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Abstract

Covellite phase CuS and carrollite phase CuCo02S4 nano- and microstructures were synthesized from
tetrachloridometallate-based ionic liquid precursors using a novel, facile, and highly controllable hot-injection
synthesis strategy. The synthesis parameters including reaction time and temperature were fir st optimized to
produce CuS with a well-controlled and unique morphology providing the best electrocatalytic activity towards
the oxygen evolution reaction (OER). In an extension to this approach, the electrocatalytic activity was further
improved by incorporating Co in the CuS synthesis method to yield CuCo2Ss microflowers synthesized via the
same approach. Both routes provide high microflower yields of >80 wt.%. The CuCo2S4 microflowers exhibit a
superior performance for the OER in alkaline medium compared to CuS. This is demonstrated by a lower onset
potential (~1.45V vs. RHE @10 mA/cm?), better durability, and higher turnover frequencies compared to bare
Cus flowers or commercial Pt/C and IrOz electrodes. Likely, this effect is a associated with the presence of Co%*
sites on which a better adsorption of reactive species formed during OER (e.g., OH, O, OOH, etc.) can be
achieved, thus reducing the OER charge transfer resistance, as indicated from XPS and EIS measurements.
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1. Introduction

The world’s growing energy demand in conjunction with environmental issues originating from the
widespread use of fossil fuels have led to a tremendous push towards alternative, clean, and
sustainable energy sources worldwide.l Catalytic water splitting is among the most prominent
approaches towards sustainable fuel production. However, several obstacles exist. Most prominently,
the sluggish kinetics (i.e., high overpotential) of the oxygen evolution reaction (OER) is a key bottleneck
in electrocatalytic water splitting. RuO2 and IrO2 are the current state-of-the-art catalysts for efficient
OER at low overpotential; their high cost and limited availability, however, drastically restrict their
application on a larger scale.?23 Consequently, there is a rather urgent need for cheap, robust, and
highly effective electrocatalysts for application in OER systems. As a result, numerous efforts have
been dedicated to non-precious materials, including transition metal oxides, perovskites,

chalcogenides, nitrides, hydroxides, and phosphides.4-6

In spite of these significant efforts, the performance of these non-precious metal-based electrocatalysts
is significantly lower in comparison with the expensive and high-performance water oxidation
electrocatalysts.”8 Moreover, many of these non-noble catalysts have drawbacks such as lower
stability under real-device conditions, lower number of active sites, poor electron transfer, and poor
contact with the electrolyte. Thus, there is an urgent need for facile, cheap, and efficient approaches
towards OER electrocatalysts with high stability and high activity. Among others, ionic liquids (ILs) and

ionic liquid precursors (ILPs) may provide such suitable synthetic approaches.®-12

ILs are organic compounds that consist of completely fromions, with relatively low melting point. Their
properties can be tuned by an appropriate choice of the cation and the anion. ILs have received much
attention over the last decades covering many fields due to their remarkable properties including very
low vapor pressure, high ionic conductivity, low melting points, and so forth. Of particular interest to the

current study, metal-containing ILs (MILs) have been used as ILPs for inorganic nanomaterials
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synthesis, where the ILP acts at the same time as the solvent, the template, and the precursor
(providing at least one component) of the inorganic material.12 For instance, the ILP approach has been
used for preparation of various inorganic materials including CuCl®, Aul4, (doped) carbon materials1®-
16, Ni and NiO nanomaterialst’-18, CuS12, Fe3C19 In20320, ZnO21, CuO?2, and metal fluorides.23-24
Although ILs are still somewhat more expensive than conventional solvents, they have clear
advantages as outlined above. Moreover, there are sustainable synthesis protocols available

suggesting that cost will not be a decisive factor in using ILs in the future25-27,

Transition metal chalcogenides, especially sulfides, have attracted significant attention due to their
excellent electrical, optical, and catalytic properties.28-29 Accordingly, transition metal chalcogenides
have found application in many fields including lithium-ion batteries3® and , water splitting.31 Copper

sulfide32 and cobalt sulfide33 are among the most important chalcogenides in this context.

CuS stoichiometry, structure, shape, and Cu oxidation state could be used for tuning their
electrochemical and physical properties. Accordingly, Cu2xS (x =0-1) with different composition and
morphologies including covellite (CuS), anilite (Cu1.75S)34, digenite (Cu1.8S)3°, djurleite (Cu1.96S)36, and
chalcocite (Cu2S)3’ have been synthesized. In this regard, various synthesis strategies such as
solvothermal synthesis, hot-injection solution synthesis, sonochemical synthesis , chemical vapor
deposition and vapor-liquid-solid growth have been introduced to construct CuS nanostructures.38-39
Nevertheless, the preparation of CuS particles with a well-defined and controlled features including
particle size, shape, stoichiometry, hierarchical organization, and defined crystal structure via a

scalable, easy, and cheap synthetic approach is still a challenge.40-41

Additionally, electrochemical applications often benefit from non-stoichiometric compositions, solid
solution-type materials composition, or effects of doping certain elements into an existing lattice. Often,
however, these systems are difficult to synthesize because they are thermodynamically unstable and

are driven towards phase separation yielding a two-component solid material or powder rather than the
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desired product, e.g. a solid solution. Although there are numerous strategies available forthe synthesis
of well-defined (inorganic) nanomaterials, there is a need to further evaluate protocols that enable the
fabrication of materials with specific and often uncommon compositions without driving the system into

phase separation.

Mixed-metal sulfides such as copper-cobalt sulfides further expand the chemical and physical
properties provided by the single metal counterparts. For example, Li et al.42 synthesized Co-doped
Cu7S4 nanodisks via fast thermolysis and showed that the introduction of traces of cobalt into the Cu7S4
lattice greatly enhances the OER performance. Meenakshi et al.43 reported that the replacement of
some of the cobalt(ll) ions in the tetrahedral sites of Co3S4 with copper(ll) ions results in the formation
of CuCo2S4 carrollite with a standard spinel structure which is paramagnetic and metallic in its bulk.
Generally, the octahedral Co(lll) sites of the spinel structure are catalytically active, while the tetrahedral
Cu(ll) sites (divalent copper sites) are almost inactive.43-44 Thus, there is an interest in multicomponent
metal sulfides and well-designed synthesis protocols enabling the controlled synthesis of such
materials with controlled composition and morphology. Tang et al.4> fabricated CuC02S4 nanostructures
via a solvothermal reaction with superior performance in supercapacitor applications. Wiltrout et al.46

synthesized colloidal CuCo02S4 nanoparticles using a solution approach.

We have recently established the concept of ILPs for the synthesis of inorganic nanomaterials including
CuCl®, FesC19,and afew other materials with high application potential.#7-48 The current article expands
this ever growing, highly flexible and adaptable platform of ILPs and demonstrates for the first time that
ILPs also provide rapid and highly reproducible access to materials for electrochemical applications
such as water splitting. The current report demonstrates for the first time that precisely defined ILPs
containing more than one metal are viable precursors for the direct one-step synthesis of multi-metal
sulfides such as carrollite nanomaterials. The ILP used in the current work is based on the

tetrachloridometallate(ll) anion, where the metal center within the tetrachloridometallate(ll) anion is
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Cu(ll) and Co(ll), and the N-butylpyridinium (C4Py) cation is the counterion. The ILP used here has the
composition [C4Py]2[Cuo.39C00.61Cls]. The CuC02S4 microflowers obtained from reaction of the ILP with
a sulfur source exhibit outstanding OER activity and excellent stability with overall performance
comparable to or higher than that of the other transition metal chalcogenides reported so far, especially

when compared to the pure CuS or Co3S4 microflowers.

1. Experimental
1.1. Chemicals

N-butylpyridinium chloride (loLiTec, 99%), bis(trimethylsilyl) sulfide ((TMS)2S, Sigma-Aldrich,
99%), CuCl2-:2H20 (Fluka, = 99%), Na2HPO4-7H20 (Sigma-Aldrich, 299.99%), CoCl2-6H20 (Ucb, 98%)
,acetonitrile (Sigma-Aldrich, 99.8%), isopropanol (Sigma-Aldrich, 99.7%), and Nafion (5 wt.%, Sigma-
Aldrich) were used to prepare CuS microstructures and were used as received without further

purifications. All solutions used in this study were freshly prepared using Milli-Q water (18.2 MQ cm).

1.2. Synthesis of CuS microflowers

The ILP [C4Py]2[CuCls] was prepared as previously described elesewhere.4® The final CuS
particles were prepared using a hot-injection process in argon atmosphere. Briefly, 1 mmol (0.478 g)
of [C4Py]2[CuCl4]was first heated to 160 °C, followed by a rapid adding of 1 mmol (0.211 mL) of (TMS)2S
via a syringe. The orange color of the liquid instantly converted into black and supplemented with the
precipitation of CuS particles with the injection. Next, the reaction mixture was kept under vigorous
stirring at 160 °C for 1 hour followed by a cooling step to room temperature. Then, the dark brown to
black CuS particles were collected and cleaned by repetitive cycles of washing/centrifugation with

absolute ethanol and milli-Q water. Lastly, the obtained CuS particles were dried for 12 hours under



vacuum at room temperature. To obtain CuS particles with various shapes and crystal structures,

different reaction times (between 1 and 8 h) and temperatures (between 120 and 200 °C) were used.

1.3. Synthesis of bis(N-butylpyridinium) tetrachloridocuprate(ll)cobaltate(ll)

The ILP was synthesized as described elsewhere.®° In short, 1.5 mmol CuCl2 (0.258 g) and 1.5 mmol CoCk
(0.357 g) were added into in 6 ml dry acetonitrile containing 6 mmol N-butylpyridinium chloride. This mixture was
stirred for 3 hours at reflux. Rotary evaporation was used to remove the solvent at 60 °C under lowered pressure

and the obtained product was next dried under vacuum. Yield: 1.40 g (98 wt. %).

Elemental analysis (CHN analysis, described below in section 2.5) for C1sH2sClsCuo.39C00.61N2 calculated
(found): C, 45.52 wt.% (45.03%); H, 5.94 wt.% (6.12%); N, 5.9 wt.% (5.92%). ICP-OES (described below in
section 2.5): Cu 5.04 wt%, Co 7.50 wt%. MS (positive mode): m/z = 136.1123 [CoH14N]*. This compound is

hereafter referred to as [C4Py]2[Cuo.39C0061Cl4].

1.4. Synthesis of CuCo2S4 Microflowers

CuCo2S4 microflowers were obtained using a hot-injection strategy in argon atmosphere as follows!2: 2 mmol
(0.422 mL) of (TMS)2S were added into preheated 0.5 mmol (0.237 g) of [C4Py]2[Cuo.39C00.61Cl4] at 180 °C using
a syringe. Upon injection, the green color of this mixture immediately transformed to black together with
precipitation of a dark solid particles. This reaction mixture was kept for 6 hours under vigorous stirring at 180
°C and then cooled to room temperature. After this cooling step, the resulting dark brown to black precipitate
was collected and cleaned by repeated cycles of washing/centrifugation with absolute ethanol and mill-Q water.
Finally, the obtained particles were dried for 12 hours at roomtemperature undervacuum. 127.8 mg of CuCo2S4

powder (83 wt.% yield) was obtained at the end.

1.5. Apparatus
Elemental Analysis (CHN) was examined by an Elementar vario EL Il analyzer with 0.3 wt.%

detection limit.



Inductively Coupled Plasma (ICP) spectroscopy was carried out at the Mikroanalytisches Labor
Kolbe, Milheim, Germany. A Perkin EImer Analyst 200 Atomic Absorption spectrometer was used to

determine the metal contents.

Mass Spectrometry (MS) was conducted by a Micromass quadrupole — time of flight (QTOF)
mass spectrometer with an electrospray ionization (ESI) source operated in positive ionization mode,

with an m/z range of 50-800. Diluted methanol solutions of the prepared materials were injected.

Differential Scanning Calorimetry (DSC) measurements were performed with a Netzsch DSC
214 Polyma in nitrogen environment. The provided aluminum pans with a pierced lid by DSC
manufacturer was used as sample holder. Three heating and cooling cycles in the range of -100 to
150 °C at 10 °C min-1 were employed in the DSC measurements. Isothermal time between cooling and

heating cycles was 10 min.

Single crystal structure analysis was done as follows: A suitable single crystal of
[C4Py]2[Cuo.39C00.61Cl4], which was grown by diffusion of methyl tert-butyl ether vapor into an ethanolic
solution of the compound, was embedded in perfluoropolyalkylether oil and mounted within a
MicroGripper. The data collection was carried out at 210 K on a STOE StadiVari diffractometer
equipped with a four-circle goniometer (open Eulerian cradle), a Genix Microfocus X-ray source (Mo)
with a graded multilayer mirror and a Dectris 200 K detector (Aw=0.5°; detector distance 60 mm; 2017
frames, 15 s exposure time per frame). All the obtained data were corrected for both Lorentz and
polarization effects. Numerical absorption corrections were applied using optimized shape®l. The
structure was solved by direct methods using the program SHELXS-2013/1 52and refined against F2 by
means of full-matrix least-squares procedures using the program SHELXL-2014/7.53 Non-hydrogen
atoms were refined with anisotropic temperature factors. The hydrogen atoms were calculated in their
expected positions and refined using a riding model with C—H = 0.94 A (-CH), C—H = 0.98 A (—CH>)

and C-H = 0.97 A (—CHs3), allowing for rotation), and Uiso(H) = 1.2Ueq(CH, CH2) and Uiso(H) =
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1.5Ueq(CHs). For visualization, the programs DIAMOND?>4 and ORTEP®>> were used. CCDC 1999142
contains the supplementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.
Powder patterns calculated from the single crystal data exactly match the powder diffraction data from
the as-synthesized compound [C4Py]2[Cuo.39C00.61Cls] —the single crystal structure of the compound is
thus identical to the structure of the powders

Powder X-ray Diffraction (XRD) of the prepared materials was examined by a PANalytical
Empyrean with Bragg-Brentano geometry and PIXcellD detector using Cu Ka radiation (A = 1.5419 A).
The instrument was operated at 40 kV and 40 mA over 26 range of 4—70° with 0.0131° step size and
1s sample rotation time for 190 min. PHD Level of the detector was set to 45-80 to reduce the

fluorescence. The average crystallite sizes D were calculated through the Scherrer equation.56
D=KA/(Bcos0)

where K is the Scherrer constant (0.9), A is the wavelength of X-ray radiation (A = 1.5419 A), Bis the

full-width-at-half-maximum of the (012) and (113) reflections, and 6 is their respective position.

Scanning Electron Microscopy (SEM) was performed on a JEOL JSM-6510 (W cathode, 15 kV)
equipped with Oxford Instruments INCA x-act detector to measure energy dispersive X-ray
spectroscopy (EDXS) unit . Samples were mounted on an aluminum stub with adhesive carbon tape
and coated with carbon using a Polaron CC7650 Carbon Coater. Additionally, the elemental EDX
mapping was conducted using a Zeiss UltraPlus Scanning Electron Microscope with EDX detector from

Thermo Fisher at acceleration voltage of 20 kV.

X-ray photoelectron spectroscopy (XPS, Axis165, Kratos Analytical, Al Ka X-ray source), was
used to determine the surface elemental composition of the samples. For evaluation, a linear

background was first subtracted, and peaks were fitted with gaussian shapes with equal FWHM for the



same species. The fitted peaks of were assigned to the most plausible assignment according to

literature.

Electrochemical analysis was performed on a typical three-electrode setup GAMRY
Potentiostat/Galvanostat (Reference 600). A piece of carbon paper with 1 cm?2 geometric surface area
modified with the catalyst materials acted as working electrode, while a spiral Pt wire and saturated
standard calomel (SCE) served as counter and reference electrodes, respectively. The measured
potential against SCE then converted to RHE using the standard equation (Erve = Esce+ 0.059 pH+
E°sce). The working electrodes were prepared as follows: 6 mg of as-prepared catalyst and 3 mg of
commercial carbon black powder were homogeneously dispersed in 400 pL of isopropanol and 100 pL
of a 5 wt% Nafion solution by ultra-sonication for 30 minutes. Next, 30 pL of the ink was cast atop a
clean carbon paper piece and dried under vacuum for 30 minutes resulted in 0.18 mg/cm?2 catalyst
loading. The performance of these as-prepared catalysts for the OER was studied in 1 M KOH solution
by using different electrochemical techniques including chronoamperometry, cyclic voltammetry and
linear sweep voltammetry (LSV).. The same drop-casting method was used to prepare the samples for

the EDX mapping, but casted atop glassy carbon.

Electrochemical Impedance Spectroscopy (EIS) measurements were performed at the onset

potential with a disturbance potential of 5 mV and a frequency range from 1 MHz to 0.1 Hz.

Tafel slopes were calculated from the LSV curves by plotting the potential against log (current
density). Chronopotentiometry measurements were done in 1 M KOH at three different current
densities, typically 5 and 10 mA cm~2, to investigate the long-term stability of the catalysts (catalyst
loading ~0.1 mg/cm?). The electrochemically active surface area (ECSA) was estimated from the
double-layer capacitance (Cdi) obtained from the CVs in the non-Faradaic region of applied potential
with various scan rates. The Cdl values were calculated from the slope of the Al = lanodic — lcathodic VErsus

the scan rate plot. The relative ECSA was then estimated by dividing the Cai of the substrate (carbon
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paper, CP) coated with ink loaded with the catalyst materials (CuS and CuCo02S4), with the Cai of the

substrate coated with ink that does not contain any catalyst material.

2. Results and Discussion

2.1. Morphology and Crystal Phase of CuS Microflowers

The effect of synthesis parameters including reaction time and temperature on the morphology and
crystallography of the obtained CuS particles was first examined by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) to draw a relation between the synthesis parameters and the

structure and shape of the obtained materials.

To study the effect of the reaction temperature on the obtained CuS particles, CuS particles were
created at various reaction temperatures (120-200C) at fixed reaction time (1 hour). Figure 1 shows
the respective SEM images and XRD patterns of the resulting CuS particles. As clearly seen in Figure
1 a-f (SEM images), the morphology of the obtained CuS particles is significantly affected by the
reaction temperature. At 120 °C, highly aggregated particles with irregular shapes are observed, while
at 140 °C, a dense mat of interlaced elongated features composed of highly aggregated flake-like
particles is obtained. As a result, it is hard to estimate the actual average particle sizes of these flakes,
however the size of its primary rod- or flake- like features is ~2 ym. At 160 °C, these CuS flakes were
hierarchically arranged in flower-like microstructures with 2 um diameter and their primary building units
(the flakes) are on the order of 1.5 um. The shape of the roughly spherical aggregates resembles desert
rose crystals with highly intersected individual flake-like plates, although of course on a much smaller
length scale. Moreover, CuS particles with a rather diverse set of shapes were obtained at higher
reaction temperatures (170 °C). Where some of them exhibited pretty similar morphologies to that of
the created CuS particles at 140 or 160 °C, while others showed “stack of pancakes” morphology

similar to that of the ZnO.57
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Figure 1. (a-f) SEM images of the obtained CuS particles at differentreaction temperatures. (a) 120 °C, (b) 140
°C, (c) 160 °C, (d) 170 °C, (e) 180 °C, and (f) 200 °C using an identical reaction time of 1 hour. (g) Structure of
covellite CuS. Atomic coordinates from Evans and Konnert® drawing with diamond. (h) XRD patterns of the
synthesized CusS particles at different temperatures (same color code as in Figure 1(a-f)).
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Additionally, SEM images of these samples indeed indicate that the observed roughly spherical
particles are composed of plate-like particles rather than rod-like ones. Finally, the sizes of these
roughly spherical aggregates are quite larger (~ 4 ym) and seem to have a broader size distribution.
Once More, this is challenging to estimate attributing to the high degree of aggregation in these

materials.

Even using further higher reaction temperatures (180 °C) yield CuS particles with different set of
morphologies, mostly flower-like microstructures, analogous to those obtained at 160 °C. Besides,
some ball-like particles with average diameter of 3 um are also observed. At 200 °C, CusS particles with
“stack of pancakes” morphologies are seen again with building units having a similar dimension as
before, but with much lower degree of morphological order and homogeneity than the synthesized

materials at lower temperature.

The covellite (CuS) structure has a rich atomic environment consisting of Cu-S layers linked by S-S
covalent bonds. Every Cu-S layer consists of a triangular CuSs layer sandwiched between two layers
of tetrahedral CuS4, Figure 1(g). Figure 1(h) displays the corresponding XRD patterns of the created
CusS particles at different temperatures. As seen in this figure, all the prepared CuS materials show all
typical reflections of the hexagonal structure of the covellite (CuS) phase (P63/mmc, primitive hexagonal
unit cell with a =b = 3.790 and ¢ = 16.340 A, JCPDS 98-002-6968). Nevertheless, the obtained CuS
particles at lower temperatures (120 and 140 °C) exhibit additional reflections at 26 = 15 — 25 °, which
are assigned to impurities (copper sulphate pentahydrate, CuSO4.5H20, JCPDS 00-011-0646).
Samples obtained at 160 °C yield patterns that can be assigned to pure hexagonal CuS. The existence
of a sharp and strong (110) reflection indicates a preferred orientation of the CuS particles. XRD
patterns of the created particles at 170'C and 180°C exhibit extra reflections indexed to Cu2«xS, in
addition the typical reflections of the hexagonal CuS phase. The XRD results are in good agreement

with literature®?, where many researchers reported the reversible transformation between covellite CuS

12



and Cu2xS at 160 °C < T <180 °C, while only CuS is exist at lower (T < 160 °C) and higher (T = 180

°C) temperatures.

With a further rise of the reaction temperature to 200 °C, the obtained CuS particles show pure
hexagonal CuS (JCPDS 98-002-6968) again as clearly seen from their obtained XRD patterns,
consistent with literature.>® Concluding from the XRD results, the grown samples at 160 °C showed
pure covellite CuS phase with a high crystallinity indicating that these materials would be promising
candidates for further investigation, thanks to their crystallographic and morphological homogeneity.
The estimated crystallite size of these materials using Scherrer’s equation is 25 nm (see experimental
part for details). The effect of temperature can possibly be assigned to the formation of microscopic
structures in the IL even in the (isotropic) liquid phase, but a more detailed study is currently underway

to confirm this hypothesis? 6061,

Besides reaction temperature, the effectof reaction time was also studied. Figure 2 shows SEM images
of the synthesized CuS microstructures at constant synthesis temperature (160 °C) for various reaction
times, and their respective XRD patterns. A reaction temperature of 160 °C was chosen since the above
shown data reveal that the most clearly defined particle morphologies are produced at 160 °C. Overall,
the desert rose crystals-like particles are composed of intertwined micrometer-sized flakes (Figure 2a).
SEM obviously shows that the reaction time has a considerable effect on the obtained particle
morphologies as well as the individual flake sizes. The size distribution of the flakes and the aggregates
appears rather narrow, but as the individual particles are highly aggregated, thus the exact estimation
of the size distribution is difficult. Longer reaction times result in changes in the morphologies of the
precipitates. For instance, reaction time of 4 hours leads to larger, quite densely aggregated, and
strongly intersected flake-based ball-like particles with diameters of 2 - 2.5 ym and flake sizes of around
1 pum (Figure 2Db). Increasing the reaction time to 6 hours results in the formation of chrysanthemum-

like structures with particle sizes between 4 —5 um and flake sizes of around 1 um (Figure 2c).
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Figure 2. (a-d) SEM images of the synthesized CusS particles at 160 C at different reaction times; (a) 1 h, (b) 4
h, (c) 6 h, and (d) 8 h. (e) Their respective XRD patterns.

Finally, the obtained hierarchical flower-like microstructures at 8 hours of reaction appear to be
composed of well-assembled and closely packed CuS flakes. These flower-like particles have an
average diameter of 5 - 5.5 um with individual flakes with around 1 um (Figure 2d). Overall, the obtained
SEM results suggests that the individual building blocks (i.e. the flakes) of the prepared materials
remain roughly the same, but their aggregation (flakes) is strongly affected by the reaction time. Figure
S3 and Figure S4 show the TEM images and elemental mapping of CuS particles obtained at 160 °C
and 8 hours. It is worth to mention that all the synthesized CuS microstructures at different reaction

times show the same diffraction patterns suggesting the formation of hexagonal covellite (Figure 2e).
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This confirmsthe major role of the reaction time and temperature in the assembly of the CuS nanoflakes
into different morphologies with less effecton the crystal structure. The morphology of the CuS particles
Is affected by reaction time because their growth likely occurs via a multistep process, similar to earlier
reports on CuCl69-61, This also agrees with existing models of crystal growth in complex media, where

multiple pathways lead to complex crystal morphologies®2-63,

2.2.  Morphology and Crystal Phase of CuCo0,S4 Microflowers

In analogy to the above example, CuCo02Ss4 microflowers were synthesized from the ILP
[C4Py]2[Cuo.39C00.61Cl4]. Single crystal structure analysis (see Figures S1 and S2, supporting
information for details) of [C4Py]2[Cuo.39C00.61Clsa] reveals that the structure of the solid ILP is identical
to the copper-only compound [C4Py]2[CuCls4].50 Once more, (i) the asymmetric unit contains four
independent cations and two anions, (ii) the compound crystallizes inthe monoclinic space group P21/n,
(iii) the crystal structure is stabilized by extended networks of non-classical hydrogen bonds and non-
covalent contacts, and (iv) the metal center shows a tetrahedral geometry and is completed by four
chloride ligands to afford the anionic [Cuo.39C00.61Cl4]2-entity. Moreover, like the two parent compounds
[CaPy]2[CuCls]and [C4Py]2[CoCls],the mixed metal IL [C4Py]2[Cuo.39C00.61Cla] exhibits a glass transition
at -37.6 °C, a cold crystallization at 8.6 °C, and a melting transition at 74.7 °C, Figure S5 (supporting

information).

Like in the case discussed before, the ILP [C4Py]2[Cuo0.39C00.61Cl4] can also be reacted with a sulfur
source such as (TMS)2S to yield the respective sulfide. Figure S6a shows a representative SEM image
and XRD patterns of CuCo02S4 particles obtained at 160 °C and 6 h of reaction time. The reason for
selecting these reaction conditions is that CuS powders (see section 3.1 above) synthesized under

these conditions show the highest OER activity of all CuS materials investigated here (see section 3.3
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below, see Figure S9). Indeed, SEM of the CuCo2S4 particles shows rather well-defined, but highly
aggregated CuCo2S4 nanoflakes (with average particle size of ~ 44 nm) with some irregular structures.
Figure S6b shows the XRD pattern of the CuCo2S4 powders in comparison to the pattern obtained

from CuS made at identical reaction conditions.

XRD patterns obtained from the solids synthesized from [C4Py]2[Cuo.39C00.61Cla] show reflections that
can be assigned to the cubic phase of carrollite (CuC02S4, Fd3m, primitive cubic unit cell with a = 9.458
A, JCPDS 98-003-1107). Additional reflections at 28 = 29.8° and 52.1° can be assigned to
cobaltpentlandite (Co9Ss, JCPDS 98-003-1753). All reflections are broad, indicating the formation of
nanocrystalline building blocks. Consistent with the XRD analysis, Figure S6d shows representative
energy dispersive X-ray spectroscopy (EDXS) data that prove the presence of Cu, Co, and S in the
powders. Figure S7 and Figure S8 display the TEM, EDS and elemental mapping analysis of CuC02S4

particles. As obviously seen in Figure S7, CuCo02S4 exhibited sheet-like structure.

Figure 3a shows a typical XPS survey spectrum showing the presence of Cu, Co, and S in the sample;
these data are consistent with EDXS data shown above. The observed Cl and C peaks may originate
from some residual IL precursor [C4Py]2[Cuo0.39C00.61Cl4], while detected O and C peaks could come
from adsorbed Oz, H20, or CO2 species on the surface of the sample and adventitious hydrocarbon
from the XPS instrument.64 Figure 3b shows the S energy region of the XPS spectrum. The peaks at
161.30 and 162.40 eV can be assigned to 2pi2and 2ps/2 core levels at S2-. The broad peaks at 168.97
eV can be ascribed to SO42-indicating that the sulfur species on the surface is partially oxidized, likely
by air.6> Figure 3c shows the Cu energy region of the XPS spectrum. The Cu2ps/2 and Cu2pi/2 peaks
are observed at around 950.97 and 931.20 eV (AE = 19.75 eV), respectively. Each peak can be

decomposed into two well-defined peaks attributed to Cu* and Cu2+.66
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Figure 3. (a) XPS survey spectrum, and high-resolution XPS spectra of (b) S 2p, (c) Cu 2p, and (d)

Co 2p regions in the XPS spectra of the CuCo02S4 powders.
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In the Co 2p region (Figure 3c), the binding energy peaks of Co 2p12 and Co 2ps/2 are observed at
around 793.09 and 778.09 eV (AE = 15 eV) together with their satellites, respectively. The fitted peaks
at 780.1 and 782.6 eV are attributed to Co?* and Co3* species, while the peaks at 785 and 788.7 eV
can be assigned to Co2* and Co3* species bonded with sulfur. These data clearly show that Cu and Co
are both present in the materials.6’” As a result, XPS analysis demonstrates the presence of Cu2+*, Co3*,
and S2-. This is in good agreement with literature, where the individual oxidation states in carrollite are
generally shown as Cu2*Co023*S42-to comply with charge balance.6®8 However, XPS further shows that

Cut* and Co?* are also present in the materials; this is an important factor for the OER, see below.

2.3.  Oxygen Evolution Reaction (OER)

The electrocatalytic performance of the carrollite CuCo2S4 catalyst towards the OER was investigated
in 1.0 M KOH aqueous solution using a standard three-electrode setup. For comparison, analogous
measurements were performed with the CuS powders described above (section 3.1), with commercial
Pt/C (20 wt%) and IrO2 catalysts, and with pristine carbon paper. The same mass loadings were used

for all catalysts.

Figure 4 clearly shows that the as-prepared mixed metal thiospinel (CuCo02S4) microflowers exhibit a
excellent performance (in terms of stability and activity) for driving OER. Figures 4a and b clearly show
that the CuCo02S4 microflowers have the best OER catalytic activity with the lowest OER onset potential
(1.345 V vs RHE, the required potential to achieve 2.5 mA cm-2) together with the smallest required
overpotential (0.23 V) to achieve a current density of 10 mA/cm2 among the investigated catalyst
materials. The higher electrocatalytic activity of the CuCo02S4 catalyst is also evidenced from the lower
obtained potential at certain current density (Fig. 4b) and larger current density obtained at fixed

potential (Figure 4c).
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Figure 4. OER performance in 1.0 M KOH (a) Polarization curves of bare CP (I, black-curve), PYC@CP
(ii, red-curve), CuStowers@CP(iii, violet-curve), IrO2@CP (iv, blue-curve) and CuCo02S4@CP (v, pink-
curve). Potential scan rate =5 mV/s. (b) required potential (upper-plot) and overpotential (lower-plot)
for 5and 10 mA cm-2. (c) obtained current densities at 1.5 and 1.6 V vs. RHE (d) Nyquist plots of bare
CP (a), Pt/IC@CP, CuSflowers@CP and CuCo02S4@CP. Same color-coding are used in Fig. 4d as in Fig.
4a.
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As shown in Figure 4c, CuCo2S4 catalyst showed 14.8 mA/cm?2 at~1.5 mV (vs. RHE) which is ~3, ~30,
and ~75 times higher compared to commercial IrO2, undoped CuS flowers, and Pt/C electrodes,

respectively.

The as-synthesized CuCo02S4 powders exhibit a higher activity than those of many previously reported
Cu-based electrodes including oxides, sulfides, and Co-Cu alloys, see Table S5. Compared to the
CuCo02S4 microflowers, the as-synthesized CuS microflowers show a higher OER onset potential (~1.63
V vs. RHE) associated with very high potential to obtain 10 mA/cm2. This is surprising because the CuS
powder exhibiting a ca. 1.7 times larger roughness (as estimated using the double-layer capacitance,
Cdl) than the corresponding CuCo2S4 powders, see Figure S10. The higher electrochemically active
surface area of the CuS microflowers compared to CuCo2Sa4 is attributed to the flower-like morphologies
of CuS in contrast to CuCo2S4, which has a rather poor and micron-scale morphology with a less open

surface, see Figure S6-8.

Figure S6 shows Tafel slopes of the as synthesized electrocatalyst materials as calculated by using the
results shown in Figure 3a. Figure S11 shows that CuCo2S4 and CuS microflowers have Tafel slopes

of 211 and 157 mV/dec, respectively.

Why does the CuCo2S4 catalyst with 2-fold lower ECSA exhibit higher activity compared to CusS flower-
like structures? The presence of cobalt is believed to improve OER activity via reducing the charge
transfer resistance together with their synergistic and electronic effects as indicated from EIS and XPS
measurements. EIS measurements have been measured at the prepared electrocatalyst materials
(CuS and CuCo02S4 microflowers) in order to determine the origin of enhanced performance of CuC02S4
for OER. Figure 4d displays the Nyquist plots of the bare and modified carbon papers with Pt/C, CuS

and CuCo2S4 nanostructures. The figure clearly illustrates that the presence of cobalt significantly
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decreasing the OER charge transfer resistance, where CuCo02S4 shows a much lower charge transfer

resistance (~ 1,6 Q) compared to CuS flowers (~ 21 Q) and commercial Pt/C electrode (~ 4 KQ).

The CuCo02S4 exhibit outstanding long-term stability compared to CuS flowers and commercial Pt/C
electrode, Figure 5. This excellent stability of the CuCo02S4 electrodes is demonstrated by the negligible
change in its OER overpotential over 2 hours at current density of 5 and 10 mA cm-2compared to the
significant increase of OER potential of both the undoped CusS flowers and Pt/C electrode, as shown in
Figure 5a. Figure 5b displays the LSVs of the CuCo2Ss and CuS catalysts after measuring

chronoamperometry test for various times.

Clearly, CuCo02S4 shows a remarkable long-term stability compared to CuS flowers, where CuCo02S4
microflowers lose only ~ 15% of their initial activity after 12 hours compared to ~ 91% loss of the CuS
flowers, as estimated using the current loss at 1.78 V vs. RHE. The low stability of the CuS flowers

correlates with a large increase in their OER charge transfer resistance with time (Figure 5c).

This increase in the OER charge transfer resistance is thought to originate from the significant decrease
of the CusS flowers electrochemically active surface area attributing to the destruction of their unique
flower-like structures. On the other hand, the charge transfer resistance of the OER on CuCo2S4 (Fig.
5d) remain almost unchanged with long-term repeated OER runs, highlighting the high stability of the

CuCo0254.

3. Conclusion

Carrollite CuCo02S4 microflowers were prepared from the ionic liquid precursor (ILP) bis(N-
butylpyridinium) tetrachlorido cuprate(ll) cobaltate(ll), [C4Py]2[Cuo0.39C00.61Cl4]. The as-prepared
CuCo2S4 microflowers exhibit outstanding activity and an excellent stability for the oxygen evolution

reaction in alkaline medium.
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Figure 5. Long-term stability studies in 1 M KOH of CuS flowers and CuCo02S4 nanostructures. (a) Long-
term durable operation at various current densities (5 and 10 mA/cm?), catalyst loading ~0.1 mg/cm?Z.
(b) OER LSVs recorded after measuring chronoamperometry for various times. Inset displays the
obtained results at CuS flowers under the same conditions. Same color codes were used for Figure b
and its inset. The respective Nyquist plots of Fig. 5b and its inset. Same color codes were used in Fig.
5c and d as in Fig. 5b. (c,d) EIS obtained of CuCo02S4 (c) and CusS (d) after measuring OER for different

times.
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This performance boost is demonstrated by the lower onset potential and higher turnover frequencies
of CuC02S4 compared to bare CusS flowers or commercial PtC and IrO2 electrodes. These performance
enhancements of OER are attributed to the presence of Co3* resulting in a significant decrease in the
OER charge transfer resistance (reduced from 21 Q to 5 Q). Additionally, Co atoms appear to provide
Cos3* sites, which are useful for the adsorption of different reactive species formed during OER (e.g.,

OH, O, OOH, etc.).
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Herein, CuS and CuCo2S4 nanostructures were synthesized from single ionic liquid precursors using anovel and
highly controllable synthesis strategy. The obtained CuCo2S4 showed outstanding activity and stability for
oxygen evolution reaction. The morphology was tuned viareaction time and temperature.
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