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en-ended, worm-like and
graphene-like structures from layered spherical
carbon materials†

Bridget K. Mutuma,a Boitumelo Matsoso,a Kamalakannan Ranganathan,a

Daniel Wamwangib and Neil J. Coville*a

A study of the effects of size dispersion of Au@SiO2 spheres and silica sphere templates for the synthesis of

hollow carbon structures was evaluated using a chemical vapor deposition (CVD) nanocasting method. The

diameter of the template, the presence of the gold nanoparticles and the polyvinylpyrrolidone (to cap the

Au particles) were found to determine the size, thickness and shape of the synthesized carbon

nanostructures. The Au@monodispersed small-sized silica sphere (80–110 nm) template covered with

carbon followed by removal of silica produced broken hollow carbon spheres, whereas an equivalent

Au@monodispersed large-sized silica sphere (110–150 nm) template produced hollow carbon spheres

with a complete carbon shell. Monodispersed and polydispersed pristine silica spheres without Au

produced hollow carbon spheres with complete and deformed carbon shells, respectively.

Polyvinylpyrrolidone addition to polydispersed SiO2 spheres, followed by carbonization with toluene (1 h)

and SiO2 removal, produced wormlike carbon structures. Carbonization (and SiO2 removal) of

Au@polydispersed silica spheres for a short carbonization time (1 h) gave a layered carbon nanosheet

while at intermediate and longer carbonization times (2–4 h) gave nanotube-like (or worm-like) carbon

structures. Raman spectra confirmed the formation of the graphitic nature of the carbon materials.

These results highlight the potential use of Au@carbon coreshell structures for the generation of few

layered graphene-like unusual nanostructures. As a proof of concept, the wormlike carbon structures

were incorporated in organic solar cells and found to give a measurable photovoltaic response.
1. Introduction

Layered graphene structures can in principle be made by two
approaches – by a bottom-up approach from carbon building
blocks or by top-down approaches from layered carbon mate-
rials. The bottom-up approach entails the synthesis of graphene
structures by epitaxial growth of graphene sheets through
Diels–Alder polymerization,1,2 layer by layer assembly,3 sol-
vothermal4 and chemical vapor deposition methods. The
chemical vapor deposition (CVD) methodology can entail
depositing carbon on a metal template with some or limited
carbon solubility such as Cu,5–7 Ni,8,9 and Co10 among others.
The metal template acts as a catalyst for graphene layer
formation and growth. In some cases, a catalyst free plasma
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enhanced chemical vapor deposition method, has been used to
produce carbon nanosheets and vertically oriented graphene
sheets.11–15 The top-down approach involves the exfoliation of
graphite by mechanical, electrochemical or chemical means to
give graphene.16,17 Indeed, the classical methodology to make
graphene is from graphite.18 In principle any carbon source
(planar, non-planar geometries) that contain layers of carbon
atoms could be converted to an open layered carbon material.
For instance, unzipping multiwalled carbon nanotubes can
result in the formation of graphene oxide nanoribbons19 and
graphene nanoribbons.20 A recent report has indicated that C60

can be converted into graphene quantum dots showing the
possibility of creating graphene like structures from spherical
carbon materials.21

Typically, carbon nanomaterials are classied based on their
dimensionalities such as zero-dimensional fullerenes (0D), one-
dimensional carbon nanotubes (1D), two-dimensional graphe-
nes (2D) and various three-dimensional structures (3D)
respectively.22–25 The 3D carbon based nanostructures such as
3D graphene based composites and 3D porous carbons of high
mechanical and structural stability, high electrical conductivity
and large pore volume have been extensively studied.26–31 The
hard template route has been used to synthesize various 3D
RSC Adv., 2016, 6, 20399–20408 | 20399
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carbon frameworks for energy applications.32–34 In addition,
these nanostructures could be used as electron acceptors in
polymer based solar cells due to their high interfacial area.

Hollow carbon spheres (HCSs) contain graphite like struc-
tures in their carbon shells. Because of these features they have
been used extensively in fuel cells,35,36 as catalysts support,37,38

and in supercapacitors.39,40 This is due to their large pore
volume, high surface area and the ability to tailor the diameters
of the carbon shells. These nanostructured materials have been
synthesized by hydrothermal carbonization,41 templating,42,43

Kirkendall effect, Ostwald ripening and the galvanic replace-
ment methods among others.44 A hard templating method
offers the ability to modify surface properties of templates, to
manipulate the morphology and structure of the nal product
and to use readily available precursors.45 The carbon shell
thickness can be controlled by varying the surfactant to
precursor ratio,46,47 the amount of the carbon source48 and the
carbonization time.49 To date, the carbon shell of a HCS is
generally retained in the synthesis strategies employed.
However, studies have indicated that structural collapse of
a HCS can occur to produce broken shell structures.49–51

Organic solar cell (OSC), devices that convert solar energy
into electrical energy oen use semiconducting polymers made
from carbon. Carbon is cheap, readily available, easily
processable and is hydrophobic. This latter property ensures its
compatibility with organic polymers used in the active layer
when common organic solvents are used to make solar cell
devices. In a bulk heterojunction (BHJ), the active layer
comprises of an interpenetrating network of the p-type donor
(poly(3-hexyl-thiophene-2,5-diyl), P3HT) and an n-type acceptor
([6,6]-phenyl-C61-butyric acid methyl ester, PCBM) respectively.
The key component here is the fullerene that is a single layered
spherical carbon material. Other hollow carbon nanostructures
can also act as the electron accepting materials and be used to
form a ternary blend of the active layer. In this approach
metallic impurities in the carbon material are not present as
HCS synthesis, unlike carbon nanotube synthesis, requires no
catalyst.52–58 These early studies indicated that a key feature was
the graphitic carbon network. To further explore the role of
graphitic carbon structures in solar cell devices the use of
“collapsed” HCSs has been explored. This is overcomes the
issue associated with large HCSs that can conform to the size of
the typical active layer dimensions of the OSC device and can
lead to shorting. Graphene based nanostructures have been
mainly used as electrodematerials in organic and dye sensitized
solar cells.59–61 In contrast, carbon nanotubes have been
employed in the active layer to improve the efficiency of
photovoltaic devices but owing to their metallic character favor
charge carrier recombination.62–65 To our knowledge, the use of
open ended worm like carbon nanostructures to form an active
layer composite in organic solar cells has to date not been
reported.

In this report, carbon has been deposited on monodispersed
and polydispersed silica templates in the presence of Au
nanoparticles embedded in the silica to produce graphene-like
layered structures (Au@HCS). Hollow carbon spheres with
broken spherical shells were produced from small and
20400 | RSC Adv., 2016, 6, 20399–20408
monodispersed SiO2 spheres and unusual open ended worm
like layered structures were made from polydispersed silica
sphere templates. In essence, the conversion of spherical core
shell materials to an open ended worm like carbon nano-
structures (3D) with unique morphologies by a CVD nano-
casting method (a hard template route). The effect of Stober
sphere diameter, polydispersion and carbonization time on the
morphology of the carbon spheres produced as well as the role
of the Au nanoparticles and the polyvinylpyrrolidone (PVP) used
to cap the Au particles were studied. The obtained wormlike
carbon nanostructures and the broken hollow/deformed carbon
structures were employed in a ternary blend active layer to
fabricate an organic solar cell.
2. Experimental
2.1 Starting materials

Tetraethyl orthosilicate, TEOS (98%, Aldrich), ammonium
hydroxide, NH4OH (25% Fluka), ethanol (Merck 96%) and
deionized water were used as reagents for the synthesis of the
silica spheres. Hydrouoric acid, (HF; 40%, Associated Chem-
ical) was used for silica removal, and toluene (Aldrich) was used
as a carbon source. Chloroauric acid, HAuCl4$3H2O (99.99%,
Aldrich), polyvinylpyrrolidone, PVPK30 (Mw 40 000, Aldrich),
and trisodium citrate dihydrate were used as reagents for the
synthesis of gold nanoparticles.
2.2 Synthesis of silica spheres and hollow carbon spheres
(HCSs)

Monodispersed SiO2 spheres were synthesized by mixing 90 mL
of ethanol, 63 mL of distilled water and 5 mL of NH4OH and the
solution stirred for tenminutes. Then 16mL of TEOS was added
rapidly and the mixture stirred for 1 hour. In contrast, poly-
dispersed SiO2 spheres were obtained by adding 2 mL of TEOS
slowly to ethanol (40 mL) and 2 mL of NH4OH and the mixture
allowed to stir for 1 h. The solutions were centrifuged at 4500
rpm for 20 minutes and the product dried at 80 �C for 12 hours.
Carbonization of both the monodispersed and polydispersed
SiO2 spheres was carried out by a bubbling method using
toluene as the carbon source and argon as the carrier gas in
a chemical vapor deposition reactor for 1 h, 2 h and 4 h
respectively66 (Table 1). The carbonized silica was then etched
with 10%HF for 24 hours at room temperature and dried to give
the hollow carbon spheres.
2.3 Synthesis of Au nanoparticles

HAuCl4$3H2O (0.01 M, 5mL) was stirred at reux for 30minutes
and trisodium citrate dihydrate (50 mL of 0.01 M) was added to
the Au solution and the mixture stirred for 30 minutes. Poly-
vinylpyrrolidone (PVP; 0.5 g) was dissolved in 20 mL of distilled
water and added dropwise to the Au solution and stirred at
room temperature for 12 hours. Centrifugation at 12 000 rpm
for 15 minutes gave a suspension of gold nanoparticles (d ¼ 14
� 4 nm) in solution (Fig. S1†).
This journal is © The Royal Society of Chemistry 2016
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Table 1 Effect of carbonization time on the carbon shell thickness

Starting SiO2 material SiO2 (nm)
CVD carbonization
time (h)

Carbon shell
thickness (nm)

Monodispersed SiO2 400–500 1 12 � 5
2 38 � 8
4 47 � 10

Polydispersed SiO2 90–310 1 8 � 2
2 10 � 3
4 32 � 8
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2.4 Synthesis of Au@SiO2 spheres

Gold@silica spheres were synthesized using the conditions
shown in Table 2. Gold nanoparticles (2 mL, 0.00016 M) were
mixed with 20 mL of ethanol and 0.5 mL of ammonia solution
(25 wt%). The solutions were stirred for 20 minutes and then 1
mL of TEOS was added rapidly and the solutions stirred sepa-
rately for 30 minutes and 1 hour respectively. The two solutions
were then centrifuged for 20 minutes at 3500 rpm and the
collected solids dried at 80 �C for 12 hours to give mono-
dispersed Au@SiO2A and Au@SiO2B spheres respectively.
Polydispersed Au@SiO2 particles were made by adding gold
nanoparticles (20 mL) to 40 mL of ethanol and 2 mL of
ammonia solution (25 wt%). The solution was stirred for 20
minutes and 2 mL of TEOS was added slowly and the solution
stirred for 1 hour, centrifuged for 20 minutes at 3500 rpm and
the collected solid dried at 80 �C for 12 hours to give Au@SiO2C.
2.5 Synthesis of Au@hollow carbon structures (Au@HCSs)

Au@hollow carbon spheres (Au@HCSs) were synthesized by
carbonization of the synthesized Au@SiO2 spheres in a hori-
zontal chemical vapor deposition reactor. In separate reactors,
the three Au@SiO2 samples (0.06 g) were uniformly spread onto
a quartz boat which was placed in the center of a quartz tube.
The furnace was heated to 900 �C at 10 �C min�1 under an Ar
atmosphere (Ar, 200 sccm). Once the desired temperature was
reached, Ar (200 sccm) was bubbled through toluene for 1 h for
Au@SiO2A and Au@SiO2B and for 1 h, 2 h and 4 h for Au@SiO2C
(to give Au@SiO2C1, Au@SiO2C2 and Au@SiO2C4) respectively.
Aer this, the gas ow was stopped and the system was le to
cool down to room temperature under an inert atmosphere (Ar,
200 sccm). The quartz boat was then removed from the reactor
and the silica was removed with a 10% HF solution (24 hours)
and aer thorough washing with distilled water the product was
dried at 80 �C for 12 hours to give the ve Au@HCS samples
(Table 3).
Table 2 Reaction conditions for the synthesis of Au@SiO2 spheres

Description Stirring time (h) Gold nanoparticle solution (mL)

Au@SiO2A 0.5 2
Au@SiO2B 1 2
Au@SiO2C 1 20

This journal is © The Royal Society of Chemistry 2016
2.6 Characterization

The morphology of the synthesized gold nanoparticles,
Au@SiO2, Au@HCSs, pristine SiO2 and the HCSs was ascer-
tained by transmission electron microscopy (TEM) using a FEI
Technai G2 spirit electron microscope operating at 120 kV.
Graphitic domains in Au@HCS were determined using a JEOL
JEM 2100 High Resolution TEM (JEOL, Japan) tted with a LaB6
gun. Images were captured at 200 kV using a Gatan Ultrascan
camera (Gatan, USA). Samples weremade by placing a droplet of
suspended nanoparticles in ethanol on carbon coated grids and
allowed to dry at room temperature. A Jobin Yvon T64000
Raman spectrometer equipped with an Ar ion laser (514.5 nm)
and a laser power of 5 mW was used to establish the graphitic
nature of the carbon found in the Au@HCSs and HCSs.

3. Results and discussion
3.1 Silica spheres and hollow carbon spheres (HCSs)

Stober silica spheres were synthesized by classical routes.67 The
silica spheres were made using two different reactant concen-
trations and reaction times to give monodispersed and poly-
dispersed SiO2 with different sizes as shown in Fig. S2.†
Monodispersed SiO2 spheres (400–500 nm) were obtained when
TEOS was added quickly while polydispersed SiO2 spheres (90–
310 nm) were obtained when TEOS was added slowly. A quick
addition of TEOS results in the creation of nucleation sites at
the same rate and time whereas a slow addition creates new
nucleation site with each TEOS portion added, analogous to an
interrupted particle growth mechanism.68,69 These spheres were
carbonized with toluene for 1 h, 2 h and 4 h and the SiO2 was
removed with HF to give HCSs (Table 1). The TEM images of the
six different HCSs are shown in Fig. 1. It is noted that the HCSs
were smaller in diameter than the SiO2 spheres due to the
shrinkage of the silica spheres.37,70

For all types of silica spheres used, carbon coverage on SiO2

was observed prior to etching. The carbon shell thickness
increased with increasing carbonization time as shown in Table
1. Aer treatment of the SiO2@C materials with HF, it is seen
that the carbon shells in monodispersed HCSs retained their
spherical shape (Fig. 1a–c). In contrast, HCSs with deformed
and interconnected carbon shells were obtained aer treatment
of the polydispersed SiO2@C materials with HF (Fig. 1d and e).
However, HCSs with complete carbon shells were obtained aer
4 h carbonization of polydispersed SiO2 materials and SiO2

removal (Fig. 1f). Also to note: the carbon shell thickness of the
polydispersed HCSs was thinner than that of the mono-
dispersed HCSs. Though both mono and polydispersed SiO2 are
chemically the same, SiO2 polydispersity was found to reduce
Ethanol (mL) Ammonia solution 25 wt% (mL) TEOS (mL)

20 0.5 1
20 0.5 1
40 2 2

RSC Adv., 2016, 6, 20399–20408 | 20401

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ra25880d


Table 3 Effect of SiO2 sphere diameter in Au@SiO2 template on the carbon morphology

Description
Starting SiO2

material SiO2 (nm) Au (nm)
CVD carbonization
time (h) Morphology

Carbon shell
thickness (nm) Au (nm)

Au@HCSA Au@SiO2A 80–110 14 � 3 1 HCSs with broken shells 8 � 3 15 � 4
Au@HCSB Au@SiO2B 110–150 14 � 4 1 HCSs with complete shells 8 � 2 15 � 6
Au@HCSC1 Au@SiO2C 90–300 16 � 4 1 Layered graphene-like nanostructures 13 � 2 15 � 4
Au@HCSC2 Au@SiO2C 90–300 16 � 4 2 Open ended tube like nanostructures 25 � 5 16 � 4
Au@HCSC4 Au@SiO2C 90–300 16 � 4 4 Open ended tube like nanostructures 38 � 10 21 � 6
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the number of carbonization layers. This could be attributed to
the packing of polydispersed particles which restricts toluene
inltration between SiO2 spheres during carbon shell growth on
SiO2.
Fig. 2 TEM images of (a) Au@SiO2A, (b) Au@SiO2B spheres before
carbonization and (c) Au@HCSA and (d) Au@HCSB after 1 h carbon-
ization time and SiO2 removal.
3.2 Au@SiO2 and Au@hollow carbon spheres

Au@SiO2 was made by classical procedures by dispersing Au
particles in a solution containing TEOS (Table 2). The sizes of
encapsulated gold nanoparticles were almost the same in all the
Au@SiO2 spheres with a slight increase in size observed in
Au@HCSs obtained aer carbonization and SiO2 removal
(Table 3). Fig. 2 show the TEM images of Au@SiO2A and
Au@SiO2B templates with their respective HCS morphologies
obtained aer 1 h carbonization. The longer reaction time (1 h
versus 0.5 h) used in the formation of the template gave a larger
HCS as expected.71,72 Carbonization of the smaller sized silica
spheres (Au@SiO2A) produced broken hollow carbon spheres
aer etching away the SiO2 (Fig. 2c) while the large sized silica
sphere (Au@SiO2B; 110–150 nm) gave more unbroken spherical
carbon shells aer HF etching (Fig. 2d). Though, the thickness
of the carbon shells was similar aer 1 h carbonization time; the
smaller HCSs were more prone to break during the etching
procedures, due to the large strains induced by the larger
Fig. 1 TEM images of hollow carbon spheres; (a–c) frommonodispersed SiO2 spheres and (d–f) from polydispersed SiO2 spheres after (1 h, 2 h, 4
h) carbonization times and SiO2 removal respectively.

20402 | RSC Adv., 2016, 6, 20399–20408 This journal is © The Royal Society of Chemistry 2016
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curvature which weaken upon SiO2 removal. Carbon shell
thickness dependent collapse of Au@SiO2A is thus unavoidable
due to the smaller diameter size.50,51

Fig. 3a shows TEM images of polydispersed Au@SiO2C
spheres aer synthesis. Aer 1 h carbonization a thin carbon
shell (11 � 2 nm) covering the silica (Fig. S3†) is formed which
led to a layered carbon nanostructure (Fig. 3b) aer HF etching.
This contrasts with the morphologies found for Au@HCSA and
Au@HCSB as the collapse led to large sheets of carbon shells
instead of a hemispherical curved surface. The carbonization of
Fig. 3 TEM images of (a) Au@SiO2C, (b–d) Au@HCSC obtained after (1
h, 2 h, 4 h) carbonization times and SiO2 removal respectively.

Fig. 4 HRTEM images of Au@HCSC1; (a) shows the carbon film of Au@H
the carbon sheet (black spots are Au particles), (c) shows a folded region a
sheet like region.

This journal is © The Royal Society of Chemistry 2016
silica spheres to give thin carbon shells occurred where the
silica cores interconnected and breaching presumably occurred
where the silica spheres intersected. A short carbonization time
(1 h) produced a layered carbon nanosheet like morphology due
to limited nucleation densities and surface coverage. Carbon-
ization for longer times (2 & 4 h) led to the formation of long
nanotube/worm like morphology (length > 500 nm) (Fig. 3c and
d). Table 3 shows that an increase in carbon shell thickness of
Au@HCSC occurs with an increase in carbonization time.

Comparison of polydispersed Au@HCSC (Fig. 3) and poly-
dispersed HCSs (Fig. 1) showed that in the absence of gold,
HCSs with deformed and interconnected carbon shells were
observed and no carbon nanosheet like morphology was noted.
This implicates the presence of Au in the formation of the
peculiar carbon structures. A more detailed analysis of
Au@HCSC1 was obtained fromHRTEM studies (Fig. 4). HRTEM
images of the Au@HCSC1 revealed that the sample could be
viewed as a carbon sheet (Fig. 4a) made of overlapping carbon
layers formed from the extended array of hollow carbon struc-
tures (Fig. 4b). The extended array was in the form of discon-
tinuous curved features portraying the wavy nature of the
carbon sphere edge.73 The carbon structure appears to follow
the curvature of the unzipped spheres (Fig. 4c). Further analysis
of the ‘lm’ indicates that the carbon ‘shell’ shows the presence
of graphitic domains (Fig. 4d; d interlayer spacing ¼ 0.344 nm)
with short range ordering (Fig. 4e) over large parts of the carbon
structure. The structure also indicates regions of amorphous
carbon as conrmed by selected area electron diffraction
(SAED) data (ESI Fig. S4†).

The factors responsible for the formation of the wormlike
carbon structures are described below.

(i) Polydispersity. A possible cause of the growth of the
wormlike and open ended graphene like structures is related to
the SiO2 polydispersity.74–77 This is presumably due to the closer
CSC1 and that of the copper grid, (b) shows three overlapping areas of
nd a sheet like region with magnified images of (d) folded region and (e)

RSC Adv., 2016, 6, 20399–20408 | 20403
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Fig. 5 Possible carbon nanostructure formation mechanism in (a)
Au@SiO2A, (b) Au@SiO2B and (c) Au@SiO2C respectively.
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contact between the SiO2 spheres made possible when small
and large SiO2 spheres are mixed. The carbon inltrates less
effectively between the mixed size spheres and this leads to the
formation of thinner and hence weaker carbon structures.
These are then more easily ruptured.

(ii) Carbonization time. The carbonization time deter-
mines the layer structure and wormlike structures aer silica
etching. The carbon shell thickness has an effect on the
completeness of the HCS shell and a thin carbon wall is subject
to high stresses which lead to fracture during HF etching. A long
carbonization time results in higher nucleation density and
diffusivity along the edges leading to a near uniform thickness
of the wormlike structures. Continued carbonization results in
further coverage and hence formation of thicker open ended
and breached nanotube like structures.

(iii) Role of polyvinylpyrrolidone on carbon morphology.
The presence of PVP (with a high molecular weight) on SiO2

synthesis has been reported to cause a broad silica size distri-
bution.78 In this study, the volume of PVP used to make
Au@SiO2A and Au@SiO2B (2 mL PVP) was less than that used to
make Au@SiO2C (20 mL PVP) hence leading to modied SiO2–

SiO2 surface interactions during carbonization leading to
different carbon deposits along the external SiO2 surfaces.

To conrm the inuence of PVP on the morphology of the
obtained worm like and open ended carbon nanostructures,
polydispersed SiO2 spheres (Fig. S2b) and PVP (20 mL) were
mixed together and stirred for 1 hour and 12 hours respectively
(see ESI†). The concentration of PVP was similar to that used in
the synthesis of Au@SiO2C (for comparison purposes). Fig. S5a
and S5b† shows the silica spheres mixed with PVP before
carbonization conrming the PVP surface coverage on silica.
The polydispersed silica spheres mixed with PVP aer 1 h stir-
ring time, followed by carbonization and SiO2 removal
produced worm like hollow carbon nanostructures (Fig. S5c†).
In contrast, a 12 hours stirring time, followed by carbonization
and SiO2 removal gave broken hollow carbon spheres with
a spherical morphology (Fig. S5d†). The carbon shell thickness
was 7 � 5 nm in the wormlike hollow structures and 9 � 7 nm
for the broken/deformed hollow carbon spheres. The wormlike
carbon nanostructures had a unique hierarchical structure with
the coexistence of mesopores and macropores within the non-
spherical cavity as shown by the nitrogen adsorption–desorp-
tion isotherm (ESI Fig. S9†).

In the study, 900 �C was used for carbonization of the silica.
Mixing of silica with PVP results in the presence of hydrogen
bonded PVP polymer chains on SiO2 that carbonizes on the
silica surface.79–81 Some of the PVP was lost due to sublimation
at the reaction temperature. The surface morphology is
dependent on the amount of PVP bound on the silica surface.
When a high concentration of PVP was used on Au@SiO2 and
polydispersed SiO2 spheres, a thin carbon nanosheet and
wormlike hollow structures were obtained.

(iv) Presence of Au. The HRTEM images of the Au@HCS
indicate the HCSs have been broken and show folded edges of
the carbon sheet on the planar structure (Fig. S6a†). The folded
edges have a higher interlayer spacing (0.371 � 0.002 nm)
compared to the d spacing of pure graphite (0.335 nm)82
20404 | RSC Adv., 2016, 6, 20399–20408
(Fig. S6b†). This indicates an 11% strain in the carbon material
around the Au and folding along the edges due to the carbon
grown on the interconnected spheres. A difference in the
curvature energies of thin carbon walls is thus expected for
carbon in the presence/absence of Au particles. On removal of
the silica, the carbon atoms can now relax and this leads to
collapse/unzipping of the walls, leading to the formation of
worm like carbon structures. The unzipping effect is not only
related to the thinness of the carbon structure. If this was the
case, the polydispersed HCSC1 (Fig. 1d) with a shell thickness of
8� 2 nmwould also be expected to form the worm like graphitic
carbon structures. This is not seen. There is clearly less surface
strain on the carbon wall aer silica removal and hence HCSs
with deformed and interconnected carbon shells are formed
despite the presence of a thin carbon shell.

Fig. 5 shows a schematic diagram that summarizes the
formation of the different carbon nanostructures for the
Au@monodispersed and Au@polydispersed silica sphere
templates. A small sized Au@monodispersed SiO2 sphere
template results in Au@HCSs with breached shells while a large
sized Au@SiO2 monodispersed sphere template gives
Au@HCSs with complete shells. In contrast, the Au@polydis-
persed SiO2 sphere template gives graphene-like, wormlike and
open ended tube like structures.

3.3 Raman spectra of hollow carbon spheres and
Au@hollow carbon spheres

Table S1† shows the ID/IG ratios of monodispersed and poly-
dispersed HCSs. The corresponding Raman spectra for HCSs
and Au@HCSs are shown in Fig. S7 and S8.† In all cases,
a strong D band was exhibited between 1342 cm�1 and 1381
cm�1 due to the breathing mode of sp2 and sp3 carbon
atoms.83,84 In addition, a G peak was observed between 1575
cm�1 and 1597 cm�1 which is a characteristic of bond stretch-
ing of sp2 atoms. An increase in structural defects with
increasing carbonization time was observed as seen from ID/IG
ratios. This is expected as an increase in carbonization time
increases the number of carbon atoms nucleating on the silica
template leading to thicker carbon shells and thus more
structural defects. Au@HCSA and Au@HCSC1 had fewer defects
than Au@HCSB resulting in lower ID/IG ratios (Table S2†). A
This journal is © The Royal Society of Chemistry 2016
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comparison of the Raman spectra of polydispersed Au@HCSs
and HCSs shows a broad band between 2700 cm�1 and 2900
cm�1 characteristic of a 2D band. The broadness of the peak
indicates the presence of large defects with small graphitic
domains.85,86 In Au@HCSC1, D and G bands were observed at
1370 cm�1 and 1590 cm�1 respectively with a ID/IG ratio of 0.91,
indicating less graphitic character. A broad 2D band was
observed in Au@HCSC1 showing the presence of both graphitic
and non-graphitic domains in agreement with the HRTEM
results.
3.4 Application of worm like hollow carbon nanostructures
and broken HCSs in organic solar cells

The hollow carbon nanostructures (wormlike and broken HCSs)
were mixed with P3HT and PCBM to form a ternary blend active
layer (see ESI†). The pristine active layer (PCBM:P3HT blend)
had a thickness of 190 � 10 nm. Fig. S11† shows the AFM
images of P3HT:PCBM:wormlike carbon nanostructures and
P3HT:PCBM:broken HCSs with a surface roughness of 81.5 nm
and 91.8 nm respectively. A PCBM absorption peak was
observed at 336 nm and 338 nm for P3HT:PCBM with broken
HCSs and wormlike HCSs respectively (Fig. 6).87 The absorption
intensity of P3HT peaks were observed at 517 nm and at 553
nm/555 nm, with a shoulder (#) at 604 nm/605 nm in the lms
containing broken HCSs/wormlike HCSs respectively due to
P3HT interchain p–p* interactions.88,89 The absorption inten-
sity of the lm comprising of P3HT:PCBM:wormlike HCSs was
higher than that made of P3HT:PCBM:broken HCSs due to
enhanced scattering of light. An increase in absorption intensity
in the wormlike HCSs led to an increased short circuit current
density (Jsc). The device performance is determined by the
structural organization of the interpenetrating network,
Fig. 6 UV-visible absorbance spectra of P3HT:PCBM:hollow carbon
nanostructures films.

Table 4 Current–voltage characteristics of devices with P3HT:PCBM:w

Description
Jsc
(mA cm�2)

Voc
(V)

Series
(ohm

P3HT:PCBM:wormlike HCSs 0.96 0.42 1.41 �
P3HT:PCBM:broken HCSs 0.73 0.50 5.95 �

This journal is © The Royal Society of Chemistry 2016
interface energy and self-assembly of active layer compos-
ites.90,91 Theoretical studies and experimental results of organic
photovoltaic devices have shown that P3HT chains can self-
assemble to wrap around the carbon based nanostructures
and change the conjugation length of the P3HT to modify the
device charge transfer properties.91,92 It is proposed that the
large interface area provided in the open ended worm like
structure could increase the interconnectivity to the P3HT
chains and thus, alter the charge transfer properties in the
active layer composite.

Table 4 shows the current–voltage characteristics of the
ternary blend active layer based organic solar cell under illu-
mination and in the dark. An attempt to use hollow carbon
spheres with a complete shell led to shorting of the photovoltaic
devices due to their large diameter size. Hence, wormlike and
broken HCSs were used. The current density of the device with
wormlike HCSs is slightly higher than in the device with broken
HCSs. This can be attributed to a reduced charge-transport
distance, a slight increase in absorption intensity and less
surface roughness in comparison to that of a device with broken
HCSs. There was a slight increase in open circuit voltage (Voc) in
the device with wormlike hollow carbon nanostructures which
could be attributed to a change in the HOMO and LUMO
energies of the active layer components.93–95 In addition,
a possible charge carrier recombination is further corroborated
by an S curve kink (see arrow in Fig. 7a) and by a high leakage
current (Fig. 7b). The photovoltaic efficiency of the ternary solar
cell fabricated using worm like structures was 0.11% while with
broken hollow carbon spheres it was 0.14%. While these values
are low they show an improvement with reference to the
unbroken HCSs (see Fig. 7). The increase in shunt resistance,
open circuit voltage and ll factor (FF) in P3HT:PCBM:broken
HCSs relative to that of the device with wormlike HCSs were
responsible for the slight improvement in photovoltaic
efficiency.
ormlike HCSs and P3HT:PCBM:broken HCSs

resistance
s)

Shunt resistance
(ohms)

FF
(%)

Photovoltaic
efficiency (%)

104 6.07 � 103 26.04 0.11
103 2.14 � 104 37.26 0.14

Fig. 7 P3HT:PCBM:hollow carbon nanostructures current–voltage
(J–V) curves (a) under illumination and (b) semi log J–V curves in the
dark.
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4. Conclusions

This study provides insight into the effect of Au@polydispersed
silica sphere templates and polydispersed SiO2 sphere
templates towards the formation of hollow carbon nano-
structures by a CVD nanocasting method, a study rarely per-
formed. Au@HCSs and HCSs were successfully synthesized
using a CVD nanocasting method with Au@SiO2 and SiO2

spheres as templates. The size of the Au@SiO2 and SiO2

templates used were found to play a key role in the synthesis of
the hollow carbon spheres and nanostructures. Monodispersed
and large sized Au@SiO2 spheres gave unbroken HCSs, whereas
polydispersed Au@SiO2 spheres led to the formation of a range
of hollow carbon nanostructures (thin carbon nanosheets and
open ended nanotube like carbon). Modication of the surface
chemistry of the polydispersed SiO2 using PVP was found to
contribute to the worm like carbon nanostructures. Raman
analysis conrmed the presence of the graphitized carbon in all
the samples synthesized.

The Au@HCS core shell layered materials have been used for
the generation of graphene like open structures. The poly-
dispersed SiO2 sphere functionalized with PVP generated worm
like hollow carbon structures. The application of the wormlike
nanostructures in organic solar cells opens new studies into the
electronic properties of these materials. However, functionality
of the P3HT on the wormlike nanostructures through self-
assembly could lead to higher exciton dissociation. Further
studies to check the effect of PVP concentration and addition to
SiO2 spheres on carbon sphere morphology to explore the
formation and growth control of these carbon nanostructures
and their application in organic solar cells with optimized
parameters is underway.
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