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Abstract: We designed a metal-free synthesis of carbon
nanofiber based on ketene chemistry using phosphorus pent-
oxide (P2O5) and vegetable oil. Based on the characterization
of intermediates, P2O5-oil reaction yielded most possibly
alkylketenes, which polymerized into poly(ketene) with abun-
dant enol groups. The enol groups further reacted with P2O5,
forcing the poly(ketene) to assemble into a nano-sized
preassembly structure. Moderate heating transforms these
structures into carbonaceaus nanofibers. This approach is
applicable to other chemicals with similar structure to vegeta-
ble oil. The carbon nanofibers with P-O-C functionalization
show relatively high graphitization degree and promising
textural properties. The C-O-P environment accounts for
66 at % of the total P and creates a superior thermal stability.
As a model application, a CDI system built of a carbon-
nanofiber-based electrode countered by an activated carbon-
based electrode exhibited exceptional performance.

Introduction

Carbon nanomaterials exhibit many intriguing physical
and chemical properties, which include electrical conductivity,
chemical stability, high specific surface area, and many
more.[1] Due to these features, carbon is applied in a broad
range of applications, such as adsorption, energy storage,
sensors, or catalysis.[2] Other than the 3D and 2D carbon
species, 1-dimensional (1D) carbon nanomaterials possess an
ultrahigh aspect ratio. 1D carbon nanostructures thereby have
many interesting properties (e.g., mechanical stability while
being flexible, or directed conductivity), which attracted
extremely high attention world-wide.[3]

In that search, a variety of 1D carbon nanomaterials, such
as carbon nanofibers, nanobelts, nanobranches, nanorods and

nanotubes, have been reported.[4] Popular choices of bulk
synthesis include chemical vapor deposition, template pro-
cesses, but also molten salt technique.[5] Generally, to direct
carbon growth in 1D direction, metals or metal compounds
are indispensable. Despite of sometimes even high efficiency,
these methods still suffer from impurities. For instance, metal
catalysts could not be completely removed by acid etching;[2i]

or metal chlorides evaporate and contaminate synthesis lines
and outer environment.[6] Therefore, we felt tempted to
develop a robust chemical synthesis of 1D carbon nano-
materials on the base of simple, regrowing educts without
using metallic species. Up to the best of our knowledge, such
synthetic processes have been not described.

The most traditional source of sustainable carbon is
biomass, as done for instance for the synthesis of charcoal or
activated carbons. As compared with the mostly used
lignocellulosic biomass, vegetable oils are hardly used for
carbonization, as they are mostly C@H bond based and not
known to give high carbonization yields.[5d] The structure is
composed of fatty acids esterified to glyceride (Scheme 1).[7]

Vegetable oils are abundant, low-cost, and even after
excessive kitchen use still applicable in carbonization reac-
tions. A secondary use in the chemical synthesis of 1D carbon
nanostructures thereby follows the concept of upcycling.

Herein, we used the special structure of vegetable oils to
develop a metal-free chemical route to synthesize towards
carbon nanofiber assemblies. We used the reaction of oils with
P2O5 to create first an amphiphilic addition product, which
self-organized towards nanoscopic cylindrical micelles. Ther-
mal elimination of the alkyl tail not only generates a hydro-
carbon side product which could be isolated on a larger scale,
but also leaves the wanted 1D carbon nanostructures as rather
pure products. Noticeably, the previous reports, which mainly
relying on the dehydration effect of P2O5 to produce carbon
dots, thin carbon nanostructures or other carbonaceous
materials,[8] are obviously different from ours. As shown by
diverse analytical characterization techniques, the carbon
nanofibers are not only 1D, but are doped with abundant P-O-
C groups within their structure, bringing high water wett-
ability, polarity, and ion binding into the structure. Due to the
high electronic conductivity and the high ionic character at
the same time, these novel 1D carbon nanofibers could be
favourably applied in diverse ionotronic applications, such as
CDI to remove the NaCl from a model seawater.

Results and Discussion

The chemical synthesis started with mixing of P2O5

(10.0 g) and vegetable oils (10.0 mL) together at room
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temperature by vigorous stirring to promote intense contact.
Then, the mixture was transferred into an autoclave, which
was held at 180 88C for 12 h. In this time, P2O5 integrates into
the oils structure and promote intermediary self-assembly as
described below. The as formed clear organic liquid generated
during the reaction is not wasted, but a side-product
composed of alkanes, alkenes, and thermal aromatization
products in mixture similar to gasoline (Figure S1). The
already dark brown intermediate is a fine sludge and oily
phase, which was for simplicity directly carbonized in tube
furnace at 600 88C to acquire the P-O-C functionalized carbon
nanostructures. Here, at least a majority of alkyl tails frag-
ments and leaves the sample. The process was also illustrated
for better understanding in Scheme 1. The final materials are
named by CNb-oily, where y represented the ratio of P2O5

mass to oils volume. More detailed information is given in
Materials-S1. Interestingly, final product contains P2O5 re-
formed after reaction, which promises a partial recovery of
the P source as the most expensive part of the reaction.
Another major part of P stays however incorporated into the
carbon structure. As shown, the weighted out mass yield
increases with the increase of P2O5 dosage. Specifically, the
yield is 7.96 %, 18.50%, and 32.99% for CNb-oil0.5, CNb-oil1
and CNb-oil1.5, respectively, pointing to an increasing P-O-C
content. Noticeably, no oil residue can be found in the final
product, as proved with FTIR characterization (Figure S2).

Scanning electron microscopy (SEM) was carried out to
depict the morphology of the CNb-oil1 (Figure 1). Basically,
the carbon materials show a family of fibrous morphologies,
namely shorter fibers aligning to spindles (Figure 1 a), bun-
dles (Figure 1c) and “haystacks” (Figure 1e). From the
higher magnification images, it could be clearly confirmed
that these three assemblies are all composed of carbon
nanofibers. Moreover, the nanofibers are very uniform in size
and shape. The carbon nanofibers tend to be parallel to each
other (Figure 1b, d and f). The cross-section image of CNb-
oil1 further confirmed the nanofibers alignment (Figure 1g
and 1h). When the relative dosage of P2O5 was increased to
15.0 g without changing the oil volume (CNb-oil1.5), nearly
only the nanofiber-based spindles could be found with the
well alignment of the uniform fibers (Figure S3). However,
decreasing the relative dosage of P2O5 to 5.0 g (CNb-oil0.5),
a major part of assemblies becomes irregular, but there is still
a small number of nanofiber-based spindles (Figure S4).

Basically, carbon nanofibers are the sole building blocks
from the carbonization of P2O5-oil intermediate, which
assembled into specific superstructure.

Transmission electron microscope (TEM) was conducted
to investigate the microstructure of carbon nanofibers. As
seen in Figure 2a, the fibers-aligned assemblies can be vividly
confirmed in the low magnification image. Moreover, isolated
nanofibers could be found in high magnification TEM images
(Figure 2b), which displays a partially hollow architecture.
This could be further supported by AFM characterizations, as
for instance shown in Figure S5. The diameter range of single
nanofiber based on TEM and AFM is 22–41 nm and 37–
60 nm, respectively. Moreover, from the AFM result, the wall
thickness of the nanotube is between 1.01–1.64 nm. From the
TEM image in Figure 2 c, the CNb-oil1 at least appears locally
disordered, i.e., as amorphous carbon. Energy dispersive
spectroscopy (EDS) mapping images of the CNb-oil1 were
conducted to examine the element distribution. As seen in
Figure 2d, the elements C, P, and O are uniformly dispersed
among the carbon nanofibers, marked by red, green, and
yellow colors, respectively. The morphology of the other two
samples is similar to that of CNb-oil1, as judged by TEM
(Figure S6).

To reveal the possible mechanism in more detail, the
intermediates and vegetable oils were characterized with
FTIR technique (Figure 3). Different samples were obtained
by capturing the intermediates at different temperatures, i.e.,
80 88C, 180 88C, 350 88C, 400 88C, 425 88C and 450 88C (named
intermediate-xC, where x is temperature value). Based on
the FTIR spectra in Figure 3a, the structural change of the
vegetable oils before and after the P2O5-reaction is easily
followed. In typical, the ester groups in oils disappear after
the reaction at temperatures exceeding 350 88C, and corre-
spondingly, C-O-P and >C=C< emerge. For the intermedi-
ate-80C, there is still P-O-P in the structure but >C=C< still
has not formed. The peak broadens when temperature is
higher than 180 88C, and new broad peaks in the range of 1550–
2200 cm@1 form.

In fact, the cleavage of P-O-P in P2O5 and C-O in oils
triggers the formation of the C-O-P group, just as the
compound i in Figure 3 c, consuming at the same time the
C-O. Generally, intermediates similar to compound i are
known to decompose into ketene-based structures,[9] and the
ketene here is the well-known fatty acid ketene with a long

Scheme 1. Synthetic pathways of the P-O-C functionalized carbon nanofiber bundles: a) chemical reaction between P2O5 and vegetable oils[17] to
form the intermediate and b) carbonization of the intermediate from the chemical reaction in step (a).
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aliphatic tail, as it is used in paper hydrophobization. More-
over, as revealed by Staudinger,[10] Olah[11] and Wudl,[12] the
ketene can readily polymerize into the so-called poly-
(ketenes) with abundant enol units (compound ii), due to
the high reactivity of ketene. Actually, the four broad peaks
between 1550 and 2200 cm@1 can be assigned to the though-
conjugated ketone structure in poly(ketene) (frame in Fig-
ure 3a).[1,12] This result can be confirmed with the 1H-NMR
characterization. As shown in Figure 3 b, the new chemical
shifts between 2.5–3.0 ppm can be found, which is caused by
the ketone structures (R@CH@C=) in poly(ketene).[13] On the
other hand, the hydroxyl groups are very easy to react with
the remaining moiety of P2O5. Based on this process,
compound ii would transform into the compound iii (Fig-
ure 3c).

In compound iii, the long aliphatic chains are the
hydrophobic tails, and the center C-O-P units are the
hydrophilic cores, which together exhibits an amphiphilic
property. In this context, it is reasonable to postulate that such
molecules would spontaneously self-assemble into specific
regular nanostructures. Here combining the morphology
characterizations (Figure 1, Figure 2 and Figure S5) with the
structural results, we hypothesized that the polymers formed
assemble in an intermediary state to amorphous tube vesicles

(Figure 3c and d). In the carbonization process, such a fictive
compound would evolve into the observed belt-like nano-
fibers with partial still open hollow structure within them.

To further understand the applicability range of the
method developed in this research, three control experiments
were designed by using pure chemicals. Other synthetic
process is completely identical to the case using vegetable oils.
In the first control experiment, vegetable oils were replaced
with the diethyl hexanedioate that has similar chemical
features to the oils (e.g., ester group connected with aliphatic
tail). As shown in Figure S8, it is interesting to find that the
carbon materials possess similar morphology to the CNb-oil
series. In the second control experiment, the carbon source
becomes the 1,2-tetradecylene oxide that has a long aliphatic
tail, but the ester group was changed to epoxy group. The
carbon materials obtained are mainly composed of the 3D
nanoparticles (Figure S9). No 1D carbon nanostructures
could be acquired even in the presence of long aliphatic tail.
In general, the epoxy-P2O5 reaction pathway is completely
different from the P2O5-ester reaction, which actually would
produce 3D cross-linked structure (Figure S7).[14] In this
circumstance, the long aliphatic tails have no choice but
could only distribute randomly in the 3D space, which leads to
the formation of 3D carbon nanostructures. In a further

Figure 1. SEM characterizations of the CNb-oil1 with three typical nanofiber-based assemblies: a),c),d) low magnification images; b),d),f) high
magnification images. SEM images of the cross-section of CNb-oil1: g) top view and h) side view.
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control experiment, polyethylene glycol was used as carbon
source to interact with P2O5. The reaction between ether
group and P2O5 is similar to the epoxy-P2O5 interaction, but
there is no long aliphatic tail in this chemical. Here only
a hard and irregular macroscopic carbon block was obtained,
which exhibited irregular microstructures (Figure S10). These
control experiments as well as the main experiments together
demonstrate that the in situ formation of intermediates with
well-organized hydrophilic core and hydrophobic tail plays
dominated role in the formation of uniform 1D carbon
nanostructures. This could be an important guideline for the
further design of the 1D carbon nanomaterials based on
metal-free protocol. Based on these results, we conclude that
carbon nanofibers could be synthesized from natural plant
oils in general.

The structure of the left-over carbon can be characterized
by a variety of local analytical techniques. XPS is a tool
characterizing not only the amount of the elements, but also
their mutual binding probability. As seen in Figure 4 a, the
elemental overview teaches us that the prevailing species is
indeed C, with significant content of O and a distinct, but
smaller amount of P. This already indicates that the vast
majority of P is leaving in the synthesis at the end as P2O5 or
phosphoric acid, i.e., it is mostly a catalyst and dehydration
agent. This can be further proved with the elemental analysis
(Table S1) that the C accounted for 73.3 at% in CNb-oil1. For
the other two samples, the C content is also slightly higher
than 70 at% (Table S1). Correspondingly, the high resolution

spectrum for the C1s region (Figure 4 b) is predominantly
described as a C=C bonded structure. Noticeably, the C-O at
285.33 eV involved the C-O-C and C-O-P. This strongly
demonstrates the P doping in the carbon nanofibers. A
majority of the nanostructures seems to be surface terminated
with C@x bonds. According to the high resolution O1s
spectrum (Figure 4c) and P 2p spectrum (Figure 4d), the C-P
bonds and C-O-P bonds are formed in the 1D carbon
nanofibers. In typical, the C-O-P and C-P accounted for
66.22 at% and 39.78 at%, respectively, in the total P species.
The formation of C-P should originate from the C-O-P in the
intermediate as illustrated in Figure 3. Interestingly, the
variation of the P2O5 dosage in the synthesis of carbon
nanofibers could change the relative atomic percentage of the
P components (Figure S11). Based on the survey spectra, the
increased P2O5 dosage increased the relative content of P
species. Moreover, the relative content of C-P to C-O-P
dropped with the increase of P2O5 dosage, according to the
P2p spectra.

The textural properties of the CNb-oil series were
investigated by gas adsorption-desorption isotherms. Fig-
ure 4e presents the N2 adsorption-desorption isotherm of the
three materials. As shown, the steep increase of N2 adsorption
in the P/P0 range of 0–0.1 and the loop in 0.4–1.0 indicated the
hierarchical micro-meso porosity of the carbon nanofibers.
Typically, the CNb-oil1 exhibited the highest specific surface
area among the samples, which reached to 780.9 m2 g@1. As
given in Figure 4 f, the pore size mainly distributed around

Figure 2. TEM characterizations of the CNb-oil1: a),b) microstructural morphology, c) high-resolution image and d) elemental mapping with C, P,
and O.

Angewandte
ChemieResearch Articles

24260 www.angewandte.org T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 24257 – 24265

http://www.angewandte.org


Figure 3. a) FTIR and b) 1H-NMR characterizations of the intermediates. c) Possible reaction between P2O5 and vegetable oils to form the
intermediates. d) Simplified model for the morphology evolution in the carbonization process of intermediates. Note: the intermediate is
synthesized using the identical recipe as CNb-oil1.“

Angewandte
ChemieResearch Articles

24261Angew. Chem. Int. Ed. 2021, 60, 24257 – 24265 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


2.73 nm and 1.27 nm. Combining the porosity with the 1D
feature, the carbon nanofibers should possess additional
benefits, as high mass transfer. Moreover, CO2 adsorption-
desorption isotherms (P/P0 range: 0–0.03, Figure 4g) were
taken to investigate potential ultramicropores of the CNb-oil
series.[15] Figure 4 h provides the pore size distribution of the
three materials based on CO2 isotherm, showing abundant
ultramicropores in the CNb-oil series, centered around
0.56 nm and 0.84 nm. The texture properties are also sum-
marized in Table S1. In particular, the pore volume of
micropores only of CNb-oil1 reaches values as high as
0.688 cm3 g@1.

Figure S12 gives the XRD patterns of the carbon nano-
fibers. There is a broad peak in ca. 2688 and no other obvious
diffraction peaks could be observed. This sufficiently indi-
cates the amorphous nature of the carbonaceous products. In
Raman spectra (Figure S13), the CNb-oil series displayed two
sharp peaks at 1335 cm@1 and 1596 cm@1, which could be due
to the D peak and G peak, respectively. The IG/ID represented
the graphitization degree,[16] and the IG/ID increased with the
decrease of P2O5 dosage. Noticeably, the IG/ID can still reach
1.35 for CNb-oil1.5, which indicates a relatively good
graphitization of the CNb-oil series. This is necessary for

a high conductivity of the carbon nanofibers. Zeta potential of
the carbon nanofibers was measured to understand their
surface properties (Figure S14). As shown, the zeta potential
of all materials is negative in a broad pH range from 1 to 11.
Moreover, the zeta potential is even less than @30 mV when
pH is higher than 5. The negative zeta potential is attributed
to the many C-O-P chemical units in the samples. This
combination of high electric conductivity with high ionic
character might endow the materials with interesting “iono-
tronic” multifunctionality, which is potentially useful in many
important applications. Additionally, the thermal stability of
the carbon nanofibers (CNb-oil1) was investigated in com-
parison with single-walled carbon nanotubes (Figure S15).
The CNb-oil1 exhibits better thermal stability than carbon
nanotubes, which we again ascribe to the C-O-P functional-
ization.

To evaluate the application potential, a capacitive deion-
ization experiment (CDI) with electrodes built from carbon
nanofibers was conducted. As illustrated in Figure 5a, CDI is
composed of two electrodes, which deionizes brackish water
by applying an electric potential between them. Prior to the
performance evaluation, the electrochemical characteriza-
tions of CNb-oil series based on three-electrode system were

Figure 4. XPS spectra of CNb-oil1: a) survey spectrum, b) C1s spectrum, c) P2p spectrum, and d) O1s spectrum. e) N2 adsorption–desorption
isotherms, and f) pore size distribution of CNb-oil series.
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examined by cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) measurements in a 1.0 M NaCl
solution following three-electrode conditions. The quasi-
rectangular shape of CV curves of the CNb-oil series (Fig-
ure 5a) indicates the dominant behavior of electric double-
layer capacitance. Correspondingly, as shown in Figure 5b,
the GCD result of CNb-oil1 presents a nearly symmetric
triangular shape with the longest discharge time, demonstrat-

ing a superior capacitive performance. Figure 5c gives the EIS
measurement result, from which the CNb-oil1 possesses the
lowest resistance.

The CDI performance of the CNb-oil series was evaluated
in 500 mg L@1 of NaCl solution to understand their practical
application potential. The CNb-oil series-based electrode is
for adsorbing the Na+ while the activated carbon-based
electrode is for adsorbing the Cl@ . The specific adsorption

Figure 5. a) Illustration of the working principle of capacitive deionization (CDI). Electrochemical performance of the CNb-oil series: b) CV curves
of different electrodes at a scan rate of 10 mVs@1, c) Galvanostatic charge-discharge curves, d) the Nyquist plots. CDI performance evaluation of
the CNb-oil series-based electrodes with NaCl concentration of 500 mg L-1: e) electrosorption capacity with time, f) SAC in different potential,
g) SAR-SAC Ragone plot, and h) long-term cycling performance.
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capacity (SAC) of the CNb-oil1 with time in Figure 5d shows
that the adsorption process is fast, which costs ca. 15 min at
most to reach equilibrium. Typically, the equilibrium time
would further shorten by increasing the applied voltage.
Figure 5e shows the SAC of the CNb-oil series as a function
of the applied voltage. As shown, the SAC increases with the
increase of the applied voltage. Moreover, the CNb-oil1 owns
the highest SAC among the three samples, which is ca.
30 mg g@1 at 1.2 V. Figure 5 f further provides the CDI Ragone
plots of the CNb-oil series-based electrodes, and the CNb-
oil1-based electrode displays the highest SAC and specific
adsorption rate (SAR) among the samples. The high CDI
performance of the CNb-oil series could be related to their
well-developed hierarchical porosity, and functionalization of
the structure with P-O-C units. Typically, the negative zeta
potential of the CNb-oil series, possibly resulted from the P-
O-C units, should play a substantial role in adsorbing the
positively charged Na+.

To further testify the above opinion, two control experi-
ments were conducted (Figure S16). On one hand, the CDI
system with both electrodes built by purely activated carbon
was taken to absorb the salt with identical conditions to the
ones shown above with applied voltage of 1.2 V. The SAC
turns out to be ca. 20.5 mgg@1, which is lower than the
performance of CDI system above consisting of CNb-oil1-
based electrode (for adsorbing Na+) and activated carbon-
based electrode (for adsorbing Cl@). On the other hand, the
performance of the CDI system with CNb-oil1-based elec-
trode (for adsorbing Cl@) and activated carbon-based elec-
trode (for adsorbing Na+) was also tested. Interestingly, the
SAC further declines to 16.8 mgg@1. These two experiments
prove the substantial role of the surface charge of CNb-oil
series on removing the salt.

Moreover, the adsorption-desorption cycling perfor-
mance is another key factor determining the application
prospect. Here the cycling testing was carried out in a two-
electrode CDI system. As seen in Figure 5h, the capacity
maintained at ca. 32 mgg@1 after 30 cycles. This strongly
demonstrates the superior capability of the CNb-oil series for
CDI applications.

Conclusion

A general, metal-free method building on ketene chemis-
try has been developed to achieve low-cost bulk synthesis of
carbon nanofibers. A classical reaction between P2O5 and
plant oils results in alkylketenes which polymerize, and self-
assemble to nanotube, which then condense at higher temper-
atures to form carbon nanofibers. Typically, the CNb-oil1
possessed a high specific surface area (ca. 780 m2 g@1) and
hierarchical porosity with ultramicropores within the fiber
structure (ca. 0.56 nm and ca. 0.84 nm). Due to leftovers of
phosphorous in the structure, the carbon nanofibers are
negatively charged in a broad pH range from 1 to 11, i.e., they
are strongly acidic. Due to these advantages, CNb-oil1 has
high potential in many applications, and CDI was taken as an
illustrative example here. Results show that the adsorption
capacity of CNb-oil1 can reach ca. 30 mgg@1, which outper-

forms most of the reported pure carbon materials. Further-
more, the CNb-oil1-based electrode is very stable and was
shown to last for at least 10000 adsorption-desorption cycles
without performance loss.
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