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Abstract 

Compare to flat devices based on rigid substrates, fiber-shaped dye-sensitized solar cells hold advantages 

of smaller size, lightweight, facile fabrication, flexibility, and low cost, thus a promising direction for 

applications such as wearable electronic devices. However, most reported fiber-shaped dye-sensitized 

solar cells use Pt wires as counter electrodes, which make the applications suffer from high cost and 

scarcity. Herein, a flexible Pt-free counter electrode is fabricated via depositing ternary nickel cobalt 

selenide (Ni-Co-Se) particles on the surface of carbon fibers. Scanning electron microscopy and X-Ray 

diffraction are used to characterize the counter electrode and alloy material. Results from bare and 

modified carbon fiber counter electrodes reveal that Ni-Co-Se alloy particles greatly enhance 

electrocatalytic activity, leading to tremendous improvement in power conversion efficiency, which is 

comparable with devices using Pt wire counter electrode. Bending and multiple irradiation cycling tests 

are also performed to show the superior flexibility and durability of the novel device.  

Keywords: Ternary Co-Ni-Se alloy, Carbon fiber, Counter electrode, Dye-sensitized solar cells, 

Flexible.  



  



Introduction 

Energy is an essential utility in the society. However, as traditional sources of energy, fossil fuels (coal, 

crude oil, and natural gas) are known to have harmful effects on environments and human health. 

Therefore, development of renewable/clean energy sources (i.e., solar, thermal, wind, nuclear fusion, etc.) 

attracts most attention in the energy field by far and is a popular research area. Among all the 

renewable/clean energy sources, because of sustainability, abundancy, and readily available in nature, 

solar energy is the most promising one. Therefore, tremendous efforts have been put into this research 

area over the past few decades to improve photovoltaic (PV) technologies such as dye sensitized, 

perovskite, and organic solar cells 1. Compare to other PV techniques, dye-sensitized solar cells (DSSCs) 

developed since the late 1960s 2 have economic and simple fabrication processes, and high power 

conversion efficiencies (PCEs) 3-5. However, planar structure DSSCs using rigid substrates are not 

compatible with applications where super flexibility is required, e.g. wearable electronic device. Fiber-

shaped DSSCs (FDSSCs) are one type of PV device molded into a flexible fibrous structure, and they can 

be incorporated in broad range of important applications due to smaller size, lightweight, as well as ease 

in fabrication and low cost. 

One general structure of a FDSSC has three major components: a photoanode, a counter electrode either 

arranged parallel to the photoanode or weaved around it, and an electrolyte with a pair of redox species. 

The most common photoanode consists of dye molecules loaded on a layer of TiO2, which is stable, 

biologically and environmentally benign, inexpensive, and has excellent optical and electrical properties 
6-9.  TiO2 based photoanode has been widely studied and used in FDSSCs, because the material’s 

appropriate electronic band structures allow the photon-excited electrons from dye molecules (usu. N719) 

be injected into the TiO2 layer.  Then the electrons are conducted to an external circuit to generate electric 

power and finally reach the counter electrode. The photo-oxidized dye molecules after electron injection 

can be restored by accepting electrons from the electrolyte, usually an organic solvent containing I–/I3
– 

redox pair. The reduced species can be subsequently regenerated at the surface of the counter electrode, 

by accepting the electron migrated through the external load. Overall, the device converts light energy to 

electric energy without permanently change the chemical composition of all components. 

Though the photoanode plays the central role to generate electrons from light, the counter electrode is also 

critical in reforming the redox species. So far, many FDSSCs adopt Pt wire 10-15  or Pt based materials 16-

17 as counter electrode, owing to high catalytic activity, chemical stability, and electrical conductivity 11, 



18-22. However, high cost and rarity of Pt forbid its large-scale industrialized application. Hence, scientists 

have been working on developing Pt-free counter electrodes for FDSSCs. Among all the materials 

investigated, carbon-based counter electrodes are considered ideal for fiber shaped devices, as they are 

highly conductive, mechanically robust, lightly weighted, low cost, and very flexible. On the other hand, 

major shortcomings of carbon-based counter electrodes include slow charge transfer rate and limited 

ability for electrocatalysis of bare carbon materials. Researchers in this area have been working to solve 

these challenges. For example, L. Chen et. al. reported a FDSSC with TiO2 nanotube arrays in the 

photoanode and bare carbon fiber (CF) as counter electrode had a power conversion efficiency (PCE) of 

1.03%; when the bare CF was coated with CoNi2S4 nanorod or CoNi2S4 nanoribbon, PCE of devices 

dramatically improved to 4.10 % and 7.03%, respectively 23. Z. Yang et. al. fabricated FDSSC with PCE 

7.13%, and the counter electrode used was made with multiwall carbon nanotubes (MWCNTs) array 24. 

In the work conducted by T. Chen et. al., the device had aligned titania nanotubes as a photoanode material, 

and aligned carbon nanotube (CNT) fibers in counter electrode (CE); the resulted PCE was 2.20% 25. A. 

Ali et. al. showed that MWCNT coated with poly (3,4-ethylene dioxythiophene):poly(styrene sulfonate) 

reached PCE of 5.03% 26. The highest PCE achieved by far based on Pt-free counter electrode (10.28%) 

was done by J. Zhang et. al.; their group used Co0.85Se nanosheets on the polyaniline functionalized CFs 
27. 

In the above-mentioned examples, higher PCE of the device could be achieved by coating a conductive 

polymer layer on the carbon-based counter electrode 26-27, and/or using transition metal chalcogenides 23, 

27. The latter method attracts attention because these materials are resistant to electrolyte corrosion, active 

for I3
– reduction, and also inexpensive 28-29. In L. Chen’s article 23, ternary CoNi2S4 was used, as the device 

could take advantage of both cobalt and nickel ions, which could provide richer redox reactions than 

binary CoS or NiS. J. Zhang et. al. reported use of Co0.85Se 27, as metal selenides are known to have 

distinctive chemical and electronic properties, therefore great potential for a broad range of applications 
30-32. In the work of L. Shao et. al. 33, hollow microspheres based on ternary nickel cobalt selenide (Ni-

Co-Se) alloy were synthesized via a simple one-step hydrothermal route, and the corresponding flat cell 

using this material in the CE had PCE up to 9.04% and higher than cells with Pt CE (8.07%). 

In this work, we report synthesis and properties of Ni-Co-Se particles, and of the same ternary metal 

selenides attached to CF to form Pt-free fiber shaped CEs. Performances of devices with Ni-Co-Se 

synthesized at different temperatures, as well as FDSSCs with Pt CE, and bare CF CE, are compared. The 



FDSSCs based on the Ni-Co-Se on carbon fiber (Ni-Co-Se@CF) counter electrode achieved the highest 

power conversion efficiency of 2.01%, comparable with CF CEs or CF CEs coated with Pt. In addition, 

the fabricated FDSSCs show good flexibility. 

Experimental Section 

Preparation of photoanode 

For photoanode preparation several Ti wires (φ = 250 μm) were cleaned by ultrasonicating in ethanol, 

acetone, and propanol for 15 minutes subsequently. After that, a NaOH solution of 2.5 M has been 

prepared. 30 mL of this NaOH solution has been put into a Teflon-lined stainless-steel autoclave and the 

cleaned Ti wires have been immersed into the solution. The reactor was subsequently placed into a furnace 

at 220°C for 15-24 hours. After, the reactor was cooled down to room temperature and the wires were 

washed thoroughly with acetone. Then the wires were put into a 1 M HCl solution for 1 hour. The wires 

were then again washed thoroughly with acetone to get Ti wire with TiO2 nanowires (NWs). These Ti 

wires with TiO2 NWs were used as the photoanode.  

Preparation of Co-Ni-Se Hollow Microspheres  

0.757g of Co(NO3)26H2O [Cobalt(II) Nitrate Hexahydrate], 0.378g of Ni(NO3)26H2O [Nickel(II) Nitrate 

Hexahydrate] (Ni:Co = 1:2), and 2.6mL of Ethylenediamine was dissolved in 40 mL of distilled water. 

0.692g of Na2SeO3 [Sodium Selenite] (Ni:Co:Se = 1:2:4) was added to this solution. After an ultrasonic 

bath for 20 mins, the mixed solution was put in a Teflon-lined stainless-steel autoclave reactor. The reactor 

was put in an electric oven at different temperatures (i.e. 140°C, 160°C, 180°C, 200°) for 24 hours. After 

that, the reactor was cooled down to room temperature and the precipitate was centrifuged. The precipitate 

was washed thoroughly with absolute ethanol several times. The precipitate was then dried in an electrical 

oven at 80°C for 12 hours. The dried products were labeled as Ni-Co-Se-140, Ni-Co-Se-160, Ni-Co-Se-

180, and Ni-Co-Se-200.   

Preparation of Counter Electrode  

Commercial carbon fiber tow has been used as the substrate. Before using the carbon fibers (CFs), they 

have been treated through several treatments to increase their conductivity. First the CF yarn was soaked 

in acetone for 3 hours to remove any polymer coating present on the surface. Then the CF yarn was washed 

with milli-Q water, acetone, ethanol respectively under light sonication. Then the CF was kept into a tube 



furnace at 300°C for 2 hours under light airflow to thermally degrade the polymer coating. Then the fiber 

yarn was again washed with milli-Q water, acetone, ethanol respectively under light sonication. The fiber 

was subsequently kept into a 70% HNO3 solution under mild stirring for 12 hours. The fiber was again 

washed with milli-Q water, acetone, ethanol respectively under light sonication. After drying, the CF yarn 

was cut into pieces of length 6-7 cm. 5 mg of the Ni-Co-Se sample was dispersed into 2-5 mL of water. 

The mixed solution was ultrasonically treated to make a uniform dispersion. The CFs were then dipped 

coated using this solution and labeled as CF-140, CF-160, CF-180, -CF-200. To make the comparison, a 

carbon fiber was also coated with Pt using a plasma sputtering system. 

Fabrication of FDSSC 

The photoanodes prepared on Ti wire were soaked into 0.5 mM N719 dye solution (a solvent mixture of 

acetonitrile and tert-butyl alcohol in a volume ratio of 1:1) for 24 hours. After that, the photoanodes were 

washed with acetonitrile to remove excess dye. The different CEs were wrapped around the photoanodes. 

The assembly was inserted into a glass capillary and an electrolyte was injected into the capillary. The 

electrolyte was prepared by dissolving 0.5 M LiI, 0.05 M I2, and 0.5 M tert-butyl pyridine and brought up 

to 10 ml volume in 3-methoxy propionitrile. 5 wt% poly (vinylidene fluoride-co-hexafluoropropylene) 

was added to this solution. The mixed solution was dissolved overnight with mild heating and vigorous 

stirring to make a homogeneous solution.  

Morphological, structural and Photovoltaic Characterizations: The morphological characterization 

has been done using scanning electron microscopy (SEM, EVO LS10 STEM). X-ray diffraction (XRD) 

measurements were conducted using a “BRUKER™ D8 X-ray Diffractometer” with a Cu Kα1 radiation 

(λ = 0.15406 nm, 40 kV, 40 mA). The scanning mode was set to 2θ, and the scanning range was from 10° 

to 90° with a scanning step size of 0.04° and scanning rate of 1.0° min−1. The photocurrent-voltage 

measurements were carried out using a VersaSTAT3 potentiostat (Princeton Applied Research) running 

cyclic voltammetry with a scan rate of 50 mV∙s-1. A Honle solar simulator 400, with an AM 1.5G spectrum 

(100 mW/cm2) was used to simulate sunlight for irradiating the cells.  
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Result and Discussion 

 

Figure 1: XRD patterns of the samples Ni-Co-Se-140, Ni-Co-Se-160, Ni-Co-Se-180, Ni-Co-Se-200. 

XRD peak positions for Ni6Se, CoNiSe2 and CoSe2 are also present for the comparison.  

 

Figure 1 shows the XRD patterns of the Ni-Co-Se alloys synthesized at different hydrothermal reaction 

temperature. It is evident that all the samples show XRD patterns with very similar peaks. Such peaks can 

be successfully assigned to the orthorhombic CoSe2 (JCPDS PDF no. 00-053-0499) and in a small extent 

to orthorhombic Ni6Se5 (JCPDS PDF no. 00-019-0842). Apart from these peaks, no other features are 

present in the patterns. The well-defined peaks that appear at 2θ = 34.7°, 36.2°, 40.5°, 44.1°, 48.0°, 50.8°, 

Federico Cesano
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53.5°, and 63.5° corresponds to orthorhombic CoSe2 (111), (120), (210), (121), (211), (002), (031), and 

(122) crystal planes, respectively. These values agree with the previous report33. The peaks at 2θ ≅ 31.0°, 

35.1°, 36.9° corresponds to the crystal planes of orthorhombic Ni6Se5 (040), (025), (113), respectively. In 

case of Ni-Co-Se-160 another set of peaks is found in the pattern which can be successfully assigned to 

the hexagonal CoNiSe2 (JCPDS PDF no. 00-065-7038). The peaks at 2θ ≅ 44.4° and 50.0°corresponds to 

(102) and (110) planes, respectively. So, the XRD patterns of the synthesized alloy should contain only 

the orthorhombic crystal structure except for the Ni-Co-Se-160 which should contain an additional 

hexagonal crystal structure. It looks like the temperature does not have a significant effect on the crystal 

structure. However, in case of Ni-Co-Se-200 the peaks intensity seems like to reduce slightly, which 

implies that increased temperature reduces crystallinity.  

 



 

Figure 2: SEM images of Ni-Co-Se synthesized at different hydrothermal reaction temperature, (a,b) Ni-

Co-Se-140, (c-e) Ni-Co-Se-160, (f-h) Ni-Co-Se-180, (i-k) Ni-Co-Se-200, (l) CF, (m) CF coated with Ni-

Co-Se alloy.  

The structural morphologies of the alloys have been done by taking SEM image of the samples prepared 

at different hydrothermal reaction temperatures. In Figure 2 a, c, f, i SEM images of the synthesized alloy 

in bulk are shown. Figure 2 a reveals that apart from the spherical hollow microspheres there are still a 

significant number of stick-like hollow alloy structures. However, the formation of spherical alloys 

increases with increasing temperature. While looking at individual microspheres they seem not to affect 

much by the different hydrothermal reaction temperatures. The surface of the microspheres seems rough 

due to the crosslinked nanoparticles and no smooth surface is visible in the SEM images. The microspheres 

again connect with each other forming a network. Some irregular structures are also visible which implies 

the formation of microspheres was incomplete in those locations. The stability of the microspheres at 

different hydrothermal reaction temperature is very much evident, as no broken or honeycomblike 

structures are present. Figure 2 (l) shows a portion of bare CF which slightly rough surface, which is 

suitable for the deposition of the Ni-Co-Se alloy. The CFs were filament initially. While making counter 

electrode they have been twisted to make then thin fibre-like structure. The roughness appears due to the 

twisting of the filament. Figure 2 (m) shows the successful anchoring of the alloys on the CF yarn.  

 

 

Figure 3: (a) Bare Ti wire, (b) Ti wire coated with TiO2 NWs, (c) zoomed view of individual NWs 

Figure 3 shows the SEM image of photoanode. Figure 3 a shows bare surface of Ti wire before the NW 

growth. The Ti wire reacts with NaOH to form Na2Ti2O5∙3H2O which after the HCl treatment converts to 

TiO2(H2O)5. The annealing treatment removes the water molecules to eventually yield TiO2 NWs34. From 

Federico Cesano
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Figure 3- b and c, it can be seen that the Ti thread is uniformly covered with TiO2 NWs, which are grown 

and radially oriented and protruding from the Ti wire. TiO2 NWs are 1-4 µm in length and have diameters 

of 100-250nm. It is worthy noticing that the elongated structure of the NWs can facilitate the electron 

transport  

 

Figure 4: Formation mechanism of Ni-Co-Se hollow microspheres. 

The Formation Mechanism for the Ni-Co-Se Hollow Microspheres 

Based on the above observations and studying the previous literature the formation mechanism of Ni-Co-

Se hollow microspheres can be proposed in the following way. Ethylenediamine (EDA) plays a significant 

role in the formation of final desired product (Figure 4). As EDA possesses -NH2 functional groups at 

both ends, it acts as a powerful chelating agent. It forms a stable chelating complexes by forming bonds 

with Ni2+ and Co2+ ions as is also evident from the change of color of the reaction mixture from pale red 

to dark brown35. EDA also plays an important role in determining the surface morphology of the final 

product by controlling the hollow microsphere growth36-37. After forming the chelating complex, it can 

control the release rate of Ni and Co ions from the complex and thus improves the hollow microsphere 

morphology by lowering the Ni-Co-Se powder generation. Sodium selenite acts as the Se source in this 

Federico Cesano
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reaction and gets reduced by Co2+ or EDA to form Se core, which is also evident during the experiment 

as the gray Se powder is produced immediately upon adding sodium selenite in the solution37. The 

bimetallic chelates containing the Ni and Co ions get attached to Se core. A further reaction occurs through 

the mutual diffusion of the Se core and the chelating complex to form Ni-Co-Se particles. Subsequently, 

a bridged structure is formed and through around the Se core with reaction temperature increasing. As a 

result of this process, the Se core disappears and the hollow Ni-Co-Se microspheres are formed. This in 

situ nucleation involves a growth-driven force for the formation of the hollow microspheres38-41. During 

the process, the Se2- in the solution also bonds with the atoms on the growing Se core by van der Waals. 

However, this force is weak compared to the electrostatic attraction between the polar water molecule and 

Se2- ions. As a result, once the Se2- ions bond to the Se core they are pulled back instantly to the solution. 

Hence, the surface of the product Ni-Co-Se hollow microspheres appear rough.  

 

Photovoltaic Characterization 

Federico Cesano
To help the reader, before this paragraph a picture schematizing the structure of the cell could be informative.



 

Figure 5: a) comparison of J-V plot between CF-140, CF-160, CF-180, and CF-200, b) comparison of J-

V plot between CF-180, CF-Pt, and CF, c) a performance analysis of CF-180, CF-Pt, and CF based on 

11 cells using each of the CE.  

Figure 5-a, b represents the photovoltaic performance of the counter electrodes coated with different 

types of hollow microsphere alloys. As the hydrothermal temperature increases both the Jsc and Voc keeps 

increasing and the after 180°C, the performance again drops. The reason can be attributed to the fact that, 

with increased hydrothermal reaction time, the hollow microsphere growth is achieved perfectly, and the 

crystallinity also increases. At lower hydrothermal reaction, the hollow sphere growth is incomplete, 

leading to a lot of hollow sticklike structures. The best performance of the CE has been found for a 



hydrothermal reaction of 180°C. Apart from the successful formation of the hollow microspheres the other 

reason can be attributed to the efficient reduction of the I3
- to I-.  

Table 1: Photovoltaic properties of FDSSC using different CEs. 

CE Jsc, mA/cm2 Voc, Volt Efficiency, % FF 
CF-140 2.83 0.57 1.08 0.67 
CF-160 3.76 0.59 1.41 0.62 
CF-180 3.96 0.63 2.03 0.53 
CF-200 3.39 0.57 1.51 0.8 
CF-Pt 3.68 0.62 1.69 0.74 

CF 2.88 0.6 1.27 0.73 
 

To test the flexibility and photostability of the devices, the performance of the cells after bending under 

severe conditions (180°) 10 times and after illuminating for multiple radiation cycles has been performed 

(Figure 6a,b). In both cases, the devices significantly retain their performance. The reason can be attributed 

to the good adhesion between the hollow microspheres and  the CF, to the increased smoothness and 

properties of the carbon fibers, which are flexible in nature and possess excellent stability against corrosion 

by I3
-/I- electrolyte.  

 

Figure 6: a) comparison of performance after bending 10 times c) comparison of performance after 

irradiating the cell for 10 times.  

 

Conclusion 

Federico Cesano
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In summary, ternary Ni-Co-Se hollow microspheres based on platinum-free electro-catalyst has been 

synthesized and its photovoltaic performance has been evaluated. The shape of such ternary microspheres 

is strongly dependent on the hydrothermal reaction temperature, which plays a critical role to determine 

the crystallinity of the samples. The XRD analysis confirms the successful formation of the desired 

composition. The SEM analysis ensures the morphology of the alloys to be hollow microspheres. When 

compared with CE consisting of CF coated with Pt, and bare CF, a significant increase in the light-to-

current conversion efficiency has been achieved for the nanostructured Ni-Co-Se systems attached on the 

surface of carbon fiber yarn working as counter electrode in a fiber-shaped DSSC. To test the flexibility 

of the device the cells were bent to 180 ° for 10 times and the J-V data were taken, which shows the cells 

retain their performance significantly. Also, the cells retain their performance under multiple times of 

irradiation.  
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