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Abstract: Podlike nitrogen-doped carbon nanotubes encapsu-
lating FeNi alloy nanoparticles (Pod(N)-FeNi) were prepared
by the direct pyrolysis of organometallic precursors. Cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and Tafel polarization measurements revealed their
excellent electrocatalytic activities in the I�/I3

� redox reaction
of dye-sensitized solar cells (DSSCs). This is suggested to arise
from the modification of the surface electronic properties of the
carbon by the encapsulated metal alloy nanoparticles (NPs).
Sequential scanning with EIS and CV further showed the high
electrochemical stability of the Pod(N)-FeNi composite.
DSSCs with Pod(N)-FeNi as the counter electrode (CE)
presented a power conversion efficiency of 8.82 %, which is
superior to that of the control device with sputtered Pt as the
CE. The Pod(N)-FeNi composite thus shows promise as an
environmentally friendly, low-cost, and highly efficient CE
material for DSSCs.

Dye-sensitized solar cells (DSSCs) offer one of the possi-
bilities to address the ever-increasing challenge for clean
energy due to their high efficiency and low-cost fabrication.[1]

Studies on DSSCs have progressed to such a level that
industrial application of DSSCs is currently in its initial
stage.[2] In a DSSC, a counter electrode (CE) with both high
electrical conductivity and excellent electrocatalytic activity is
indispensable for obtaining excellent performance and high
efficiency.[1b] In this regard, Pt is the most useful CE material
with the above-mentioned characteristics, and contributes to

the excellent efficiency of the DSSCs. However, as a noble
metal, Pt is very expensive, which hinders seriously its use in
the large-scale fabrication of DSSCs. Therefore, alternatives
are necessary for the fabrication of low-cost and high-
performance CEs of DSSCs. So far, several kinds of new
materials have been proposed, such as conductive organic
polymers,[3] inorganic oxides,[4] sulfides,[5] selenides,[6] nitri-
des,[4b] carbides,[4b,7] and carbon materials. Among them,
carbon materials are of particular interest due to the very
abundant source, environmentally benign nature, low-cost
fabrication, and good electrochemical catalytic activity.
Carbon black,[8] carbon nanotubes (CNTs),[8b,9] and gra-
phene[9d, 10] have been successfully applied as CEs of DSSCs
in a number of studies. Nevertheless, up to now the
performance of the DSSCs with carbon CEs has not been
satisfactory and is usually inferior to that of DSSCS with Pt as
the CE.[8, 9,10c] Hence, it remains a challenge to seek for
a carbon-based CE material with excellent performance for
the further development of DSSCs.

Recently, we have reported a novel strategy for the in situ
encapsulation of Fe nanoparticles (NPs) within podlike
carbon nanotubes (designated as Pod-Fe) by a direct chemical
synthesis method.[11] The materials obtained displayed excel-
lent catalytic activity for the oxygen reduction reaction
(ORR) and good durability in polymer electrolyte membrane
fuel cells (PEMFCs). Inspired by this, we report herein on the
preparation of podlike N-doped CNTs with encapsulated
FeNi alloy NPs (Pod(N)-FeNi) by the direct pyrolysis of
organometallic precursors and on their application as CEs in
DSSCs. Experimental results demonstrated that the Pod(N)-
FeNi composite showed better catalytic activity towards
reducing I3

� than the sputtered Pt, and the DSSC device made
from the Pod(N)-FeNi CE displayed a power conversion
efficiency (PCE) of 8.82%, outperforming the control device
containing the sputtered Pt CE (8.01% PCE).

Pod(N)-FeNi was prepared using [Ni2Fe(CN)6] as the
precursor by calcinating at 600 8C in an Ar atmosphere. The
sample obtained was treated with 1.0m H2SO4 aqueous
solution to remove the metal residue on the external surface
of the carbon material, resulting in the Pod(N)-FeNi compo-
site. Scanning electron microscopy (SEM) images reveals the
tubular structures of the Pod(N)-FeNi and the presence of
metal NPs at the ends of nanotubes (Figure 1a). X-ray
diffraction (XRD) patterns of the materials show diffraction
peaks located at 2q = 26.4, 43.7, 51.0, and 74.7 8, attributable
to the (002) lattice planes of graphite (JCPDS 41-1487), and
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to the (111), (200), and (220) planes of the FeNi alloy (JCPDS
03-1209) (Figure S1), respectively. X-ray photoelectron spec-
troscopy (XPS) disclosed the presence of nitrogen in the
sample and the metallic nature of the FeNi alloy of the
encapsulated NPs (Figure S2). The presence of Ni and Fe was
further confirmed by energy-dispersive X-ray spectros-
copy (EDS) analysis (Figure 1b). Transmission electron
microscopy (TEM) of the Pod(N)-FeNi showed a well-
defined podlike structure with large metal NPs located at
the ends of the nanotubes (Figure 1c, Figure S3). High-
resolution TEM (HRTEM) images of the large metal NP
presented 0.21 nm lattice fringes, which can be attributed
to the (111) lattice plane of the FeNi alloy (inset of
Figure 1d), in line with the above XRD results. Elemen-
tal mapping of one metal nanoparticle showed a homo-
geneous distribution of both Fe and Ni around the
nanoparticle (Figure 1e), further confirming the alloy
nature of the FeNi NPs in the sample obtained. Besides
the large FeNi NPs, many smaller metal NPs were also
observed in the compartments of the Pod(N)-FeNi by
HRTEM and high-angle annular dark-field (HAADF)
spectroscopy (Figures S4 and S5). These results demon-
strate that podlike graphitic nitrogen-doped carbon
nanotubes encapsulating FeNi alloy NPs were success-
fully prepared. The obtained Pod(N)-FeNi was then
ultrasonically dispersed in isopropanol for 30 min result-
ing in a Pod(N)-FeNi slurry, which was subsequently

sprayed onto fluorine-doped tin oxide (FTO) glass to form
the Pod(N)-FeNi counter electrode of DSSCs for further
study.

To examine the catalytic activities of the Pod(N)-FeNi and
Pt CEs toward the reduction of I3

� in the I�/I3
� redox shuttle

of the DSSCs, cyclic voltammetry (CV) was performed in an
acetonitrile solution containing 10 mm LiI, 1 mm I2, and 0.1m
LiClO4 at a scanning rate of 50 mVs�1. Identical conditions
were used for measurements with the Pt CE for comparison
purposes (Figure 2a). Both electrodes exhibit two typical
pairs of oxidation/reduction peaks (Ox-A/Red-A, Ox-B/Red-
B). The Ox-A/Red-A pair in the CV plots is assigned to the
oxidation and reduction of I�/I3

� , whereas the Ox-B/Red-B
pair to the oxidation and reduction of I3

�/I2. The peak current
and peak separation between the anodic and cathodic peaks
(Epp) are very useful parameters for assessing the catalytic
activity of a CE,[6b] whilst Epp is negatively correlated with
the standard electrochemical rate constant of a redox reac-
tion. The Epp of the Pod(N)-FeNi CE (ca. 60 mV) is
significantly smaller than that of the Pt electrode (140 mV)
and is directly responsible for the fact that the overpotential
loss of the Pod(N)-FeNi CE is lower than that of the Pt CE in
DSSCs. Higher peak current densities and lower Epp values
(Figure 2a) suggest that the Pod(N)-FeNi electrode presents
high catalytic activity in the reduction of I3

� , which is
a paramount prerequisite for an excellent CE in DSSCs.

We have further compared the cyclic voltammograms
recorded at different scanning rates for the Pod(N)-FeNi and
Pt electrodes (shown in Figures S6 and S7) to extract the
relationship between the scanning rates and the peak current
densities of Ox-A/Red-A (Figure 2b). The peak current
densities increased with increasing scanning rates, and
a linear relationship was found between the peak current
densities and the square root of the scanning rates. Such
a linear relationship indicates that the cathodic and anodic
reactions are diffusion limited for the transportation of iodide
species toward the counter electrode in the cells. This is

Figure 1. a) SEM images, b) EDS analysis, c) TEM image, d) HRTEM
image of the Pod (N)-FeNi (inset: HRTEM image of the FeNi alloy
nanoparticle), and e) elemental mapping of the materials (the area in
the box) reveal the homogeneous distribution of Ni and Fe elements
in the metal NPs.

Figure 2. a) Cyclic voltammograms, b) relationship between the peak current
density for the I�/I3

� redox reaction and the square root of scanning rate of
the Pod(N)-FeNi and the sputtered Pt CEs. c) Electrochemical impedance
spectra and d) Tafel polarization curves of symmetrical cells.
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because of the fact that, as the scanning rate increases, the
diffusion layer becomes thinner and the electrochemical
polarization becomes larger, thus leading to a high over-
potential and poor reversibility.[12]

Electrochemical impedance spectroscopy (EIS) repre-
sents the intrinsic interfacial charge transfer and charge
transport kinetics at the electrode/electrolyte interface. We
performed EIS using symmetrical cells consisting of two
identical CEs and investigated the charge transfer process at
the electrode/electrolyte interface. The obtained Nyquist
plots of the two electrodes are presented in Figure 2c. The
high-frequency intercept on the real axis corresponds to series
resistance (RS) of the cell, while the charge transfer resistance
(Rct) at the electrode/electrolyte interface for the I3

� reduc-
tion and the corresponding constant phase angle element
(CPE) can be revealed by the left semicircle in the high-
frequency range. Additionally, the right semicircle in the low-
frequency range reflects the Nernst diffusion impedance (ZN)
of the redox couple transport in the electrolyte. The Nyquist
plots for the two CEs were fitted by the Z-view software with
an equivalent circuit diagram (inset of Figure 2c), producing
the EIS parameters shown in Table S1. The two electrodes
yielded very similar RS values, hence posing a similar
influence on the photovoltaic performance of the respective
devices using the Pod(N)-FeNi and the Pt CEs. The Rct value
of the Pod(N)-FeNi is 0.54 Wcm2, smaller than the value of
0.88 Wcm2 for the Pt CE (Table S1). This indicates that the
Pod(N)-FeNi electrode has higher catalytic activity than the
sputtered Pt electrode in the reduction of I3

� in DSSCs.
Effective reduction of I3

� to I� could promote the dye
regeneration at the photoanode, resulting in an improvement
of photocurrent density (Jsc). Meanwhile, a lower Rct

would lead to lower series resistance, which would
improve the fill factor of solar cells.[10e, 13]

Tafel polarization was employed to further
elucidate the catalytic activity of CEs for DSSCs.
Figure 2d shows Tafel curves of symmetrical cells
based on the Pod(N)-FeNi and Pt CEs, respectively.
Both the anodic and cathodic branches showed
larger slopes for the Pod(N)-FeNi electrode than for
the Pt electrode, suggesting higher exchange current
density (J0) generated from the Pod(N)-FeNi elec-
trode. This is in line with the EIS values in terms of
Equation (1), where R is the gas constant, T is the

J0 ¼
RT

nFRct
ð1Þ

temperature, F is the Faraday constant, n is the
number of electrons involved in the reduction, and
Rct is the charge transfer resistance.

Figure 2d further shows very similar limiting
diffusion current density (Jlim) values for the Pod(N)-
FeNi and Pt electrodes, indicative of very similar
diffusion coefficients in the symmetrical cells
according to Equation (2), where D is the diffusion

D ¼ l
2nFC

Jlim ð2Þ

coefficient, l is the distance between electrodes in a dummy
cell, n is the number of electrons involved in the reduction of
triiodide at the electrode, F is the Faraday constant, and C is
the I3

� concentration.
Taking the above results into consideration, including EIS,

CV, and Tafel polarization, the Pod(N)-FeNi catalyst dis-
played high catalytic activity towards the reducing of I3

� ,
which is even better than that of the sputtered Pt electrode,
which is currently the most frequently used high-performance
CE material in DSSCs.

The electrochemical stability of a CE is an important
parameter affecting the potential application of DSSCs. To
assess the electrochemical stability of the Pod(N)-FeNi as
a CE of DSSCs, two symmetrical cells containing the Pod(N)-
FeNi and sputtered Pt electrodes, respectively, were subjected
to sequential scanning of CVand EIS for 10 cycles. Changes in
Rct were negligible for both CEs after 10 cycles of scanning,
showing the superior electrochemical stability of both elec-
trodes (Figure 3a,c). Moreover, there were almost no changes
in Rs and ZN for the two cells subjected to repeated scanning
cycles, implying that the potential cycling exerts trivial
influence on the series resistance and the mass transport in
the redox electrolyte solution. We also measured sequential
CV for 150 cycles for both of the CEs. The current densities
and the Epp had nearly no change for the Pod(N)-FeNi
electrode (Figure 3b), while for the Pt electrode subjected to
the same scanning, the reduction peak current density
decreased and the Epp increased noticeably (Figure 3 d).
These results demonstrated the excellent stability of the
Pod(N)-FeNi CE, which can be attributed to the fact that the
NiFe alloy NPs were encapsulated within the tubes of the

Figure 3. a,c) Nyquist plots of EIS data for the symmetrical cells with Pod(N)-
FeNi (a) and sputtered Pt electrodes (c). b,d) Sequential cyclic voltammograms
for Pod(N)-FeNi and d sputtered Pt CEs. The cells were first subjected to CV
scanning (from 0 V!1 V!�1 V!0 V at a scanning rate of 100 mVs�1), followed
by 60 s relaxation at 0 V, and then EIS measurement was performed at 0 V from
0.01 Hz to 400 kHz. This sequential electrochemical test was repeated 10 times.
A total of 150 consecutive cyclic voltammograms were recorded for the I�/I3

�

system at a scanning rate of 20 mVs�1 for Pod(N)-FeNi (b) and sputtered Pt (d)
CEs.
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CNT hosts and thus protected from leaching and corrosion
caused by the electrolyte.

The excellent catalytic activity in the I�/I3
� redox reaction

and the high electrochemical stability of the Pod(N)-FeNi
composite make it potentially very suitable to use as a CE for
DSSCs. To directly assess this, DSSC devices were fabricated
using Pod(N)-FeNi and sputtered Pt as CEs (see the
Supporting Information). Figure 4 shows the comparison of

the photocurrent density–voltage (J–V) characteristics of the
two devices, and the corresponding photovoltaic parameters
are summarized in Table 1. The Pod(N)-FeNi-based device
displayed higher open circuit voltage (Voc = 745 mV), larger
short-circuit current (Jsc = 16.2 mAcm�2) and better fill factor

(73.2 %) than the Pt device (Voc = 730 mV, Jsc = 15.8 mA cm�2,
fill factor of 69.6%). Thus a PCE of 8.82 % was achieved for
the Pod(N)-FeNi device, which is superior to the 8.01% PCE
for the Pt-based device. Therefore, all the main photovoltaic
parameters (Voc, Jsc, fill factor) were responsible for the
excellent performance of the Pod(N)-FeNi cell, which appa-
rently arises from the good conductivity of the graphitic
carbon and the excellent catalytic activity of the Pod(N)-FeNi
in the I�/I3

� redox reaction.
Moreover, we have also evaluated the catalytic perfor-

mance of pristine CNTs and podlike CNTs encapsulating iron
(Pod-Fe) as CEs of DSSCs (Figures S8–10). It can be found
that the performance of the devices using CNTs or Pod-Fe as
CEs is significantly inferior to that of the Pod(N)-FeNi-based
cell (Figure 4). Pristine carbon materials usually exhibit

a good electrical conductivity but offer limited catalytic
active sites due to their chemical inertness.[10f] In contrast to
pristine CNTs, the existence of metal nanoparticles within the
CNTs can promote the electron transfer from the metal to the
carbon walls, which can change the electronic structure and
reduce the surface work function of the carbon walls,
consequently enhancing the catalytic activity of the carbon
walls.[11,14] Furthermore, it has been demonstrated that nitro-
gen doping into the carbon network can further promote the
charge transfer and reduce the local work function of the
CNTs,[11, 14a] and can also introduce more electrocatalytic
active cites and enhance hydrophilicity to strengthen electro-
lyte–electrode interaction.[10c,15] Therefore, both the encapsu-
lated FeNi NPs and the doped N atoms in the CNTs exert
a synergistically favorable influence on the CE performance
of the Pod(N)-FeNi in this study. The pristine CNTs show the
lowest performance, while the Pod(N)-FeNi presents the
highest performance of the CEs studied herein.

In summary, podlike N-doped carbon nanotubes encap-
sulating FeNi alloy NPs were prepared by the direct pyrolysis
of [Ni2Fe(CN)6] in an inert atmosphere and exhibited
excellent electrocatalytic performance in the I�/I3

� redox
reaction in DSSCs. The Pod(N)-FeNi catalyst displayed
significantly lower peak separation between the anodic and
cathodic peaks (Epp), lower charge transfer resistance (Rct) at
the interface of the CE/electrolyte, higher exchange current
density, and better electrochemical stability under prolonged
cycling than the sputtered Pt counterpart. Notably, the DSSC
devices consisting of the Pod(N)-FeNi CE displayed a power
conversion efficiency (PCE) of 8.82 %, superior to that of the
control device using sputtered Pt as the CE (PCE = 8.01 %).
These results may pave the way for the further study of
environmentally friendly, stable, economical, and highly
efficient counter electrodes for DSSCs.
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