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Abstract

In order to obtain inexpensive Pt-free counter electrode materials for dye-sensitized solar cells and expand the application
fields of low-rank coal, lignite-based Ni/C composite was prepared by low-medium temperature pyrolysis method using
Huolinhe lignite as raw materials. The structure and chemical components of as-synthesized lignite-based Ni/C composite
was characterized by XRD, FT-IR, TG, Raman, SEM, TEM, and XPS, and the electrocatalytic activity of lignite-based Ni/C
composite counter electrode was investigated by cyclic voltammetric curve, electrochemical impedance spectrum, and Tafel
polarization curve. It is found that the electrocatalytic activity of the lignite was improved after low-medium temperature
pyrolysis and composited with Ni species to form lignite-based Ni/C composite, which helps to catalyze the reduction of
electrolyte and thus improve the photoelectric conversion efficiency of the solar cells. The photoelectric conversion efficiency
() of the dye-sensitized solar cells based on the lignite-based Ni/C composite counter electrode was 3.42% (J,, = 11.49 mA
cm™2, Vo = 0.75 V, FF=0.40) significantly higher than that of the lignite counter electrode (7=0.20%, J,. = 3.16 mA cm™2,
Voo = 0.72 'V, FF=0.09). This indicates that low-medium temperature pyrolysis and composition with Ni are an effective
method to improve the photovoltaic performance of lignite-based counter electrode materials.
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1 Introduction

With the development of society and the continuous
improvement of living standards for people, the demand for
energy is growing and the energy crisis is becoming increas-
ingly serious. Therefore, the vigorous development of new
renewable energy is urgent [1]. Solar energy, as an inexhaust-
ible source of energy, has the advantages of non-pollution
and cleanliness, and how to efficiently transfer it to electric
energy using a valid device is a key issue [2]. Recently, dye-
sensitized solar cells (DSSCs) stand out from the crowd of
solar cells due to their simple fabrication process, low cost,
and promising applications. DSSCs are mainly composed of
three main parts: TiO, photoanode, electrolyte solution, and
counter electrode. Counter electrode plays a crucial role in
the reduction of I;~ to I” and the transfer of electron from the
external circuit to the electrolyte [3—5]. Therefore, the pho-
tovoltaic performance of DSSCs could be greatly affected
by its counter electrode materials. Pt is considered to be an
extremely suitable counter electrode material for catalyzing
the triiodide reduction reactions in DSSCs with I,7/I" elec-
trolyte solution [6]. However, the commercialization of
DSSCs devices using Pt as counter electrode is limited due
to the high price and low reserve quantity of Pt. Therefore, to
reduce the cost of DSSCs, it is important to explore effective
and alternative Pt-free counter electrode materials [7—11].
Currently, research has focused on metal alloys [12], transi-
tion metal carbides/nitrides/oxides/sulfides [13—-16], and car-
bonaceous materials [17-20]. Among them, carbonaceous
materials have become a hot research topic due to their high
electrical conductivity, superior oxidation resistance, and
excellent electrochemical stability [21], and more and more
types of carbonaceous counter electrode materials were
synthesized via various carbon sources [22, 23]. As a mem-
ber of the carbon material family, coal has been receiving
increased attention to its efficient and clean utilization [24,
25]. Lignite is a low-rank coal with rich reserves, which has
a high content of oxygen-containing functional groups as
well as a specific network space and pore structure [26, 27].
These excellent properties make it promising for applica-
tions in the field of optoelectronic materials and for the prep-
aration of catalysts [28]. However, lignite and its derivatives
have been neglected for the application in DSSCs as counter
electrode materials because of their insufficient conductivity
and electrocatalytic activity. Therefore, how to enhance the
conductivity and electrocatalytic activity of lignite and its
derivatives is a key point for its application in DSSCs [29].
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In recent years, many strategies were put forward to con-
trol the composition and structure of lignite for its applica-
tions in different fields. For example, Zhu et al. successfully
prepared electrode materials for supercapacitors by pyrolytic
activation using Shengli lignite as raw material, which led
to a significant improvement in its electrochemical perfor-
mance. At current density of 0.2 A g™, it exhibited a spe-
cific capacitance of 449 F g~! [30]. Zhao et al. prepared
coal-based carbon fibers using lignite as raw material by
electrospinning and maintained it at 800 °C under Ar atmos-
phere for 1 h to improve its conductivity and applied it as
electrode materials for supercapacitors. Finally, a specific
capacitance of 230 F g~! was achieved at a current density
of 1 A g! [31]. These literatures indicate that pyrolysis of
coal can change the coal molecular structure and increase
its conductivity. More importantly, it is also found that the
modification of transition metal Ni can improve the elec-
trocatalytic activity of carbon counter electrode materials
for the application of DSSCs [32-34], due to their excellent
availability, good stability, low cost, and variable valence.

Therefore, in this study, lignite-based Ni/C composite
counter electrode materials were prepared by low-medium
temperature pyrolysis method using Huolinhe lignite as the
raw material. The structure and chemical components of
as-synthesized lignite-based Ni/C composite counter elec-
trode materials were characterized by XRD, FT-IR, TG,
Raman, SEM, TEM, and XPS. The electrocatalytic activity
of lignite-based Ni/C composite counter electrode for the
reduction of I;~ to I” were investigated by cyclic voltam-
metric curve, electrochemical impedance spectrum, and
Tafel polarization curve. Finally, the effects of pyrolysis
temperature, pyrolysis time, and Ni mass percentage on the
photoelectric properties of DSSCs were discussed in detail.

2 Experimental sections
2.1 Materials and chemicals

Ni(NO;),-6H,0 (AR) was obtained from Shantou Xilong
Chemical Factory, China; ethyl cellulose (CP), titanium
dioxide nanoparticles (Richter, 25 nm), propylene carbon-
ate (99.7%), anhydrous lithium iodide (99%), and iodine
(99.8%) were purchased from Aladdin Reagent Co., China;
dye N719 was available from Solaronix Co, Switzerland. All
reagents were used directly without further purification. The
lignite used in this experiment is provided by Huolinhe Coal
Mine in Inner Mongolia province of China (average particle
size < 200 mesh) and its proximate and ultimate analysis are
shown in Table 1.
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Table 1 Proxima}te anfl ul.timate Industrial analysis/% Onet. ad! Elemental analysis/%
analysis of Huolinhe lignite KJ g’—l
M, ad Ad Vad F Cad Cad N, ad Had O*ad St, ad
14.81 10.71 36.70 37.78 19.28 35.76 0.70 1.38 61.85 0.31

ad air drying base, d drying base

*Calculated by difference and subtraction method

2.2 Synthesis of lignite-based Ni/C

Lignite-based Ni/C composite was synthesized by low-
medium temperature pyrolysis method. Firstly, 1.0 g of
Huolinhe lignite (UC) was weighed and put into an agate
mortar, and then 0.0779 g of nickel nitrate hexahydrate
was added. After evenly ground, the object was put into
a porcelain boat pushed to the central position of a quartz
tube to ensure that the material was evenly heated. With
the assistance of a vacuum pump, the vacuum was drawn
to — 0.1 MPa and filled with N, to atmospheric pressure, the
vacuum process was repeated twice to ensure that there was
no air in the quartz tube. After that, the pyrolysis temperature
was increased from 20 to 700 °C at a rate of 10 °C min~! and
kept at 700 °C for 1 h. The lignite-based Ni/C composite was
obtained after cooled down to room temperature and labeled
as Ni/C. For comparison, the pyrolyzed lignite material was
also prepared by the same method and labeled as HC.

2.3 Counter electrode preparation

The Ni/C counter electrode was prepared as follows: 0.5 mg
of lignite-based Ni/C composite was weighed, added into
1.0 mL of anhydrous ethanol, and ground into a paste, then
4 drops of 5% Nafion solution were added and continuously
ground to mixed thoroughly. Then drip 10 pL of this mixture
onto FTO conductive glass with a microinjector to form a
1 x 1 cm? film and dried in an oven at 80 °C for 30 min to
obtain lignite-based Ni/C composite counter electrode. As
a comparison, the UC and HC counter electrodes were also
prepared by the same method, while Pt counter electrode
was prepared by screen-printing method using H,PtCl
paste.

2.4 Fabrication of DSSCs

The TiO, photoanode with an effective area of 0.16 cm? was
prepared by screen-printing method. The preparation process
was as follows: firstly, 0.18 g TiO, nanoparticle, 0.09 g ethyl
cellulose, and 0.73 g terpineol were weighed into a 10 mL
vial, and an appropriate amount of ethanol was added and
stirring for about 1 week to form a paste suitable for screen
printing. The screen-printing process was repeated 6 times
to form a film of 8-12 um. Thereafter, it was calcined in
a muffle furnace at 500°C for 30 min. Then, the obtained

TiO, photoanode film was placed in 3 mol L™! dye N719
solution overnight to obtain dye-sensitized TiO, photoan-
ode. A mixture of 0.5 M Lil, 0.1 M 4-tert-butylpyridine,
and 0.05 M I, and acetonitrile-propenyl carbonate was used
as the electrolyte, and the electrolyte was dropped to fulfill
the space on the septum between the dye-sensitized TiO,
photoanode and the counter electrode, all of which were
assembled into DSSCs with a sandwich-like structure by
holding with a clamp.

2.5 Materials characterization

An X-ray powder diffractometer (XRD, D8-Advance,
Bruker) with a radiation source of Cu-Ka, an operating
voltage of 40 kV, and a current of 40 mA was used to carry
out phase analysis. The surface morphology and structure
of the Ni/C composite was observed by scanning electron
microscopy (SEM, Hitachi, S-4800) and high-resolution
transmission electron microscope (HR-TEM, Tecnai G2 F30
S-TWIN, FEI, America). X-ray photoelectron spectroscopy
(XPS, Thermo VG, ESCALAB250) with a radiation of
Al-Ka was used to carried out elemental composition and
chemical states. Fourier transform infrared spectroscopy
(FT-IR, Nicolet iS5) was used to determine the functional
groups contained in Ni/C composite. Thermogravimetric
analyzer (TG, LINSEIS STA PT 1600) was used to
determine the thermal stability of Ni/C composite.

2.6 Electrochemical measurements

The electrochemical workstation system (CHI 760E, Chen-
hua, Shanghai) was used to carry out the electrochemical
and photovoltaic properties. Cyclic voltammetry (CV) was
performed in a three-electrode system with an Ag/AgCl
electrode as the reference electrode, a Pt sheet as the auxil-
iary electrode, the prepared counter electrode as the work-
ing electrode, and an acetonitrile solution of 0.01 M Lil,
0.001 M I, and 0.1 M LiClO, as the electrolyte. Electro-
chemical impedance spectroscopy (EIS) was measured by
assembling two identical CEs into a symmetric cell with a
frequency range of 0.1 Hz to 100 kHz, a voltage amplitude
of 10 mV, and zero bias potential. Tafel polarization curves
(Tafel) were likewise obtained by assembling two identical
electrodes into a symmetric cell at a scan rate of 10 mV
s~!. Photocurrent density-voltage measurements (J—V) were
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performed under an illumination of 100 mW c¢cm™2 provided
by a solar simulator (AM 1.5 G). Besides, the incident pho-
ton-to-current conversion efficiency (IPCE) was measured
on a Newport EQE/IPCE spectral response system.

3 Results and discussion
3.1 Morphology and structure

The XRD patterns of the lignite-based Ni/C composite was
shown in Fig. l1a. For comparison, the XRD patterns of UC
as well as HC were also plotted in the Fig. 1a. From the
XRD patterns of UC, it can be seen that a broaden peak cor-
responding to the (002) crystal plane of graphite type carbon
materials appears at 20 angle of 25.9°, and diffraction peaks
of SiO, species originating from the components contained
in the lignite itself were found at 20 angles of 20.8°, 26.6°,
50.6°, 59.9°, and 68.2°, respectively. After pyrolysis to form
HC, diffraction peaks were found at the same positions as
UG, indicating that pyrolysis did not change the phase com-
ponents and carbon materials frameworks of UC. For Ni/C
composite, besides the above peaks, some stronger diffrac-
tion peaks were also observed at 20 angles of 44.5°, 51.8°,
and 76.4°, consisting with standard card PDF#87-0712 and
corresponding to the (111), (200), and (220) crystallographic
planes of Ni, respectively. This indicates that Ni rather than
NiO is present in the Ni/C composite. Although NiO should

be formed by the direct decomposition of Ni (NO;),-6H,0,
the decomposed NiO species are further reduced by elemen-
tal C to form Ni monomers. Therefore, obvious diffraction
peaks of NiO species were not found in the Ni/C composite
and the Ni species mainly exist in the form of Ni monomers.

In order to investigate the changes of functional groups
in the material, FT-IR was carried out. As seen in Fig. 1b,
the functional groups located at 465 cm™!, 798 cm™!, and
912 cm™! in UC were associated with O-Si-O and Si—-O-M
(metal ions), indicating the presence of quartz or inorganic
silicate type substances in the material [35]. The peaks
located at 600 and 875 cm™' disappear for HC compared
to UC, probably because some —O—M bonds were broken
during the low-medium temperature pyrolysis. For Ni/C
composite, the functional groups located at 600 and 875
cm™! appeared again due to the introduction of ~O-Ni after
Ni decoration. The functional group at 537 cm™! was asso-
ciated with the stretching vibrations of —S—S— and —S-H,
and the stretching vibrations of the S=0 functional group at
1037 cm™! were also detected [36]. The broadening of the
sulfur-containing absorption peaks of HC and Ni/C indi-
cated that the sulfur-containing functional groups are lost as
sulfur dioxide during the low-medium temperature pyroly-
sis. The functional group located at 1087 cm™' was a C-H
deformation vibration on the aromatic ring [37]. The func-
tional groups located in the 1168—1612 cm™' region were
associated with C=0 and C-O stretching vibrations [38].
The sharp decreased in HC and Ni/C oxygenated functional
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groups in this region was mainly attributed to the loss of car-
bon dioxide and water during the low-medium temperature
pyrolysis and also indicated an increase in graphitization.
The functional groups at 2856 and 2924 cm™! were associ-
ated with asymmetric -CH,— and —CHj stretching vibrations
in the lignite [39]. In HC and Ni/C composite, the peak at
this position almost disappeared, indicating that -CH,— and
—CH,; were broken during the process of low-medium tem-
perature pyrolysis. The functional group at the peak of 3423
cm™! was associated with the stretching vibration of —OH in
the carboxyl group. It can be seen from the Fig. 1b that the
absorption peak of UC at 3423 cm™! is the largest, indicat-
ing that the UC has the most -COOH. The HC has a broader
and less intense -COOH peak compared to UC, indicating
that the medium-low temperature pyrolysis can cause some
of the -COOH to be lost as carbon dioxide and water. Com-
pared to HC, the -COOH peak of Ni/C composite was also
wider and weaker, which is mainly due to the chemical reac-
tion with -COOH after the addition of nickel nitrate hexa-
hydrate, as well as the effect of low-medium temperature
pyrolysis. The functional groups located at 3623 and 3969
cm~! could be attributed to the free —OH vibrations in UC
[40], which disappeared for HC and Ni/C composite.

In order to monitor the pyrolysis processes of Ni/C com-
posite, TG tests were carried out for the raw materials of UC,
Ni(NO;),-6H,0 and Ni/C (namely coal, Ni(NO;),-6H,0,
and coal + Ni(NO;),-6H,0). Figure 1c shows that the TG
curves of UC, Ni(NO;),-6H,0 and Ni/C composite raw
materials measured under N, atmosphere. For the UC, the
weight decreased by about 8% when the calcination tem-
perature increased to 130°C, corresponding to the loss of
H,0. When the temperature increased from 130 to 474 °C,
small organic molecules and aliphatic aromatic hydrocarbon
molecules in the materials transformed into water vapor and
carbon dioxide, and volatilized in the nitrogen atmosphere
with a weight loss of about 24%, which is closely related to
the disappearance of peaks located at 1037-1612, 2856, and
2924 cm™! in the FT-IR test. The total weight loss of UC was
about 41% from room temperature to 800°C. For the Ni/C
composite, the TG curve was very similar to that of UC.
However, a different decreasing trend from UC was observed
at the beginning of the curve before 100°C, by comparing
with the TG curves of Ni(NO;),-6H,0 it is confirmed that
this phenomenon was caused by the loss of crystal water
in Ni(NO;),-6H,0. When the temperature increased to 277
°C, Ni(NO3),-6H,0 is completely transformed into Ni(NO;),
after water loss, which start to pyrolyze to form NiO and
accompanied by a certain amount of nitrogen oxide gas
emission, so there was a certain weight loss. When the tem-
perature increased to 800°C, the total weight of Ni/C com-
posite decreased by about 43%, which was slightly higher

than that of UC due to the addition of Ni(NO;),-6H,0, and
the reduction of NiO to Ni by the C species in the materials.

Figure 1d shows the Raman spectra of UC, HC, and
Ni/C. In all three materials, there are two characteristic
peaks, one is the D-band at 1346 cm™, indicating the peak
of sp>-hybridized defect state C, and the other is the G-band
at 1593 cm™!, indicating the peak of sp>-hybridized graph-
ite C. The defects in the material can be determined by the
magnitude of the I/l value, the larger the Iy/I; value, the
more defects in the material, and therefore, the more active
sites in the material for I;~ reduction to I" [37]. As shown
in Fig. 1d, UC has the smallest I,/I5 value (I/I5 = 0.83).
After low-medium temperature pyrolysis to form HC, the I/
I value becomes larger (Ip/I5 = 0.87), indicating that the
internal structural defects of the material become more and
the catalytic sites increased. Furthermore, The I/ value
of Ni/C increased to 0.90 after simultaneously composited
with Ni. Compared to HC, the slightly larger I/I; value of
the lignite-based Ni/C composite indicated that the lignite-
based Ni/C composite has more defects, which would make
Ni/C composite exhibiting a better electrocatalytic activity
and further enhanced by the positive effect of Ni doping on
the catalytic reduction of I;™ ions.

In order to observe the microscopic morphology of UC,
HC, and Ni/C, SEM for them were carried out and shown
in Fig. 2. It can be seen from Fig. 2a that the UC is loosely
dispersed, which is not compact enough to ensure the con-
ductivity of the material, indicating worse electrocatalytic
activity. However, as shown in Fig. 2b, the HC shows a much
compact structure due to some lignite particles coalesces
together during the pyrolysis process, and there were still
a lot of voids between the compact structures, which are
sufficient to ensure electrolyte penetration and efficient elec-
tron transfer and resulted in increased electrocatalytic activ-
ity. The morphology of the Ni/C composite formed after
Ni doping was shown in Fig. 2c—e, respectively. It is found
that some small Ni particles are decorated on the surface of
lignite, indicating the successfully modified with Ni parti-
cles during the pyrolysis process. Therefore, the increased
active sites due to Ni decoration and the good conductivity
after low-medium temperature pyrolysis ensured the charge
transfer and the occurrence of the triiodide/iodide redox
reaction, which indicated the high electrocatalytic activity
of lignite-based Ni/C composite. To better prove the success-
ful synthesis of Ni/C composites, EDS tests were performed
on Fig. 2e, and the results are shown in Fig. 2f (carbon), g
(oxygen), and h (nickel). It can be seen from Fig. 2f and g
that the carbon and oxygen elements are evenly distributed.
Although the distribution of nickel elements is not uniform
due to the non-uniform distribution of oxygen-containing
functional groups in coal, it again proves that the Ni/C com-
posite was successfully synthesized. The EDS results show
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Fig.2 SEM images of a UC, b HC, c—e Ni/C; EDS elemental mappings of f carbon g oxygen h nickel for Ni/C

that the atomic concentrations of carbon, oxygen, and nickel
in the Ni/C material are 91.4, 7.72, and 0.14%, respectively.

Although the atomic concentration ratio of oxygen
to nickel is above 1:1, it still did not indicate that the Ni
species existed as NiO, but metallic Ni monomers in Ni/C
composite. The higher oxygen atomic concentration was
partly caused by the formation of some hetero-metal oxide
together with very small amount of nickel oxides and some
residuals oxygen-containing group or adsorbed oxygen,
which was confirmed by the previous XRD test and the same
result was obtained in the subsequent XPS test.

Furthermore, the microscopic morphology and structure
of Ni/C were observed by transmission electron microscope
(TEM). The TEM images of Ni/C composite were shown in
Fig. 3a—c. From Fig. 3a—c, it is observed that the Ni mono-
mers were well attached to the lignite surface, which make
the lignite-based Ni/C composite have a better electrocata-
lytic activity. Furthermore, the high-resolution transmis-
sion electron microscope (HR-TEM) was performed on the
selected local area in Fig. 3c. As shown in the HR-TEM
image, a set of lattice fringes was observed. The calculated
lattice spacing of the fringes was 2.035 nm, corresponding
to the (111) crystal plane of Ni monomer and consisting with
the XRD results. The results of HR-TEM further confirmed
that the Ni species was mainly existed as Ni monomers in
Ni/C composite.

To further demonstrate the successful synthesis of lignite-
based Ni/C composites and investigate the elemental com-
position and their chemical state, XPS tests were performed,
and the results were shown in Fig. 4. From the results in
Fig. 4a, it can be seen that C 1s and O 1s peaks were present
near the binding energy of 284.50 eV and 532.26 eV for both
UC, HC and Ni/C composites. In addition, the Ni 2p peak
was found at 854.44 eV for the Ni/C composite. To further
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Fig.3 a—c TEM images of Ni/C, d HR-TEM image of the framed
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investigate the effect of low-medium temperature pyrolysis
and modification of Ni on the carbon structure of UC, the
high resolution C 1s spectra of UC was given in Fig. 4b,
and for comparison, the high resolution C 1s spectra of HC
and Ni/C composite was also plotted in Fig. 4b. The results
showed that three carbon structures existed in all materi-
als, namely C—C/C=C located around 284 eV, C-O located
around 285 eV, and C=0 located around 288 eV [41]. The
peak positions were almost unchanged after low-medium
temperature pyrolysis and Ni modification, indicating that
the oxygen-containing group was not completely destroyed
after low-medium temperature pyrolysis and Ni modifica-
tion, which was consistent with the FT-IR and EDS analysis.
Figure 4c shows the high-resolution fitting spectra of O 1s
fits for UC, HC, and Ni/C composites. Vacant oxygen (0>,
530.9 eV), free oxygen (07, 532.2 V), and adsorbed oxygen
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(0,, 533.12 eV) are present in each material [42]. From the
Fig. 4c, it is found that the O~ area in the material becomes
larger after the pyrolysis, mainly because there is a small
amount of metal oxide formation in the lignite during the
pyrolysis process, which makes the O*~ content inside the
HC become more. After Ni modification, the 0%~ of the
material continued to increase, mainly due to the decom-
position of nickel nitrate to produce Ni oxides. Although
most of them were reduced to Ni monomers by C, a small
amount of Ni,O;was also attached to the Ni surface (the
amount of Ni,05 too little to be detected by XRD, but visible
in the Ni 2p high-resolution). So, after the modification of
Ni, the content of O~ continues to increase, as evidenced
by the Ni** in the Ni 2p high-resolution image in Fig. 4d.
Figure 4d showed the high-resolution fit of Ni 2p in the Ni/C
composite. It can be seen from the Fig. 4d that two satellite
peaks appear at 864.9 eV and 881.92 eV, and the peaks cor-
responding to Ni 2p,, and Ni 2p,,, were located at binding
energies of 855.35 eV and 873.1 eV, respectively. In addi-
tion, Ni® peaks were found at binding energies of 854.22 eV
and 872.74 eV, indicating the presence of Ni monomer in
the lignite-based Ni/C composite.

Finally, Ni/C composite counter electrodes were prepared
by drop-coating method and the corresponding TiO, pho-
toanodes were also prepared by a screen-printing method.

Since the surface morphologies and thickness of both coun-
ter electrode and working electrode play an important role
in the performance of DSSCs, they were carefully investi-
gated by SEM, and shown in Fig. 5. Figure 5a—c is the top
view SEM images of UC, HC, and Ni/C counter electrodes,
respectively. It is clearly seen from Fig. Sa—c that the mate-
rials coated on FTO class does not exhibit a compact film
structure due to the uneven particle size. Hence, there is
negative effect on the performance of DSSCs. However, it is
seen that there are some Ni particles on the material of Ni/C
counter electrode in Fig. Sc, which contribute to the conduc-
tivity and electrocatalytic activity of the Ni/C counter elec-
trode, thereby contributing to the improvement of photovol-
taic performance of DSSCs. From the top view SEM images
of TiO, photoanode (Fig. 5d), it can be seen that TiO, nano-
particles formed a compact film structure on the surface of
FTO glass. The cross-section SEM images of UC, HC, and
Ni/C counter electrodes (Fig. Se—g) determined the differ-
ence between the lignite with/without pyrolysis and with/
without Ni modification. It is clearly seen that the thickness
(I~40 um) of UC, HC, and Ni/C counter electrodes was not
obviously changed after pyrolysis and Ni modification. From
the cross-section SEM images of TiO, photoanode (Fig. 5h)
it is found that the thickness of the TiO, photoanode coated
on the FTO glass was about 18 um.
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Fig.5 a-c Top view SEM
images of UC, HC and Ni/C
counter electrodes d Top view
SEM images of TiO, photo-
anode e-g Cross-section SEM
images of UC, HC and Ni/C
counter electrodes h Cross-
section SEM images of TiO,
photoanode

100 pm

3.2 Electrocatalytic activity and photovoltaic
properties

3.2.1 Electrochemical impedance spectroscopy

In order to evaluate the charge transfer dynamics of the
Ni/C composite, electrochemical impedance spectroscopy
(EIS) was performed using a symmetric cell assembled by
two same counter electrodes with a structure of counter
electrode-electrolyte-counter electrode, and the Nyquist
plots and equivalent circuit of the prepared symmetric cells
are shown in Fig. 6a. It can be seen from Fig. 6a that the
Nyquist plots of each material consists of a semicircle in the
high-frequency region. The intersection of the semicircle
in the high-frequency region with the X-axis is the series
ohmic resistance (R,) between the counter electrode film
and the FTO conductive glass, and the magnitude of R, has
some influence on the conductivity of the counter electrode
[43]. From the enlarged view of the boxed area in Fig. 6a
(the inset of Fig. 6a), it is found that R, (Pt) <R  (Ni/C) <R,
(UC) <R, (HC). During the pyrolysis process, the oxygen
element in the material of UC reacted with carbon element
leading to the reduction of oxygen element content, making
the adhesion of HC to the surface of FTO conductive glass
becoming poor. However, the R, of Ni/C composite after Ni
modification is greatly reduced, indicating that the doping of
Ni can improve the conductivity. The radius of the semicircle
in the high frequency area represented the charge transfer
resistance (R, of the material, which directly reflected the
electrocatalytic activity of the material for the triiodide/
iodide redox reaction [44]. It can be seen from Fig. 6a that
R, (Pt)<R, (Ni/C) <R  (HC) <R (UC). Furthermore, the
R, and R, values for the electrode materials were fitted using
the equivalent circuit shown in the inset of Fig. 6a, and the
results are shown in Table 2. From Table 2, the R values of
the four counter electrode materials (UC, HC, Ni/C, and Pt)
were 27.4 Q, 38.6 Q, 24.1 Q, and 22.8 Q, respectively, and
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their R, values were 728.6 Q, 17.72 Q, 7.28 Q, and 3.45
Q, respectively. The lower R, of Ni/C composites proved
that the materials had better electrocatalytic activity. The
above results indicated that the conductivity of UC was
significantly improved after low-medium temperature
pyrolysis and modification by Ni, which was benefit for
enhancing the photoelectric properties of DSSCs.

3.2.2 Tafel polarization curves

To investigate the electrocatalytic activity of the counter
electrodes, Tafel polarization curves of symmetric cells were
tested. In general, Tafel polarization curve contained three
regions: diffusion region, Tafel region, and polarization region,
and two parameters: exchange current density (J,) and limit
diffusion current density (J};,,) to evaluate the electrocatalytic
activity of the counter electrode [45]. J, is the Y-axis reading
of the intersection of tangent line to the cathode branch in
the Tafel zone and the perpendicular line to the zero potential
[46], and Jj;,, is the intersection of the cathode's branch and
the Y-axis [47]. In addition, J, and J};,, can also be calculated
from the Eqs. (1) and (2).

_RT
0= WFR, @)
2neDCN
Diim = ——— 2

In Eq. (1), n, F, T, and R denote the number of electrons
transferred by the reaction, Faraday's constant, absolute tem-
perature, and gas constant, respectively. In Eq. (2), n, e, D,
C, N,, and [ denote the number of electrons transferred by
the reaction, basic charge, diffusion coefficient of triiodide,
concentration of I;~, Avogadro's constant, and thickness of
the spacer layer, respectively. As can be seen in Fig. 6b, UC
has the smallest J, and J};,,, indicating that it had the worst
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electrocatalytic activity. After low-medium temperature
pyrolysis, its electrocatalytic activity was enhanced due to
the formation of compact internal structure and the existence
of certain interstices and edges in the HC, which helped the
occurrence of the triiodide/iodide redox reaction, and thus

Wavelength (nm)

UC, HC, Ni/C, and Pt counter electrodes were performed at
a scan rate of 10 mV s™! with a three-electrode system. Fig-
ure 6¢ showed the CV curves of different counter electrodes,
and it can be clearly observed that each curve had two pairs
of redox peaks labeled as Ox1:31" — 2e”<>I;7/Red1:1;~ +

Table 2 The photovoltaic

Count Ve V) J (mAcm™ ! (mAcm™2  FF % R, (Q) R (Q
pl’clratme(;ers of different counter e1223 :é os oe (V) e (MACMT) - J, (mA em™) n (%) a @) ()
electrodes

ucC 0.72 3.16 3.04 0.09 0.20+0.01 728.6 27.4

HC 0.72 9.06 8.92 0.33 2.14+0.02 17.7 38.6

Ni/C 0.75 11.49 11.14 0.40 3.42+0.01 7.28 24.1

Pt 0.73 12.56 12.37 0.56 5.10+0.03 3.45 22.8

the electrocatalytic ability was enhanced. After the modifica-
tion with Ni, the electrocatalytic activity of Ni/C composite
is further improved and more closed to Pt counter electrode.
These confirmed that the electrocatalytic activity of UC was
enhanced after low-medium temperature pyrolysis and modi-
fication with Ni.

3.2.3 Cyclic voltammetric curves

To further investigate the electrocatalytic activity of the
counter electrode for the reduction of I;™ to I, CV tests on

2e”<>3I" and Ox2:I;~ — 2e™<>31,/Red2:31, +2e™<>2I;",
where the electrocatalytic activity is mainly influenced
by the first pairs of redox peak [48]. From the first pair of
redox peak, the cathode peak current density (J,,.) and the
peak spacing between Ox1/Redl (E,;,) can be extracted to
evaluate the electrocatalytic activity of counter electrode.
The smaller the Epp and the larger the Jpc, the better the
electrocatalytic activity for reduction of triiodide to iodide
[49]. As shown in Fig. 6¢, the UC counter electrode has
the largest E,, and the smallest /., indicating that the UC
counter electrode has the worst electrocatalytic activity for
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reduction of triiodide to iodide. After the formation of HC  the FF, V., and J,, values of the Ni/C composite counter

by low-medium temperature pyrolysis, E,, decreases and J,.
increases, indicating that the electrocatalytic activity of UC
is enhanced after low-medium temperature pyrolysis. The
Ni/C counter electrode material formed after low-medium
temperature pyrolysis and Ni modification has the largest
JpC and smaller Epp, indicating that the redox reaction rate is
faster on the Ni/C counter electrode, which is more favora-
ble to the occurrence of triiodide/iodide redox reaction, and
thus the photoelectric conversion efficiency of DSSCs was

improved.
3.2.4 J-V Characteristic curves

To investigate the practical application of the lignite-based
Ni/C counter electrode, the photovoltaic performance of
the DSSCs was tested under simulated solar irradiation
(AM 1.5 G, 100 mW cm_z). Table 2 and Fig. 7a show the
photovoltaic parameters of different counter electrodes. It
can be seen that the DSSCs with Ni/C composite counter
electrode exhibited a photovoltaic conversion efficiency
(n=3.42%, V,. =0.75V, J,. = 11.49 mA cm~2, FF=0.40),
which was significantly better than the UC counter electrode
(n=0.20%, J. = 3.16 mA cm™2, V. = 0.72 V, FF=0.09)
and HC counter electrode (n=2.14%, J, = 9.06 mA cm™2,
V.. =0.72 'V, FF=0.33). From the above, it can be seen that

@ Springer

electrode have been improved compared with the UC and
HC counter electrodes. The increasement of FF value is
mainly due to the decrease of the total resistance of DSSCs
based on Ni/C composite counter electrode. The higher V.
is mainly due to the fast electron transport and reduced total
resistance of Ni/C counter electrode. Moreover, the Ni/C
counter electrode has better electrocatalytic activity, which
is beneficial to the reduction of I;~ to I", thus facilitating
full regeneration of dye. More importantly, full regeneration
of dye increases the electron injection efficiency, thereby
increasing the current density of the photo-generated
electrons (J;,;). Note that the J;; is directly related to the V.
through the Eq. (3)

Jini E._.
A P B

o¢ e gekyc, N, e @)

where N, is the density of states in the TiO, conduction
band, J;; is the current density of photogenerated electrons,
q is the number of electrons involved in the charge-transfer
process to the oxidized species of concentration c,, with
transfer rate k. and elementary charge e, K is the molar
gas constant, 7T is the temperature, and E, is the difference
between the TiO, conduction band edge (E,) and the redox
potential of the I;/I” redox coupling electrolyte. According
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to the Eq. (3), under the same conditions, the Ni/C counter
electrode has better J;,; due to its better electrocatalytic
activity. Therefore, the Ni/C counter electrode has higher V.
compared to UC and HC counter electrodes [50]. The higher
J. 1s mainly attributed to the rapid reduction of I;~ by the
counter electrode material due to more I~ would be produced
for dyes regeneration, ensuring efficient light capture and a
higher photoelectrons injection. To confirm this, the IPCE
test were carried out and shown in Fig. 6d. It can be seen
from Fig. 6d that the IPCE value of DSSCs based on Ni/C
counter electrode enhanced significantly. By comparing
these DSSCs devices, it is found that all the component
are the same expect the counter electrode. Therefore, the
difference is caused by the different of counter electrode.
Ni/C counter electrode with higher conductivity and
electrocatalytic activity shows enhanced IPCE response due
to its rapid reduction of I;~ and more I~ would be produced
for dyes regeneration, ensuring efficient light capture and
a higher photoelectrons injection. After calculated from
IPCE, the integrated short-circuit current density Jic was
obtained [51], and listed in Table 2. As seen in Table 2,
the J:C value obtained from IPCE test are consistence with
J,. from J-V test. In view of the above electrocatalytic and
electrochemical characterization, due to the increasement
in conductivity and electrocatalytic activity by low-medium
temperature pyrolysis and modification with Ni, it is
suggested that the photoelectric properties of the lignite-
based Ni/C composite counter electrode were improved.
Although the conductivity and adhesion of Ni/C composite
to the FTO conductive glass are not as good as those of Pt,
making the photovoltaic performance of the Ni/C composite
counter electrode was lower than that of the Pt counter
electrode (7=5.10%, J,. = 12.56 mA cm™2, V. = 0.73 V,
FF=0.56), the synthesis of Ni/C composites by a simple
low-medium temperature pyrolysis and Ni modification
method substantially improved the electrochemical
properties of lignite-based counter electrode, thus greatly
improving the photovoltaic performance of DSSCs and
becoming a promising counter electrode material to replace
Ppt.

In order to further investigate the effects of synthesis
condition (pyrolysis temperature and time) and modifica-
tion amount of Ni on the photoelectric properties of lignite-
based Ni/C counter electrode, the photoelectric properties
of DSSCs with different Ni/C counter electrodes were tested
and the results are shown in Fig. 7b—d. From Fig. 7b, it can
be found that the photoelectric properties of lignite-based
Ni/C counter electrode gradually increased with the increase
of pyrolysis temperature. When the pyrolysis temperature
is 400 °C, 500 °C, and 600 °C, the photoelectric conversion
efficiency is low, which is mainly because the temperature
is too low and the internal structure of lignite is not bro-
ken enough to form regular molecular structure, resulting

in poor conductivity. When the temperature rises to 700 C,
the internal structure of lignite tends to be regular, so the
photoelectric conversion efficiency reaches the best. When
the temperature rises to 800°C, the photoelectric conversion
efficiency does not change much, which indicates that the
structure of Ni/C is similar when the pyrolysis temperature
is 700 °C and 800 °C, and the totally pyrolysis is occurred
when the temperature reach to 700 °C, which is consistent
with TG results. As shown in Fig. 7c, with the increase of
pyrolysis time, the photoelectric conversion efficiency of
DSSCs with Ni/C counter electrode increased first and then
tended to be stable when the pyrolysis time was 1, 2, 3, and
4 h, which means that totally pyrolysis is occurred and Ni
has formed a better crystal type during this time range, and
there is no obvious difference on the role of redox reaction.
Finally, the effect results of Ni mass percentage content on
the photoelectric conversion efficiency are shown in Fig. 7d.
It can be seen from Fig. 7d that the photoelectric conversion
efficiency gradually increases with the increasement of Ni
mass percentage content, and reaches to the best when the
Ni content is 6%. Although it is said that the modification
of Ni can improve the electrocatalytic activity of the mate-
rial, it will sacrifice the conductivity of the material, so the
photoelectric conversion efficiency of the lignite-based Ni/C
composite decreases rapidly when the mass percentage con-
tent of Ni is more than 6%.

4 Conclusion

In conclusion, lignite-based Ni/C composite counter
electrode materials were prepared by low-medium
temperature pyrolysis and Ni modification. The low-medium
temperature pyrolysis helps to improve the conductivity
and electrocatalytic activity of lignite materials, which
are further enhanced by Ni modification to form lignite-
based Ni/C counter electrode materials. The photoelectric
conversion efficiency of DSSCs based on Ni/C counter
electrode was 3.42%, which was higher than that of DSSCs
based on UC counter electrode (0.20%) and HC counter
electrode (2.14%). What’s more, the Ni/C composites have
the advantages of simple preparation, low cost, and good
catalytic activity for I;~ reduction, which have great potential
for replace Pt counter electrode in DSSCs. The exploration
of lignite-based Ni/C composite counter electrodes is of
significance to broaden the application of lignite and realize
its efficient and clean utilization.
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