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Abstract: Dye-sensitized solar cells (DSSCs) have attracted
growing interest because of their application in renewable
energy technologies in developing modern low-carbon econo-
mies. However, the commercial application of DSSCs has been
hindered by the high expenses of platinum (Pt) counter
electrodes (CEs). Here we use Pt-free binary Co-Ni alloys
synthesized by a mild hydrothermal strategy as CE materials in
efficient DSSCs. As a result of the rapid charge transfer, good
electrical conduction, and reasonable electrocatalysis, the
power conversion efficiencies of Co-Ni-based DSSCs are
higher than those of Pt-only CEs, and the fabrication expense is
markedly reduced. The DSSCs based on a CoNi s alloy CE
displays an impressive power conversion efficiency of 8.39 %,
fast start-up, multiple start/stop cycling, and good stability
under extended irradiation.

Dye-sensitized solar cells (DSSCs),™! electrochemical
devices that convert solar energy into electricity, are consid-
ered to be one of the promising solutions to energy depletion,
environmental pollution, and ecological destruction because
of their easy fabrication, cost-effectiveness, and relatively
high power conversion efficiency. Although the first proto-
type was described in 1991 by O'Regan and Griitzel,'! DSSCs
have not yet been commercialized, but great achievements
have been made. One of the main problems is the high
expense of the platinum counter electrode (Pt CE), an
electrocatalyst for reducing triiodides (I;7) to iodides (I7). Pt-
free CEs based on carbon and conductive polymer materials
have been developed to overcome this problem.*”! The
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overall power conversion efficiencies of DSSCs with these Pt-
free CEs are generally lower than 7.5 %, which is similar to
that of Pt-based DSSCs. However, such Pt-free CEs have
a common drawback in terms of their long-term operation
because of their unsatisfactory charge-transfer ability.'!!]
One promising solution is the alloying of transition metals
with other metals or nonmetals to generate cost-effective
CEs. Wang and co-workers reported the utilization of metal
selenide CEs in DSSCs,"! with the Co,gsSe and NijgsSe CEs
synthesized by a hydrothermal approach. The proposed metal
selenides exhibited much higher electrocatalytic activity than
Pt for I;” reduction, and generated a promising efficiency of
9.40 % in their DSSC device. More recently, an alloy CE from
the CulnGaSe, alloy was prepared by a magnetron sputtering
technology, which gave a conversion efficiency of 7.13 % in its
DSSC.["Y Moreover, a binary Au-Ag alloy was also employed
as a CE material in DSSC, and demonstrated an efficiency of
7.85%.1 The recent results from our research group
indicated that binary Co-Pt alloy CEs are more efficient
than Pt-Ru electrodes.'*'®1 A promising power conversion
efficiency of 10.23 % was determined using an electrochemi-
cally co-deposited CoPt,, alloy CE.!" Although the research
on alloy CEs is still preliminary, the impressive merits along
with scalable components demonstrate them to be good
candidates in robust DSSCs.

To explore other efficient Pt-free CEs, we synthesized
a new type of binary Co-Ni alloy CE for DSSC application by
a mild hydrothermal reduction strategy. The resultant Co-Ni
alloy CEs display intrinsic electrocatalytic activity toward the
reduction of 1™ ions, a rapid charge-transfer ability, and cost-
effectiveness. These merits demonstrate the Co-Ni alloys to
be potential electrocatalysts in robust DSSCs. A DSSC with
a CoNi,s alloy CE shows a power conversion efficiency as
high as 8.39 %, which is much higher than the 6.96% from
expensive Pt-based DSSCs.

The binary Co-Ni alloy CEs synthesized by a mild hydro-
thermal reduction method were subjected to X-ray diffraction
(XRD) measurements. The XRD results indicate that the as-
prepared CEs consist of Co-Ni alloys with a face-centered
cubic (fcc) structure and FTO glass substrates (Figure 1).'”!
Scanning electron microscopy (SEM) photographs (Fig-
ure 2a—e) suggest a high surface coverage of the Co-Ni
alloy on the FTO substrate. Close examination shows
homogeneous spherical aggregations of approximately
200 nm diameter. The loose structure of the Co-Ni alloys at
Ni dosages lower than 0.33 provides facile channels for the
transportation of I'/I;” species. Lattice fringes are clearly
observed in the HRTEM image of the CoNi,s alloy (Fig-
ure 2 f), which indicates the resultant alloy has high crystal-
linity. The measured spacing between the crystallographic
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Figure 1. XRD patterns of binary Co-Ni alloy CEs. The diffraction peaks
labeled with (*) were attributed to fluorine-doped tin oxide (FTO)
conductive glass.

Figure 2. SEM photographs of a) CoNiy,, b) CoNig s, ) CoNig 3,
d) CoNigso, and €) CoNi alloys supported on a FTO substrate.
f) HRTEM image and g) EDX spectrum of a CoNij,s alloy CE.

planes is 2.1 A for the (111) plane. Moreover, many lattice
distortions (Ad/d) are evident in the crystal lattices. Ad/d can
be obtained from Ad/d = 3/4tg0,!® where § is the line width
at half-maximum height, and 6 is the diffraction angle. The
order of the calculated Ad/d values is: CoNig,s (0.0091) >
CoNigs; (0.0073) > CoNigs, (0.0072) > CoNigyy (0.0059) >

CoNi (0.0033). These results demonstrate that the alloying
of Co and Ni can form defects, which provide large active sites
for I3~ adsorption and reduction. Co and Ni as well as the
elements from the FTO substrate are evident in the energy-
dispersive X-ray (EDX) spectrum (Figure 2g), which indi-
cates that Co and Ni have been successfully deposited on the
FTO glass substrate. The atomic ratios of the Co-Ni alloys
were determined by ICP-AES to be 1.000:0.218 for CoNij,,
1.000:0.241 for CoNiy,s, 1.000:0.337 for CoNij 33, 1.000:0.488
for CoNi 5y, and 1.000:1.013 for CoNi. The recorded atomic
ratios are similar to the stoichiometry, therefore, the chemical
formulas of the binary Co-Ni alloys can be expressed
according to their stoichiometric ratios.'")

XPS analysis was carried out to characterize the chemical
structure and composition of the resultant CoNj,,s alloy. The
peaks for Co2p;, and Ni2p;, are centered at 778.32 and
853.12 eV, respectively, in the case of pure CoNi,,s alloys (see
Figure S1 in the Supporting Information). These binding
energies are attributed to the features of the Co-Ni alloy
phase.'”) Moreover, the peaks corresponding to Ols and
metal oxides or hydroxides are not observed in the resultant
alloy, thus confirming the metallic nature of the as-prepared
CoNiy,;s alloy. This conclusion is consistent with the compo-
sition analysis. It has been noted that the alloying of transition
metals can favor the electronic perturbation of the other
metals,”*?!l and, therefore, accelerate the electrocatalytic
activity of the alloys.

Figure 3a shows the characteristic J-V curves of the
DSSCs based on Co-Ni alloys, Pt, Co, and Ni as the CEs. The
detailed photovoltaic parameters from the J-V curves are
summarized in Table 1. The DSSC with a CoNi,; CE yields
a remarkable 3 =8.39%, J,=18.02mAcm™>, V,.=0.706 V,
and FF=0.66, which are much higher than the photovoltaic
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Figure 3. Characteristic J-V curves of DSSCs with various CEs: a) under
one sun illumination and b) in the dark.

Table 1: Photovoltaic parameters of DSSCs with varied CEs and the
simulated data from EIS spectra.”

CEs 7 [%] V,. V] FF Joc [MACm™? R [Qcm?]
CoNi 1.51 0.530 0.27 10.49 126.5
CoNigs, 269  0.639 048 872 33.9
CoNips; 693 0705 057  17.25 323
CoNiy,s 839 0706 066  18.02 27.2
CoNigy 537 0691 048  16.30 64.5
Pt 6.96 0.715 0.69 1417 33.9
Co 1.27 0.675 0.21 9.14 301.6
Ni 0.54 0.616 0.13 6.62 346.7

[a] V...: open-circuit voltage; J.: short-circuit current density, FF: fill
factor; 77: power conversion efficiency; R: charge-transfer resistance.
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parameters obtained with pure Pt, Co, or Ni. It is noteworthy
that the V., J, and FF values for a DSSC based on a CoNi,s
CE are also higher than those of the DSSC devices with other
alloys. This may be attributed to the fact that the rapid
interconversion between I;~ and I (see Figure S2 in the
Supporting Information) can accelerate the generation of
photoelectrons from dye molecules and, therefore, elevate
the electron flow from the excited dye to the conduction band
of the TiO, and so lead to accumulation of electron density in
the conduction band of TiO,.”? The recorded efficiency from
the CoNiy,s alloy CE is impressive for DSSCs with Pt-free
catalysts.

An electrochemical impedance spectroscopy (EIS)
experiment was carried out on a symmetric dummy cell
fabricated with two identical CEs to confirm the catalytic
activities of the alloys and pure Co or pure Ni; the R, values
are also summarized in Table 1. The Nyquist plots (Figure 4 a)
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Figure 4. a) Nyquist plots and b) Tafel polarization curves for symmet-
ric dummy cells fabricated with two identical CEs. The inset shows the
equivalent circuit.

illustrate that the CoNiy,s CE has R, =27.2 Qcm?, which is
smaller than the others. This result indicates that the
formation of the Co-Ni alloy from Co and Ni has an
accelerating effect on the charge-transfer ability. The rapid
reduction of I;~ to I" is expected to enhance dye recovery and
electron generation. Therefore, photogenerated electrons can
easily flow to the conduction band of TiO, under an increased
potential drop, thus ultimately giving an enhanced J value.
Moreover, the optimal FF value is also easily determined in
a DSSC with a CoNiy,s CE because of the dependence of FF
on R,.1*

Figure 4b displays the Tafel polarization curves measured
on the symmetrical dummy cells used in the EIS experiments.
The slopes of the anodic or cathodic branches are in the
order: CoNig 5 > CoNij 33 > CoNiy 59 > CoNiy 5, > CoNi >
Co>Ni. A larger slope in the anode or cathodic branch
indicates a higher exchange current density (J,) on the CE, as
a result of a high alloy loading and a porous structure. The
J, value can be calculated from J, =R T/n FR,,,** where R is
the gas constant, 7'is the absolute temperature, F is Faraday’s
constant, and R, is charge-transfer resistance obtained from
the EIS plots. The order of the calculated R, values is
CoNiy,5 < CoNij 33 < CoNiy 5y < CoNiy,y < CoNi < Co < Ni,
which is consistent with the result from the EIS analysis.
Additionally, the intersection of the cathodic branch with the
y-axis can be considered as the limiting diffusion current
density (J;,), a parameter that depends on the diffusion
coefficient of I'/I;” redox couples in an electrolyte because of
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a diffusion-controlled mechanism (see Figure S2b in the
Supporting Information). The diffusion coefficient (D,) of
the redox species is proportional to J;;,, > through D, =17,/
2nFC, where [ is the spacer thickness, and C is the
concentration of I~ ions. From Figure 4b, one can find that
both the J;;,, and D, values follow the order of CoNij s (5.30 x
10 cm™2s7!') > CoNij 3 (2.92x1078 em™2s™") > CoNiy s,
(2.85x 107 em™2s™") > CoNig,y (1.34x 10 cm™s™") > CoNi
(129x 10 em™s™") > Co (3.46x 107" em™2s7") > Ni (1.17 x
107 cm~2s™"). Alternatively, the D, value can also be de-
scribed by Randles-Sevcik theory:*! J,.,= Kn'>ACD ",
where J,4 is the peak current density for I;” +2e—31;7, K is
2.69x10°, n is the number of electrons participating in the
reduction reaction, A is the electron area, C represents the
bulk concentration of I;~, and v is the scan rate for the cyclic
voltammetry (CV) curves. The D, value obtained by CV
measurement is in a good agreement with that from Tafel
analysis (see Figure S2a in the Supporting Information).
Figure Sa represents the Bode spectra of symmetric
dummy cells from various CEs. The liftetimes of electrons
parcitipating in the I;” reduction reaction (z;) can be
represented as 7, = 1/2nfp,[27] where f, is the peak frequency
in the Bode spectra. The order of the calculated 7, values for
I;- reduction (Table2) is 77.7us (CoNijys)<89.5 us
(CoNig43) < 178.1 ps (CoNig50) < 195.7 ps (CoNig,) <
313.6 ps (CoNi) < 636.2 ps (Co) < 1317.1 ps (Ni). Considering
that the task of a CE is to collect electrons from an external
circuit and to reduce I;~ to I" ions, 7, therefore, implies the
required time for the I;~ reduction reaction by the CE. The
electrons within the CoNiy,s alloy CE apparently have the
shortest lifetime, which suggests that the CoNi,,s CE has the
highest electrocatalytic activity toward I;~ reduction. The
conclusions for the electrocatalytic activity derived from the
EIS and CV data are consistent. However, the parameter 7, in
DSSC devices indicates the lifetime of electrons in the TiO,
photoanode (Figure 5b). A larger 7, value within TiO,
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Figure 5. Bode phase plots of a) symmetric dummy cells and

b) DSSCs with various CEs. c) Start-stop switches and d) photocurrent
stabilities of the DSSCs with CoNiy s alloy and Pt electrodes. The on-
off plots were achieved by alternately irradiating (100 mWcm™2) and
darkening (0 mWcm™2) the DSSC devices at 0V, whereas the photo-
current stabilities were carried out under a sustained irradiation of
100 mWem™2,
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Table 2: Lifetimes of the electrons in the |, reduction reaction and
transportation in the TiO, photoanode.”

CEs Frequency, [Hz] 7y [us] Frequency, [Hz] 7, [us]
CoNi 507.8 313.6 3143 506.6
CoNigso 894.3 178.1 191.9 829.8
CoNig3; 1778.3 89.5 158.7 1003.4
CoNig s 2048.6 77.7 1313 1212.8
CoNig 50 813.8 195.7 249.0 639.5
Co 250.3 636.2 315.7 504.4
Ni 120.9 13171 1033.5 154.1

[b] Frequency;: the peak frequencies for the symmetric dummy cells; 7;:
lifetime of the electrons in the 15~ reduction reaction; Frequency,: the
second peak frequency for the DSSCs; 7,: lifetime of the electrons in the
photoanodes.

nanocrystallites means that the electrons undergo efficient
transportation along the conducting network by TiO, nano-
crystallites. The highest lifetime of 1212.8 s is recorded from
the DSSC with a CoNiy,s CE, which suggests that the
impressive electrocatalytic activity has an accelerating effect
for dye excitation, electron generation, and therefore electron
flow from the excited dye to the conduction band of the TiO,.
This deduction could be confirmed by the dark J-V character-
istics in Figure 3b, in which the peak current density follows
the order CoNig,s < CoNij 33 < CoNiy sy < CoNiy,y < CoNi <
Co < Ni. The dark current in a DSSC device is attributed to
the recombination of I;~ with electrons in the conduction
band of TiO,. The smallest dark current for a CoNi,s-based
DSSC indicates that the recombination of the I;~ species on
the TiO,/electrolyte interface is retarded and the electron
transportation along conducting channels is more efficient.

CEs are crucial components in solar panels applied as
engines for vehicles. The requirements for a robust solar panel
are fast start-up, multiple start/stop cycling, and stable
photocurrent. Figure 5c¢ shows the start-stop switches of the
cell devices with CoNiy,s and Pt electrodes. An abrupt
increase in the photocurrent density at “light on” means a fast
start-up, whereas no delay in starting the cell demonstrates
the high catalytic activity of the CoNi,,s alloy electrode for I~
reduction. The higher photocurrent density shows the supe-
rior catalysis of the CoNij,s alloy compared to the Pt
electrode. The photocurrent after seven start/stop cycles is
the same as its initial state, which is a requirement for durable
solar engines. To study the stability of the CoNiy,s alloy
electrode under prolonged irradiation, the photocurrent
density of the assembled DSSC was recorded with irradiation
over 4h. No sign of degradation can be detected 4h
(Figure 5d). The photocurrent densities decrease by 1.3%
and 25.2% for the cells with CoNiy,s and Pt electrodes,
respectively. Although the DSSC ist tested for only 4 h, this
preliminary result demonstrates that the stability of a cell
device can be improved by employing a CoNij,s alloy
electrode.

In summary, binary Co-Ni alloys with an fcc cubic
structure have been fabricated by a mild hydrothermal
reduction strategy free of any surfactant or template and
employed as CE materials in DSSCs. It is demonstrated that
the CoNi,,; alloy CE has an optimal charge-transfer ability
and electrocatalytic activity toward I3~ reduction. As a result

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the elevated reaction kinetics with the CoNij,; alloy, the
photogenerated electrons can easily flow to the conduction
band of TiO, with less recombination with I3~ species. The
DSSC with a CoNiy,s alloy CE exhibits an impressive power
conversion efficiency of 8.39% in comparison to 6.96 % for
a device based on a pure Pt CE. The research presented here
is far from being optimized, but these profound advantages
along with low cost, mild synthesis, and scalable materials
promise the Pt-free binary Co-Ni alloy CEs to be strong
candidates in robust DSSCs. Further studies are now in
progress to extend this approach to other Co-Ni alloy CEs
with polymorphs.
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