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ABSTRACT: Three-dimensional ultrathin graphitic foams are grown
via chemical vapor deposition on templated Ni scaﬀolds, which are
electrodeposited on a close-packed array of polystyrene microspheres.
After removal of the Ni, free-standing foams composed of conjoined
hollow ultrathin graphite spheres are obtained. Control over the pore
size and foam thickness is demonstrated. The graphitic foam is tested
as a supercapacitor electrode, exhibiting electrochemical double-layer
capacitance values that compare well to those obtained with the stateof-the-art 3D graphene materials.
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In this paper, we describe a new method to fabricate a
bicontinuous 3D ultrathin graphite foam of controlled
geometry through CVD-based growth on a templated electrodeposited Ni scaﬀold. “Ultrathin graphite” is used instead of
“graphene” because of the multilayer nature of the fabricated
ﬁlms. The method involves electrodeposition of Ni into the
pores of an ordered array of polymeric microspheres, followed
by the etching of the spheres, deposition of graphitic layers, and
the removal of Ni. As a practical demonstration of the utility of
the technique, the resulting material is then tested as a
supercapacitor electrode material.
The fabrication of the free-standing 3D ultrathin graphite
foam is schematically illustrated in Figure 1 and brieﬂy

hree-dimensional graphene and ultrathin graphite architectures have been proposed for a variety of applications,
including chemical sensing, catalysis, hydrogen storage, and
electrochemical energy storage.1 The assembly of 2D graphene
sheets into 3D structures is attractive for these applications due
to the high conductivity and speciﬁc surface area of graphene
and good mass transport provided by a 3D network. For
supercapacitor applications, in particular, this 3D graphene
architecture is desirable as an electrode material, due to its high
porosity (hence, good ion transport) and high electrical
conductivity (hence, good electrical transport), as well as its
high surface area to mass ratio. Additionally, the carbon
material is amenable to surface modiﬁcations and active
material deposition, which can increase the total energy density
through pseudocapacitive reactions.2−4
Previous eﬀorts to fabricate 3D graphene structures are
reviewed in ref 1. and include the chemical vapor deposition
(CVD) growth of graphene on commercial Ni foams5−7 and
the self-assembly of graphene oxide ﬂakes onto sacriﬁcial
polymer microsphere templates.8−10 The former technique
provides the advantage of relatively pristine graphene growth
using CVD but yields a mediocre speciﬁc surface area due to
the large (∼100 μm) pore size, while the latter allows for
controlled pore size distribution and hierarchical architectures
through microsphere size selection but yields an incompletely
reduced graphene. In both cases, the template material can be
removed to yield a lightweight, conductive, porous carbon
material that is ﬂexible5 and can be used as supercapacitor6,10 or
battery7 electrodes with good electrochemical performance.
Moreover, these materials can be used in the absence of
binders, conductive ﬁllers, or additional current collectors,
which increases the proportion of electrochemically active
material in a device.
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Figure 1. Schematic illustration of templated ultrathin graphite foam
fabrication.

summarized below. Detailed methods are given in the
Supporting Information. First, a 3D opaline array of
polystyrene (PS) microspheres is deposited onto a conductive
substrate. Many methods exist for the controlled deposition of
microspheres into closely packed arrays on planar substrates.11,12 In this paper, for depositions of the sphere layers,
a Langmuir−Blodgett sequential dip coating process is used for
good control of the number of layers.13,14 Next, Ni is
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Figure 2. SEM images of (a) deposited polystyrene spheres with diameter of 1 μm (side view); (b) nickel scaﬀold after polystyrene removal (side
view); (c) corresponding 3D ultrathin graphite foam (side view); (d) 3D ultrathin graphite foam (top view); (e) freestanding 3D ultrathin graphite
foam. (f) TEM image of 3D ultrathin graphite foam. (g) Higher-magniﬁcation TEM image with Fourier transform inset. (h) TEM showing
honeycomb graphitic lattice. (i) Raman spectrum of ultrathin graphite foam (excitation wavelength, 633 nm).

utilization of both “sides” of the graphene spheres. The hollow
graphitic spheres also show variation in thickness along the
shell of the sphere, indicating a polycrystalline growth of
ultrathin graphite, as expected for CVD growth on Ni with a
relatively slow cooling rate.7
Figure 2f shows a TEM image of an area of graphitic foam
which has been mechanically agitated and drop cast onto a
TEM grid such that only one layer of hollow spheres is visible.
The observed spheres appear to have numerous crystalline
grain boundaries and variable shell thickness, with a maximum
shell thickness of ∼50 nm (which corresponds to ∼150
graphene layers). The signiﬁcant variation in the thickness of
the graphitic layer is apparent in both the SEM and TEM
images. This is to be contrasted to the graphitic layers grown on
Ni foams by Ji et al., which have a thickness on the order of 17
nm.7 The diﬀerence in thickness likely arises from the
diﬀerence in growth parameters, particularly the use of benzene
vs methane as the precursor. Higher-magniﬁcation TEM images
of a relatively thin region of a sphere are shown in Figures 2g, h.
These images and the corresponding Fourier transforms show a
regular honeycomb lattice with a lattice parameter of about 0.22
nm. This value is within 10% of the known lattice constant of
graphite, 0.246 nm. This small deviation may be explained by
the curved ﬁlm being imaged with the electron beam likely not
completely normal to the imaged layer.
Raman spectroscopy (HORIBA Jobin Yvon LabRam) is used
to further conﬁrm the graphitic nature of the carbon network.
Figure 2i shows a representative Raman spectrum that displays
the signature G and 2D peaks of graphitic carbons. The large G
to 2D intensity ratio indicates multilayer graphene,18 and the
presence of a D peak indicates defects in the graphitic carbon.

electrodeposited onto the sample and the PS is removed to
form a reverse-opal scaﬀold (inspired by ref 15). A high
throwing power Ni sulfate bath is used for the electrodeposition 16 and the PS spheres are dissolved using
tetrahydrofuran. After that, ultrathin graphite is deposited
onto the Ni scaﬀold via CVD. The high temperatures (1000−
1050 °C) used in typical CVD graphene growth with a CH4
precursor5−7 are unsuitable for this technique, as the reverse
opal electrodeposited structure is found to collapse at
temperatures >600 °C. Therefore, benzene is used as the
precursor to deposit the graphitic layer at 600 °C.17 Finally, the
Ni is etched in concentrated HCl to yield a free-standing foam
composed of conjoined hollow ultrathin graphite spheres,
which can be transferred to arbitrary substrates.
Scanning electron microscopy (SEM, Zeiss Gemini Ultra-55)
and transmission electron microscopy (TEM, Philips
CM300FEG/UT) are used to examine the morphological
characteristics of the material during and after the fabrication
process. Figure 2a shows a representative cross-sectional SEM
image of a 5-layer ordered array of polystyrene spheres, 1 μm
diameter, deposited on Ni-coated Si. Uniform, high packing
density was obtained over a large sample area. Figure 2b shows
the sample after Ni electrodeposition and polystyrene removal,
showing a good ﬁdelity “negative” reproduction of the original
sphere template. The circular holes in the Ni scaﬀold
correspond to the areas where adjacent polystyrene spheres
sintered together. The carbon foam after Ni removal and
transfer to polycarbonate sheet is shown in Figure 2c−e. The
resulting foam shows a good reproduction of the original
sphere morphology, with pores that correspond to the holes in
the Ni scaﬀold. These pores allow for good ion transport and
B
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surface area per projected area, AA, of a close packed array of
hollow spheres can be calculated using

Although Li et al. showed minimal D peak intensity for
graphene grown on Cu foils using benzene at a growth
temperature as low as 300 °C,17 in this work, the D peak is
present even at growth temperatures of 600 °C. This diﬀerence
is likely due to the relatively low quality of electrodeposited Ni
compared to Cu foils.
For electrochemical testing as supercapacitor electrodes,
electrical connection to the foam is made via Cu wires attached
with silver epoxy. The silver epoxy is coated with a
nonconducting resin to prevent contact with the electrolyte.
Three-electrode testing (Pt counter and Ag/AgCl reference
electrodes) is performed using a CH Instruments potentiostat
in an aqueous 3.5 M KCl electrolyte. Cyclic voltammetry at a
variety of scan rates is performed on all fabricated foams. Some
representative CV cycles are shown in Figure 3a. A semi-

AA =

2n(4πr 2)N
A proj

(2)

where n is the number of layers of spheres, r is the sphere
radius, and N is the number of spheres per layer in the
projected area. The ﬁrst factor of 2 is present to account for
both the inside and outside surfaces of the hollow sphere.
Equation 3 gives the relationship between N and Aproj assuming
dense packing
N=

A proj π
πr 2 2 3

(3)

where the second term is the hexagonal packing density of
circles in a plane. Combining eqs 2 and 3 yields
AA =

4πn
3

(4)

revealing that the speciﬁc surface area per projected area, and
hence the speciﬁc areal capacitance is expected to increase
linearly with the number of layers. Figure 3c reﬂects this result,
indicating that no signiﬁcant transport losses are seen even for
the thickest measured electrodes. Similarly, the volumetric
speciﬁc area can be calculated via
AV =

2n(4πr 2)N
4πn
=
A projt
3t

(5)

where t is the electrode thickness. For a close packed sphere
array, t is given by
⎛2 6 ⎞
⎛2 6 ⎞
t=⎜
r ⎟(n − 1) + 2r ≈ ⎜
r ⎟n for large n
⎝ 3 ⎠
⎝ 3 ⎠

(6)

Combining eqs 5 and 6 yields
AV ≈

Figure 3. (a) Cyclic voltammogram of 5-layer, 1 um diameter sphere
sample at diﬀerent scan rates; (b) galvanostatic charge−discharge plots
at various current densities; (c) the calculated areal and (d) volumetric
capacitances for all fabricated samples, calculated from CV data at a
scan rate of 50 mV/s.

π 2
r

(7)

showing that AV and hence the speciﬁc volumetric capacitance
is mostly independent of the number of layers and depends
only on the sphere size. Figure 3d qualitatively reﬂects this
behavior. The calculated theoretical speciﬁc surface area per
volume is 8.9 m2/cm3 for 0.5 μm diameter spheres; this is about
1 order of magnitude higher than the corresponding value for
∼9 layer CVD graphene grown on Ni foams6 because of the
smaller pore volume for the microsphere templated Ni scaﬀolds
as compared to commercial Ni foams. Theoretically, this area
could be further increased with decreasing sphere size. While
speciﬁc surface area measurement techniques (such as BET)
were attempted on the fabricated foams, the quantity of
material was insuﬃcient to generate a meaningful result.
However, using the measured capacitances and the theoretical
speciﬁc surface areas per volume, an approximate capacitance
per real surface area of ∼20−30 μF/cm2 is derived. This
capacitance is 2−8 times higher than the typical double layer
capacitance of carbon-based electrodes,19 indicating that the
actual speciﬁc surface area may be somewhat higher than the
value calculated in eq 7. The diﬀerence in capacitance values
likely arises from the roughness of the spherical surface giving a
higher surface area than that of smooth spherical surfaces

rectangular plot can be seen at 0−0.8 V vs Ag/AgCl in both the
cathodic and anodic regions. Galvanostatic charge−discharge
plots (Figure 3b) show similar results; a pseudolinear discharge
curve is apparent with slight nonlinearity apparent at similar
potentials as the features seen in CV. The speciﬁc capacitance
of the foams can be calculated via
I
C=
ΔV /ΔtA proj
(1)
where C is the speciﬁc areal capacitance, I is the average
discharge current, ΔV/Δt is the average potential sweep rate
during discharge, and Aproj is the projected area of the sample.
The volumetric capacitance can be simply calculated by
dividing by the thickness of the foam. Panels c and d in Figure
3 show the calculated areal and volumetric capacitances for all
fabricated samples, calculated from the CV data at a scan rate of
50 mV/s. From simple geometric considerations, the speciﬁc
C

dx.doi.org/10.1021/am504695t | ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

ACS Applied Materials & Interfaces

■

ACKNOWLEDGMENTS
The authors thank Seung Hoon Lee, Shuang Wang and John
Alper for many fruitful discussions. The ﬁnancial support of
National Science Foundation (Grants EEC-0832819, Center of
Integrated Nanomechanical Systems, and DMR-1207053) is
gratefully acknowledged. SEM and TEM work at the Molecular
Foundry was supported by the Oﬃce of Science, Oﬃce of Basic
Energy Sciences, of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. B.H. and L.E.L. also
acknowledge NSF Graduate Research Fellowships.

assumed in the model used here. Thus, eq 7 likely gives a lower
bound on the actual speciﬁc surface area per volume.
The highest measured areal capacitance of 1 mF/cm2 is
achieved on the 10-layer sample of 0.5 μm diameter spheres.
The highest measured volumetric capacitance of 2.7 F/cm3 is
achieved on the 5 layer sample of 0.5 μm diameter spheres. The
samples presented here show capacitance on the same order of
magnitude as state-of-the-art 3D graphitic materials such as
photoresist-derived carbon20 and laser-scribed graphene.21
Although these values should not be compared directly, as ref
21. reports results from a completed device in a two-electrode
measurement, the order of magnitude similarity nevertheless
shows the applicability of this technique for energy storage
applications. The maximum calculated volumetric energy and
power densities for the 5 layer, 1 μm diameter sample in a
three-electrode conﬁguration are 382 mJ/cm3 and 3.2 W/cm3
(see the Supporting Information for calculation), which are
comparable to other novel 3D graphitic materials. The areal
and volumetric energy and power densities are, in theory,
further scalable with increasing thickness and decreasing sphere
radius, respectively. While capacitance values normalized by
projected area and volume are more appropriate for microsupercapacitor applications,22 this material may prove useful for
both microscale and macro-scale applications, where a massnormalized capacitance is more frequently cited. Although we
expect the capacitance per mass to be quite high for this
material (similar or higher to that of graphitic foams derived
from commercial Ni foams), we were unable to synthesize a
suﬃcient quantity of material to obtain a precise mass.
In conclusion, ultrathin graphite growth on a templated
electrodeposited Ni layer is used to fabricate close-packed
hollow 3D graphitic bicontinuous foam. This methodology can
be extended to realize complex 3D graphitic architectures.
These structures can be used for a variety of applications, and
one such application, capacitive energy storage, is demonstrated
here. The fabricated material shows promising electrochemical
performance as well as scalability for supercapacitor applications. Furthermore, this technique can be extended to arbitrary
templates to give excellent geometric control of 3D
nanostructures at various length scales. The only requirement
is that the template be amenable to electrodeposition of Ni.
Instead of being used to create the structures shown here, the
process may be used to generate myriad graphitic carbon
structures including block copolymer templated gyroids,
hierarchically porous ﬁlms, and controlled diameter nanotubes.
These structures could be engineered for speciﬁc applications
through modiﬁcation of the graphitic structures, taking
advantage of the unique properties of graphene, as well as
the control aﬀorded by a templated fabrication.
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