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A novel approach is discovered to produce carbon nanorods (CNRs) from resorcinol-formaldehyde
xerogels. The structure and morphology of CNRs are characterized by pore size analysis, nano-
scanning electron microscopy, elemental analyses and Raman spectra, FTIR spectroscopy. CNRs exhibited
diameter ranges from 262 to 327 nm and lengths of up to several microns. The growth rate of CNRs
depends fundamentally on the gelation temperature. CNRs’ structures exhibits nanopores with average
pore sizes of 2.39 and �1.64 nm for CNRs produced from xerogels glated at 70 and 85 �C, respectively.
It is anticipated for CNRs to open new gates for advanced nano-device applications.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of carbon nanotubes (CNTs) [1], much
attention has been focused on one dimensional (1D) nanostruc-
tures like nanotubes and nanowires because of their fundamental
importance and their anticipated wide range of applications in
nano-devices that would enhance human’s life [2]. CNRs have
two advantages over CNTs. Firstly, the properties of CNRs can be
controlled more precisely by either manipulating the synthesis
conditions or using a doping techniques. Secondly, the native oxide
layer that can be formed on the outside of CNRs allows the appli-
cation of a broad range of already well developed functionalization
and blocking chemistries [3]. Although numerous techniques have
been developed for the fabrication of CNTs and 1D nanomaterials,
the exploration of new methods and controllable synthesis of 1D
nanostructures under ambient conditions is still an interesting
and challenging topic [1,4–6].

Generally, such kind of nanostructures could be prepared by
two methods. The first method is by a ‘‘bottom-up” approach,
where the self-assembly of small sized structures build into larger
structures. The other method is a by ‘‘top-down” approach, where
large structures are reduced down into smaller sizes to produce
nanoscale structures [7]. Several methods were developed for the
fabrication of nano-rod or nano-wire arrays, including catalytic
growth, template [8], Langmuir Blodgett method and electrospin-
ning [9]. Nonetheless, all these methods are not practical in mass
production and are expensive.

The motivation for this study comes from the difficult chal-
lenges of the above-mentioned synthesis processes to produce
CNRs. In this work [10], CNRs are prepared from the polymeriza-
tion of resorcinol and formaldehyde in presence of sodium carbon-
ate, followed by atmospheric drying, carbonization and activation
[11]. This novel method of synthesizing CNRs can provide a large
scale and controllable route to provide a low cost supply for raw
nanowires and their corresponding nano-devices.
2. Materials and methods

Resorcinol (99.98%, Alfa Aesar), formaldehyde (37 wt%, Aldrich),
sodium carbonate (anhydrous, Fisher) and acetone (99.6%, Fisher)
were used as received. Other reagents are analytical grade. Resor-
cinol–formaldehyde (RF) xerogels have been prepared with a
resorcinol-to-formaldehyde molar ratio of 0.3; a resorcinol-to-
water molar ratio of 0.05; a resorcinol-to-catalyst molar ratio of
50; and an initial solution pH of 7. RF solutions were poured into
polypropylene vials, sealed and placed in an oven 7 days [12]. Oven
temperatures were set at 70 �C and 85 �C for the consequent acti-
vated carbons denoted as RF-ACX-1 and RF-ACX-2, respectively.
Other details of xerogels‘ synthesis, carbonization and activation,
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characterization, and adsorption/desorption isotherms are found in
the Supporting Information Data File.

3. Results and discussion

NanoSEM morphologies of RF-ACX-1 and RF-ACX-2 are shown
in Fig. 1 with different magnifications. Morphologies indicate that
both samples formed whisker nanowires in the shape of nanorods.
The nanorods of RF-ACX-1 and RF-ACX-2 differ in their size
distributions and nanoparticle levels. The CNRs in RF-ACX-1 appear
in Fig. 1c and e as bundles of sticks, whereas the nanorods of
RF-ACX-2 appear in Fig. 1d and f as scattered entities. This hints
that the growth rate of CNRs depends on the gelation temperature.
A high temperature of 85 �C may lead to a more crosslinked chains
than those at a low temperature of 70 �C, which could make CNRs
more rigid and appearing as compact rods when gelated at 85 �C or
Fig. 1. Morphologies of RF-ACX-1 (a, c, e) and R
fragile rods when gelated at 70 �C after carbonization and activa-
tion. The reaction mechanism of synthesis was found in elsewhere
[13]. The average nanorod diameter of RF-ACX-1 (�262 nm) is
lower than that of RF-ACX-2 (�327 nm). This is attributed to the
corresponding differences in their precursors’ gelation tempera-
tures. CNRs produced from precursors gelated at low temperatures
exhibited clear patterns of nanoparticles, whereas those corre-
sponding to high temperatures were relatively smooth. NanoSEM
micrographs of both appear as long cylindrical products with sev-
eral microns in length.

Fig. 2 shows the pore size distribution (PSD) for RF-ACX-1 and
RF-ACX-2. It was observed that a majority (�81% and 85% for RF-
ACX-1 and RF-ACX-2, respectively) of pores exhibited incremental
surface areas located in microporous region (�2 nm). Relatively
small percentages (�19% and �15% for RF-ACX-1 and RF-ACX-2,
respectively) were in mesoporous region (>2 to 50 nm) and a
F-ACX-2 (b, d, f) at different magnifications.



Fig. 2. PSD in terms of incremental surface area (a, b) and incremental pore volume (c, d) for RF-ACX-1 (a, c) and RF-ACX-2 (b, d).

Table 1
Pore characteristics(a) and elemental compositions(b) of RF-ACX-1 and RF-ACX-2.

Characteristics Sample

RF-ACX-1 RF-ACX-2

Pore characteristics
Average surface pore size (nm) 2.4 1.7
Total area (m2/g) 2.5 179
Micropore area (%) 81 85
Mesopore area (%) 19 15
Macropore area (%) 0.20 0.03

Total pore volume (cm3/g) 3 � 10�3 0.15
Micropore volume (%) 39 60
Mesopore volume (%) 56 38
Macropore volume (%) 5 1.7

N2 adsorption capacity at saturation (mmol/g) 0.209 5

Elemental compositions
Carbon (wt%) 90 86
Oxygen + Sodium (wt%) 10 14

(a) Determined from DFT of adsorption/desorption isotherms of N2 at 77 K (Fig. S1,
Supporting Information Data File).
(b) Determined by elemental microanalysis (C, H, N, and S) and by balance differ-
ence (O + Na).
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minority (�0.2% and �0.03% for RF-ACX-1 and RF-ACX-2, respec-
tively) were in macroporous region (>50 nm). Fig. 2c and d expose
the PSDs for RF-ACX-1 and RF-ACX-2, respectively, in terms of
incremental pore volumes. It was illustrated from Fig. 2c that the
RF-ACX-1 exhibited mostly microporous volume distribution with
a notable presence of mesoprores. The microporous pore volume
region was characterized by sharp peaks with �39%, while
mesoporous pore volume region was characterized by multiple
different peaks �56% of total pore volume, and a macroporous
volume portion of �5%. The PSD of RF-ACX-2 (Fig. 2d) showed that
microporous pore volume also appeared as a sharp peak at a pore
size (�2 nm) at �60% of total volume, while mesopores and
macropores constituted were �39% and �1.7%, of total pore vol-
ume, respectively. The bigger extent of mesopores in RF-ACX-1
may be attributed to the collection of voids among CNRs due to
their prominent bundled patterns, which is less evident in
RF-ACX-2 (Fig. 1). Table 1 summarizes pore characteristics and ele-
mental analyses of RF-ACX-1 and RF-ACX-2 CNRs. The pore size
characteristics indicate to the differences in pore structures of
two samples. This difference is due to the gelation temperature.

The chemical compositions of two samples are somewhat sim-
ilar with small differences. The variation of synthesis temperature
reflects significantly on physical changes (Table 1).

Fig. 3a shows FTIR spectra of RF-ACX-1(a) and RF-ACX-2(b),
respectively. It was observed that the two spectra are similar.
Therefore, the chemical structures of both CNRs are identical. The
peaks appearing at 1062 and 1726 cm�1 indicate to C–O and
C@O, respectively.

Raman spectra of RF-ACX-1 and RF-ACX-2 (Fig. 3b) expose that
the spectrum of RF-ACX-1 has only two peaks at 1334 and
1584 cm�1), whereas RF-ACX-2 has three peaks at 1334, 1584
and 840 cm�1. It is observed that the two main bands at
�1584 cm�1 (G-band) and at �1334 cm�1 (D-band) are assigned,
respectively, to in-plane vibration of the C–C bond for typical
graphite-like materials and the presence of disorder in carbon sys-
tems [12,14]. Hence, the ratio of D-band intensity to G-band inten-
sity (ID/IG) is an indication of defects or graphitic order [15]. The
value of ID/IG for MWCNTs, graphite, graphite oxide and reduced
graphite oxide are 0.94, 0.7, 1.03 and 0.93, respectively [16]. The
intensity ratio (ID/IG) for both of RF-ACX-1 and RF-ACX-2 is similar
at 0.87. Therefore, CNRs are more closely characterized to graphitic
order.
4. Conclusions

A recipe was discovered to synthesize activated carbons from
resorcinol-formaldehyde xerogels in a form of carbon nanorods



Fig. 3. (a) FTIR spectra of RF-ACX-1(curve) and RF-ACX-2(curve 2), respectively and
(b) Raman spectra of RF-ACX-1 and RF-ACX-2 (curves 1 and 2, respectively).
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(CNRs). The CNRs were characterized by different techniques. The
structures exhibited nanorods/nanowires that can have lengths of
several microns. The nanowire growth depended on the synthesis
gelation temperature of the precursor xerogel. CNRs gelated at low
temperatures exhibited clear patterns of nanoparticles, whereas
those corresponding to high gelation temperatures were relatively
smooth. Furthermore, CNRs corresponding to xerogels gelated at
low temperatures appeared as bundles, while those corresponding
to higher temperature appeared in a more separated form. This
method opens a new gate of synthesis nanotechnology with easy
procedures and inexpensive techniques. Overall, the dimensional
geometry of carbon nanowires can be useful in many nano
applications.
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