
Vol:.(1234567890)

Journal of Polymers and the Environment (2019) 27:148–157 
https://doi.org/10.1007/s10924-018-1330-4 

1 3

 

 

 
 
 

   
 
 

 

       
      

 

 
 
 

 
 
 

 
    

 
 
 
 
 

   
 

         
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
  

ORIGINAL PAPER 

Producing Conductive Graphene–Nanocellulose Paper in One-pot 

Ruibin Wang1,2 · Qianli Ma1,2 · Huilong Zhang3 · Zhengqiang Ma3 · Rendang Yang1 · J. Y. Zhu2 

Published online: 8 November 2018 
© This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2018 

Abstract 
This paper reports a facile one-pot method to produce graphene oxide nanocellulose composite (GNCC) that was subsequently 
reduced using L-ascorbic acid to form a conductive paper (CP). Cellulose fbers were directly added into the reaction system 
during graphite exfoliation using sulfuric acid to produce cellulose nano- or microfbrils through acid hydrolysis along with 
mechancial mixing. FTIR and Raman analyses indicated that reduction using L-ascorbic acid efciently produced a well-
deoxygenated CP with high conductivity of 116.3± 1.5 S m−1 at 20% graphene oxide loading. Furthermore, the presence of 
cellulose nano- or microfbrils improved CP thermal stability with onset degradation Tonset of 319 °C as well as mechanical 
properties with a specifc tensile of 19 N mg−1. This one-pot method substantially simplifed the GNCC production process 
and has practical signifcance. 

Keywords One-pot · Graphene oxide · Cellulose · Conductive paper · Thermal stablility 

Introduction 

Flexible electronics have received great interests recently in 
emerging felds such as portable micropower devices, smart 
textiles, and implantable biosensors [1, 2]. Graphene–cellu-
lose or graphene–nanocellulose composite (GCC or GNCC) 
stands out for its dimensional designability [3, 4]. Further-
more, GCC or GNCC inherits the properties of both gra-
phene, being highly conductive, and cellulose, being of light 
weight and biodegradable. Furthermore, GCC or GNCC can 
be made as paper like freestanding materials for various 
applications [5]. 

Currently, GCC or GNCC is fabricated through (1) 
separate synthesis of cellulose or nanocellulose and 
graphene (or their derivatives), followed by (2) coating, 

Electronic Supplementary Material The online version of this 
article (https://doi.org/10.1007/s10924-018-1330-4) contains 
supplementary material, which is available to authorized users. 

blending, in situ polymerization, or doping to form an 
uniform intermediate, and (3) further transforming 
the intermediate into a final composite product [6, 7]. 
Often, the process needs to be operated under elevated 
temperatures and pressures [4, 8–10]. This undoubtedly 
impedes the production scalability. An efficent process 
for producing GCC or GNCC is needed. The production 
of cellulose nanomaterials itself is energy intensive when 
using pure mechanical fibrillation [11]. Chemical treat-
ments [12–14] can reduce energy input for fibrillation. 
Acid hydrolysis has been extensively used as an effective 
chemical treatment for producing cellulose nanomaterials 
[15]. Specifically, concentrated sufuric acid hydrolysis 
in the cocentration range of between 40 and 65 wt% at 
approximately 40–60 °C for 60 min has been extensively 
used to produce cellulose nanocrystals (CNC) from wood 
fibers since 1940s [16–21]. We found that under slighly 
mild hydrolysis conditions using concentrated sufuric 
acid, under-hydrolyzed cellulosic fibers can be easily 
fibrillated into cellulose nanofibrils (CNF) [21, 22]. On 
the other hand, concentrated sulfuric acid has almost 
exclusively been used for the production of graphene, as 
described in the classic method by Hummers and Offe-
man [23]. The typical reaction condition, i.e., 98 wt% acid 
concentration between 35 and 90 °C for approximately 
60 min in this classic method are not far from that those 
typically used for producing cellulose nanocrystals. It is 
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therefore feasible and advantageous to use concentrated 
sulfuric acid hydrolysis for producing both nanocellulose 
and graphene simutaneously in one pot. 

Here we report, for the first time, a facile one-pot pro-
cess to produce GNCC that is subsequently reduced using 
L-ascorbic acid to form a conductive paper (CP) with great 
conductivity. In this process, cellulose nano- or microfi-
brils were produced in-situ during graphite exfoliation in 
one pot by concentrated sulfuric acid to form a promis-
ing intermediator GNCC, without separately synthesiz-
ing graphene and nanocellulose as practiced in almost 
all reported studies [6, 7]. This one-pot process was 
conceptualized based on our prior studies that CNC and 
CNF can be produced from wood fibers under concen-
trated sulfuric acid hydrolysis conditions with mechanical 
fibrillation [21, 22]. Instead of producing nanocellulose 
using a separate process, we hypothesize that cellulose 
nano- or microfibrils can be produced in-situ from cel-
lulosic fibers under the condition for graphene exfoliation 
using concentrated sulfuric acid hydrolysis and potassium 
permanganate oxidation with mechanical mixing. The 
presence of CNF in the GNCC suspension validated our 
hypothesis. Furthermore, green reducing agent L-ascorbic 
acid was employed to efficiently reduce GNCC to reduced 
GNCC (RGNCC), which was further ultra-filtrated to pro-
duce a highly conductive, thermally stable, and freestand-
ing CP. This one-pot process offers substantial advantages 
for producing graphene-cellulose based CP applicable in 
flexible electronics. 

Experimental 

Materials 

Graphite (99.95% metals basis, 8000 mesh) was supplied by 
Aladdin Industrial Corporation (Shanghai, China). Bleached 
eucalyptus pulp (BEP) fbers were obtained by disintegrating 
dry lap of commercial eucalyptus kraft pulp (Aracruz Cel-
lulose, Brazil) as described previously [13]. 

All chemicals were of ACS reagent grade and purchased 
from Sigma-Aldrich (St. Louis, MO). The Millipore PVDF 
membrane used for ultrafltration (Durapore membrane fl-
ters, 0.22 µm pore size, 142 mm diameter) was purchased 
from Fisher Scientifc (Pittsburgh, PA). 

One‑pot Synthesis of GNCC 

The one-pot GNCC synthesis process, schematically shown 
in Fig. 1a, is a modifcation of the Hummers method [23]. 
Briefy, 0.5 g of graphite and 0.25 g of sodium nitrate were 
both slowly mixed into 11.5 mL of concentrated sulfuric acid 
(98 wt%) in a 250-mL fask in the ice bath (0 °C) with light 
agitation using a stirrer. Then 1.5 g of potassium permanga-
nate was gradually added while agitating. After 15 min, the 
ice bath was removed and the fask was heated to 35 ± 3 °C 
and maintained for 30 min. Subsequently, 17.25, 23.00, 
or 28.75 mL of de-ionized (DI) water was carefully added 
drop-wise over 15 min, which reduced the concentration of 
sulfuric acid to approximately 55 wt%, 48 wt%, and 42 wt% 
(lower than those used for typical cellulose nanocrystal pro-
duction), respectively, before heating the fask to 50 or 60 °C 
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Fig. 1 a A schematic fow diagram illustrates GNCC production using the present one-pot method, and further reduced to form CP. b A com-
parison of the present one-pot process with the conventional approach in literature 
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(Table 1). In the meantime, 2 g in oven dry (OD) weight of 
air-dried BEP fbers was directly added into the fask and 
mechanically mixed (Fig. 1b) to achieve one-pot GNCC 
production. During this step, the BEP fbers were reacted 
(hydrolyzed and oxidized) in the fask for 10 min. Then the 
reaction was quenched by mixing 70 mL of hydrogen per-
oxide (2 wt%) into the fask. Any solid product (GNCC) 
from the reaction was separated through centrifugation at 
10,000 rpm (16,270×g) for 10 min (Sorval RC 5B plus, 
DU Pont Company, Wilmington, Delaware). The collected 
solids were dialyzed using a membrane with typical cut-
of molecular weight = 14,000 Da (D9402, Sigma-Aldrich, 
St Louis, MO) against DI water for 5–7 days, to result in 
GNCC in suspension. Figure 1b illustrates the diference 
between the present one-pot approach and literature con-
ventional approach [6, 7]. In addition, various runs with dif-
ferent experimental conditions including the two controls 
to produce hydrolyzed cellulose (HCel) (Fig. S1) without 
adding graphite and graphene oxide (GO, Fig. S2) without 
adding cellulose using the standard Hummers method were 
carried out as listed in Table 1. 

Reduction of GNCC and CP Production 

GNCC suspension of 40 mL at 10 g L−1 was sonicated for 
30 min and diluted to 92 mL with DI water in a 250-mL 
fask. The diluted GNCC suspension was added with 8 mL 
of ammonia solution (30 wt%) and 2.8 g of L-ascorbic acid 
under agitation. Then the mixture was immediately heated 
to 95 ± 3 °C and maintained for 24 h. Reduced GO (RGO) 
as a control was also produced in a similar procedure using 
GO suspension, and glucose as the reducing agent. 

CP was formed by ultrafltrating the resultant RGNCC 
suspension under air pressure of 586 kPa through the Mil-
lipore PVDF membrane (Millipore Corporation, USA) as 

described previously [24]. Both GNCC paper and GO paper 
were also prepared by ultrafltration. All suspensions contain 
0.4 g solids (OD weight). After fltration, the wet flm was 
stacked between blotter papers to absorb water. The assem-
bly was then sandwiched between two steel plates, and a 
25 kg weight was place on the plates to minimize deforma-
tion (changed blotter paper every day) at room temperature 
for 7 days. Then the dried GNCC and CP were obtained for 
subsequent characterizations. 

Characterizations 

Fourier transform infrared (FTIR) absorption was meas-
ured using a FTIR spectrophotometer (Spectrum 100, 
PerkinElmer Inc., Norwalk, CT) equipped with a universal 
attenuated total refectance probe in the wavenumber range 
of 400–4000 cm−1. 

Raman spectra were obtained on a Raman Spectrometer 
(LabRam Aramis, HJY, Inc., France) in the frequency range 
of 400–3500 cm−1 with a resolution of 1 cm−1. 

Static water contact angle was measured using an opti-
cal tension meter (Attension Theta Lite, Biolin Scientifc 
Co. Ltd., Sweden) to signify the surface hydrophilicity of 
paper-based materials. During the test, a DI water droplet 
was dripped onto the surface of each sample from a microsy-
ringe with a stainless steel needle. All samples were air dried 
at room temperature overnight in advance. 

Zeta potential analysis was performed on a zeta-poten-
tial analyzer (Nanobrook Omni, Brookhaven Instruments, 
Holtsville, NY) using phase analysis light scattering (PALS) 
mode. To reduce error, reported results were obtained by 
averaging 6 measurements. 

Atomic force microscopy (AFM) was used to study sam-
ple morphology (AFM workshop, Signal Hill, CA). For each 
sample, a drop of suspension of 0.1 g L−1 was deposited 

Table 1 List of conditions of all one-pot experiments along with the control cellulose hydrolysis run without adding graphite, and the graphene 
oxide run prepared by standard Hummers method 

Paper sample Interme-diator Graphite (g) DI water (mL) H2SO4 (wt%) BEP fber (g) T (°C) Conductivity (S m−1) 

GO paper GO 0.5 23.00 47.9 0 98 8.3 × 10−4 

HCelP HCel 0 23.00 47.9 2 60 NM 
CP-T60 GNCC 0.5 23.00 47.9 2 60 116.3 ± 1.5 
CP25-T60a GNCC 0.5 23.00 47.9 1.5 60 NA 
CP17-T60a GNCC 0.5 23.00 47.9 2.5 60 109.8 ± 12.2 
CP-T60Sl GNCC 0.5 28.75 42.4 2 60 18.8± 0.3 
CP-T60Sll GNCC 0.5 34.50 38.0 2 60 NM 
CP-T50 GNCC 0.5 23.00 47.9 2 50 60.5 ± 0.7 
CP-T50Sh GNCC 0.5 17.25 55.1 2 50 7.3 ± 0.7 

Initial H2SO4 concentration was 98 wt% for all runs 
NA CP was not made, NM not measured 
aSubscript “17” and “25” represent graphene content in wt% 
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onto a fresh mica and air dried overnight at ambient environ-
ment. Topographical images were taken in tapping mode at 
160–225 kHz using a tip with a radius of curvature 10–15 nm. 
The height distribution of a sample was analyzed using 
Gwyddion (Dept. of Nanometrol, Czech Metrology Institute, 
64-bit) equipped with the AFM. 

The morphologies (of both surface and cross section) of 
GO paper, GNCC paper, and CP were also observed using 
scanning electron microscopy (SEM, Leo EVO 40, Carl Zeiss 
NTS, Peabody, MA). Samples were prepared by drying a 
certain amount of suspension (for surface probe) on a well-
polished aluminum mount. For the cross section examination, 
specimen were randomly cut in the out of specimen plane 
direction. All surfaces to be examined were sputter-coated with 
thin gold layer to provide adequate conductivity. 

Thermogravimetric analysis (TGA) was carried out using 
a Pyris 1 TGA (PerkinElmer Inc., Norwalk, CT) with tem-
perature scanning from ambient to 600 °C at a heating rate of 
10°C min−1. After air drying at 50 °C for 4 h, approximately 
4 mg of sample was used for each test. High purity nitrogen 
gas purge was introduced at a fow rate of 20 mL min−1 to 
prevent any unwanted oxidation. 

A dynamic mechanical analyzer (DMA, Q800, TA 
Instruments, New Castle, DE) was utilized to determine the 
mechanical properties of paper samples. All samples were 
conditioned at 20 °C and 68–70% relative humidity for at 
least 7 days in advance. Then each paper strip, measuring 
20 mm×7 mm×0.1 mm, was preloaded to a static force of 
0.001 N on a tension clamp and equilibrated at 30 °C for 
5 min. The applied static force was increased to allow a strain 
rate of 0.01% per min until 0.50% of strain was reached or the 
strip was fractured. For each sample, three strips were tested 
to report the average, and all data were analyzed using the TA 
Universal Analysis v4.4A software. 

Electric Conductivity Measurements 

The electrical conductivity of each sample in 1.5 × 1.5 (cm) 
was determined according to the sheet resistivity measurement 
using four point probing equipment (AFPP 300 upg, Supe-
rior Electronics, Phoenix, AZ). Specifcally, the conductiv-
ity (S m−1) was calculated in accordance with the following 
equation [25]: 

1 
Conductivity = (1)

R × t 
s

 where t and Rs represent the thickness (m) and the sheet 
resistance (Ω−2) of each specimen, respectively. 

Results and Discussions 

Chemical Characterization of One‑pot GNCC 

The one-pot process is schematically shown in Fig. 1a and 
compared with conventional synthesis process (Fig. 1b). 
Several CP were produced under diferent conditions and 
labelled as CP-Txx or CP-TxxSy (Table 1) with xx denot-
ing hydrolysis temperature in degree C and y denoting 
sulfuric acid concentration either h (high 55 wt%) or l 
(low 42.4 wt%). The acid concentration for all CP-Txx was 
48 wt%. Experimental reproducibility can be seen from 
the similar conductivity between CP-T60 and CP17-T60 
(graphene content 17 wt%). CP-T60 has the highest con-
ductivity of 116.3 ± 1.5 S m−1 among all CP produced 
(Table 1), therefore GNCC, RGNCC, and CP produced 
under the condition for run CP-T60 were further charac-
terized. In the following discussion, unless indicated oth-
erwise, GNCC and RGNCC were referred to GNCC-T60, 
and RGNCC-T60, respectively. For comparison, results for 
GO and RGO were also presented [23]. 

ATR-FTIR spectra of GO, HCel, and GNCC, and 
CP-T60 were compared (Fig. 2a). CP-T60 has the same 
chemical structure as that of RGNCC, therefore, the result 
of CP-T60 was presented for evaluation of the reduction of 
GNCC by L-ascorbic acid. Obviously, all absorption peaks 
for GO or HCel should appear in the GNCC spectrum. 
However, the main feature in GO spectrum associated with

−1 C=O of carboxyl (or carbonyl) at 1732 cm  was absent 
from the CP-T60 spectrum, while the C=O from ketonic

−1species at 1629 cm was also slightly red shifted. Fur-
thermore, a brand new peak appearing at 1554 cm−1 in 
the CP-T60 spectrum was assigned to the sp2-hybridized 
C=C [26]. These suggested that the one-pot process pro-
duced GNCC, which was then successfully reduced. The 
high electrical conductivity of RGNCC was attributed to 
the restored sp2 bonding network that arose from deoxy-
genation [27]. In addition, characteristic peaks around 
1631 and 1732 cm−1, though weak, were both observed 
from HCel, suggesting that cellulose was also oxidized by 
potassium permanganate during the one-pot process [28]. 

Raman spectroscopy is a powerful nondestructive tech-
nique to identify the number of layers, structure, doping, 
and disorder of graphene-based materials. In general, D 
band (1337 cm−1) and G band (1601 cm−1) in Raman spec-
tra correlate to the vibration of the in-plane graphite lattice 
and disordered region in the graphite edges, respectively. 
In particular, ID/IG ratio, the intensity ratio between D 
and G band, has long been used to evaluate the degree 
of defects in these materials [29, 30]. As illustrated in 
Fig. 2b, ID/IG ratio values were 1.00, 1.32 and 1.27 for 
GO, RGO, and GNCC, respectively. The low ID/IG ratio 
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Fig. 2    a FTIR spectra of GO, HCel, GNCC, and CP-T60 show-
ing typical absorption bands of GO and cellulose; b  Raman scat-
tering spectra of GO, RGO, GNCC; c static water contact angle on 
GO paper, GNCC paper, and CP-T60 showing L-ascorbic acid reduc-

tion reaction of GNCC to form CP restored hydrophobicity; d AFM 
images of GNCC and e RGNCC; f AFM topography measured pro-
fles shown in d, e; g–i SEM images of GNCC, scale 100  µm (g),
RGNCC, scale 100 µm (h), scale 10 µm (i) 
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of GO is due to the presence of oxygen from oxidation. 
Despite similar oxidation occurring in producing GNCC, 
the higher ID/IG ratio of GNCC suggests that it has more 
in-plane sp2 domain with fewer defects than GO. This, 
perhaps, was due to the reductions taking place by the 
presence of glucose from cellulose hydrolysis using con-
centrated sulfuric acid [31]. Both the reduction by glucose 
and the slightly low temperature in oxidation (compare 
two schemes in Fig. 1b) resulted in improved ID/IG ratio 
with reduced defects in GNCC. This can also be seen from 
the blue-shift of both the D and G bands of GO compared 
with the corresponding bands for GNCC, implying that 
GNCC contains more isolated double bonds [30]. Over-
all, Raman characterization indicated one-pot synthesized 
GNCC is promising. 

The degree of reduction for CP-T60 can also be assessed 
by comparing its static water contact angle with those of 
GO paper and GNCC paper (Fig. 2c). Clearly, CP-T60 with 
a higher water contact angle of 79° is less hydrophilic than 
GNCC paper, with contact angle of 45°, demonstrating that 
oxygen content in the CP-T60 was substantially removed by 
reduction using L-ascorbic acid [32]. In addition, a hydro-
philic GNCC facilitates aqueous processing such as for 
forming paper, or in L-ascorbic acid reduction [33]. 

GNCC and RGNCC Morphology and Dispersity 

The morphologies of GNCC and RGNCC can be clearly 
seen from AFM images (Fig. 2d, e). The exfoliation of 
graphite into GO sheets through the one-pot process can 
be seen from both GNCC and RGNCC. CNF with diam-
eters less than 100 nm (Fig. 2d) and microfbrils of 10 µm 
(Fig. S3) were fairly well dispersed in the GNCC matrix 
(Fig. 2d). Improved acid hydrolysis by using either a high 
acid concentration > 48 wt%, or an elevated temperature for 
an extended reaction time in addition to enhanced mechani-
cal mixing can reduce the size of the cellulose fbrils to be 
more in nanoscale as we demonstrated previously [21, 22]. 
The AFM height profles suggest that GO sheets in GNCC 
and RGNCC were approximately 5–10 nm (Fig. 2f), or 5–10 
layers of graphene. It is expected that this good exfoliation 
of graphite can result in good conductivity of CP produced 
through ultrafltration of RGNCC [34]. It is also noticed 
that the dispersion of CNF became relatively difcult in 
RGNCC (Fig. 2e) compared with that in GNCC, perhaps due 
to its relatively hydrophobic property as evidenced from the 
water contact angle of 79°, higher than that of GNCC (45°, 
Fig. 2c). This is further verifed by SEM images (Fig. 2g–i) 
that shows the diferences between microfbrils in GNCC 
and RGNCC. 

The aggregation of CNF in RGNCC may result in 
increased interlayer distance between GO sheets to pre-
vent island growth of GO (Fig. 2i) [35]. SEM images also 

revealed that a substantial amount of microfbrils exist in 
GNCC and RGNCC (Fig. 2g, h), indicating that mechani-
cal mixing applied in the one-pot process was not sufcient 
to fbrillate all cellulose fbers into nanofbrils. The zeta 
potentials of GNCC, GO, and RGNCC, however, did not 
show signifcant diference (Table S1). It should be noted 
that the particles in GNCC, GO, and RGNCC are not spheri-
cal, which can afect the measured charge using the Zeta-
potential method based on the electrophoretical mobility of 
spherical particles. 

Characterizations of GNCC Paper and CP 

Images of GO, GNCC paper, and CP-T60 are shown in 
Fig. 3a–d. The two-sidedness of GNCC paper (Fig. 3b, c) 
is obvious due to the application of ultrafltration for paper 
forming that resulted in the precipitation of GO in the bot-
tom of the sheet molder. The relatively hydrophobic nature 
of RGNCC suspension through reduction using L-ascorbic 
acid eliminated the two-sidedness in CP (Fig. 3d). The sur-
face and cross-sectional morphology of GO, GNCC paper, 
and CP-T60 were elucidated using SEM (Fig. 3e–j). The GO 
paper has a smooth top surface (Fig. 3e) and thin-layered 
structure in the cross-sectional direction (Fig. 3h). The good 
dispersion of cellulose fbrils in GNCC paper is apparent as 
no individual cellulose fbrils can be seen from the GNCC 
paper top surface (Fig. 3f) though it has a fower pattern, 
which most likely resulted from the presence of cellulose 
fbrils. Meanwhile, the presence of cellulose fbrils cross-
linked GO sheets can be clearly seen in the GNCC paper 
cross-sectional direction (Fig. 3i). Due to the hydrophobic 
property of RGNCC through reduction that resulted in com-
paratively poor dispersion of cellulose fbrils, CP-T60 has 
very diferent surface (Fig. 3g) and cross-sectional (Fig. 3j) 
morphologies. The microfbrils can be clearly seen from the 
CP-T60 surface, as well as layered structure in micro-size 
(Fig. 3j). Unlike GNCC paper, CP-T60 contains many voids 
(Fig. 3g, j), which is in agreement with a previous study 
[4]. The porous structure can be desirable for many applica-
tions such as supercapacitors due to improved ion and charge 
transfer [36]. 

As summarized in Table  2, conventional Hummer’s 
method prepared GO with reduction by L-ascorbic acid 
resulted in a conductivity of 9960 S m−1, while higher val-
ues, as high as 12,000 S m−1, were obtained by employing 
electrochemical reduction [10, 37]. However, conductivities 
obtained from reported GNCC were low and depended on 
the loading of cellulose [10]. For example, the conductiv-
ity of a RGNCC paper with CNF content of 90% was only 
15.4 S m−1 [38]. Surprisingly, it was found that the reduc-
tion in conductivity with the decrease in graphene content 
was approximately linear initially and then decreased expo-
nentially [10]. For instance, conductivity was reduced from 
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   Fig. 3 Photos of GO paper (a), GNCC paper (b, c), and CP-T60 (d);
SEM images (second panel shows top view, third panel shows cross 
sectional view): GO paper (e, h), GNCC paper (f, i), and CP-T60 (g, 

j); comparisons of CP conductivity with literature data (k); compari-
sons of thermal stability (l); DMA (m) conducted at 25 °C and rela-
tive humidity 68–70% 

12,000 to 5000 S m−1 when GO content was reduced from 
100 to 56.8%. Further reduction in GO to 35.7% resulted in 
a conductivity of only 500 S m−1 (a reduction by a factor of 
10). This, perhaps, was due to percolation phenomenon, or 
a percolation graphene content of approximately 57%. We 
overlaid the conductivity data from Xiong et al. [10], Dang 

and Seppälä [38], and from the present study to illustrate this 
percolation phenomenon, as shown in Fig. 3k. The results 
clearly show the percolation point and the exponential reduc-
tion in conductivity as graphene content was reduced below 
the percolation point. It is noteworthy that the reduction in 
conductivity follows the same trend even though these data 
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Table 2 Comparison of electrical conductivity of CP-T60 with those graphene–cellulose composites reported in the literatures with GO paper, 
GNCC paper 

Source Sample Methoda Cellulose content (%) Graphene Conductivity (S m−1)
content (%) 

[37] Film H+ L-ascorbic acid reduction 0 100 9960 
[39] Fiber H + mix + wet spinning +HI reduction CNF = 9.1 90.9 8300 
[10] Membrane H + spin coating + electrochemical reduction CNC = 0 100 12,000 
[10] Membrane CNC =38.9 56.8 5000 
[10] Membrane CNC=64.3 35.7 500 
[38] Paper H + mix+ hydrazine reduction CNF = 90 10 15.4 
This study GO paper H 0 100 8.3 × 10−4 

This study GNCC paper One-pot Bleached fber = 80 20 1.4 × 10−4 

This study CP-T60 One-pot + L-ascorbic acid reduction Bleached fber = 80 20 116.3 ± 1.5 

aH stands for Hummers method [13] 

Table 3 TGA of the GO paper, Hcel paper, GNCC paper, and 
CP-T60, conducted at a heating rate of 10 °C min−1 

Tonset (°C) Weight at Tonset T5 (°C)
(%) 

GO paper 183.2 87.9 73.9 
HCel paper 296.3 94.5 289.8 
GNCC paper 205.4 96.3 215.7 
CP-T60 319.1 91.8 261.2 
CP-T60Sl 300.5 91.75 207.9 
CP-T50 329.0 92.56 262.1 
CP-T50Sh 321.3 90.53 246.6 

Tonset was the temperature at which the weight loss was 1% for 1 °C 
increase in temperature; while T5 is the temperature at which weight 
loss reached 5% 

were obtained from diferent studies using diferent reduc-
tion chemistry. The conductivity of CP from the present 
one-pot process is slightly higher than the trend line. This 
indicates that the present one-pot process was as efcient 
as or slightly better (Fig. 3k) than those reported in the lit-
erature [10, 38] even without optimization. The three data 
points shown from the present study at graphene content 
17–20% also demonstrate the good reproducibility of the 
present one-pot process. 

To demonstrate the conductive nature of the CP pro-
duced, a simple electronic circuit containing a LED light, a 
switch, and a 9 V DC battery was set up. The circuit contains 
a strip of CP with dimension of 20 × 7 mm (approximately 
0.1 mm in thickness). When the battery was switched on, the 
LED light shining. Two LED lights with diferent frequen-
cies (green and red color) were tested (Fig. S4). 

TGA analyses of GO paper, GNCC paper, and CP were 
conducted. CP produced from diferent conditions did not 
show substantial diferences (Fig. 3l). Tonset and T5 were 
used to compare the thermal stability among GO paper, 

Table 4 Tensile modulus of GO paper, GNCC paper, and CP meas-
ured at 25 °C and relative humidity of 68–70% 

Tensile modulus (MPa) 

GO paper 17267 ± 136.7 
HCel paper 337±3.9 
GNCC paper 17854 ± 244.5 
CP-T60 6047±93.0 
CP-T60Sl 716.4±2.39 
CP-T50 6190±87.23 
CP-T50Sh 1378±48.88 

GNCC paper, and CP-T60 [13]. As listed in Table 3, CP-T60 
had the highest Tonset of 319 °C, compared with 183 and 
205 °C for GO paper and GNCC paper, respectively. This 
agrees with the characterization using T5 defned as the tem-
perature at which weight loss of 5%, i.e., T5 was 261 °C, 
74 °C, and 216 °C for CP-T60, GO paper, and GNCC paper, 
respectively. Major mass losses that occurred between 200 
and 250 °C observed from GO and GNCC paper were due 
to the release of CO2 and CO from pyrolysis of oxygen-
rich groups; while decomposition above 300 °C was related 
to cellulose loss [13, 40, 41]. The removal of oxygen by 
L-ascorbic acid reduction was confrmed by the absent mass 
loss within 200–250 °C for all CPs. 

The stress and strain curves from DMA of GO paper, 
GNCC paper, and CP-T60 are shown in Fig. 3m with tensile 
modulus listed in Table 4. CP-T60 has a strain at failure of 
0.5% compared with 0.13% for GNCC paper. CP-T60 has 
the highest specifc tensile of 19 N mg−1 among all sam-
ples. In short, CP-T60 from reduction not only has a higher 
tensile than GNCC, but also has a higher strain at break, 
or toughness. The fact that GO is brittle illustrates that the 
inclusion of cellulose in CP-T60 plays an important role in 
enhancing mechanical properties especially after reduction. 

https://1378�48.88
https://6190�87.23
https://716.4�2.39
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The improved mechanical properties are the direct result of 
the strong hydrophobic interactions between cellulose glu-
copyranose CH groups and the graphene π electron system, 
along with the CH–π interaction resulting from the reorien-
tation of cellulose due to the afnity between the cellulose 
hydroxyl groups with the graphene π electron system [42]. 
This CH–π interaction is competitive with cohesive inter-
cellulose energies. This improvement is advantageous for 
CP applicable in fexible electronics [4, 43, 44]. 

Conclusions 

A facile one-pot process was developed for the production 
of graphene–nanocellulose conductive paper. In this pro-
cess, graphene oxide and cellulose were produced in one 
pot and subsequently reduced by green L-ascorbic acid. CP 
produced through ultrafltration exhibited excellent conduc-
tivity of 116.3 ± 1.5 S m−1 at 20% graphene oxide loading. 
This level of conductivity is in agreement with literature 
data of graphene cellulose paper produced using multiple 
steps that involves utilization of toxic chemicals and costly 
operations. The CP also has great thermal stability in Tonset 
of 319 °C, as well as mechanical strength with a specifc 
tensile of 19 N mg−1. 
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