “carbon shell-protection” solu-
tion and report a Fe 3 O 4 –carbon (Fe 3 O 4 –C) binder-free nanorod 
array anode that works well in alkaline electrolyte; we fur-
ther construct a high-performance solid-state carbon nano-
tubes (CNTs) (+) //Fe 3 O 4 –C (−)  alkaline battery-supercapacitor 
hybrid device. Considering the relatively high electrical con-
ductivity of spinel Fe 3 O 4 , the direct alignment of its nanorods 
on current collector would provide fast and direct electron 
transport channel and ensures robust electrical contact; the 
interspacing between nanorod individuals can further facili-
tate the electrolyte penetration and consequently reduce the 
interfacial resistance. [ 25–27 ]  These make the ordered nanorod 
array architecture most effi cient in terms of reaction kinetics. 
Nevertheless, in alkaline electrolyte, binder-free bare Fe 3 O 4  
array is much more fragile upon the complete redox reaction 
(Fe 3+  → Fe 2+  → Fe 0 ) during cycling, leading to rapid structural 
destruction, as illustrated in  Figure    1  . With carbon coating, a facile 
but versatile surface engineering protocol, the volume expansion 
that accounts for the structural deformation can be effectively 
buffered, helping maintaining the integration of nanorod array. 
The carbon shell would additionally improve the electrode con-
ductivity. We have investigated in detail the infl uence of carbon 
concentration on the electrochemical performance of Fe 3 O 4 –
C electrode. When optimized and activated, the Fe 3 O 4 –C array 
electrode exhibits full Fe valence state evolution with a high spe-
cifi c capacity of ≈247.5 mAh g −1  (7776.36 C cm −3 ; 0.4278 C cm −2 ) 
and the cycleability has been boosted to ≈5000 times 
(only hundreds of cycles for pristine Fe 3 O 4  array electrode).  

 A solid-state alkaline battery-supercapacitor hybridized 
cell was further assembled by using optimized Fe 3 O 4 –C 
array as the battery-type anode, CNTs thin fi lm as the capaci-
tive cathode and polyvinyl alcohol (PVA)-KOH as the gel 
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 Figure 1.    Schematic illustration of the functions of carbon shell on the stability improvement of Fe 3 O 4  nanorod array during cycling.
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electrolyte. The cell is fully binder-free, delivering high volu-
metric energy density approaching commercial Li thin-fi lm bat-
teries and high power density comparable to commercial SCs 
(1.56 mWh cm −3 ; 0.48 W cm −3 ). It also displays high envi-
ronmental suitability in terms of substantially bending, high 
mechanical pressure and elevated temperature. Our work not 
only demonstrates a general approach to stabilize binder-free 
metal oxide nano array/fi lm electrode for rechargeable alkaline 
battery, but also opens up an opportunity in developing multi-
functional iron oxide-based hybrid energy storage systems.  

  2.     Results and Discussion 

  2.1.     Characterizations of the Fe 3 O 4 –C Nanorod Array 

 Fe 3 O 4 –C nanorod array electrode was fabricated by the adsorp-
tion of glucose onto pristine Fe 3 O 4  nanorod array growing 
directly on a thin Ti foil with subsequent carbonization (see 
the Experimental Section for details). Top-view and cross-sec-
tion scanning electron microscopy (SEM) images confi rm that 
the generated fi lm is made up of numerous vertically aligned 
nanorods with average diameter and length of ≈80 and 550 nm, 
respectively ( Figure    2  a,b). Some neighboring nanorods are fused 
together owing to the high-temperature carbonization process, 
giving rise to highly porous 3D electrode architecture. This 
structure would be much benefi cial for electrolyte penetration. 
Optical image (inset in Figure  2 b) illustrates that the uniform 
array fi lm has robust mechanical adhesion to the current col-
lector substrate even with serious bending. Typical transmis-
sion electron microscopy (TEM) analysis toward several Fe 3 O 4 –C 

nanorods is further displayed in Figure  2 c. As shown, partially 
crystallized carbon shells can be easily found on the surface of 
nanorods, with average thickness of ≈5 nm (Figure  2 d). High-
resolution TEM (HRTEM) image in Figure  2 e shows clear lattice 
fringes with interspacing of 0.25 and 0.30 nm, corresponding 
to the (311) and (220) planes of cubic-phase Fe 3 O 4 , respec-
tively. The single-crystalline nature of Fe 3 O 4  nanorod is further 
evidenced by the fast Fourier transformation (FFT) pattern in 
Figure  2 f, which clearly displays regular diffraction spots.  

 The composition of the Fe 3 O 4 –C array was examined by X-ray 
diffraction (XRD) and the result is shown in  Figure    3  a. In addi-
tion to the peaks from Ti substrate (JCPDS card No. 1–1198), 
the other sharp peaks can be well indexed to Fe 3 O 4  (JCPDS card 
No. 3–863). No obvious signals from carbon can be detected, 
which is due to the partially carbonization as observed in TEM. 
To further determine the valence state information of the iron 
oxide-based hybrid array, X-ray photoelectron spectroscopy 
(XPS) measurements were performed. A full XPS spectrum is 
shown in Figure  3 b, which unambiguously indicates the pres-
ence of C (from the carbon shell; inset is the C 1s core level 
spectrum), O and Fe elements (arising from Fe 3 O 4 ). For the 
Fe 2p spectrum (Figure  3 c), two peaks at binding energies of 
710.8 and 724.5 eV correspond to Fe 2p 3/2  and Fe 2p 1/2 , respec-
tively. [ 28,29 ]  The spin-orbit-split Fe2p peaks are broad due to a 
small chemical shift difference between Fe 2+  and Fe 3+  present 
in Fe 3 O 4 . Moreover, the absence of a shake-up satellite peak at 
≈719.0 eV that is the fi ngerprint of the electronic structure of 
Fe 2 O 3 , [ 30 ]  further confi rms the formation of Fe 3 O 4  rather than 
Fe 2 O 3 . In Figure  3 d, the Fe 2p 3/2  spectrum is well fi tted with a 
major peak at 711.4 eV and a minor one at 710.0 eV, which can 
be ascribed to Fe 3+  and Fe 2+  in Fe 3 O 4 , respectively.   
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 Figure 2.    a,b) SEM images of the Fe 3 O 4 –C nanorod array (inset in (a) is the cross-sectional image; inset in (b) is the optical image). c,d) TEM images 
of the nanorods, showing the presence of carbon shell. e) HRTEM image and f) FFT pattern of the region denoted by the dashed square in (d).
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  2.2.     Electrochemical Performance of the Fe 3 O 4 –C Electrode 
in Alkaline Electrolyte 

 The electrochemical studies were all conducted in a three-elec-
trode cell using 3  M  KOH aqueous electrolyte. To investigate the 
role of carbon shell in the Fe 3 O 4 –C structure, data from pristine 
Fe 3 O 4  nanorod array electrode will also be presented in some 
cases for comparison. 

 We fi rst unveil in detail the electrochemical behavior and 
redox reaction mechanism of Fe 3 O 4 –C array electrode in KOH 
solution. As shown in  Figure    4  a, multiple redox peaks appear 
in initial cyclic voltammogram (CV) cycles. In particular, the 
intensity of peaks 1, 4, and 5 increases while that of peaks 2 and 
3 decreases during continuous cycling (peaks 1 and 5 grow par-
ticularly fast). After around 20 cycles, peaks 1 and 5 dominate in 
the CV curve, characteristic of the reversible Faradic conversion 
between Fe 3+  and Fe 2+ . [ 16,31 ]  Based on the possible valence state 
variation of Fe, the redox reactions of peaks 1–5 are presum-
ably assigned (Figure  4 a). Accordingly, when scanned to a more 
negative potential approaching to hydrogen evolution, Fe 2+  is 
further reduced to Fe 0  (peak 2). In reverse, Fe 0  is subsequently 
oxidized into Fe 2+  with the potential swept toward the positive 
direction (peaks 3 and 4). To confi rm the above assumption, 
XRD and XPS investigations were performed to indentify the 
component evolution at different CV stages (after 10-cycle acti-
vation; to ensure the presence of all the fi ve peaks). The XRD 
patterns of the array samples with CV exactly scanned over 
peak 1, 2, 3, 4, and 5 are displayed in Figure  4 b, respectively 

(clockwise scanning; denoted as Sample 1–5 for convenience). 
The peak at 44.66° is well corresponded to Fe (JCPDS card 
No. 6–696). The simultaneously appeared peaks at 44.28° and 
54.38° are indexed to FeO (JCPDS card No. 49–1447), and the 
peak present alone at 54.38° is assigned to (116) plane of Fe 2 O 3  
(JCPDS card No. 84–308). In general, it is observed that during 
the discharging process, FeO is fi rst generated, and then further 
reduced to Fe, as confi rmed by the apparent intensity increase 
of the XRD peak at 44.66° for Sample 2. In the charging pro-
cess, the oxidation of Fe 0  to FeO is not so obvious at the initial 
stage (from CV peak 3 to 4), possibly due to the formation of 
the intermediate phase Fe(OH) ads . [ 32 ]  Nevertheless, the Fe 0  can 
be completely oxidized to FeO  x   with increasing the charging 
depth, as evidenced by the absence of XRD peak at 44.66° (Fe) 
for Sample 5 and the emergence of a much higher XRD peak 
at 54.38° (Fe 2 O 3 ) as compared to that for Sample 4. Further-
more, XPS Fe 2p 3/2  spectrum in Figure  4 c clearly demonstrates 
the generation of Fe 0  with discharging depth over CV peak 2. 
When charging over CV peak 5, a shakeup satellite XPS peak 
situated at ≈719.0 eV (inset in Figure  4 c) is detected, indicating 
that at the fi nal CV stage the dominant surface component is 
Fe 2 O 3 . Fitting Fe 2p 3/2  spectrum of Sample 5 also uncovers the 
presence of a small ratio of Fe 2+  oxide, which should be further 
oxidized into Fe 2 O 3  and contributes to the intensity increase of 
peak 5 upon subsequent CV sweeping.  

 Based on the above analysis, prior to the performance 
evaluation, all the Fe 3 O 4 -based electrodes were activated for 
20 CV cycles to achieve characteristic electrochemical behavior. 
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 Figure 3.    a) XRD patterns of Fe 3 O 4  and Fe 3 O 4 –C nanorod arrays. b) XPS full spectrum (inset is the core level XPS spectrum for C 1s), c) XPS spectrum 
for Fe 2p, and d) deconvolution XPS spectrum of Fe 2p 3/2  for the Fe 3 O 4 –C array.
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 Figure    5  a,b shows the CV curves of pristine Fe 3 O 4  and Fe 3 O 4 –C 
nanorod array electrodes at 5–50 mV s −1 , respectively. The two 
electrodes exhibit similar electrochemical feature, dominated 
by a pair of well-defi ned symmetric redox peaks (peak 1 and 5; 
Fe 3+  � Fe 2 ) coexisting with other small peaks 2–4 (Fe 2+  � Fe 0 ). 
Such profi le clearly indicates that Fe 3 O 4  electrodes have under-
gone a suffi cient valence state transformation within the poten-
tial window of −1.3 to −0.5 V (vs Ag/AgCl). The increasing hys-
teresis between redox peaks with the increase of scan rate fur-
ther reveals the battery-type electrochemical behavior. Figure  5 c 
displays the direct CV comparison of the two Fe 3 O 4  electrodes 
at 20 mV s −1 , which indicates that the Fe 3 O 4  electrode exhibits 
more obvious redox peaks and much higher capacity after 
appropriate carbon modifi cation. The stored charge was calcu-
lated for both the two electrodes and plotted as a function of 
scan rate, as shown in Figure  5 d. As can be seen, the Fe 3 O 4 –C 
nanorod array electrode always exhibits higher capacity than the 
pristine Fe 3 O 4  electrode. At 2 mV s −1 , it delivers a high capacity 
of 0.4278 C cm −2  (7776.36 C cm −3 , 247.5 mAh g −1 ), nearly 30% 
enhancement of the pristine Fe 3 O 4  electrode (0.3296 C cm −2 , 
5992.73 C cm −3 , 190.7 mAh g −1 ). The gravimetric capacity of 
247.5 mAh g −1  has achieved 71.4% of the theoretical value, 
comparable to promising alkaline rechargeable battery 
anodes. [ 5,33,34 ]  Moreover, the capacity values for our Fe 3 O 4 -based 
array electrodes are substantially larger than those reported for 
other typical FeO  x  -based nanostructures, such as Fe 2 O 3  nano-
tubes@graphene (0.23 C cm −2 , 59.72 mAh g −1 ), [ 23 ]  Fe 2 O 3  nano-
particles@graphene (189.17 mAh g −1 ), [ 17 ]  Fe 3 O 4  nanosheets-
carbon nanofi bers (37.5 mAh g −1 ), [ 35 ]  Fe 3 O 4 -rGO (220.43 
mAh g −1 ), [ 18 ]  and Fe 3 O 4 @SnO 2  nanofi lm (4.2 mC cm −2 ). [ 27 ]  
From Figure  5 d, the capacity retention for the Fe 3 O 4 –C 
array electrode is further estimated ≈41% with the scan rate 
increased as high as 100 times from 2 to 200 mV s −1  (33% for 
the pristine Fe 3 O 4  electrode), demonstrating excellent rate per-
formance. The above evidence implies that proper carbon shell 
coating might increase the electrical conductivity of the Fe 3 O 4  
electrode, which ensures faster and more effi cient electron 
transport within the electrode, especially at high rates.  

 With optimized carbon coating (0.15  M  glucose solution as 
precursor), the most remarkable performance improvement is 
the cycleability. As shown in Figure  5 e, the pristine Fe 3 O 4  array 
electrode exhibits dramatic capacity fading; merely ≈36.0% 

of the initial capacity can be retained after only 100 cycles. 
By contrast, the capacity retention of the Fe 3 O 4 –C array elec-
trode remains ≈83.9% after 2000 cycles, and still 64.0% even 
after 5000 cycles, which demonstrates amazing enhancement 
of the cyclic endurance and stability. The cycling performance 
is much superior to those of many reported FeO  x  -based elec-
trodes such as Fe 2 O 3  nanoparticles@graphene (75%, 200 
cycles, in 1  M  KOH), [ 17 ]  Fe 3 O 4 @graphene (38%,1000 cycles, 1  M  
KOH), [ 18 ]  Fe 2 O 3  nanosheets/particles (60%–70%, 1000 cycles, 
in 1  M  Li 2 SO 4 /Na 2 SO 4 ), [ 36,37 ]  and PANI-Fe 3 O 4  composites(85%, 
300 cycles, in 1  M  H 2 SO 4 ), [ 38 ]  some of which were tested even in 
neutral electrolyte without  bulk  redox reactions. 

 Despite the above results, it should be noted that the con-
centration of carbon source (glucose) has signifi cant infl uence 
on the cycleability of the Fe 3 O 4 –C electrode. As further seen 
in Figure  5 e, although better than pristine Fe 3 O 4  electrode, 
the capacity retention for Fe 3 O 4 –C samples derived from glu-
cose solution concentration of 0.05 and 0.2  M  is only ≈18.1% 
and 49.9% after 2000 cycles, respectively. In general, with 
the increase of the glucose concentration, the carbon coating 
amount will increase and it will be more convenient to buffer 
the inner volume expansion and prevent the structural pul-
verization of Fe 3 O 4  during repeated harsh redox reactions; the 
electrical conductivity can be increased as well. However, too 
much carbon decoration might not be good for OH −  ion dif-
fusion into the inner Fe 3 O 4  nanorod; accordingly, despite that 
the capacity decay is slower, the real capacity is greatly reduced 
(with 0.20  M , the capacity of the resulting hybrid electrode is 
only ≈60.0% that of the pristine electrode). We speculate that 
for Fe 3 O 4 –C electrode from 0.15  M  glucose solution, the surface 
carbon shell not only effectively buffers the volume change of 
Fe 3 O 4  nanorods, but also guarantees the gradual penetration of 
OH −  ions. In accord with this, the activation of this electrode 
takes much longer time (up to 1000 cycles with the capacity 
increasing), thus pushing the electrochemical durability beyond 
thousands of cycles. The electrochemical impedance spectros-
copy (EIS) was further utilized to support the above analysis. 
In the EIS spectrum, at the high frequency, the intersection of 
the curve at the real part indicates the resistance of the electro-
chemical system ( R  s ), while at the low frequency the slope of 
the spike refl ects the ion diffusion. As displayed in Figure  5 f, 
 R  s  indeed decreases with the carbon coating, indicative of the 
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 Figure 4.    a) Initial CV scans of the Fe 3 O 4 -based electrode in 3  M  KOH (inset: the fi rst cycle). b) XRD patterns of the electrode after CV just scanning 
over peak 1–5, respectively. c) The deconvolution XPS Fe 2p 3/2  spectra of the electrode with CV scanned over peak 2 and 5, respectively. Inset shows a 
shakeup satellite XPS peak observed between Fe 2p 3/2  and Fe 2p 1/2  after charging over peak 5.
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reduced electrical conductivity (0.15  M  derived Fe 3 O 4 –C has the 
smallest  R  s : 2.72 Ω; the pristine electrode: 3.43 Ω). Neverthe-
less, with too much carbon modifi cation (0.20  M  glucose), the 
derived Fe 3 O 4 –C electrode shows the most sluggish ion diffu-
sion evidenced by the lowest slope of the spike, as anticipated. 
 Figure    6   illustrates the SEM images of pristine Fe 3 O 4  and opti-
mized (0.15  M ) Fe 3 O 4 –C array electrodes after 1000 cycles. It is 
observed that the pristine Fe 3 O 4  nanorods have been destroyed 
into numerous nanoparticles after repeated redox reaction 
(Figure  6 a). In contrast to this, with carbon shell protection, the 
arrayed architecture can still be well preserved although the sur-
face morphology of the nanorods has changed a lot (Figure  6 b).   

  2.3.     Construction and Performance of CNTs (+) //Fe 3 O 4 –C (−)  
Hybrid Energy Storage Device 

 To further evaluate the optimized Fe 3 O 4 –C nanorod array electrode 
for device applications, a novel alkaline battery-supercapacitor 

hybrid system was designed. In such an energy storage device, 
catalyst-free CNTs nanofi lm was chosen as the supercapacitive 
cathode to assemble with Fe 3 O 4 –C alkaline battery-type anode. 

 The CNTs nanofi lm was grown on a 3D carbon cloth current 
collector via a Ni-catalytic CVD method. The catalysis nickel 
was further dissolved to attain Ni-free CNTs nanofi lm cathode 
in order to avoid the redox reaction of Ni in alkaline electro-
lytes.  Figure    7  a displays SEM image of the homogeneously 
grown CNTs cathode. The inset TEM image further reveals the 
Ni-free and multiwalled nature of the nanotubes with 0.34 nm 
interplanar spacing. [ 39 ]  Raman spectrum in Figure  7 b dem-
onstrates the characteristic D band (1340 cm −1 ) and G band 
(1570 cm −1 ) of graphite; the presence of D band defect peak 
indicates that the CNTs fi lm is partially crystallized. Figure  7 c 
illustrates the CV curves of both the Fe 3 O 4 –C anode and CNTs 
cathode in KOH aqueous electrolyte at 10 mV s −1 . Different 
from Fe 3 O 4 –C anode, the CNTs nanofi lm electrode exhibits 
rectangular CV profi le, indicative of the electric double-layer 
capacitive behavior. The stored charge of the two electrodes is 
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further calculated to be ≈0.190 and 0.196 C, demonstrating that 
they are well matched.  

 We constructed a solid-state hybrid device by using PVA-
KOH gel as both the electrolyte and separator, and investigated 
its electrochemical performance. For comparison, hybrid device 
using 3  M  KOH aqueous electrolyte was also assembled and 
evaluated.  Figure    8  a,b shows the CV curves of the aqueous elec-
trolyte- and gel electrolyte-based hybrid devices at scan rates 
from 10 to 100 mV s −1 , respectively. The operating potential 
window is 0–1.7 V, comparable to typical hybrid SCs and much 
higher than symmetric SCs (in general <1.0 V). [ 40 ]  As can be 
seen, both the two devices display a quasi-rectangular CV geom-
etry without sharp redox peaks. The rate capability is also com-
paratively shown in Figure  8 c. Interestingly, the charge stored 
in the solid-state hybrid device is nearly 100% of that stored 
in the aqueous electrolyte-based hybrid device at low scan rate 
(5 mV s −1 ). At higher scan rates from 10 to 200 mV s −1 , how-
ever, the capacities of the solid-state device are slightly lower 
than those of the aqueous device. To understand the reason, 
EIS testing was performed and Nyquist plots of the two devices 
are illustrated in Figure  8 d (inset is the enlarged view). Evi-
dently, the  R  s  value for the aqueous device (7.3 Ω) is smaller 
than that of the solid-state device (7.8 Ω). Moreover, the slope 
of the straight line for aqueous device is much larger than that 
of the solid-state one, suggesting a much lower diffusion resist-
ance. These results imply that in the quasi-solid state the charge 
transfer and ion diffusion should be relatively sluggish, and the 
interfacial contact between active materials and electrolyte is 
no so intimate, which defi nitely have essential impact on the 
electrochemical kinetics in case of high rates. Figure  8 e,f fur-
ther shows the typical discharge curves for both the devices at 
various current densities. The solid-state device always exhibits 

linear discharge profi le regardless of the current density. But 
for the aqueous device, the discharge profi le is only relatively 
linear at high currents; at low currents, a sloping plateau can be 
detected. This phenomenon might be ascribed to the fact that 
in aqueous electrolyte the cathode and anode are not always 
matched at every current rate (the difference between the rate 
performance of cathode and anode should be more obvious in 
aqueous electrolyte).  

 Solid-state energy storage device offers a number of desirable 
advantages such as the ease of scalability, improved safety and 
fl exibility, high reliability, and so forth. Next, we will focus on 
the device performance of solid-state hybrid system. The struc-
ture details of the solid-state CNTs (+) //Fe 3 O 4 –C (−)  alkaline bat-
tery-supercapacitor hybrid device are schematically illustrated 
in  Figure    9  a. The thickness of the whole device is estimated as 
≈360 µm (inset picture). In order to manifest the superiority 
of our device for thin-fi lm energy storage, Ragone plot of volu-
metric energy density versus power density is presented and 
compared with previously reported data as well as those of 
commercial state-of-the-art energy storage systems (Figure  9 b). 
Our solid-state hybrid device delivers a maximum volumetric 
energy density of 1.56 mWh cm −3  at the power density of 
0.028 W cm −3 . The maximum energy value is considerably higher 
than those of the symmetric SCs [ 41–43 ]  and is also much supe-
rior to those of many recent solid-state energy storage devices 
such as Co 9 S 8 //Co 3 O 4 @RuO 2  (1.21 mWh cm −3 ), [ 44 ]  MnO 2 //
Fe 2 O 3  (0.41 mWh cm −3 , [ 25 ]  and 0.55 mWh cm −3 ; [ 45 ]  in PVA-LiCl 
electrolyte), H-TiO 2 @MnO 2 //H-TiO 2 @C (0.3 mWh cm −3 ), [ 46 ]  
ZnO@MnO 2 //graphene (0.234 mWh cm −3 ), [ 47 ]  and VO  x  //
VN (0.61 mWh cm −3 ). [ 48 ]  It is even reaches the level of thin-
fi lm lithium battery (0.3–10 mWh cm −3 ) and about several 
times that of commercial 5.5 V/100 mF SC (<0.6 mWh cm −3 ). 
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 Figure 6.    SEM images of a) Fe 3 O 4  and b) Fe 3 O 4 –C electrodes after 1000 cycles in 3  M  KOH electrolyte.
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 Figure 7.    a) SEM image and b) Raman spectrum of CNTs nanofi lm cathode. Inset in (a) is the TEM image of CNTs, showing that Ni was removed. 
c) Comparative CV curves of Fe 3 O 4 –C anode and CNTs cathode performed in a three-electrode cell in 3  M  KOH.



FU
LL P

A
P
ER

5391wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2015, 25, 5384–5394

www.afm-journal.de
www.MaterialsViews.com

 
 
 
 
 
 
 
 
 
 
 

0.0 0.4 0.8 1.2 1.6

-0.04

-0.02

0.00

0.02

0.04

 

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
A

/c
m

2
)

Potential (V vs. Ag/AgCl)

 10 mV/s

 20 mV/s

 50 mV/s

 100 mV/s

3M KOH

(a) 

0 50 100 150 200

0.0

0.4

0.8

1.2

1.6

 

 

V
o

lt
a

g
e

 (
V

)

Time (s)

 1.3 mA/cm
2

 2.1 mA/cm
2

 3.2 mA/cm
2

 7.4 mA/cm
2

 14.8 mA/cm
2

 25.4 mA/cm
2

PVA-KOH
(f) 

0.0 0.4 0.8 1.2 1.6
-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
A

/c
m

2
)

Potential (V vs. Ag/AgCl)

 10 mV/s

 20 mV/s

 50 mV/s

 100 mV/s

PVA-KOH

(b) 

0 50 100 150 200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 

S
to

re
d

 c
h

a
rg

e
 (

C
/c

m
2
)

Scan rate (mV/s)

 3M KOH

 PVA-KOH

 
(c) 

10 20 30 40 50

0

15

30

45

60

75

7 8 9 10 11 12

0

2

4

6

  

 

 3M KOH

 PVA-KOH

 
 

Z
'' 

(o
h

m
)

Z' (ohm)

(d) 

0 50 100 150 200

0.0

0.4

0.8

1.2

1.6

 

 

V
o

lt
a

g
e

 (
V

)

Time (s)

 2 mA/cm
2

 4 mA/cm
2

 7 mA/cm
2

 12 mA/cm
2

 25 mA/cm
2

3M KOH
(e) 

 Figure 8.    CV curves of a) aqueous and b) solid-state CNTs//Fe 3 O 4 –C hybrid devices. c) Stored charge as a function of scan rate and d) EIS spectra for 
both aqueous and solid-state hybrid devices. Discharge curves of e) aqueous and f) solid-state hybrid devices.

0 20 40 60 80

0.0

0.4

0.8

1.2

1.6

V
o

lt
a

g
e

 (
V

)

Time (s)

 1st

 600th

 700th

 800th

 900th

 1000th

(c) 

1E-3 0.01 0.1 1

1E-4

1E-3

0.01

MnO
2
//Fe

2
O

3
 ref 45 

LSG//LSG ref 40CNTs//CNTs ref 43

MnO
2
//Fe

2
O

3
 ref 24 

H-TiO
2
@MnO

2
//H-TiO

2
@C ref 46

AC//AC

ref 40

VO
x
//VN ref 48Our work

ref 42

Commercial 5.5 V/100 mF SC

Li Thin-Film Battery

ref 40

E
n

e
rg

y
 D

e
n

s
it

y
 (

W
h

/c
m

3
)

Average Power Density (W/cm
3
)

(b) 

 Figure 9.    The CNTs//Fe 3 O 4 –C solid-state hybrid device: a) Schematic illustration of the device confi guration. Inset is the optical image showing the 
thickness of device. b) The Ragone plot. c) Charge–discharge curves of the 1st and 600th–1000th cycles; d) Optical image showing two devices in 
series can light up the red LED indicator.



FU
LL

 P
A
P
ER

5392 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 5384–5394

www.afm-journal.de
www.MaterialsViews.com

The maximum volumetric power density of our device is 
≈0.48 W cm −3 , approaching that of the commercial AC//AC SC; 
it is also almost two orders of magnitude that of commercial 
lithium thin-fi lm battery. At such a power density, the device 
is charged to full within 4.8 s but still maintains high energy 
density of 0.64 mWh cm −3 .  

 Cycle life of the hybrid device was further measured by gal-
vanostatic technique at 5.5 mA cm −2 . The charge/discharge 
curves for the 1st, 600th, 700th, 800th, 900th, and 1000th cycle 
are displayed in Figure  9 c. About ≈67.7% of the initial capacity 
can be maintained after 1000 cycles, demonstrating good 
cycling stability. It is worth mentioning that the capacity essen-
tially keeps stable after 600 times of cycling, evidenced by the 
almost overlapping charge–discharge curves from the 600th to 
1000th cycle. To demonstrate the potential use of our hybrid 
device, we connected two device units (total effective area: 
≈0.8 cm 2 ) in series to drive a 3 mm-diameter red light-emitting-
diode (LED; 1.8 V, 20 mA). After charging, the integrated device 
could power the LED indicator brightly, as shown in Figure  9 d. 

 The aforementioned results clearly demonstrate that binder-
free iron oxide nanostructured electrode, if properly decorated 
with carbon shell, can achieve greatly enhanced cycleablity in 
alkaline electrolyte despite of harsh bulk redox reactions. This 
also enables the construction of novel iron oxide alkaline bat-
tery anode-based hybrid energy storage devices with both high 
energy and power densities. To further understand the energy 
storage mechanism of our device, for CV data, we separated 
the surface capacitive effect and diffusion-controlled contri-
bution from the total stored charge (capacity) using Dunn's 
method. [ 49,50 ]  In detail, we expressed the current response at 

a fi xed potential  V  as the combination of two separate mecha-
nisms: surface capacitive effect ( k  1  v ) and diffusion-controlled 
process ( k  2  v  1/2 ): 

 1 2
1/2( ) = +i V k v k v    

 where  i  is the current,  v  is the scan rate. By determining  k  1  and 
 k  2 , the fraction of the current arising from the two mechanisms 
at specifi c potentials was distinguished. As in  Figure    10  a, the 
pure capacitive contribution at 20 mV s −1  is illustrated with 
the shallowed area, which holds 67.8% of the total capacity. We 
further calculated that at even slow scan rate of 5 mV s −1 , the 
capacitive mechanism still contributes to 52.9% of the capacity 
(55.6% at 10 mV s −1 ; 71.0% at 50 mV s −1 ; 86.4% at 100 mV s −1 ). 
These quantitative data are in line with our hybrid device design 
that integrates the alkaline battery-type (diffusion-controlled) 
Fe 3 O 4  with the supercapative CNT, and also explain well why 
our device can simultaneously exhibit high energy and power 
densities (excellent rate performance).  

 Our solid-state hybrid device also has high environmental 
suitability. Figure  10 b demonstrates that the device is fl exible 
and can be substantially bent without essentially deteriorating 
the electrochemical profi le and capacity (≈99.6% retention). 
Besides being fl exibility, the device can withstand high mechan-
ical pressures. As demonstrated in Figure  10 c and its inset, 
even with the pressure increased up to ≈32.9 kPa, the capacity 
changes slightly despite of the variation at the two ends of the 
corresponding CV. It is believed that the PVA-KOH gel elec-
trolyte solidifi es during the device assembly and acts like glue 
that holds all the device components together, thus improving 
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the mechanical integrity and stability under extreme bending 
and pressure conditions. The performance of our device at dif-
ferent environmental temperatures ranging from 20 to 100 °C 
was also investigated (Figure  10 d and inset). As can be seen, 
the device capacity is relatively stable when the temperature is 
lower than 80 °C. With the temperature over 80 °C, the capacity 
value is seriously fl uctuated; in this case, the device can work 
for only a short time and then turns to a weak state. As evi-
denced, the CV shape obviously changes at the high potential 
(1.3–1.7 V) when the operating temperature is elevated to 100 
°C. Nevertheless, our device can work well within a wide tem-
perature window of 20–80 °C. The good environmental suita-
bility demonstrated above endows our device with great applica-
tion potentials in portable/wearable electronics.   

  3.     Conclusions 

 In summary, we have proposed a “carbon shell-protection” 
solution to remarkably improve the cycleability of the instable 
binder-free iron oxide alkaline battery anode from only hun-
dreds of cycles to thousands of cycles. With excellent rate 
performance and a high capacity, the optimized Fe 3 O 4 –C 
nanorod array anode is assembled with directly-grown CNTs 
nanofi lm cathode into a fl exible solid-state rechargeable alka-
line battery-supercapacitor hybrid device for the fi rst time. 
The device is fully binder-free, exhibiting high volumetric 
energy density approaching commercial Li thin-fi lm bat-
teries and high power density comparable to commercial SCs 
(1.56 mWh cm −3 ; 0.48 W cm −3 ). It also has good cycling stability 
and high environmental suitability in terms of substantially 
bending, high mechanical pressure and elevated temperature. 
The “carbon shell-protection” strategy presented herein is gen-
eral and can be readily applied to other metal oxide/hydroxide 
arrayed electrodes that are instable in aqueous electrolytes. Our 
work provides a facile way in exploring the application pos-
sibility of iron oxide alkaline battery anode and in developing 
new types of iron oxide-based energy storage devices.  

  4.     Experimental Section 
  Synthesis of Fe 3 O 4  – C Nanorod Array Anode : The pristine Fe 3 O 4  

nanorod array was fi rst fabricated via a hydrothermal and post-annealing 
process. Typically, 0.946 g FeCl 3 ·H 2 O and 0.497 g Na 2 SO 4  was dissolved 
in a 70 mL solution of distilled water. And then, the resulting solution 
was transferred into a Tefl on-lined stainless steel autoclave with a thin 
Ti foil and kept at 160 °C for 6 h. The hydrothermally prepared sample 
on Ti foil was collected, dried, and further annealed at 600 °C in the 
fl ow of Ar gas for 2 h to obtain Fe 3 O 4  nanorod array. The Fe 3 O 4 –C array 
was further synthesized by immersing the pristine array into glucose 
aqueous solution (0.05–0.2  M ) for 24 h with subsequent carbonization 
(600 °C, 2 h). 

  Preparation of Catalyst-Free CNTs Nanofi lm Cathode : The Ni-CNTs 
nanofi lm was fi rst fabricated by a facile CVD method. Typically, carbon 
cloth (CeTech, thickness: ≈0.33 mm) was infi ltrated with a 0.5  M  nickel 
nitrate hexahydrate solution and then dried. The treated carbon cloth 
was then put into a tube furnace and annealed at 800 °C for 30 min with 
a 15 mL mixed ethanol and ethylene glycol solution (the volume ratio is 
1:5) placed at the tube entrance in the fl ow of Ar gas. Finally, to dissolve 
the nickel catalyst, the as-prepared Ni-CNTs nanofi lm was immersed in 
0.1  M  Fe(NO 3 ) 3  solution for 24 h. 

  Characterizations : The electrode samples were characterized by 
using SEM (JSM-6700F), TEM (JEM-2010FEF; 200 kV), XRD (Bruker 
D-8 Avance), XPS (Thermo Electron, VG ESCALAB 250 spectrometer), 
and Raman spectroscopy (Witech CRM200 (532 nm)). The mass of the 
active materials was measured on an AX/MX/UMX Balance (METTLER 
TOLEDO, Maximum = 5.1 g; d = 0.001 mg). 

  Fabrication of CNTs (+) //Fe 3 O 4  – C (−)  Hybrid Devices : The aqueous 
device was constructed with the Fe 3 O 4 –C anode and CNTs cathode in 
opposition to each other in 3  M  KOH aqueous electrolyte. To fabricate the 
solid-state hybrid device, the two electrodes were coated with PVA-KOH 
gel electrolyte and then assembled face to face for solidifi cation. After the 
PVA-KOH gel solidifi ed, it also acted as separator. The gel electrolyte was 
prepared as follows: 4 g PVA (1788 type) and 4 g KOH were dissolved 
in 40 mL distilled water with vigorously stirring for 1 h at 80 °C until a 
uniform sol was formed. 

  Electrochemical Measurements : All the electrochemical measurements 
were carried out using a CS310 electrochemical workstation. For 
individual working electrode samples, the performance was conducted 
in a three-electrode mode with a Pt foil as counter electrode and an 
Ag/AgCl as reference electrode in 3  M  KOH. For device testing, a two-
electrode mode was used. To investigate the pressure effect, the device 
was placed on a fl at glass plate, and then regular iron blocks with 
different defi nite masses were added directly to the upper surface of the 
device one by one to generate the mechanical pressure. To investigate 
the temperature effect, the solid state hybrid device was placed in an 
oven with precise temperature control; two Cu wires were further used 
to connect the device with the outer Electrochemical Station. 

 The specifi c stored charge (capacity  Q ) can be calculated based 

on CV curve according to: ∫
υ=

( )

2
Q

I V dV

A
, where  I ( V ),  dV ,  v , and  A  

represent the current at  V , differential potential, scan rate, and the 
electrode's surface area (or mass of the active materials), respectively. 
The volumetric energy and power densities ( E  and  P ) of the solid-state 

device were calculated using ∫=
( )

E
I V t dt

T
 and = Δ/P E t , where  I  is 

the discharging current,  V ( t ) is discharging voltage at  t ,  dt  is time 
differential,  T  is the device volume, and Δ t  is the total discharging time.  
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