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anodiamond (ND) powder, also

known as ultradispersed diamond

(UDD), exhibits unique properties
of diamond on the nanoscale and is becom-
ing one of the more widely studied
nanomaterials.'~ Superior hardness and
thermal conductivity of the diamond core
is combined in nanodiamond powders with
large accessible surface area covered by
readily tailorable surface functional
groups.'”® The wide band gap of the dia-
mond (~5 eV) renders it highly absorptive
toward UV light, but transparent in the vis-
ible and IR range.! ND is produced by a
detonation synthesis in large volumes and
is a relatively inexpensive carbon nanoma-
terial for a broad range of potential applica-
tions, including composites.’~ " As a pow-
der, ND could be introduced into fibers,
coatings, or other shapes to harness its use-
ful properties. One major obstacle for ND
composites is the ability to deliver nanodia-
mond in the form of well-dispersed par-
ticles' into a polymer matrix. Traditional
polymer processing techniques such as
casting and extrusion have yielded poor dis-
persion due to agglomeration/reagglomer-
ation of the nanodiamonds within the poly-
mer matrix leading to a compromise of the
properties.”* Also, the addition of more than
several percent of nanodiamond to the
whole volume of a polymer component
would substantially increase the cost and
weight. Therefore, diamond should prefer-
ably be used in those places where it is
needed, for example as a surface coating.

Electrospinning provides many benefits

stemming from the small and tunable fiber
diameter. Polymer composites produced via
the electrospinning method allow for a
polymer nanofiber to act as a host for
nanoparticles.' 2?2 Polymer nanofibers can
be used as a coating or appliqués,?>?* thus
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ABSTRACT While nanocrystalline diamond is quickly becoming one of the most widely studied nanomaterials,

achieving a large fraction of diamond nanoparticles in a polymer coating has been an unresolved problem. In

this work, polymer nano- and microfibers containing high loadings of 5 nm diamond particles (up to 80 wt % in

polyacrylonitrile and 40% in polyamide 11) have been demonstrated using electrospun nanofibers as a delivery

vehicle. The electrospun nanofibers with a high load of nanodiamond in the polymers were fused into thin

transparent films, which had high mechanical properties; an improvement of 4 times for the Young's modulus

and 2 times for the hardness was observed already at 20% nanodiamond in polyamide 11. These films can provide

UV protection and scratch resistance to a variety of surfaces, especially in applications where a combination of

mechanical, thermal, and dielectric properties is required.
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delivering nanodispersed particles while ef-
fectively preventing their agglomeration.
The confinement of the fiber diameter,
polymer surface tension, and strong electro-
static force pulling the fiber in the electro-
spinning process may help in deagglomera-
tion of nanoparticles, similarly as it has led
to a debundling of single-walled carbon
nanotubes and their alignment along the fi-
ber axis.”” In addition, as soon as the fiber
solidifies upon evaporation of the solvent
during electrospinning, reagglomeration of
nanoparticles is effectively suppressed;
thus, a resulting nanocomposite incorpo-
rates uniformly dispersed, size-confined
nanoparticles.

So far, various nanomaterials have been
incorporated into electrospun fibers.
Among them are ceramic nano-
particles,'”'®2! nanowires,'* quantum
dots,'®?2 nanotubes,'>?° and others. While
there have been more than a hundred of ar-
ticles published on electrospun polymer-
nanotube fibers in the past 5 years, there
are no reports on electrospun ND-polymer
fibers. At the same time, ND powders, being
biocompatible'?*~?” and having a
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Figure 1. Low resolution TEM of oxidized ND powder contain-
ing both the individual particles (a) and loosely bound agglom-
erates (b). High resolution TEM (c) showing mostly pristine

nanodiamond particles with little content of disordered carbon.

tailorable and easily accessible surface, certainly have a
great potential to be used as a filler of a polymer matrix
in many applications. By harnessing electrospinning as
a procedure to produce and apply thin films to various
substrates,?* ND-polymer composites could be trans-
formed into thin scratch-resistant coatings that would
effectively protect from UV rays on windows, or prevent
degradation of UV sensitive materials. Diamond-
containing electrospun fibers could be used in smart
and UV-protecting clothing, for biomedical applications
such as wound dressings,?®?° cell growth scaffolds,>**'
sensing,®? and drug delivery systems.333¢ ND modifica-
tion and functionalization opens up new avenues for
ND applications in which electrospun ND-polymer com-
posites can be utilized. As an example, fluorescent
nanodiamond can be embedded into a polymer ma-
trix and used for applications such as medical diagnos-
tics, imaging and labeling,3® as well as photovoltaics.
The objective of this work was to demonstrate feasi-
bility of manufacturing composite polymer-nano-
diamond fibers by electrospinning. Moreover, we will
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further show that these fibers can be used for produc-
ing thin and transparent diamond-containing coatings
with very high diamond contents. Fibers and films of
polyacrylonitrile (PAN) and ND have been manufac-
tured and characterized. To show the applicability of
this method to other polymer systems, we also intro-
duced diamond into polyamide 11 (PA 11).

RESULTS AND DISCUSSION

Air-oxidized ND powder used in this study contains
both the individual particles and loosely bound ag-
glomerates (Figure 1a,b), as indicated in ref 7. Low reso-
lution TEM micrographs (Figure 1a,b) were recorded at
a strong defocus to provide clear imaging of the par-
ticles through the appearance of Fresnel fringes and en-
hanced contrast. High resolution TEM (Figure 1c) re-
vealed mostly pristine diamond particles with little
content of disordered carbon. However, a variety of
oxygen-containing functional groups present on the
diamond surface leads to easy agglomeration of ND
due to hydrogen bonding and van der Waals forces act-
ing between the individual particles. HCl treatment of
ND conducted after oxidative purification selectively in-
creases the number of surface carboxylic groups due
to hydrolysis of anhydrides, esters, lactones and other
(=0 containing groups formed during air oxidation,
thus resulting in better suspension stability in polar sol-
vents because of increased negative charge on the sur-
face of the particles upon dissociation of —COOH.

PAN was selected as a comprehensively character-
ized polymer, which was previously used to manufac-
ture pure carbon fibers, as well as silicon carbide (SiC)
and carbon nanotube containing fibers by electro-
spinning.’>?%3° Representative SEM and TEM images of
the ND-PAN fibers are shown in Figure 2. We usually did
not observe primary particles of 5 nm in size in the elec-
trospun nanofibers, rather we observed small agglom-
erates with the size smaller than the fiber diameter (Fig-
ure 2b). Pure PAN nanofibers (Figure 3) were thin (34
nm average diameter) and smooth with a few instabili-
ties per fiber, perhaps due to not quite uniform and
stable electrospinning conditions.*’ Low polymer con-
centration, relative to the solvent, decreases the viscos-
ity and increases the highest obtainable loading of nan-
odiamond. ND-PAN fibers (10 wt %)(Figure 2a,b) show
a nonuniform distribution and some agglomeration of
ND in the matrix, but still they are smooth and in this re-
spect similar to the pure PAN fibers. The average fiber
diameter decreases with the increasing diamond con-
tent from 0 to 17 wt %, reaching about 15 nm. Further
increases of ND content lead to larger fibers with less
uniform diameters. The size and number of beads in-
creases as the concentration of nanodiamond increases
between 20 and 60 wt %. Although it is still possible
to produce fibers of 60 wt % ND-PAN composite (Fig-
ure 2d), their diameter is larger and less uniform. How-
ever, while fiber diameter distribution broadens as the
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Figure 2. (Top row) SEM (a) and TEM (b,c) images of electrospun PAN nanofibers with 10 wt % ND incorporation. (Bottom
row) SEM (d) and TEM (e,f) images of electrospun PAN nanofibers with 60 wt % ND incorporation. Nanodiamond particles,
which have a higher density than PAN, appear as dark spots in TEM images in panels b and e. Inset in panel e shows a frac-
ture surface of a polymer-bonded diamond fiber (60 wt % of ND in the polymer).

concentration of the ND increases above 20 wt %, the fi-
bers appear to have a more uniform distribution of dia-
mond particles in the polymer (compare Figure 2b and
2e). It is particularly important to notice a uniform distri-
bution of nanodiamond throughout the fiber even at
high ND loads, as seen in Figure 2e. Fast evaporation of
the solvent during electrospinning suppresses re-
agglomeration resulting in significantly improved nano-
diamond dispersion, compared to traditional mixing
techniques, and in an increased area of contact be-
tween the polymer and the nanodiamond particles.
These fibers fail in a brittle manner at high diamond
loads (inset in Figure 2e), with no necking or crazing,
that were observed for pure PAN or CNT-containing
PAN nanofibers.’>? Diamond crystals were not affected
by the spinning process as shown in Figure 2¢f. With
an increase of the diamond content above 60 wt %, the
viscosity of ND-PAN suspension increases, thus making
electrospinning conditions far from optimal. However,
even at high concentration (up to 80 wt %) it is still pos-
sible to produce beaded nanofibers. An attempt to elec-
trospin a 90 wt % ND-PAN composite resulted in elec-

200 nm

Figure 3. SEM of pure PAN nanofibers electrospun from 8
wt % PAN in DMF.
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trospraying of droplets in which a majority of ND is
agglomerated with small fibers connecting the clumps.
Still, it gives an opportunity to obtain a polymer-
bonded electrosprayed ND coating on virtually any
surface.

PAN fiber mats spun for 10 and 20 min were white
or light gray and translucent, independent of the dia-
mond content. This is due to light scattering on nanofi-
bers, gaps between which (Figure 2a,d) are compa-
rable to the wavelength of visible light. Heating to 200
°C makes fiber mats transparent due to fibers fusing to
the surface and material uniformly spreading over the
surface (the softening temperature of PAN is ~180 °C),
leading to the formation of a continuous film, a process
similar to that used for carbon nanotubes—polymer
composites.?* These films can be further heated to com-
pletely remove the polymer and leave a pure nanodia-
mond coating, which can provide seeds for chemical
vapor deposition (CVD) of polycrystalline diamond films
or be infiltrated with a different polymer (e.g., hard
epoxy).
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Figure 4. UV—vis spectra of the about 3 um-thick fused
PAN—ND films with different contents of nanodiamond.
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Figure 5. Optical images of electrospun PA 11 nanofibers
with different loadings (wt %) of ND, on different substrates:
(a) on steel, (b) on silicon, (c) on a computer chip, and (d)
on a glass slide both (c,d) before (left) and after (right) heat-
ing that leads to fiber fusing to the surface and formation
of a transparent film.

To study spectroscopic properties, the electrospun
PAN-ND fiber mats with different concentrations of ND
were heated for 20 min at 200 °C and a film of pure PAN
fused via the same heating procedure was used as a ref-
erence in UV—vis measurements. All films used for
UV—vis measurements had the same thickness of ~3
pm. As can be seen in Figure 4, the transmission de-
creases as the ND content increases from 10 to 40 wt
% and finally to 50 wt %, as expected. Some absorption
in the visible range may be due to about 5% of sp? car-
bon present on the surface of oxidized ND.” There is a
decrease of about 25% in the transmission from 10 to
40 wt % and a further decrease of ~25% for the 40—50
wt % samples. This shows that fairly high transparency
can be maintained up to 40 wt % ND. The fact that all

samples absorb in deep UV implies that even a small ad-
dition of nanodiamond can be used for UV protection.

We have also applied the electrospinning method
to manufacture PA 11 fibers. PA 11, being produced
from vegetable oil, is a nonpetroleum-based polymer.
It offers the advantages of processing, a renewable re-
source, as well as the ability to be used as an engineer-
ing polymer with good wear resistance and chemical
stability, which are important for coatings and may be
further improved by diamond addition.

As-spun PA 11 fibers with various diamond con-
tents produced a milky film on the surface (Figure
5a—c) due to light scattering. The PA 11 fibers were
then fused at 180 °C for 30 min. A similar technique has
been used for carbon nanotubes? and shown to pre-
serve the distribution of the nanotubes and effectively
suppress their reagglomeration. Therefore, no re-
agglomeration of ND particles is expected in this pro-
cess. A sample from each set was scratched with a ra-
zor blade in order to measure the film thickness using
optical profilometry. The average thickness of the films
spun for 20 min was 2.6 £ 0.4 um. Similar to the PAN fi-
bers, fused films of electrospun PA 11 fibers with ND in-
corporation (Figure 5¢,d) show absorption in the UV
range due to ND incorporation, but remain optically
transparent up to at least 40 wt % of diamond. The abil-
ity to absorb UV radiation while remaining transparent
in the visible range is advantageous for many applica-
tions, such as glass coating and protective layers on UV
sensitive materials. Similar to the PAN fibers, as the dia-
mond content increases so does the surface rough-
ness of the PA 11 fibers, as seen in Figure 6 (2.5 vs 40
wt % ND). The appearance of the fibers changes from
smooth to rough to droplets as the concentration of
diamond changes. The observed roughness is partially
dependent on the increasing viscosity of the solution
due to an increase in the concentration of nanodia-
mond. However, addition of nanodiamond, even up to
40 wt %, does not increase viscosity as much as just a
few weight percent of nanotubes,’?° thus making nan-
odiamond an attractive filler material for high loading
of polymer matrix nanofiber composites. The rough-
ness of these fibers may be beneficial for certain appli-
cations, such as in the biomedical field, where high sur-
face area allows for more efficient drug delivery and
provides better support for cell growth. Electrospun PA
11 fibers have a larger diameter than PAN fibers and
noncircular shape, as previously reported.® The low
conductivity of PA 11 was not affected by the addition
of ND (not shown), enabling its use as an insulating and
protective coating on electronic devices (Figure 5c).

Load-displacement curves obtained for ND-
containing PA 11 films are shown in Figure 7a. The in-
dentation was carried out to the depth of 300 nm
(~10% of the coating thickness) to minimize substrate

Figure 6. SEM images of PA 11 electrospun fibers with varying
loads of nanodiamond: (a) 2.5 wt %, (b) 10 wt %, (c) 20 wt %, and
(d) 40 wt %.
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effects on the measured properties. The addition of
nanodiamond has significantly improved mechanical
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Figure 7. Load—displacement curves (a) and hardness and
Young’s modulus (b) of PA 11—ND films with different con-
tents of nanodiamond. Inset in panel a shows a PA 11—ND
film with 20 wt % of nanodiamond on a thin glass slide. Film
thickness was 2.6 = 0.4 pm.

properties of PA 11 films produced on Si wafer sub-
strates, raising their Young's modulus by a factor of 4
and more than doubling the hardness, as shown in Fig-
ure 7a,b. It can be seen that if a load of 1.3 mN is re-
quired to penetrate the pure PA 11 coating to the depth
of 300 nm, a 3-times higher load is required to reach
the same depth for a coating with 20 wt % ND. If the
scratch generated by a sharp Berkovich indenter under
5 mN load in pure PA 11 (data not shown) was 1.7 um
deep, addition of merely 10 wt % of ND led to a 0.8
pm deep scratch. Thus, scratch tests have confirmed
improved hardness and scratch resistance of PA 11 af-
ter adding ND. It is important to mention that the
nanoindentation and scratch tests were performed on

MATERIALS AND METHODS

Nanodiamond. The nanodiamond powder was produced via a
detonation synthesis and supplied by Nanoblox, Inc. As-received
nanodiamond powder (UD90 grade) has been thoroughly char-
acterized elsewhere using Raman spectroscopy, TEM, XANES,
and FTIR.7#' Before incorporation into the polymer matrix, UD90

www.acsnano.org

the films containing up to 20 wt % of ND in PA 11,
since the ones with a higher content of ND showed a
less smooth surface (roughness above 30 nm), which
potentially may affect reproducibility of nanoindenta-
tion data. Certainly, the mechanical properties of the
films can be further improved by optimization of the
diamond-to-polymer ratio, better dispersion of ND in
the polymer, and increasing the bonding between ND
and the polymer matrix.

The results of the above study show that electro-
spinning is a versatile method for producing nano-
diamond-containing fabrics, fibers, and coatings. The
coatings were produced on a variety of substrates and
there is hardly any limitation on the substrate texture or
shape, as long as the material can withstand moderate
heating (Figure 5, inset in Figure 7a). There is also a
huge variety of polymers to choose from. In addition
to PAN and PA 11, we have demonstrated incorpora-
tion of ND into bioresorbable polymers such as polyeth-
ylene oxide (PEO) and polycaprolactone (PCL), but a de-
tailed description of those composites is outside the
scope of the current paper.

CONCLUSION

Electrospun ND-containing composite nanofibers
can be produced with the content of ND as high as
60—80 wt % in PAN and up to 40 wt % in PA 11. Fur-
ther increases in the nanodiamond concentration, up
to 90 wt % of ND in PAN, resulted in the formation of
droplets rather than fibrous structures. The quality of fi-
bers can be further improved by optimization of elec-
trospinning process via incorporation of a conducting
salt or further improvement of the diamond disper-
sion.’? According to TEM, at 50—60 wt % of ND, the
density of the nanodiamonds inside the fibers is so high
that the fibers may be well-considered as ND fibers
with a polymer binder.

Used as a delivery vehicle for nanodiamond coat-
ings, electrospinning provides a quick, easy, and simple
method to deposit nanodiamond with minimal ag-
glomeration. Using thermoplastic polymers, these elec-
trospun fibers were “ironed” onto a cotton fabric sur-
face or fused to a flat glass, silicon, and aluminum
surface yielding a thin (3 wm or less) coating with a uni-
form ND distribution. Diamond-containing thin films
produced by electrospinning and subsequent heating
offer UV protection and improved scratch resistance to
surfaces.

has been purified by air oxidation (2 h at 425 °C) to remove non-
diamond carbon and further treated in concentrated HCl at 100
°C for 24 h to remove metals and metal oxides by transforming
them into water-soluble salts.” Finally the ND powder was rinsed
with DI water until reaching neutral pH. Purified ND was dis-

persed in a solvent that was compatible with the particular poly-
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mer that is to be dissolved and then electrospun (see the follow-
ing section).

Electrospinning. Two similar methods of incorporation were
employed based on the matrix polymer. First, HCl treated nano-
diamond was added to dimethylformamide (DMF) under stirring,
sonication, and shaking. The PAN powder (purchased from Sci-
entific Polymer Products) was then added to the suspension to
produce a 6% by weight polymer solution with varying amounts
of nanodiamond ranging from 0 to 90% by weight of the pro-
duced fiber. For the second polymer, PA 11 (D80 powder pro-
vided by Arkema, Inc.), the nanodiamond was dispersed in a sol-
vent composed of formic acid (FA) and dichloromethane (DCM)
ina 1:1 volume ratio. This same solvent has been previously used
for electrospinning PA 11 in the concentration ranges of 1—10
wt %.2324 After the ND was dispersed in FA and DCM at concen-
trations 2.5, 10, 20, 30, and 40% by weight of the produced fiber,
the dispersions were sonicated for 1 h, and then the predis-
solved PA 11 was added to them and thoroughly mixed.

The electrospinning machine, a Kato Nanofiber Electrospin-
ning Unit (NEU), was supplied by NanoBlox, Inc. The electrospin-
ning has been performed using a horizontal and slightly in-
verted setup (between 0 and 45°). The unit was operated at
~23 kV for the PAN solution and between 15 and 20 kV for the
PA 11 solution. A spinning distance between the syringe needle
tip and the collection plate was maintained at 15 cm and the dis-
persions were pumped through the syringe at 0.015 cm/min in
both cases. The fibers were collected on glass, aluminum foil, sili-
con, or TEM grids for subsequent studies.

Characterization. For UV —vis spectroscopy studies, samples of
10 wt %, 40 wt % and 50 wt % ND in PAN were electrospun
onto aluminum foil covered glass slides (2 cm X 2 cm) which
were rotated (180°) at the midpoint of the 20 min spinning time.
The thickness of the produced fiber mats was controlled by the
electrospinning time: an increased time deposits thicker fiber
mats. Samples were heated to 200 °C and also left as spun for
comparison purposes. Samples for nanoindentation were elec-
trospun onto silicon wafers to achieve the maximum flatness of
the surface. The nanoindentation and scratches were performed
on the films containing 0, 2.5, 10, and 20 wt % of ND in PA 11
since the ones with a higher content of ND showed a less smooth
surface, which may lead to large errors in the tests.

SEM analysis was performed using a Zeiss Supra 50 VP field
emission SEM and a FEI XL30 environmental SEM (ESEM). TEM
was performed at the University of Pennsylvania, using a JEOL
2010F operated at 100 or 200 kV. UV—Vvis spectroscopy was per-
formed using a Perkin-Elmer UV—vis Lambda 35 spectrometer
in reflectance mode. An optical profilometer Zygo New View
6000 was used to measure the thickness of the films. Depth sens-
ing indentation and scratch tests were conducted at room tem-
perature using Nanolndenter XP (MTS Corp.) equipped with a
continuous stiffness measurements (CSM) attachment. The in-
dents were performed with a spheroconical diamond indenter
of 13.5 wm radius. The scratches were performed using a Berkov-
ich tip, increasing the load linearly from 0 to 5 mN over a length
of 500 wm.
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