-

"
A4 00606

http://pubs.acs.org/journal/acsodf

Designing Multifunctional Co and Fe Co-Doped MoS, Nanocube
Electrodes for Dye-Sensitized Solar Cells, Perovskite Solar Cells, and
a Supercapacitor

Chang Xu, Wenlu Yang, Jiaxin Zhao, Jingyuan Ma,* and Mingxing Wu*

Cite This: ACS Omega 2021, 6, 24931-24939 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: In the present study, three types of specific solid, core—
shell, and hollow structured cobalt and iron co-doped MoS, nanocubes
(denoted as s-Co-Fe-MoS,, c-Co-Fe-MoS,, and h-Co-Fe-MoS,) are
controllably synthesized for the first time by regulating the reactant mass
ratios. The prepared Co-Fe-MoS, nanocubes can function as a counter Heesessesseesersenas,
electrode in dye-sensitized and perovskite solar cells (DSCs and PSCs) and
a working electrode in a supercapacitor. In the DSC system, the c-Co-Fe-
MoS, nanocubes exhibit the maximum catalytic activity to the Co>*/>*
redox couple regeneration, and the device achieves a power conversion
efficiency (PCE) of 8.69%, significantly higher than the devices using s-Co-
Fe-MoS, (6.61%) and h-Co-Fe-MoS, (7.63%) counter electrodes. .
Similarly, all of the prepared Co-Fe-MoS, nanocubes show decent activity 0 150300 450 600 750 900
in PSCs and the device using the c-Co-Fe-MoS, counter electrode achieves Voltaseimy

the highest PCE of 6.88%. It is worth noting that, as the supercapacitor

working electrode, the h-Co-Fe-MoS, exhibits a specific capacitance of 85.4 F g~', significantly higher than the parallel values
achieved by the s-Co-Fe-MoS, and c-Co-Fe-MoS, electrodes under identical conditions.
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1. INTRODUCTION working electrode in the supercapacitor.'’ Obviously, the
energy conversion component can be replaced by other
photovoltaic devices, such as the perovskite solar cells (PSCs).
The photoelectric conversion and energy storage efficiency
exhibited by the photocapacitor are closely related to the
shared electrode materials, so the development of highly
effective multifunctional electrode materials has constantly
been the research hotspot for the DSCs, PSCs, and
supercapacitor. "

Specific to the DSCs, the counter electrode acts as a catalyst
for the redox couple regeneration, and Pt is the common
counter electrode material. Though Pt exhibits a high activity
as the counter electrode, the high cost and limited reserves are
the serious obstacles in its commercial applications. Fur-
thermore, Pt can be corroded by the electrolyte that impacts
the PCE and stability of the device simultaneously.'”
Moreover, Pt cannot act as a working electrode in the
supercapacitor. Accordingly, the exploration of low-cost, high-
efficiency, and stable counter electrode materials exhibiting a

Developing clean energy and exploring highly effective energy
conversion and storage materials and devices are critical for
energy crisis and emission reduction as well as sustainable
development.'~* Among various energy conversion and
storage devices, dye-sensitized solar cells (DSCs), a typical
third-generation photovoltaic device, exhibit the merits of a
simple assembly procedure, easy integration into the photo-
electric building, and a high-power conversion efficiency
(PCE) under weak illumination. Thus, DSCs turn out to be
a promising indoor power source.”® To exploit the electric
energy generated by the DSCs conveniently and efficiently, an
auxiliary energy storage device should be employed. A
supercapacitor refers to a potential energy storage device
exhibiting advantages of a high-power density, a fast charge—
discharge rate, and excellent stability.”® As early as 2005, the
Miyasaka group attempted to fabricate a typical device
integrating power conversion and storage, in which DSCs act
as the energy conversion component, and the supercapacitor
serves as the energy storage component.” In other words, the
integrated device can be recognized as a photocapacitor
combining the photoelectric conversion capability exhibited by
DSCs and the energy storage capability exhibited by a
supercapacitor. On the whole, the integrated photocapacitor
comprises three electrodes; a vital shared electrode acts as the
counter electrode in the DSCs, and it also serves as the
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capacitive ability can down-regulate the fabrication cost,
enhance the PCE and stability of DSCs, and satisfy the
requirements of the supercapacitor. Besides Pt, carbon
materials,'® transition metal compounds,14_19 conductive
polymers,”® and alloys’' ™ have been introduced into the
DSCs as the counter electrode. Among the transition metal
compounds, transition metal sulfides were widely employed in
the DSCs as the counter electrode, such as CoS, MoS,, WS,,
PbS, Ag,S, CuS, etc.”*™>” The same as DSCs, exploring a low-
cost and stable counter electrode to replace the common Au
and Ag in PSCs is also a challenging work. The generally used
metal-free counter electrodes are carbon materials, and no
report can be found about the metal sulfide counter electrode
in PSCs.

For the supercapacitor, the extensively used electrode
materials include carbon,”*™*" oxides,”** and polymers.**’
In addition, transition metal sulfides have been introduced as
the supercapacitor electrodes over the past few years. For
instance, transition metal sulfides and molybdenum sulfides
(MoS,, x = 2 or 3) have been intensively investigated as the
electrode materials in energy conversion and storage.’
However, the commercial application of MoS, materials
remains restricted by their intrinsic defects (e.g., insufficient
electrochemical active sites, a pronounced volume variation,
and a relatively low electrical conductivity for energy
conversion and storage devices).”> To tackle down the
mentioned problems, a feasible path is to design specific
nanostructured hollow multiple metal sulfide with a large
surface area and unique structural features that can show great
advantages for electrochemical proprieties.**” Moreover,
heteroatom doping refers to another feasible path to improve
the electrode activity of MoS,.>**” For instance, Wang et al.
exploited transition metal atom (Fe, Co, Ni, and Cu)-doped
MoS, nanofilms. They proved that the exchange current
density of MoS, could be improved by incorporating transition
metal atoms in the hydrogen evolution reaction system.’*

As indicated from the mentioned research, MoS, is expected
to be an efficient electrode in the DSCs and the supercapacitor
devices. In addition, designing ternary or multiple sulfide
compounds and constructing hollow architecture and elec-
tronic structure modulation by the dopants of transition metal
have been proven as effective methods for enhancing the
performance of the sulfide electrodes in both energy
conversion and storage fields. In this study, a novel metal—
organic framework (MOF)-engaged strategy was adopted to
synthesize cobalt and iron-doped MoS, nanocubes via the
reaction between cobalt iron Prussian blue analogue (Co-Fe
PBA) nanocubes and ammonium thiomolybdate through the
solvothermal method. A specific structural evolution process
from solid, core—shell, and hollow nanocubes was observed by
altering the reactant mass ratios. Furthermore, the prepared
solid, core—shell, and hollow structured Co-Fe-MoS, was
introduced in DSCs as the counter electrode and in the
supercapacitor as the working electrode to assess the activity of
the three types of Co-Fe-MoS,. Finally, the Co-Fe-MoS,
samples were also introduced into PSCs as counter electrode
materials for the first time.

2. RESULTS AND DISCUSSION

2.1. Materials Physical Analysis. Figure 1 presents the X-
ray diffraction (XRD) patterns of the three types of Co-Fe-
MoS, samples. The weak peaks at 14.0, 32.9, and 58.7°
indicated the (002), (100) and (110) crystal planes of

4MoS, = CozS; eFeS

s-Co-Fe-MoSy
c-Co-Fe-MoSy
h-Co-Fe-MoSy
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Figure 1. XRD patterns of the prepared Co-Fe-MoS, products (s-Co-
Fe-MoS,, c-Co-Fe-MoS,, and h-Co-Fe-MoS,).

hexagonal MoS, (PDF no. 37-1492), respectively. Obviously,
the MoS, phase exhibited a weak crystallinity, which cannot be
improved by regulating the mass ratios of Co-Fe PBA to
(NH,),MoS,. The specific diffraction peaks located at 26.7,
32.8, and 55.1° belong to the (220, 222, 440) crystal planes of
cubic Co;S, (PDF no. 47-1738), respectively. Furthermore,
the peaks at 30.4 and 52.3° refer to the (004, 213) crystal
planes of hexagonal FeS (PDF no. 37-0477), respectively.
Thus, the prepared Co-Fe-MoS, samples could be considered a
multiple sulfide compound containing MoS,, CosS,, and FeS.
Moreover, a small amount of impurity of elemental sulfur (S)
can be observed evidenced by the peak at around 20.2°. As
proven from the XRD results, Co-Fe PBA nanocubes were
converted into Co-Fe-MoS, after the hydrothermal reaction
with (NH,),MoS, at a mass ratio of 1:1.

To characterize the morphologies of the prepared Co-Fe-
MoS,, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) characterizations were performed.
As illustrated in Figure S1, the Co-Fe PBA precursor exhibited
a regular cube shape with an average side length of 200 nm.
Smooth edges and slight embossments could be observed in
the respective surface of the Co-Fe PBA nanocubes. According
to the SEM and TEM images in Figure 2a and Figure 2b,
respectively, Co-Fe-MoS, maintained the cube shape, while the
solid construction was converted to a core—shell structure. In
the core—shell Co-Fe-MoS, structured nanocubes (c-Co-Fe-
MoS,), the side length of the shell was around 300 nm, while
the side length of the core was around 200 nm. Both the SEM
and TEM images proved that the shell was constructed by
amounts of ultrathin curly MoS, nanosheets, complying with a
previous report.*” Moreover, as revealed from the elemental
mapping images (Figure 2c—h), all the key elements of Fe, Co,
Mo, and S were distributed uniformly throughout the core—
shell Co-Fe-MoS, nanocubes. Energy-dispersive X-ray spec-
troscopy (EDS) (Figure 2i) showed that, compared with Fe
and Co elements, Mo and S elements exhibited significantly
higher signal intensities, demonstrating that MoS, could be the
dominant component in c-Co-Fe-MoS,, and the molar ratios
of Fe and Co were 5.53 and 8.36%, respectively.

The SEM and TEM images in Figure 3 compare the surface
morphologies and internal structure of the synthesized Co-Fe-
MoS, samples with the mass ratios of (NH,),MoS, to Co-Fe
PBA of 1:2, 1:1, and 2:1. When the mass ratios of
(NH,),MoS, to Co-Fe PBA were controlled at 1:2, a solid
structured Co-Fe-MoS, nanocube was achieved, which was
expressed as s-Co-Fe-MoS,, and the side length of the cubes
was around 200—300 nm. A small number of ultrathin curly
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Figure 2. SEM (a) and TEM (b) images of c-Co-Fe-MoS,
synthesized with mass ratios of (NH,),MoS, to Co-Fe-PBA of 1:1;
elemental mapping images of (c) c-Co-Fe-MoS,, (d) O, (e) Mo, (f) S,
(g) Fe, and (h) Co; (i) EDS spectrum of the c-Co-Fe-MoS,.

MoS, nanosheets were scattered on the solid cube surface. As
the mass ratio increased to 1:1, a specific core—shell Co-Fe-
MoS, nanocube was obtained (Figure 3c,d), which was
denoted as c-Co-Fe-MoS, whose physical properties were
analyzed above. When the mass ratio of (NH,),MoS, further

increased to 2:1, the solid Co-Fe PBA nanocubes were
thoroughly converted into hollow structured Co-Fe-MoS,
nanocubes (h-Co-Fe-MoS,) with the well-defined cubic voids
in the nanocubes. The side length of the hollow cubes was
around 300 nm. As compared with s-Co-Fe-MoS,, c-Co-Fe-
MoS, and h-Co-Fe-MoS, showed significantly rough surfaces
with bushy embedded curly nanosheets. It is worth noting that
the rough surface and inserted nanosheets could expand the
specific surface area and increase the catalytic active sites.”' As
confirmed from the EDS spectra in Figure S2, the key elements
of Fe, Co, Mo, and S were observed in all three Co-Fe-MoS,
nanocube samples without any obvious fluctuation for the
signal intensities of these elements.

X-ray photoelectron spectroscopy (XPS) was further
conducted to verify the surface chemical states of the elements
in all the three Co-Fe-MoS, nanocube samples. The panoramic
view of the XPS spectra in Figure S3 demonstrates the
appearance of Co, Fe, Mo, S, N, O, and C (as the reference)
elements in all prepared s-Co-Fe-MoS,, c-Co-Fe-MoS,, and h-
Co-Fe-MoS, nanocubes. As shown in Figure 4, a fine analysis
of the key elements in c-Co-Fe-MoS, was conducted. Figure 4a
presents two peaks located at 235.5 and 232.4 eV, belonging to
Mo 3d3/2 and Mo 3dS5/2 of the tetravalent Mo*" cation,
respectively. Moreover, the peak at 228.9 eV belongs to S 2s.
In Figure 4b, the two peaks located at 163.1 and 161.9 eV refer
to S 2p1/2 and S 2p3/2, respectively, thereby conforming with
the existence of the divalent S>~ anion. Accordingly, the XPS
analysis of Mo and S elements directly evidenced the MoS,
phase in Co-Fe-MoS,. Figure 4c presents the Co 2p region
comprising two spin—orbit doublets, and the peaks at 803.0
and 786.4 eV belong to Co 2pl/2 and Co 2p3/2 of the
divalent Co*" cation, respectively. Likewise, the peaks located
at 797.2 and 781.6 eV belong to Co 2p1/2 and Co 2p3/2 of
the trivalent Co’* cation, respectively, which demonstrated

oo nm
HY-30.0kY
Diroet May: 150000x

500 nm / & B 500 nm/

100 om Tao om
HY=80.0kV IV=80.0kV

Direct Mag: 150000 Direct Mag: 150000x

Figure 3. SEM (a) and TEM (b) images of s-Co-Fe-MoS,; SEM (c) and TEM (d) images of c-Co-Fe-MoS,; SEM (e) and TEM (f) images of h-

Co-Fe-MoS,.
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Figure 4. XPS spectra of h-Co-Fe-MoS,; (a) Mo 3d and S 2s; (b) S
2p; (c) Co 2p; (d) Fe 2p.

that the typical Co;S, phase is in the Co-Fe-MoS, sample.
According to Figure 4d, the peaks at 724.2 and 711.3 eV
belong to Fe 2p1/2 and Fe 2p3/2 of the divalent Fe®* cations,
respectively, which could be coordinated with the $>~ anion to
form FeS. A trace of Fe" cations was oxidized to Fe®'
evidenced by the peaks located at 726.4 and 714.6 eV that,
respectively, belong to Fe 2pl1/2 and Fe 2p3/2 for Fe®.
Interestingly, a slight difference could be identified among the
XPS spectra of the three Co-Fe-MoS, nanocubes. A shake-up
satellite peak denoted as “Sat.” is presented for Fe 2p in c-Co-
Fe-MoS, (Figure 4d), while no obvious Sat. peak for Co 2p
(Figure 4c) can be found. However, according to the XPS
spectra of the prepared Co-Fe-MoS, nanocubes in Figures S3—
SS, a Sat. peak can be observed for Co 2p in h-Co-Fe-MoS,.

The specific surface area and porosity properties of the three
Co-Fe-MoS, nanocube samples were assessed by the N,
adsorption—desorption measurements. Figures S6—S8 plot
the nitrogen adsorption—desorption curves of the three Co-Fe-
MoS, samples, which overall exhibited the indistinct hysteresis
loops in the range of 0.45—1.0 P/P, so the existence of
mesoporous structures was demonstrated. The Brunauer—
Emmett—Teller (BET) surface areas of s-Co-Fe-MoS,, c-Co-
Fe-MoS,, and h-Co-Fe-MoS, were 10.5, 12.8, and 13.7 m* g/,
respectively. The specific surface area was obviously expanded
as the augment of the MoS,”” in the reaction systems, well
complying with the morphology analysis. Furthermore, the
pore size distributions of the Co-Fe-MoS, samples were
calculated by using the Barrett—Joyner—Halenda (BJH)
method. As shown in the inset, there are broad peaks ranging
from 20 to 80 nm for the three types of Co-Fe-MoS,
nanocubes, thereby demonstrating the existence of consid-
erable mesopores and macropores in the nanocubes.

2.2. Electrochemical Analysis of the Prepared Co-Fe-
MoS, Nanocubes in DSCs and PSCs. In the DSC system,
the counter electrode could act as a catalyst for the
regeneration of the redox couple in the electrolyte. Cyclic
voltammetry (CV) measurements could be the effective tools
to assess the catalytic activities of the counter electrode. Figure
Sa presents typical cyclic voltammograms for s-Co-Fe-MoS,, c-
Co-Fe-MoS,, h-Co-Fe-MoS,, and Pt electrodes in the Co>*/2*

27 30

z'Q

Figure S. (a) Cyclic voltammograms of the s-Co-Fe-MoS,, c-Co-Fe-
MoS,, and h-Co-Fe-MoS, nanocube working electrodes in the three-
electrode test system; (b) Nyquist plots of the dummy cells fabricated
with two identical s-Co-Fe-MoS,, c-Co-Fe-MoS,, or h-Co-Fe-MoS,
nanocube electrodes clipping the cobalt electrolyte.

electrolyte. All the Co-Fe-MoS, electrodes present a pair of
redox peaks belonging to the redox reaction between Co®" and
Co*". For s-Co-Fe-MoS,, c-Co-Fe-MoS,, and h-Co-Fe-MoS,,
the cathodic peaks are located at 0.097, 0.126, and 0.115 V,
while the anodic peaks are identified at 0.318, 0.267, and 0.288
V, respectively. Obviously, the cathodic peaks of the c-Co-Fe-
MoS, and h-Co-Fe-MoS, shifted to the positive potential,
while the anodic peaks shifted to the negative potential as
compared with the s-Co-Fe-MoS, counterparts. Thus, c-Co-
Fe-MoS, and h-Co-Fe-MoS, achieved the peak-to-peak
separation (AE;) values of 0.141 (c-Co-Fe-MoS,) and 0.173
V (h-Co-Fe-MoS,), significantly lower than the counterpart of
s-Co-Fe-MoS, (0.221 V). As a benchmark, Pt achieved the
cathodic and anodic peaks at 0.122 and 0.281 V, and the AE;
was 0.159 V. Theoretically, the charge transfer rate (k,) varies
inversely with AE; values. Thus, the k value for the c-Co-Fe-
MoS, can be considered the highest among the three Co-Fe-
MoS, samples, thereby indicating the optimal electrode
reversibility.">*> On the counter electrode surface, the
regenerated speed of the Co>/*" redox couple was related to
the cathodic peak current densities.”* Obviously, c-Co-Fe-
MoS, exhibited the highest current density among the three
types of Co-Fe-MoS, electrodes, even higher than that of Pt.
As suggested from the CV results, the prepared c-Co-Fe-MoS,
exhibited a higher catalytic activity than s-Co-Fe-MoS, and h-
Co-Fe-MoS, for the cobalt redox couple regeneration in the
DSC system. It is worth noting that c-Co-Fe-MoS, behaved
even better than Pt.

To further assess the catalytic activities of the Co-Fe-MoS,
electrodes, electrochemical impedance spectroscopy (EIS)
measurements were conducted. Figure Sb presents the Nyquist
plots of the dummy cells fabricated with two identical Co-Fe-
MoS, electrodes. The intercept on the real axis can be
considered the series resistance (R,). The left semicircle
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indicates the charge transfer resistance (R) of the electrode/
electrolyte interface, while the right semicircle corresponds to
the Nernst diffusion impedance (Z) of the cobalt redox
electrolyte. The EIS data were determined by fitting the
Nyquist plots with the equivalent circuit diagram (inset in
Figure Sb). The R, values for s-Co-Fe-MoS,, c-Co-Fe-MoS,, h-
Co-Fe-MoS,, and Pt electrodes were 14.7, 14.2, 14.5, and 14.0
Q, respectively. The R, of c-Co-Fe-MoS, was only 2.0 Q,
significantly lower than those of s-Co-Fe-MoS, (5.1 ) and h-
Co-Fe-MoS, (4.2 Q) electrodes. Moreover, c-Co-Fe-MoS,
achieved a Z value of 3.8 Q, which was the lowest one
among the three Co-Fe-MoS, electrodes as well. Compared
with s-Co-Fe-MoS, and h-Co-Fe-MoS,, the lower R, and Z
values revealed the fact that the Co" in the electrolyte can
easily diffuse to the c-Co-Fe-MoS, electrode surface, and it
successfully completes the reduction reaction. Subsequently,
the generated Co’* can also smoothly diffuse back to the
electrolyte. Given the comprehensive effects of R, R, and Z
values on the catalytic activity, c-Co-Fe-MoS, exhibited the
optimal catalytic performance followed by h-Co-Fe-MoS, and
s-Co-Fe-MoS,. Last, the auxiliary Tafel polarization curve
measurements were performed to recheck the catalytic activity
of the Co-Fe-MoS, electrodes. In Figure 6a, the exchange
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Figure 6. (a) Tafel polarization curves of the dummy cells using the
Co-Fe-MoS, electrode; (b) I-V curves of the DSCs using Co-Fe-
MoS, and Pt counter electrodes.

current density (J,) and limiting diffusion current density (Jj;,,)
of the c-Co-Fe-MoS, electrode were higher than those of the
other two Co-Fe-MoS, electrodes, which also proved that c-
Co-Fe-MoS, exhibited the optimal catalytic activity toward the
Co**/?* redox couple regeneration. Obviously, as suggested
from the results of CV, EIS, and Tafel polarization curves
analysis, c-Co-Fe-MoS, exhibited the optimal catalytic
performance in the DSC system, even better than that of the
conventional Pt.

To evaluate the application performance of the prepared Co-
Fe-MoS,, Co®*/** electrolyte-based DSCs were fabricated by
using Co-Fe-MoS, as the counter electrodes. Figure 6b plots
the photocurrent density-voltage (I-V) curves of the devices.

The DSCs by using the s-Co-Fe-MoS, counter electrode
achieved a moderate PCE value of 6.61% with a short-circuit
current density (J.) of 11.82 mA cm™?, open-circuit voltage
(V,.) of 841 mV, and fill factor (FF) of 0.665. However, the h-
Co-Fe-MoS, counter electrode-based device achieved a high
PCE of 7.63%, with a J,. of 13.39 mA cm™, V, of 831 mV, and
FF of 0.686. This complied with the predicted results; the c-
Co-Fe-MoS, counter electrode-based device obtained the
highest PCE of 8.69% with a ] of 14.63 mA cm 2 V. of
832 mV, and FF of 0.714, which was also higher than the Pt
counter electrode based-DSCs (8.40%). Obviously, compared
with h-Co-Fe-MoS, and s-Co-Fe-MoS,, c-Co-Fe-MoS, was
suggested to be more promising as the candidate to the
conventional Pt counter electrode for the Co*”/?*" redox
regeneration in the DSC system.

PSCs are developed on the base of DSCs, and the common
counter electrode materials are noble metal Au or Ag. Similar
to Pt in DSCs, Au and Ag are expensive and unstable. In the
PSC system, carbon materials are commonly used to replace
Au and Ag as counter electrodes.”® However, it is rarely
reported that transition metal sulfides can be used as counter
electrodes for PSCs. Thus, we attempted to use the prepared
Co-Fe-MoS, as the counter electrode to fabricate PSCs. As
shown in Figure 7a, the PSCs using the c-Co-Fe-MoS, counter
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Figure 7. (a) I-V curves and (b) Nyquist plots of the PSCs using Co-
Fe-MoS, counter electrodes.

electrode showed the highest PCE of 6.88% (J,. = 16.13 mA
cm™%, V.. = 880 mV, and FF = 0.49) followed by s-Co-Fe-
MoS, (6.23%) and h-Co-Fe-MoS, (5.44%). Figure 7b presents
the Nyquist plots of the PSCs. Obviously, all the devices
showed a large R, and this might be the main reason for the
low performance of the PSCs. Although the photovoltaic
performance of the PSCs using metal sulfide counter
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tests of the Co-Fe-MoS, electrodes.

electrodes is lower than the reported PSCs using Au, Ag, and
even carbon counter electrodes, this leaves a huge space to
enhance the PCE values. We still believed that metal sulfides
are potential counter electrode alternatives, and the PCE
values can be improved by optimizing the conductivity,
interface engineering, and assembly procedure in our
subsequent study.

2.3. Electrochemical Analysis of the Prepared Co-Fe-
MoS, Nanocubes as a Supercapacitor Electrode. To
assess the electrochemical properties of the prepared Co-Fe-
MoS, as the supercapacitor electrodes, cyclic voltammetry
(CV) measurements were first performed in the saturated
Na,SO, electrolyte. Figures S9—S11 present the cyclic
voltammograms of the three types of Co-Fe-MoS, with
different scan rates. The CV curves show a quasi-rectangular
profile without obvious redox peaks, implying that the
capacitive property was dominated by the double-layer
capacitive behavior. Obviously, the integral area of the h-Co-
Fe-MoS, is significantly larger than both s-Co-Fe-MoS, and c-
Co-Fe-MoS,, indicating that the h-Co-Fe-MoS, exhibited the
best capacitive behavior. Moreover, in the CV curves recorded
at scan rates from 20 to 200 mV s”', the response current
densities increased as the scanning rate increased, which
demonstrated a good rate capability of the Co-Fe-MoS,
electrodes. Galvanostatic charge—discharge (GCD) tests were
further recorded at a loading current density of 0.25 A g~'. As
shown in Figure 8a, the GCD curves present a quasi-triangular
profile, which manifested a well-balanced charge storage
ability.*® The discharge time of the h-Co-Fe-MoS, was longer
than both s-Co-Fe-MoS, and c-Co-Fe-MoS,, implying that the
h-Co-Fe-MoS, exhibited the optimal capacitive behavior. In
detail, the h-Co-Fe-MoS, delivered a specific capacitance of
85.4 F g, significantly higher than s-Co-Fe-MoS, (40.3 F g™')
and c-Co-Fe-MoS, (44.8 F g™'). Obviously, the capacity of h-
Co-Fe-MoS,, was nearly twice those of s-Co-Fe-MoS, and c-
Co-Fe-MoS,. Furthermore, Figures S12—S14 plot the GCD
curves for the Co-Fe-MoS, electrodes tested at different

24936

loading current densities from 0.25 to 5.00 A g~ As obviously
shown in Figure 8b, the h-Co-Fe-MoS, showed the highest
specific capacitance at each current density as compared with
s-Co-Fe-MoS, and c-Co-Fe-MoS,. The specific capacitance of
h-Co-Fe-MoS, still remained 46.0 F g~', even the loading
current density increased up to 5.00 A g~!, which
demonstrated a capacitance retention of 53.9%. Likewise, s-
Co-Fe-MoS,, and c-Co-Fe-MoS, also kept high capacitance
retentions of 84.5 and 62.1%.

To explain the electrochemical properties of the three types
of Co-Fe-MoS,, EIS measurements were conducted. The
Nyquist plots are summarized in Figure 8c. The semicircle in
high frequency corresponds to the R..'” The plots show
another semicircle in the medium frequency, referring to the Z
of the electrolyte ions.”® In the low frequency, the plots should
present a vertical line, thereby implying an ideal capacitive
behavior while the real deviation from the vertical line was
caused by the diffusion resistance of the electrolyte ions.*” The
equivalent series resistance (ESR) combines the ionic
resistance of the electrolyte and the interfacial resistance at
the active material/current collector. The ESR value is the
point intersecting with the real axis. As a result, the ESR values
of the s-Co-Fe-MoS, and c-Co-Fe-MoS, were 2.3 and 2.5 Q,
respectively, whereas the ESR value of the h-Co-Fe-MoS,
decreased to 1.9 W, thereby demonstrating a lower total
resistance of the h-Co-Fe-MoS, electrode than the other two
Co-Fe-MoS, electrodes. Furthermore, the R, values of the s-
Co-Fe-MoS, and c-Co-Fe-MoS, electrodes were 0.35 and 0.27
Q, respectively, while the R, value of the h-Co-Fe-MoS,
electrode decreased to 0.17 €2, thereby revealing a fast charge
transfer on the h-Co-Fe-MoS, electrode/electrolyte interface.
In addition, the Z value of the h-Co-Fe-MoS, was also
significantly lower than those of s-Co-Fe-MoS, and c-Co-Fe-
MoS,, thereby leading to a prominent accessible capability of
electrolyte ions to the h-Co-Fe-MoS, electrode. Notably, the h-
Co-Fe-MoS,, electrode showed a lower diffusion impedance
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among the three types of Co-Fe-MoS, -electrodes, which
suggested a fast mass transport process.50

Finally, the straight line of the h-Co-Fe-MoS, electrode
shows a sharper slope than both s-Co-Fe-MoS, and c-Co-Fe-
MoS,, also proving a fast diffusion process and excellent
capacitance of the h-Co-Fe-MoS,.”" In brief, the EIS results
confirmed that the h-Co-Fe-MoS, electrode exhibited a
smooth charge transfer and mass transport processes, so it
achieves a higher capacitive behavior than the s-Co-Fe-MoS,
and c-Co-Fe-MoS,. To gain further insights into the stability
performance of the Co-Fe-MoS, electrode, cycle performance
tests were performed for 10,000 cycles. Figure 8d presents the
normalized plots of cyclic stability for the three types of Co-Fe-
MoS, in the neutral electrolyte. After 10,000 cycles, the specific
capacitance of s-Co-Fe-MoS, and c-Co-Fe-MoS, showed the
retentions of 41.8 and 41.5%, higher than that of h-Co-Fe-
MoS, (18.7%). Noticeably, s-Co-Fe-MoS,, and c-Co-Fe-MoS,
exhibited better cycle lives.

3. CONCLUSIONS

Solid, core—shell, and hollow structured MoS,-doped cobalt
iron sulfide (Co-Fe-MoS,) nanocubes were synthesized
through the reaction between Fe-Co Prussian blue analogue
nanocubes and ammonium thiomolybdate. The synthesized
Co-Fe-MoS, nanocubes can function as the counter electrodes
in DSCs and PSCs and the working electrode in the
supercapacitor. The prepared c-Co-Fe-MoS, exhibits higher
activity than s-Co-Fe-MoS, and h-Co-Fe-MoS,. Furthermore,
the DSCs and PSCs by exploiting c-Co-Fe-MoS, counter
electrodes showed the PCE values of 8.69 and 6.88%,
respectively. In DSCs, the super catalytic behavior of c-Co-
Fe-MoS, could be attributed to the synergistic effect of the rich
catalytic active sites given by the specific core—shell structure,
the high conductivity evidenced by the EIS measurements, and
the loose channels between the nanocubes, thereby contribu-
ting to the fast mass transport and charge transfer for the
cobalt redox couple regeneration. In PSCs, the relatively low
photovoltaic performance might be caused by the poor
conductivity and interface contact of perovskite/Co-Fe-MoS,
layers. It is worth noting that the prepared h-Co-Fe-MoS,
showed a higher capacitive ability than s-Co-Fe-MoS, and c-
Co-Fe-MoS, as the supercapacitor electrode, and the optimal
capacitive ability could be attributed to the largest specific
surface area proven by the nitrogen sorption curve measure-
ments. In brief, the prepared Co-Fe-MoS, nanocubes are
potential multifunctional electrodes for the DSCs, PSCs, and
supercapacitor. In our subsequent work, the photocapacitor
will be constructed after the optimization of the fabrication
procedure, the device configuration, and the electrolyte
selection.

4. EXPERIMENTAL SECTION

Cobalt nitrate hexahydrate (Co(NO,),-6H,0), potassium
hexacyanoferrate (K;[Fe(CN)¢]), sodium citrate dihydrate
(Na;C4H;0,-2H,0), ammonium molybdate tetrahydrate
(H,4Mo0,N¢0,,-4H,0), ammonium sulfide solution
((NH,),S), thioacetamide, and ammonium hydroxide were
purchased from Aladdin Chemistry Co., Ltd. Pbl, CH;NH,],
and TiO, paste were purchased from Yingkou OPV Tech. New
Energy Co., Ltd. The cobalt complex redox couple and YD2-
O-c8 were purchased from Everlight Chemical, Taiwan, China.

The materials synthesis and device fabrication are summarized
in the Supporting Information section.
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