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Abstract: Copper sulfide has received increasing attention as an electrode material in past decades. In
this study, we report the synthesis of copper sulfide with layered copper hydroxide salt (LHS)
(Cu,(OH)3NO3) precursors using different protocols. X-ray diffraction suggests the presence of
numerous non-stoichiometric phases (Cuy,S) and not a pure covellite phase and SEM images show
particles with flower-like shape but different in size. The solid-state kinetic parameters of the reaction
refined by the JIMAK method indicate a pseudomorphic transformation controlled by 1D diffusion,
different in term of precursors phase, reagents and protocol applied. The microwave method needs less
energy to achieve the transformation than the amine digestion (AD) method and the morphology of
particles is also different. Tested in sodium acetate electrolyte, CuS provides a maximum capacity of
67 mAh/g for AD, which is much higher than for the commercial grade CusS. This is explained by the
difference in nanostructuration of the flower-like shape particles obtained from the layered template.
Finally, CuS is used as both a positive and negative electrode material in a complete aqueous battery
system but its redox process, which is strongly diffusion limited especially in the lower potential
domain, prevents the whole system from operating at high power.
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1. Introduction

A large number of research focuses today on the development of electrode materials for new
high power batteries. Such fast systems could in some circumstances meet the demand for energy
storage in addition to power. Open structures containing electrochemically active elements such as
lamellar structures are interesting candidates as power and energy electrode materials due to a better
accessibility of the redox centers and rapid diffusion in the aqueous electrolyte. Among these lamellar
materials, the layered double hydroxides (LDHs) materials are at the foreground because their great
versatility and tunability, making them promising for the next generation of supercapacitors (SC) and
hybrid devices. [1,2]. To this end, layered double hydroxides (LDH), layered hydroxide salts (LHS)
and layered oxides such as those containing nickel and cobalt cations have been widely studied and
display high specific capacities [3—-6]. However other materials such as nitrides of vanadium, titanium
or molybdenum are highlighted for their excellent conductivity and remarkable chemical properties,
conferred by their intrinsic lamellar structures associated with unique chemical bonds [7,8]. These
studies have been extended to layer-structured transition-metal dichalcogenides to evaluate them as
electrode material for high power energy storage devices. Indeed, various transition metal sulfides
such as CoS [9], NiS [10], ZnS [11], CuS [12], Cu,S [13], CuCo0,54 [14], WS, [15] and CoS, [16] are
receiving increased attention as electrode materials due to high electrochemical performance, rich and
more complex valence states compared to oxides, and good chemical stability [17].

CusS, an important transition metal chalcogenide, is a typical p-type semiconductor. It is an
inexpensive and abundant material with widespread applications for photocatalytic degradation [18],
Li-ion batteries [19], as a catalyst for CO, reaction [20,21] and for solar cells [22]. As far as
electrochemical storage is concerned, CuS has been evaluated as a cathode material for lithium-ion
batteries as a result of its metal-like electronic conductivity (10~ S/cm) and its promising redox
reaction, with a theoretical specific capacity of 280 or 561 mAh/g for one or two electrons reaction,
respectively [17].
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Different morphologies of CuS have been obtained such as nanoplatelets [23], nanoneedles
[24], nanosheets [25], nanowires [26], flower-like [27], microspheres [28] and nanospheres [23]
(Table 1). For example, Huang et al. reported several morphologies using syntheses assisted with
surfactants such as SDS and CTAB and for which the layered CuS provides a unique architecture for
charge transport and electrolyte diffusion, giving rise to specific capacities of 38.2 and 63.2 mAh/g,
respectively [25]. In addition, Raj et al. have synthesized CuS nanoplatelets using a thermal treatment,
which delivered a specific capacity of 18.3 mAh/g at a scan rate of 5 mV/s with an energy and power
density of 6.23 Wh/kg and 1.75 kW/kg at 3 A/g [23]. Better capacity values have been obtained with
morphologies adopting nanosheet [25], flower-like [27] and nanospheres [29] that have reached
specific capacities of 138.8, 215.6 and 135.7 mAh/g respectively. One aspect which is difficult to
control is the morphology of lamellar CuS structure which depends on numerous parameters.
Therefore, one of the most promising ways to produce the lamellar structure of sulfide materials is to
use lamellar hydroxides structure precursors such as LDH or LHS as inorganic template [30,31]. For
example, Nethravathi et al. have synthesized by a microwave-assisted method, 10 nm-size
nanoparticles of CuS using layered hydroxysalts (LHS) intercalated with dodecyl sulfate (DS)
surfactant. These were studied for sunlight photocatalysis but not yet as an electrode material [31].

Table 1. Comparison of the electrochemical performance of different morphologies of CuS
reported in the literature

Precursors Method of Morphology Electrolyte  Specific Retention Ref
preparation capacity %
(mAh/g)  (Cycles)
LTCBD on LiClO, 86.1
CuSO,*5H,0 , C,HsNS Nanoplatelets 18.3 [23]
FTO (amMm) (100)
CNT@SiO,@Cusilicat , KOH 100
Hydrothermal ~ Nanoneedles 16.9 [24]
Na,S (2Mm) (1000)
CuNO;*3H,0, KOH 60
Solvothermal Nanosheets 63.2 [25]
C, H¢ O, ,CTAB (6M) (500)
CuNO;*3H,0 , KOH 62
Solvothermal ~ Nanosheets 38.7 [25]
C, Hg O, , SDS (6M) (500)
CuNO;*3H,0 , KOH 75.4
Solvothermal Nanosheets 138.8 [25]
C, Hg Oz , CHyN,S (6M) (500)
) Chemical
Cu foil, (NH,4),S,0g , o ) NaOH 87
oxidation & Nanowires 42.3 [26]
Na,S (am) (5000)
LTCBD
CuNO;*3H,0, ) KOH 80
Solvothermal Flower-like 215.6 [27]
C, Hg Oz , CHyN,S (2Mm) (1000)
[Bmim],Cu,Cl _ KOH 74
Solvothermal ~ Microspheres 32.9 [28]
CH4N,S (2M) (3000)
Copolymer Pluronic
KOH 91
P123, Cu(Cl),*2H,0, Solvothermal ~ Nanospheres 135.7 [29]
(6M) (2000)

CH4N,S

* CuSO4*5H,0: Copper sulfate pentahydrate, C,HsNS : Thioacetamide, LTCBD : low temperature chemical
bath deposition , FTO : Fluorine-Doped Tin Oxide, CuNO3;*3H,0 : Copper nitrate trihydrate, C, Hg O,
Ethylene glycol , CH4N,S : Thiourea, CTAB : Cetyltrimethylammonium bromide, (NH,),S,0g : Ammonium
persulfate, CC : Carbon cloth, CNT : Carbon Nanotubes, [Bmim],Cu,Cl :1-Butyl-3-methylimidazolium copper
chloride, Cu(Cl),*2H,0 : Copper chloride dihydrate



The material undergoes a large change in volume due to strong structural distortions making
its cycling response unstable. Hence, it is necessary to control the CuS morphology and combine the
material with electronically conductive carbon or carbonized by-product to enhance electric contact
and the performance greatly [29,32] (Table 2). For example, composites with carbon and copper
sulfide such as carbonized carbon cloth, reduced graphene oxide or multi-walled carbon nanotubes
exhibit a specific capacity of 779.3, 386.3 and 471.8 mAh/g, respectively [37,39,25]

Table 2. Comparison of CuS composites and its derivatives described in the literature

Specific ~ Retention

Composi Method of Morpholo  Electroly )
Precursors ) capacity % Ref
te preparation gy te
(mAh/qg) (cycles)
Cus/3D CuNO3z*3H,0, Flower- KOH 95
C.HNS LTCBD _ 415 [32]
graphene 2 like (3M) (5000)
Cu(CH3CO0),*H Nanosized KOH 70
CuS/GO Hydrothermal ) 38.2 [33]
20, CHyN,S particles (3M) (5000)
Polygon on
Cu(Cl),*2H,0 , KOH 89
CuS/rGO Solvothermal rGO 262.8 [34]
CH4N,S (6M) (5000)
nanosheet
CU(CI)Z*szo , KOH 97
CusS/rGO Hydrothermal ~ Hexagonal 22.8 [35]
CH4N,S (3M) (5000)
CuS/GO
Cu(CH3CO0),*H Nanoplatel KOH 80
nanoshee Solvothermal 83.0 [36]
. 20, CHN,S ets (6M) (2000)
CuS/MC CuNO3*3H,0, Electrodeposit PVA- 89.8
) Nanosheet 779.3 [37]
C CH4N,S ion KOH (10000)
CuSO4*5H,0, KOH 75.1
Cus-CC Solvothermal ~ Nanoflake 59.3 [38]
C,HsNS (3M) (5000)
Hollow- CuNO3*3H,0, Hollow KOH 96.2
Solvothermal 386.3 [39]
CuS/rGo CH4N,S spheres (6M) (1200)
CuNO3*3H,0, Sphere- KCI 88
CuS/PPy Solvothermal ) 118.6 [40]
CH4N,S like (am) (1000)
CuS/ MW CuNO3*3H,0, Layered KOH 90
Solvothermal 471.8 [25]
CNT CH,N,S platelets (6M) (600)

*MWCNT : Multi-walled Carbon Nanotubes, PPy: Polypyrrole, GO: Graphene Oxide, rGO: reduced
Graphene Oxide, CC: Carbon Cloth, CHyN,S; Thiourea, CuNO3;*3H,0O: Copper nitrate trihydrate,
Cu(CH5C00),*H,0 : Copper acetate monohydrate, CuSO,*5H,0 : Copper sulfate pentahydrate, C,HsNS :
Thioacetamide , Cu(Cl),*2H,0 : Copper chloride dihydrate , MCC : Mesoporous carbonized clothes

As previously indicated, humerous synthesis protocols have already been used to synthesize
the CuS phase. However, synthesis of the pure phase is not straightforward, and a mixture of
CuS/Cu,S phase is the most commonly obtained product. This study reports the results obtained only
for pure-phases containing crystallized CusS, together with the formation mechanisms. The main goal
is to use copper — LHS nitrate or the DS intercalated compound as a template to control CusS particle
morphology. The operating protocol was compared to other synthesis methods, currently used for the



synthesis of CuS from metal salts, which we have adapted for the transformation of the copper-LHS
template. First, the solid-state phase formation kinetics for each protocol were studied by combining
X-ray diffraction (XRD) and scanning electron microscopy (SEM) and using the JMAK (Johnson—
Mehl-Avrami—Kolmogorov) theory. Kinetic parameters, such as activation energy, could be compared
between protocols. In the second part, the electrochemical behaviour was investigated by cycling
voltammetry.

2. Materials and methods

2.1. Synthesis of Cu,(OH)3(NO3) and Cu,(OH)s(DS) precursors

For the synthesis of Cu,(OH)3(NOs) samples, AR grade raw chemicals were used. Copper
oxide (CuO, 98%), copper nitrate trihydrate (Cu(NO3),*3H,0, 98%), sodium dodecylsufate (DS,
>90%) were purchased from Aldrich, sodium hydroxide (NaOH, 98%).

15.9 g of CuO (0.2 mol) were dispersed into 200 mL of a 1.25 mol/L aqueous copper nitrate
solution. The mixture was stirred for 4 weeks under a nitrogen atmosphere after which the solid was
recovered by centrifugation at 4500 rpm (relative centrifugal force of 3056xg), washed three times
with deionized water and dried at 60°C in oven.

About 100 mg of the Cu(OH)3(NOs) was dispersed in 4-5 mL of the aqueous solution of
doecylsulfate (DS) (concentration about 0.1 M) and allowed to react for 2 days at 65 °C. The
supernatant solution was centrifuged, and the solid material was again reacted with a fresh salt
solution for 2 days at 65 °C. The organic derivatives were washed three times with water and dried at
60°C in the oven.

2.2. Synthesis of CuS

For the synthesis of CuS using the amine digestion (AD) method, AR grade raw chemicals
were used. Triethanolamine (TEA,99.5%) and isopropanol (IPA,99%) were purchased from Aldrich.
AD is inspired by Pejjai et al. protocol [30]. 0.025 mol of Cu(OH)3(NOs) was dissolved with vigorous
stirring in 50mL od deionized water during 20 min. 1 mL of triethanolamine (TEA), and 2 mL of
isopropyl alcohol (IPA) were added and stirred vigorously for 30 min at 70°C or 90°C. Next a 150 mL
of an aqueous solution with 0.053 mol (1:2) of thiourea were added and the pH was adjusted at 10 by
adding NaOH. The mixture was allowed to react for 30min at constant temperature controlled by a
thermostatic bath Julabo-F12. The precipitate was collected and centrifuged at 4500 rpm for 5 minutes
and washed three times with water and ethanol and dried at 60°C overnight.

For the synthesis of CuS using microwaves, AR grade raw chemicals were used. 1-butanol
(99%) and thiourea (99%) were purchased from Aldrich. The microwave method was inspired by the.
protocol of Nethravathi et al [31]. Copper hydroxyl dodecylsulfate or nitrate (0.2g) were put in
suspension into 80 mL of 1-butanol by sonication for 1h at room temperature. Thiourea (0.1g) was
added and the mixture was sonicated 5 minutes. The resulting mixture was then poured into 80 mL
vessels and irradiated with microwaves at a power of 300 W using a Discover® SP-D 80 microwave
for different periods of time and different temperatures; the pressure reached was around 290 psi. The
black precipitated was isolated by centrifugation, washed with a mixture of water and ethanol (1:1;
v:v) and dried in the oven at 60°C.

2.3. Electrode preparation

In order to evaluate the electrochemical performance of the composite, the CuS prepared (active
matter) was incorporated into an electrode using a typical self-supporting electrode process. To do so,
the active material, an electronically conductive additive (carbon black, Superior Graphite Co., >99%)
and a polymer binder (PTFE, 10 %wt. in solution in water) were mixed in 15 mL of ethanol so as to
have 60, 30 and 10 % by mass of each component respectively. The mixture was then stirred and
heated to 60-70°C to partially evaporate the solvent and obtain a homogeneous paste. The paste was
then cold rolled to produce a sheet of approximately 150 um thickness, before being dried in an oven
at 60°C overnight. Electrodes with a diameter of 10 mm were then cut from the paste and pressed into
a stainless steel grid current collector (316 L, 0.160 mm, Saulas) for 1 minute at 5 tons. The total mass
loading of the electrode composite material was between 5 to 10 mg/cm2.

2.4. Reagents and chemicals



For the LSH synthesis, copper nitrate trihydrate was purchased from Merck (>99%, Saint-
Quentin-Fallavier Cedex, France) and sodium dodecylsufate was from Acros (>99%, Geel, Belgium).
Copper Sulfide (CuS) was from Merck (>99%, Saint-Quentin-Fallavier Cedex, France)

For electrode preparation, carbon black (SG, >99%, Superior Graphite Co., Sundsvall, Sweden)
and polytetrafluoroethylene (PTFE, 60 wt% in water, Merck, Saint-Quentin-Fallavier Cedex, France)

were used.
For electrochemical experiments sodium acetate (CH;COONa, >99%, Merck, Saint-Quentin-
Fallavier Cedex, France) was used. Deionized water was employed for all experiments.

2.5. Analysis

X-ray diffraction analyses were performed using a theta—theta PANalytical X’Pert Pro
diffractometer equipped with a Cu anticathode (AKal = 1.540598 A, AKo2 = 1.544426 A) and an
X’Celeretor detector. For the phase identification and refinement of the unit cell parameters of the
series of samples, the X-ray patterns were recorded in the Bragg-Brentano geometry in the range of
2-80°/26 with a step size of 0.325°/min three times.

Scanning electron microscopy (SEM) images were recorded using a JSM-7500F field-emission
scanning electron microscope operating at an acceleration voltage of 3 kV and magnifications of x1K,
x10K andx20K. Samples to be imaged were mounted on conductive carbon adhesive tabs and coated

with a gold thin layer.

Surface areas were determined from the BET analysis of nitrogen adsorption isotherms recorded
at 77 K using a Micromeritics ASAP 2020.

Cyclic voltammetry (CV) curves were performed using a Biologic VMP3 with a three electrodes
setup with LDH/SG/PTFE as a working electrode, Ag/AgCI (KCI sat) as a reference and platinum as a
counter electrode. The aqueous electrolyte salt was sodium acetate.

3. Results and discussions

3.1. Synthesis of precursors phases

In a previous work [41], we synthesized copper hydroxynitrate phase by the salt-oxide
method. This method was based on the hydrolysis of divalent metal salts in the presence of metal
oxide. In the present case, the reaction was conducted over four weeks and micron size particles were
obtained with a coarse rod-like shape indicating a directed aggregation of primary platelet crystals in
the stacking direction (Fig. 1a). The high purity and crystallinity of the sample enabled a Rietveld
refinement of the XRD data and showed a structure similar to the Rouaite mineral (LSHCu-NO3).
Intercalation of dodecyl benzenesulfonate (LSHCu-DS) was also performed. As expected, the
positions of the basal reflections are shifted to lower 26 values, i.e. higher d value, indicating an
expansion in the interlayer distance (Fig. 1b). The intercalated sample shows a distinct reflection at d =
2.61 nm and SEM images show deagglomeration of LSHCu particles.
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Figure 1. (a) XRD and SEM image of LSHCu-NO; synthesized by salt-oxidzee ﬁl)ethod copy from [41]
and (b) XRD and SEM image of LSHCu-DS of LSHCu-DS



3.2. Synthesis of CusS phase

Two protocols were used to synthesize pure CuS particles. A first protocol is based on the
reaction between LSHCu-NOs;, thioetylonamine (TEA) and thiourea while a second was carried out
using LSHCu-NO; (MW-NQO;) or LSHCu-DS (MW-DS) with thiourea irradiated by microwaves
(MW). Figure 2 shows the XRD patterns of copper sulfide powders when the temperature of reaction
for AD was set from room temperature up to 90°C with a molar ratio Cu/S of 1:2. For MW, the
microwave protocol, the temperature ranges from 80°C up to 150°C.

After reaction using either AD or MW protocol, the XRD recorded are compared to the
synthetic covellite CuS (Fig. 2). This chalcogenide crystallizes with a hexagonal structure in the space
group P63/mmc with the lattice parameters a = 3.77 A and ¢ = 16.42 A. Most of the diffraction peaks
coincide with covellite (CuS), i.e. 20 = 27.6, 29.2, 32.1, 47.9, 52.7 and 59.3° as reported for the-MiHer
indiees 101, 102, 103, 110, 108 and 116 reflections, respectively [42]. This figure indicates no
significant differences on the main diffraction peaks in the 2-theta axis, however the intensity of some
peaks vary as a function of the temperature for the same reaction time. Based on the stacked XRDs,
most of the diffraction peaks at the higher temperature of 90°C match those of covellite. However, for
all the syntheses, the intensity ratios between the peaks do not correspond exactly to covellite. This
result suggests that several Cu.,S phases are present here. Studies have shown the possibility of
obtaining numerous non-stoichiometric phases whose DRX signatures looks like CuS and CHNS
analysis (Table S1) gives a bulk composition comprising between Cu;,gS et CuizsS [43]. The
temperature is important for the layered pristine inorganic phase to fully react and yield crystallized
CuS. For AD, the crystallinity of CuS is largely improved with temperature, a longer reaction time
also increases its crystallinity (Fig. S1). For MW-DS, a temperature of 80°C is sufficient to obtained
pure CusS. After a reaction at 100°C, the intensity of diffraction peaks of CuS increase. As is the case
for AD, the temperature and the reaction time increase the crystallinity of the synthesized phases (Fig.
S2). However, for MW, there is a striking difference between the two pristine phases. After 1 h at
150°C of microwave irradiation, a mixture between LSH-NOj; starting phase and CusS is obtained,
underlining that the reaction is not complete in the temperature range used. It also underlines the fact
that the microwave irradiation is more efficient for more open structure such as surfactant interleaved
LSH than for a compact layered assembly composed of intercalated nitrate anions. To obtain a pure
CusS phase, it is necessary to apply a temperature of 150 °C for at least 120 minutes (Fig. S3).

For the two reactions yielding CuS, SEM images show nanoplatelets with a flower-like shape
and a size of the particles dependent of the temperature and synthesis time (Fig. 3 and S4). The
conservation of the initial lamellar shape suggests a “soft” structural transformation of pseudo
topochemical type [44]. Pseudo topochemical transformation is well known for solid-state
transformation, especially to produce micelle-templated silicas (MTS) like MCM-41 amorphous
starting from silica particles with the same morphology, using an alkaline solution to dissolve the
silica and reprecipitate it around surfactant micelles to yield ordered MTS structures [45] . This type of
transformation has also been used for the synthesis of zeolites [46], layered double hydroxides [47] or
FePQO, [48]. In comparison to AD, the particles obtained by MW are smaller which is also shown by
the relative intensity of the diffraction peaks between both processes (Fig. 3). This is caused by the
different supersaturation conditions (concentration of dissolved species, ie. the dissolution of the
LSHCu template). In high supersaturation conditions, crystal nucleation dominates crystal growth,
leading to the appearance of smaller crystals. These results have led us to compare the formation
mechanisms between both operating protocols.
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Figure 3. (a) SEM images of AD-70°C-1H and (b) SEM images of AD-90°C-1H, (c) SEM image of
MW-DS-150°C-30min and (d) SEM image of MW-DS-150°C-1H

3.3. Analysis of the associated structural transformation

In order to follow the conversion process between LSH and Cus, classical models interpreting
the solid state kinetics were considered based on nucleation and nuclei growth models (i.e. ingestion
or coalescence), dimension-dependent diffusive models, dissolution/ precipitation or simple order-
based models when the rate depends on the concentration or remaining fractions of reactants [49].
Models of solid-state kinetics are known to be well adapted to processes involved in the structural
transformation of layered inorganic templates like LDH or LSH phases [50,51].

By measuring the change in intensity of diffraction peaks between CuS 110 and LSHCu-NO;
or LSHCu-DS templates 120 (Fig. 4), it is possible to follow the structural transformation.
Experimentally, the fraction of LSH converted to CuS (ocys) at a given time was estimated from the
associated peak area ratio from their diffraction line refined by Thompson—Cox—Hastings (TCH)
pseudo-Voigt and by choosing the in-plane contribution 110 for CuS and 120 for the templates.

The progress of the reaction between the two phases crosses at the value of 0.5 (Fig. S5) for all
the protocols, which proves that the transformation takes place without a reactionary intermediate. The
intersection between the curves differs in time according to the protocols and the phases used. For
amine digestion method (AD) less than one minute is required to reach 50 % conversion at 22°C. By
increasing the temperature to 70°C and 90°C, it is almost instantaneous. To study the conversion
mechanism, it is therefore necessary to lower the temperature using a refrigerated thermostatic bath to
have access to longer conversion times. A similar finding was observed for MW-DS for which
temperatures of 120°C and 150°C led to a spontaneous reaction (< 3 min for 50 % conversion). A
lower temperature of 80°C makes it possible to reduce the 50 % conversion time to 20 minutes. These
results indicate that 1) the transformation is strongly temperature dependent, 2) the template impacts
the conversion rate. Indeed, for the microwave treatment (MW) and using the same temperature of
150°C, half an hour is needed for the NO; template to be 50 % transformed (and 2 hours for complete
transformation) while it only takes 1 minute (5 minutes to completion) for the DS LSH template. At
80°C, the conversion times are even more different.
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JMAK refinement.

The progress of reaction exemplified by the function acy,s = f(t) is modeled by a general growth
mechanism using Johnson—-Mhel-Avrami—Kolmogorov’s (JMAK) equation:

ocus = 1 — exp(-K(t-to)") 1)

in which k is an effective rate constant and n the Avrami exponent related to the kinetic model
and t, the induction time (Fig. S6). The Avrami number n is obtained by plotting and fitting In(-In(1-
acus)) = f(t-tg) by a straight line. The determination of the kinetic parameters k then enables the
activation energy E, to be obtained according to the Arrhenius equation:

k = A.exp (-E/RT) 2

where k, E,, A, R and T correspond to the rate constant, the activation energy (kJ.mol™), the pre-
exponential factor, the perfect gas constant (R = 8.314 J.mol™.K™) and the temperature (in K),
respectively.

The fitted Avrami number (n) for all the syntheses and temperatures are presented in Table 3.
Most values of n are below 1, thus deviating from the expected value of 1 for a layered system; which
indicates a complex process controlled by diffusion [52]. The Avrami number depends on
dimensionality of growth and on whether nucleation is instantaneous or sporadic. In this case the
interpretation of the growth model deduced from the Avrami number is an instantaneous nucleation
with needle-like growth [53]. The kinetic parameter k, determined by applying the JMAK model,
increases as a function of the temperature and is found to be dependent of the initial template. As
expected from the progress of the reaction which is different between both templates when using MW,
the kinetic parameter is also very dependent on the temperature. Interestingly, much higher k values
for DS LSH are obtained than for the nitrate template, but it leads to equal activation energies, since
the slopes of the fitted lines are parallel (Fig. 5d): an activation energy to convert LSH platelets to CuS
of 70 kJ/mol is observed for both DS and NOs templates. However, for AD and from the same NO3
LSH template, the activation energy is 250 kJ/mol, four times higher than that found for the MW
method. The decrease in the activation energy using MW was also reported for the rapid synthesis of
cubic particles of cuprous oxide [54]. As a comparison, layered templates have an activation energy of
27 kd/mol for the diffusion of Li into y-gibbsite [55] and 145 kJ/mol is needed to convert LSH zinc to
LDH ZnAl in presence of PES polymer and Al(hydroxyl)acetate [50].

It clearly appears that the microwave treatment (MW) reduces the synthesis time as well as the
activation energy required for the reaction to occur. Under the electromagnetic field generated by
microwaves, it is known that the molecules collide, generating hot spots that accelerate the reaction
kinetics [41]. Having in mind that the microwave treatment requires the same energy to thermally
activate the reaction, the data obtained for the kinetic parameters may seem puzzling (Fig. 5b and c):



they could be explained by the term A which represents the ordinate at the origin and which is the pre-
exponential factor of the Arrhenius equation. The usual assumption is that this factor A is independent
of the temperature and in the transition state theory, i.e. Eyring equation, that contains a term of
entropy of activation while the activation of energy E, is related to the enthalpy (Eq.3) [54].

k ky AST\ [(AH*\1

where K, kb, AS+ AH *,h, Rand T correspond to the rate constant the Boltzmann constant (k, = 1 381
x 102 m?kg.s2K™), the entropy of actlvatlon (in J.mol™), the enthalpy of activation (in J. moI Y, the
Planck’s constant (h = 6,626 x 10 m?.kg.s™), the perfect gas constant (R = 8.314 J.mol™.K™) and the
temperature (in K), respectlvely

The simple comparison in In(k) indicates a more important change of entropy for DS LSH
than for the NO; template, that may be interpreted by greater disorder in the former case more
favorable for the transformation to take place. Regarding the template, DS LSH offers more possibility
than NO; LSH for species to diffuse and react with its much larger interlamellar space, thus decreasing
the ignition time for the transformation to occur, in agreement with the observation (Fig. 4 b and ¢),
while the energy (enthalpy of activation) to do so is the same for both templates. In addition, the
nature of the reagents also plays a key role in the activation energy values. Copper complexation
increases the energy barrier and therefore the E,. The AD method, uses two complexing agents (TEA
and thiourea) and therefore a higher E, than the MW method (which uses thiourea alone) is needed to
remove the complex and react with the sulfur.
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MW-NO; at different temperatures using JMAK refinement (£ 10% value error bars are estimated)
and (d) Arrhenius plot of In k vs. /T for diffusion model determined by using the IMAK model (=
10% value error bars are estimated

SEM images confirm a pseudomorphic type behaviour of the transformation between the two
compounds (Fig.6 and S7). For the AD protocol, the agglomerated platelets of the template are first
separated, then particles grow on their surface. The particles have a round shape with a relatively
homogeneous size distribution of about 50 nm. By zooming in, we see that these nanosized spheres are
composed of leaves, the whole resembling mimosa flowers (Fig.6a). For MW protocols, butanol
medium is known to exfoliate layered hydroxides structure to single platelets [56-58]. The exfoliation
process is aided by the presence of DS in the interlamellar space, which explains why the reaction is
faster for the phases intercalated with DS. For MW-DS, CusS particles appear in only 5 minutes, their
size increases with synthesis time, leading to nanosized platelets with a nano-flower like structure
(Fig.S7). We note differences in morphologies and progress of the reaction by changing the template
during MW. For example, 30 minutes are needed to obtain CuS from the nitrate phase, in accordance
with the monitoring of the evolution by DRX. The size of the primary platelets, although still
nanometric, is larger however than those of the other protocols, they agglomerate together to form
micron-sized aggregates (Fig. 6b).

AD-10°C-4H

.

MW-NO,-100°C-1H



Figure 6. SEM images of (a) AD-10°C and (b) MW-NOs; at different synthesis times

Table 3. Comparison of refinement IMAK parameters and activation energy

Activation
n k Energy
Protocols  Temperature (kJ/mol)
5°C 0.7 0.003
10°C 0.9 0.027
AD 250 £ 50
15°C 1.2 0.028
22°C 0.6 2.03
80°C 0.9 0.11
MW-DS  100°C 0.5 0.93
7010
120°C 0.6 1.47
150°C 0.4 5.23
MW-NO; 80°C 1.4 0.001
100°C 0.9 0.005
120°C 0.8 0.02 70+ 10
150°C 0.8 0.04

3.4. Electrochemical behavior
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Asaremlnder CuS is composed of Cu",CU™ 195 ,S% (1. With x = 2/3 : it iis therefore possmle
to OX|d|ze Cu* to Cu®* when first sweeping the potential to more oxidative values or to reduce Cu* in
Cu® when starting first at lower potential as follows (adopting a cation redox for the two
electrochemical reactions):

2 —c2— - - 2 —c2—
Cu:CU(f_x)Sx S(l—x) —ye + yA d Aycua_y)CU(f_x+y)Sx S(l—x)

Cu+Cu(1 0Sx Sty +2ze” +2CT - C,Cu) JCuf, Z)Cu(l 9Sx Stn

The theoretical capacity of Cu* in CuS in oxidation, ie. Cu* to Cu** is 187 mAh/g, ie. when y
= x and the theoretlcal capacity of Cu* in CuS in reduction, ie. the total amount of Cu* to Cu® is the
same, i.e. when z =

One cannot discard the possibility of reduction of Cu®* right down to Cu®°, unless these two
electrochemical processes are separated as it will be shown in a symmetric display using CuS at both
electrodes. Considering the two electrochemical reactions, the coulombic charge between the first
oxidation and the first reduction corresponds to the Cu” initial content within Cus.

When first starting with an oxidative CV sweep of CuS, a fast faradic-like behaviour is
observed in the potential range between -0.2 to 0.8V (vs. Ag/AgCl), but with a relatively low
coulombic efficiency, as shown by the pronounced difference in intensity between the oxidation and
reduction wave. This is regardless of the protocol used. The CVs presented in Figure 7a,b and S8
indicate that the reaction is largely irreversible during the first oxidation since such large intensity is
not recovered after the first cycle. This may be explained by either a possible degradation of the active
matter and be related to an oxygen evolution reaction. After three cycles, the CVs are stabilized and
the redox waves of Cu(ll) to Cu(l) are located at 0.05 V and 0.30 V (vs. Ag/AgCl) in reduction and
oxidation, respectively. Capacity values recorded in the third cycle after stabilization are 66 mAh/g for
both materials prepared by AD and MW-DS-120°C-30min. This value represents only 35% of the
theoretical capacity, indicating a degradation of the material during the first two cycles.

Better capacities seem to be obtained for the particles with a higher specific area (> 20 m2/g).
For the MW-DS protocol characterised by SEM and XRD (see above), smaller particles are formed

, the capacities after the 3" cycle are higher. This difference of capacity
could also be the result of the not pure CusS phase synthesized and the different ratios between the non-
stoichiometrics phases of the materials obtained (not determined in this study).

Such a trend is also observed for the commercial product that is composed of large and well
crystallized particles as shown by SEM images and XRD (Fig.S10), but it reaches a capacity of 9
mAh/g after three cycles. Even if gas adsorption analyses (BET) show limited porosities for most of
the samples, a clear difference is observed in terms of specific surface area (Fig.S11). The samples
synthesised by the lamellar template exhibit specific surface areas ranging from 10 to 20 m2/g, much
larger than the commercial CuS. It underlines the beneficial effect of nanostructuration on the
electrochemical active sites, more exposed and thus giving rise to superior electrochemical
performances as usually observed in the literature [59].

Indeed, this nanostructuration is not acting on the particle surface only. Interestingly, by
varying the scan rate and plotting the evolution of the capacity, it is possible to distinguish between
electrochemical processes occurring purely at the surface and those that are diffusion-limited.
Experimentally, the Q/Qnmax ratio are reported using Qmax With the slower sweep rate of 0.5 mV.s ' and
it shows a pronounced decrease in capacity when increasing the scan rate since at fast scan rates (5
mV.s "), less than 60% of Q.« Was reached (Fig. 7d). It underlines that the redox reaction is not
occurring at the particles surface only but also involves diffusion inside the particles.

For all the syntheses, the capacity is rapidly fading (Fig. 7c and S8) and the loss of capacity is
only due to the transformation of the starting material, as shown by the SEM-EDX images which
prove the integrity of the carbon and PTFE additives (Fig. S9).
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Table 4. Results of CV experiments of AD and MW-DS at 2 mV/s in sodium acetate (1M) in [-0.2;

0.8] V.
Qcharge Qdischarge C. Qcharge Qdischarge A
(mAhlg)  (mAhig)  Efficiency  (mAhig)  (mAhig) ~ CEMCeNSY o
rd rd th th (m”g)
3" cycle* 3" cycle* (%) 20" cycle*  20™ cycle*

AD-T0°C- o7 34 51 13 10 77 25

1H

AD-90°C- g5 31 47 9 7 78 26

1H-

MW-DS-

120°C- 66 32 48 8 7 88 19

30min

MW-DS-

120°C- 39 27 70 10 9 90 12

60min

MW-DS-

150°C- 45 26 58 8 6 75 13

30min

MW-DS-

150°C- 51 25 49 7 6 85 12

60min

CuS-CG 9 7 78 2 1 50 <1

* Capacity and columbic efficiency include all the possible parasitic reactions taking place during the

cyclic voltammetry tests
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Figure 7. First cyclic voltammetry curves recorded at 2 mV/s in sodium acetate (1M) of (a)
AD-90°C-1H and AD-70°C-1H and (b) MW-DS at different time and temperature, (c) Evolution of
cyclic voltammetry for MW-DS-120°C-30min and (d) Evolution of Q/Quax as a function of the scan
rate

By sweeping a larger potential range, between -0.9 V and 0.8 V (vs. Ag/AgCl), the reduction
from Cu(l) to Cu(0) may occur as underlined before. In the case of MW-DS-120°C-30min, a redox
response is observed at low potential (Figure 8a). This redox transformation is related to the Cu(ll) to
Cu(l) transformation between [-0.2; 0.8] V (vs. Ag/AgCI) as indicated by the CVs obtained over the
potential range between [-0.2; 0.8] V (vs. Ag/AgCI). In the large potential window, the capacity of the
Cus electrode is not the same as for the smaller potential range and the two redox reactions take place
in cascade. Cu(ll) has the possibility to be reduced to Cu(l) and down to Cu(0) at lower potential (-0.9
V vs. Ag/AgCl). The transformation of CuS reduced down to Cu(0) explains the differences in
intensity and positioning of the redox peaks. Figure 8a compares at the third scan the cycling
behaviour of CuS in the two separate potential domains to check the possibility of using the same
material at both electrodes.

A full symmetric cell was assembled. Care was taken to equilibrate the capacity in both
electrodes, i.e., a loading in mA.h (deduced from half-cell tests) at the negative electrode equivalent to
that of the positive electrode. The electrodes were initially cycled in half-cells (two cycles) on their
corresponding potential ranges to be passivated and stabilized and then placed face to face in a two-
electrodes device. The redox reactions were recorded using linear cyclic voltammetry at 0.2 mV/s
(equivalent to a 1.1 C rate of charge or discharge).

The potential of the working electrode was imposed and swept between 0.05 and 0.8 V (vs.
Ag/AgCI) at a speed of 0.2 mV/s, paying special attention to avoid cell voltage inversion (Fig. 8b and
S12). Indeed, a first oxidation at the positive electrode is obtained as the potential is swept between the
open circuit potential up to 0.8 V (vs. Ag/AgCl) and, simultaneously, the potential at the negative
counter-electrode goes down to —0.45 V (vs. Ag/AgCl) (Fig. 8b), resulting in a cell voltage of AE =
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0.8 — (—0.45) = 1.25 V on charge (Fig.8c). The capacity on charge obtained on the first cycle is 48
mA.h/g. By comparison to the half-cell tests, the lower capacity is related to the fact that the potential
range chosen is lower and does not enable the entire reduction process to occur, with the discharge of
the positive electrode cut at 0.05 V vs. Ag/AgCl (AE around 0 V) to prevent voltage inversion (Fig
S12) since the main reduction of the positive material is centred around 0.1 V. Clearly, the capacity
decreases upon cycling at 0.2 mV/s as well as when increasing the scan rate. At a higher scan rate of
50 mV/s, the capacity remains stable but at less than 5 mA.h/g. When the scan rate is slowed down
slightly to 2 mV/s, the specific capacity increases moderately to 7 mA.h/g. This indicates that the
prepared CusS is not able to sustain high scan rate due to its diffusion-limited redox process, especially
in the low potential window corresponding to the activity of the negative electrode (Fig. 7d).
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Figure 8. (2) Third cyclic voltammetry curves recorded at 2 mV/s in sodium acetate (1M) of MW-DS-
120°C-30 min in different potential range (b) Evolution of CusS positive and CuS negative potential in
a complete cell swept between 0.05 and 0.8 V vs. Ag/AgCI on the positive working electrode (1M
sodium acetate at 0.2 mV/s) (c) Cyclic voltammetry curve of the complete cell (d) Evolution of
capacity as a function of the scan rate and number of cycles.

4, Conclusions

In summary, an original approach to synthesize CuS from layered copper hydroxide materials
was achieved by applying different protocols. SEM images show particles with a flower-like shape but
different in size. Solid state kinetic parameters of the reaction from LSHCu phase yielding CusS are
refined by the IMAK method. Refinements indicate a pseudomorphic transformation different in term
of precursors phase and protocol applied. The microwave method needs less energy to achieve the
transformation than the AD method. When tested in aqueous electrolyte, CuS provides a maximum
capacity of 67 mAh/g for the AD and MW-DS-120°C-30min method, which is much higher than for
the commercial grade CuS. This is explained by the difference in nanostructuration of the flower-like
shape particles obtained from the layered template. Finally, CuS is used as a positive and negative
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electrode material in an aqueous battery system, but it is the redox process, which is strongly diffusion
limited especially in the lower potential domain, which prevents the whole system from operating at
high scan rate (high power).
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