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ABSTRACT Graphene nanoribbon (GNR) is an important candidate for future

nanoelectronics due to its high carrier mobility and dimension-controlled band gap.
Polymer-templated growth is a promising method toward high quality and massive
production of GNRs. However, the obtained GNRs so far are still quite defective. In order to
rationally control the crystallinity of the synthesized GNRs, herein we systematically investigate the eﬀect of polymer chemical structure on their templated growth of
GNRs. We studied the morphology/dimensions, composition, graphitization degree, and
electrical conductivity of GNRs derived from four diﬀerent types of electrospun polymers.
The four polymers polystyrene (PS), poly(vinyl alcohol) (PVA), polyvinylphenol (PVP), and
Novolac (a phenolic resin) are chosen to investigate the eﬀect of metal binding and the eﬀect of aromatic moieties. We found that metal-binding functional
groups are crucial for obtaining uniform and continuous GNRs. On the other hand, a polymer with aromatic moieties leads to a higher sp2 percentage in the
resulting GNRs, showing a higher graphitization degree and electrical conductivity.
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raphene is a sheet of sp2-hybridized
carbon atoms arranged into a honeycomb lattice and assembled into a
two-dimensional (2D) crystal.1 The exceptional electronic properties of single- and
multilayer graphene, such as high conductivity, charge carrier mobility, and optical
transparency,2 make it an exciting material for
applications in high-performance circuits,3
ﬂexible displays,4 energy-storage devices,5
sensors, and so on.68 However, a 2D graphene sheet is a zero-band-gap semimetal.2
The lack of a sizable band gap has limited
the use of graphene in high-performance
ﬁeld-eﬀect transistors (FETs) where a welldeﬁned low-conductance (“oﬀ”) state is required for their operation.9 Graphene nanoribbons (GNRs) represent a class of promising
materials to tackle this challenge.10 The lateral, one-dimensional conﬁnement opens up
a band gap inversely proportional to their
widths, while maintaining the extraordinary
transport properties of graphene.11,12 For
room-temperature transistor operation, it
is estimated that the width of the GNRs
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should be less than 30 nm.13 Several methods to fabricate GNRs of widths below 50 nm
have been reported. For example, GNRs can
be formed by etching of graphene or carbon nanotubes (CNTs),1416 although these
methods are limited in their throughput,
minimal achievable width, and control of
edge structures. On the other hand, GNRs
can be directly synthesized from hydrocarbon molecules, on 1D metal lines or step
edges of single-crystalline surfaces.13,1720
These methods, however, still cannot scalably produce GNRs with controlled width,
crystallinity, and composition. Moreover,
solution-phase-synthesized GNRs are typically ∼2 nm wide and several to tens of nm
long. Although their atomic structure is well
deﬁned, it is diﬃcult to directly fabricate
devices due to the very short length.
Recently, we reported a polymer-templated
chemical vapor deposition (CVD) of graphitic
nanoribbons (GraNRs), where metal-incorporated polymer nanoﬁbers conﬁne the growth
of 1D graphitic structures.21,22 Compared to
other 1D templates such as metal nanobars,
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Scheme 1. CVD growth of GraNRs from a variety of electrospun polymers. Chemical structures of PVA, Novolac, PVP, and PS
are on the right of the panel.

the polymer nanoﬁbers produce much longer and
more uniform GraNRs. We hypothesized that polymer
binding with metal ions is important to stabilize the
ions at elevated temperatures. Moreover, the polymer
nanoﬁbers can be formed by solution-based processes
such as electrospinning, thus substantially enhancing
the throughput and scalability.
A further understanding of polymer-templated
growth of GraNRs requires an in-depth understanding
of the inﬂuence of diﬀerent parameters, as well as the
growth mechanism. The chemical structure of the
polymer templates may play a critical role in the CVD
synthesis of GraNRs. On one hand, polymermetal
interaction may help to stabilize the metal catalyst
from aggregation and may aﬀect the eﬀectiveness of
the 1D conﬁnement. On the other hand, the polymer
serves as a carbon source alongside extraneous precursors (e.g., methane). As a result, its chemical structure, in particular the degree of sp2 hybridization, can
aﬀect the graphitization degree of the resultant GraNRs.
Therefore, the investigations of diﬀerent polymer templates thus can shed light on the growth mechanism of
GNRs and potentially improve their qualities. This,
however, has largely been unexplored.
In this work, we aim at answering the question of
how the chemical structure of polymer templates
aﬀects the GraNR growth. With further understanding
and development, it is foreseeable that the crystalline
domain size and atomic structures may be controlled
at designated locations, which is our long-term goal.
However, understanding the growth mechanism and
the correlation between the quality of GraNRs and
the polymers' chemical structures for future polymer
design is the main objective of this paper.
In this work, we utilize electrospun polymer nanoﬁbers from various chemical structures for the templated CVD synthesis of GraNRs, in order to understand
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the growth mechanism as well as to rationally control
the GraNRs' crystallinity. Speciﬁcally, we focus on two
aspects of the polymer chemical structures, i.e., metalbinding functional groups and aromatic moieties. Four
types of polymers are investigated: polystyrene (PS),
poly(vinyl alcohol) (PVA), polyvinylphenol (PVP), and
Novolac phenolic resin (Scheme 1). Detailed characterizations were carried out to elucidate the eﬀect of these
diﬀerent polymers on the morphology, composition,
atomic structure, and electrical properties of the resultant GraNRs. We found that the presence of a metalbinding functional group is indeed crucial for the
formation of uniform and continuous ribbons. Moreover, polymers with more aromatic moieties can lead
to a higher graphitization degree, corresponding to a
higher sp2 carbon percentage, higher electrical conductivity, and larger graphitic domain sizes. We believe
these ﬁndings provide important insights on the
growth mechanism of polymer-templated GNRs and
provide guidelines for the design of new polymers for
future improvement of the quality of GNRs.
RESULTS AND DISCUSSION
Electrospining is a powerful tool to create polymer
nanostructures.2325 In our case, all four polymers can
be electrospun into nanoﬁbers with ca. 100 nm diameter (Figure S1). Among the four polymers, PVA, PVP,
and Novolac have hydroxyl groups that can bind with
metal cations, while PS does not have such functional
groups. This allows us to observe the eﬀect of metal
polymer interaction on GNR growth. From another
perspective, PVA consists solely of sp3-hybridized carbon in its backbone, while PVP and Novolac both have
one benzene ring in each repeating unit. This contrast
allows for a comparative study of the eﬀect of benzene
rings on the graphitization and crystallinity of the
resultant GNRs.
VOL. 9

’

NO. 9

’

9043–9049

’

9044

2015
www.acsnano.org

ARTICLE
Figure 1. Mophology of the GNRs. SEM images of carbon structures grown from Pd@PVA (a), Pd@Novolac (b), Pd@PVP (c), and
Pd@PS (d). AFM images of GNRs from Pd@PVA (e) and Pd@Novolac (h) nanoﬁbers and their corresponding width (f, i) and
height (g, j) histograms.

Next, we performed low-pressure CVD growth on
the Pd-incorporated polymer nanoﬁbers at typical conditions (see Supporting Information, Figure S1). SEM and
AFM were used to monitor the morphology changes
from polymer nanoﬁbers to postgrowth nanoribbons.
From the SEM micrographs, we observed that 1D
ribbon-like structures were formed from PVA, PVP,
and Novolac templates (Figure 1a, b, and c). The widths
of the ribbons are quite uniform along their axial
directions. To further investigate the correlation between the dimensions of the polymer nanoﬁbers and
their corresponding postgrowth nanoribbons, we performed systematic AFM characterizations (Figure S2
and Figure 1ej). The AFM tip convolution eﬀect was
corrected in the width measurement. These three
polymer nanoﬁbers (PVA, PVP, and Novolac) exhibit
similar widths and heights around 100 nm, with isotropic cross sections. After CVD growth, the dimensions of
the nanoribbons are obviously smaller. The average
widths of nanoribbons derived from PVA, Novolac, and
PVP decreased by about 14%, 16%, and 40%, respectively, compared to that of the starting nanoﬁbers.
The heights decreased by about 97%, 84%, and 90%,
respectively. This reduction in size originates from the
high-temperature vaporization and graphitization of
the polymer templates. It is noted that the average
widths of PVA- and PVP-postgrowth structures both fall
into the range of sub-90 nm, and some of the ribbons
are as small as 30 nm, which are suitable for roomtemperature ﬁeld-eﬀect-transistor operation.13 On the
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other hand, we also note that the average height for
each type of polymer postgrowth ribbon is very small
(320 nm). This anisotropic shrinkage is possibly due
to the inhomogeneous temperature distribution above
the heated substrate. During the CVD process, the
polymer near the surface may have vaporized faster.
The average height of PVA-derived ribbons is the
smallest (∼2.8 nm), which may be related to the lowest
vaporization/graphitization temperature of this particular polymer among the three. In contrast, the Novolacderived ribbons are much thicker (∼21 nm on average),
which fall into the category of graphitic nanoribbons.
These observations clearly show that the polymer type
greatly aﬀects the morphology and dimensions of the
postgrowth nanoribbons.
The postgrowth structure from the PS template
(Figure 1d) shows a drastically diﬀerent structure from
the three polymers discussed above. The starting 1D
templates collapsed, giving rise to a large quantity
of ﬁbers that protruded out of the original template.
As a result, no nanoribbon structures could be resolved.
We note that PS does not have hydroxyl groups that
interact with Pd2þ like the other three polymers. This
may have led to more severe agglomeration and
deactivation of the metal catalyst at elevated temperatures. To test this hypothesis, we heated Pd@PVP and
Pd@PS polymer ﬁbers to 500 C in H2 without carrying
out the CVD growth. As shown in Figure 2, Pd@PVP
nanoﬁbers after annealing retained the ﬁber morphology,
but the Pd@PS nanoﬁbers broke down into agglomerates.
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Figure 2. SEM images of Pd@PVP (a, c) and Pd@PS (b, d)
nanoﬁbers after annealing in H2 at 500 C. (c, d) Zoom-in
images of the red square regions in (a) and (b).

The percentage of sp2 carbon in the postgrowth
nanoribbons from Pd@PVA, Novolac, and PVP templates is 55%, 71%, and 82%, respectively. Interestingly,
there is a positive correlation between the sp2 carbon
content in the postgrowth nanoribbons and that in
their respective polymer templates. This correlation
suggests that the composition of postgrowth nanoribbons is highly dependent on their nanoﬁber templates. The benzene moieties in the polymer templates
presumably provide nucleation centers for the growth
of graphitic domains during CVD, thus enhancing the
sp2 carbon content. This observation provides a viable
route to tune the graphitizaton degree of polymertemplated GNRs.
To evaluate the graphitic domain sizes of the postgrowth nanoribbons and correlate them with the nature
of the polymer templates, we carried out high-resolution
TEM observations of GraNRs grown from electrospun
Pd@PVA, Pd@Novolac, and Pd@PVP ﬁbers. Figure 4ac
shows the atomic-resolution images. Their corresponding FFT (fast Fourier transform) patterns were
used to compare the graphitization degree (Figure S4).
The average graphitic domain size can be evaluated
from the fwhm of the ﬁrst peak corresponding to the
(100) lattice plane of graphene in the radially integrated FFT pattern. According to the Scherrer equation,
the domain size is inversely proportional to the broadening (fwhm) of the scattering vector in reciprocal
space.2830 The GNR from Pd@PVP shows the narrowest
peaks, indicating the largest average graphitic domain
size among the three types of polymer. We also conducted electron diﬀraction characterization on those
GraNRs, which can identify the graphitization degree
over a relatively large area. Again, from the scattering
vector in the reciprocal space, graphitic domain sizes of
the nanoribbons fall in the sequence of Pd@PVP,
Pd@Novolac, and Pd@PVA. This is consistent with
our XPS study, conﬁrming that polymer containing a
higher sp2 percentage will result in a higher graphitization degree.
Raman spectroscopy was conducted to analyze
the crystallite size.31 Figure 5a shows the typical
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These results indicate that polymer templates with
stronger metal-binding sites improve the graphitization degree of the resulting nanoribbons, providing an
eﬃcient method to obtain high-quality GNRs.
Next, we explore the eﬀect of having benzene
moieties on the graphitization degree of the nanoribbons. X-ray photoelectron spectroscopy (XPS) of the
C 1s core level is sensitive to the bonding conﬁguration
of the carbon atoms.26 We took C 1s XPS spectra of
Pd-incorporated PVA, Novolac, and PVP polymer ﬁbers
on SiO2/Si substrates as well as their respective postgrowth nanoribbons (Figure 3). The same Pd2þ concentrations were used in their electrospinning solutions
(20 mg/mL). The baseline-subtracted XPS spectra were
analyzed using a ﬁtting routine to deconvolute each
spectrum into individual GaussianLorentzian peaks.
The percentage of sp2 carbon was determined by the
area of the peak centered at 284.1 eV with a full width
at half-maximum (fwhm) of 1.2 eV.27 The percentage of
sp3 carbon was quantiﬁed by the peak centered at
285.0285.5 eV with variable peak width.27 Other
peaks corresponding to carbide and CO were also
ﬁtted. The peak assignments and percentage of each
carbon species can be found in Table S1 and Figure S3.

Figure 3. C 1s XPS spectra of Pd@PVA, Pd@Novolac, and Pd@PVP nanoﬁbers before (a) and after (b) CVD growth.
LIU ET AL.
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Figure 4. Atomic-resolution TEM images (a, b, c) and corresponding electron diﬀraction patterns (d, e, f) of GraNRs grown
from electrospun Pd@PVA (a, d), Pd@Novolac (b, e), and Pd@PVP (c, f). (g) Intensity proﬁles of the electron patterns integrated
along the radial direction.

Figure 5. (a) Raman spectra of GraNRs grown from Pd@PVA (black), Pd@Novolac (red), and Pd@PVP (blue). (b, c, d) Raman
mappings of I(G)/I(D) over several ribbons with the same color scale.

Raman spectra of nanoribbons grown from Pd@PVA,
Pd@Novolac, and Pd@PVP. The crystallite size can be
estimated from the intensity ratio of the D to G peak
following the TuinstraKoenig equation.32,33 We did
Raman mapping over several GNRs from Pd@PVA,
Pd@Novolac, and Pd@PVP and plotted their peak
intensity ratio (IG/ID) maps using the same color scale
(Figure 5b, c and d). GraNRs from Pd@PVP show the
brightest contrast along the ribbons, indicating the
LIU ET AL.

biggest domain size. Together with our TEM observations, we conﬁrmed that polymer having a higher
portion of benzene moieties will lead to GraNRs with
a higher graphitization degree.
We further test the conductivity of the postgrowth
nanoribbons. The conductivity of one-dimensional carbon nanostructures is a direct indicator of their quality
and crystallinity.34,35 First, we electrospun nanoﬁbers at
low density on quartz substrates and performed CVD
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Figure 6. Polymer type dependence on the resistivity (left vertical axis) of postgrowth nanoribbons. Right vertical axis
exhibits their corresponding sp2 carbon percentage in the polymer templates.

growth at typical conditions. Then, metal contact (Ti/Pd)
arrays were deposited on the postgrowth substrate
using a photolithography mask. We speciﬁcally chose
the devices with individual GraNRs crossing multiple
(g4) electrodes and measured their four-probe resistances. The following formula was used to calculate the
resistivity (F):
wd
F ¼ R
l
where w, d, and l are the width, height, and length of
the measured ribbon, respectively. For each type of
polymer, we tested ﬁve single-ribbon devices. Their
conductivity and respective concentrations of sp2 carbon are summarized in Figure 6. Consistent with the
XPS study, the postgrowth nanoribbon from Pd@PVA
shows the highest resistivity, more than 2 orders of
magnitude larger than nanoribbons from Pd@Novolac
and PVP. The resistivities of GNRs from Pd@PVP are
slightly smaller than those from Pd@Novolac. This
conductivity dependence further conﬁrms the hypothesis that a higher sp2 carbon ratio in the polymer

METHODS
Synthesis of GraNRs. The electrospinning technique was used
to produce polymer nanofiber templates. The Pd@PVA, Pd@PVP,
and Pd@PS nanofibers were electrospun from water, tetrahydrofuran (THF), and methyl ethyl ketone (MEK) solutions, respectively, with Pd(OAc)2 and myristyl trimethylammonium
bromide (MiTMAB) additives. Pd@Novolac nanofibers were electrospun from commercially available photoresist (SPR 220-7). The
growth of GraNRs was performed in a low-pressure thermal CVD
system with methane and hydrogen as the carbon source and
carrier gas, respectively. Details of the experimental methods
can be found in the Supporting Information.
Characterizations. The morphology of the polymer nanofibers
and as-grown GraNRs were studied by scanning electron
microscopy (SEM) (Magellan system (FEI)) and atomic force
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templates will lead to a higher graphitization degree
in the resulting nanoribbons. This provides a guideline
for choosing polymer templates for the synthesis of
higher quality GNRs.
CONCLUSIONS
In conclusion, in order to rationally control the
crystallinity of the GraNRs, we systematically investigated the eﬀect of chemical structures on polymertemplated GraNR growth. We chose four types of
polymer (PS, PVA, Novolac, and PVP) to speciﬁcally
understand the role of metal-binding functional
groups and benzene moieties. It is found that a
metal-binding functional group is indeed important
for the formation of uniform and continuous ribbons.
Polymer with more benzene moieties is crucial for
improving the graphitization degree and electrical conductivity in the resultant ribbons. These understandings
shed important light on the growth mechanism of
polymer-templated GNRs and provide guidelines for
the design of new polymers for further improvement of
the quality of GNRs.

microscopy (AFM, Nanoscope-III, Digital Instrument). Dimensions of the GraNRs were measured in tapping mode AFM.
The convolution effect of the AFM tip was calibrated using a
carbon nanotube sample. Raman spectra were taken on a
confocal Raman system (WiTec 500) using 532 nm laser excitation. X-ray photoelectron spectroscopy was carried out with
a PHI 5000 Versaprobe equipped with a monochromatic
Al K source. Room-temperature four-probe conductivity was
measured on a probe station with a semiconductor analyzer
(Keithley 4200-SCS).
Conflict of Interest: The authors declare no competing
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