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Substantial Recoverable Energy Storage in Percolative 
Metallic Aluminum-Polypropylene Nanocomposites
 Chemisorption of the activated metallocene polymerization catalyst derived 
from [ rac -ethylenebisindenyl]zirconium dichlororide (EBIZrCl 2 ) on the native 
Al 2 O 3  surfaces of metallic aluminum nanoparticles, followed by exposure to 
propylene, affords 0–3 metal-isotactic polypropylene nanocomposites. The 
microstructures of these nanocomposites are characterized by X-ray diffrac-
tion, transmission electron microscopy, scanning electron microscopy, and 
atomic force microscopy. Electrical measurements show that increasing the 
concentration of the fi ller nanoparticles increases the effective permittivity of 
the nanocomposites to   ε   r  values as high as 15.4. Because of the high contrast 
in the complex permittivities and conductivities between the metallic alu-
minum nanoparticles and the polymeric polypropylene matrix, these compos-
ites obey the percolation law for two-phase composites, reaching maximum 
permittivities just before the percolation threshold volume fraction,  v  f   ≈  0.16. 
This unique method of  in situ  polymerization from the surface of metallic Al 
particles produces a new class of materials that perform as superior pulse-
power capacitors, with low leakage current densities of  ≈ 10  − 7 –10  − 9  A/cm 2  
at an applied fi eld of 10 5  V/cm, low dielectric loss in the 100 Hz–1 MHz 
frequency range, and recoverable energy storage as high as 14.4 J/cm 3 . 
  1. Introduction 

 For next-generation high energy density pulsed-power and 
power capacitors [  1  ,  2  ]  it is essential to develop dielectric materials 
with high dielectric permittivity, high breakdown strength, low 
loss, and fast response. [  3  ]  Metal particle-based dielectric mate-
rials typically have very high permittivities and low working 
voltages; however, such materials are diffi cult to process into 
multilayer thin fi lms [  4  ]  without the use of high temperature 
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sintering. [  5  ]  In contrast, the low permit-
tivities of typical polymer dielectrics limit 
their applications scope, despite their 
good dielectric strength and facile proc-
essability. [  6  ]  Inorganic–polymer nanocom-
posite materials [  3a  ,  7  ]  have recently attracted 
intense research attention since they com-
bine the best properties of both phases, 
yielding potential aggregate performance 
well beyond that of each individual con-
stituent material. [  8  ]  While metals are not 
typically considered to be dielectric mate-
rials themselves, at low frequencies the 
plasma frequency of the metallic electron 
gas is much greater than the electromag-
netic propagation frequency, leading to an 
almost purely imaginary complex permit-
tivity, which is proportional to the real-
valued electrical conductivity. [  9  ]  Whereas 
ferroelectrics have a large real part of the 
complex permittivity, metals have a large 
imaginary part, both of which lead to 
low impedance. When these low imped-
ance phases are included in an insulating 
polymer matrix they are expected to lead 
to high capacitance and high local fi elds in the low permittivity 
matrix phase. [  10  ]  Many types of ceramic oxide particles having 
high permittivity have been dispersed in polymer matrices to 
form 0–3 composites (this notation indicates a zero-dimen-
sional structure, e.g., spheres, in a three-dimensional matrix). 
These composites are not only processable but have been 
shown to have impressive permittivies [  11  ]  and moderate stored 
energies. [  12  ]  

 Typically inorganic–polymer 0–3 nanocomposites [  10  ]  are syn-
thesized via conventional solution mixing [  13  ]  or mechanical 
blending methods, [  5  ]  resulting in agglomerated nanoparticles 
and high levels of phase separation. Such inhomogeneous 
fi lms lead to high dielectric loss and low dielectric strength. 
Adding surfactants during processing [  14  ]  or covalently grafting 
the polymer chains to inorganic nanoparticle surfaces by either 
traditional [  15  ]  or new synthetic means [  3b  ]  have been also been 
investigated to enhance the nanoparticle dispersion in the 
host polymer, with varying degrees of success. An alternative 
approach to dielectric composites that we have recently demon-
strated,  in situ  polymerization, affords an effective, straightfor-
ward, and low cost means of dispersing oxide nanoparticles in 
polyolefi n matrices. [  7a  ,  12a  ,  16  ]  

 In a process inspired by the fate of SiO 2  catalyst supports in 
heterogeneous or slurry olefi n polymerizations, where the very 
large local hydrostatic pressures arising from the propagating 
eim Adv. Funct. Mater. 2013, 23, 3560–3569
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     Figure  1 .     Schematic of 0-3 polypropylene nanocomposite synthesis process.  
polyolefi n chains induce SiO 2  particle frac-
ture, [  17  ]   in situ  polymerization of polyolefi n 
chains from surfaces within a catalyst-impreg-
nated nanoparticle disrupts particle agglom-
eration to yield a randomly dispersed, rela-
tively homogeneous nanocomposite fi lm. [  16a  ]  
Thus, methylalumoxane (MAO)-activated 
single-site metallocene catalysts [  18  ]  supported 
on oxide nanoparticles have been employed 
to prepare extensive series of 0–3 compos-

ites with ceramic BaTiO 3 , TiO 2 , ZrO 2 , yttria-stabilized ZrO 2 , 
SrTiO 3 , Ba 0.5 Sr 0.5 TiO 3 , and MgO nanoparticle fi llers dispersed 
in polyolefi n matrices (polypropylene of varying tacticities, poly-
ethylene, polystyrene, and various olefi n copolymers). [  7a  ,  12a  ,  16b  ,  c  ]  
The resulting materials can have both high effective permit-
tivities and high dielectric breakdown metrics. [  7a  ,  12a  ,  16a  ,  b  ]  Fur-
thermore, the polymerization cocatalyst, MAO, leaves a thin (  ≈   
0.5 nm) residual Al 2 O 3  shell on the nanoparticles, which has 
the benefi cial effect of grading the large permittivity contrast 
between the nanoparticles and the polyolefi n matrix. [  16b  ,  19  ]  

 We previously reported that the permittivities of metal-oxide 
polypropylene composites with extremely high dielectric con-
stant nanoparticles (BaTiO 3    ε   r   >  2000) were well explained by 
two-phase polymer composite percolation theory. [  16b  ]  The high 
impedance contrast between the fi ller and matrix means that the 
low impedance phase is conductive compared to the insulating 
matrix. According to polymer composite percolation theory, the 
permittivity of conductor-insulator composites follows a volume 
fraction power law and exhibits an abrupt decline past the perco-
lation threshold. [  20  ]  This follows, since at high volume fractions 
the average distance between nanoparticles is smaller and the 
polymer expanse separating the nanoparticles becomes thinner, 
making the composite behave like a percolated system. The 
theory prediction for the effective permittivity before the perco-
lation threshold is given by   Equation 1  : 

 
εe f f = εm|vc − v f

vc
|−q

  
(1)

   

where   ε   m  is the permittivity of the matrix,  v f   is the fi ller volume 
fraction,  v  c  is the percolation threshold, and  q  is the critical expo-
nent which is a fi t parameter. [  21  ]  If the inclusion phase particles are 
spherical and similar in size to the matrix phase, then a random 
distribution of inclusions will have a percolation threshold at 
 ≈ 16 vol%. [  5b  ,  22  ]  This percolation threshold has been used effec-
tively in our previous studies of similar  in situ  polymerized 
composites with particles having permittivities greater than 
1000, such as BaTiO 3,  [  16b  ]  and for other polymer composites con-
taining high permittivity ( > 1000) phases. [  23  ]  Note that larger fi ller 
particle sizes, non-spherical particle shapes, and nanoparticle 
agglomeration can result in lower percolation thresholds. [  24  ]  

 In the present study, we extend the  in situ  polymerization 
approach to oxide-coated metallic nanoparticles. We investigate 
the dielectric and energy storage properties of the resulting 
nanocomposites as well as the degree to which they conform to 
percolation behavior ( Equation 1 ). Synthetically, we bind a met-
allocene precatalyst, [ rac -ethylenebisindenyl]-zirconium dichlo-
ride (EBIZrCl 2 ) to the  ≈ 2 nm thick ( ≈ 1% by volume) [  22  ,  25  ]  native 
oxide coating of Al nanoparticles. We have confi rmed this 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3560–3569
thickness on the present nanoparticles by transmission electron 
microscopy (TEM). Note that this oxide thickness is comparable 
to that of a single Al 2 O 3  layer derived from exposing methy-
laluminoxide (MAO) to air as used in our previous studies 
of ceramic nanoparticle-polyolefi n composites. [  7a  ,  12a  ,  16b  ]  The 
chemisorbed [  16c  ,  17a  ,  18b,c,e  ,  26  ]  EBIZrCl 2  is then activated with the 
aluminum alkyl co-catalyst, MAO [  19  ,  26c  ]  for the  in situ  synthesis 
of isotatic polypropylene-aluminum nanoparticle composites 
( Figure    1  ). The microstructures of these materials are charac-
terized by X-ray diffraction, TEM, scanning electron microscopy 
(SEM), and atomic force microscopy (AFM). Capacitors are then 
fabricated with these nanocomposites and are characterized 
experimentally by a full range of electrical measurements, and 
theoretically using two-phase polymer composite percolation 
theory. It will be seen that these nanocomposites closely obey 
the percolation law for two-phase composites, reach maximum 
permittivities just before the percolation threshold volume frac-
tion, v f   ≈  0.16, and perform well as capacitor materials, with 
resistivities of  ≈ 10 12 –10 15   Ω  · cm, low dielectric loss in the 
100 Hz–1 MHz frequency range, and have impressive recover-
able energy storage as high as 14.4 J/cm 3 .    

 2. Results 

 Here we discuss the fabrication and electrical characterization 
of a series of Al-  iso  PP nanocomposites ranging in Al content 
from 0.7% to 40%. The synthesis, composition, and micro-
structure of these nanocomposites are confi rmed by elemental 
analysis, TEM, SEM, and AFM, followed by the fabrication of 
capacitors. Next, the capacitance, leakage current, dielectric 
loss, and polarization of each composite are measured. From 
these data, the permittivity, leakage current density, and dielec-
tric loss at low frequencies and low fi elds, as well as the recov-
erable energy storage, effi ciency of energy stored, and effective 
permittivity at high fi elds are extracted for each composite in 
the series.  

 2.1. Synthesis of Metal-Polypropylene Nanocomposites 

 The native Al 2 O 3 -covered Al nanoparticles were exposed to solu-
tions of the metallocene precatalyst EBIZrCl 2  and then to the 
MAO co-catalyst, forming supported polymerization-active sur-
face species. [  27  ]  Subsequent  in situ  polymerization of propylene 
yields the metal nanoparticle-polyolefi n nanocomposites. These 
nanocomposites consist of three intimately dispersed com-
ponents: 1) low impedance metal nanoparticles, 2) a medium 
impedance native Al 2 O 3  shell, and 3) an insulating isotactic 
3561wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     TEM images of A) Al nanoparticles, B) 10.4% Al-  iso  PP composite, and C) the sample surface SEM image for Al-  iso  PP thin fi lm with 10.4% 
loading, fabricated by hot-pressing. The thin fi lm has 2.6 nm RMS roughness by AFM. Note the cracks in the fi lms having higher nanoparticle loading 
fractions as shown for D) a 38.2% loading sample.  

   Table  1.     Dielectric properties of metal-isotactic polypropylene nano-
composites having different volume fractions of Al nanoparticles in the 
polymer matrix. 

Al particle vol% a)  Permittivity b)  Interparticle distance c)  
[nm]

0.7% 2.4  ±  0.4 321.3

2.0% 2.8  ±  0.9 196.9

2.9% 3.0  ±  0.4 162.3

10.4% 10.5  ±  0.3 71.4

12.4% 15.4  ±  0.1 61.6

25.4% conductive d) 27.3

38.2% conductive 11.1

40.8% conductive 8.7

     a)  From elemental analysis;      b) Derived from capacitance measurements on 5 

devices fabricated with at least 2 different thin fi lms;       c)  Calculated from   Equation 3  ;  

     d)  Samples with vol% higher than the percolation threshold were so conductive that 

their measured capacitance was not applicable.   
polypropylene matrix. By controlling the polymerization time, 
the Al–  iso  PP [this notation has the format, nanoparticle identity-
polymer matrix] nanoparticle volume fractions were varied over 
the range 0.007 to 0.408. 

 As shown in previous studies, the  C  2 –symmetric metallocene 
catalyst EBIZrCl 2  produces highly isotactic ([ mmmm ]  =  83%) and 
crystalline (monoclinic  α  phase) polypropylene. [  16c  ]  Thus, TEM 
images of the present polypropylene nanocomposites ( Figure    2  b) 
clearly show that the nanoparticles are embedded and dispersed 
in the polymer matrix with more particles in close proximity 
at higher volume fractions. X-ray diffraction (XRD) and TEM 
images of the analogous ceramic-nanocomposites confi rmed the 
uniform dispersion of particles using this  in situ  polymerization 
method. [  7a  ,  12a  ,  16  ]  While the metallic particles dominate the XRD 
spectra (making any X-ray analysis of the polymer composite 
microstructure diffi cult), the present metallic nanocomposites 
show dispersion and microstructure in the SEM and TEM very 
similar to that of their ceramic counterparts. [  7a  ,  16  ]  Indeed, TEM 
is the optimal technique for this analysis. [  16a  ,  b  ,  28  ]  Generally, sam-
ples with lower nanoparticle loadings have better dispersion. 
The pronounced structural homogeneity of the nanocomposites 
is also confi rmed by the uniformity of the fi lms (SEM) fabri-
cated by hot-pressing (Figure  2 c) and by the low surface RMS 
roughnesses (2–3 nm) measured by AFM.    

 2.2. Nanocomposite Properties in Low Electric Fields 

 Effective permittivity data for the present nanocomposites 
derived from capacitance measurements are compiled in 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 Table    1  . Generally, for those Al-  iso  PP nanocomposites below the 
percolation threshold, the effective permittivity increases as the 
fi ller volume fraction increases. For all the Al-  iso  PP nanocom-
posites, the fi lms look and feel metallic, and because of this, the 
higher loading fi lms are brittle and crack easily.  

 The permittivities of the Al–  iso  PP nanocomposite fi lms were 
also characterized as a function of frequency ( Figure    3  ). In the 
100 Hz to 1 MHz range, the dielectric permittivity increases as 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3560–3569
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     Figure  3 .     Permittivity of Al-  iso  PP nanocomposites over the frequency range of 100 Hz to 
1 MHz.  
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the nanoparticle loading increases until the loading reaches the 
critical 0.16 volume fraction, at which point permittivity is no 
longer an accurate way to characterize these more conductive 
samples. For the samples with low nanoparticle loadings, the 
dielectric permittivities vary little with frequency while the sam-
ples with higher nanoparticle loadings exhibit falling dielectric 
permittivity with increasing frequency.  

 Nanocomposite percolation theory states that as the particle 
density in the matrix increases, the probability of close nano-
particle-nanoparticle proximity increases, thereby creating elon-
gated dipole moments across multiple particles, and inducing 
large local fi elds in the surrounding matrix, resulting in very 
     Figure  4 .     Experimental permittivity for Al–  iso  PP nanocomposites as a function of Al nanopar-
ticle volume fraction. Note: each permittivity is calculated from average capacitance measure-
ments on at least 5 devices on at least 2 different thin fi lms; error bars are included for each 
point, and the solid line is the precolation theory ( Equation 1 ) fi t (see Figure  5  for how fi t is 
preformed) for the composites below the critical threshold.  
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large increases in overall effective permit-
tivity. [  20  ,  21  ]  However, beyond a critical compo-
sitional percolation threshold, 16% for a two-
phase system with spherical fi llers, [  5b  ,  22  ]  the 
permittivity dramatically falls to the level of 
the matrix or even below if there is damage 
to the matrix around the fi llers resulting 
from the very large local fi elds. [  29  ]  This can 
easily be seen in  Figure    4   where the experi-
mental permittivity values for the Al-  iso  PP 
nanocomposites clearly lie on the fi tted per-
colation line before and approaching the 0.16 
threshold. In contrast, the very high volume 
fraction composites have suffi cient Al par-
ticles to exhibit appreciable electrical con-
ductivity, indicating a continuous pathway 
of particles from one electrode to the other. 
The variation of experimental permittivity for 
these Al–  iso  PP nanocomposites can be fi t to 
the percolation law with  v  c   =  0.16, resulting 
in  q   =  1.325, as can be seen in  Figure    5  .   

 The leakage current densities of the 
present nanocomposite fi lms with low nano-
particle volume fractions (  ν   f   <  0.16) generally 
fall within the range 10  − 7 –10  − 9  A/cm 2  in an 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 3560–3569
applied electric fi eld of 10 5  V/cm ( Figure    6  ). At 
the low loading levels (v f   <  0.16), the leakage 
currents decrease with increasing loading. 
However, for volume fractions past the per-
colation threshold, the leakage current den-
sities do not follow a specifi c trend but still 
remain below 10  − 7  A/cm 2 . The resistivity of 
these composites calculated from the I−V 
characteristics are 10 12 −10 17   Ω  · cm. Thus, 
the present metallic nanocomposites are 
excellent insulators below the percolation 
threshold.  

 Ideally, for a capacitor that will be con-
tinuously charged and discharged, dielectric 
losses should be as low as possible since 
losses decrease the amount of energy that 
can be stored and retrieved from the capac-
itor over time. As can be seen in  Figure    7  , 
the present Al-polyolefi n nanocomposites 
exhibit low dielectric loss, less than 0.1 
across the 100 Hz–1 MHz range below the 
percolation threshold. Furthermore, note 
that the dielectric loss increases signifi cantly when the nano-
particle volume fraction approaches the v f   =  16% percolation 
threshold.    

 2.3. Nanocomposite Capacitive Properties in High Electric 
Fields 

 To determine nanocomposite dielectric loss at high fi elds, 
sample polarization was measured as a function of electric 
fi eld. The energy density stored in a dielectric material is 
equal to the integral U  =   ∫ EdD, where E is the electric fi eld 
3563wileyonlinelibrary.comheim
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     Figure  5 .     Fit of the nanocomposite permittivity to the percolation ratio as expressed in  Equa-
tion 1 . Here  ν  c  is the percolation ratio and   ν   f  is the nanoparticle volume fraction of the sample. 
By using this fi t, the coeffi cient   ε   m   =  2.319  ±  0.056 is derived as the value for the matrix permit-
tivity with a critical exponent q of 1.325  ±  0.068.  
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     Figure  6 .     Leakage current of Al-  iso  PP nanocomposites having the indi-
cated nanoparticle volume fractions.  
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and D is the electric displacement. Polari-
zation response “loops” ( Figure    8  ) can be 
related to the stored energy capacity and 
loss, where the recoverable energy storage 
is the area above each loop and the loss is 
the area within each loop (Supporting Infor-
mation Figure S1). [  7a  ,  12a–c  ,  30  ]  These loops 
are measured by applying increasing fi elds 
to the capacitor and observing the amount 
of charge stored and released. The high 
fi eld loss,  Γ , can be found from the ratio 
of energy density recovered to the energy 
stored (  Equation 2  , graphically depicted in 
the Supporting Information):

 
� = Ulos t

Ustor ed
= Ustor ed − Ur ecover able

Ustor ed   
(2)    

At high fi elds ( > 40 MV/m), the dielectric 
loss,  Γ , is less than 25% for samples below 
v f   =  10.4%; however, the 12.4%   composite 
has a loss of 73%. Furthermore, note that 
composites with volume fractions above 
16% breakdown at voltages below 100 V, and 
therefore the polarization of these samples is below the instru-
mental noise level. 

 There is a clear change in the conduction of the nano-
composites when the applied fi eld is larger than 50 MV/m 
(Figure  8 ). For the composites below the percolation threshold 
the majority of the electric fi eld is thought to arise from local 
fi elds within the polymer matrix. From a purely geometric pic-
ture of the composite, assuming a spherical shape for the par-
ticles and a uniform size distribution and dispersion, the inter-
particle distance,  l , can be expressed as in   Equation 3   [  31  ]  where 
 r  is the average radius of the particles (100 nm Al) and  v f   is the 
volume fraction.

 
l = 2r

[(
π

6v f

)1/2

− 1

]
  (3)    

 In the 10.4% Al composite, the particles are  ≈ 74 nm apart (all 
calculated interparticle distances are listed in  Table   1 ), implying 
that the fi eld in the polymer is essentially double the applied 
fi eld ( ≈ 100 MV/m). This is 1/10 the electric fi eld that Boggs 
reported for the onset of nonlinear conduction in unfi lled poly-
propylene fi lms. [  9  ]  

 From each of the polarization loops, the energy stored and 
the energy recovered can be calculated. This allows extraction 
of the apparent sample dielectric constant ( Figure    9  ) at each 
applied fi eld. Because the dielectric constant of the metallic Al 
nanoparticles is complex, it is impossible to extract the exact 
high fi eld dielectric constant, and thus the energy stored, via 
the standard expression of   Equation 4  , [  32  ]  where  E  breakdown  is the 
fi eld just before the sample undergoes irreversible breakdown. 
Note however that the stored energy (recoverable and non-

 Ustor ed = 1/2 εr ε0(Ebr eakdown)2
  (4)     
heim Adv. Funct. Mater. 2013, 23, 3560–3569
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     Figure  7 .     Dielectric loss of Al-  iso  PP nanocomposites as a function of Al nanoparticle volume 
fraction at frequencies from 100 Hz to 1 MHz, and having the indicated nanoparticle volume 
fractions.  
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 recoverable) can be determined from the polarization loops, and 
the apparent high fi eld dielectric constant can then be calculated 
from the non-recoverable energy stored and the breakdown fi eld 
using   Equation 4  . The energy stored, recoverable energy stored, 
and calculated high fi eld dielectric constants for the 12.4% Al-
composite are summarized in  Table    2  . The calculated high fi eld 
permittivities are two orders of magnitude higher than the low 
fi eld measured permittivity; however, they are in the range of 
other metal composite fi lms. [  28a  ,  33  ]  From the polarization loops 
shown in  Figure    10   it is obvious that as the Al nanoparticle 
loading increases, the composites exhibit increasing loss just 
before breakdown (summarized in  Table    3  ).       
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

     Figure  8 .     Polarization loops for a representative v f   =  12.4% Al-  iso  PP nanocomposite at 
increasing applied fi elds.  
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 3. Discussion  

 3.1. Synthesis of Metal-Polypropylene 
Nanocomposites 

 It is known that nanoparticle agglomeration 
and phase separation between hydrophilic 
metal oxides and hydrophobic polymers can 
compromise nanocomposite electrical prop-
erties, resulting in increased electrical leakage 
and local dielectric breakdown. [  34  ]  During the 
present  in situ  polymerization process, the 
growing polyolefi n chains produce very high 
local hydrostatic pressures such that the prop-
agating polymer chains effi ciently disrupt 
the nanoparticle agglomerization and afford 
good nanoscale dispersion, as indicated by 
TEM and SEM images. Generally, samples 
with lower nanoparticle loadings are found 
to have better dispersion. In contrast, nano-
composite fi lms prepared by simple phys-
ical mixing of the two constituents typically 
exhibit large cracks, voids, and pinholes, [  14b  ]  
all of which are minimized in the present nanocomposite fi lms. 
Adding surfactant during composite processing is another 
proven strategy to enhance dispersion and fi lm quality, however 
residual surfactant can also lead to high leakage currents and 
dielectric loss. [  34  ]  The  in situ  polymerization approach avoids 
this complication.   

 3.2. Nanocomposite Properties in Low Electric Fields 

 Previous studies on nanoparticle-polymer composites have sug-
gested that at high fi ller loadings, the dielectric permittivity 
n

may decrease due to imperfect fi ller packing, 
and that there is some nanofi ller agglom-
eration, leading to decreased total effective 
particle-fi ller interfacial area, hence reduced 
interfacial polarization. [  16  ,  35  ]  Also, lower 
permittivity at higher frequencies indicates 
greater space charge and has been observed 
in other polymer-ferroelectric ceramic 
composites. [  16b  ,  36  ]  At high fi ller volume frac-
tions, the average interparticle distance is 
smaller, and the polymer expanse separating 
the nanoparticles becomes thinner, which 
will ultimately cause percolative behavior, as 
direct pathways for charge transport from 
one electrode to the other emerge. [  20a–c  ,  37  ]  

 In all of the present electrical characteriza-
tions it is clear that nanocomposite samples 
having a nanoparticle volume fraction less 
than 16% have well-behaved properties, and 
that samples with vol% greater than 16% 
have poor, inconsistent dielectric properties. 
While the leakage current densities meas-
ured are fairly low; for composites where the 
3565wileyonlinelibrary.comheim



FU
LL

 P
A
P
ER

3566

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

     Figure  10 .     Highest polarization measured for Al-  iso  PP nanocomposites 
having the indicated nanoparticle volume fractions. The inset shows the 
lower volume fraction polarizations in an expanded scale.  

     Figure  9 .     A) Recoverable energy stored and effi ciency of energy stored for the indicated applied fi elds, corresponding to the polarization loops in 
 Figure    8   and B) calculated permittivity from the total energy stored at varying applied fi elds.  
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   Table  2.     Apparent high fi eld dielectric constants at varying applied fi elds 
for a 12.4% Al-  iso  PP nanocomposite. 

Applied Field 
[MV/m]

Energy Stored a)  
[J/cm 3 ]

Recoverable Stored 
Energy b)  [J/cm 3 ]

High Field Dielectric 
Constant c)  

0 n/a n/a 15.4

47.8 17.5 16.7 1729

55.0 24.2 7.1 1810

62.1 29.8 9.1 1749

68.8 37.0 10.8 1765

75.8 44.0 13.4 1729

     a)  Derived from areas inside and above polarization loops, depicted graphically in 

Supporting Information Figure S1;      b)  Derived from areas above the polarization loop 

with the highest breakdown fi eld, depicted graphically in Supporting Information 

Figure S1;      c)  Calculated dielectric constant from energy stored using   Equation 4  .   
nanoparticle volume fraction is above the  v  f   =  16% percolation 
threshold, the dielectric loss increases dramatically, indicating 
that the measured capacitance is unreliable and the compos-
ites are actually conductive with a percolative path of particles 
extending from one electrode to the other.   

 3.3. Nanocomposite Capacitive Properties in High Electric 
Fields 

 The threshold fi eld inside the polymer matrix appears to be 
 ≈ 100 MV/m, above which the capacitor has increased perco-
lation pathways creating a non-linearity in the fi eld response. 
This change in the polarization response above 50 MV/m cor-
responds to an increase in percolative paths within the sample, 
and these paths develop at lower applied fi elds for higher 
volume fractions. This regime is evident in the open polariza-
tion loop at lower fi eld for the 12.4% Al sample ( Figure    10  ), and 
the 10 ×  lower threshold fi elds than reported in unfi lled poly-
propylene fi lms. [  9  ]  The increased high fi eld loss with increasing 
nanoparticle volume fraction observed here is indicative of 
increasing space charge and “soft” electrical breakdown. [  38  ]  For 
  ν   f   <  0.16, the leakage current density and dielectric loss remain 
very low while the permittivity increases exponentially with 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
volume fraction, yielding the best performing capacitors of the 
series at  v  f   ≈  10%. While the 12.4% Al-capacitor has relatively 
high loss, the 10.4% Al-capacitor has loss at its breakdown fi eld, 
24% loss at  ≈ 120 MV/m, comparable to other low -loss polymer 
and polymer composite systems [  39  ]  including capacitor-opti-
mized biaxally oriented PP fi lms which have a breadown fi eld 
loss of  ≈ 17%. [  40  ]  

 These capacitors achieve remarkable high recoverable energy 
storage densities, with a best performing capacitor storing 
14.4 J/cm 3  with 76% effi ciency (24% loss). This usable energy 
could be improved by utilizing previously proven polymer 
processing techniques (e.g., biaxial stretching). These optimized 
fi lms are expected to yield lower mechanical and defect derived 
loss resulting in more reliable devices for long term use. [  40  ,  41  ]     

 4. Conclusions 

 In this study, we report a series of metallic Al nanoparticle-iso-
tactic polypropylene composite dielectrics, the electrical charac-
teristics of which can be accurately described using percolation 
theory. Because of the  in situ  propylene polymerization by single-
site catalyst molecules anchored to the oxide-coated nanoparti-
cles, the nanocomposites produced are well-dispersed in the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3560–3569
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   Table  3.     Breakdown voltage and high-fi eld loss characterization of 
selected Al-polypropylene nanocomposites as a function of the Al nano-
particle volume fraction. 

Al particle 
vol% a)  

Breakdown Field b)  
[MV/m]

Thickness 
[ μ m] c)  

Dielectric 
Loss [ Γ ] d)  

Recoverable Stored 
Energy e)  [J/cm 3 ]

0.7% 123.7 9.4 0.01 0.10

2.9% 85.2 9.3 0.07 0.54

10.4% 119.3 7.0 0.24 14.4

12.4% 75.8 10.0 0.70 13.4

     a)  From elemental analysis;       b)  Highest breakdown fi eld measured;       c)  Measured with 

Veeco Dektak 150 surface profi ler;       d)  Derived from area inside polarization loops, 

depicted graphically in Supporting Information Figure S1;       e)  Maximum recoverable 

energy storage capacity derived from area above the polarization loop with highest 

breakdown fi eld, depicted graphically in Supporting Information Figure S1.   
polyolefi n matrix with no obvious microstructural defects that 
might lead to poor fi lm performance. This combination of good 
morphology and extremely low impedance phases (the metallic 
particles) produces materials that obey percolation theory, not 
having typical deviations due to defects. The predicted and 
experimentally realized high permittivities are obtained for 
volume fractions greater than 10% and less than 16%. This cat-
egory of metallic particle-polymer composites affords materials 
that can be fabricated similarly to traditional polymer capaci-
tors while obtaining higher energy storage capacities. Such 
nanocomposites, with high permittivities, low dielectric losses, 
and small sensitivities of permittivity and dielectric loss to fre-
quency, are attractive for physically small capacitors having 
large energy storage capacities and high voltage ratings. Here 
we demonstrate a series of proof-of-principle Al-  iso  PP compos-
ites having permittivities up to 15.4. A capacitor exhibiting par-
ticularly good performance has a dielectric permittivity of 10.4, 
leakage less than 10  − 8  A/cm 2 , resistivity greater than 10 13   Ω •cm, 
dielectric loss less than 10% at 1 V and below 1 MHz, and 24% 
at  > 1 kV and 500 Hz. Moreover, this material has a remarkable 
14.4 J/cm 3  recoverable energy storage capacity.   

 5. Experimental Section 
  Materials and Methods : All manipulations of air-sensitive materials 

were performed with rigorous exclusion of oxygen and moisture using 
Schlenk techniques, or interfaced to a high-vacuum line (10  − 6  Torr), 
or in a N 2 -fi lled MBraun glove box with a high capacity recirculator 
( < 1 ppm O 2  and H 2 O). Propylene (Matheson, polymerization grade) 
was purifi ed by passage through a supported MnO O 2 -removal column 
and an activated Davison 4 A molecular sieve column. Toluene was dried 
using an activated alumina column and Q-5 columns and then vacuum-
transferred from Na/K alloy and stored in Tefl on-valve sealed bulbs. [  42  ]  
Al ( d   =  140 nm) nanoparticles with a 2 nm native Al 2 O 3  coating were 
purchased from Aldrich. The nanoparticles were then dried on a high 
vacuum line (10  − 5  Torr) at 80  ° C overnight to remove the surface-bound 
water. The reagent [ rac -ethylenebisindenyl]zirconium dichloride was 
purchased from Sigma-Aldrich and used as received. Methylaluminoxane, 
10% solution in toluene, was purchased from Sigma-Aldrich and purifi ed 
by removing all the volatiles in vacuo. Aluminum substrates were 
purchased from McMaster-Carr (Chicago, IL) and cleaned according to 
standard procedures. [  43  ]  

  Physical and Analytical Measurements : Elemental analyses were 
performed by Midwest Microlabs, LLC, Indianapolis, IN. Inductively 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3560–3569
coupled plasma-optical emission spectroscopy (ICP-OES) analyses 
were performed by Galbraith Laboratories, Inc., Knoxville, Tennessee. 
Transmission electron microscopy was performed on a Hitachi H-8100 
TEM with an accelerating voltage of 200 kV. 

 The nanocomposite dielectric thin fi lms for low frequency and high 
fi eld measurements were fabricated on Al substrates by hot pressing 
at 130  ° C and 1500 psi pressure. Post-pressing vacuum treatment at 
80  ° C was performed on all samples overnight to remove any residual 
moisture and trapped air bubbles. Parallel-plate capacitors were 
fabricated by vapor-depositing gold electrodes on the nanocomposite 
fi lms. The thicknesses of the fi lms were measured on a Veeco Dektak 150 
surface profi ler. The fi lm morphologies were examined with a LEO1525 
scanning electron microscope using an accelerating voltage of 3 kV after 
coating with 6 nm osmium using a SPF osmium coater. Film topography 
and RMS roughnesses were imaged using a JEOL SPM atomic force 
microscope. 

  Nanocomposite Electrical Measurements : Gold electrodes for metal-
insulator-metal (MIM) devices were vacuum-deposited through shadow 
masks at (3-4)  ×  10  − 7  Torr (500 Å, 0.2−1.0 Å/s). A digital capacitance 
meter (Model 3000, GLK Instruments, San Diego CA) was used for 
capacitance measurements. Polarization measurements for recoverable 
energy storage were taken at 500 Hz on a locally fabricated high 
voltage system. Low frequency-dependent (≤1 MHz) capacitance and 
loss tangent were measured on an HP 4384A precision multimeter. 
Leakage current measurements were performed using a Keithley 6430 
sub-femtoamp remote source meter using a locally written LABVIEW 
program. All of the above electrical characterizations were performed 
under ambient conditions in air. 

  Immobilization of Metallocene Catalysts on Nanoparticles : In the 
glovebox, 2.0 g of nanoparticles, 200 mg of the metallocene precatalyst 
EBIZrCl 2 , and 50 mL of toluene were loaded into a predried 200 mL fl ip-
frit fl ask. The color of the particle suspension turned to light orange. The 
slurry was then subjected to alternating sonication and vigorous stirring 
overnight. The particles were then collected by fi ltration and washed with 
fresh toluene until the toluene remained colorless. The particles were 
dried on the high-vacuum line overnight and stored in the glovebox at 
 − 40  ° C in the dark. 

  Representative Synthesis of a Nanocomposite via In Situ Propylene 
Polymerization : In the glovebox, a 250 mL round-bottom three-neck 
Morton fl ask, equipped with a large magnetic stirring bar, was charged 
with 50 mL of dry toluene, 200 mg of the above catalyst-functionalized 
nanoparticles, and 50 mg of MAO. The assembled fl ask was removed 
from the glovebox and the mixture was subjected to sonication and 
vigorous stirring for 30 min. The fl ask was then attached to a high 
vacuum line (10  − 5  Torr), the catalyst slurry degassed, equilibrated at 
the desired reaction temperature using an external water bath, and 
saturated with 1.0 atm (pressure control using a mercury bubbler) of 
rigorously purifi ed propylene while vigorously stirring. After a measured 
polymerization reaction time interval (increasing the reaction time 
results in lower particle loadings), the polymerization was quenched by 
the addition of 5 mL of methanol, and the reaction mixture was then 
poured into 800 mL of methanol. The composite was allowed to fully 
precipitate overnight and was then collected by fi ltration, washed with 
fresh methanol, and dried on the high vacuum line at 80  ° C overnight to 
constant weight.   

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