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A B S T R A C T   

As a paper-like membrane composed of single-walled carbon nanotube (SWCNT), buckypaper possesses high 
conductivity, ideal flexibility, large surface area, great thermal/chemical stability and biocompatibility, which 
has manifested its potential as an alternative support material. However, due to the lack of defects, high quality 
SWCNT synthesized by arc-discharge method is difficult to be modified with metal nanoparticles for electro- 
catalysis. In this paper, a novel green strategy has been developed to fabricate SWCNT buckypaper decorated 
with Cu/reduced graphene oxide (Cu/rGO-BP) for the first time, in which graphene oxide functions as the in
termediate between SWCNT and Cu nanoparticles. The fabricated Cu/rGO-BP was applied as a flexible electrode 
for electrochemical glucose detection. The electrode exhibited excellent electro-catalytic activity for glucose 
oxidation. The sensor based on Cu/rGO-BP performed a high upper limit of linear range (25 mM), which is close 
to commercial glucose sensors. The proposed strategy for Cu/rGO-BP fabrication can be extended to modify 
buckypaper with other metal or metal oxide nanoparticles, and thus opens an innovative route to potential 
practical applications of flexible buckypaper in wearable bioelectronics.   

1. Introduction 

Carbon nanotubes have attracted increasing attention from both 
academic and industrial communities for its outstanding properties 
[1–3]. Buckypaper, a paper-like membrane composed of carbon nano
tubes, has been applied as a novel support material for biofuel cells [4], 
strain sensors [5], supercapacitors [6] and cell transplantation [7]. 
Among different kinds of carbon nanotubes, single-walled carbon 
nanotube (SWCNT) synthesized by arc-discharge method exhibits ideal 
chemical stability as well as excellent mechanical, thermal and electrical 
properties [8]. Therefore, the buckypaper composed of arc-discharge 
SWCNT is a promising material for flexible electronics. However, due 
to the lack of defects and functional groups on its surface, arc-discharge 
SWCNT is difficult to be modified with metal or metal oxide nano
particles, which extremely limits its application in electro-catalysis. To 
our knowledge, few reports focus on flexible buckypaper consisting of 
catalyst-modified SWCNT as a substitute of rigid electrodes for electro- 

catalysis. Recently, our group has developed flexible SWCNT bucky
paper for electrochemical determination of glucose, in which Ni/ 
SWCNT nanocomposites were in situ synthesized via arc-discharge 
method [9]. Nevertheless, only a few kinds of functional nanoparticles 
can be loaded on SWCNT with this method, and new approaches become 
highly desirable for the fabrication of flexible and wearable electro
chemical devices. 

In contrast with arc-discharge SWCNT, graphene oxide (GO) is sol
uble in common solvents and much easier to be modified, which is 
attributed to the abundant functional groups on its surface [10]. For 
example, Dezfuli et al. anchored Sm2O3 onto reduced graphene oxide 
(rGO) via a sonochemical procedure for supercapacitors [11]. Atchudan 
et al. synthesized ZnO/GO composite through solvothermal route for 
methylene blue degradation [12]. Wu et al. modified GO with chitosan 
by CO2 supercritical drying for bilirubin removal [13]. 

Diabetes is one of the most frequent chronic diseases that risk human 
health, and the world’s diabetic population has been predicted to keep 
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growing by 2030 [14]. For the patients, daily glucose monitoring is vital 
to ensure that they can receive proper healthcare. Thus, wearable 
glucose sensor is a promising direction of novel biosensors, and flexible 
electrodes with catalytic activity for glucose oxidation play a significant 
role in wearable electrochemical glucose sensors. 

Cu and its oxides (CuO and Cu2O) have attracted a lot of interests in 
electrochemical glucose sensors on account of their cheapness, non
toxicity and chemical stability [15,16]. For instance, Yang et al. adjusted 
the valence state of ZIF-67 with Cu2O for glucose detection [17]; Wu el 
al. reported a glucose sensor based on multi-walled carbon nanotube 
(MWCNT) modified by Cu-based metal-organic framework (MOF), 
which exhibited ultra-high sensitivity [18]; Sun et al. fabricated porous 
CuO/carbon cloth composites through a hydrothermal method for 
glucose sensing [19]. 

In this work, we report an environment-friendly and low-cost strat
egy to fabricate Cu/rGO decorated SWCNT buckypaper (Cu/rGO-BP). 
GO was introduced as the intermediate between Cu nanoparticles and 
SWCNT buckypaper. The precursor, Cu(OH)2, was anchored on GO via a 
solution process. To obtain Cu/rGO-BP, GO and Cu(OH)2 were simul
taneously reduced during a thermal treatment in H2 after they had been 
vacuum filtrated on the SWCNT buckypaper. Especially, rGO can be well 
fixed on SWCNT without any binder due to their similar sp2 structure. As 
a concept of biosensor application, Cu/rGO-BP was assessed as a flexible 
electrode for electrochemical glucose detection. It was found that the 
upper limit of the sensor’s linear range could reach 25 mM. The result 
reveals that the nanocomposites fabricated through this novel strategy 
can take advantage of SWCNT buckypaper with ideal flexibility and 
conductivity, as well as Cu nanoparticles with high catalytic activity. 
Additionally, the strategy is extensible, which can be applied to the 
fabrication of buckypaper modified with other functional nanoparticles, 
such as Ag, Pd, Pt, Au, Al2O3, TiO2, MnO2 and ZnO. All in all, the 
developed strategy puts forward an alternative way to extend the po
tential practical applications of buckypaper in flexible and wearable 
biosensors. 

2. Experimental section 

2.1. Chemicals 

GO (dispersed in water, size: >500 nm) was purchased from Nanjing 
XFNANO Materials Tech Co., Ltd., China. Glucose, dopamine hydro
chloride and Cu(CH3COO)2 were received from Sigma-Aldrich, USA. 
Human blood serum samples were offered by Longhua Hospital Affili
ated to Shanghai University of Traditional Chinese Medicine. Other 
chemicals were bought from Sinopharm Group Co., Ltd., China. 

2.2. Instrumental 

The samples were characterized by scanning electron microscopy 
(SEM, Hitachi SU5000, Japan), element energy dispersive spectroscopy 
(EDS, EDAX E1367-C2B, USA), X-ray diffraction (XRD, Rigaku D/MAX- 
2200, Japan, power: 3 kW) with Cu Kα radiation, X-ray photoelectron 
spectroscopy (XPS, ESCALAB 250Xi, UK) using Al Kα radiation, trans
mission electron microscopy (TEM, JEOL JEM-2100F, Japan, acceler
ating voltage: 200 kV), Raman spectroscopy (Renishaw InVia, UK) with 
532 nm laser excitation (laser power: 3 mW) and 4-probe resistivity 
measurement system (Probes Tech RTS-8, China). 

2.3. Fabrication of Cu/rGO-BP 

SWCNT was prepared by a Fe-catalyzed arc-discharge method in H2/ 
He atmosphere [20] and purified using the method reported by our 
group before [21]. The purified SWCNT was added into deionized water 
after being crushed, and the SWCNT/water mixture was vacuum fil
trated to form SWCNT buckypaper. 

The precursor, Cu(OH)2, was decorated on GO via a solution method 

[22]. Briefly, GO was mixed with Cu(CH3COO)2 in deionized water 
under stirring for 30 min. Afterwards, excessive NaOH was added into 
the dispersion of GO/Cu(CH3COO)2 to get Cu(OH)2/GO. 

To obtain Cu/rGO-BP, Cu(OH)2/GO was vacuum filtrated onto the 
SWCNT layer, followed by thermal treatment in flowing H2/Ar at 
450–550 ◦C (step: 50 ◦C) for 30 min. 

2.4. Electrochemical measurements 

The electrochemical properties of the fabricated Cu/rGO-BP were 
measured by an electrochemical workstation (Chenhua CHI-660C, 
China) at room temperature. All measurements were based on a tradi
tional three-electrode system: Pt foil, Hg/HgO electrode (1 M KOH) and 
Cu/rGO-BP corresponded to the counter, reference and working elec
trodes, respectively. Current-time (I-t) curve was recorded while glucose 
aqueous solution was successively added into the electrolyte under 
stirring. 

3. Results and discussion 

3.1. Design and fabrication strategy of Cu/rGO-BP 

To design Cu-modified flexible electrodes, two kinds of low- 
dimensional carbon materials (LCMs) with different properties have 
been utilized: SWCNT and GO. As illustrated in Scheme 1, each step of 
the fabrication strategy is green and facile without any toxic or strong 
oxidizing chemicals. 500 ◦C was found the most suitable temperature for 
the thermal treatment to produce Cu/rGO composite: Cu(OH)2 was not 
completely reduced at 450 ◦C, while GO would be severely consumed by 
H2 at 550 ◦C. Therefore, the following experiements were performed 
based on 500 ◦C-treated samples. The fabricated Cu/rGO-BP has a 
double-layer structure: the conductive support layer of SWCNT and the 
catalyst layer of Cu/rGO. As shown in Fig. 1a, a coin-sized piece of Cu/ 
rGO-BP could recover to its original shape after it had been folded in half 
twice, indicating the great flexibility of buckypaper. For electrochemical 
tests, small pieces of buckypaper were cut from large pieces. In our 
laboratory, the available maximal size of buckypaper can be 4 cm in 
diameter, whereas each piece used as the working electrode is only 4 ×
4 mm2. Technically, by simply extending the size of the filter and 
heating chamber, it is possible to prepare larger Cu/rGO-BP. 

Furthermore, this strategy is widely applicable. With proper pre
cursors for metal or metal oxide, the strategy can be applied to bucky
paper decorated with different catalysts: For reactive metals that cannot 
be produced by H2 reduction, the final product should be metal oxide 
nanoparticles (Al2O3, TiO2, MnO2, ZnO, etc.); For inert metals, the final 
product should be metal nanoparticles (Ag, Pd, Pt, Au, etc.). Actually, 
ZnO/rGO-decorated SWCNT buckypaper has been successfully fabri
cated in our laboratory through this method. 

3.2. Morphological characterization 

As displayed in Fig. 1b, GO was covered with amorphous Cu(OH)2 
after the solution process. The morphology of the SWCNT layer in Cu/ 
rGO-BP is shown in Fig. 1c. Obviously, the fibers are SWCNT bundles. 
Since the diameter of an individual SWCNT is about 1 nm, each bundle is 
composed of multiple SWCNTs. Besides, no impurities are visible, 
indicating that both amorphous carbon and metal catalyst in as-grown 
SWCNT was removed during the purification process. Herein, highly 
purified SWCNT can ensure the ideal mechanical and electrical prop
erties of the support layer. Fig. 1d shows the typical SEM image of the 
Cu/rGO layer. Cu nanoparticles, whose diameters range from 100 to 
150 nm, are densely loaded on rGO sheets. Moreover, rGO keeps its 2D 
structure after the reduction process. EDS analysis (Fig. S1) for a 40 ×
40 μm2 region in the Cu/rGO layer is listed in Table 1. The mass per
centage of Cu is 70.26%. The Cu/rGO ratio is controllable by adjusting 
the amount of GO and Cu(CH3COO)2 used in the solution process. 
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Besides, the detected oxygen might be from the residual oxygen- 
containing functional groups in rGO and O2 absorbed on the surface of 
buckypaper. According to the EDS mapping (Fig. 1e) of the selected area 
in Fig. 1d, Cu nanoparticles have been uniformly distributed in Cu/rGO- 
BP. 

3.3. Structural characterization 

XRD was employed to check the reduction effect of the thermal 
treatment in H2. The peak positions of Cu and graphite are based on 
JCPDS cards. Fig. 2 shows the XRD patterns of GO and Cu/rGO. For GO, 
the peak at 10.6◦ corresponds to the typical interlayer distance of GO, 
while the broad peak at about 21.5◦ is from the less-oxidized sp2 do
mains in GO [23]. Compared to the (002) peak of graphite at 26.5◦, the 
(002) peak of GO shifts to lower degree, indicating that even sp2 domains 
in GO have larger interlayer distance than graphite. For Cu/rGO, the 
peak at 10.6◦ totally disappears and the (002) peak shifts to 25.3◦, 
indicating that the inter-layer distance of rGO is much closer to that of 
graphite due to the removal of oxygen-containing groups in GO. Addi
tionally, the (111) and (200) peaks from Cu are observed at 43.1◦ and 
50.3◦, respectively. On the other hand, no peaks from Cu oxides are 
identifiable. The XRD analysis reveals that the reduction method can 

Scheme 1. Schematic illustration of the fabrication strategy for Cu/rGO-BP.  

Fig. 1. (a) Photographs of Cu/rGO-BP. SEM images of (b) Cu(OH)2-coated GO, (c) the SWCNT layer and (d) the Cu/rGO layer of Cu/rGO-BP. (e) EDS mapping of Cu 
in the Cu/rGO layer. 

Table 1 
EDS analysis of Cu/rGO-BP.  

Element Weight % Atomic % 

C K  12.27  34.75 
O K  11.48  24.41 
Cu K  76.26  40.84  
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efficiently reduce Cu(OH)2/GO into Cu/rGO. Furthermore, GO and Cu/ 
rGO were characterized by XPS (Fig. S2), which confirmed the removal 
of oxygen-containing groups in GO. 

TEM image of Cu nanoparticles loaded on rGO is presented in Fig. 3a. 
From the high- resolution TEM (HRTEM) image of a Cu nanoparticle, the 
lattice spacing measured from this image is 0.21 nm, corresponding to 
the (111) planes of Cu. Furthermore, selected area electron diffraction 
(SAED) for Cu nanoparticles on rGO was conducted. From the SAED 

patterns in Fig. 3b, diffraction rings of Cu(111) and (200) can be 
observed. In a word, the HRTEM and SAED results are consistent with 
the XRD analysis. 

Raman spectra of SWCNT, GO and Cu/rGO were recorded for further 
analysis of their structures. There are three distinct bands in the SWCNT 
spectrum displayed in Fig. 4a [24]:G band at 1588 cm− 1 is originated 
from the in-plane vibration of sp2 carbon network, which is broadened 
by the peak at 1552 cm− 1 because the sp2 plane curls into a tube; D band 
at 1330 cm− 1 is attributed to the defects in sp2 carbon; the radial 
breathing mode peaks at 218, 227 and 264 cm− 1 correspond to 1.13-, 
1.08- and 0.92-nm-diameter SWCNTs, according to the following rela
tion: ωRBM = 234/dt (nm) + 10 cm− 1 [25]. The G/D band intensity ratio 
(IG/ID) is often calculated to evaluate the crystallinity of sp2 carbon [26]. 
Herein, IG/ID for SWCNT is 34.2, indicating that it is less-defective. 
Therefore, high quality SWCNT helps to form the support layer of Cu/ 
rGO-BP with good flexibility and conductivity. On the basis of Fig. 4b 
and c, IG/ID values for GO and rGO are 1.14 and 1.32, respectively. 
Moreover, the G band of rGO shifts from 1601 to 1587 cm− 1 after the 
reduction process, which is in consensus with previous reports on rGO 
[27,28]. Combining XRD, XPS and Raman analysis, it can be inferred 
that the thermal treatment in H2 at 500 ◦C can not only remove oxygen- 
containing groups in GO but also partially repair the defects in sp2 

domains. 

3.4. Application of Cu/rGO-BP in glucose detection 

The fabricated Cu/rGO-BP was applied as a flexible electrode for the 
electrochemical determination of glucose. The electro-catalytic activity 
of Cu/rGO-BP was evaluated by cyclic voltammetry (CV). In Fig. 5a, no 
oxidation peak is noticeable for bare SWCNT buckypaper in the presence 
or absence of 10 mM glucose. Actually, glucose should be oxidized at 
much higher potential on SWCNT, which is in great agreement with the 
literature [29]. For Cu/rGO-BP, however, a weak peak derived from Cu 
oxidation is visible at 0.4 V in the absence of glucose; while a much 
higher catalytic current peak appears at about the same potential in the 
presence of 10 mM glucose, indicating that glucose can be electro- 

Fig. 2. XRD patterns of GO and Cu/rGO.  

Fig. 3. (a) TEM image of Cu/rGO (inset: HRTEM image of a Cu nanoparticle). 
(b) SAED patterns of Cu nanoparticles. 

Fig. 4. Raman spectra of (a) SWCNT, (b) GO and (c) Cu/rGO (excitation 
wavelength: 532 nm). 
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catalyzed with much lower overpotential due to the existence of Cu 
nanoparticles. CV investigations on the influences of NaOH concentra
tion and scan rate were performed (Fig. S3). The results indicate that 
glucose oxidation reaction on Cu/rGO-BP was an adsorption-controlled 
process [30] and the oxidation peak position shifted from 0.48 to 0.4 V 
as NaOH concentration rose from 0.1 to 0.4 M, indicating better activity 
of the electrode in 0.4 M NaOH. According to the literature [31,32], the 
mechanism of glucose oxidation on Cu surface can be expressed as 
follows: 

Cu →alkaline Cu(II)+ 2e− (1)  

Cu(II) ̅̅̅̅̅̅̅̅̅̅̅̅̅→
alkaline,+0.4 V Cu(III)+ e− (2)  

Cu(III)+ glucose→Cu(II)+ gluconic acid (3) 

The amperometric response for glucose detection on Cu/rGO-BP is 
presented in Fig. 5b, and the corresponding current-concentration 
relation is plotted in Fig. 5c. Cu/rGO-BP exhibited two linear ranges 
for glucose detection: one was from 0.1 to 2 mM with the sensitivity of 
862 μA mM− 1 cm− 2 (R2 = 0.999), the other was from 2 to 25 mM with 
the sensitivity of 480 μA mM− 1 cm− 2 (R2 = 0.993). The detection limit of 
this electrode was calculated to be 11 μM when the signal/noise ratio 
was set to 3. The detection range is close to commercial glucose sensors 
(as a reference, Bayer Contour Plus One possesses a detection range of 
0.6–33.3 mM). The recovery of the sensor in human blood serum was 
measured. For each sample, 90 μL serum was added into 9 mL of 0.4 M 
NaOH. As a result, the recoveries of 1 mM glucose in three samples were 
96.6–98.5%. Performance parameters of nonenzymatic glucose sensors 
based on different kinds of Cu/LCM composites are compared in Table 2. 
Obviously, Cu/rGO-BP performed a wide linear range (up to 25 mM). In 
comparison with NiO-decorated buckypaper, which was reported by our 
group [9], the peak potential for glucose oxidation shifts from 0.58 to 

0.4 V, denoting better electro-catalytic activity of Cu/rGO-BP. As a 
result, the upper limit of the sensor’s linear range increases from 9 mM 
to 25 mM. Considering the fasting blood glucose concentrations for 
healthy people and diabetics are 3.9–6.1 mM and over 7 mM, respec
tively, the linear range of Cu/rGO-BP is suitable for daily blood glucose 
monitoring. 

To examine the influence of interfering species, the amperometric 

Fig. 5. (a) CVs of 10 mM glucose on bare buckypaper and Cu/rGO-BP in 0.4 M NaOH at scan rate of 20 mV/s. (b) Typical I-t curve of Cu/rGO-BP response to different 
concentrations of glucose at 0.4 V. (c) The corresponding plot of current density vs. glucose concentration. (d) Interference test for Cu/rGO-BP. 

Table 2 
Performance parameters of Cu/LCM-based glucose sensors.  

Electrode Linear range 
(mM) 

Sensitivity (μA 
mM− 1 cm− 2) 

Detection 
limit (μM) 

Reference 

Cu-MOFa/ 
MWCNT/ 
GCEa 

5 ×
10− 4–2.34, 
2.34–11.84 

3878, 
1391  

0.4 [18] 

CuO/carbon 
cloth 

0.05–3.3 785.2  0.22 [19] 

Cu(II)/ 
polyaniline/ 
rGO/FR4 

2.8–22.2 μM, 
Up to 4 

4168.37, 
525.4  

4.93 [33] 

Cu2O/rGO/GCE 0.02–0.2, 
0.2–1 

525, 
198  

4.7 [34] 

CuO/MWCNT/ 
graphite 

4 × 10− 3–5, 
5–10, 
10–14.5 

1221, 
619, 
335  

4 [35] 

CuO/SWCNT/ 
ITOa 

5 × 10− 5–1.8 1610  0.05 [36] 

CuO/rGO/GCE 2 × 10− 3–4 1360  0.7 [37] 
Cu/rGO/GCE 0.05–4.5 N/A  0.5 [30] 
Cu/MWCNT/ 

GCE 
Up to 7.5 1096  1 [38] 

Cu/rGO-BP 0.1–2, 
2–25 

862, 
480  

11 This work  

a Abbreviations: GCE, glassy carbon electrode; ITO, indium tin oxide. 
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responses to 1 mM glucose, 33 μM ascorbic acid (AA), 100 μM uric acid 
(UA) and 33 μM dopamine were compared. The amounts of the chem
icals used in this test were based on the fact that the physiological levels 
of AA, UA and dopamine were less than 1/30, 1/10 and 1/30 of the 
glucose level, respectively [39,40]. As shown in Fig. 5d, the ampero
metric responses to the interfering species do not have significant in
fluence: the response ratios of AA, UA and dopamine to 1 mM glucose 
are 4.1, 5.3 and 3.7%, respectively. The result indicates that the anti- 
interference performance of Cu/rGO-BP is competent for the detection 
of glucose. 

As repeatability and reproducibility tests, the amperometric re
sponses of three pieces of Cu/rGO-BP prepared under the same condi
tions were measured by two operators. Fig. 6 presents the responses to 1 
mM glucose, the relative standard deviations of measurements by 
Operator 1, Operator 2 and all 6 measurements are 2.87, 2.55 and 
3.02%, respectively. In order to investigate the stability of Cu/rGO-BP, it 
was stored in ambient environment after its first test. After 30 days the 
response to 1 mM glucose was measured again and the decrease was less 
than 2%. 

The sheet resistances of SWCNT buckypaper and Cu/rGO-BP 
measured by 4-probe system are 20.1 and 33.2 Ω/Υ, respectively. The 
result proves that SWCNT buckypaper is capable of providing excellent 
conductivity. Combining the structural characterizations and electro
chemical measurements of Cu/rGO-BP, it can be deduced that both 
SWCNT and rGO play significant roles in Cu/rGO-BP. On one hand, 
highly crystallized SWCNT is a promising support material for bio
sensors due to its satisfying flexibility, chemical stability and electrical 
conductivity. On the other hand, rGO can serve as an ideal intermediate 
between SWCNT and catalyst. In other words, the designed Cu/rGO-BP 
as a flexible electrode has been successfully implemented through the 
proposed strategy in this work. Additionally, the fabrication strategy for 
Cu/rGO-BP is scalable, environment-friendly and low-cost. Since Cu 
(OH)2/GO is efficiently reduced in H2 at 500 ◦C, this method should be 
valid for the preparation of other metal/rGO composites. In summary, 
the fabrication strategy for Cu/rGO-BP is promising in flexible bio
electronic devices. 

4. Conclusions 

A novel green strategy has been designed and developed to fabricate 
Cu/rGO-BP as a flexible electrode for glucose detection. Taking advan
tage of GO and SWCNT, Cu/rGO-BP electrode exhibited outstanding 
flexibility and electro-catalytic activity. Glucose was oxidized at a low 
potential (0.4 V) on this electrode and the glucose sensor based on Cu/ 
rGO-BP manifested a high upper limit of linear range (25 mM) with a 
sensitivity of 480 μA mM− 1 cm− 2. Considering the interaction between 
different metal oxides and H2 at high temperature, this fabrication 
strategy for Cu/rGO-BP can also be applied to flexible buckypaper 
electrodes modified with other metals or metal oxides (Ag, Pd, Pt, Au, 
Al2O3, TiO2, MnO2, ZnO, etc.) for electrochemical applications. 
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