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The ability to synthesize solid-state materials without
extensive heating is attractive, especially for those
applications where a “low-temperature” reaction is
critical. In conventional solid-state synthesis,'? slow
diffusion rates dictate high temperature and long dura-
tion. By dissolving solids in a solvent, the energy
necessary to induce diffusion can be greatly reduced and
consequently phase nucleation may be achieved at lower
temperatures. Designing reactions that are driven by
electrical potential may offer promising alternatives to
the conventional synthesis of extended solids. We have
demonstrated the feasibility of this approach by the
electrochemical synthesis of solid-state potassium cop-
per(l) sulfide phases in an amine solution. We have
grown whiskers of the KCu7_,S4 series, where x = 0.00—
0.34, 2 cm in length, in as little as 4 h at ca. 110 °C.
Preliminary studies suggest that fine-tuning of elec-
tronic structures can be achieved in situ. The implica-
tion of current findings is that selective phase nucle-
ation, philosophically similar to “molecular design”, may
ultimately be possible in the solid state.

Electrochemistry has been used for the production of
a limited number of chemicals for almost as long as
electricity has been commercially available.® Two major
branches soon emerged, namely, low-temperature aque-
ous electrochemistry and molten salt electrochemistry.*~7
These techniques have been employed for the synthesis
of technologically useful magnetic and electronic mate-
rials ranging from the growth of bulk crystals to the
epitaxial growth of oriented thin films. Despite the
advantages and long history, the development of elec-
trochemical (E-Chem) techniques in exploratory syn-
thesis of solid-state materials is still in a stage of
infancy.8
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Our initial attempt is to employ E-Chem methods for
selective synthesis of low-dimensional conducting solids.
In fact, this aspect of electrochemistry has been dem-
onstrated by the synthesis of low-dimensional organic
solids.? An ingenious class of conducting organic solids
made of charge-transfer salts, including TTF—TCNQ
(the first organic metal) and (TMTSF),PFs (the first
organic superconductor; at 12 Kbar, T, ~ 1.0 K), have
been grown onto the electrode via intimately mixed
organic solutions.

Analogous phenomena are found in the E-Chem
synthesis of conducting inorganic solids. In this study,
the synthesis can be simply carried out in a two-
electrode cell. A copper electrode is employed for
electrocrystallization. Ethylenediamine, the solvent of
choice for polychalcogenide chemistry,81° and an equimo-
lar mixture of K,S,, and CuCl are used.! It is noted
that, prior to this study, a compound reportedly identi-
fied as KCu7S,4 was synthesized in polycrystalline form
at 400—800 °C by conventional solid-state methods.12.13
This research shows that single crystals of the extended
KCu7—4S4 series, including KCu7S, (x = 0), can now be
prepared by electrocrystallization at approximately the
boiling point of water. Nonstoichiometry and mixed-
valence are introduced via electrochemical doping. Only
the end member (x = 0) corresponds to an electron-
precise phase consisting of closed-shell K, Cu*, and S2-
ions.

We have observed preferential crystal growth along
the pseudo-one-dimensional copper sulfide chain. The
Cu—S chain (Figure 1) propagates along the direction
parallel to the needle axis. The extended structure
consists of CusS, columns interconnected by tetrahedral
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Figure 1. Unit cell of the KCu;—xS4 phase viewed down along
the needle axis. The CusS, column is made of three-coordinated
copper, Cu(1), and bridging sulfur. Two adjacent columns are
interconnected by tetrahedrally coordinated copper cations,
Cu(2). These two structural units alternate to form an open
framework around the 4-fold symmetry axis where the K+
cations reside.

chains, according to the notation adopted by Whangbo
and Canadell.’* Recent band structure calculations!®
show that the electron interactions are characterized
primarily by covalent interaction through regular Cu—S
bonds (2.30—2.34 A) within the CusSs; column. The
contribution of the interchain Cu—S (2.25—2.63 A) and
Cu—Cu bonds (2.82—2.92 A along the Cu,;S4 column,
2.28 A along the Cu chain, and 2.61—2.70 A between
column and chain) to the electron interaction is much
weaker. This suggests that the conducting pathway is
primarily along the needle axis, and it is tempting to
think that the E-Chem reaction facilitates continued
growth preferentially along the conducting chain. Fast
growth is attributed to ion deposition at the tip of the
freshly grown KCu7—4Ss “microelectrodes”. In fact,
crystals grow orthogonal to the plate electrode, parallel
to the electric field.

Single-crystal X-ray diffraction studies'® show that
these phases adopt the (NH4)Cu;S, structurel” and the
nonstoichiometry is due to copper vacancies occurring
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Figure 2. Disordered tetrahedral copper chain in the KCuggsS4
and KCuz00S4 phases and, for comparison, an analogous Ag
chain in CsAg;S,° are plotted. The copper sites are partially
occupied, and the refined percent occupancies!® are 54.2(6)%
and 6.2(6)% for Cu(2) (8h) and Cu(3) (16i) in KCugesSs and
91(1)%, 82(1)%, 7(1)%, and 11(2)% for Cu(3) (8g), Cu(4) (4d),
Cu(5) (8g), and Cu(6) (8g) in KCuz70Ss, respectively. The
disordering patterns of the KCug s3S4 phase are similar to those
of the KCusesS4 phase. The ¢ axis is doubled in KCuz00Sa,
similar to that in the silver analogue. The anisotropic atoms
are presented at 50% probability, and the shaded octants and
open circles represent major vs minor occupancy sites, respec-
tively.

Table 1. Crystallographic Data for KCu7—xSs (x = 0.0,

0.12, 0.34)

chemical formula KCuz.002)Sa KCue.gs(5)S4 KCue.66(4)Sa
fwa 612.5 604.5 590.7
space group P4/n (No. 85) 14/m (No. 87) 14/m (No. 87)
a, A 10.177(2) 10.176(2) 10.179(2)
¢, A 7.722(2) 3.834(2) 3.790(2)
Vv, A3 799.8(3) 397.1(2) 392.7(2)
z 4 2 2
T, K 295 298 298
Pcale,® g M3 5.086 5.056 4.996
A 0.710 69 0.710 69 0.710 69
linear abs coeff, 197.38 195.50 191.98

cm™1
Rb 0.030 0.039 0.027
Ru® 0.038 0.049 0.031

a Calculated based upon the refined structural formula (see
text). * R = 3 [|Fo| — IFcll/ZIFol. ¢ Rw =[SW[IFo| — |Fell/Zw|Fol2]"2.

in the tetrahedral chain (Figure 2). The latter gives rise
to the general formula KCuz_4[CusS4].18 (Crystallo-
graphic data are summarized in Table 1. The final
positional and thermal parameters for the x = 0.34
phase are listed in Table 2, while those of the x = 0.0
and 0.12 phases are reported in Table S2, Supporting
Information.) In the average structure of KCug sS4, We
have seen zigzag Cu(2) chains with disordered coppers
residing between (open circles). We observed this type
of disorder at room temperature for all phases with x =
0, but a different disordering pattern and subsequent
superlattice for x = 0.

(18) The x value is calculated based on the refined occupancy of
tetrahedral copper. The chemical composition is confirmed indirectly
by the two following pieces of evidence: First, the temperature-
dependent resisitivity shows a strong correlation with the value of x,
and the x = 0 sample shows a semiconducting behavior as expected.
Second, a normalized volume vs x plot gives a nearly linear correlation
where the cell volume decreases with increasing x.
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Table 2. Positional and Thermal Parameters?
for KCU6_6684

Beg occupancy

atom X y z (A?) (%)

K 0 0 0 1.66(8) 100
Cu(l) 0.0274(1) 0.3578(1) O 1.97(8) 100
Cu(2) 0.3030(3) 0.2244(2) 0 4.18(8)  54.4(6)
Cu(3) 0.2695(8) 0.2434(9) 0.188(2) 1.2(2) 6.2(6)
S 0.2388(1) 0.4348(1) O 1.18(8) 100

a The anisotropic displacement factor exponent takes the form
—2n2(h2a*2U11 ..+ tha*b*UIZ).
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Figure 3. Rvs T plots of three phases in the KCu7-,S, series.
The inset presents the relative resistance curves for pressed
pellet samples of oriented whiskers.'® The semiconducting-to-
metallic transition observed for the x = 0.12 phase and abrupt
transitions in the more copper-deficient x = 0.34 phase are
unusual. See text.

The temperature-dependent resistivity shows a strong
variation with x (Figure 3).2° Four-probe measurements
were performed on both pressed pellet and single-crystal
samples. Single-crystal dimensions were typically 5 um
x 50 um x 3 mm. The conductivity increases with x,
being semiconducting (dR/dT < 0) when x = 0 and
metallic (e.g., p ~ 100 xQ cm at 300 K for x = 0.34) when
x = 0. Figure 3 also reveals several resistivity anoma-
lies. These transitions observed in the single-crystal
measurements are much sharper than those in the
pellets, perhaps because the pellets average the anisot-
ropy. Tight binding calculations suggest that these
transitions are not driven by the electronic structure.®

These fascinating transitions found in resistivity were
further examined by ac calorimetry measurements.?°
Figure 4 shows the derived heat capacity (of the sample
plus addenda, including thermocouples and silver paint),
C,, near the transitions for various values of x. Huge
C, anomalies are seen at 292, 186/193, and 208 K,
corresponding well with the resistivity transitions ob-
served in Figure 3. The shapes of and the entropy
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Figure 4. AC calorimetry measurements on single crystals
near the transitions.

changes at these transitions appear to be similar (except
for the 193 K transition for the x = 0.12 crystal),
indicating that these transitions may have similar
origins, despite the dissimilar behavior of the resistance
at the transitions. C, measurements on the x = 0.34
samples with a differential scanning calorimeter allow
semiquantitative values to be assigned to the ac calo-
rimetry measurements. The entropy change during the
208 K transition is ca. R In 9/mol of Cu(2), where R is
the ideal gas constant, in rough agreement with an
ordering of the vacancies on the Cu zigzag chains (one
vacancy for every 3 Cu ions). These values are much
larger than expected for an electronic transition such
as the charge density wave seen in some quasi-one-
dimensional metals. A model based on diffusive one-
dimensional ordering transitions is proposed and de-
scribed elsewhere.?!

The x = 0.12 crystals show two transitions at 186 (T1)
and 193 K (T2). We have assumed that T1 has the same
origin as the transitions observed in the x =0 and x =
0.34 crystals, but the origin of T2 is not known.

The sharp, nearly 4-fold drop in resistance at 208 K
in the x = 0.34 crystals is unusual. A similar resistivity
anomaly was observed in K3CugSg at ~55 K.?223 There
is a small secondary transition in the resistance at 153
K, which is also seen in the ac calorimetry.2l Prelimi-
nary investigations based on the profile refinements of
low-temperature X-ray diffraction data show evidence
of a tetragonal-to-monoclinic phase transition between
185 and 195 K for the x = 0 phases.2* The sharp drop
in the resistance, as well as the plethora of phase
changes that are strongly dependent on the stoichiom-
etry of the compound, are rare, making the title system
worthy of future study.
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In summary, we have further demonstrated the
versatility of E-Chem methods in the synthesis of
extended inorganic solids. By this effective electrocrys-
tallization via a nonaqueous solvent, we have synthe-
sized potassium copper(l) sulfide single crystals with
controlled chemical compositions, which is impossible
by conventional methods thus far.2> The E-Chem dop-
ing provides a precision with which nonstoichiometry
and mixed valency can be controlled. The outcome of
this renewed technique is remarkable in that bulk
extended solids can be synthesized in a matter of several
hours, at temperatures as low as the boiling point of
water. In all likelihood, abundant opportunities, in
terms of selective synthesis of inorganic solids, await
in the field of electrochemistry.

(25) In a recent report on the stoichiometry, space group and
polymorphism of TICu;S,, the polycrystalline samples of the TICu;-S,4
(0 = x < 0.55) series have been synthesized by conventional methods.
Berger, R.; Morén, L. J. Alloys Compd. 1996, 237, 33.

Chem. Mater., Vol. 10, No. 1, 1998 9

Acknowledgment. We thank Professor J. W. Brill
(University of Kentucky) for DSC measurements. Ac-
knowledgment is made to the donors of the Petroleum
Research Fund, administered by the American Chemi-
cal Society (S.J.H.) and to the Office of Energy Research,
Basic Energy Sciences, Materials Science Division, U.S.
Department of Energy (M.J.S.) for support of this
research. The authors are also in debt to the ARCO
Chemical Company Award of Research Corporation
(M.W.H., a high-school-science-teacher participant of
the Partners in Science Program in 1994-1995).

Supporting Information Available: Tables of detailed
crystallographic data for the KCu;_,S, series, positional and
thermal parameters, and selected bond distances and angles
(8 pages); structure factors (4 pages). Ordering information
is given on any current masthead page.

CM9705395



