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Structural modulation

Reasonably designing of counter electrode (CE) and iodine ion electrolyte is crucial for enhancing the power conver-
sion efficiency (PCE) of dye-sensitized solar cells (DSSCs). Fez0, possesses high conductivity and catalytic activity to
facilitate the electrolyte reduction reaction at the surface of CE. However, the morphology control and active site mod-
ulation of Fe30, based CE are still to be explored. Herein, we propose a facile bottom-top strategy to prepare hierarchi-
cal Fe304 nanostructures with different tunable morphologies, including Fe;04 nanorings (NR), nanosheets (NS) and
nanoflowers (NF). Electrochemical impedance spectroscopy, Tafel polarization, cyclic voltammetry and photocurrent
density-voltage measurements of these samples were carried out, revealing their high performances as CE in DSSCs.
Among them, the Fe;0, NF with mesoporous nanosphere flower structure and high specific surface area is synthesized,
which realized the highest PCE (8.56%), which is also higher than the value of Pt based CE (7.57%). Compared to other
competing materials, Fe30,4 nanostructure based CE shows the outstanding merits of high photovoltaic performance,
easy preparation, low cost and eco-friendliness, offering the possibility to replace conventional Pt based CE in DSSCs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Energy is vital to human survival and social development [1-3,]. How-
ever, the use of non-renewable energy caused serious environmental prob-
lems and excessive greenhouse gas emission [4-6]. Therefore, it is of great
importance to exploit a variety of clean energy sources that can be effectively
harvested for human use without large-scale power plants, such as solar, tidal
and wind power [7-10]. Among them, solar energy is one of the most abun-
dant and sustainable energy in the nature, and can be easily acquired without
the need of transmission medium to meet the human demand for energy
[11-15]. Solar cells are one of the preferred clean energy devices, especially,
Dye-sensitized solar cells (DSSCs) are a class of solar cells with the advantages
of relatively high PCE, easy preparation and low cost [16,17]. The
photoanode of DSSCs responsible for the light absorption is usually composed
of nano-crystalline TiO, layer and dye modified on transparent conductive
glass; the electrolyte of DSSCs is normally I /I3 redox pairs responsible for
the reduction and regeneration of dye molecules [18-20]. The counter

electrode (CE) is responsible for the regeneration of redox pairs in catalytic
electrolytes [21,22], and is also the focus of this study. The catalytic perfor-
mance of CE can greatly influence the fluidity and efficiency of the whole
cell [23]. The acknowledged CE material is precious metal platinum, but plat-
inum is expensive and not suitable for large-scale industrial production [24].
Therefore, the development of high-performance, low-cost, resource-rich CE
materials has attracted much attention. Some previous studies have reported
the use of platinum based alloys with different proportions of other metals
(Mo, Co, Ni, Fe, etc) as CE in DSSCs [25-27]. Although the research on elec-
trode materials has made great progress.

However, these materials still contain a certain amount of Pt, and the
high cost is a key factor that restricts the practical application. It is impor-
tant to develop non-precious metal compound based CE materials with dif-
ferent morphologies and high specific surface areas to the catalytic activity
and interfacial charge transfer properties [28,29].

In this research, we report the synthesis of Fe;0, with different mor-
phologies (Fe304 nanorings (NR), Fe;04 nanosheets (NS) and Fe;O4
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nanoflowers (NF)) by a simple hydrothermal method to serve as high-
performance CE materials for DSSCs. The conductivity and surface active
sites of Fe304 nanostructures are optimized by morphological control to im-
prove electron migration and catalytic activity, thus brining good electro-
chemical performance and high PCE. The J-V curve measurements reveal
that the PCE of DSSCs with Fe;0,4 NF as CE material has been greatly im-
proved (8.56%), which is superior to the performance of DSSCs with
Fe304 NR or Fe30,4 NS as CE materials, and also higher than of DSSCs
with Pt CE (7.84%). It indicates that Fe;O4 NF could serve as a potential
candidate to replace conventional Pt CE in DSSCs and also could be utilized
to adjust electron transfer in many other electrochemical applications.

2. Experimental

All chemicals used in this study were analytical grade and used without
further purification.

Ferric chloride hexahydrate (FeCl3*6H,0), ethylene glycol, polyethyl-
ene glycol (PEG), ethylenediamine (EDA), urea, sodium salicylate were
all purchased from Aladdin Industrial Corporation. Deionized water was
obtained from electrothermal distiller and was used in all experiments.

2.1. Preparation of Fes04 NR and Fe;04 NS

The precursor of Fe304 NR and Fe304 NS was synthesized by a one-step
solvothermal approach, as displayed in Schematic 1 a. Firstly, FeCl3-6H,O
(5 mmol) and polyethylene glycol (PEG) 2000 (0.5 g) were poured in eth-
ylene glycol (40 mL) and stirred evenly. Then, 10 mmol of ethylenediamine
(EDA) were added into the homogeneous mixed solution. After 2 h of vig-
orous stirring, the mixed solution was transferred into a 100 mL Teflon-
lined stainless steel autoclave and heated at 180 °C for 8 h. The yellow pre-
cursor was collected and washed several times with water and absolute eth-
anol, and finally dried in a vacuum oven at 50 °C for 12 h. The as-prepared
precursor was heated at 350 °C for 2 h under nitrogen atmosphere to form
Fe304 NS. Alternatively, the yellow precursor was calcined at 450 °C for 2 h
under nitrogen atmosphere to form Fe;O4 NR.

180 C for 8 h

Ethylene glycol
FeCl;-6H,0
PEG 2000
EDA

(1 )
»D» DD
N ‘ 180 °C for 8 h
ethylene glycol
FeCl;-6H,0

Urea
C,H;NaO;
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2.2. Preparation of Fe;04 NF

Fe30,4 NF was formed through a simple hydrothermal method. The syn-
thesis process is demonstrated in Schematic 1 b. Briefly, ferric chloride
hexahydrate (FeCl3-6H50, 1.6 g) and urea (0.6 g) were slowly poured into
70 mL of ethylene glycol and stirred by magnetic bar. Then, 1.0 g of sodium
salicylate (C;HsNaOs3) was put into the solution, and continuously stirred
for 1 h. Later, the mixture was transferred to a Teflon-lined stainless-steel
autoclave. The autoclave was sealed and maintained at 180 °C for 8 h.
The product was centrifugated and washed with water for four times, and
dried in a vacuum oven at 50 °C for 12 h. The powder was then heated at
500 °C for 2 h in N, atmosphere to form Fe;0, NF.

2.3. Fabrication of counter electrodes

At the beginning, the fluorine-doped tin oxide (FTO) transparent glass
substrates (NSG, 13Qsq ™) were ultrasonically cleaned sequentially in ab-
solute ethyl alcohol and then stored in isopropyl alcohol. The given mate-
rials powders (0.04 g) were used as raw material to prepare CEs. The
given powders composite was ground with poly ethylene glycol powder
(0.01 g) and 1 mL of absolute ethanol with a mortar to form a gelatin micro-
spheres powders. CE coats were prepared by a doctor-blade method on the
FTO glass substrates with subsequent natural drying and annealing at
400 °C for 60 min under a flowing of nitrogen gas environment. After nat-
ural cooling to room temperature, CE was obtained.

2.4. Assembly of DSSCs

A sandwich DSSC device is combined of a dye-sensitized photoanode
TiO,, the as-prepared CEs, and liquid electrolyte. The commercial
photoanodes with an actual area of 0.5*°0.5 cm? TiO, film (Dalian
HeptaChroma Solar Tech Co, Ltd) were dipped in N719 (Dalian
HeptaChroma Solar Tech Co, Ltd) dye solution overnight at room tempera-
ture, then cleaned with ethanol and dried in the air. The liquid electrolyte
was composed of 0.1 M Lil, 0.12 M 12, 1.0 M 1, 2-dimethyl-3-
propylimidazolium iodide and 0.5 M 4-tert-buylpyridine in acetonitrile

Fe,0, NF

Schematic 1. (a) Synthetic routes of Fe;04 NR and Fe304 NS. (b) Synthetic route of Fe304 NF.
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solution. The two electrodes were clipped together with solid paraffin
working as the sealant to prevent the electrolyte solution from leaking.
The actual area of CEs made is 0.5*°0.5 cm?. Due to the actual area of
TiO, anode, the effective area for each cell is 0.5%0.5 cm?. For comparative
purpose, the production process for each cell is the same.

2.5. Characterization and electrochemical measurements

Photocurrent density-voltage (J-V) curves were implemented by a solar
light simulator under an illumination of 100 mW cm ™2, AM 1.5 and using a
digital source meter (Keithley 2410). Cyclic voltammetry (CV) curves were
tested in the range from —0.4 to 1.1 V at a scan rate of 25 mV/s in a
supporting electrolyte consisting of 10 mM LiI, 1 mM I,, and 100 mM
LiClO4 in acetonitrile and carried out in a three-electrode system. Pt thin
film was used as the CE, Ag/AgCl with saturated KCI solution as the refer-
ence electrode and as-prepared materials as the working electrode. In
DSSCs, a symmetrical cell is widely used in EIS and Tafel polarization mea-
surements. Electrochemical impedance spectroscopy (EIS) of symmetrical
cells was verified in a frequency range of 0.1 ~ 10° Hz and at alternating
current voltage amplitude of 10 mV. Tafel polarization measurements
were also achieved in a symmetrical cell and kept quasi stationary condi-
tions with the voltage range — 1 to 1 V at a scan rate of 50 mV/s. EIS
and Tafel measurements were carried out in dark environment.

The surface morphologies of CEs were observed via a field-emission
scanning electron microscope (JSM-6701F, JEOL accelerating voltage of
5 kV), transmission electron microscopy (TEM, JEOL-2010, operating volt-
age of 200 kV). All samples were prepared by depositing a drop of diluted
suspensions in ethanol on a carbon-film-coated copper grid. The crystalline
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structures of Fe;0,4 and Fe;0,@3DRGO powders were recorded via a
Rigaku/Max-3A X-ray diffractometer with Cu Ka radiation (A =
1.54178 A). X-ray photoelectron spectroscopy was conducted using a
Smart Lab 9KW to study the chemical states.

3. Results and discussion
3.1. Composition and morphology analyses

The structural features of Fe30,4 nanostructures were identified by SEM
and TEM images, as shown in Fig. 1. The SEM images in Fig. 1a and b disclose
that Fe304 NR, Fe;04 NS and Fe30,4 NF have different morphological charac-
teristics. we can clearly observe that the surface of Fe304 NF possesses abun-
dant porosity. Moreover, the morphological characteristics of different Fe;04
nanostructures were observed by TEM to analyze their corresponding inter-
nal structures. Fig. 1d shows that Fe;O4 NR possess delicate ring-shape struc-
ture. A large number of pores are clearly found on Fe;04 NR, as shown in the
Fig. 1e. Furthermore, the hierarchical structure of Fe;04 NF was made up by a
lots of thin sheets and porous structures, as clearly presented in Fig. 1c and f.
The high-resolution TEM (HRTEM) image of Fe304 NF is displayed in Fig. 1g,
which also exhibits the good crystalline structure of Fe;0, NF. The XPS spec-
trum of Fe304 NF at Fe 2p region is showed in Fig. 1h. The Fe 2p3/2 peak can
be deconvoluted into two obvious peaks corresponding to Fe** (711.15 eV)
and Fe®* (712.65 eV), respectively. This result indicates the mixed valence
state of Fe species and suggests the formation of Fe;0, phase. The XRD pat-
terns of the as-prepared FesO4 NR, Fe;0,4 NS and Fe;0,4 NF were also studied,
as shown in Fig. 1i. The typical Fe;0, diffraction peaks located in 18.4°, 30.2°,
35.5°,37.1°,43.2°,53.1°,57.1°, 62.8°, and 87.1° can be well assigned to (111),

9.9mm x4.00 17 10.0um

Fe30,NR
Fe304NS
Fe30,NF

730 725

B.E.(eV)

715 710 10 20 30 40 50 60 70 80
26(degree)

Fig. 1. (a-c) SEM images of Fe;04 NR, Fe304 NS and Fe;0,4 NF, respectively. (d-g) TEM images of Fes04 NR, Fe;04 NS and Fe;04 NF, respectively. (h) XPS spectrum of Fe;04

NF. (i) XRD patterns of Fe3O,4 NR, Fe30,4 NS and Fe;O4 NF.
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Fig. 2. (a-c) N, adsorption-desorption isotherms of Fe304 NR, Fe304 NS and Fe;04 NF. (d) The pore size distribution of Fe;04 NR, Fe;0,4 NS and Fe304 NF.

(220), (311), (222), (440), (422), (511) (440) and (642) crystal planes of
Fe30,4, which can be well indexed to JCPDS: 75-0033. It can be concluded

that Fe304 NR, Fe304 NS and Fe;04 NF have been successfully achieved.

The porous structure

can correspondingly increase the specific surface

area and shorten the electron transport path to speed up the electron trans-

port, thus can help to

improve the catalytic performance. Brunauer-
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Fig. 3. (a) Schematic diagram of the three-electrode cell and the I, adsorption, dissociation, and desorption process of Fe304 NF during CV measurement. (b) CV curves of
Fe304 NR, Fe304 NS, Fe;0,4 NF and Pt electrodes for the redox of I~ /I3 species. (¢) Ox1 intensity of all-prepared samples during CV measurement. (d) Red1 intensity of
all-prepared samples during CV measurement. (e) E,, of all-prepared samples during CV measurement.
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Fig. 4. (a) Nyquist plots of DSSCs using Fe;04 NR, Fe304 NS, Fe;0,4 NF and Pt thin film as the CE. (b) Tafel polarization curves of the Fe;04 NR, Fe304 NS, Fe30,4 NF and Pt thin

film.

Emmett-Teller (BET) tests reveal that the Fe;04 NF have a specific surface
area of 128 m*g~?, which is higher than Fe;04 NR (86 m*g~!) and
Fe;04 NS (93 m*g~ 1), as presented in Fig. 2a-c. Meanwhile, the pore size
distributions of Fe;04 NR, Fe304 NS and Fe;0,4 NF were evaluated using
the BJH method, as shown in Fig. 2d. The average pore sizes of these sam-
ples are about 15.98 nm, 6.45 nm and 8.56 nm, respectively. The high spe-
cific surface area can increase the contact area between electrode and
electrolyte interface, provide more active sites and accelerate diffusion ki-
netics, which would be helpful to enhance the electrochemical and photo-
electric conversion performances.

3.2. Electrochemical analyses

Cyclic voltammetry (CV) tests were used to test the catalytic activity of
as-prepared CE materials. The electrochemical cell configuration with a
three-electrode system is presented in Fig. 3a, and the electrolyte is I3 /I~
couple [27-29]. The role of the CE material in the electrolyte cycling reac-
tion is to provide electrons for reducing the oxidized electrolyte and
regenerating dyes effectively [30]. The typical CV redox peaks are shown
in the Fig. 3b. There are two pairs of redox peaks respectively, and the
redox peaks value near the low potential changes are corresponding to
Ox1 and Red1, and also have a greater impact on the photovoltaic perfor-
mance [31,32]. The high peak current densities of the cathode peaks indi-
cate that the electrode has high electrocatalytic activity. The variation
trends of Ox1 and Red1 are clearly presented in Fig. 3c-d, and can be
expressed by the following Egs. (1) and (2):

Iy +2¢ =3I (1)

3l +2e” =215 (2)

The redox peaks in the high frequency region correspond to Ox2 and
Red2. The distance between Ox1 and Red1 is represented as E,. The
smaller value of E,, indicates the higher reduction efficiency of iodine
ions [33]. From Fig. 3e, it can be concluded that the Fe304 NF exhibit the

smallest value of E,, (0.286 V), indicating that the Fe;0,4 NF has good elec-
trochemical properties as CE material. On the whole, the CV shape of Fe304
NF is close to that of Pt, suggesting the remarkable catalytic activity.

Electrochemical impedance spectroscopy (EIS) and Tafel tests were per-
formed by preparing typical sandwich-structure cells (CE/electrolyte/CE),
which further consider the charge transfer process between the electrolyte
and the CE interface [34,35]. The Nyquist plots with the corresponding
equivalent circuits are described in Fig. 4a, and a proper equivalent circuit
model is also shown in the insert. It is very interesting that there are two
semicircles in these EIS spectra. The first half circle is located in the high
frequency region and can be ascribed to the charge transfer resistance
(R.p) [36]. Its range can reflect the capability of redox process at the electro-
lyte/CE interface [37]. The other half circle in low frequency region is cor-
responding to the Nernst diffusion impedance (Zy) of the redox couple
transport in the electrolyte [38,39]. In addition, the high-frequency inter-
cept on the real axis reflects the series resistance (R;) in the Nyquist plot
[40]. The corresponding values for EIS parameters of R and R are summa-
rized in Table 1. We found that the R, value of different CE materials in-
creased in the order of FesO4 NF < Fe3O4 NS < Fe3O4 NR < Pt. The
Fe304 NF exhibited the lowest R, which can reflect that the catalytic activ-
ity of Fe3O4 NF is remarkably higher than the other CE materials. The pos-
sible reason for the significantly reduced impedance of the Fez0, NF could
be attributed to the improved interfacial contact and electrical migration
between the transparent conducting film and the CE resulted from the
large specific surface area of Fe304 NF.

Tafel polarization were measured to further evaluate the catalytic activ-
ity of as-prepared CEs, as displayed in Fig. 4b. The Tafel curves possess
three regions: the polarization area, the Tafel area and the diffusion area
[41]. The catalytic activity of all CEs for I3 reduction can be accessed via
the Tafel and diffusion areas, from which the corresponding exchange cur-
rent density (Jp) and the limiting diffusion current density (Jj;,) can be
attained [42,43]. The J, can be attained by the deduction of the Tafel
curves [44]. The Fe;0,4 NF displays greater slopes than those of Fe;0,4 NS,
Fe304 NR and Pt electrode, indicating the outstanding catalytic activity of
Fe304 NF CE in the electrolyte of DSSCs.

Table 1

Parameters derived from EIS and Tafel curves recorded under the same conditions for DSSCs equipped with Fe;04 NR, Fe;04 NS and Fe304 NF CEs, respectively.
CEs R, (Qcm?) R (Qcm?) IgJo (mA-cm™?2) IgJ}im (MA-cm ~2) Epp (V)
Fe304 NR 8.3 0.78 0.45 1.49 0.39 = 0.01
Fe304 NS 7.9 0.43 0.48 1.55 0.36 + 0.01
Fe;04 NF 7.5 0.14 0.61 1.63 0.27 = 0.01
Pt 8.2 0.16 0.57 1.52 0.32 = 0.01
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3.3. DSSC tests

A schematic diagram of the working principle of the whole DSSC is pre-
sented in Fig. 5a. The DSSCs based on Fe;0,4 CEs with different morphol-
ogies are tested under simulated sun light (AM 1.5 G illumination), and
the density-voltage curves (J-V curves) were assessed [45-47], as shown
in Fig. 5b. The equivalent parameters of J-V curves, including short-
circuit current density (Ji), open-circuit voltage (V,,), fill factor (FF), and
power conversion efficiency (PCE) are listed in Table 2. Besides, the PCE
values of these Fe;0, CE-based DSSCs are proportional to their J;. values.
It is obvious that the Fe304 NF CE based DSSCs show superior performances
compared to those based on Fe;04 NS and Fe;04 NR CEs, attributing to the
improvement of specific surface area as a result of optimized morphology
modulation [48,49]. The DSSCs based on Fe304 NF CEs achieve a high
PCE value of 8.56%, which is greater than those based on Fe;04 NS,
Fe304 NR and Pt CEs, demonstrating the remarkable catalytic activity for
1™ regeneration. These results indicate that the morphology and structure
modulation can greatly enhance the specific surface area to further promote
charge transfer and provide more electro-catalytic active cites [50].

To further assess the photoelectric conversion performances, the IPCE
curves of the DSSCs with as-prepared CEs were also tested, as shown in
Fig. 5c. It is notable that the DSSCs based on Fe;O4 NF CEs possess the
highest photo-response (74%) at the wavelength of ~525 nm, which ex-
ceed the DSSCs based on Fe;04 NR, Fe;04 NS and Pt electrodes. These con-
sequences are in good agreement with the above analyses of EIS, CV, and
Tafel curves, and verify the good PCE performances of Fe304 NR based
CEs. The significantly improved performances should be ascribed to the
higher electrical conductivity and catalytic performance of Fe;04 NR than
those of Fe304 NR and FezO4NS. It indicates that the large surface-to-
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Table 2
Photovoltaic parameters for DSSCs recorded under the same conditions for DSSCs
equipped with Fe;04 NR, Fe;04 NS and Fe;0,4 NF CEs, respectively.

CEs Jsc (mA-em™2) Voc (V) FF (%) PCE (%)
Fe;04 NR 15.5 0.750 62.63 7.28
Fe;04 NS 16.3 0.765 61.59 7.68
Fe;04 NF 16.5 0.755 68.72 8.56
Pt 16.2 0.755 61.88 7.57

volume ratio can efficiently expose more catalytic sites and accelerate the
reversible redox reaction of iodine ions and inhibiting ion coupling, thus
greatly enhanced the photoelectric conversion performances of DSSCs.

4. Conclusions

In summary, we have established a feasible strategy to modulate the
morphology of Fe;0,4 based CEs for optimizing the multi-dimensional elec-
tron transfer behavior in electrolyte, leading to the greatly improved perfor-
mances of DSSCs. This study implies that the essential roles of hierarchical
structure with larger specific surface area can greatly affect the electron mi-
gration and interfacial charge transfer, offering a new approach for the ra-
tional design of novel CE materials in DSSCs.
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