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Ultralong NiSe nanowire anchored on graphene
nanosheets for enhanced electrocatalytic
performance of triiodide reductiont

*

Fengxia Yang, Meirui Mu and Kegiang Zhang

Like their higher-dimensional counterparts, nanowire structures possess desirable features for
electrocatalysis applications. In this study, ultralong NiSe nanowires (of diameters 50-150 nm and length
20 pm) were successfully anchored onto graphene nanosheets (NiSe NW/RGO). The NiSe nanowires
were coated with a thick (~10 nm) disordered surface replete with active sites. Benefiting from the fast
charge-transfer channels and plentiful electroactive sites on the NiSe nanowires, in synergy with the high
electroactive surface and electrical conductivity of the graphene nanosheets, the optimized NiSe NW/
RGO exhibited a remarkably higher electrocatalytic activity than NiSe nanowires and typical Pt counter-
electrodes (CEs). NiSe NW/RGO also exhibited the low charge-transfer resistance of 1.64 Q cm? and
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1. Introduction

Dye-sensitized solar cells (DSSCs) have captured intensive
scientific and technical interest as a potential candidate for
next-generation solar cells.'” Transition metal chalcogens can
potentially replace the typically high-cost platinum (Pt) counter-
electrode (CE) traditionally used in DSSCs, additionally, they
may boost high power conversion efficiency of the cell.>”
Among these compounds, metal selenides have demonstrated
superior electrocatalytic potential owing to their small electro-
negativity and intrinsic catalytic property.*'® Nickel-based
selenides, with their unique electron states and intrinsic
metallic properties, are especially acknowledged as potential
electroactive materials in DSSC."** However, the crystal struc-
ture of nickel selenides naturally forms a spherical nano-
structure, which encourages aggregation and reduces the
number of exposed active sites for the electrocatalytic reaction,
thereby lowering the reaction kinetics.

Active site exposure and fast reaction kinetics are essential
for triggering the electrocatalytic process. For successful
implantation, a high-performance electroactive material must
possess a suitable microstructure and exhibit the correct
physicochemical properties.”>” Pioneering works have sug-
gested that constructing electroactive materials on the network
structures of metals or carbon materials can significantly
reduce the aggregation of electroactive materials while
enhancing their reaction kinetics.'®'* Among various carbon
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delivered a higher power conversion efficiency (PCE = 7.99%) than Pt CEs (PCE = 7.76%).

materials, graphene nanosheets are ideal support that boost the
electrical conductivity and catalytic activity of prospective
catalysts.”> Previously, we also proved that owing to their
mesoporous structure and hollow-hybrid nanostructure, CEs
composed of nickel selenides on graphene remarkably improve
the electrocatalytic performance of DSSCs.>***

Specific synthesis methods can engineer the thermodynamic
and dynamic parameters during nucleation and growth of
nanomaterials, breaking their customary nanostructures and
dimensions. Such tailoring offers some unique advantages in
electrocatalytic application.”**” Using a combined self-regulating
acid etching and topotactic transformation strategy, Zheng et al.
recently prepared vertically stacked ultrathin (1.25 nm thick) two-
dimensional nonlayered nanosheets of nickel selenide.”® Even
more intriguingly, Yu et al synthesized ultrathin one-
dimensional Fe-doped NiSe, nanowires (of diameter 1.7 nm) by
a colloidal technique mediated by a soft template, which
demonstrated efficient electrocatalytic performance.” The
disordered surface layers on the nanowires provided abundant
active sites for the electrocatalytic reaction, and the nanowire
structure enhanced the diffusion of electrolyte molecules. These
features are highly promising for electrocatalysis applications.>**

In this work, we report a rational and facile approach for
anchoring NiSe nanowires (NW) on graphene (RGO). The
resulting structure, designated NiSe NW/RGO, is a highly effi-
cient electroactive material for DSSCs. Its intrinsic properties,
such as unsaturated edge sites, abundant charge-transfer,
numerous electrolyte-transmission channels and high electro-
active surface area, improve the collection, transfer, and utili-
zation of photo-generated electrons. Accordingly, the catalytic
activity of triiodide reduction is much higher on NiSe NW/RGO
than on NiSe NW and Pt. In particular, the power conversion of
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Fig. 1 Schematic diagram of the synthesis process of NiSe nanowire anchored on the surface of graphene nanosheets.

the DSSC device fabricated with the NiSe NW/RGO CE (PCE =
7.99%) exceeded that of a DSCC with a Pt CE (PCE = 7.76%).

2. Experimental section
2.1 Synthesis of NiSe NW/RGO and NiSe NW

Graphene oxide (GO) nanosheets were prepared by a modified
Hummers method.*> The NiSe NW/RGO and NiSe NW were
fabricated by a modified strategy developed by Li et al. and our
group.”*** In detail, as shown in Fig. 1, 0.5 mmol of NiSO, - 7H,0
and 5 mL of GO water suspension (10 mg mL ") were dissolved
in 30 mL of deionized water in a 50 mL Teflon-lined autoclave.
Next, 1.0 g of a chelating agent (ethylenediaminetetraacetic
acid) and 0.1 g of a template (polyvinylpyrrolidone, mol. wt.
40 000) were added to the above solution, along with 1.0 g of
NaOH to maintain the pH at ~14. After one hour of continuous
stirring, a selenium source (1.5 mmol of Na,SeO;-5H,0) was

added to the mixture. Finally, 5 mL of hydrazine hydrate was
added to reduce the Na,SeO; and GO. This mixture was stirred
for 5 minutes, then sealed in the autoclave and heated at 180 °C
for 15 h. After naturally cooling the autoclave to room temper-
ature, the NiSe NW/RGO product was removed, washed with
water and absolute ethanol to remove any impurities, and then
dried at 60 °C. NiSe NW samples were obtained under the same
reaction conditions but without adding GO.

2.2 Characterization of the obtained electrocatalysts

The crystallinity and composition of the samples were charac-
terized by X-ray diffraction (XRD, D/max-2500, Japan Science)
with Cu Ko radiation (1 = 1.54056 A). The sample morphologies
were studied by field-emission scanning electron microscopy
(FE-SEM, Zeiss Merlin Compact) equipped with energy disper-
sive spectroscopy (EDS) mapping for measuring the elements in
the samples. The microstructures of the samples were clarified
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Fig.2 Schematic diagram of NiSe nanowires anchored on graphene nanosheets (a). XRD patterns (b) of NiSe NW, NiSe NW/RGO, GO and RGO.

Crystal structure (c) of hexagonal NiSe (Ni purple, Se blue).
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by high-resolution transmission electron microscopy (HR-TEM,
Tecnai G2 F20) operated at 200 kV (FEI). The chemical compo-
sitions of the samples were then analyzed by X-ray photoelec-
tron spectroscopy (XPS). The obtained materials were applied as
the CEs of DSSCs to characterize their electrocatalytic perfor-
mances. The electrochemical measurements and CE charac-
terizations of the CEs and DSSCs are detailed in the ESL ¥

3. Results and discussion

The schematic diagram of NiSe nanowires anchored on gra-
phene nanosheets is illustrated in Fig. 2a. The crystallite
structures and purity of the resulting NiSe NW, NiSe NW/RGO,
GO and RGO were analyzed by X-ray diffraction (XRD). As shown
in Fig. 2b, the sharp peak at 10.02° in the GO spectrum was
ascribed to water molecules and various oxygen-containing
groups (hydroxyl, epoxy, and carboxyl groups) acquired during
the oxidation process of graphite.**** After further solvothermal
reaction, the GO was reduced to RGO, and the sharp peak of GO
was replaced with the broad peak of RGO at approximately 15-
30°. All diffraction peaks of NiSe NW/RGO and NiSe NW in the
XRD patterns both can be indexed to the nickel selenide (JCPDS
no. 02-0892). The well-defined peaks at 27.9°, 32.8°, 44.4°, 49.9°
and 59.6° corresponded to nickel selenide (100), (101), (102),
(110) and (103), respectively. No characteristic peak of other
phases such as Ni, g5Se or Niz;Se, were observed. The lack of any
obvious RGO peak in the XRD pattern of NiSe NW/RGO was
attributed to the low RGO content in the nanocomposites.
The chemical states and elemental compositions of the NiSe
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photoelectron spectroscopy (XPS). As shown in Fig. 3a, two sets
of typical 2p peaks of the Ni** oxidation state could be observed
at 855.8 (Ni 2ps,,) and 873.6 eV (Ni 2p,,,), with two shakeup
satellites appearing at 861.4 and 880.2 eV.?** The two Se 3d peaks
in Fig. 3b, centered at 54.2 and 55.2 eV respectively, correspond
to Se 3ds/, and 3d3/,, while the peak at 58.8 eV could be assigned
to surface oxidation of the Se species.®” The XPS peaks of Ni 2p
and Se 3d were consistent with the corresponding binding
energies of NiSe, demonstrating the successful synthesis of
NiSe. Fig. 3c and S17 are typical SEM images of NiSe NW/RGO.
The graphene nanosheets wrapped around the surfaces of
numerous NiSe NW formed the favorable nest-like structures of
NiSe NW/RGO. Furthermore, whereas the NiSe NWs were
slightly aggregated in their pure state (Fig. S2t), they were
monodispersed on the NiSe NW/RGO. Their length (approxi-
mately 20 pm) also increased the specific surface area of the
structure. Under higher SEM magnification, the diameter of the
NiSe nanowires was revealed as 50-150 nm (Fig. 3d).

The TEM images (Fig. 4a and S37) confirmed that the NiSe
nanowires were dispersed on the surface of graphene nano-
sheets. Moreover, the HR-TEM image (Fig. 4b) revealed that
NiSe nanowires have an approximately 10 nm-thick disordered
surfaces, which provided plenty of defects favoring the elec-
trocatalytic performance.®® The lattice fringe spacings of
approximately 0.27 and 0.24 nm in the HR-TEM image (Fig. 4c)
were indexed to the (101) and (102) crystal planes of the NiSe
phase, respectively. The EDS elemental mapping (Fig. 4d-f)
reveals that the Ni and Se elements were uniformly distributed
through single nanowires. The EDS profiles indicate the exis-
tence of C, Ni, Se (Fig. 4f). The C peak was contributed by

NW/RGO samples were further investigated by X-ray
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Fig. 3 XPS analysis of the Ni 2p (a) and Se 3d (b) spectra of NiSe NW/RGO. Different magnified SEM images (c and d) of NiSe NW/RGO.
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Fig.4 TEM and HRTEM images (a—c) of NiSe NW/RGO. EDS elemental mapping images (d—f) and corresponding EDS profiles (g) of NiSe NW/
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Fig. 5 Nyquist plots for dummy cells fabricated with NiSe NW/RGO,

NiSe NW and Pt CEs.

graphene, whereas the Ni and Se peaks arose from the NiSe NW
products. The molar ratio of the Ni and Se elements in the EDS
pattern was nearly 1 : 1.

The electron-transport property at the electrode-electrolyte
interface is crucial for evaluating the electrocatalytic perfor-
mance of CE materials. For this purpose, symmetric cells (CE/

electrolyte/CE) was constructed and subjected to electro-
chemical impedance spectroscopy (EIS). Fig. 5 presents the
Nyquist plots of NiSe NW/RGO, NiSe NW and Pt CEs. The series
resistance (Ry), charge-transfer resistance (R.), Nernst diffusion
impedance (Z,) and the corresponding constant phase element
(CPE) can be obtained from the high-frequency to low-frequency
semicircle.***® All EIS spectra were fitted by an equivalent circuit
model using Z-view software (Fig. 5, inset), and the obtained EIS
parameters are shown in Table 1. Ry is inversely related to ohmic
contact and bonding strength between the fluorine-doped tin
oxide substrate and CE film, whereas R.; was negatively corre-
lated with the charge-transfer kinetics of I3~ reduction. The
lower R, of NiSe NW/RGO than NiSe NW and Pt CEs (Table 1)
confirmed that the two-dimensional conductive network of
graphene enhanced the electron shuttle from the external
circuit to NiSe NW.2° The R., of NiSe NW was 2.31 Q cm?, but
that of NiSe NW/RGO (with the NiSe NW grown on graphene)
was only 1.64 Q cm?, lower than that of Pt CE (Re = 1.79 Q cm?).
The small R, of NiSe NW/RGO indicates that the combined NiSe
NW and RGO decreased the electron-transport resistance and
improved the charge-transfer ability at the electrode-electrolyte
interface. Notably, the NiSe NW/RGO achieved lower Z,, and
larger CPE than other CEs, further demonstrating its superior
electrocatalytic performance. These favorable charge transfer
and ion diffusion properties could enhance the reaction

Table 1 Detailed parameters of electrochemical impedance spectroscopy spectra®

CEs R, (Q cm?) Re (Q cm?) Zy (Q cm?) CPE (F) 7 (s)

NiSe NW/RGO 14.29 1.64 1.14 2.90 x 10~* 1.90 x 1073
NiSe NW 15.08 2.31 1.59 5.06 x 107° 4.68 x 1074
Pt 14.46 1.79 1.74 7.03 x 107° 5.05 x 10*

“ Electron lifetime was expressed as © = R, x CPE/S, where § is the area of CEs (0.25 cm?).
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Fig.6 Tafel polarization curves of the symmetrical cells based on NiSe
NW/RGO, NiSe NW and Pt CEs.

1.0

kinetics of triiodide reduction, admitting a larger amount of
charge through the electrode/electrolyte interface.***

The catalytic and diffusion properties of the prepared CEs
were investigated by Tafel polarization (Fig. 6). The specimens
in this experiment were the symmetrical dummy electrodes
used in the EIS experiment. The exchange current density (/o)
can be obtained from the intercepts of the linear fits to the
cathodic and anodic polarization curves (Fig. S5T). Meanwhile,
the limiting diffusion current density (Jjim) can be obtained
from the y-intercept of the cathodic branch.**** The obtained J,
and Jji, values are summarized in Table 1. The NiSe NW/RGO

View Article Online
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yielded a higher J, (0.80 mA cm ) than NiSe NW (0.54 mA
em™?) and Pt (0.69 mA cm™?) CEs, revealing that the intrinsic
electron-transfer ability was higher in NiSe NW/RGO than in the
other CE. Similarly, the Jj;,,, values decreased in the order NiSe
NW/RGO (2.05 mA cm™ %) > Pt (1.84 mA cm™ %) > NiSe NW (1.80
mA cm ™ ?), suggesting the best diffusion property of NiSe NW/
RGO.” In summary, the Tafel polarization measurements
further indicate the superior electrocatalytic property of NiSe
NW/RGO, therefore NiSe NW/RGO is expected to achieve high
photovoltaic performance.

The reaction kinetics and catalytic activities of the as-

prepared CEs materials were determined by cyclic
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Fig. 8 Photocurrent density—voltage curves of devices based on NiSe
NW/RGO, NiSe NW and Pt CEs.
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Table 2 Electrocatalytic parameters derived from Tafel, CV and J-V curves of DSSCs based on different CEs

CEs Jsc (mA em™2) Voc (V) FF (%) PCE (%) Jiim (MA cm™?) Jo (mA cm™?) Epp (mV) Jox1 (MA cm™?)
NiSe NW/RGO 16.45 0.72 67.46 7.99 2.05 0.80 395 2.38
NiSe NW 14.70 0.71 63.91 6.76 1.80 0.54 471 1.32
pt 16.06 0.72 67.11 7.76 1.84 0.69 432 2.28

voltammetry (CV) in a three-electrode system at a scan rate of
25 mV s~ ', Fig. 7 clarifies two typical pairs of prominent redox
peaks (Oxd-1/Red-1 and Oxd-2/Red-2). The negative (left side)
and positive (right side) pairs respectively correspond to eqn (1)
and (2):

I;" +2e o 31 (1)

3 o Iy + 2 )

Besides collecting electrons from external circuit, CEs play
vital roles in the I;” to I reduction. The current intensity of the
cathodic peak (Jox1/Jrea-1) and peak-to-peak separation (Ejp)
between the anodic and cathodic peaks of the negative pair are
well-used indices of the electrocatalytic performance of CEs.
With its expanded catalytic surface area, the graphene increases
the number of efficient transfer channels for electrons and
electrolytes in NiSe NW/RGO. Accordingly, the NiSe NW/RGO
CE achieved a higher current density and faster I;~ reduction
rate than NiSe NW and Pt CEs. These results are consistent with
the Jox1, which decreased in the order NiSe NW/RGO (2.38 mA
em ) > Pt (2.28 mA cm %) > NiSe NW (1.32 mA cm ™ ?). The
enhanced electrocatalytic activity of NiSe nanowire on graphene
was also reflected in the lower Ej, of NiSe NW/RGO than the
other CEs. The E,;, is usually inversely correlated with the typical
electrochemical rate constant of the redox-reaction kinetics,
and is positively correlated with overpotential loss.*® The higher

Joxa and lower Ep, imply that the connection between NiSe
nanowire and graphene not only sufficiently drove ion diffusion
and accelerated electron transfer, but also favored the electro-
catalytic activity toward the I'/I;~ redox reaction, thereby
increasing the photocurrent density and fill factor of the
DSSC.*” Meanwhile, the CV responses (Fig. 7b and c) of NiSe
NW/RGO and NiSe NW at different scan rates ranging from 10
to 75 mV s~' were also measured. Both the peak current
densities and E, of NiSe NW/RGO and NiSe NW increased with
scan rate, as listed in Table S1.f Additionally, the Ox-1/Red-1
peak current densities of NiSe NW/RGO and NiSe NW exhibi-
ted a good linear relationship (Fig. 7d) with the square root of
the scan rate, indicating that their electrocatalytic behavior on
the electrode surface depended on a diffusion-controlled
mechanism.

The photovoltaic performances of the DSSCs installed with
NiSe NW/RGO, NiSe NW and Pt CEs were measured under
simulated sunlight with an intensity of 100 mW cm 2. The
photocurrent-voltage curves of the three CEs are shown in Fig. 8
and S6,t and the corresponding photovoltaic parameters are
summarized in Table 2. The NiSe NW/RGO exhibited a much
higher photovoltaic property than the NiSe NW electrode, as
evidenced by its higher short-current density (Js¢), fill factor (FF)
and power conversion efficiency (PCE). The NiSe NW structure
provided fast charge-transfer channels and numerous electro-
active sites, conferring an intrinsically efficient electrocatalytic
activity. Meanwhile, the RGO support improved the

Fig. 9 Schematic diagram of charge-transfer process and electrocatalytic reaction of NiSe NW/RGO as CE.
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electroactive surface, accelerating the transfer of electrons and
electrolytes, and enhancing the availability of electrocatalytic
active sites. These phenomena explain the superior EIS, CV and
Tafel polarization performances of NiSe NW/RGO.** The
advanced properties of NiSe NW/RGO ensure the excellent
collection, transfer, and utilization of photo-generated elec-
trons in this material, and a high catalytic activity for I3~
reduction. Therefore, the Jsc (16.45 mA cm™ ) and FF (67.46%)
of NiSe NW/RGO exceeded those of the Pt CE (Jsc = 16.06 mA
em™?, PCE = 67.11%). The PCE of DSSC device with NiSe NW/
RGO CE was 7.99%, versus 7.76% in the device with Pt CE

(Fig. 9).

4. Conclusions

Ultralong NiSe nanowires were successfully anchored onto
graphene nanosheets. This specific composite nanostructure
exhibited excellent intrinsic properties, such as unsaturated
edge sites, abundant charge-transfer, numerous electrolyte-
transmission channels, and an improved electroactive surface.
The electrocatalytic performance of NiSe NW/RGO was
systematically characterized by EIS, Tafel polarization, and CV.
The possible electrocatalysis effect of NiSe NW/RGO on triio-
dide reduction was then proposed. DSSC devices based on the
NiSe NW/RGO electrode achieved a power conversion efficiency
of 7.99%, obviously higher than that of single NiSe NW, and
even superior to that of a Pt electrode. It was concluded that the
NiSe nanowire/graphene nanostructures are effective tools for
exploring high-performance electroactive materials in DSSCs.
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