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carbonization in a given atmosphere and 
hydrothermal carbonization are two prom-
ising techniques to accomplish the con-
version from cellulose to carbonaceous 
materials. [ 12,13 ]  Despite the fact that carbon 
structures form after releasing non-carbon 
atoms during the carbonization process, 
the conductivity of carbonized cellulose 
material is still low. [ 14–16 ]  One strategy 
to enhance the conductivity of carbon-
ized materials is to improve the graphitic 
structure of the carbonized product by 
increasing the carbonization temperature, 
which is also called graphitization. This 
stage enhances the order of the graphene 
stacks. [ 13 ]  Graphitization is usually carried 
out at temperatures higher than 900 °C. A 

conductivity of 100 S/cm is obtained when the carbonization 
temperature is higher than 2000 °C; [ 17 ]  however, such high 
temperatures require expensive equipment and are energy 
consuming. 

 Chemically exfoliated graphene oxide (GO) is a two-
dimensional (2D) material, with rich hydroxyl, carboxyl, and 
epoxide functional groups on the basal planes and the planar 
edges. [ 18 ]  It has been reported that GO may act as a template to 
assemble materials, to form novel structures or even to alter-
nate molecular confi gurations. [ 19–22 ]  Carbonization of GO fi lled 
poly(acrylonitrile) (PAN) nanofi bers demonstrates that GO can 
function as a template to improve the graphitic order and ori-
entation in PAN carbon nanofi bers. [ 23 ]  Studies also show that 
adding a very small amount of GO to glucose results in more 
conductive carbonized materials with higher degree of carboni-
zation. [ 24 ]  Thick layers of reduced GO (rGO) sheets are obtained, 
which is different from the spherical particles obtained from car-
bonization of pure cellulose. Such phenomena suggest that GO 
can be used as a template for cellulose carbonization. In addi-
tion, GO is a low cost building block to make highly conductive 
microfi bers. rGO microfi bers with a conductivity of 570 S/cm 
and 416 S/cm have been reported to be formed by chemical 
reduction and thermal reduction, respectively. [ 25,26 ]  For the fi rst 
time, we reported highly conductive microfi bers based on GO 
and nanofi brillated cellulose (NFC) with GO serving as a tem-
plate for cellulose carbonization, and carbonized NFC repairing 
the defects of carbonized/reduced GO (rGO) and linking rGO 
sheets together.  Figure    1  a–b show the morphology change of 
NFC from fi bers to spherical particles after carbonization. 
In the carbonized GO+NFC (c(GO+NFC)) microfi bers, only 
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  1.     Introduction 

 Flexible and wearable electronics are becoming popular due to 
their portability and integrability. [ 1 ]  Conductive fi bers can be 
easily woven into textiles or integrated into other structures to 
form wearable nanogenerators, [ 2 ]  supercapacitors, [ 3 ]  batteries, [ 4 ]  
actuators, [ 5 ]  and fl exible solar cells. [ 6 ]  Carbon nanotubes (CNTs) 
have been widely used in the fabrication of high performance 
conductive microfi bers due to their extraordinary mechanical 
properties and electrical conductivity; however, the cost for fab-
ricating high quality CNTs, especially single wall carbon nano-
tubes, can not be neglected. [ 7,8 ]  

 Cellulose is one of the most abundant renewable natural 
polymers. It has been demonstrated as a precursor to form 
carbonaceous materials, which is important in energy storage, 
carbon fi ber fabrication, water purifi cation, ion exchange, catal-
ysis, green electronics, and life science. [ 9–11 ]  High temperature 
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sheets formed via the GO templates (Figure  1 c–d). Figure  1 e 
exhibits the structure of a carbonized GO+NFC microfi ber. The 
c(GO+NFC) microfi ber shows a hollow structure with building 
blocks well aligned along the fi ber direction.   

  2.     Results and Discussion 

 Cellulose has been studied to make conductive carbon fi bers 
and carbon spheres by carbonization due to its low cost and 

high purity. [ 27 ]  The cellulose undergoes 
thermal cleavage of the glycosidic linkage, 
scission of the ether bonds and depoly-
merization to monosaccharide derivatives, 
and fi nally forms carbon structures after 
releasing gases containing non-carbon atoms 
(O, H). [ 14 ]  We use NFC as a carbon source 
to make conductive fi bers. The NFC used 
in this work was prepared by 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO) oxidation 
of wood cellulose and then disintegrated 
with a microfl uidizer. The obtained NFC is 
shown in  Figure    2  a. GO was prepared by 
Hummer’s method with an average lateral 
size of 1.2 µm. [ 28 ]  Figure  2 b shows a typical 
image of a GO sheet. Improving the align-
ment and packing density of building blocks 
can largely increase the fi ber conductivity; for 
example, the conductivity of CNT microfi ber 
with strong alignment and a high density can 
reach 2.9 × 10 4  S/cm. [ 8 ]  We demonstrate well-
aligned GO+NFC microfi bers, which are the 
precursor fi ber for highly conductive micro-
fi bers fabrication. Alignment of precursor 
fi bers was achieved by using a liquid crystal 
spinning solution and drying the fi ber under 
tension, which has been proved to be vital to 
create super-aligned fi bers. [ 29 ]  A GO and NFC 
mixed solution forms liquid crystals easily 
as shown in Figure  2 c. Concentrating the 
mixed solution will result in a homogenous 
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 Figure 1.    a–b) Schematic to show the morphology of NFC changed from fi bers (before carbonization) to sphere particles after carbonization. In the 
c(GO+NFC) microfi ber, only sheets formed after carbonization, no particles observed as shown in (c–d). e) is the structure of a c(GO+NFC) microfi ber. 
The c(GO+NFC) microfi ber shows a hollow structure with building blocks well aligned along the fi ber direction.

 Figure 2.    a) an AFM image of NFC, b) an AFM image of GO fl ake, c) POM image of GO water 
solution with 50 wt% of NFC, inset is the optical image of GO+NFC gel, d) POM image of 
GO+NFC fi ber.
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gel (the inset of Figure  2 c). The well-aligned precursor fi bers 
were fabricated by extruding the gel solution through a syringe 
directly into ethanol and then drying in air, which was a widely 
used method (wet-spinning method) in commercial fi ber fab-
rication such as viscose rayon. A pre-stressing force by hand 
was applied at the ends of the fi bers during drying to further 
improve the alignment. Polarized optical microscopy (POM) 
images of GO+NFC fi bers were taken to prove the alignment 
of fi bers (Figure  2 d). When the well-aligned fi bers were set par-
allel to the polarizer, only a dark image was obtained since the 
polarized light passed through the fi bers was negated at the 
orthogonal analyzer. The image started to become brighter and 
reached its brightest mode when the fi bers were rotated to 45° 
with respect to the polarizer. The fi ber diameters varied from 
10 µm to about 100 µm by changing syringe needles with dif-
ferent diameters. Pure NFC and GO microfi bers were also 
made as control samples.  

 The average conductivity for the carbonized NFC micro-
fi bers is 33 S/cm, which is similar to that of a carbon fi ber. [ 14 ]  
A typical current–voltage (I–V) curve of carbonized NFC 
microfi bers is shown in Figure S1a. The carbonized NFC 
microfi bers consist of many microspheres with a diameter 
less than 1 µm ( Figure    3  a–b), which is a typical morphology 
of hydrothermal carbonized cellulose. [ 15,30 ]  The rGO microfi ber 
possessed a porous structure, and rGO was still in the sheet 
form (Figure  3 c–d). The rGO microfi bers have an average con-
ductivity of 137 S/cm, which is higher than that of carbonized 
NFC microfi bers. This may attribute to the high conductivity 
of rGO. Another possible reason is that the carbonized NFC 
microfi bers are composed of spherical particles, which pos-
sess less percolation between building blocks compared to rGO 
microfi bers with building blocks of rGO sheets. Figure S1b 
shows the typical I–V curve of rGO microfi bers. The GO itself 
is insulating due to the grafting of oxygen functional groups in 
the preparation of GO from a graphite process, which leads to 
the disruption of sp 2  bonding networks. [ 31 ]  Thermal reduction 
can remove the functional groups and restore the conductivity; 
however, vacancies and topological defects will inevitably form, 
making the conductivity of the rGO lower than graphene. [ 32 ]  
After adding NFC in the GO fi ber, c(GO+NFC) fi bers possess 

the same porous structure as rGO microfi bers. No aggregates 
of microspheres can be found in the fi ber (Figure  3 e–f), which 
is similar to the hydrothermal carbonized cellulose in the pres-
ence of 1 wt% GO. [ 24 ]  This is because GO acts as a template 
for the cellulose carbonization, changing the morphology of 
carbonized NFC from microspheres to “coating layer” on the 
rGO sheets. The coating layer of carbonized NFC can repair the 
vacancies and topological defects formed during GO thermal 
reduction. In addition, the carbonized NFC coating also serves 
as a conductive binder to bridge the individual rGO compo-
nents, thus further improves the conductivity.  

 The conductivity of c(GO+NFC) microfi bers is 649 ± 60 S/cm, 
which is the highest value among reported rGO/graphene 
microfi bers or reduced GO composite microfi bers. We report a 
higher conductivity than thermally rGO microfi bers annealed at 
2000 °C, despite our fi bers being carbonized at 1000 °C. [ 26 ]  This 
value is even 79 S/cm higher than that of chemically reduced 
GO microfi bers. [ 25 ]  Conductivities of rGO/graphene microfi bers 
or rGO composite microfi bers are summarized in  Figure    4  a. 
The conductivity obtained in this work is even compatible to 
CNT based composite microfi bers and part of pure CNT micro-
fi bers spinning from CNT arrays. [ 7,33 ]  Figure  4 b is a typical I–V 
curve of c(GO+NFC) microfi bers at room temperature. Despite 
the high conductivity of c(GO+NFC) microfi bers, Raman 
spectra show a lot of defects in the c(GO+NFC) microfi ber 
(Figure  4 c). In carbon materials, the band at about 1580 cm −1  
is originated in the crystalline carbon in the graphite, which 
is assigned to the graphite-band (G-band). The band at about 
1350 cm −1  is assigned to the disorder-band (D-band) originated 
from the defects in the lattice and the carbon with dangling 
bonds. [ 34 ]  A high I D /I G  ratio typically means low conductivity 
for carbon materials. [ 11,14 ]  It is interesting that the I D /I G  ratio 
of c(GO+NFC) microfi ber is 1.68, which is higher than that 
of a pure rGO microfi ber (1.45). The lowest I D /I G  ratio was 
obtained from carbonized NFC microfi ber, with a value of 1.17. 
The counterintuitive relationship between I D /I G  ratio and con-
ductivity of rGO microfi bers and c(GO+NFC) microfi bers is 
similar to that of the chemical vapor deposition repaired GO. [ 35 ]  
V. Lopez reports that this contradiction maybe due to the amor-
phous “coating layer” on the rGO sheet and the creation of 
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 Figure 3.    a,b) show the SEM images of carbonized NFC microfi ber consisting of microspheres with a diameter less than 1 µm. c,d) show the SEM 
images of rGO microfi ber consisting of rGO sheets. e,f) show the SEM images of c(GO+NFC) microfi ber consisting of sheets without microspheres.



FU
LL P

A
P
ER

7369wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

small patches of graphene within holes of the rGO sheet. [ 35 ]  
In c(GO+NFC) microfi bers, an amorphous carbonized NFC 
“coating layer” may form small patches within the vacancies on 
rGO sheets, leading to a high I D /I G  ratio.  

 A strategy for enhancing the conductivity of carbonized 
fi bers is to improve the ordering of the graphitic structures 
inside each fi ber. Besides a higher carbonization tempera-
ture, increasing the alignment of building blocks inside the 
precursor fi bers is an important way. The precursor fi bers we 
made for the fabrication of c(GO+NFC) microfi bers were highly 
aligned as shown in  Figure    5  a–c. NFC acts as a glue for the 
GO sheets, giving the fi bers a smooth surface and highly com-
pacted structure (Figure S1c–d). The cross-section of the fi bers 
shows that GO sheets are uniformly aligned toward the fi ber 
axis direction (Figure  5 c). After carbonization, the c(GO+NFC) 
microfi bers remain highly aligned (Figure  5 d–f). The alignment 
also improves the percolation between building blocks, which 

facilitates the electron transportation between building blocks 
and leads to high conductivity. [ 44 ]  From Figure  5 e, it is clear that 
the c(GO+NFC) microfi ber is porous. The porous structure is 
mainly due to the volume and morphology change of NFC and 
GO sheets during carbonization process. [ 54,55 ]  It is notable that 
the hollow microfi bers formed after carbonization, as shown in 
Figure  5 e, which may be due to the shrinking and restacking 
of building blocks during carbonization. This hollow porous 
structure of the microfi bers offers potential applications in the 
fi eld that need both high conductivity and high surface area.  

 Another possible reason for the high conductivity is that 
GO acts as a template for cellulose carbonization, increasing 
the carbonization of NFC and changing the morphology of 
carbonized NFC from microspheres to “coating layer” on the 
rGO sheets. [ 17,24 ]  Figure S2 shows the thick layered rGO with 
carbonized NFC on it. The coating of the conductive layer will 
reduce the infl uence of the defective part of rGO and bind rGO 
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 Figure 4.    a) is the conductivities of rGO/graphene microfi bers and reduced GO composite microfi bers from literature and this work, [ 25,26,36–53 ]  b) is a 
typical I–V curve of c(GO+NFC) microfi ber with fi ber length of 35 mm and average diameter of 18 µm, c) shows the Raman spectrum of carbonized 
NFC microfi ber, c(GO+NFC) microfi ber and rGO microfi ber.



FU
LL

 P
A
P
ER

7370 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

together, which enhances the conductivity of the c(GO+NFC) 
microfi bers. In addition, the GO templates can improve the 
oriented graphitic crystallites of the carbonized product, which 
further improves the conductivity. [ 23 ]  Figure  5 g is a high reso-
lution TEM image of carbonized NFC microfi ber showing 
that the carbonized product has a large amount of amorphous 
carbon with a small region of graphitic lattices. More images 
are shown in Figure S3. Similar results were reported for cel-
lulose nanocrystals carbonization. [ 56 ]  In the c(GO+NFC) micro-
fi bers, the carbonized product shows more graphitic lattices. 
Figure  5 h-i show representative graphitic structure in the 
c(GO+NFC) fi ber. More details are shown in Figure S4. TEM 
images of rGO microfi bers were also taken. Figure S5 shows 
that a large amount of lattice defects are homogeneously dis-
tributed throughout the rGO sheets with only a small region of 
graphitic structure. The carbon structure of NFC on GO tem-
plate in this work is similar to that of electrospinning cellulose 
nanofi bers carbonized at 1500 °C, which is primarily crystal-
line. [ 57 ]  GO templated carbonization of NFC into well-aligned 
c(GO+NFC) fi bers to repair the defects of rGO and maintain 
conductive bridges between the individual rGO components 
was used to obtain a highly conductive fi ber. This prepara-
tion method can be applied to other carbon materials to make 
highly conductive fi bers or various conductive structure mate-
rials, such as a conductive fi lm or an aerogel. 

 The highly conductive fi ber has potential applications in 
high performance wearable electronics. The electrochemical 

performance of c(GO+NFC) microfi ber was evaluated with the 
c(GO+NFC) microfi ber as the negative electrode and lithium 
metal as the counter electrode over a voltage range of 0.05–2.0 V. 
The charge (lithiation)/discharge (delithiation) profi le of the 
second cycle at 25 mA/g is shown in  Figure    6  a. The second 
cycle has an initial discharge capacity at 317.3 mAh/g with a 
Columbic effi ciency of 62.2%. The Columbic effi ciency of the 
fi rst cycles is low (28.7%) due to the formation of solid electro-
lyte interface (SEI) and the irreversible side reaction between 
lithium and functional groups (like -O-, -OH, C = O) on rGO 
sheets. Future research to improve the fi rst cycle Columbic effi -
ciency is in progress in our lab. The discharge capacity remains 
312 mAh/g at the 63th cycle with tiny decay compared to the 
second cycle discharge capacity, Figure  6 (b). The good electro-
chemical performance is due to the fact that the c(GO+NFC) 
microfi bers possess high electrical conductivity.   

  3.     Conclusion 

 In conclusion, microfi bers with a high conductivity of 
649 ± 60 S/cm were made based on earth abundant and low 
cost GO and NFC. The fi bers were well aligned with a carbon-
ized NFC coating on the rGO sheet. GO acts as a template for 
NFC carbonization, changing the morphology of the carbon-
ized NFC from microspheres to sheets while improving the 
carbonization of NFC. The carbonized NFC can effectively 
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 Figure 5.    a–c) SEM images of as-spun GO+NFC fi ber surface before carbonization (a), low resolution of cross section (b), high resolution of cross 
section (c). d–f) SEM images of GO+NFC fi ber after carbonization, (d) is surface, (e) is low resolution of cross section, (f) is high resolution of cross 
section. g) TEM image of carbonized NFC microfi ber. h–i) TEM images of c(GO+NFC) microfi ber.
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repair the defects of rGO and bridge the rGO together. Both the 
high alignment of the building blocks and the GO templated 
carbonization of NFC lead to highly conductive fi bers. Fibers 
were demonstrated as lithium ion battery anodes, with a stable 
discharge capacity of 312 mAh/g. The approach to make con-
ductive fi bers in this work could be applied to other carbon 
based conductive structures. The obtained highly conductive 
fi bers thus have a great potential in a range of applications, 
such as wearable electronics and low-cost energy storage.  

  4.     Experimental Section 
  4.1.     GO Preparation 

 GO was made according to Hummer’s method. [ 28 ]  To be specifi c, 3.0 g 
graphite fl akes were mixed with 1.5 g NaNO 3  then cooled to 0 °C. 69 mL 
H 2 SO 4  (98 wt%, Sigma Aldrich) was added to the mixture and stirred 
uniformly before 9.0 g KMnO 4  was added slowly to the mixture. The 
reaction temperature was kept below 20 °C while adding the KMnO 4 . 
After that, the reaction was warmed to 35 °C and stirred for 30 min. 
Then 138 mL distilled water was added slowly to the mixture while 
maintaining the reaction temperature at 98 °C for 15 min. The mixture 
was then cooled down and additional 420 mL water and 3 mL 30% H 2 O 2  
were added. After cooling in air, the mixture was washed with distilled 
water in a fi lter. A GO cake was obtained and an aqueous GO solution 
was obtained after 30 min sonication.  

  4.2.     NFC Preparation 

 NFC was fabricated according to the literature. [ 58 ]  78 mg TEMPO, 514 mg 
sodium bromide (NaBr) and 5 g Kraft bleached softwood pulp were 
mixed together. Then 30 mL of 12% NaClO was added to the mixture 
slowly to initiate TEMPO oxidation of the cellulose under gentle agitation. 
During the oxidation process, the pH was maintained at 10.5 by adding 
1 mol/L NaOH. The reaction ended after the NaClO was consumed. 
After a TEMPO treatment, the fi bers were thoroughly washed with 
distilled water and disintegrated by one pass through a Microfl uidizer 
M-110EH (Microfl uidics Ind., USA) to obtain a NFC suspension.  

  4.3.     Highly Conductive Fiber Fabrication 

 GO+NFC gel solution was extruded directly into ethanol to form a 
GO+NFC fi brous gel. The fi brous gel was then pulled out to dry in air 
after 1 min of immersion. A pre-stressing force by hand was applied at 

the ends of the fi bers during drying to improve the alignment of fi bers. 
Highly conductive fi bers were obtained by a carbonization of the GO+NFC 
precursor fi bers in a 95% Ar 2  and 5% H 2  gas atmosphere. The heating 
process performed at a temperature ramped from room temperature to 
400 °C with a heating rate of 30 °C/h, then further increase to 1000 °C 
with a heating rate of 200 °C/h. After that, the samples are held for 2 h 
under 1000 °C. Conductive NFC microfi bers and GO microfi bers were 
fabricated with the same process. Ethanol with 1 wt% NaOH was chosen 
as the coagulation bath for GO fi ber preparation. The reason is that GO 
dissolves in ethanol; thus with the coagulation bath of pure ethanol, no 
GO fi bers can be obtained. Improving the alignment and packing density 
of building blocks can largely increase the fi ber conductivity. [ 8 ]  Good 
alignment and a high packing density results in a high strength for the 
precursor fi bers. GO+NFC precursor fi bers with GO:NFC weight ratios of 
2:1, 1:1, and 1:2 were made. When the weight ratio of GO:NFC was 1:1, 
the fi bers were stronger and were chosen as the precursor fi ber to make 
conductive fi ber. The conductivity of carbonized fi ber was calculated from 
the I–V curve, which was plotted by measuring current at a given voltage. 
Silver paste was applied on the end of the fi ber and used as a contact 
point. The fi ber length and average diameter were measured by optical 
microscopy. When calculating the conductivity, the fi ber was assumed to 
be perfect round shape, solid fi ber.  

  4.4.     Lithium Ion Battery Assembling and Testing 

 A half-cell with c(GO+NFC) fi bers as the working electrode and lithium 
metal as the counter electrode was assembled into a coin cell for an 
electrochemical test. The separator and 2025 coin cell were purchased 
from MTI Inc. A solution of 1 M LiPF 6  in ethylene carbonate (EC)-
diethyl carbonate (DEC) served as the electrolyte. The assembled cells 
were tested using a Biologic VMP3 electrochemical potentiostat in the 
potential range of 0.05–2.0 V at 25 mA/g.  
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