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 Graphene has emerged as a paradigmatic 2D carboneous 
nanomaterial and attracted considerable attentions because of 
its outstanding electrical, thermal, and mechanical merits. [  1–5  ]  
Descending from the fi rst micromechanical exfoliation of 
graphene, [  6  ]  the scalable synthesis of highly soluble graphene 
sheets as ultrathin building blocks, representatively exempli-
fi ed by graphene oxide (GO) or chemically reduced graphene 
(CRG), has promoted the fabrication of graphene-based mac-
roscopic materials, by simple but effective fl uid assembly 
approaches. [  7–22  ]  These efforts involved the wet-spinning 
assembly of continuous graphene fi bers from GO liquid crys-
tals, [  12–17  ]  the hydrothermal or ice-templated assembly for gra-
phene aerogel and 3D frameworks, [  18–21  ]  and fi ltration-assisted 
assembly of large area graphene fi lm/papers. [  22  ,  23  ]  The versa-
tile macroscopic-assembled graphene materials possessed the 
outstanding properties of graphene, such as high mechanical 
strength, fi ne electrical conductivity and high specifi c surface 
area, and are poised to be widely applicable in high-perfor-
mance materials, chemical supercapacitors, ultralight aerogels, 
sensors and catalysts. 

 In the family of graphene-based macroscopic materials, gra-
phene fi bers are of special signifi cance, from which multidimen-
sional, versatile graphene-based materials (such as bulk plates 
and textiles) and devices (for example stretchable supercapaci-
tors) can be readily accessed. Three aspects are crucial to further 
the practical application of graphene fi bers, including mechan-
ical performance, electrical conductivity, and thermal conduc-
tivity. Since the fi rst spinning of graphene fi bers from graphene-
based liquid crystals, [  12  ]  considerable efforts have been devoted 
to improve their mechanical strength, such as the choice of 
giant sizes of graphene sheets, the introduction of divalent ions 
crosslinking and the optimization of the spinning process. [  14  ,  17  ]  
However, graphene fi bers still showed limited electrical conduc-
tivity (4.1  ×  10 4  S/m), mainly due to their structural defects and 
oxygen-containing groups in constituent CRG sheets. [  7–11  ]  To 
meet the wide use of graphene fi bers as lightweight conductors, 
wearable electronics, and actual microcables, their electrical con-
ductivity is needed to be considerably improved. 

 In this paper, we focused on the improvement of electrically 
conductivity of graphene fi bers. For the fi rst time, we prepared 

continuous graphene-metal hybrid fi bers by wet-spinning of 
giant graphene oxide (GGO) liquid crystals mixed with com-
mercial Ag nanowires (NWs), followed by chemical reduction. 
The Ag-doped graphene fi bers possess the record high electrical 
conductivity up to 9.3  ×  10 4  S/m and high current capacity of 
7.1  ×  10 3  A/cm 2 , with 330% and 1500% enhancement factor, 
respectively. Depending on the choice of chemical reduction 
method, the conductivity of graphene fi bers show molecular 
doping mechanism in HI reduction and mixing mechanism in 
mild vitamin C (VC) reduction. The combination of high con-
ductivity and high mechanical strength and fi ne fl exibility of 
doped graphene fi bers renders them good stretchable conduc-
tors to be applied in soft circuits.  

 Wet-Spinning of GGO-Ag NW Fibers : We prepared GGO 
sheets by modifi ed Hummers’ method, [  24  ]  as described in our 
previous report [  14  ]  and in the Supporting Information. The 
average lateral size of the GGO sheets is calculated as being 
about 20  µ m from their SEM inspections and the representa-
tive thickness is measured as 0.8 nm in the AFM images 
( Figure    1  A and Supporting Information, Figure S1). The lateral 
giant size and the atomic thickness of the GGO sheets facili-
tate the formation of liquid crystals in their good solvents, such 
as extensively investigated water, [  25–29  ]  N,N-dimethylformamide 
(DMF) and N-methyl-2-pyrrolidone (NMP), especially at rela-
tively low concentrations down to 2 mg/mL (Supporting Infor-
mation, Figure S2). The introduction of Ag NWs shows negli-
gible infl uence to the liquid crystalline behavior of GGO sheets 
in DMF, as shown in the polarized optical microscopy (POM) 
image of a GGO mixture dispersion at 4 mg/mL (Figure  1 D), 
with a Ag NW weight percentage of 5%. The presence of GGO 
sheets increases the dispersibility of Ag NW, and the mixture of 
GGO and Ag NWs shows no precipitation after long-time rest 
(for example one month as shown in Figure  1 E), contrary to the 
precipitation in the pure Ag NW dispersions just after 12 h rest 
despite of the protection of polyvinylpyrrolidone (PVP) ligand 
(Supporting Information, Figure S3). In the optical image of 
GGO-Ag NWs mixture loaded in the planar cell (Figure  1 E), 
random distribution of Ag NWs was seen under the rest state.  

 Followed by the spinning process to make GGO-Ag NWs 
fi ber using the homemade spinning apparatus (Supporting 
Information, Figure S4), we can obtain continuous GGO-Ag 
NWs hybrid fi bers with length up to 100 m ( Figure    2  A,B). 
The fl ow fi eld in the spinning tubes not only favors the more 
ordered structure of GGO sheets in the gel fi ber, but also 
improves the alignment of Ag NWs along the fi ber axis. The 
POM image of the coagulated gel fi ber in Figure  1 F shows 
more distinct and uniform nematic textures than the spinning 
dopes in the planar cell, suggesting the more regular alignment 
of GGO sheets after unidirectional fl ow. Simultaneously, the Ag 
NWs in the gel fi ber shows highly regular alignment along the 

Adv. Mater. 2013, 25, 3249–3253

http://doi.wiley.com/10.1002/adma.201300774


3250

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

fi ber axis (Figure  1 G and Supporting Information, Figure S5), 
and the distribution of orientation angle between Ag NWs and 
fi ber axis has a peak in the range of  − 20 − 20 °  (Figure  1 H), with 
an average orientation angle of  ± 7.3 ° . This fl ow-induced align-
ment phenomenon has been observed in our previous reports 
for spinning neat graphene fi bers [  13  ,  14  ]  and the experiments to 
fabricate aligned CNT arrays on the substrates. [  30  ]    

 The Structure of GGO-Ag NW Fibers:  After air-drying at 
60  °  C, the coagulated gel fi bers with an average diameter about 
100  µ m contracted to thin solid fi bers with a typical diameter of 
10  µ m. The surface of a fi ber of the solid GGO-Ag NWs shows 
banded wrinkles parallel to the fi ber axis, resembling the dehy-
dration-induced folding behavior in GO membranes dried from 
aqueous dispersions on substrates. [  29  ]  The uniform alignment 

of wrinkles is mainly caused by the shrinkage in the single rad-
ical dimension of fi bers. [  13–15  ]  In the dried GGO-Ag NW fi bers, 
the regularly aligned asymmetrical building blocks are the GGO 
sheets and the Ag NWs, inheriting from their alignment in the 
gel fi bers. As shown in Figure  2 b, the section morphology of 
GGO-Ag NWs fi ber shows a compact origami-fl ower-like struc-
ture with dentate bends, which is very similar to the section 
structures of neat GGO fi bers. [  13–15  ]  These dentate bends with 
regular lamellar local regions could originate from the orien-
tation disclinations in the liquid crystalline gels. Furthermore, 
the head face of Ag NWs can be identifi ed in the fi ber section, 
suggesting the alignment of the nanowires along the fi ber axis. 
Energy-dispersive spectroscopy (EDS) mapping images of the 
fi ber section in Figure  2 c–f confi rmed the existence of C, O, 

     Figure  2 .     A,B) Digital photos of GGO-Ag NWs fi bers collected on a plastic drum during the spinning process (A) and the prepared dried fi bers with the 
length up to 100 m (B). C,D) SEM images of the GGO-Ag NWs fi ber surface (C) and the section morphology (D). The arrow in (D) denotes the section of 
interior Ag NWs. E,F) Carbon (E), oxygen (F) and Ag (G) EDS mapping images in the area of (D). The arrow in (G) indicates the Ag NWs as seen in (D).  

     Figure  1 .     A) SEM image of GGO sheets deposited on silica. B) POM image of GGO DMF dispersion (4 mg/mL) between crossed polarizers. 
C) SEM image of commercial Ag nanowires. D,E) POM image of GGO-Ag NWs dispersions between crossed polarizers in the planar cell (D) and the 
corresponding optical image under natural light (E). F,G) POM image between crossed polarizers (F) and optical image under natural light (G) of 
GGO-Ag NWs gel fi bers. The arrow in (E) indicates a Ag nanowire and the dashed lines in (G) represent the gel fi ber axis. H) The orientation-angle 
distribution of Ag NWs along the fi ber axis in the gel fi bers. The data were calculated from the optical images of GGO-Ag NWs fi bers in Figure S5 in 
the Supporting Information.  
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shows four identical peaks of Ag NWs ( 111 ,  200 ,  220 ,  311  
facets) to the GGO-Ag NWs composite (Figure  3 D). [  36  ]  The 
SEM images also distinctly illustrate the preservation of nanow-
ires between graphene sheets interlayers, as indicated by the 
arrows in Figure  3 B insert and Figure S9 in the Supporting 
Information. The conductivity of VC-reduced graphene fi bers 
steadily increases from 8.1  ×  10 3  S/m of neat graphene fi ber to 
2.2  ×  10 4  S/m at 50 wt% Ag NW fraction (250% enhancement). 
Different from the conductivity evolution of HI-reduced sam-
ples, this steadily increasing conductivity implies a complexion 
mechanism for the VC-reduced fi bers (Figure  3 F). [  37  ,  38  ]  Com-
pared with the conductivity of HI-reduced Ag-doped graphene 
fi bers, this relatively lower value of VC-reduced graphene fi bers 
is possibly ascribed to their lower extent in restoring of conju-
gated lattice from original graphene oxide sheets, [  14  ,  31–33  ]  which 
is demonstrated by the experimental result that VC-reduced 
neat graphene fi bers show lower conductivity (8.1  ×  10 3  S/m) 
than HI-reduced neat fi bers (2.8  ×  10 4  S/m). 

 The breakdown current density is a very important index to 
evaluate the current capacity of a certain electrical conductor. 
The HI-reduced neat graphene fi bers have a relatively low max-
imum current density, 440 A/cm 2 . After Ag doping, the break-
down current density of graphene fi bers shows a considerable 
increasing (about 1500%) up to 7.1  ×  10 3  A/cm 2  ( Figure    4  A), 
about 16 times higher than that of fi bers of chemically reduced 
graphene nanoribbons. [  39  ]  By increasing the voltage to a certain 
level till the failure voltage value is reached, it was observed that 
the breakage of graphene fi bers occurred as indicated by the 
fl ashing of red light. This phenomenon illustrates that resistive 
heating is the main failure mechanism. [  40  ,  41  ]  SEM inspection of 
the broken section shows that the integrated graphene sheets 
become connected fragments at the tips due to the destruc-
tion of the excessive Joule heat (Figure  4 B,C). The doping-
induced enhancement in current capacity could be attributed 
to the improvement of electrical conductivity. [  40  ]  Although the 
current capacities of doped graphene fi bers are much smaller 

and Ag elements (the EDS spectra and the elements contained 
see Figure S6 in the Supporting Information) and the Ag-ele-
ment mapping image (Figure  2 f) agreed with the distribution 
of Ag NWs observed in the section morphology (Figure  2 b).  

 The Electrical Conductivity and Current Capacity of Graphene-
Ag Fibers : In this study, we chose two typical reduction methods 
by HI and VC to prepare reduced giant graphene (RGG)-Ag 
fi bers. [  14  ,  31–33  ]  For the chemical reaction between metallic Ag 
and HI, the Ag NWs dissolve in HI to form Ag  +   ions inside 
the fi bers (2Ag  +  2HI  =  2Ag  +    +  2I  −    +  H 2 ). The dissolution of Ag 
NWs was illustrated by the vanishing peaks of Ag NWs in X-ray 
powder diffraction (XRD) spectra and the absence of nanow-
ires in SEM image ( Figure    3  A insert and Figure S8 in the Sup-
porting Information), in contrast to XRD and SEM characteriza-
tion of GGO-Ag NW composites before reduction (Supporting 
Information, Figure S7). With an increase of the Ag NWs frac-
tion, the conductivities of the RGG-Ag fi bers initially increase 
dramatically, and approach a plateau at about 9.1–9.3  ×  10 4  S/m 
at 20 wt% of Ag NWs. This high conductivity of the Ag-doped 
graphene fi bers, with an enhancement factor of 330%, is the 
record electrical conductivity for neat macroscopic CRG fi bers 
and fi lms. [  7  ,  14  ,  17  ]  Compared with the enhancement factors of 
doping graphene fi lms, our result is about two-times higher 
than that of AuCl 3 -doped graphene membranes (130%), [  34  ]  
and comparable to that of nitric acid-doped stacked graphene 
fi lms ( ≈ 300%). [  35  ]  The typical X-ray photoelectron spectroscopy 
(XPS) spectrum of reduced fi bers with the maximum conduc-
tivity shows the existence of a small quantity of Ag as low as 
0.05 Atom% (i.e., 500 ppm) (Supporting Information, Figure 
S10). The platform of conductivity further implies the molecular 
doping mechanism, which was observed in graphene fi lms. [  34  ,  35  ]  
We pondered that the dissolved Ag +  ions in the reduction pro-
cess are responsible for the in situ doping (Figure  3 E).  

 As to the fi bers reduced by VC, the Ag NWs keep their 
morphology and crystalline characteristics after the chemical 
reduction. The XRD pattern of VC-reduced graphene-Ag fi bers 

     Figure  3 .     A,B) Plots of electrical conductivities as a function of feed Ag NWs weight percentage in original GGO-Ag NWs fi bers reduced by HI (A) and 
VC (B). The inserted SEM images are the section morphologies of HI-reduced (A) and VC-reduced RGG-Ag composites, respectively. The scale bars 
in A and B are 1  µ m and the arrows in B indicate the Ag NWs. C) The enhancement factor in electrical conductivities of reduced RGG-Ag fi bers as a 
function of the feed Ag NWs weight percentage in original GGO-Ag NWs fi bers. D) XRD patterns of neat GGO fi bers, GGO-Ag NWs fi bers, and RGG-Ag 
fi bers reduced by HI and VC. E,F) Schematic images of the molecular doping mechanism by Ag ions in HI-reduced RGG-Ag fi bers (E) and complex 
mechanism by Ag NWs in VC-reduced RGG-Ag fi bers (F).  
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and the increasing length between the two LED chips further 
indicated the stretching process. After 50 cycles of stretching-
relaxation, the circuit is still stretchable, as demonstrated by 
the invariable electrical resistance (Supporting Information, 
Figure S12). Additionally, the electrical conductivity of Ag-
doped graphene fi bers presented good stability in air, similar 
to the Au-doped graphene fi lms. [  34  ]  The HI-reduced Ag-doped 
graphene fi bers showed about 10% decrease in electrical con-
ductivity after baking at 80  ° C in air for two days, and the value 
became stable at 12% decrease in a further baking process for 
a longer time (Supporting Information, Figure S13). Compared 
with the initial conductivity of neat graphene fi bers, the high 
conductivity of Ag-doping graphene fi bers confi rmed the fact 
that the Ag-doping still had considerable effi ciency in enhance-
ment of electrical conductivity. 

 In conclusion, we present a novel and scalable approach to 
highly conductive graphene-metal hybrid fi bers by industri-
ally viable wet-spinning of graphene oxide and commercial Ag 
nanowires, followed by chemical reduction. The Ag-doped/
hybridized graphene fi bers can be made continuously up to 
hundreds of meters long, and they show record electrical con-
ductivity for chemically converted graphene materials, as well 
as highly enhanced current capacity. The fi bers also possess 
excellent mechanical strength and fl exibility. Such integrated 
merits guarantee the use of Ag-doped graphene fi bers for the 
construction of stretchable circuits. The orientational order 
in graphene liquid crystals and the fl ow-induced alignment 
during fi ber-spinning render both the graphene sheets and the 
Ag NWs with preferred alignment along the fi ber axis, which 
favors continuous spinning, the effective enhancement of elec-
trical conductivity, and the maintenance of the mechanical per-
formance of the graphene fi bers.  

than pristine graphene sheets (10 7  − 10 8  A/cm 2 ), [  40  ,  41  ]  further 
processing thermal annealing or graphitization should bring 
immense improvements in maximum current density to spun 
graphene fi bers.   

 Stretchable Conductors of Ag-Doped Graphene Fibers:  Mechan-
ical tensile tests show that the HI-reduced RGG-Ag fi bers are 
strong and fl exible (Figure  4 D). The neat RGG fi bers without 
introduction of Ag NWs possess typical tensile strength of 
360 MPa and a breakage tensile strain about 10%, similar to 
previous reports on spun RGG fi bers without divalent-ion 
crosslinking. [  14  ]  Reduced fi bres (RGG-Ag fi bers) reduced from 
GGO-Ag NWs fi bers containing 50 wt% Ag NWs showed typ-
ical strength of 305 MPa at ultimate strain of 5.5%, which is 
comparable to the strength of the fi ltrated CRG papers. [  23  ]  Com-
pared with the neat RGG fi bers, the decreasing strength and 
ultimate tensile strain for RGG-Ag fi bers could be blamed for 
the introduction of voids originally occupied by Ag NWs. 

 Depending on their high conductivity and good mechanical 
performance, RGG-Ag fi bers are proper candidates for use as 
fl exible conductors. Using the prevalent prestraining-buckling 
approach to stretchable circuits, [  42  ,  43  ]  we prepared stretchable 
array of RGG-Ag fi bers (Figure  4 F) on polydimethylsiloxane 
(PDMS) substrates (the process is depicted in Figure  4 E). 
The RGG-Ag fi bers are fi xed to the Al foils by silver glue on 
the 150% prestrained PDMS substrate. Under compression in 
the fi ber axis during the strain relaxation, the RGG-Ag fi bers 
buckled to become curved threads without breakage, because 
of their good fl exibility. The stretchable conductors made from 
RGG-Ag fi bers can be safely stretched below 150% strain under 
electrical loading. As shown in Figure  4 G and Figure S11 in the 
Supporting Information, the constructed circuit kept working 
after 150% stretching, indicating by the lightening LED chips, 

     Figure  4 .     A) Measured current density as a function of voltage under electrical stressing of HI-reduced Ag-doped graphene fi bers with various feed 
ratios of graphene to Ag NW. B,C) SEM images of the electrical failure tips of Ag-doped graphene fi ber. D) Typical mechanical testing curves of neat 
graphene fi ber and HI-reduced Ag-doped graphene fi bers under tensile stressing. E) Schematic process of preparing stretchable RGG-Ag fi ber array. 
F) The stretchable array constructed by RGG-Ag fi bers in the stretched (top) and relaxed state (bottom). The inserted images are magnifi ed photos 
of the RGG-Ag fi bers in the respective areas indicated by the rectangles. G) The working states of RGG-Ag-fi ber-based stretchable circuit in stretched 
(top) and relaxed state (bottom).  
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 Experimental Section 
 Materials, preparation of GGO, and instruments sections are described 
in the Supporting Information.  

 Preparation of GGO-Ag NWs Spinning Dopes : From GGO aqueous 
dispersion, [  11  ]  we prepared GGO DMF dispersion by replacing water 
with DMF via a centrifugation process three times. The as-purchased Ag 
NWs dispersion was diluted to 1 mg/mL to quantitatively mix with the 
GGO DMF dispersions in a series of mass concentrations from 1% to 
50%. The mixtures of GGO-Ag NWs were centrifugated to get GGO-Ag 
NWs gels, and DMF was added to prepare spinning dopes with a total 
concentration about 4 mg/mL after violent vibration in a vortex mixer.  

 Continuous Wet-Spinning of GGO-Ag NWs Fibers : Following the wet-
spinning protocol and homemade apparatus depicted in Figure S4 in 
the Supporting Information, the GGO-Ag NWs spinning dopes were 
injected into an ethyl acetate coagulation bath (0.2 mL/min). The spun 
gel fi bers were pulled out from the coagulation bath. After thermal 
drying, the continuous GGO-Ag NWs fi bers were collected on a rotating 
plastic drum. Finally, the as-spun fi bers were dried at 60  ° C in air for 1 h 
and then dried at 60  ° C under vacuum for 12 h, affording GGO-Ag NWs 
fi bers.  

 Chemical Reduction for Fabrication of RGG-Ag Fibers : The dried 
GGO-Ag NWs fi bers were immersed in HI (40%) or VC (0.1 M) aqueous 
solution, and the solution was heated to 90  ° C and kept for 12 h. Then, 
the fi bers were picked up from the reduction system, and rinsed by water 
and ethanol successively three times. The Ag-doped RGG fi bers were 
obtained after vacuum drying at 100  ° C for 12 h.  

 Fabrication of Stretchable Arrays of RGG-Ag Fibers : As illustrated in 
Figure  4 E, the RGG-Ag fi bers were aligned on the prestrained PDMS 
substrate (150% strain on uniaxial drawing stage), with two ends fi xed 
on the Al foils by silver glue. Then, the fi bers were coated with a thin 
layer of liquid PDMS resin to fi x the fi bers on the substrate. After baking 
at 100  ° C for 12 h, the prestraining of PDMS was released and the 
RGG-Ag fi bers buckled to form curved threads.   

 Supporting Information 
 Supporting information is available from the Wiley Online Library or 
from the author.  
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