Downloaded via INST OF PHY SICS on January 3, 2020 at 13:55:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano XXXX, XXX, XXX—=XXX

lodine Vapor Transport-Triggered Preferential
Growth of Chevrel MosSg Nanosheets for
Advanced Multivalent Batteries

Minglei Mao,T’” Zejing Lil:l,“l Yuxin Tong,T Jinming Yue,+ Chenglong Zhao,T f]iaze Lu,Jr

>l<rT;

Qinghua Zhang, Lin Gu,'® Liumin Suo,
and Liquan Chen’

Yong-Sheng Hu,’ Hong Lj,

Xuejie Huang,T

"Key Laboratory for Renewable Energy, Beijing Key Laboratory for New Energy Materials and Devices, Institute of Physics, Chinese

Academy of Sciences, Beijing 100190, China

*Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China
§Yangtze River Delta Physics Research Center Co. Ltd., Liyang, Jiangsu 213300, China

Supporting Information

Owing to its unique structure, Chevrel phase
(CP) is a promising candidate for applications in
rechargeable multivalent (Mg and Al) batteries. However,
its wide applications are severely limited by time-
consuming and complex synthesis processes, accompanied
by uncontrollable growth and large particle sizes, which
will magnify the charge trapping effect and lower the
electrochemical performance. Here, an iodine vapor
transport reaction (IVT) is proposed to obtain large-scale
and highly pure MoSg nanosheets, in which iodine helps to
regulate the growth kinetics and induce the preferential
growth of MogSs, as a typical three-dimensional material, to
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form nanosheets. When applied in rechargeable multivalent (Mg and Al) batteries, MosS; nanosheets show very fast
kinetics owing to the short diffusion distance, thereby exhibiting lower polarization, higher capacities, and better low-
temperature performance (up to —40 °C) compared to that of microparticles obtained via the conventional method. It is
anticipated that MogS; nanosheets would boost the application of Chevrel phase, especially in areas of energy storage and
catalysis, and the IVT reaction would be generalized to a wide range of inorganic compound nanosheets.

Chevrel phase nanosheets, iodine vapor transports, preferential growth, rechargeable Mg and Al batteries, fast kinetics

hevrel phase (CP) compounds are molybdenum

chalcogenides composed of MogTg or M,MosTs (M

= metal, T = S, Se, or Te), which were discovered by
Chevrel et al. in 1969."” Chevrel phase has a unique structure,
with six Mo atoms located on the faces of a slightly distorted
cube forming an octahedron cluster (Mog) and eight T anions
(Ts) occupying the corners of the cube.” Between closely
packed clusters, there are relatively large open spaces with
three-dimensional (3D) channels.”® Owing to the unique
structure, Chevrel phase, over the past five decades, has been
applied in superconductivity,”® thermoelectricity,”'’ cataly-
sis, "'” and electrodes for secondary batteries."”'* Since CP
MogSg was first emgloyed in the prototype of rechargeable Mg
batteries in 2000," its scope of application has been largely
extended to almost all secondary batteries. Various metal ions,
including monovalent cations (Li*,">'® Na*,'"’~'* and Cu*),*’
divalent cations (Mg?",*"?2 Zn,'>%% Ni?** Mn?*>* Cd?","

and Co?"), and trivalent cations (AI**),” have been reported
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to intercalate CPs. Until now, CPs are still the most successful
cathodes for rechargeable multivalent batteries.”® However,
due to the sluggish kinetics of microsized bulk MoSg, it is hard
to avoid the charge trapping effect of insertion ions (especially
multivalent ions), resulting in low Coulombic efficiency and
gradual capacity decay. In order to improve the kinetics of
MogSs, the nanosizing strategy is adopted to reduce diffusion
distance of intercalated ion.”’

However, it is still challenging to approach large-scale and
high-quality nanosized Mo4Sg. Currently, all available methods
including a solid-state method,¢2%73¢
(MS),”” a self-propagating high-temperature synthesis
(SHS),*® a high-energy mechanical milling (HEMM),” and

a molten salt route
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Scheme 1. Schematic Illustration of the Iodine Vapor Transport Method for MosSg; Nanosheets
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Figure 1. (a) XRD patterns of Cu,MoSg samples prepared at various temperatures (from 600 to 900 °C) and reaction times (12 or 24 h).
(b) XRD patterns of Cu,Mo4Sg synthesized by the two-step method, conventional method, and our method without iodine or using Cul.

a two-step solution chemistry route””” suffer from either high

energy consumption, impurities, or uncontrollable particle
growth. Traditionally, the solid-state method requires pretty
high temperatures (1100—1200 °C) with Cu, Mo, and S
mixtures sealed in an evacuated quartz ampule (EQA) for 7
days.*® The process is time-consuming and dangerous due to
the high vapor pressure of sulfur inside the EQA at high
temperature. To avoid the potential safety issue, metal sulfides
(CuS, MoS,) are employed as the sulfur source, sealed in an
argon-sealed Swagelok vessel instead of EQA. However, the
reaction temperature is still more than 900 °C, which also
produces microsized CP with some unavoidable impurity
(MoS,), as the decomposition of CuS at 220 °C produces
sulfur vapor and escapes during heating. Although the two-step
solution chemistry route enables Mo,Sg nanocubes,”””” the
synthesis process is cumbersome and error-prone, and
hydrogen flow serves as a reducing agent throughout the
reaction. Recently, halogens such as I, and Br,, " as well as
alkali metal halides,*"** have been reported to tune the growth
kinetics and facilitate the formation of two-dimensional (2D)
transition-metal chalcogenide (TMC) nanosheets. Halogen
molecules or halides are employed as reaction promoters to
lower the melting points of reactants, facilitate the formation of
intermediate products, and increase the overall growth rate of
TMC nanosheets. Inspired by the success of halogens in 2D
TMCs, we attempt to introduce the halogen as the

manipulator of preferential flat growth to form the nanosheet
MogSg, which possess a large surface area, high aspect ratio,
and unusual surface chemistry and hence immense potential
for application in batteries.

In this work, the iodine vapor transport reaction (IVT) is
proposed to synthesize large-scale and high-purity Mo,Sg
nanosheets, in which iodine serves to modulate the growth
kinetics and induce the preferential flat growth of MogSg to
form nanosheets. Nanosheets are obtained in the typical 3D
material of MogSg. Meanwhile, IVT accelerates the solid-state
reaction with the lower reaction temperature and the shorter
duration. Compared with the microsized MogSg, our MoySg
nanosheet cathodes show excellent electrochemical perform-
ance in both rechargeable Mg and Al batteries, whose
advantage is far more obvious at low temperatures.

RESULTS AND DISCUSSION

In a typical synthesis process of Cu,Mo4Sg, MoS,, Cu, and Mo
powders in a molar ratio of 2:1:1 were ball-milled under Ar
(Scheme 1). Then, the mixtures along with a small amount of
iodine were pressed into pellets and sealed in a Swagelok
stainless steel vessel, which was gradually heated to 800 °C at 2
°C/min and kept for 24 h in an argon atmosphere. To
investigate the optimal reaction conditions, the reaction was
carried out in a wide range of temperatures (from 600 to 900
°C) and durations (12 or 24 h) (Figure 1a). The main X-ray
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diffraction (XRD) peaks at 600 °C for 24 h are indexed to
MoS, with a small peak for Cul, indicating that Cu and iodine
only react to form Cul, and the temperature of 600 °C is not
high enough for the formation of Cu,Mo4Sg. Upon increasing
the temperature to 700 °C, a small peak corresponding to
Cu,MoSg (13.7°) appears along with weakening Mo peaks,
but the main peak at 14.4° still belongs to MoS,. At 800 °C,
most peaks can be indexed to Cu,Mo,S; after 12 h with slight
amounts of Cul and Mo remaining, whereas highly pure
Cu,Mo¢S; is obtained after 24 h, in which all the peaks of
Cu,Mo,Sg can be well indexed to standard PDF#47-1519.%**
When further elevating the temperature up to 900 °C, we
found that a little Cul remains in final products after 12 h,
revealing that exorbitant temperature is not beneficial for pure
Cu,MogSs. Therefore, a temperature of 800 °C for 24 h is
optimal for highly pure Cu,Mo,Ss.

To investigate the effect of iodine on the Cu,Mo4Sg
formation, the preparation process and conditions are fixed
with the only variation of iodine (Figure 1b). Cu,MogS; is
obtained with some MoS, remaining, demonstrating that
iodine is indispensable for pure Cu,Mo4Sg. To further
investigate the reaction path, Cul instead of Cu and I, is
used as a raw material along with MoS, and Mo powders
(1:2:1 in molar ratio), in which pure Cu,Mo¢S, is obtained
with few Cul left. The reaction mechanism is illustrated below
(Scheme 2). Todine will first sublimate to be iodine vapor (eq

Scheme 2. Schematic Illustration of Reaction Path To
Synthesize Cu,Mo¢Sg, in Which Iodine Is Recyclable
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To highlight the IVT reaction, the two-step method”” and
conventional method®>** were also performed for synthesizing

Cu,MogS; (Figure 1b). Both methods generate Cu,Mo,Sg with
some impure MoS,. The two-step method including solution
processing and solid-state reaction is tedious in steps, which
readily introduces impurities and might cause safety issues
because of the mandatory use of hydrogen gas during the
sulfurization and final reduction of the sulfur compounds at
high temperatures (1000 °C).”” The conventional method is
most widely used to synthesize Cu,MoSg, in which CusS,
MoS,, and Mo are sealed in a Swagelok vessel and kept at 900
°C for 24 h.** However, Cu$ will decompose at ~220 °C into
sulfur vapor, which might escape from the Swagelok vessel
(which is not so tight as the quartz ampule), producing some
nonstoichiometric impurities (Figure 1b).

Pure MogSg was obtained by leaching out Cu from an as-
prepared Cu,Mo.Sg precursor (Figure S1) in a 6 M HCI
solution for 12 h with oxygen bubbling."**” The XRD patterns
of MogS; well match the standard PDF#89-5114," which
exhibits a rhombohedral structure with the R3 space group
(Figure 2a). Mo4Sg nanosheets with various sizes are revealed
by scanning electron microscopy (SEM) (Figure S2) and
transmission electron microscopy (TEM) (Figure 2b,c), in
which the lateral length reaches several micrometers with the
thickness of tens of nanometers. Mo4Sg nanosheets are single-
crystalline with a (101) rhombohedral lattice spacing of 6.43
A?7 revealed by high-resolution transmission electron
microscopy (HRTEM) and corresponding fast Fourier trans-
form (FFT) (Figure 2d). To further confirm the Chevrel phase
of Mo4Sg nanosheets, spherical aberration-corrected scanning
transmission electron microscopy (STEM) is employed to
obtain a direct vision of the atomic structure (Figure 2e). Each
atomic column in the low-angle annular dark-field (LAADF)
image can be directly associated with their chemical identities
using the image contrast. Accordingly, six molybdenum atoms
and eight sulfur atoms can be clearly observed in the [211]
direction,”***’ confirmed by the representative line intensity
profile in Figure 2f.

The electrochemical performance of MogSg nanosheets in
both rechargeable Mg batteries (RMBs) and rechargeable Al
batteries (RABs) was evaluated (Figure 3 and Figures S8—
S15). In RMBs, the nanosheet MogSg cathode delivers high
initial discharge and charge capacities of 123 and 115 mA h/g
at 0.1C (1C = 128 mA/g) (Figure S8), corresponding to a
Coulombic efficiency (CE) of 93.4%, much higher than 73.5%
of MogS; microparticles, revealing that MogS; nanosheets
effectively reduce the intercalated Mg** trapped.”’ A lower
overpotential of Mo4Sg nanosheets indicates faster Mg
intercalation kinetics (Figure S8), which is also evidenced by
cyclic voltammetry (Figure 3a). In the second and third cycles
for RMBs, two discharge plateaus at 1.2 and 1.1 V (Figure
S12) correspond to two different Mg insertion sites named
inner and outer rings.4’Sl The minimal distance between the
inner sites (0.9 A) is twice shorter than that between the inner
and outer sites (2.0 A), causing a higher possibility of Mg**
hopping between the inner sites than between inner and outer
sites.* As a result, Mg** undergoes a circuit motion, instead of
progressive diffusion in the bulk of Mo4Sg, accounting for an
essential amount of Mg®" trapped in the MogSg host.

The rate capability of the nanosheet MogSg cathodes is
further evaluated for both RMBs and RABs (Figure 3b,c and
d,e). Compared with microsized Mo4Sg (Figures S14 and S15),
Mo,Ss nanosheets show lower overpotentials (Figure 3b,d)
and higher capacities (Figure 3c,e) in the entire range of the
examined current densities. To further investigate the
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Figure 2. (a) XRD patterns of MogSs nanosheets with standard PDF#89-5114. Inset shows the crystal structure of MoSg, in which yellow
and cyan balls represent sulfur and molybdenum atoms, respectively. Image prepared with VESTA.*® (b,c) TEM images of MogSg
nanosheets. (d) HRTEM image of the lattice structure of a MogS; crystal aligned on a zone axis where the rhombohedral lattice spacing can
be resolved. Inset shows the FFT. (e) STEM-LAADF image of the single crystal of MoS, along the [211] zone axis. The bright and gray
spots correspond to molybdenum and sulfur atoms, respectively. Scale bar, 1 nm. (f) Line intensity profiles along the highlighted pink and
magenta lines in (e). Four sulfur and two molybdenum atoms in line #1 and four molybdenum atoms in line #2.

kinetics,>” galvanostatic intermittent titration technique
(GITT) is applied to capture quasi-equilibrium states with 1
h relaxation at open circuit to reach quasi-equilibrium after
each 0.5 h discharging or charging at 10 mA/g (Figure 3f).
Apparently, the overpotentials of MogSg nanosheets are lower
than those of microparticles, confirming the faster intercalation
kinetics. The long-term cycling stability of Mo4Sg is evaluated
at room temperature (Figure 3gh). After 500 cycles in RMBs,
MogSg nanosheets retain a capacity of 89 mA h/g, as compared
to 70.3 mA h/g of Mo,Ss microparticles (Figure 3g). In RABs,
MogS; nanosheets deliver a capacity of 68 mA h/g after 200
cycles, higher than 45 mA h/g of microparticles (Figure 3h).

To further investigate the fast kinetics of MogSg nanosheets,
low-temperature electrochemical performance in RMBs and
RABs is examined (Figure 4 and Figures S18—S22). In the
whole temperature range of —40 to 20 °C, Mo4Sg nanosheets
release much higher capacities and lower overpotentials in
both RMBs and RABs (Figure 4ab,d,e and Figures S18 and
S19). Even at the extremely low temperature of —40 °C, the
nanosheet Mo,S; cathode survives in RMBs,”" delivering a
capacity of ~30 mA h/g, in contrast to the negligible capacity
of Mo4Sg microparticles. When the temperature steps are
repeated, the corresponding capacity recovers very well,
indicating good temperature-abuse duration (Figure 4b,e). In
the low-temperature cycle, MosSg nanosheets are able to
release much higher capacities after 50 cycles both in RMBs
and RABs (Figure 4cf). The low-temperature kinetics of
MogS; is also studied by GITT (Figure S21), in which the
overpotentials climb gradually from 0 to —30 °C (Figure S22).
The overpotentials of MogSg nanosheets are always lower than
those of microparticles, confirming the faster kinetics.

Ex situ XRD, energy-dispersive X-ray spectroscopy (EDS),
and X-ray photoelectron spectroscopy (XPS) were conducted

to investigate the intercalation mechanism of Mg*" into Mo,Ss
nanosheets (Figures 5, 6, and S23). For the first discharge
plateau (from point A to B), there is a phase transition from
MogSs (R3) to MgMogSs (P1), followed by another phase
transition to Mg,MoeSs (P1) in the second discharge plateau
from B to D.>> When recharged to point E and F, MgMo.Sg
(P1) and MogSs (R3) recover, indicating the reversible phase
transition. EDS mapping is also applied to study the
magnesiation/demagnesiation process of MogSg nanosheets,
in which the amount of intercalated Mg®* for different
discharged/charged states is consistent with corresponding
specific capacity (Figure S23).

To understand the charge transfer mechanism of MogSg
upon galvanostatic magnesiation, ex situ XPS Mo 3d and S 2p
are acquired (Figure 6), in which the C 1s peak at 284.8 eV is
used as the reference binding energy (Figure S24). The Mo 3d
peaks of pristine MogSg are fitted with two asymmetric
doublets—Mo’* and Mo®* in the sulfur environment. S 2p
peaks can be fitted with two doublets: 4-coordinated S>~
attributed to sulfur coordinated by four Mo atoms and 3-
coordinated S*~ attributed to sulfur coordinated by three Mo
atoms.’ Upon magnesiation from A to B (in the first discharge
plateau), there is no evident evolution for two Mo 3d doublets,
whereas the 3-coordinated S~ doublet disappears, accom-
panied by 4-coordinated S*~ doublet being enhanced,
indicating that only sulfur is reduced in this stage. During
further insertion of Mg** from B to D (the second discharge
plateau), only the doublet of 4-coordinated S*~ is evidenced
and unchanged, whereas Mo>" gradually recedes and
disappears until D (fully discharged) and Mo®** remains
enhanced. During demagnesiation from D to E, peaks of Mo®*
doublets emerge and Mo>* doublets decrease with 4-
coordinated S*~ unchanged, suggesting that Mo*" is oxidized
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Figure 3. Electrochemical performance of MogSs nanosheets and microparticles in (a—c,g) APC/THF electrolyte between 0.5 and 2 V for
RMBs and (d—fh) AICL;-[BMIm]Cl ionic liquid electrolyte between 0.2 and 1.2 V for RABs at room temperature. (a) Cyclic voltammetry
curves of MogS; nanosheets and microparticles for the first two cycles at the scan rate of 0.05 mV/s in RMBs. (b) Current density
dependence of discharge—charge curves of MoS; nanosheets in RMBs. (c) Rate performance of MoSg nanosheets and microparticles with
current varying from 0.1 to 5C in RMBs. (d) Current density dependence of discharge—charge curves of Mo4S; nanosheets in RABs. (e)
Rate performance of MogSg nanosheets and microparticles with current varying from 10 to 200 mA/g in RABs. (f) Quasi-equilibrium voltage
profile of Mo,Sg nanosheets and microparticles obtained from galvanostatic intermittent titration technique in RABs. The cells were allowed
to relax for 1 h after every 0.5 h discharging or charging at 10 mA/g in RABs. (g) Long-term cycling performance and Coulombic efficiency
of Mo,Sg nanosheets and microparticles at 0.5C in RMBs. (h) Long-term cycling performance of MogSg nanosheets and microparticles at 50

mA/g in RABs.

to be Mo®" in the first charge plateau. Upon further
demagnesiation to 2 V, two Mo 3d doublets do not evolve,
whereas the 3-coordinated S*~ doublet re-emerges, accom-
panied by 4-coordinated S>~ doublet receding. Regarding the
Mo 3d and S 2p core-level evolution upon galvanostatic
discharge/charge, the magnesiation process occurs in two
steps. In the first plateau, the charge transfer involves mainly
sulfur atoms when the anion p-states arise to the top of the
valence band and become dominant.’**” In the second
plateau, the outer sites are filled, involving a reduction of
Mo** to Mo**, which shifts the Fermi level of MogS; into its
pseudogap, inducing metal to semiconductor transition.>®

Accordingly, the different Mg*" mobilities in Mo,Sg within the
first and second plateau may originate from the polarization
effects induced by sulfur anions. Once the Mg inner ring is
formed, the activation energy of Mg2+ seems to be lower,
affording an increase in its mobility.”

CONCLUSIONS

In this work, we proposed a facile approach to synthesize large-
scale and high-purity MogSg nanosheets by applying IVT. The
reaction mechanism is carefully investigated by XRD,
demonstrating the pivotal role of iodine. SEM, TEM, and
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Figure 4. Low-temperature performance of MoS; nanosheets and microparticles in (a—c) APC/THF electrolyte between 0.5 and 2 V at
0.1C for RMBs and (d—f) AICl;-[BMIm]CI ionic liquid electrolyte between 0.2 and 1.2 V at 10 mA/g for RABs. Typical discharge/charge
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Figure S. Studies of the reaction mechanism of MoSg nanosheets during discharge/charge. (a) Electrochemical discharge/charge profile
labeling the points at which diffraction patterns are collected: (A) pristine MoSs, (B) discharged to 1.1 V, (C) on the second discharge
plateau, (D) fully discharged to 0.5 V, (E) recharged to 1.4 V, (F) fully recharged to 2 V. (b) Corresponding ex situ XRD patterns of MogSg

nanosheets.

STEM-LAADF were applied to characterize MogSg nano-
sheets. When applied in rechargeable Mg and Al batteries,
compared with Mo4Sg microparticles obtained via the
conventional method, MogSg nanosheets exhibit extraordinary
electrochemical performances with faster kinetics especially at
low temperatures. Ex situ XRD, EDS, and XPS demonstrate
that MogSg nanosheets undergo a phase-transition reaction
upon magnesiation, and the charge transfer is initiated from
sulfur anions followed by the valence change of molybdenum.
In addition to the application in batteries, MosSg nanosheets
with ultrahigh surface area, high aspect ratio, and unusual
surface chemistry would have wide applications including
superconductivity, thermoelectricity, as well as catalysis. We
also believe that IVT would offer a new way to synthesize a

wide spectrum of inorganic compounds.

EXPERIMENTAL SECTION

Material Synthesis. First, MoS,, Cu, and Mo powders with the
molar ratio of 2:1:1 were ball-milled for 2 h at 300 rpm under Ar.
Then, the mixtures along with a small amount of iodine were pressed
into pellets by a 14 mm diameter mold and sealed in a Swagelok
stainless steel vessel, which was gradually heated to 800 °C at 2 °C/
min and kept for 24 h under Ar. Subsequently, the as-prepared
Cu,Mog S, precursors were dispersed into a 6 M HCl solution for 12 h
with oxygen bubbling to leach out Cu. After the reaction, the obtained
Mo4Sg powder was centrifuged and washed with deionized water
three times followed by drying at 60 °C overnight under vacuum.

Material Characterizations. The XRD patterns were measured
using Cu Ka radiation on an X'Pert Pro MPD X-ray diffractometer
from S to 120° (26). The morphologies of the samples were
investigated by a SEM (Hitachi S-4800) with energy-disperse X-ray
analysis. TEM images and selected area electron diffraction patterns
were acquired using a FEI Tecnai F20 transmission electron
microscope. The atomic force microscopy (AFM) images were
obtained using a Bruker Dimension Icon AFM system. An AFM tip
(SCANASYST-AIR, Bruker Nano Inc.) was applied to probe the
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Figure 6. Ex situ XPS Mo 3d and S 2p peak evolution of the Chevrel phase MoS; nanosheets registered at various stages: (A) pristine Mo,Sg,
(B) discharged to 1.1V, (C) on the second discharge plateau, (D) fully discharged to 0.5 V, (E) recharged to 1.4 V, and (F) fully recharged

to2 V.

topography and thickness of the samples in the peak-force working
mode. The Brunauer—Emmett—Teller measurements were carried
out using a Micromeritics ASAP 2020 system. The X-ray photo-
electron spectroscopy spectra were recorded with a spectrometer
having Mg/Al Ka radiation (ESCALAB 250 Xi, Thermo Fisher). All
binding energies reported were corrected using the signal of the
carbon at 284.8 eV as an internal standard. For the ex situ XPS
measurements, the coin cells were disassembled in an argon-filled
glovebox with different conditions, and the electrodes were washed in
tetrahydrofuran three times to remove the electrolyte, then, the drying
samples were obtained and moved to the machine with an argon-filled
sealing tube as the transferred box. In this process, all samples were
exposed to air within 3—4 s.

Electrochemical Measurements. Cell assembly was carried out
in an Ar-filled glovebox with O, and H,O levels below 0.1 ppm.
MogS; electrodes were prepared by compressing the as-prepared
powders, polytetrafluoroethylene, and ketjen black at a weight ratio of
8:1:1 onto the molybdenum grid. Electrochemical performance for
rechargeable Mg batteries was tested in coin cells, with APC
electrolyte, polished Mg metal as the anode, and Whatman glass
fiber as separators. Rechargeable Al batteries were assembled using

pouch cells, with AICl;-[BMIm]Cl ionic liquid electrolyte, polished Al
metal as the anode, and Whatman glass fibers as separators. The
electrochemistry was conducted on an Arbin battery test station
(BT2000, Arbin Instruments, USA) with voltage cutoff of 0.5—2 V for
RMBs and 0.2—1.2 V for RABs at room temperature. During GITT
measurement, the electrode was discharged/charged at a pulse current
of 10 mA/g for a duration of 1 or 0.5 h, followed by a relaxation of 1 h
at open circuit to reach equilibrium potentials. Nyquist plots were
recorded using Autolab PGSTAT302N (Metrohm, Switzerland) at a
frequency range of 0.01—100 kHz.
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