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Supporting Information
1. Experimental Section
(1) Synthesis of graphene oxide dispersion
Graphene oxide was synthesized by a modified Hummer’s method. In the
preoxidation step, 20 mL H2SO4 was added to a 250 mL round-bottom flask and
slowly heated to 80 oC, followed by addition of 4.2 g K2S2O8 and 4.2 g P2O5. Then 5
g graphite powder (40 m, Qingdao Henglide Graphite Co., Ltd.) was slowly added to
the flask and the mixture was kept at 80 oC for 4.5 h. When the reaction was cooled to
room temperature, the mixture was diluted with deionized water and left overnight.
The mixture was repeatedly washed by centrifugation at 10000 r.p.m. with 1 L
deionized water, and the bottom solid was dried in air at room temperature. At the
second oxidation step, 58 mL H2SO4 was added to a 250 mL round-bottom flask,
which was already kept at 0 oC in an ice bath. 2.5 g preoxidized sample was then
slowly added to the flask and stirred. Under the stirring condition, 1.25 g KNO3 and 8
g KMnO4 were added to the flask at a temperature below 10 oC. The mixture was
heated to 35 oC and stirred for 2 h. The mixture was then diluted with 58 mL
deionized water and stirred for 2 h, followed by addition of 350 mL deionized water
and dropwise addition of 25 mL 30 % H2O2. The resulting mixture was left overnight.
The supernatant was decanted and the bottom gel was washed with deionized water,
followed by centrifugation with the addition of 1 M HCl solution for at least 5 times
to remove the metal oxide. The gel was further washed with deionized water until the
decantate became neutral, followed by ultrasonication for 30 min, and a deep brown
gel was obtained. To obtain a narrowly dispersed GO gel, isopycnic differential
centrifugation was performed on the GO dispersion (φ = 0.1%). After centrifugation
of the GO dispersion at 5,000 r.p.m. for 2 h, we obtained the gel at the bottom. The
supernatant was further centrifugated at speeds of 10,000 and 15,000 r.p.m. each for 2
h, and two samples were finally obtained. The sample derived from 15,000 r.p.m. with
the smallest width was used to prepare GO fibers.
(2) Preparation of graphene fibers
The GO fibers were firstly fabricated through a wet spinning method by injecting a 2
wt% GO dispersion into a coagulation bath of 5 wt% NaOH/methanol solution under
0.04 MPa which was controlled by N2 (Figure S2). The GO fibers were collected by a
drum with a uniform rotational speed of 1 cm/s, followed by washing with methanol
for three times to remove the salt on the fibers and dried for 12 h at room temperature.
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The graphene fibers were then obtained by reduction of GO fibers in the aqueous
solution of hydroiodic acid (40 %) at 80 oC for 8 h, followed by washing with
methanol and drying for 12 h in vacuum.
(3) Preparation of graphene/Pt composite fibers
Pt nanoparticles were electrodeposited by a double potential step method to prepare
graphene/Pt composite fibers in conventional glass container at room temperature
with the first step at E1 of -0.5 V for 5 s and the second step at E2 of 0 V for the time
range of 10 to 500 s. A platinum (Pt) wire and a saturated calomel electrode were used
as counter and reference electrodes (+0.241 V vs. RHE), respectively. The electrolyte
included an aqueous solution of 5 mM H2PtCl6 and 0.5 M H2SO4. After
electrodeposition, the fibers were washed with deionized water twice, followed by
drying in vacuum.
(4) Preparation of working electrodes and fabrication of wire-shaped cells
The aligned TiO2 nanaotube arrays were grown on the surface of Ti wire were realized
by an electrochemical anodization in 0.3 wt% NH4F/ethylene glycol solution
containing 8 wt % H2O at voltages of 60 V with different electrolysis times. The
anodization was performed in a two-electrode electrochemical cell with Ti wire
(diameter of 127 m and purity of 99.9%) and Pt sheet as anode and cathode,
respectively. The resulting wires were washed with deionized water to remove the
electrolyte, followed by heating to 500 oC for 1 h and annealed in air. It was then
immersed in a 100 mM TiCl4 aqueous solution at 70 °C for 30 min, and then rinsed
with deionized water, followed by annealing again at 450 oC for 30 min. After the
temperature was decreased to 120 oC, it was immersed into 0.3 mM N719 solution in
a mixture solvent of dehydrated acetonitrile and tert-butanol (volume ratio of 1/1) for
16 h. Finally, the dye-absorbed working electrode and graphene/Pt composite fiber
counter electrode were twined together and transferred into a transparent flexible
fluorinated ethylene propylene (FEP) tube to form a wire cell. Two electrodes were
extracted and modified by indium. The redox electrolyte (containing 0.1 M lithium
iodide, 0.05 M iodine, 0.6 M 1, 2-dimethyl-3-propylimidazolium iodide, and 0.5 M
4-tert butyl-pyridine in dehydrated acetonitrile) was introduced into the cell by the
capillary force prior to the characterization.
(5) Calculation of the area of the wire-shaped photovoltaic device
As generally recognized and used, the effective area was calculated by multiplying the
length and diameter of the working electrode in the wire cell.[S1-S8] The J-V
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characteristics were measured by covering a mask with a slit which was a little larger
than the wire cell (Figure S17). In this manner, some modifications were studied and
considered according to the optical path of the wire cell (Figures S18 and S19). If the
device is sealed in a tube, the incident light in Zone 2 will also be projected beyond
Zone 1. When using fluorinated ethylene propylene with a refractive index of 1.34 as
the sealing material, the area is modified with a parameter of 1.35.
(6) Characterization
The structures were characterized by TEM (JEOL JEM-2100F operated at 200 kV),
AFM (SHIMADZ SPM-9500J3), and SEM (Hitachi FE-SEM S-4800 operated at 1
kV). Raman measurement was performed on Renishaw inVia Reflex with excitation
wavelength of 514.5 nm and laser power of 20 mW (for Figure S4) and LabRam-1B
with excitation wavelength of 632.8 nm and laser power of 4 mW (for Figure S11).
The electrical conductivity was obtained from a physical property measurement
system (KEITHLEY 2182A nanocoltmeter with 6221A DC and AC current source)
and VICTOR VC9807A+ digital multimeter. Mechanical properties were
characterized by a Shimadzu Table-Top Universal Testing Instrument. The J-V curves
of DSSCs were measured by a Keithley 2400 Source Meter under illumination (100
mW/cm2) of simulated AM1.5 solar light coming from a solar simulator (Oriel-Sol3A
94023A equipped with a 450 W Xe lamp and an AM1.5 filter). The light intensity was
calibrated using a reference Si solar cell (Oriel-91150). The double potential step
method electrochemical deposition and the electrochemical impedance spectroscopes
were performed on a CHI 660a electrochemical workstation. The cyclic voltammetry
was performed in an acetonitrile solution containing 5 mM LiI, 0.5 mM I2 and 0.05 M
LiClO4 with a scan rate of 50 mV s-1 through a three-electrode setup.
2. The high efficiency of the novel photovoltaic wire
Figure S16 compares various photovoltaic wires based on metal wires, modified
polymer fibers, carbon fibers and carbon nanotube fibers as electrodes, which
demonstrated the highest energy conversion efficiency of approximately 7%[S3,S7,S9-17].
The interaction between the graphene and the Pt nanoparticle is believed to be critical
for achieving high energy conversion efficiency. Thus, the relationship between
graphene and Pt was investigated by Raman spectroscopy (Figures S20-S22). Figures
S20 and S22 provide a comparison between the Raman spectra of graphene fibers
obtained before and after the incorporation of Pt nanoparticles. The bare graphene and
composite fibers share similar Raman spectra in terms of peak shapes, although the G
band gradually downshifts from 1591 to 1585 cm-1 when the Pt content is increased
from 0 to 22.9%. These phenomena indicate an effective interaction between
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graphene and Pt nanoparticles[S18]. Note that the G-band shift was directly determined
by comparing the peak wavenumber at the G-band.
To further understand the high performance of these photovoltaic wires, a series of
other fiber substrates, including carbon nanotube fiber, carbon fiber and Pt wire, were
used to replace the graphene fibers. The Pt nanoparticles were deposited under similar
conditions. In the case of carbon nanotube fibers, the G band was only slightly
downshifted by 1 cm-1 when the Pt content increased from 0 to 33% (Figures S21 and
S22), indicating a weak interaction between the carbon nanotubes and Pt
nanoparticles. These results are reasonable considering the fact that the graphene
sheet could be more easily deformed at the nanoscale in comparison to the rigid
carbon nanotubes. The contact area between the graphene and Pt nanoparticles is
much greater than in the case of carbon nanotubes. As a result, Pt nanoparticles with
diameter of 8 nm were uniformly dispersed in the graphene fiber (Figure S23a), while
the Pt nanoparticles easily aggregated to form much larger nanoparticles with a
diameter of approximately 200 nm on the surface of the carbon nanotube fiber during
the synthesis of the nanoparticles (Figure S23b). Clearly, in the case of graphene, a
stronger synergetic effect is observed in which the continuous carbon nanomaterial
provides excellent electronic properties and the Pt nanoparticle gives rise to high
electrocatalytic activity.
The performance was further decreased when carbon fibers were used in conjunction
with Pt nanoparticles. Figure S23c shows that the Pt appeared in large and less
uniform aggregates on the order of tens to hundreds of nanometres due to the less
effective interaction areas between the carbon fiber and the Pt nanoparticles. As a
result, the photovoltaic wires based on the graphene fiber, carbon nanotube fiber and
carbon fiber as counter electrodes exhibited maximum efficiencies of 8.43%, 6.80%
and 5.97%, respectively (Figure S24). Notably, the perpendicularly aligned titania
nanotubes in the titanium wire also increased the charge separation and transport in
comparison with titania nanoparticles or bare metal wires[S2,S19]. When a Pt wire was
electrodeposited with Pt nanoparticles, uniform nanoparticles with a size of
approximately 80 nm formed on the surface. However, the Pt nanoparticles could not
be stabilised and therefore easily peeled away from the Pt wire (Figure S23d). A
maximum efficiency of 7.59% was achieved using very careful manipulations (Figure
S24). To summarize, the effective interaction between platinum nanoparticle and
graphene played a critical role on the high performance of the resulting photovoltaic
wire.
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Figure S1. Transmission electron microscopy (TEM) and atomic force microscopy
(AFM) images of GO sheets. a and b, TEM images of GO sheets at different
magnifications. c, Typical AFM image of GO sheets. d, Height analysis of a GO sheet
in c.
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Figure S2. Schematic illustration to the preparation of GO fibers in a NaOH methanol
solution by a wet spinning method.
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Figure S3. Optical image of collected graphene oxide fibers by a wet spinning
method.
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Figure S4. Raman spectra of graphene oxide and graphene fibers.

8

Figure S5. Scanning electron microscopy (SEM) image of a graphene fiber being
made into a tight knot.
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Figure S6. Typical stress-strain curves of graphene oxide and graphene fibers.
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Figure S7. Dependence of electrical conductivity on temperature of a graphene fiber
measured by a four-probe method.
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Figure S8. Dependence of the platinum content in the graphene/Pt composite fiber on
electrodepositing time. The electrolyte included an aqueous solution of 5 mM H2PtCl6
and 0.5 M H2SO4.
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Figure S9. Dependence of electrical conductivity on the platinum content in the
graphene/Pt composite fiber.
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Figure S10. Chemical structure of N719 dye.
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Table S1. Parameters of the wire cells with different lengths of TiO2 nanotubes on
working electrode and graphene/Pt composite fibers (Pt content of 7.1%.) as counter
electrodes measured under AM 1.5 illumination.
Pt content (%)

VOC (mV)

JSC (mA/cm2)

FF

 (%)

0
2.5
4.6
7.1
11.6
22.9
Pt wire

0.724
0.725
0.726
0.734
0.741
0.722
0.736

12.67
13.56
15.12
17.11
16.87
16.97
16.35

0.42
0.49
0.57
0.67
0.67
0.68
0.60

3.85
4.82
6.26
8.41
8.38
8.33
7.22
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Figure S11. The incident photon-to-electron conversion efficiency of the photovoltaic
wire by using a graphene/Pt composite fiber with Pt weight percentage of 7.1% as
counter electrode and a modified Ti wire (TiO2 nanotubes with length of ~30μm) as
working electrode measured under AM 1.5 illumination.
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Figure S12a, The cover page of the test report by the National Center of Supervision
& Inspection on Solar Photovoltaic Products Quality (CPVT) on the dye-sensitized
photovoltaic wire based on the graphene/Pt composite fibre.
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Figure S12b, A test report from CPVT.
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Figure S13. The equivalent circuit of electrochemical impedance spectroscopy
measurements for wire cells. Here RS, RCT1, RCT2, ZW, ZW,pore, and CPE correspond to
serial resistance, charge-transfer resistance at the counter electrode, charge-transfer
resistance at TiO2/dye/electrode interfaces, Nernst diffusion impedance in the
electrolyte, Nernst diffusion impedance in the pore of the graphene/Pt composite fiber,
and constant phase element, respectively.
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Figure S14, Dependence of energy conversion efficiency on cell length by using the
graphene/Pt composite fibre as counter electrode. 0 and  correspond to the cells
with a length of 0.5 cm and other lengths, respectively.
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Figure S15, Dependence of energy conversion efficiency on incident angle for a wire
cell by using the graphene/Pt composite fibre with Pt contents of 7.1% as counter
electrode and modified Ti wire (TiO2 nanotubes with length of 30μm) as working
electrode. Here 0 and  correspond to the energy conversion efficiencies measured at
an incident angle of 0o and other angles, respectively.
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Table S2. Parameters of the wire cells with different length of TiO2 nanotube array on
the Ti wire as working electrodes and graphene/Pt composite fibers with Pt content of
7.1% as counter electrodes measured under AM 1.5 illumination.
Length of TiO2
nanotube
10 m
15 m
23 m
30 m
40 m

VOC (mV)

JSC (mA/cm2)

FF

 (%)

0.726
0.733
0.728
0.734
0.741

9.34
11.87
14.59
17.11
15.84

0.64
0.65
0.68
0.67
0.67

4.34
5.66
7.22
8.41
7.86
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Figure S16. Comparison of the maximum power conversion efficiencies as a function
of time for photovoltaic wires based on different materials as electrodes [S3,S7,S9-S17].
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Figure S17. The schematic illustration to the J-V measurement of the wire cell.
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Figure S18. The optical path by a cross-sectional view in the photovoltaic wire. In
this work, the diameters of modified Ti wire and FEP tube are 164 and 900 m,
respectively. The thickness of Zone 2 (h) can be calculated by the equation of
h/ED=AC/EC. Here ED=(164/2)=82 m and AC+CE=450 m. Obviously,
CE=ED/sin. The value of sinα can be further obtained by equation of η=sin/sin.
Since sinβ=82/450=0.182 and η=1.344, h was finally calculated to be 28.2 m.
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Figure S19. The optical path by a cross-sectional view in the photovoltaic wire. In
this work, the diameters of modified Ti wire and glass tube are 164 and 500 m,
respectively. According to the similar process in Figure S15, h was also calculated to
be 28.2 m.
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Figure S20. Raman spectra of bare graphene and graphene/Pt composite fibers with
the increasing Pt weight percentage.
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Figure S21. Raman spectra of bare carbon nanotube and carbon nanotube/Pt
composite fibers with the increasing Pt weight percentage.
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Figure S22. Dependence of the shift of G band on the Pt weight percentage in the
graphene/Pt and carbon nanotube/Pt composite fiber obtained from Figures 17 and 18,
respectively. The value of  is calculated from the shifted wavelength of G bands
before and after deposition of Pt nanoparticles.
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Figure S23. The comparison among four different fibres after electrodeposition of the
same content of Pt a, Graphene fibre after electrodeposition. b, Carbon nanotube fibre
after electrodeposition. c, Carbon fibre after electrodeposition. d, Pt wire after
electrodeposition.

30

Figure S24. J-V curves of the resulting photovoltaic wires based on the four fibres
being electrodeposited with the same Pt as counter electrodes and the same modified
titanium wire (TiO2 nanotubes with length of 30 μm) as the working electrode
measured under AM 1.5 illumination.
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Table S3. Photovoltaic parameters of the photovoltaic wires from Figure S24.
Counter electrode
Carbon nanotube fibre/Pt
Carbon fibre/Pt
Pt wire/Pt
Graphehe fibre/Pt

VOC (mV)

JSC (mA/cm2)

FF

 (%)

0.726
0.724
0.737
0.737

16.15
15.28
16.36
17.08

0.58
0.54
0.63
0.67

6.80
5.97
7.59
8.43
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