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Exploring the Energy Storage Mechanism of High 
Performance MnO 2  Electrochemical Capacitor Electrodes: 
An In Situ Atomic Force Microscopy Study in Aqueous 
Electrolyte
 The basic microstructure-dependent charge storage mechanisms of nano-
structured MnO 2  are investigated via dynamic observation of the growth and 
in situ probing the mechanical properties by using in situ AFM in conjunction 
with in situ nanoindentation. The progressive nucleation followed by three-
dimensional growth yields pulsed current deposited porous nanostructured 
  γγ  -MnO 2 , which exhibits a high specifi c capacitance of 437 F/g and a remarkable 
cycling performance with  > 96% capacitance retention after 10 000 cycles. The 
proton intercalation induced expansion of MnO 2  can be self-accommodated 
by the localized compression and reduction of the porosity. More coinciden-
tally, the proton intercalation induced softening is favorable for the elastic 
deformation of MnO 2 . This self-adaptive capability of nanostructured MnO 2  
could generate high structural reliability during cycling. These discoveries 
offer important mechanistic insights for the design of advanced electrochem-
ical capacitors. 
  1. Introduction 

 Electrochemical capacitors, [  1–5  ]  with a super high power den-
sity, are promising energy storage devices that bridge the gap 
between batteries and conventional capacitors. Pseudoca-
pacitive metal oxides (e.g., oxides of Mn, Ru, Fe, Co, Ni, Cr, 
Mo, W, V, etc.) [  5–7  ]  have been studied extensively as electrode 
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materials for electrochemical capacitors 
owing to their high energy density and 
large faradic pseudocapacitance which is 
based on fast and reversible redox reac-
tions in electrodes, resulting in much 
higher specifi c capacitance exceeding 
that of carboneous materials using elec-
tric double layer charge storage. Although 
MnO 2  is considered the most promising 
electrode material due to its low cost, suffi -
ciently high theoretical specifi c capacitance 
(1370 F g  − 1 ), environmental amiability, and 
natural abundance, the poor conductivity 
(10  − 5 –10  − 6  S cm  − 1 ) of MnO 2  limits the rate 
capability for high power applications. [  8–10  ]  

 To improve the electrical conductivity 
for optimizing the electrochemical prop-
erties of MnO 2 , considerable research 
efforts have been placed on designing 
state-of-the-art electrodes. Under intense 
scrutiny for two decades, nearly all of strategies can be classi-
fi ed into one general concept, that is, constructing nanostruc-
tured MnO 2 -conductive matrix hybrid electrodes. [  6  ,  10–30  ]  Many 
recent reports demonstrated that high performance can be 
obtained from nanostructured MnO 2  fi lms grown on highly 
conductive substrates such as metal nanostructures, [  6  ,  19  ]  carbon 
nanotubes (CNT), [  10  ,  17  ,  18  ]  graphene, [  14  ,  15  ,  25  ]  and conducting 
polymers. [  16  ,  27  ]  Hou et al. synthesized MnO 2 /CNT/conducting 
polymer ternary electrodes exhibiting a specifi c capacitance of 
427 F/g. [  24  ]  Lang et al. developed a nanoporous Au/MnO 2  fi lm 
electrode via the combination of chemical de-alloying and elec-
troless plating, resulting in a specifi c capacitance of  ≈ 1145 F g  − 1  
which is close to the theoretical value. [  6  ]  Chen et al. demon-
strated an electrodeposited MnO 2  nanofi lm on the CNT-sponge 
matrix with a specifi c capacitance of 1230 F g  − 1  and only 4% of 
degradation after 10 000 cycles. [  10  ]  Donne et al. grew the elec-
trodeposited MnO 2  fi lm with a signifi cantly high capacitance 
over 2000 F g  − 1 , which resulted from the hydroxyl groups on 
the surface. [  31  ]  However, most of the research efforts focused on 
MnO 2  compounds with a target to achieve high cyclability and 
capacitance. Surprisingly, the basic microstructure-dependent 
charge storage mechanisms of nanostructured MnO 2  have 
been overlooked. A fundamental understanding of the 
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microstructure and how it correlates with charge storage are 
essential in optimizing the fi nal microstructure of MnO 2 . 

 Ex situ X-ray photoelectron spectroscopy (XPS), [  9  ]  in situ 
X-ray diffraction (XRD) [  9  ]  and in situ X-ray absorption spectros-
copy (XAS) [  32  ]  have been developed to monitor the structural 
breathing of MnO 2  during cycling. The preparation and the 
subsequent electrochemical energy storage of MnO 2  gener-
ally involve liquid-phase processes. Imaging of the samples in 
liquid via transmission electron microscopy (TEM), [  33–36  ]  scan-
ning electron microscopy (SEM) [  35  ]  and atomic force micros-
copy (AFM) [  37  ]  can provide unique insights into biological 
systems, such as cells containing labelled proteins, [  35  ]  and 
into processes of importance in materials science, such as 
solution-phase nanoparticle growth [  33  ,  34  ]  and electrochem-
ical reactions. [  36  ,  37  ]  Here we analyse dynamic observations—
recorded in situ using a liquid AFM technique—of the growth 
mechanisms of nanoscale MnO 2  clusters with remarkable 
energy-storage performance. Moreover, coupled in situ nano-
indentation and fi rst-principles density function theory (DFT) was 
used to uncover the energy storage mechanism of nanostruc-
tured MnO 2 . A series of dramatic evolutions of nanostructured 
MnO 2  fi lm involving progressive nucleation, three dimensional 
growth, reversible expansion, proton intercalation induced sof-
tening, and self-accommodation phenomena can be correlated 
to its remarkable energy storage performance. Our observations 
offer important mechanistic insights for the design of advanced 
electrochemical capacitors. 

   2. Results and Discussion 

 We have successfully constructed a facile and novel electro-
chemical device consisting of a platinum fi lm as the counter 
electrode, Ag/AgCl microelectrode as the reference electrode, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     In situ AFM observation of the nucleation and growth of the Mn
electrode in aqueous electrolyte. a) AFM image of the original ITO electrod
AFM profi les showing nucleation and growth trajectories. Scale bar 1  μ m.  
ITO fi lm as the conductive substrate for nanostructured MnO 2  
fi lms (Supporting Information Figure S1a). A key feature of 
this micro-device is to enable the direct real-time visualization 
of both the MnO 2  growth and the pseudocapacitive redox reac-
tion induced microstructural and mechanical changes of the 
same MnO 2  sample on the same working platform. Electro-
chemical deposition is one of the most attractive methods for 
the synthesis of thin MnO 2  fi lms. [  16  ,  19  ,  27  ,  38  ]  However, the forma-
tion mechanism under various electrodeposition conditions is 
still, to a large extent, unknown. The lack of consensus on the 
deposition mechanisms is mainly due to the absence of direct 
experimental evidence for fi lm growth in solution. Correspond-
ingly, in situ observation of the dynamic growth process is 
expected to substantially advance our understanding of nano-
structured MnO 2  fi lm growth.  Figure    1   shows the in situ AFM 
observation of the nucleation and growth of the pulsed current 
deposited MnO 2  fi lm on ITO substrate in aqueous electrolyte 
taken from the same fi eld of view. Only a few ITO nanocrystals 
can be found in the AFM image of the original ITO electrode 
(Figure  1 a). Abundant nuclei appear after 10 s electrodeposition 
(Figure  1 b). Generally, the microstructure of MnO 2  depends on 
electrokinetic phenomena during the synthesis process. It is 
postulated that oxidation of Mn 2 +   to MnO 2  occurs following the 
reaction below: [  39  ,  40  ]

  Mn2+ + 4OH− → MnO2 + 2H2O + 2e−   (1)     

 The electrodeposition process can be controlled via two 
fundamental electrokinetic phenomena, i.e., nucleation and 
growth of crystal grains. There are usually two kinds of nuclea-
tion mechanisms, the instantaneous and the progressive. In the 
instantaneous nucleation mechanism, all nuclei are rapidly cre-
ated during the fi rst stages and their number remains constant 
throughout growth. In the progressive nucleation mechanism, 
mbH & Co. KGaA, Weinheim

O 2  nanofi lm electrochemically deposited on tin-doped indium oxide (ITO) 
e. b–f) Real-time in situ AFM images of MnO 2  nanofi lm. g) Cross sectional 
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     Figure  2 .     In situ AFM observation of the microstructural evolution during charging and dis-
charging processes in aqueous electrolyte. a–g) In situ AFM images recorded at different 
applied potentials vs. Ag/AgCl. h) Representative CV curves of the electrodeposited MnO 2  for 
the 1st, 10th, and 30th cycles in 0.1 M aqueous electrolyte. Scale bar: 500 nm.  

   Table  1.     Variation of the interparticle distance between three typical 
nano particles at different voltages. 

 0 V 1st 0.4V 1st 0.8 V 1st 0.4V 2nd 0 V 2nd 0.4V 3rd 0.8 V 3rd

D 1  [nm] 1571  ↓ 1503  ↓ 1446  ↑ 1509  ↑ 1572  ↓ 1479  ↓ 1443

D 2  [nm] 1586  ↓ 1541  ↓ 1503  ↑ 1554  ↑ 1591  ↓ 1537  ↓ 1498

D 3  [nm] 1420  ↓ 1415  ↓ 1399  ↑ 1418  ↑ 1429  ↓ 1417  ↓ 1403
new nuclei are continuously formed during the whole electro-
deposition process because the nucleation rate process is low. 
Compared with the AFM image (Figure  1 b) obtained after 
10 s electrodeposition, more nuclei can be found after 20–50 s 
deposition (Figure  1 c–f), suggesting that progressive nuclea-
tion mechanism is predominant in this case. Figure  1 g reveals 
the cross sectional AFM height-profi le showing nucleation and 
growth trajectories. Two apparent nuclei (N1 and N2) between 
the two ITO nanoparticles can be found after 10s electrodeposi-
tion (Figure  1 g). The AFM profi le corresponding to 20 s growth 
reveals the increase in the diameter of N1 and N2, indicating the 
three-dimensional (3D) growth of MnO 2  nuclei. The merging 
of nuclei of N1 and N2 can also be observed (Figure  1 g). 
Some new nuclei such as N6 and N7 appear after 20 s growth, 
indicating the progressive nucleation clearly. A continuous 
porous coating with the average thickness of 59 nm can be 
obtained after 50 s electrodeposition, which was constructed 
by MnO 2  nanoparticles (Figure  1 f). It is notable that large 
amounts of interparticle mesopores are formed, which can 
provide a more favorable path for electrolyte penetration and 
transportation. Average growth rate of 1.16 nm/s was extracted 
from the in situ AFM measurement. XRD patterns (Supporting 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 4745–4751
Information Figure S2) and high resolution 
transmission electron microscopy (HRTEM) 
images (Supporting Information Figure S3) 
jointly prove that the nanostructured fi lm is 
polycrystalline   γ  -MnO 2 . 

 After the in situ growth of MnO 2  fi lm, 1 M 
KCl aqueous electrolyte was used for the 
cyclic voltammetry (CV) test combined with 
in situ AFM observation.  Figure    2   reveals 
the in situ AFM observation of the micro-
structural evolution during charging and 
discharging processes in aqueous electro-
lyte. Figure  2 h displays the representative CV 
curves for the 1st, 10th, and 30th cycles. This 
nanostructured MnO 2  fi lm exhibited a high 
specifi c capacitance of 437 F/g. Figure  2 a–g 
show the in situ AFM images recorded 
at different applied potentials. To identify 
the microstructural changes during the 
cycling, the interparticle distances (D 1 , D 2 , 
and D 3 ) between 3 typical nanoparticles in 
Figure  2 a–g were measured via in situ AFM 
observation.  Table    1   reveals the distance vari-
ation of D 1 , D 2  and D 3  at different voltages. 
Obvious contraction/extension of D 1  and 
D 2  can be found during the corresponding 
charging/discharging processes. The max-
imum/minimum interparticle distances 
appear at 0/0.8 V, respectively. This revers-
ible elongation/contraction must result from 
the periodic deformation of nano particles. 
However, no distinct grain rotation can 
be observed in the in situ AFM measure-
ment, implying that the periodic elongation/
contraction may come from the reversible 
volumetric shrinkage and swelling during 
the cycling.   
 The nanostructured MnO 2  showed good cycle stability with 
extremely low fading rate of specifi c capacitance after 30 cycles 
(Figure  2 h).  Figure    3  a,b show the in situ AFM images recorded 
at 0.8 and 0 V after 30 cycles, respectively. Compared with the 
AFM images in Figure  2 , no obvious evolution can be observed 
in the number, the location, the orientation and the mor-
phology of the MnO 2  nanoparticles in the same area, revealing 
the high structural reliability of nanostructured MnO 2  during 
the charging and discharging processes. In order to investi-
gate whether there was grain expansion during the discharging 
process, AFM height profi les (Figure  3 c) corresponding to an 
identical area at 0.8 and 0 V in the exact same locations were 
4747wileyonlinelibrary.comeim
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     Figure  3 .     Charge/discharge induced expansion and contraction of the MnO 2  nanoparticles. a) AFM image recorded at 0.8 V. b) AFM image recorded 
at 0 V. c) Detailed comparison of height profi les at 0 and 0.8 V. d) Statistical chart of the discharge induced expansion rate based on more than 
200 grains. e–f) Deformation mechanism of the nanostructured MnO 2  fi lm during the discharge process. Scale bar 500 nm.  
used to investigate the detailed deformation mechanism. The 
noticeable expansion in height can be observed in grains P 3  
and P 4 . Apparent elongation of the interparticle distance 
between grains P 1  and P 4  can be attributed to the particle 
expansion during the discharging process. Although similar 
expansion can also be found in grain P5, a little detectable com-
pression can be identifi ed in grain P 5  along x-axis direction.  

 More intriguingly, the diameter of interparticle pore between 
P 3  and P 4  contracted from 112.6 to 96.6 nm during the dis-
charging process, indicating that the expansion of nanoparticles 
can be accommodated by the shrinkage of interparticle pores. 
Height profi les of more than 200 grains on the images were 
measured carefully with similar routine. The overall results are 
listed in a bar chart (Figure  3 d). From the bar chart, it is clear 
that the grains went through a dominant expansion process, 
as implied by the positive average expansion rate of 1.9% by 
averaging values on all directions. The bar chart also confi rms 
that a considerable number of grains shrank instead of going 
through homogeneous expansion. Such localized compression 
is understandable, as to compromise the expansion of adjacent 
grains in some cases. A cartoon is sketched in Figure  3 e,f in 
order to briefl y represent this inhomogeneous procedure. This 
kind of expansion must be related to the faradic redox reac-
tions during the energy storage process. There are two mecha-
nisms proposed to explain the MnO 2  charge storage behavior. 
The fi rst one implies the intercalation of protons (H  +  ) or alkali 
metal cations (C  +  ) such as Li  +   in the bulk of MnO 2  upon reduc-
tion followed by deintercalation upon oxidation: [  9  ] 

 MnO2 + H+ + e− ↔ MnOOH   (2)   

or

 MnO2 + C+ + e− ↔ MnOOC   (3)    

 The second mechanism is based on the surface adsorption of 
electrolyte cations (C  +  ) on MnO 2 : [  9  ] 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
 (MnO2)surface + C+ + e− ↔ (MnO2 − C+)surface   (4)   

where C  +    =  Li  +  , Na  +  , K  +  . Donne et al. clarifi ed that metals larger 
than H  +   and Li  +   cannot to any great extent be inserted into the 
manganese dioxide structure due to size effects. [  31  ]  Our ex situ 
XPS results (Supporting Information Figure S4) also revealed 
that the K/Mn ratio for the reduced electrode was much lower 
than what was anticipated for charge compensation dominated 
by K  +  , suggesting that the proton plays the absolute predomi-
nant role in the pseudofaradaic mechanism. Therefore, the 
expansion observed by in situ AFM can be attributed to the 
proton intercalation induced lattice expansion and the change 
of ionic radii of Mn species in MnO 2  during discharge. The 
size of Mn species increases signifi cantly from their 4 +  oxida-
tion state (0.530 Å) to 3 +  oxidation state (0.645 Å). This proton 
intercalation induced expansion would lead to a shifting of 
the particle to particle contact points and thus reforming of 
the established porous electrode matrix. Since the nanostruc-
tured MnO 2  fi lm possesses unique porous structure as shown 
in Figures  1 – 3 , the expansion of particles can be compromised 
by localized compression and accommodated by reducing the 
porosity of the electrode, which has been unveiled by in situ 
AFM observations (Figure  3 ). This self-adaptive capability of 
nanostructured MnO 2  could generate high structural reliability 
during the charging and discharging. The nanostructured 
MnO 2  exhibited a remarkable cycling performance with  > 96% 
capacitance retention after 10 000 cycles (Supporting Informa-
tion Figure S5). 

 Nanostructured MnO 2  fi lms and coatings especially in 
highly fl exible electrochemical capacitor devices will undergo 
large and repeated stretches, bends and twists. [  10–12  ,  18  ,  20  ,  41  ]  Fab-
rication of mechanically robust nanostructured MnO 2  requires 
a basic understanding of the mechanical properties during 
service. However, the detailed mechanism of mechanical prop-
erty evolution of MnO 2  fi lm in the charge/discharge process 
is largely unknown due to the challenges for achieving in situ 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4745–4751
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     Figure  4 .     In situ nanoindentation of the MnO 2  nanofi lm probing the mechanical property evo-
lution during the energy storage process. a) Representative load-displacement curves with a 
peak load of 11  μ N at 0.8 and 0 V vs Ag/AgCl. b,c) Representative AFM images of the indenta-
tion impression made on MnO 2  with a peak load of 11  μ N at 0.8 and 0 V, respectively.  
mechanical tests. Nanoindentation has been proven a powerful 
method for in situ probing the mechanical properties of nano-
structures in our previous work. [  42–44  ]  Here, the electrochemical 
device (Figure S1a) enables the in situ nanoindentation on the 
MnO 2  fi lm in addition to the in situ observation of nucleation, 
growth and morphological changes.  Figure    4  a shows the repre-
sentative load-displacement curves with a peak load of 11  μ N at 
0.8 and 0 V. The loading curves without discontinuities or steps 
indicate that no cracks were formed during indentation. There 
is no apparent plastic pile-up in the AFM image of the inden-
tation impression (Figure  4 b,c) under a peak load of 11  μ N, 
promising that Oliver and Pharr method [  42–44  ]  can be adopted to 
extract the mechanical properties of the MnO 2  fi lm. The elastic 
modulus of the MnO 2  fi lm at 0.8 and 0 V were measured to 
be 54.5  ±  4.9 and 39.8  ±  2.3 GPa, respectively, obtained from 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  5 .     Electron density difference after proton intercalation in a)  R -MnO 2  and b)   β  -MnO 2 . 
change of  + 0.02 and –0.02 eÅ  − 3 – respectively. c) Change in atomic structure for  R -MnO 2  and 2H
  β  -MnO 2  and 2H/(  β  -MnO 2 ) 8  model.  
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twenty nanoindentation tests. The nano-
indentation hardness values at 0.8 and 0V 
were measured to be 1.2  ±  0.2 and 1.0  ±  
0.1 GPa, respectively. A 27% reduction in 
elastic modulus and a 20% reduction in 
hardness can be found after the discharging 
process, revealing an evident proton interca-
lation induced softening.  

 In order to elucidate the effect of proton 
intercalation on mechanical properties and 
geometrical structures, we conducted fi rst-
principles calculations of MnO 2  using the 
Cambridge Sequential Total Energy Code 
(CASTEP). The structure of    γ   -MnO 2  is com-
posed of an intergrowth of ramsdellite ( R -MnO 2 , space group 
 Pbnm ) and pyrolusite (  β  -MnO 2 , space group  P 4 2 / mnm ) and can 
be parameterized by  P r  , as defi ned by Chabre and Pannetier, [  45  ]  
which represents the fraction of pyrolusite domains in a ramsd-
ellite-based structure. The range of  P r   for    γ   -MnO 2  samples pre-
pared by electrochemical deposition varies from 40% to 60%. [  45  ]  
Chabre and Pannetier stated that pyrolusite contains only one 
type of oxygen atom, whereas ramsdellite contains two sym-
metry-inequivalent bonding angles which make with their Mn 
neighbors. [  45  ]  Since the types of oxygen atoms (pyramidal and 
planar) distinguished by the two oxygens are at different lattice 
potentials (planar oxygen is less stabilized by the lattice poten-
tial), pyramidal oxygen is more likely to be hydroxylated than 
planar oxygen. [  45  ,  46  ]   Figure    5  a,b illustrate the proton intercala-
tion induced change in electron density distribution of  R -MnO 2  
4749wileyonlinelibrary.comheim
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and   β  -MnO 2 , respectively. The yellow and blue isosurfaces 
indicate density change of  + 0.02 and  − 0.02 eÅ  − 3 , compared to 
the pure MnO 2  and isolated H atoms, respectively. The density 
differences between proton and its fi rst neighboring O atoms 
result in reduced electron density at the Mn–O bond, indicating 
that the bonds can be weakened after proton intercalation. 
This bond weakening, as confi rmed again by the elongation 
of Mn-O distance from 1.9 to 2.0 Å, leads to the softening of 
MnO 2 . Figure  5 c presents the change in atomic structure of  R -
MnO 2 , showing the proton intercalation induced lattice expan-
sion of 2.20% along the  b  axis and 1.44% along the  c  axis in 
2H/( R -MnO 2 ) 8 . The formation of covalent bond between the 
proton and the fi rst neighboring pyramidal oxygen with an O-H 
distance of about 1 Å weakens Mn-O bonds. However, only a 
weak H-bond is formed due to the long distance of 2.1 Å from 
the proton to the pyramidal oxygen across the 2  ×  1 tunnel 
(Figure  5 c). Therefore, no obvious expansion can be found 
along the  a  axis. In the case of   β  -MnO 2  (Figure  5 d), the inserted 
proton forms a covalent bond with an oxygen atom, at an O-H 
distance of 1.0 Å. Different from  R -MnO 2 , a strong hydrogen 
bond forms due to the shorter distance of 1.6 Å from the proton 
to the oxygen across the 1  ×  1 tunnel of   β  -MnO 2 . The lattice 
expands 4.38% along the  a  axis and 1.32% along the  c  axis in 
2H/(  β  -MnO 2 ) 8 . However, a lattice contraction of 1.57% along  b  
axis is found by the distortion of the 1  ×  1 tunnel caused by the 
strong H-bond as well as the covalent bond (Figure  5 b,d). The 
volume expansion of 2H/(  β  -MnO 2 ) 8  and 2H/( R -MnO 2 ) 8  are cal-
culated to be 4.0% and 3.7%, respectively, which are larger than 
that measured by the in situ AFM in Figure  3 . We interpret 
this difference as due to the self-accommodation of the expan-
sion by localized compression of nanostructured MnO 2  fi lm, as 
unveiled by in situ AFM observations (Figure  3 ). The 31.3% and 
14.1% decrease in elastic modulus can also be found for 2H/( R -
MnO 2 ) 8  and 2H/(  β  -MnO 2 ) 8 , compared with pure counterparts, 
respectively. This trend is consistent with results obtained from 
indentation experiments. The proton intercalation induced 
decrease of nanoindentation hardness and Young’s modulus 
must be favorable for the elastic deformation of MnO 2  during 
the discharging process.  

   3. Conclusions 

 In summary, we demonstrate, for the fi rst time, the feasibility to 
explore the correlation between the energy storage performance 
and the microstructure of nanostructured fi lm via dynamic 
observation of the growth and in situ probing the mechan-
ical properties in aqueous electrolyte by using in situ AFM. 
The pulsed current deposited porous nanostructured    γ   -MnO 2  
exhibits a high specifi c capacitance of 437 F/g and a remark-
able cycling performance with  > 96% capacitance retention after 
10 000 cycles. A series of dramatic evolutions of nanostruc-
tured MnO 2  fi lm involving progressive nucleation, 3D growth, 
reversible expansion, proton intercalation induced softening, 
and self-accommodation phenomena, which have not been con-
sidered in the conventional fabrication method of nanostruc-
tured MnO 2 , can be correlated to its remarkable energy storage 
performance. From the measurements, we also determined, 
for the fi rst time, the Young’s modulus and nanoindentation 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
hardness of nanostructured MnO 2 , which are important para-
meters for designing advanced electrochemical capacitors. The 
methodology described here should stimulate real-time studies 
of the microscopic processes in electrochemical capacitors and 
lead to a more complete understanding of the coupled physical-
chemical mechanism governing electrochemical capacitor per-
formance and reliability, especially microstructure-dependent 
properties. More generally, the in situ AFM in conjunction with 
in situ nanoindentation offers great potential for addressing 
many fundamental issues in materials science, chemistry, 
mechanics, biology, and other fi elds of science. 

   4. Experimental Section 
  Fabrication of Electrochemical Device:  Supporting Information 

Figure S1a shows the schematic of the electrochemical device, which 
is composed of a platinum fi lm as the counter electrode, Ag/AgCl 
microelectrode as the reference electrode, and ITO fi lm as the conductive 
substrate for nanostructured MnO 2  fi lms. The electrochemical 
measurement and electrodeposition were both performed with an 
electrochemical workstation. 0.1 M Mn(NO 3 ) 2  and 0.1 M NaNO 3  
aqueous solution was used as the source components for in situ pulsed 
current electroplating of MnO 2 . Supporting Information Figure S1b 
is the corresponding current waveform of pulse current deposition. 
During the suffi cient off-time period (the net current density is zero), in 
situ atomic force microscopy (AFM) observations with tapping model 
were performed to avoid surface damage. A small current density of 5 
 ×  10  − 5  A/cm 2  was used for the electrodeposition. After deposition, the 
cyclic voltammetric (CV) and electrochemical impedance spectroscopy 
(EIS) measurements were conducted using 1 M KCl aqueous electrolyte. 
CV tests were carried out in the voltage range of 0–0.8 V, and EIS tests 
were carried out in the frequency range of 0.1–10 4  Hz. Experimental 
results based on the microbalance revealed that the faraday current 
effi ciency for deposition was 98.2%, which was used to calculate the 
mass of MnO 2 . 

  Microscopic and Mechanical Characterization : The X-ray diffraction 
(XRD) patterns of the samples were observed by an X’Pert Pro 
diffractometer using Cu-Ka radiation (  λ    =  0.15418 nm). The 
microstructure of the samples was examined by transmission 
electron microscopy (TEM, FEI, Tecnai G2 F30). X-ray photoelectron 
spectroscopy (XPS) analysis was conducted using an Al K α  (1486.6 eV) 
monochromatic X-ray source (Axis Ultra DLD, Kratos). A Hysitron TI900 
Triboindenter combined with a Dimension Edge AFM was used to 
perform imaging and in situ nanoindentation tests for mechanical 
property measurements. 

  First-Principles Calculations:  The structure and elastic modulus were 
calculated using density functional theory formalism with generalized 
gradient approximation parameterized by Perdew and Wangusing 
planewave basis set. [  47  ]  The electron-ion interactions were described 
using the ultrasoft Vanderbilt-type pseudopotentials with 1s 1 , 2s 2 2p 4 , 
and 3d 5 4s 2  as the valence electron confi gurations for the hydrogen, 
oxygen, and manganese, respectively. [  48  ]  A Broyden–Fletcher–Goldfarb–
Shanno (BFGS) algorithm was applied to minimize the Kohn-Sham 
energy with plane-wave cutoff of 380 eV. All the calculations were fully 
optimized and were calculated with spin polarization. For the relaxion, 
the k-point sampling was set as 0.04 Å. The 1  ×  2  ×  2 supercell and 1  ×  
1  ×  2 supercell were used for   β  -MnO 2  and  R -MnO 2 , respectively. This 
nanostructured MnO 2  fi lm exhibited a specifi c capacitance of 437 F/g 
over the 0.8 V potential window, which can be translated to 350 C/g. 
EIS results revealed that the pseudofaradaic mechanism was absolute 
predominant in the energy storage process (Supporting Information 
Figure S6). About 0.3 H  +   per Mn atom is involved in the charge 
storage mechanism. Therefore, 2H/(MnO 2 ) 8  models were selected for 
convenience. The proton were added to   β  -MnO 2  near a planar oxygen 
atom (see Figure  5 d) and to  R -MnO 2  near a pyramidal oxygen atom (see 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4745–4751
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Figure  5 c), and the proton were placed as far away as possible to each 
other for 2H/(MnO 2 ) 8  model. The elastic coeffi cients were determined 
by applying a set of given homogeneous deformations and calculating 
the resulting stress with respect to optimizing the internal degrees 
of freedoms, in which a 7  ×  4  ×  6 Monkhorst-Pack  k -point mesh was 
used. [  49  ]  

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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