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In situ synthesis of NiS/Ni3S2 nanorod composite array 

on Ni foil as a FTO-free counter electrode for dye-

sensitized solar cells 

Yongping Liao, Kai Pan*, Qingjiang Pan, Guofeng Wang, Wei Zhou, Honggang Fu* 

NiS/Ni3S2 nanorod composite array that directly grows on 

Ni foil has been used as counter electrode for dye-sensitized 

solar cells, these nickel sulfide nanorods perform excellent 

photo-electrical conversion efficiency when comparing with 

conventionally noble-metal Pt electrode. 

Dye-sensitized solar cells (DSSCs) are one of the most attracted 

photovoltaic devices due to their low-cost, easy fabrication and 

relative high conversion efficiency.1-4 Typical DSSC consists of a 

dye-sensitized semiconductor photoanode, a redox electrolyte, and a 

counter electrode (CE) to collect electrons and catalyze the redox 

couple regeneration. The CEs are conventionally fabricated with 

noble metal Pt, showing excellent performance and stability. 

Obviously, the high cost and the scarcity of this noble metal 

electrode significantly restricts its large-scale manufacture.5 

Therefore, it’s imperative to develop new low-cost counter electrode 

materials with a relatively high conversion efficiency (η) for DSSCs. 

A variety of materials such as carbon-based materials6,7 and 

conducting polymers8 have been used as CEs, and show good 

electrocatalytic activity. Recently, some transition metal oxides9,10, 

nitrides11, carbides12 and sulfides13-17 have also been investigated as 

CEs due to both their preferentially electrocatalytic activity and 

facile fabrication processes. In this respect, nickel sulfide is one of 

the most efficient candidates because of having both high 

conductivity18 and excellent electrocatalytic activity19,20. For 

example, NiS or Ni3S2 CEs have been prepared via solvothermal 

(hydrothermal) method and they are prospective catalysts to 

substitute the Pt CEs21-23. Generally, the Ni atoms, as catalytic active 

sites24, are relatively higher ratio in the Ni3S2 than that of NiS, which 

results in the relatively more catalytic active sites for the I3
- 

reduction, therefore, the DSSCs based on the Ni3S2 shows a higher 

photoelectrical conversion efficiency than that of NiS. However, 

few works about the NiS/Ni3S2 composite nanojunction array for 

DSSCs have been reported. In this work, the NiS/Ni3S2 composite 

array have been directly grown on Ni foil and used as counter 

electrode for DSSCs. And high photoelectrical conversion efficiency 

has been obtained because NiS/Ni3S2 nanorod composite arrays can 

provide many catalytic active sites24 and easier electrons transfer25. 

Here, a facile one-step hydrothermal method was used to prepare 

the NiS/Ni3S2 nanorod composite that directly grows on the Ni foil 

(see details in supporting information). Aqueous hydrazine is used to 

assist the dissolution and reduction of sulfur and coordinate the 
nickel ions by forming the complex [Ni(N

2
H

4
)

3
]2+, which led to the 

formation of NiS/Ni3S2 hybrid form. Without hydrazine, the slower 

dissolution of sulfur powder in water under hydrothermal treatment 

could not provide a sufficient amount of S2-. The coordination 

between hydrazine and nickel ions is thought to be the reason for the 

formation of nanorod composite arrays. In addition, 

cetyltrimethylammonium bromide (CTAB) was introduced as a 

surfactant to control the size and shape of nickel sulfide 

nanostructures grown in the aqueous hydrazine solution.26 For 

comparison, the pure Ni3S2 was also prepared via a similar way, 

where the CTAB and aqueous hydrazine were not added. The NiS on 

Ni foil were also fabricated via the reported method27 and the XRD 

pattern was shown in Fig. S1†.The X-ray diffraction (XRD) peaks of 

the obtained samples without the CTAB and aqueous hydrazine can 

be indexed to the Ni3S2 (JCPDS 44-1418). With the CTAB and 

aqueous hydrazine, the diffraction peaks can be attributed to both 

Ni3S2 and NiS (JCPDS 86-2281) (Fig. 1A). Then, the X-ray 

photoelectron spectroscopy (XPS) was used to further analyze the 

chemical valence of the as-prepared samples. Besides the O KLL, Ni 

LMM, C 1s and O 1s peaks, the S 2s, S 2p, Ni 2s and Ni 3p peaks 

can be observed in both the Ni3S2 and NiS/Ni3S2 samples. And no 

other elemental peaks were observed, indicating that the samples 

were pure (Fig. 1B). Furthermore, the peak of binding energy of Ni 

2p in the NiS/Ni3S2 composite is blue-shifted, compared with that of 

pure Ni3S2 (Fig. 1C). Similar phenomena were observed for that of S 

2p (Fig. 1D). This demonstrates the oxidation state of the Ni and S 

changes, arising from the interaction between NiS and Ni3S2.  

The scanning electron microscope (SEM) was used to study the 

morphology of the as-prepared composites. Without the CTAB and 

aqueous hydrazine, the hierarchical dendritic Ni3S2 with two long 

side branches was formed on Ni foil (Fig. 2A). In contrast, in 

presence of the CTAB and aqueous hydrazine, the NiS/Ni3S2 

nanorod composite arrays can be obtained (Fig. 2B, C). The length 

of NiS/Ni3S2 nanorod composite array is about 4 µm (Fig. 2D). In 

order to further investigate the chemical component of the nanorods, 

the transmission electron microscope (TEM) was used (Fig. 2E). 

Further more, the (211) crystal plane of NiS and (101) crystal plane 

of Ni3S2 can be found in the same nanorod (Fig. 2F). The NiS and 

Ni3S2 are well dispersed in the single nanorod. From these data, it 

can be concluded, to a certain extent, that the NiS/Ni3S2 nanorod 

composite arrays have been prepared.  

Page 1 of 3 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 

Fig. 1 (A) XRD patterns of the Ni3S2 and NiS/Ni3S2 grown on Ni 

foil, (B) XPS of the Ni3S2 and NiS/Ni3S2, (C) XPS of Ni 2p of Ni3S2 

and NiS/Ni3S2, (D) XPS of S 2p of Ni3S2 and NiS/Ni3S2. 

 

Fig. 2 SEM images of (A) dendritic Ni3S2 hierarchical nanostructure, 

(B, C) NiS/Ni3S2 nanorod composite arrays, (D) cross-section of 

NiS/Ni3S2 nanorod arrays, (E) TEM and (F) HRTEM images of the 

NiS/Ni3S2 nanorod composite arrays. 

So, the DSSCs with different CEs were fabricated in this work 

(see details in supporting information). We compared the 

photocurrent density–voltage (J–V) characteristics of devices based 

on three CEs (Fig. 3A). The detailed photovoltaic parameters are 

summarized in Table 1. The DSSCs based on hierarchical Ni3S2 

show the η of 6.23%, much higher η of 7.20% was achieved by the 

use of the NiS/Ni3S2 nanorod composite array in the DSSCs. This 

efficiency is approaching to that of Pt-based DSSCs  (7.56%), and is 

comparable the reported references (Table S1). One can note that the 

DSSCs based on nanorod composite array have the highest fill factor 

(FF), suggesting that the NiS/Ni3S2 nanorod composite arrays have 

the lowest diffusion impedance for the redox species. 

To further evaluate the catalytic activities and electrons transfer of 

the NiS/Ni3S2 nanorod composite arrays, the cyclic voltammetry 

(CV), electrochemical impedance spectroscopy (EIS) and Tafel 

polarization measurements were carried out (Fig. 3B, C, D, 

respectively). Both the CVs of NiS/Ni3S2 composite and Pt CEs 

exhibit two pairs of oxidation and reduction peaks of the I-/I3
- redox 

couple (Fig. 3B). The left pair in the low potential range is assigned 

as eqn (1) and the right pair in the high potential range as eqn (2). 

And the cathodic peak of reaction (1) is the most important peak, 

indicating the reduction of I3
- at the counter electrode with 

electrolyte in DSSCs19. 

I3
- + 2e- ↔ 3I-                                                     (1) 

3I2 + 2e- ↔ 2I3
-                                 (2) 

Apparently, the cathodic and anodic peak current densities of the 

NiS/Ni3S2 CEs are higher than that of Pt CEs, indicating that a faster 

rate for triiodide reduction reaction can be presented, that is, 

NiS/Ni3S2 nanorod composite arrays may have higher catalytic 

activity than Pt. Among all three CEs, the Ni3S2 CEs show the 

poorest catalytic activity. And the NiS/Ni3S2 nanorod array CE 

shows stability after consecutive 20 cyclic voltammograms at a scan 

rate of 25 mV s-1 to some extent (Fig. S2†). 

The Nyquist plots of EIS for the CEs were carried out with a 

symmetric cell consisting of two identical CEs (Fig. 3C). And the 

corresponding parameters are listed in Table 1. According to the 

equivalent circuit, the high frequency intercept on the real axis 

represents the series resistance (Rs). The left semicircle in the middle 

frequency can be attributed to the charge transfer resistance (Rct) and 

the corresponding capacitance (Cµ) at the cathode/electrolyte 

interface. Nernst diffusion impedance (ZN) of the redox couple in the 

electrolyte can be obtained from the low frequency. The Rs values 

for the DSSCs based on both NiS/Ni3S2 nanorod composite array 

and hierarchical Ni3S2 are lower than that of Pt, which is caused by 

the in situ growth of nickle sulfide on Ni foil, then leads to stronger 

adhesion of nickle sulfide on Ni foil than that of Pt on FTO23, this 

allows fast electrons to transfer from nickel sulfides via Ni foil into 

the external circuit. The Rct value of the DSSCs based on NiS/Ni3S2 

nanorod composite array (1.36 Ω) is much lower than that of Ni3S2 

hierarchical nanostructure (85.03 Ω), and is close to that of Pt-based 

cell (0.79 Ω). This result demonstrates that the catalytic activity of 

NiS/Ni3S2 composite array is better than that of Ni3S2 and is 

comparable to that of Pt. The ZN values for NiS/Ni3S2 and Ni3S2 are 

smaller than that of Pt, demonstrating a fast diffusion velocity of the 

redox couple (iodide/triiodide) in the systems. These EIS results are 

consistent with the J-V data.  

To further study the catalytic activity of these electrodes, Tafel 

polarization analysis was performed for the symmetric cells. The 

limiting current density (Jlim) and the exchange current density (J0) 

are related to the catalytic activity of the catalysts28. The Tafel curve 

based on NiS/Ni3S2 nanorod composite array CE shows a larger 

slope than that for Pt and hierarchical Ni3S2 CE, indicating a higher 

J0, a higher J0 means that NiS/Ni3S2 CE has better catalytic activity 

for I3
− reduction. In eqn (3), Rct is the charge-transfer resistance 

obtained from EIS, R is the gas constant and F is Faraday’s constant. 

In addition, the Jlim for NiS/Ni3S2 CE is higher than that for Pt and 

Ni3S2 CE (eqn (4)). In the equation, D is the diffusion coefficient of 

I3
-, l is the spacer thickness, C is the I3

- concentration, NA is 

Avogadro’s constant, and e and n have their usual meanings.  

J0 = RT / nFRct                                    (3) 

Jlim = 2neDCNA / l                                 (4) 

As a comparison, the photoelectrochemical performance of 

DSSCs based on NiS CEs was also investigated (Fig. S3†). It can be 

seen that the η of DSSCs based on NiS CEs is lower than those 

based on hierarchical Ni3S2 and NiS/Ni3S2 nanorod CEs, It is because 

NiS CEs have lower catalytic activity and slower electron transfer. 

The CV, EIS and Tafel test can verify it. 
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In order to further identify that the NiS/Ni3S2 is more beneficial 

for the electron transfer than Ni3S2, the Scanning Kelvin Probe (SKP) 

measurement was taken (Fig. 3E, F). It can be seen that the SKP 

potential of NiS/Ni3S2 is higher than that of Ni3S2. After calculation, 

the work function of NiS/Ni3S2 is 5.18 eV, which is comparable to 

that of Pt (5.65 eV) and is higher than that of Ni3S2 (5.11 eV). The 

work function changes due to the formation of composite array. This 

will result in the increased built-in field, which favor the fast 

photoelectron transfer across the hybrids into the interface of 

NiS/Ni3S2 composite array and I3
-/I- redox shuttle. So, the NiS/Ni3S2 

composite is more favorable for the electron transfer than Ni3S2 and 

shows comparale catalytic activity to Pt (Fig. S4†). Therefore, the 

NiS/Ni3S2 nanorod composite array CE displays high catalytic 

activity, and DSSCs based on it get high η that is comparable to that 

of Pt CE. Considering the higher light reflectance of Pt electrode 

than that of NiS/Ni3S2, the increased light reflectance is of advantage 

to reduce the losses of the light, which could remarkably improve the 

efficiency. Similar phenomenon has been demonstrated in some 

reported works8, 29. In considering its high η and simple synthesized 

method, the NiS/Ni3S2 CE may be an effective alternative to Pt CE 

for DSSCs. 

 
Fig. 3 (A) J–V characteristics of DSSCs with different CEs, (B) 

Cyclic voltammograms for the series of CEs at a scan rate of 25 mV 

s-1, (C) Nyquist plots of different symmetric cells (inset: a fitted 

equivalent circuit), (D) Tafel-polarization curves of the symmetric 

cells, SKP potential images of (E) Ni3S2 CE and  (F) NiS/Ni3S2 CE. 

Table 1. Photovoltaic parameters of DSSCs with different CEs 

DSSCs       Voc /V   Jsc/mA cm-2
    FF    η /%    Rs/Ω    Rct /Ω    Cµ /µF     ZN /Ω 

CNi3S2          0.70       14.13      0.63    6.23    5.26     85.03     12.30      0.65 

CNiS/Ni3S2    0.71       15.33      0.66    7.20    1.54      1.36      12.50      0.36 

CPt               0.74       15.95      0.64    7.56     8.20     0.79       22.60     1.23 

Conclusions 

In summary, the NiS/Ni3S2 nanorod composite array CE has been 

fabricated via a facile hydrothermal method. Its electrocatalytic 

activity was revealed to be the highest among the three CEs. The 

composite CE displays faster electron transport than Pt and Ni3S2 

CEs. Consequently, these allow for the high photoelectrical 

conversion efficiency, approaching to that of Pt-based cell. 

Therefore, the in situ fabricated NiS/Ni3S2 nanorod composite array 

CE may be a good candidate for high efficiency and low-cost 

DSSCs. 
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