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We present the synthesis and characterization of single crystals and polycrystalline samples of BaxCus.1(1)Ag1.9
Ses. A single-crystal X-ray diffraction study confirms its monoclinic structure (space group: C2/m) with lattice
parameters of @ = 16.0342(15) &, b = 4.4162(4) A, ¢ = 9.1279(9) &, § = 124.005(2)°, V = 535.82(9) A% and Z =
2. The structure of BayCuy 1(1)Ag1.9(1)Ses5 consists of polyanionic fo[Cug_l(l)Agl‘g(l)Ses]“’ layers. The negative
charges on these layers are counterbalanced by the filling of Ba>" cations in the structure. The Ag and Cu atoms
are statistically disordered at the same sites. The Ag/Cu atoms are bonded with four Se atoms in a distorted
tetrahedral fashion. The structure also contains linear Seg’ units with intermediate Se---Se interaction of 2.7734
(14) A. The BayCuy 1(1)Ag1.901)Ses can be charge-balanced as (Ba2")o(Cu™)y.1(Ag™)1.0(Se> )a(Sed)1. The optical
absorption study performed on a polycrystalline sample with a loaded composition of BayCug 1Ag; 9Ses reveals a
direct bandgap of 1.0(2) eV, and the indirect bandgap was found to be below 0.5 eV. The resistivity study also
confirmed the semiconducting nature of the sample. The thermoelectric properties, including thermal conduc-
tivity and Seebeck coefficient, have been studied as a function of temperature. The polycrystalline
BayCuz1Ag1 oSes has a very low thermal conductivity value of 0.46 W/mK at 673 K. The positive sign of the
Seebeck coefficient values indicates the polycrystalline BaxCuz1Ag; oSes is a p-type semiconductor with holes as
the majority of charge carriers. Further, the charge storage behavior of the material was investigated for
supercapacitor application. The material delivers 76 F g~! at 0.5 A g~! current density in 1 M KOH electrolyte
and is stable for 10,000 cycles retaining 85% capacitance.

1. Introduction structure is an example of a polychalogenide that has both Se~ and Sef~

[1-3].

The catenation property of chalcogens (Q = S, Se, and Te), which
helps these atoms to show hypervalency in various homochalcogen
units, makes the structural chemistry of multinary metal chalcogenide
more complex and richer compared to its oxide’s counterpart. Typically,
the complexity of chalcogenide structures can be enhanced by intro-
ducing more crystallographically independent cations in these struc-
tures; therefore, the structural and physical properties of quaternary
chalcogenides are relatively more flexible and intriguing as compared to
the binary or ternary counterparts. The chalcogenide structures
featuring homoatomic bonding between Q atoms are commonly referred
to as polychalcogenides. The average charge on the chalcogen atoms in
the various Q) units varies depending on the shape of these homoa-
tomic units and the bonding between the Q atoms. For instance, the
BajAg4Sea(Ses) structure features unique linear Sef™ units, the
BasAgoSes(Ses) structure contains Se5” dumbbells, and the NbaSeq
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Transition metal-containing polychalcogenides have attracted solid-
state and material research scientists for a long time due to their
distinguished properties such as thermoelectric properties [4-6],
transparent conductivity [7], high-temperature superconductivity
[8-10], magnetism [11,12], charge density wave [13], catalytic [14],
and non-linear optics [15]. As described earlier, the self-catenation na-
ture of the chalcogens in these structures enhances the structural
complexity of metal polychalcogenide, and hence these structures adopt
a variety of structure types that vary from zero-dimensional to
three-dimensional. The main motivation for exploring new metal chal-
cogenides with narrow bandgaps in the last decade has arisen due to
their potential thermoelectric applications. The development of elec-
trical power generators, which have the ability to produce electrical
energy from the waste heat produced from industries, power plants,
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internal combustion engines, etc., is crucial to make use of fossil fuels
efficiently. Thermoelectric (TE) materials can also be used in cooling
devices, which only use electrical current to operate [16]. These TE
coolers are more reliable due to the lack of any moving parts. Thermo-
electric properties of many transition metal-containing chalcogenides
were studied in the mid or high-temperature range such as Cuy ,Se [17],
doped-AgSbTe, [18], BaCuySes [19], BagCuy4_sTer2 [20], AgBisSs [21],
and AgBiSe; [22]. Many transition metal-containing chalcogenides
usually have layered two-dimensional or quasi-two-dimensional struc-
tures, and specific properties of these layered chalcogenides originate
from these layers [7]. Another important application of metal
chalcogenide-based materials is to use them as high-performance metal
ion capacitors due to their high performance and high energy efficiency
[23]. In this perspective, predominantly binary transition metal chal-
cogenides have been explored in the literature, and complex ternary and
quaternary transition metal chalcogenides are largely overlooked for ion
capacitor applications.

We have been exploring the ternary and quaternary Cu/Ag-
containing chalcogenides, mainly for TE applications. Our exploration
has yielded a few new ternary and quaternary compounds like BaAgSe,,
BaM;_,Teg, BaScMQs (M = Cu and Ag; Q = Se and Te), and BagZr,CusSo
[2,24-26]. In this article, we report the synthesis of the
non-stoichiometric pseudo quaternary selenide BaaCus 1(1)Ag1.9(1)Ses of
the Ba—Cu-Ag-Se system. The Cu and Ag atoms are mixed at the same
sites as established by the single-crystal X-ray diffraction study. The
phase pure polycrystalline sample with the loaded composition
BayCuz.1Ag) oSes was synthesized for the first time and used to investi-
gate its physical properties, such as optical, temperature-dependent re-
sistivity, and thermoelectric properties. Moreover, we have also
examined the electrochemical properties of the polycrystalline
BayCuy 1Ag1 9Ses sample for supercapacitor application.

2. Experimental
2.1. Materials used and synthesis

The following reactants were used as received for the synthesis of
BayCuy.1(1)Ag1.901)Ses: barium rod (Alfa Aesar, 99+%), silver flakes
(Sigma-Aldrich, >99.9%), copper powder (Alfa Aesar, 99.98%), and
selenium powder (Sigma-Aldrich, 99.5%). These chemicals were stored
and handled inside an argon-filled dry glove box to avoid oxidation.

2.1.1. Synthesis of single crystals of BazCuy 1(1)A81.9¢1)Se5

The black-colored crystals of BaaCuz 1(1)Ag1.9¢1)Ses were obtained by
exploratory solid-state synthesis carried out in the Ba-Cu-Ag-Se system.
The target composition was BayCupAgoSes. A reaction mixture of Ba
(54.2 mg, 0.395 mmol), Ag (42.6 mg, 0.395 mmol), Cu (25.1 mg, 0.395
mmol), and Se (78.0 mg, 0.987 mmol) were first transferred in a carbon-
coated sealed fused silica tube (having an outer diameter of 6 mm). The
tube was then sealed under the vacuum (ca. 10~ Torr) with the helpofa
flame torch. The sealed tube was placed inside a programmable furnace.
The temperature of the furnace was ramped to 873 K from room tem-
perature (RT) in 12 h, where the reaction mixture dwelled for 96 h. The
tube was then slowly cooled down to 373 K at a rate of 5 K/h to felicitate
the crystal growth. Finally, the furnace was switched off and radiatively
cooled to RT.

The elemental compositions of the crystals obtained from the reac-
tion product were studied using an octane elite energy dispersive X-ray
spectrometer (EDX) (EDAX Inc, USA) that was attached to a field-
emission scanning electron microscope (FE-SEM) (Make: JEOL, Japan;
Model: JSM 7800F). The EDX data were collected on a few black-colored
crystals at random points with an accelerating voltage of 15-20 kV. The
semi-quantitative EDX analysis confirmed the presence of four elements,
Ba, Cu, Ag, and Se, in these black crystals. The compositions of these
black crystals were consistent with ~ BayCuz.1Ag; 9Ses composition. The
EDX area mapping of a typical crystal of BagCuz 1(1)Ag1.9(1)Ses is shown
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in Fig. 1a, which shows the homogenous distribution of all the four el-
ements with Bagg,.52)Cu21.4(6)A818.9(5)S€52.8(8) composition.

The sizes of these black crystals are in the range of about 200-400 pm
inlength and 10-50 pm in width. The EDX study did not detect any trace
of silicon/oxygen in these black crystals of BayCuy 1(1)Ag81.91)Ses.

2.1.2. Synthesis of the polycrystalline BayCuy.1Ag; oSes

After establishing the composition and crystal structure of BasCus ;
Ag1.9a1)Ses, a polycrystalline sample with a loaded composition of
BayCuz1Ag;oSes was synthesized using the sealed tube solid-state
method. The stoichiometric amounts of Ba, Cu, Ag, and Se consistent
with BayCuy 1Ag1 9Ses composition were loaded inside a carbon-coated
fused silica tube having a 10 mm inner diameter and 12 mm outer
diameter inside the argon-filled glove box. The fused silica tube con-
taining the reaction mixture was evacuated (ca. 10~* Torr) and then
sealed using the flame torch. The sealed ampoule was placed inside the
furnace, and the temperature was slowly ramped up to 823 K with a
heating rate of ~83 K/h. The reaction mixture was annealed at 823 K for
24 h to react the metals with Se. Subsequently, the temperature was
again ramped up to 1023 K (above the melting point of Ba) at a rate of
~63 K/h, and the reaction mixture was dwelled for 24 h before
switching off the furnace. A black lump formed in the first step was
ground inside the Ar-filled glove box, pressed into cylindrical pellets,
and reheated in a sealed fused silica tube at 823 K for 72 h. The sintered
pellets were characterized by a powder X-ray diffraction study.

2.2. Single-crystal X-ray diffraction study

Single-crystal X-ray diffraction data of BayCuy 1(1)Ag81.9(1)Ses were
collected at 298(2) K using a Bruker D8 Venture instrument equipped
with a Photon-III mixed mode detector. A graphite monochromatized
Mo-Ka radiation with a wavelength of 0.71073 A was used for the
diffraction experiment. The EDX-analyzed crystals were picked under N-
paratone oil and used for unit cell determination. The unit cell constants
of several black crystals were checked by the fast scan. The refined cell
constants were found to be very similar for these crystals indicating a
narrow homogeneity range of Cu/Ag content in the crystals. The
working voltage and operating currents were 50 kV and 1.5 mA,
respectively, throughout the experiment. The distance between the X-
ray detector and the crystal was fixed at 5 cm. The intensity data were
collected as a series of 0.5° frame width in @ and ¢ scans, and each frame
was collected with an exposure time of 2 s. The APEX3 software [27]
package was used for data collection, cell refinement, and data reduc-
tion. The absorption corrections of the measured reflections were done
by the multiscan method implemented in the SADABS [28] program.

The crystal structure of BayCuy 1(1)Ag81.9(1)Ses was solved and refined
using the SHELX-14 suite of programs [29]. The XPREP program [30]
suggested monoclinic symmetry with the C-centering of the cell. The
three space groups [C2 (no. 5), C2/m (no. 12), and Cm (no. 8)] consistent
with the observed reflection’s extinction condition were identified by
the XPREP program. The statistics of intensity (|E? — 1| = 0.843)
favored a centrosymmetric structure. Hence, the centrosymmetric
monoclinic C2/m (no. 12) space group was chosen for the structure
solution. The initial model of the crystal structure of the BazCuz 1(1)Ag1.9
1)Ses was obtained by the direct methods using the SHELXS program
[31] that identified six crystallographic independent atomic positions.
These positions were initially assigned as one Ba, two Ag, and three Se
sites. The subsequent refinement of the structure reveals that both of the
transition metal sites were mixed (Ag/Cu). The Ag and Cu atoms were
allowed to have the same fractional atomic coordinates by using the
EXYZ constraints. The site occupancy factor (SOF) values of Ag and Cu
were refined freely, and their anisotropic thermal parameters were kept
the same using the EADP constraint. The ADDSYM [32] program of the
PLATON [32] also agreed with the solved model and did not suggest any
higher symmetric space group for the final structure. Mixing Ag/Cu at
the same sites yielded significantly lower values of crystallographic
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Fig. 1. (a) The EDX spectrum and area mapping (inset) of the Basg 5(2)Cli21.4(6)A818.9(5)S€52.5¢8) crystal and (b) the Le Bail refinement of an experimental PXRD data
of the polycrystalline sample with the loaded composition of Ba;Cu, 1Ag: oSes. The experimental X-ray pattern, Bragg positions of reflections, calculated pattern, and
the difference plot are depicted as solid black dots, green ticks, solid red line, and solid blue line, respectively. The Rexp, Rup, Rp, and goodness of fit (y) values are

2.95%, 8.63%, 6.51%, and 2.93, respectively.

reliability factors [R(F) and RW(Fg)]. The M1 (Cul+Ag1) disordered site
contains a slight excess of copper (~10%) as compared to the Ag atom,
whereas the M2 site has nearly equal amounts of Ag and Cu (Ag = 49.3%
and Cu = 50.07%). The formula obtained after final refinements is
BayCuy 1(1)Ag1.901)Ses (Z = 2). Finally, the parameters like scale factors,
atomic positions with anisotropic displacement parameters, and
extinction parameters were refined. The atomic positions were at last
standardized using the program STRUCTURE TIDY [33]. Further details
of structure refinement and crystallographic parameters are provided in
Tables 1-3 and in the supporting information (SI) file.

2.3. Powder X-ray diffraction (PXRD) study

The phase purity of the polycrystalline reaction products was eval-
uated by the PXRD studies. The PXRD data of the finely ground samples
were collected at RT using a Rigaku Ultima IV diffractometer with Cu-Ka
radiation (A = 1.5406 /0\) source. The PXRD data were recorded over a 20
range of 10°-70° using a 6-20 geometry. The experimental PXRD pat-
terns were compared with the calculated PXRD patterns simulated from
the single-crystal structural data. The PXRD patterns were analyzed
using the Match3! software [34].

Table 1
Crystallographic data and structure refinement details for Ba;Cus 1
MAg1.901)Ses structure.”

Chemical formula BayCuz.11)Ag1.901)Ses

Space group c3,— C2/m
a(A) 16.0342(15)
b (A) 4.4162(4)
¢ (A) 9.1279(9)
pC) 124.005(3)
v (A% 535.82(9)
z 2
p(gem3) 6.244

u (mm~ 1) 31.64
R 0.047

R, (F3)* 0.107

2 1=0.71073 A, T = 298(2) K.

® R(F) = X ||Fol—|Fell/ZIF,| for F3 > 26(F3).

¢ Ry(F2) = {= [W(F2 — F3?1/swF}Y2. For F2 < 0, w = 1/[c%(F2)
+ (0.0074P)? + 41.9620P] where P = (F2 + 2F2)/3.

2.4. UV-visible-near infrared (UV-vis—-NIR) absorption study

The optical bandgap study of the polycrystalline sample with the
loaded composition of BagCug 1Ag; 9Ses was carried out at RT. The
polycrystalline sample was homogenized into a fine powder inside the
Ar-filled glove box before using it for collecting the UV-vis-NIR data.
The absorption study was carried out using a JASCO V-770 UV/VIS/NIR
spectrophotometer instrument against a BaSO4 standard, over the
wavelength range of 2500 nm (~0.5 eV) to 354 nm (3.5 eV). The
Kubelka-Munk equation, a/S = (1 - R)2/2R, was used to transform the
reflectance data into absorption data. Here a, S, and R are the absorption
coefficient, scattering coefficient, and reflectance, respectively [35].

2.5. Thermal conductivity measurement of the polycrystalline
BayCuz 1Ag1 95Ses

The thermal conductivity study of the polycrystalline
BayCuy1Ag1 9Ses sample was done on a cylindrical (8 mm dia.) dense
cold-pressed pellet with the help of a Linseis Xenon Flash (XFA 500)
thermal diffusivity measurement system. The details of the thermal
diffusivity measurements are given elsewhere [25]. The following
equation was used to calculate the thermal conductivity of the sample:

kiorar = d X D X Cp' (@)

Here ko1, d, D, and G, are total thermal conductivity, the density of the
cylindrical pellet, thermal diffusivity, and heat capacity of the sample,
respectively. The BayCuy1Ag; oSes pellet was coated with a thin layer of
graphite before performing the thermal diffusivity experiment to reduce
the radiative heat loss. The thermal conductivity data were recorded
over a temperature range of 373 K-673 K. The Dulong-petit law of heat
capacity was used to calculate heat capacity [36], and the density of the
sample was calculated by the Archimedes principle. The density of the
pellet was about 93% of the theoretical density obtained by the
single-crystal study. The total thermal conductivity was calculated using
equation (i). The thermal conductivity values are associated with an
instrumental error of about 10%. The PXRD study of the sample showed
no sign of oxidation or phase degradation after the experiment. Thus, the
sample is stable under the measured conditions. Also, the thermal
diffusivity data of heating and cooling cycles were in good agreement
within the experimental error.
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Table 2
Fractional atomic coordinates and Ujso/Ueq Values” for the BayCuy.1(1)Ag1.9(1)S€s structure.
Wyckoff position Site symmetry SOF x y z Uiso™/Ueq”
Bal 4i m 1 0.31015(5) 0.000000 0.31619(10) 0.0212(2)
Cul 4i m 0.55(2) 0.06028(13) 0.000000 0.2314(4) 0.0589(9)
Agl 4i m 0.45(2) 0.06028(13) 0.000000 0.2314(4) 0.0589(9)
Cu2 4i m 0.51(2) 0.42582(14) 0.000000 0.0425(2) 0.0400(6)
Ag2 4i m 0.49(2) 0.42582(14) 0.000000 0.0425(2) 0.0400(6)
Sel 4i m 1 0.12248(11) 0.000000 0.86633(19) 0.0285(3)
Se2 4i m 1 0.64891(11) 0.000000 0.2880(2) 0.0274(3)
Se3 2c 2/m 1 0.000000 0.000000 0.500000 0.0300(5)

? Uiso/Ueq is the one-third value of the trace of orthogonalized Uj; tensor.

Table 3
Selected interatomic distances (A) for the BayCus 1(1)Ag1.91)S€s structure.

Atomic pair Bond Distances (A) Atomic pair Bond Distances (A)

“M1—Sel 2.541(2) Bal-Sel 3.2910(12) x 2
M1-Se2 2.5181(11) x 2 Bal-Sel 3.4779(17)
M1-Se3 3.098(2) Bal-Se2 3.2910(17)
M2—Sel 2.6249(12) x 2 Bal-Se2 3.2989(11) x 2
M2—Se2 2.548(2) Bal-Se3 3.3532(6) x 2
M2—-Se2 2.975(2) Bal---M1 3.630(1)
M1---M1 3.528(1) Bal---M2 3.856(1)
M2.--M2 2.885(1) M1---M2 2.888(1)
Se---Se 2.773(1) - -

4 M = Ag/Cu.

2.6. Seebeck coefficient and electrical resistivity of the polycrystalline
BayCuz 1Ag oSes

The temperature dependence of the Seebeck coefficient (S) and
electrical resistivity (p) values were studied by using a ULVAC-RIKO
ZEM-3 instrument to evaluate the thermoelectric figure of merit (27)
for the polycrystalline BaxCuz1Ag1 9Ses. The efficiency of a TE material
is measured by its 2T value [= (Szo/kmml)T_l, which is inversely pro-
portional to the total thermal conductivity (ke and directly propor-
tional to the S and electrical conductivity (6) value. The electrical
resistivity is the inverse of the ¢ value.

The values of electrical resistivity and Seebeck coefficient were
collected for the sample as a function of temperature under a helium
atmosphere. The experiment was performed on a compact parallele-
piped pellet having dimensions of 12 mm x 6 mm x 2.5 mm. The pellet
was fabricated from the polycrystalline powder sample under the pres-
sure of ~15 MPa and sintered at 773 K for 24 h in a carbon-coated sealed
tube. The electrodes were cleaned properly before collecting the data to
avoid errors. The error associated with the electrical resistivity and
Seebeck coefficient values is about 5%.

2.7. Electrochemical characterizations

Electrodes were prepared by coating the active material (i.e., poly-
crystalline BapCugp 1Ag1 oSes) slurry (~4 mg em ) onto a graphite sheet
(1 cm? area) current collector and dried at 363 K overnight under vac-
uum for electrochemical studies. The slurry was prepared by using 80%
of BayCuy1Ag)oSes active material, 10% polyvinylidene difluoride
binder (99.5%, Sigma-Aldrich), and 10% of carbon black (Super P-65) in
N-methyl pyrrolidone (99%, Sigma-Aldrich).

Composite electrodes’ electrochemical performances were studied
using galvanostatic charge-discharge (GCD) cycling, cyclic voltammetry
(CV), and electrochemical impedance spectroscopic (EIS) studies. The
electrochemical characteristics were studied using a three-electrode
setup containing a platinum counter electrode and a saturated calomel
reference electrode in the potential range between —0.8 and 0.5 Vin 1 M
KOH electrolyte. All these experiments were analyzed using a cell test
system (Solartron analytical, Oak Ridge, TN, USA) model 1470E coupled
with an FRA model 1455A. The EIS responses were recorded within a

frequency range of 1 MHz and 10 mHz at an amplitude of 5 mV under
the fully discharged condition. Further, the obtained EIS data were
analyzed using Z-view software (Scribner Associates, USA).
The composite electrodes’ electrochemical specific capacitance (Cs)
was calculated from GCD curves using the following equation [37,38].
1At

C, = Fg! 2
mAV g &)

where I (A) is current, m (g) is the mass of active material, At (s) is
discharge time, and AV (V) is the voltage window of the measurement.

3. Results and discussion
3.1. Synthesis and crystal structure of BazCuy 1(1)Ag1.9¢1)Se5

The black-colored crystals of quaternary BasCus 1(1)Ag1.9(1)Ses were
first synthesized by the high-temperature reaction of elements at 873 K.
The approximate yield of BayCug 1(1yA81.9(1)Ses crystals was about 30%
based on the silver. A series of reactions involving Ba, Ag, Cu, and Se
elements with the loaded compositions of BayCuy1Ag1 9Ses was carried
out with varying temperature profiles to optimize the reaction condi-
tions to obtain a monophasic polycrystalline sample. The phase pure
polycrystalline sample of BayCuz1Ag; 9Ses was obtained by the stoi-
chiometric reaction of corresponding elements at high temperatures
using a two-step method. First, the reactants were heated at 1023 K for
24 h to produce a homogenized black lump that was compacted into a
disk. This disk was again reheated at 873 K in the second step to make
polycrystalline BayCuy1Ag; 9Ses powder. The phase purity of the ho-
mogenized polycrystalline sample was confirmed by the Le bail refine-
ment of the experimental PXRD data using the TOPAS software package
[39] (Fig. 1b). The refined cell constants of a = 16.042(1) 1°\, b=4.428
1) A, ¢=9.141(1) i\, and = 123.903(1)° agree well with the constants
calculated by the SCXRD study. The homogeneity limit of Cu in the
BayCuy.1(1)Ag1.901)Ses structure was not studied and is out of the scope of
this work.

3.1.1. Crystal structure of BazCuz 1(1)A81.9(1)Ses

Fig. 2 shows the crystal structure of BayCuy 1(1)Ag1.9(1)Ses as deter-
mined by the single-crystal X-ray diffraction study at 298(2) K. The
transition metals in this structure are disordered. The BayCugz 1(1)Ag1.9
@)Ses crystallizes in the monoclinic C3, —C2/m space group with two
formula units (Z) per unit cell. The refined cell constants for the struc-
ture are a = 16.0342(15) A, b = 4.4162(4) A, ¢ = 9.1279(9) A, § =
124.005 (2)°, and V = 535.82(9) A3. This structure belongs to the
BayAgsSes structure type first reported by Assoud et al. [1]. The same
group also attempted to make Cu-analogue, i.e., BaoCuySes, without any
success. However, they could synthesize two solid solutions with the
general formula BayCusAgs_sSes: BaxCug.gg(7)Ag312Ses (V = 550.5(1)
AB) and BayCuj 7g(7)Ag2228es (V = 539.93(9) 10\3). Their studies
concluded that the homogeneity limit of Cu substitution is below 5 = 2.
The unit cell volume of the BaxCusy,1(1)Ag1.9¢1)Ses is slightly smaller than
the BayCuy 7g(7)Ag2225€es phase, which could be attributed to more
concentration of Cu in the structure which is smaller than the Ag atom.
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Fig. 2. A perspective view of the unit cell of the Ba;Cus 1(1)Ag1.9(1)Ses structure
along the b-axis. The Se--Se interactions of 2.7734(14) A are shown as solid red
lines. The Ba-Se interactions are omitted for clarity.

The asymmetric unit of the BasCusz1(1)Ag1.9(1)Ses structure com-
prises six independent crystallographic sites: one Bal, one M1, one M2,
and three Se sites (Sel, Se2, and Se3). The M1 and M2 indicate the mixed
Ag/Cusites. All these atoms are situated on the mirror plane, but Se3 has
a site symmetry of 2/m (Table 2). The overall crystal structure of
BayCuyz 1(1)Ag1.91)Ses can be described as pseudo-two-dimensional, as
depicted in Fig. 2.

The Ba atoms in this structure are predominantly electron donors and
involved in non-directional ionic interactions with the neighboring Se
atoms. Thus the structure can be seen as a combination of anionic layers
of i [Cuz‘l(l)Agl.g(l)Ses]“_ that are charge-balanced by the Ba®* cations,
which are held in between the two anionic layers (Fig. 2). The mixed M1
and M2 atoms in this structure sit at the center of distorted tetrahedra
made up of four Se atoms. The M1—M2 distance is 2.8876(2) A, which is
longer than the Cu—-Cu or Ag-Ag distance observed in the elemental Cu
or Ag structures [40,41]. The M1—Se and M2—Se distances range from
2.518(2)—3.0976(2) A and 2.548(2)-2.975(2) A, respectively. The M1-
Se3 (3.0976(2) A) bond in the M1Se, tetrahedra is elongated. Similarly,
the M2Se,4 unit also contains an elongated M2-Se2 pair (2.975(2) }o\).
Due to the presence of slight excess of Cu in the BaxCuy 1(1)Ag1.9(1)Ses
structure than the earlier reported BayCuy 78(7)Ag2.225€es compound [1],
the M1—-Se and M2—Se bond lengths in the former structure are slightly
shorter than that of the latter structure.
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The Se3 atoms, which are part of the M1Se, tetrahedra, play an
important role in stabilizing the 2D layers of i[Cuz‘l(l)Agl.g(l)Ses]“’.
The Se3 atoms act as a bridge between two one-dimensional clusters
made up of [M1M2SelSe2] that extend in the b-direction, as shown in
Fig. 3a. As a result of this, the Se3 and Sel atoms form linear trimers of
Sel--Se3--Sel with a bond angle of 180° and Sel--Se3 interactions of
2.7734(14) A. These Sel-Se3 interactions are longer than the classical
single Se--Se bond of ~2.4 A [42] but are shorter than the van der Waals
interactions (3.8 [D\) between two Se atoms. This implies that the bonding
in the Sel--Se3--Sel trimers can’t be explained on the classical 2c-2e”
bonding.

The partition of charges to the individual atom is not straightforward
in the BayCug 1(1)Ag1.9¢1)Ses structure due to Sel--Se3--Sel interactions.
The formula can be written as BaaCuz 1(1)Ag1.9¢1) (Sel)2(Se2)2(Se3); to
understand the assignment of charges on the Se atoms. The charges on
metals Ba and Cu (or Ag) can be assigned as +2 and + 1, respectively.
Each Se2 atom has a charge of —2 since it does not involve in any
homoatomic interaction. This assignment leaves a total negative charge
of —4 on 2Sel+Se3 atoms. As evident, there are two different types of Se
atoms (Sel and Se3) present in the Ses trimers; Sel is involved in ter-
minal bonding interaction with Cu/Ag metal and is expected to have a
charge of —2, and the Se3 atom sits at the center of the trimer. Both ends
of the trimer are connected with Cu/Ag atoms in M1--Sel--Se3--Sel--M1
sequence where 4e” are delocalized over three Se atoms forming a
hypervalent 3c—4e~ bond. Thus the Se trimer can be represented as Sej
units and charge-balanced composition can be formulated as
(Ba2)5(Cu™)o1(AgM)1.0(Se?)2(Sed )1 as per the Zintl-Klemm concept.

The hypervalent Se;~ is isoelectronic with the well-known I3 anion
and Sbg’ unit found in Ca;3LnMnSby; (Ln = lanthanides) [43]. There are
a few well-known examples of metal selenides that contain Ses trimers
with different bond angles and Se-Se interactions. One such compound
is Rb1aNbeSess [44], where the Se-Se-Se bond angles in the Sej trimers
are in the range of 163°-164° and Se--Se interactions are 2.59(1)—2.64
1) A. The Ses trimer unit of the K3CuNbsSe; » structure has a bond angle
of 166°, and Se-Se interaction varies from 2.726(3)-2.542(3) A [45],
and in the NbySeg structure, the bond angle in the trimer units is 83.5°
with Se-Se interaction of 2.364(2)-2.663(2) A [3]. Although
Rb;2NbeSess and NbsySeg structures contain hypervalent Se‘s" units, but
their geometries are not linear, unlike BasAg4Ses [1] and BasCugSe;s
[46] structures, which contain linear Ses trimers (bond angle of 180°)
and Se-Se interaction of ~2.77 A. The thermal ellipsoid of the Se3 atoms
in the BayCus.1(1)Ag1.901)Ses structure is slightly elongated (Fig. 3b)
along the bond axis, as shown in Fig. 3b, which suggests that the Se3
atoms vibrate more than the Sel atoms in the Se3~ units.

(b) (©)

° Q
Se2 ¢
2.7734(14) A se2
€.
e
—»180°<€ Se3 - )
Ba

®
§ Se3
b

Fig. 3. (a) A fragment of the anionic layer of 2 [Cuy11)Ag1.00)Ses]*, (b) a schematic representation of the hypervalent bonding in Sef~ showing the slight elon-
gation of the thermal ellipsoid (shown at 50% probability level) of the Se3 atom along the bond axis, and (c) the coordination environment of the Ba atom in Ba;Cus 1

@Ag1.901)Ses structure.
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The Ba atoms in the structure are coordinated with eight Se (three
Sel, three Se2, and two Se3) atoms that form a distorted square
antiprismatic-like geometry (Fig. 3c). The interatomic distances of
Ba?"—Se in the distorted square antiprismatic BaSeg vary from 3.2910
(12) A to 3.4778 a7 A. These distances are in good agreement with
previously reported Ba®*-Se distances of 3.305(1) A to 3.705(1) A in
BaSeg units of BasAgGasSeis [47], 3.3266(6) A to 3.4195(6) A in
BaCu,SnSey4 [48], and 3.368(1) A-3.745(1) A in BaFe,Ses [49].

3.2. Optical bandgap study of the polycrystalline Ba>Cuz 1Ag; oSes

Fig. 4 shows the Tauc plot of finely ground polycrystalline
BayCuz1Ag1 9Ses. The bandgap of the sample can be deduced by the
extrapolation method, as shown in Fig. 4, and was found in the near IR
region. A direct bandgap of 1.0(2) eV was found (Fig. 4a), which is
consistent with the black color of the sample. The indirect bandgap
value calculated from extrapolating the linear region of the Tauc plot
(Fig. 4b) of (ah)? vs. energy (eV) is 0.3(2) eV, which is beyond the
absorption wavelength limit (~0.5 eV) of the instrument used for the
study.

Thus, it is safe to conclude that the polycrystalline Ba;Cu, 1Ag; oSes
sample is a narrow bandgap semiconductor.

3.3. Temperature-dependent resistivity of the polycrystalline
BayCuz 1Ag1 oSes

The temperature-dependent resistivity data were collected in the
temperature range of 373 K — 673 K on a compressed and sintered
parallelepiped-shaped pellet of BayCuz1Ag; oSes. Fig. 5 shows the vari-
ation of the electrical resistivity as a function of temperature.

The resistivity value of ~1.858 Q cm is observed at 373 K, which
lowers on raising the temperature. The lowest resistivity value of ~0.72
Q cm was found at a maximum temperature of 673 K. The observed
trend of decrease in resistivity values on heating the sample confirms its
semiconducting nature. It also agrees with the bandgap study of the
polycrystalline BaxCuz1Ag1 oSes.

3.4. Thermal conductivity and seebeck coefficient studies of
BayCuz 1Ag1 oSes

The thermal conductivity data of the cold-pressed cylindrical sin-
tered polycrystalline sample of BaxCuz1Ag; 9Ses were collected in the
temperature range of 373 K — 673 K. The total thermal conductivity
(Ktotar = ki +k.) of the pellet is ~0.58 W/mK at 373 K, which gradually
decreases to an extremely low value of ~0.46 W/mK at 673 K (Fig. 6a).

7 Eg (direct) = 1.0(2) eV
y4

v T v T v

0.0 05 1.0
Energy (eV)

T v
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Fig. 5. The temperature-dependent electrical resistivity of the polycrystalline
BayCus.1Ag; 9Ses sample.

The k; and k. terms represent the thermal contributions from phonons
and charge carriers, respectively.

Typically, the atomic vibrations of a compound increase by raising
the temperature of a sample. Hence, the phonon-phonon scattering also
enhances at higher temperatures, which leads to a lowering of k; values
[50]. For a semiconductor, the number of charge carriers and thus
contribution of k, to the total thermal conductivity increases on heating
the sample to higher temperatures. The observed trend of total thermal
conductivity with temperature suggests that the lowering of k; values at
high temperature outweighs the enhanced k, values. Thus, the total
thermal conductivity value decreases at higher temperatures. Moreover,
the relatively higher electrical resistivity values (Fig. 5) of the poly-
crystalline Ba;Cuy 1Ag; oSes sample suggest a minimal contribution of k,
to the k;oq values. Thus, the ko values are nearly equal to the sample’s
k; values.

The observed low thermal conductivity of BayCuz1Ag; oSes can be
compared with the reported compounds such as CupSnSe4 (~0.6 W/mK)
[51], Ba3A28n0_6Bi2‘4SS (~0.3 W/Il'lK) [52], Ba4CU3Selg (~0.77 W/IIIK)
[46], and CsSbSe; (~0.3 W/mK) [53].

The variation of the Seebeck coefficient (S) with temperature is
shown in Fig. 6b. The observed trend of the temperature-dependence of

(b)

( ochv)m

Eg(indirect) = 0.3(2) eV

’
rd

00 05 1.0 15 2.0 25 3.0 35
Energy (eV)

Fig. 4. The (a) direct bandgap and (b) indirect bandgap Tauc plots for the polycrystalline Ba,Cus;Ag; 9Ses sample.
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Fig. 6. (a) The variation of the total thermal conductivity and (b) the Seebeck coefficient values of the cold-pressed Ba»Cuz1Ag; oSes polycrystalline sample with

temperature.

the magnitude of the S values is opposite to that of resistivity and
thermal conductivity. The value of the Seebeck coefficient of the
BayCuz.1Ag) oSes sample first increases on raising the temperature till
575 K, and after that, the values are almost constant, which is in contrast
to the semiconducting behavior. The positive sign of the Seebeck coef-
ficient values in the measured temperature range of 373 K — 673 K
suggests that the sample is a p-type semiconductor with holes as pre-
dominant charge carriers. The absolute value of the Seebeck coefficient
was found to be a maximum of ~220 pV K~ ! at 673 K. The Goldsmid-
Sharp bandgap equation, Eg = 2¢|S|maxTmax (¢ = elementary charge, |
S|max = maximum magnitude of observed S value, and T = the
temperature at which |S|nax is observed), is widely used in the literature
to estimate the bandgap value [54,55]. The Goldsmid bandgap value
calculated from the Seebeck plot of the polycrystalline BapCuy.1Ag1.9Ses
is about 0.3 eV which is close to the indirect bandgap of the sample (E; =
0.3(2) eV) estimated from the Tauc plot, as shown in Fig. 4b.

Typically, the number of charge carriers is expected to increase on
heating a semiconducting sample, and thus the magnitude of the S
values should decrease at high temperatures. The exact reason for the
observed trend of the Seebeck coefficient for the BayCuz1Ag;oSes
sample is not clear yet. Future temperature-dependent Hall studies
would be useful to study the change in the number of charge carriers
with temperature to understand the observed trend of the Seebeck co-
efficient with temperature. Similar anomalous trends of the S vs. T are
known for CusZnGeSe4_,Sy [56] and BiySisTeg [55]. The high electrical
resistivity values of the BaoCus1Ag; 9Ses sample are not favorable for TE
applications. Future doping studies are required to increase the charge
carriers to optimize the zT value for the BayCuz1Ag; oSes.

We have analyzed the microstructure of the pellet of the
BayCuz1Ag1 oSes sample used for the TE properties by the scanning
electron microscope at different magnifications (Fig. 7a-c). The
reasonably dense nature of the pellet is established from these micro-
graphs. We have not observed any preferential orientations of the grains

in the pellet as well. The EDX data collected from various points and
areas of the pellet showed the average composition of the sample very
close to the loaded composition of the Ba;Cuy1Ag; oSes within 5% of the
associated error.

3.5. Electrochemical performance

Many simple binary transition metal polychalcogenides [57,58] have
been explored for their supercapacitor applications due to their fast ion
transport, excellent flexibility, and electrical conductivity [23]. How-
ever, complex ternary and quaternary chalcogenides are mostly over-
looked for this application. Therefore, we have explored the
polycrystalline sample with the loaded composition of BaCuz1Ag1 9Ses
for energy storage supercapacitor applications. Fig. 8a presents the cy-
clic voltammetry (CV) curve at various scan rates 10-200 mVs’l,
depicting the composite electrode’s pseudocapacitive behavior in 1 M
KOH electrolyte.

All CV curves show a quasi-rectangular shape confirming the pseudo-
capacitor behavior. Furthermore, these CV curves show an increase in
area under the curves by increasing the CV scan rates from 10 to 200
mVs~ !, explaining the better charge storage ability of the material for
supercapacitor application [37,38,59]. The GCD cyclings were con-
ducted to examine the charge storage nature of the material by applying
various current densities, as shown in Fig. 8b-c. The BayCuy1Ag; oSes
composite electrode delivers a specific capacitance of 86, 76, 57, 43, 32,
and 20 F g’1 at applied current densities of 0.25, 0.5, 1, 2, 3, and 5 Ag’l,
respectively. Cycling stability is the vital parameter of any super-
capacitor, showing potential for practical applications. The cycle-life
was examined by continuous GCD processes at 100 mVs ™!, as shown
in Fig. 8d. The material is stable over 10,000 cycles with a capacitance
retention of 85% after cycling in a 1 M KOH system.

Further, to understand the charge storage nature, the impedance
study was carried out before cycling, after the 1st cycle, after the 5000th

Fig. 7. (a—c) The SEM cross-sectional images of the fracture pellet of the polycrystalline BayCu, 1Ag; oSes sample at different magnifications.
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Fig. 8. Electrochemical characterizations of the polycrystalline BasCuz1Ag; oSes. (a) the CV curves at various scan rates, (b—c) Galvanostatic charge-discharge at
various current densities, (d) the cycle-life studies at 100 mVs~! for 10,000 cycles, (e) the electrochemical impedance spectra after 1st, 5000™ and 10000 gal-
vanostatic charge-discharge cycles in the frequency range between 1 MHz and 10 mHz, and (f) the high-frequency region of Fig. 8e.

cycle, and after the 10000 cycle, as presented in Fig. 8e. The imped-
ance plot shows no change in the equivalent series resistance in the high-
frequency region (Fig. 8f) with the increase in cycling. But charge
storage behavior decreases by continuous cycling (Fig. 8e) as the EIS
curves move away from Y-axis (- Z’’ imaginary axis) at the low-
frequency region. A thorough understanding of the martial and further
developments are desired to improve specific capacitance. Nevertheless,
BayCuz1Ag1 9Ses opens up a new dimension of electrode material for
supercapacitors.

4. Conclusions

The single crystals and polycrystalline phase of BaxCuy 1(1)Ag81.9(1)S€5
were successfully synthesized by the high-temperature sealed tube
method. The BayCuz 1(1)Ag1.9(1)Ses crystallizes in the monoclinic crystal
system with cell constants of a = 16.0342(15) 1°\, b = 4.4162(4) A, c=
9.1279(9) A, g = 124.005 (2)°, and V = 535.82(9) A%, The asymmetric
unit of BayCuy 1(1)Ag1.91)Ses5 structure contains six independent crys-
tallographic sites: one Bal, one M1, one M2, and three Se sites (Sel, Se2,
and Se3). The Cu and Ag atoms are disordered at both M1 and M2 sites.
The optical bandgap of the polycrystalline BazCuz 1Ag; oSes sample was
found to be 1.0(2) eV. The cold-pressed sintered polycrystalline sample
also shows an extremely low thermal conductivity of ~0.46 W/mK at
673 K. The positive sign of the Seebeck coefficient indicates the p-type
semiconducting nature of the material. The temperature-dependent re-
sistivity data supports the optical bandgap study of the polycrystalline
sample and confirms the semiconducting nature of the material. Further,
electrochemical studies of the polycrystalline Ba;Cuz1Ag; oSes suggest
that it could be a potential electrode material for supercapacitors.
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