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Controlled Nanofabrication of
Uniform Continuous Graphene
Oxide/Polyacrylonitrile
Nanofibers for Templated
Carbonization
Graphene and graphene oxide attract rapidly growing interest as prospective building
blocks for nanotechnology applications and composites. Recently, we showed that a small
amount of graphene oxide produced significant templating effects on the structure of con-
tinuous carbon nanofibers (CNFs). However, the produced nanofibers had significant
nonuniformities that could be detrimental to their mechanical properties. Controlled
nanofabrication is critical for obtaining uniform, high-quality nanofibers with tunable
diameters and properties. Here, we analyze the effects of graphene oxide type, concentra-
tion, and processing parameters on the morphology of continuous graphene oxide/polya-
crylonitrile nanofibers produced by electrospinning. Four types of graphene oxides with
different average nanoparticle sizes were examined, and the effects of electric field and
polymer concentration on nanofiber diameters were analyzed. Good-quality nanofibers
were produced with up to 2 wt % graphene oxide in polyacrylonitrile. Uniform nanofibers
were obtained for solid content above 9 wt % in dimethylformamide (DMF). Composite
nanofibers containing graphene oxide nanoparticles exhibited reduced diameters
throughout the polyacrylonitrile concentration range before and after carbonization com-
pared to nanofibers prepared from neat polymer. The obtained results open up a pathway
for controlled nanofabrication of uniform CNFs with improved structure for a variety of
structural and functional applications. [DOI: 10.1115/1.4045211]

Keywords: electrospinning, poly (acrylonitrile), continuous nanofibers, graphene oxide,
nanofiber diameter, carbonization templating

Introduction

Nanocarbons with unique chemical, electronic, and mechanical
characteristics represent attractive building blocks for novel func-
tional materials and devices [1]. To date, carbon nanotubes
(CNTs) have been most extensively studied; however, graphene
and graphene oxide gain steadily growing interest, as fully exfoli-
ated and stable graphene and graphene oxide can now be pro-
duced by several methods inexpensively [2]. Graphene and
graphene oxide possess properties that rival those of carbon nano-
tubes and have large surface areas that can be functionalized to
interact strongly with a range of materials and environments.
Graphene particles have been incorporated in polymer nanocom-
posites [3–7] and shown to produce considerable mechanical
improvements at small particle loadings [4,7]. These improve-
ments have been attributed to strong interactions between the
polymers and nanoparticles. Evidence of these interactions can be
seen in dramatic increases in polymer glass transition tempera-
tures (Tg) [4,7]. However, the low-volume-fraction polymer nano-
composites, while being attractive for functional applications,
cannot yet replace existing high-performance structural compo-
sites, such as carbon-epoxy. Recently, attempts have been made to
produce high-strength neat graphene and graphene oxide fibers

[8–12]. The mechanical performance of these early fibers so far
fell short of the performance of existing advanced fibers, but the
results show promise. Nevertheless, if recent history of CNT
fibers is any guide, development of high–volume-fraction,
ultrahigh-performance graphene or graphene oxide fibers and
composites may take considerable time and effort.

Recently, an alternative strategy to utilize unique graphene
oxide structure and properties in high mechanical performance
materials was proposed and implemented [13]. This method did
not rely on graphene oxide particles as reinforcement. Rather, a
small amount of nanoparticles was used to serve as a templating
agent to improve the structure of carbon fibers during carboniza-
tion. Significant improvements in graphitic structure quality and,
notably, preferred orientation were demonstrated in carbon nano-
fibers (CNFs) produced by carbonization of electrospun polyacri-
lonitrile (PAN) precursors. A large reduction in polymer
crystallinity was observed as a result of addition of a small
amount (1.4 wt %) of graphene oxide by examining the X-ray
spectra of the precursor nanofibers. After carbonization, signifi-
cant improvements in graphitic structure were observed by exam-
ining Raman spectra of the CNFs. Smaller D/G band intensity
ratios and narrower G band indicated larger nanocrystal size and
better graphitic structure. Improved crystal orientation in CNFs
was observed by selected area electron diffraction (SAED).

Unlike the bottom-up synthetic growth processes, the top-down
electrospinning nanomanufacturing produces continuous nanofib-
ers (NFs) [14]. These NFs are much easier and safer to handle and
process into applications and composites. NFs from appropriate
precursor polymers can then be carbonized to produce CNFs.
Continuous CNFs with improved graphitic structure achieved at
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lower carbonization temperatures [13,15] can lead to inexpensive
strong fibers and structural nanocomposites [13,15]. The key to
realizing this will be controllable production of graphene oxide-
modified nanofiber precursors. Electrospinning is a complex mul-
tiphysics process [14] that will be affected by the addition of
irregularly shaped, conductive graphene-oxide nanoparticles. In
general, smaller nanoparticles at lower volume fractions can be
expected to produce more uniform nanofibers, but other process
parameters such as electric field and polymer concentration in
solution will affect the outcome. In addition, larger graphene
oxide nanoparticles might be more beneficial for “anchoring”
polymer chains during stabilization and carbonization, as dis-
cussed in Ref. [13]. While optimal nanoparticle volume fraction
for the carbonization templating is not currently known, higher
nanoparticle loadings might be beneficial for more uniform distri-
bution of the templating nuclei within the nanofibers. The result-
ing diameter of the templated nanofibers is also of critical
importance as it significantly affects nanofiber mechanical proper-
ties and serves as an important scale parameter for nanostructured
materials and devices.

The objective of this paper was to study the effects of graphene
oxide nanoparticle type, size, concentration, and electrospinning
processing parameters on the morphology of the resulting nano-
composite nanofibers with special emphasis on nanofiber diame-
ter. In future studies, these results can be correlated with observed
mechanical properties. The results will guide nanofabrication of
novel graphene oxide-templated nanofibers with tunable diame-
ters for structural and functional applications.

Experimental

Preparation of Graphene Oxide Nanoparticles. Graphite
oxide (GO) was synthesized from graphite powder following a
modified Hummers method [16]. In a 100-mL round-bottom flask
equipped with a large Teflon-coated magnetic stir bar, graphite
powder (5 g) was first pre-oxidized by vigorously stirring at 80 �C
for 6 h in a mixture of H2SO4 (15 mL), K2S2O8 (10 g), and P2O5

(10 g). The pre-oxidized powder was filtered and washed with
ultrapure de-ionized water (3� 50 mL) and dried at 50 �C
overnight.

A 500-mL round-bottom flask was loaded with a large Teflon-
coated magnetic stir bar, the pre-oxidized graphite, sodium nitrate
(3 g), and sulfuric acid (150 mL) and then stirred vigorously to
combine. After the sodium nitrate was dissolved, the flask was
cooled down in an ice bath. While stirring, potassium permanga-
nate (18 g) was added slowly over 10 min to prevent dangerous
overheating (>20 �C), resulting in a green suspension almost
instantaneously. The ice bath was replaced with a water bath,
which was heated to 35 �C while the solution was stirred over
48 h. During this time, the solution became highly viscous and
turned dark brown. The reaction flask was then cooled down in an
ice/salt bath and ultrapure de-ionized water (230 mL) was slowly
added to the solution, ensuring that the temperature remained
below 40 �C. This resulted in a diluted muddy-colored mixture,
which was quenched with aqueous 30 wt % hydrogen peroxide
(12 mL), yielding a light yellow suspension of graphite oxide. The
resulting graphite oxide was washed by three cycles of centrifuga-
tion (8230 g for 5 min), decantation, and resuspension in ultrapure
de-ionized water (30 mL). Then it was washed with aqueous HCl
(30 mL of a 1:9 v/v dilution of concentrated aqueous HCl)
to remove residual metal cations, followed by five additional
cycles of centrifugation/decantation/resuspension with ultrapure
de-ionized water (30 mL).

Exfoliation into single-layer graphene oxide sheets was
achieved by sonicating an aqueous suspension of graphite oxide
(250 mL of a 10 mg mL�1 solution) for 30 min in a laboratory
bath sonicator (Fisher Scientific FS60). Un-exfoliated aggregates
were removed from solution via centrifugation at 8000 rpm for
15 min, with the supernatant reserved. Dialysis of the supernatant

in ultrapure de-ionized water (4� 2 L over a period of 2 days) was
performed to remove any residual metal ions from the aqueous
dispersion. Complete exfoliation was confirmed by the absence of
a diffraction peak in the PXRD pattern of a freeze-dried aliquot of
the dispersion. Elemental analysis (C, 45.23%; H, 2.36%; N, 0%;
O, 47.64%) affords a C/O mole ratio of 1.27.

Nanofabrication. The nanomanufacturing process followed
the protocols described in Ref. [13]. NFs were electrospun from a
range of 7.5–12 wt % PAN (Pfaltz and Bauer, Inc.; MW 150,000)
in dimethylformamide (DMF) (Sigma-Aldrich), at a range of
operating voltages 4–18 kV, from a 10–20-cm spinneret–collector
distance, using a 0.6 ml/h feed rate, and a 20 ga needle. In case of
graphene oxide-modified NFs, the corresponding amount of gra-
phene oxide was added. The solution was sonicated in an ultra-
sonic bath until a uniform dispersion was achieved prior to
electrospinning.

X-Ray Structural Analysis. NF crystallinity was evaluated
following protocols from Ref. [13]. Nanofiber mats were electro-
spun for structural analysis onto an aluminum substrate. Wide-
angle X-ray diffraction (XRD) analysis was performed using a
Rigaku Multiflex X-ray diffractometer with Cu Ka radiation in
the range of 2h between 10 deg and 50 deg. The background was
removed, and the crystalline peak (or peaks in the case of
annealed samples) and the amorphous halo were fitted using
Lorentzian peak shapes.

Results and Discussion. Papkov et al. [13] examined the effect
of single type of graphene oxide, size, and concentration on NF
structure. Changes in these parameters, together with changes in
process parameters, can have a significant impact on NF morphol-
ogy and structure. In order to examine the effect of these changes,
several types of graphene oxide particles were prepared.

Preparation of Different Graphene Oxide Nanoparticles. In
order to produce different sizes of graphene oxide particles, addi-
tional high-power sonication to reduce the size of graphene oxide
sheets was performed using a probe ultrasonicator (Vibra-CellTM

VC 505 (500 W), Sonics & Materials, Inc., Newtown, CT) set at
30% intensity, 10 s/10 s pulse, for variable periods of ON time
(graphene oxide sonicated for 1, 2, and 4 h will be designated as
GO-A, GO-B, and GO-C, respectively). In case of graphene oxide
that will be designated as GO-nano, smaller initial particle size
graphite powder was used, and no additional sonication was per-
formed after the exfoliation process.

Particle size distribution for the different types of graphene
oxide, as measured by dynamic light scattering (DLS) technique,
can be seen in Fig. 1. It should be noted that DLS measurements
model particle size as spheres, which is not true for graphene
oxide sheets, and hence the particle size in the charts cannot be
taken as the true particle size. The average DLS-derived particle
sizes for GO-A, GO-B, GO-C, and GO-nano were 465, 350, 206,
and 227 nm, respectively. It should be noted that the average val-
ues are based on Z-average provided by the instrument software
and are skewed due to the presence of large particles.

As can be seen from the figure, there is a significant statistical
variation between the different test runs, which is especially appa-
rent for the sonicated particles. The distributions indicate the pres-
ence of relatively large particles even when the average particle
size is small, which could impact the quality of electrospun
nanofibers.

Effect of Graphene Oxide Type on Nanofiber Morphology.
As a first step, effect of graphene oxide particle size on NF quality
at constant PAN and graphene oxide concentrations was exam-
ined. After high-power ultrasonication, the size-reduced graphene
oxide samples were lyophilized. Appropriate amounts of graphene
oxide were redispersed in DMF, and PAN was added and
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dissolved. Nanofibers were electrospun with 1 wt % on PAN
(which is smaller than the concentration used in previous work
[13]) from 20 cm spinneret–collector distance at 12 kV. The elec-
trospinning was carried out with 10 wt % solids content in DMF.
After electrospinning, the different samples were examined in a
scanning electron microscope (SEM) for fiber quality (see Fig. 2).

Relatively uniform NFs were produced for all samples. This is
different from the previous work where significant nonuniform-
ities were observed in the NFs [13]. Better nanofiber quality in
this work might be explained by better control over graphene
oxide concentration and dispersion in the final electrospinning
solution that was achieved by using dried graphene oxide powders
as opposed to dispersions used previously. Multiple samples were
examined. Overall, GO-C and GO-nano resulted in the best-
quality NFs, which may be due to the fact that smaller nanopar-
ticles, from our experience, usually have higher maximum
concentration threshold for manufacturability by electrospinning.
As a result, GO-C and GO-nano were chosen for further
investigation.

Effect of Graphene Oxide Type and Concentration on
Nanofiber Morphology. The GO-C and GO-nano samples men-
tioned previously had similar particle size distributions, as well as
the smallest average particle size among the tested samples. How-
ever, they were produced from different raw material graphites.
Consequently, their particle size was achieved by different routes.

GO-C underwent long ultra-sonication cycle to reduce its size. On
the other hand, GO-nano was produced from smaller-sized raw
material. As a result, the two graphene oxides may have distinct
characteristics in the density and distribution of functional groups,
defects, etc. These differences can have an effect on dispersion
quality and the interaction between PAN and graphene oxide par-
ticles in solutions. These parameters, in turn, will have an impact
on NF quality.

Different amounts of GO-C and GO-nano were introduced into
PAN solution. The relative amounts of graphene oxide to PAN
were 0.5%, 1%, 2%, 3%, 4%, and 5 wt %. The low graphene oxide
concentrations (3% and below) were electrospun from 10 wt %
solids solution in DMF. The two highest concentrations were elec-
trospun from 8 wt % solids solution in DMF due to viscosity limita-
tions. Other electrospinning parameters were kept as in the section
Effect of Graphene Oxide Type on Nanofiber Morphology. Result-
ing fiber morphology was examined by SEM (see Fig. 3).

The analysis showed that, although some nonuniformities were
present, the quality of the fibers (especially for the case of GO-
nano) was very good up to 2 wt % graphene oxide to PAN. Higher
graphene oxide concentrations, produced from lower solids con-
tent in DMF, exhibited thinner and less uniform fibers and showed
considerable amount of beading.

Beading is a well-known phenomenon in electrospinning. It is
usually associated with capillary jet instabilities. The beading is a
result of a complex interplay between solution viscosity, surface

Fig. 1 Particle size of different graphene oxide, sonicated for different lengths of time, as measured by DLS:
(a) GO-A (1 h); (b) GO-B (2 h); (c) GO-C (4 h); and (d) GO-nano nonsonicated, produced from nanoscale graphite

Fig. 2 Effect of graphene oxide particle type on nanofiber morphology at 1 wt % of the poly-
mer. Nanofibers were electrospun from 10 wt % solids solution in DMF from a 20-cm
spinneret–collector distance at 12 kV, using a 0.6 ml/h feed rate and 20 ga needle size. Scale
bar in all the panels is 30 lm.
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tension, conductivity, and charge density [17]. For example, bead-
ing was shown to be suppressed by increased polymer concentra-
tion, increased solution conductivity by adding salts, or by
increased operating voltage [17–19]. The addition of graphene
oxide can further change beading behavior through altering the
solution properties and via possible bead nucleation effect from
nanoparticles. A transmission electron microscope (TEM) investi-
gation in the earlier study [13] showed that NF beads contained
large, axially crumpled graphene oxide nanoparticles. The gra-
phene oxides used in this study had smaller average particle sizes.
This has likely contributed to better quality and uniformity of the
resulting nanofibers. Nevertheless, the infrequent elongated inho-
mogeneities seen in the NFs with low fractions of graphene oxide
could be due to the presence of larger nanoparticles in the samples
with relatively broad size distributions (see Fig. 1). Note that the
two highest graphene oxide concentrations required lower poly-
mer concentration. This is known to cause more pronounced bead-
ing during electrospinning. Consequently, the larger, more
spherical beads at higher graphene oxide concentrations are prob-
ably the result of classical capillary jet instabilities.

It is important to note that earlier SAED study suggested a
global nature of the improvements in the carbon fiber structure as
a result of small addition of graphene oxide (see discussion in
Ref. [13]). This suggests that slight nanofiber nonuniformity may
not be detrimental for CNF structure formation and properties.

Effect of Electrospinning Processing Parameters on Nano-
fiber Diameter. As mentioned previously, nanofiber diameter
critically affects their physical, chemical, electronic, and mechani-
cal properties. It may also be an important geometric scale param-
eter defining nanofiber applicability in nanotechnological devices
and applications. Electrospinning is a complex multiphysics pro-
cess with multiple factors influencing resulting nanofiber diame-
ters [20–22]. One such factor is the electric field that is usually
controlled by varying the applied voltage or the distance between
the spinneret and the collector.

There are conflicting reports on the influence of electric field on
nanofiber morphology. Yamashita et al. [23], Zhang et al. [18],
and Gomes et al. [24] reported an increase in fiber diameter with
the increase in electric field. On the other hand, Wang et al. [25]

reported a decrease in fiber diameter as a result of voltage increase
in the acceptable voltage range for a given feed rate. Wang and
Kumar [26] found that the diameter decreased when the working
distance decreased (i.e., the electric field increased), while it
remained almost unchanged with changes in voltage. There were
also reports of a more complicated relationship [27], where the
change in electric field changed not only the average fiber diame-
ter but also the diameter distribution. These reported differences
are likely the result of complex influence of the electric field on
the development of electrodynamic instabilities that drive jet thin-
ning in the electrospinning process. These instabilities depend on
multiple parameters including solution properties as well as
minute details of the electric charge and field distributions, in
addition to average field strength defined by applied voltage and
electrospinning distance. Experiments showed that operating
voltage had no major effect on the average diameter of PAN NFs
in the range of electrospinning distances and polymer concentra-
tions studied. This is especially true within the context of rela-
tively wide diameter distributions (see Fig. S1 which is available
in the Supplemental Materials on the ASME Digital Collection).
On the other hand, generally, smaller spinning distances produced
slightly thinner fibers (on average).

Polymer concentration in the fiber spinning solution is known
to be one of the most influential parameters determining the final
nanofiber diameter. Its influence is often attributed to the variation
of solution viscosity with polymer concentration. However, other
solution properties, such as surface tension, conductivity, and vis-
coelasticity, will affect jet elongation and development of electro-
dynamic jet instabilities that play an important role in fiber
formation. Nanofiber formation in electrospinning is also critically
affected by fast solvent evaporation from the ultrafine jets [28].
Initial polymer concentration, concentration-dependent mutual
diffusivity, and evaporation rate coefficients determine the overall
evaporation time as well as the transient polymer concentration
profiles [28] that govern solidification. Currently, there is no com-
prehensive theory to predict the influence of all these complex
parameters on the nanofiber diameter. In the absence of such a
theory, empirical relationships can be useful to guide process con-
trol. Several such relationships were examined, and their applic-
ability for diameter variation prediction was evaluated.

Fig. 3 Electrospun fibers containing different amounts of GO-C and GO-nano. In all samples,
graphene oxide concentration was calculated relative to PAN. Samples with 3% and less gra-
phene oxide were electrospun from 10 wt % solids solution in DMF. Samples containing 4%
and 5% graphene oxide were electrospun from 8 wt % solids solution of in DMF. Scale bar in
all the panels is 100 lm.
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NFs were electrospun and examined for several PAN concen-
trations. NF mats were examined in an SEM. At least five repre-
sentative images at different locations on the mats were taken. NF
diameters were subsequently measured, using IMAGEJ software.
For each sample, at least 200 NFs were measured. Uniform fibers
were obtained for PAN concentrations of 9 wt % and above. In
case of 8% concentration, some beading was observed, but mostly
uniform fibers were obtained. 7.5% solution produced more sig-
nificant beading. In all cases where beading was observed, only
uniform nanofiber regions were examined to measure the fiber
diameters (see Fig. 5 for the measured average diameters).

In the past, several studies attempted to establish an empirical
relationship between the average nanofiber diameter and polymer
concentration in electrospinning. Linear relation [29] and power
law scaling law (1) [26,30,31] were applied.

D ¼ D0

C

C�

� �a

(1)

An exponential relation between the NF diameter and polymer
concentration (2) is another possible functional relation that can
be applied

D ¼ D0�exp
C

C�

� �
(2)

Although this model cannot be extended to 0% concentration, it
is well known (as discussed previously) that the electrospinning
process does not produce fibers at concentrations below certain
minimum concentration threshold. The exponential model (2)
has an advantage over the power law model (1) as it has only
two fitting parameters. Both of these parameters can be extracted
from linear regression analysis while only a combination of
parameters can be extracted for the three-parameter power law
model.

As mentioned previously, in the literature, the linear and the
power law models were used to fit variations of the average diam-
eter only. However, for a proper statistical analysis, the NF

diameter distribution should be taken into account. Some key
aspects allowing predictions (such as confidence intervals) based
on statistical modeling include the assumption of normality of the
residuals resulting from the model fit and of constant error
variance.

The normality of residuals can be examined in one of two
ways. The first method involves comparison of a histogram of
residuals to a normal distribution. The second method involves
examining the so-called QQ plot. In this plot, quantiles of the data
are plotted against quantiles of a normal distribution, with a
straight line representing perfect correlation. Deviations from
straight line are usual for low and high quantiles (especially for
small sample sizes). However, large deviations for large sample
sizes indicate significant violation of the normality assumption.

Constant error variance assumption means that the dependent
variable (in this case NF diameter) has similar variance for all val-
ues of the independent variable (in this case PAN concentration).
This assumption is usually examined by plotting the residuals
from the fit against the independent variable. If the residuals are
randomly distributed, the assumption holds. However, if system-
atic changes in the distribution of residuals are observed, assump-
tion of constant error variance is violated. To remedy this
situation, transformations of the variables (such as power law or
natural logarithm) are used.

A linear regression analysis of diameter versus polymer con-
centration (for the linear model), natural logarithm of diameter
versus concentration (for the exponential model) and versus natu-
ral logarithm of concentration (for the power law model) was per-
formed in this work. The data were blocked by the day when the
tests were carried out (to account for possible changes due to
ambient conditions). Diameter measurements for each sample were
described as subsampling in the statistical model. Both blocking
and subsampling were used as random effects in the statistical
model. Statistical analysis was done using SAS

VR

Proc Glimmix
software, Version 9.2 TS of the SAS System for Windows.

Figures 4(a)–4(c) show the results of the application of the dif-
ferent models. In addition, constant error variance assumption was
examined by plotting the residuals versus the predicted diameter

Fig. 4 Fitting the different models. Scatter plot of the data and the linear (a), exponential (b), and power law (c) models. Resid-
uals for the linear (a), exponential (b), and the power law (c) models versus the estimated diameter. The solid lines in (a)–(c)
represent the model fit, while the dashed lines in (b) and (c) represent 95% confidence intervals for the fit.
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(see Figs. 4(d)–4(f)). As can be seen in Fig. 4(d), the linear model
clearly violated the constant error variance assumption. The resid-
uals were also significantly non-normal (see Fig. S2 which is
available in the Supplemental Materials on the ASME Digital
Collection), indicating that this is not an appropriate model when
the whole diameter distributions and not only the average values
are taken into account. On the other hand, both the power law and
the exponential models showed significantly improved fit. The
power law model appears to be slightly better. This fact is also
confirmed by lower Akaike information criterion, which indicates
better goodness of fit (for both as-spun and carbonized samples).
However, the difference is not large. In fact, both models pro-
duced very similar predicted diameter values in the examined con-
centration range with larger departure between models restricted
mostly to large diameters (high concentration range). R2 was 0.71
and 0.73 for the exponential and power models, respectively,
while the difference between the two models only exceeded
5.15% of the value predicted by the power law model for 12%
PAN. The power law model, though, as mentioned previously,
does not allow for a full extraction of the three parameters in the
original model, since the transformed model only includes two
parameters. Consequently, the exponential model can be consid-
ered a good approximation for the examined concentration range
(see Table 1 for parameters extracted).

In general, the addition of nanoparticles to electrospinning solu-
tions increases solution viscosity and is therefore usually expected
to increase nanofiber diameters. However, incorporation of gra-
phene oxide into the polymer solution can also influence solution
conductivity, surface tension, and charge density in the electro-
spun jets. The complex impact of these parameters can also be
system (polymer/solvent) dependent. Indeed, while some studies
reported an increase in average fiber diameter as a result of gra-
phene oxide addition [32], others showed that the presence of gra-
phene oxide can actually reduce the fiber diameter [33] or create a
bimodal distribution of diameters [34]. We have previously

reported [13] that nanofiber diameters, in fact, decreased in the
presence of graphene oxide particles.

The impact of graphene oxide type and size on nanofiber diam-
eters was evaluated by comparing diameter distributions for NFs
produced from 1 wt % dispersions of different graphene oxides for
a 10 wt % solids content in DMF. In each case, an average and a
standard deviation of at least 200 nanofibers was measured and
compared to pristine PAN (see Fig. 5(a)). As can be seen, gra-
phene oxides A-C all resulted in larger average diameters than the
pristine fibers. The difference was statistically significant from
GO-A and GO-C with p-value <0.0001. The difference from GO-
B was marginally significant with p-value of 0.095. Some
decrease in fiber diameter with the decrease in graphene oxide
particle size was also observed. As was mentioned previously, all
of these graphene oxide types were produced from larger graphite
and then sonicated to reduce the particle size. On the other hand,
addition of GO-nano resulted in the average diameter smaller than
the diameter of pristine fibers. This difference between GO-nano
and other graphene oxide particles may be the result of larger den-
sity of polar groups on the surface of this graphene oxide type
(and subsequently larger charge density). Since the largest density
of polar groups after graphite oxidation is on the periphery of the
graphene sheets, smaller initial graphite particles would result in
larger polar group density in the final graphene oxide. In addition,
size reduction achieved by sonication may result in less homoge-
neous distribution of polar groups.

The effect of graphene oxide concentration on the NF diameter
electrospun from 10 wt % solids in DMF was also examined. NFs
with GO-nano were used for this purpose. Only concentrations up
to 3 wt % graphene oxide relative to PAN were examined (see
Fig. 5(b)) since they could be produced from solutions with the
same total solids content. Increasing graphene oxide concentration
did not permit the use of the same solids content, due to high vis-
cosity. Consequently, a comparison with this concentration would
introduce an additional variable impacting NF diameter. In cases

Fig. 5 Effect of graphene oxide on nanofiber diameter. (a) comparison of fiber diameters for pristine and com-
posite nanofibers with 1 wt % of graphene oxide electrospun from 10 wt % solids in DMF; (b) effect of graphene
oxide concentration (GO-nano) on composite fiber diameter electrospun from 10 wt % solids in DMF; compari-
son of fiber diameter for pristine and composite nanofibers containing 1 wt % GO-nano as a function of solids
content for as-spun (c); and carbonized at 800 �C (d) samples. The error bars in (c) and (d) are the standard devi-
ations of the sample diameter distribution, the solid lines represent the fit based on the exponential model, and
the dashed lines are for the corresponding 95% confidence intervals.
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where beading was present, only uniform nanofiber regions were
measured. As can be seen, fiber diameters decreased for lower
graphene oxide concentrations compared to pristine fibers, but for
larger concentrations the diameters surpassed the diameters of the
pristine sample. This might be the result of either increase in vis-
cosity dominating the system behavior at higher concentrations or
better graphene oxide dispersions at lower concentrations (it is
significantly harder to disperse the particles well as the viscosity
of the system increases).

Finally, the effect of graphene oxide (GO-nano) on fiber diame-
ters at different solids concentrations in solution was also exam-
ined, before and after nanofiber carbonization. In addition to the
graphene oxide impact on fiber diameter variation, it was also
important to determine the range of solids concentrations that pro-
duced sufficiently uniform fibers in the presence of graphene
oxide. Pristine and templated CNFs were obtained by stabilization
and carbonization of electrospun polymer precursors at 800 �C as
described in previous studies [13].

Figures 5(c) and 5(d) compare average fiber diameters for pris-
tine and templated (composite) NFs containing 1 wt % GO-nano
at different solids contents. The solid lines in the figures corre-
spond to the fit based on the exponential model, and the dashed

lines show the corresponding 95% confidence intervals. Solids
content of 7.5 wt % in DMF produced significant beading that was
exacerbated by the presence of graphene oxide. While 8 wt % sol-
utions also resulted in some beading, the fibers were more uni-
form. Starting from 9 wt % solids concentration, uniform
nanofibers were obtained. In all cases where beading was present,
only uniform regions of the nanofibers were measured.

Comparison of average diameters of the pristine and composite
NFs showed that, for the particular system studied, diameters of
the composite nanofibers were consistently smaller than for the
pristine ones. This effect was preserved during carbonization. The
observed difference was found to be statistically significant at
the confidence level a¼ 0.05, using both the exponential and the
power law models for both as-spun and carbonized samples (see
summary of corresponding parameters in Table 1). This result is
important since, in addition to the graphitic structure improvement
based on the templating effect of graphene oxide, the observed
diameter reduction can further increase mechanical properties of
the templated CNFs. In addition, there was a statistically signifi-
cant difference at the same confidence level between the diame-
ters of as-spun and carbonized samples. Diameter distributions
after carbonization showed smaller variance (as expressed by

Table 1 Fit parameters for the exponential and the power law models for the pristine and composite, as-spun and carbonized
samples

Exponential model Power law model

D0 95% CI C* 95% CI D0/C*a 95% CI a 95% CI

As spun Pristine 8.54 [7.41;9.84] 2.40 [2.37;2.44] 0.059 [0.051;0.069] 3.99 [3.93;4.05]
Composite 3.09 [2.68;3.56] 2.03 [2.01;2.06] 0.010 [0.008;0.011] 4.66 [4.60;4.72]

Carbonized Pristine 12.61 [11.55;13.75] 2.82 [2.77;2.86] 0.194 [0.171;0.221] 3.37 [3.32;3.43]
Composite 2.43 [2.22;2.66] 2.11 [2.08;2.14] 0.009 [0.008;0.010] 4.53 [4.47;4.59]

Fig. 6 Effect of graphene oxide on crystal structure of PAN nanofibers electrospun from 10 wt % solids in DMF.
(a) XRD diffractograms of pristine PAN and composite nanofibers with different sizes of graphene oxide par-
ticles; (b) XRD crystallinity and coherence length extracted from the curves in (a); (c) effect of graphene oxide
concentration on crystallinity of PAN nanofibers; and (d) effect of graphene oxide concentration on coherence
length in PAN nanofibers.
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tighter confidence intervals especially for the larger diameters/
higher solids concentrations).

Effect of Graphene Oxide on Polyacrilonitrile Crystallinity
and Crystal Structure. Polyacrilonitrile crystallinity may influ-
ence carbon structure formation during NF carbonization, as dis-
cussed in Refs. [13] and [15]. Crystal structure of the fiber mats
was examined by X-ray diffraction. Figure 6(a) shows the com-
parison of XRD patterns for pristine PAN NFs and the different
graphene oxide/PAN composite samples at 1 wt % graphene oxide
electrospun from 10 wt % solids after background removal. All
samples exhibited a crystalline peak at 2h� 17.4 deg and a broad
amorphous halo at approximately 2h� 26.9 deg, typical of semi-
crystalline PAN. The crystalline peak and the amorphous halo
were fitted, using Lorentzian curve shapes. XRD crystallinity was
extracted by dividing the area under the crystalline peak by the
total area under the curve. The coherence length (“crystal size”)
was calculated from the width of the main crystalline peak, using
the Scherrer equation

C:L: Åð Þ ¼ Kk
b Cos H

¼ 0:9 � 1:542ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FWHM Radð Þ2 � 0:0022

� �r
Cos H

(3)

Shape factor K was taken as 0.9, the k is the standard wavelength
for a copper source, 0.002 was the instrumental peak widening
calculated based on a single crystal SI standard, and h was the
Bragg angle for the crystalline peak.

Figure 6(b) shows the comparison of the extracted parameters
for different NF samples. As can be seen, coherence length
remained small and relatively unchanged compared to pristine
PAN NFs. On the other hand, polymer crystallinity decreased in
the presence of nanoparticles. The largest decrease of approxi-
mately 17% was observed for small graphene oxide particles
(GO-C). This decline in crystallinity is consistent with what was
observed in our previous studies [13,15] and in other studies such
as Chipara et al. [35]. Larger crystallinity decrease for smaller
nanoparticles at the same volume fraction of graphene oxide may
be the result of more efficient crystal growth inhibition by numer-
ous irregular fine nanoparticles.

Figures 6(c) and 6(d) show the effect of graphene oxide concen-
tration on the crystal parameters of PAN NFs. The XRD examina-
tion shown is only for nanofibers with relatively uniform
morphology (i.e., concentrations of graphene oxide below 3 wt
%). As with the previous results, the coherence length remained
relatively unchanged throughout the graphene oxide concentration
range, regardless of the graphene oxide type. On the other hand,
variation of polymer crystallinity for the samples with two differ-
ent graphene oxide types was different. Crystallinity steadily
declined with the increase in graphene oxide concentration in the
GO-nano modified NFs. However, in the NFs modified with the
GO-C nanoparticles, crystallinity remained at relatively constant
low level, compared to pristine PAN NFs. While this is generally
consistent with the above-mentioned hypothesis of crystallization
disruption by fine nanoparticles, the difference between the GO-
nano and GO-C might be due to the differences in particle size
variations as well as the inhomogeneous polar group density in
the GO-C, which can also lead to differences in dispersion
quality.

Conclusions

The effects of graphene oxide type, size, concentration, and
electrospinning processing parameters on graphene oxide/PAN
nanofiber morphology were examined. All types of graphene
oxide studied produced relatively uniform fibers for 1 wt % gra-
phene oxide concentration. Uniform nanocomposite fibers were
produced with up to 2 wt % GO-nano in 10 wt % solid content sol-
utions and with 1% GO-nano relative to PAN electrospun from

solutions with solids content ranging from 9 % to 12 wt % in
DMF. The latter processing parameters resulted in good quality
nanofibers with controllable average diameters between 250 and
1100 nm for as-spun graphene oxide-modified polymer fibers and
from 170 to 750 nm for carbonized NFs. Templated nanofibers
with some limited beading inhomogeneities obtained from solu-
tions with 8 wt % solids content had even smaller average fiber
diameters of �160 nm for as-spun and �120 nm for carbonized
samples. Composite NFs with GO-nano exhibited smaller diame-
ters than the pristine samples throughout the PAN concentration
range studied. These results, coupled with the improved graphitic
structure after carbonization observed previously [13], can be
used for controlled nanofabrication and further informed develop-
ment of continuous CNFs with improved physical and mechanical
properties. Statistical analysis of NF diameter variations taking
into account full diameter distributions and performed for the first
time for pristine and composite NFs before and after carbonization
will provide guidance for future analyses of this important output
parameter of the nanomanufacturing process.
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