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ABSTRACT

INVESTIGATIONS IN THE MULTINARY BISMUTH CHALCOGENIDES
SYSTEMS: SYNTHESIS, CHARACTERIZATION AND THERMOELECTRIC
PROPERTIES OF BISMUTH CHALCOGENIDES

By

Lykourgos lordanidis

Multinary bismuth chalcogenide systems have attracted a lot of attention during
the past decade due to their emergence as a new class of thermoelectric materials. Several
new compounds have been discovered that compete in performance with the best
materials used today for thermoelectric cooling applications, alloys of Bi; Tes.

Such compounds, however, are also interesting for other scientific reasons
particularly with respect to their structural features, electronic properties and smooth
interconversions which gives them the ability to form unusual homologous series

In view of these features we performed exploratory investigations in the A/Bi/Q
(A=K, Rb, Cs,Ba; Q =S, Se) and A/M/Bi/Q (A = K, Rb, Cs, Sr, Ba; M = Pb, Sn, rare
earth; Q = S, Se) systems. The resulting new phases were physicochemically
characterized and these investigations enabled us to obtain a better understanding of this
class of compounds.

In the ternary systems a large number of compounds such as B-K;sBigsSeq,
Rb,;Bi;5Sey5, ABi3Qs, (Q = S, Se, Te), CsBi;4:;Ses, A;BigSe;;, (A = Rb, Cs), Csq.
1xBig+Sejs, BaBi;Seq and BayBig.23:S;3 were found. The incorporation of rare earths

resulted to the formation of the three-dimensional complex structures such as
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ALny:Bls:,Sg (A = K, Rb; Ln = La, Ce, Pr, Nd), BaLnBi,Q¢ (Ln = La, Ce Pr; Q = S, Se),
M;La,Big.S13 (M = Pb, Sr), Cs,LaBi .Sj6. KyEus.25.3,Bissx+2,S10. RbsEuBi¢Se;, and
Ba;.Uy.yBi3,Seq.,. Reactions with Pb and Sn resulted in the formation of compounds
such as Rb,PbBigS,s, BaPb,.(BisSi3, K(Pbs.oc.3Bisrxs2yS10, APbBi3S¢ (A = Rb, Cs),
Rb; sM,,BigsSe;s (M = Pb, Sn), APb,;,Bis2Sers, APbyBigSes, (A = Sr, Eu),
Ba,Pbs.,BisSe;s, Rb,Sn; «Big..Sejo and Rb; 5.,Sn,Bi; 5.,Ses.

We discovered an amazing structural and compositional variety. Several different
building blocks combine with each other, like "Legos", in various ways to create a
seemingly countless number of novel phases. By examining the structural relationship
between the different structure types, we found various homologous series.

Several of the synthesized compounds such as Rb,BigSe|; and BaBi,Se; possess
interesting thermoelectric properties (including very low thermal conductivities) and will
have to be further optimized.

Furthermore, a unique topotactic oxidative solid-state process was discovered in
the ternary bismuth chalcogenides, A,Bi;Se;, A;Bi;Se;, and RbyBi;Se;; (A = Rb, Cs). In
this transformation process, we have the formation of Se-Se bond with the simultaneous
de-intercalation of alkali metal ions from the Bi-Se framework, without loss of
crystallinity. We expect that both the initial layered and final fully transformed products
could be good ion exchange materials.

This dissertation describes the synthesis, structural relationships, characterization

and properties of the compounds discovered.
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The rest of the phases give similar diagrams............ccccccvvevrencerccnnne.

Typical optical band-gaps of Rb,Bi;Se; (top) and RbBi;Se;
(bottom). The peak at RbBi,Se; is probably due to water. The
other phases give similar Spectra...........cocoeceeveevieveerenienensenecniiineenes

Raman spectrum of RbBi;Se; (top) and Cs,Bi;Se;; (bottom). The
rest of the transformed phases give similar spectra.............ccccceueueee.

Projection of the structure of Rb,Bi;Se; down the b-axis. The
shaded areas indicate the Bi,Te;- and Cdl,-type building blocks.
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Figure 4-5.

Figure 4-6.

Figure 4-7.

Figure 4-8.

Figure 4-9.

Figure 4-10.

Figure 4-11.

Figure 4-12.

The Se-Se contacts are shown by the shaded square areas. The
inset shows the atom labeling. Rb(2) and Rb(3) are partially
OCCUPIEA ...coverrereeieieirierreeereeseste e eaeeesae e e e eessessessesensnsssnesessesseses

(a)View of the Se(5) rows looking down the c-axis in Rb,BisSe;.
(b) View of the bonded Se(4) rows looking down the c-axis

Projection of the structure of RbBi4Se; down the b-axis. The same
layers exist as in Rb;BisSe; but now are connected by Se-Se
bonds. The Se-Se bonds are shown by the oval shaded areas. The
inset shows the atom labeling............ccocveereireeiiieiiciceeeeee

Projection of the structure of Cs;Bi;Se;; down the b-axis. The
shaded areas indicate the Bi,Te;- and Cdl,-type building blocks.
The CdI,-type block is smaller than that found in Rb,BisSe;. The
Se-Se contacts are shown by the shaded square areas. The inset
shows the atom labeling. Cs(2) is partially occupied............coceeneeee.

Projection of the structure of Cs;Bi;Se); down the b-axis. The
same layers exist as in Cs3Bi;Se;; but now they form bilayers
connected by Se-Se bonds. The bilayers are indicated with
brackets. The inset shows the atom labeling..........ccoceeevevievrercenninnn.

Projection of the structure of CsBi;Se;, down the b-axis. The same
layers exist as in Cs;Bi;Se;, but now they are connected by Se-Se
bonds. The inset shows the atom labeling. The Se-Se bonds are
shown by the oval shaded areas...........ccecveveiniinviiniinniiieieceeee

Projection of the structure of RbsBi;(Se;; down the b-axis. The
shaded areas indicate the Bi,Tes;- and Cdl,-type building blocks.
The Bi,Tes-type block is longer than that found in Rb,BisSe;. The
Se-Se contacts are shown by the shaded square areas. The inset
shows the atom labeling. All the Rb atoms are partially occupied .....

Projection of the structure of Rb,Bi)(Se;; down the b-axis. The
same layers exist as in RbyBi;(Se,; but now they are connected by
Se-Se bonds. The inset shows the atom labeling. The Se-Se bonds
are shown by the oval shaded areas...........c.cccoeverrverrviieveensienneeeneeenne

Transformation of Rb,BisSe; to RbBisSe; monitored by X-ray
powder diffraction. A pure sample of Rb,BisSe; was exposed to
air and X-ray powder diffraction patterns were recorded at certain
time points using the same sample. It can be seen that after only
~15 min of exposure to air the Rb,BiySe; starts to transform to
RbBi,Se; as evidenced from the splitting of the peak ~12°. The
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Figure 4-13.

Figure 4-14.

Figure 4-15.

Figure 4-16.

Figure 5-1.

Figure 5-2.

Figure 5-3.

Figure 5-4.

Figure 5-5.

Figure 5-6.

Figure 6-1.

transformation is almost complete after ~18 h. The X-ray powder
diffraction pattern at that point corresponds to that of pure
RBBIISET ..ttt ettt

Projection of the structure of Rb,BigSe ;3 down the b-axis. The Se-
Se contacts are indicated with the arrow (square shaded areas)..........

Projection of the structure of CsBi;Ses down the b-axis. The Se-Se
contacts are indicated with the arrow (square shaded areas). The
tricapped trigonal prismatic site is also Shown...........ccceceevininceninnns

Projection of the structure of Rb;Bi,5Se,3 down the b-axis...............

Schematic diagram showing the two different steps in the oxidative
zipper-like action of two rows of Se atoms belonging to two
adjacent [Bi;Se,])> layers into a single row of diselenide groups.
Single slabs join to double slabs, which finally couple to a full 3D-
framework. The circles indicate the Cs atoms in the uncoupled

Projection of the structure of KLa, ,3Bi;7,Sg viewed down the b-
axis. The shaded areas indicate the NaCl-type and Gd,S;-type
building bIOCKS.......couerieviriiriirieieeeeeeeeee e

(A) Orientation of the Gd,S;-type infinite rod consisting of two
columns of monocapped (coordination number 7) and two
columns of bicapped (coordination number 8) prisms. The grey
lines show the two different kinds of prisms. (B) Polyhedral view
of the prisms as they stack along the b-axis. The solid colored
areas indicate the prisms while the shaded areas show the caps.........

The structures of La;S; (A) and Bi,S; (B) showing the same
Gd,S;-type infinite rod found in KLa; 33Bi3 75Sg...ccceeceeeeeriiivcncnenne.

Variable temperature electrical conductivity for pressed pellets of
KLangBi3_7283 and RbLa,thiis ......................................................

Solid-state UV/Vis spectra of KlLa;3Biz7,Sg (I) and
RbCCO.MBi‘;'ng ...................................................................................

(Top) Inverse magnetic susceptibilty 1/x, plotted against
temperature for RbCegsBis16Ss. (Bottom) Effective magnetic
moment vs temperature for RbCeg g4Big 16Sg ..o oveevevverervencrcncnnicnennee.

Solid-state UV/Vis absorption spectra showing band gap
transitions for Pb,La,Bi3..S4, SroLa,BigS;4 and Cs,La,Bijo4Sss.-.....
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Figure 6-2.

Figure 6-3.

Figure 6-4.

Figure 6-5.

Figure 6-6.

Figure 6-7.

Figure 6-8.

Projection of the structure of Pb,La,Big,S;s down the b-axis
(ORTEP view). The shaded crossed ellipsoids represent Bi atoms,
the crossed S atoms and the plain represent the mixed occupancy

Comparison of two related structures (a) Projection of the
structure Pb,La,Bi;.,S;4 down the b-axis. The black circles are Bi
atoms, the white S atoms and the gray circles represent the mixed
occupancy sites. (b) Projection of the structure LayBi;Sy down the
b-axis. The black circles are Bi atoms, the white S atoms and the
gray circles represent the La sites. The shaded rectangular areas
indicate the Bi,Te;- and Gd,S;-type building blocks. The arrows
indicate the direction of the NaCl-type walls whereas the shaded
circular area shows the triangular fragment made of three trigonal
prismatic sites. The same walls exist in the both structures but
La4Bi,Sy contains only a Cdl,-type fragment in the space formed
between the ribbons. For clarity reasons some of the Bi,Te;- and
CdI,-type have been removed to show the framework walls and
rhombus-like tunnels........c..cceeieririiniiieienee et

Projection of the triangular fragment (a) made of three trigonal
prismatic sites and the Gd,S;-type (b) building blocks in
Pb,La,Big,S;s down the b-axis. The different kinds of trigonal

Prisms are also SHOWN........ccoveriiriiiiinicnectrcte e

Projection of the structure of Sr,La,Big,S;; down the b-axis
(ORTEP view). Due to the better quality diffraction data, the
splitting of the high coordinate sites can be seen. The shaded
crossed ellipsoids represent Bi atoms, the crossed S atoms and the
plain represent the mixed occupancy sites. For these sites for
clarity reasons, only the La atoms are shown..........cccceceveveevienneennen.

The coordination environments of cation site 9 (a) and cation site
5 (b) in Sr;La,Big.,S;4. The splitting in every site is also shown,
(A) refers to the position located in the center of the site while (B)
refers to site shifted away from the center to the side........................

Projection of the structure of Cs,La,Bi;¢.xS;s down the b-axis. The
shaded areas indicate the NaCl-, and Cdl,-type building blocks.
The shaded circular area shows the EuBi,S;-type fragment made
of three bicapped trigonal prismatic sites. The black circles are Bi
atoms, the white S atoms and the gray circles represent the mixed
occupancy (La and Bi) SItes.......ccccecevervuerennienenrtrnrenseesneeseesesseeseennns

Projection of the EuBi,;S,-type fragment found in Cs,LaBi;o«Si6
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Figure 6-9.

Figure 6-10.

Figure 7-1.

Figure 7-2.

Figure 7-3.

Figure 7-4.

Figure 7-5.

Figure 7-6.

Figure 7-7.

Figure 7-8.

down the b-axis. The fragment has a pseudo C; symmetry and is
made up of three bicapped trigonal prismatic sites (La8, La9 and
Lal0) that display mixed La/Bi occupancy..........ccceeeeceeveenceenicnenenne

Comparison of the structures of (a) Cs;La,Bij.Si¢ and (b)
kobellite Pb,,(Cu,Fe),(Bi,Sb),4S;5 viewed down the b-axis. With
the exception of the shaded area, the rest of the structure is
common for the two compounds. The mineral kobellite contains
an extra M4S; block (see text) in the shaded area..........cccceevvernvennens

Comparison of the (a) M¢S;-block in Cs;La,Big,S;¢ and (b)
M,0S5 in kobellite Pb;,(Cu,Fe),(Bi,Sb),4S;5 viewed down the b-
axis with atom 1abeling ...........covceevvriirrierieeree e

Typical DTA diagram of Eu,Pb,.3,Bis.2,Seq. (II), (III), (IV) and
(V) give similar dia@rams ...........ccceevererieeinenreneninncneeces e

Projection of the structure of A,Pb,..3,Bis2,Se;g (A = Eu, Sr)
down the b-axis. The shaded areas indicate the NaCl- and CdI,-
type building blocks. The gray circles indicate the sites where
there is disorder With Eu.......ccoeoiiiiiciececeeececeeee e

Projection of the structure of A,Pb,,BisSe;; (A = Eu, Sr) down
the b-axis. The shaded areas indicate the NaCl- and CdI,-type
building blocks. The gray circles indicate the sites where there is
disorder With EU........ccoovioiriieieieecceecee st

Projection of the structure of Ba,PbsBigSe;s down the b-axis.
The shaded areas indicate the NaCl- and Bi,Te;-type building
BIOCKS ..ottt ettt be e e e b e b et s rnaneens

The coordination environment of site 10 in Ba,Pbs.,BigSe;s. The
Bal0 atom is sitting the center (A) of the trigonal prismatic site
while the M10 is shifted to the side (B). The same is observed in
SIEE L1ttt s re e e e s b e te e s sbe s e s e b s snesaee

Infrared absorption spectra for (a) Eu,Pbs..3,BiszSeio (b)
Eu,Pb, ,BisSe,; and (c) Ba,Pb¢BicSe;s. The Sr analogs behave
similar to the Eu compounds..........cc.ccccecereeininennenicnnncnnensccccnennene.

Variable temperature electrical conductivity and thermopower for
two different sets of single crystals of Eu,Pby...3,Biss2,Sejo. The
differences in the properties of the two sets are attributed to
different doping levels...........ccovvieiriiininiiire et

Variable temperature electrical conductivity for single crystals of



Eulb.

e Vot

}“Bl;.:

Fetl Varah |
aNng

e v
bl Vot

B P

Provect.

; ..)8.
Lawb

IR

diduln

Dlovas

T .

RO S‘.v Pf\'};‘\.'.‘
!

[N

*m
oM

e s
nk Ph‘in{;
[NUs WGet

lver .

EH P

o

[
[NUs o}

Praiee:
shiaded

AN

Y .
Thf R
buiig:

P r-.‘ N
S‘L&:;A
P T,
The s

b,



Figure 7-9.

Figure 7-10.

Figure 7-11.

Figure 8-1.

Figure 8-2.

Figure 8-3.

Figure 8-4.

Figure 8-5.

Figure 8-6.

Figure 8-7.

Figure 8-8.

Figure 8-9.

Figure 8-10.

Eu,Pby.x.3,Bis2,Se o doped with various amounts of SbBr; ..............

Variable temperature thermopower for single crystals of Eu,Pb,.,.
3yBlgsaySe o doped with SbBIs..c..coiiiiiieeiiiceee

Variable temperature electrical conductivity and thermopower for
a single crystal of EuyPby.xBigSe 3. .cceeeurireuimieiiicieieiecceeeceeeees

Variable temperature electrical conductivity for a single crystal of
Babe(,.xBi(,Se [ §evveenrenseenssurenseneennsancnnesaranssraronsonscansssneracsnnconssnsssnsonsensenns

Projection of the structure of Rb,PbBigS;4 down the b-axis. The
shaded areas indicate the NaCl-, Bi,Te;- and Cdl,-type building
o) (oTe) TSRS

Projection of the unit cell of B-K, sBig sSe;; down the b-axis. The
circular shaded area shows the splitting in site 9. The rest of the
atom labeling is the same as in Rb,PbBigS 4....c.cevevvvriiviriiniiinirennnne

Projection of the structure of Rb;;Bi;sSe;s3 down the b-axis. The
corrugated CdlI,-type layers connect to form tunnels every other

Projection of the structure of RbsEuBi¢S;, down the b-axis. The
corrugated Cdl,-type layers connect to form smaller tunnels
compared t0 RbyBijsSe€ag.....cerieriiiriiiiiniiecieniireeecnece e

Projection of the structure of Csg_3,Big.,Se;s down the b-axis. The
shaded areas indicate the NaCl-, Bi,Te;- and CdI,-type building
DIOCKS ...ttt ettt e e e e e e e eaeens

Projection of the structure of Rb,Sn; Bis. Se;o down the b-axis.
The shaded areas indicate the NaCl-, Bi,Te;- and CdI,-type
building bIOCKS. ....c.vevuiriiriiieieiencec et

Projection of the structure of Ba,Pb,.BisS;3 down the b-axis. The
shaded areas indicate the NaCl- and CdI,-type building blocks..........

Projection of the structure of Bay,Big.ys:S€e;3 down the b-axis.
The shaded areas indicate the NaCl- and CdlI,-type building blocks ..

Projection of the structure of Rb,s.,Sny,Biss..Se;; down the b-
axis. The shaded areas indicate the NaCl- and Cdl,-type building
L0 (0 16) &3S

Projection of the structure of K,Pby.x3,Bisx+2yS€19 down the b-
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Figure 8-11.

Figure 8-12.

Figure 8-13.

Figure 8-14.

Figure 8-15.

Figure 8-16.

Figure 8-17.

axis. The shaded areas indicate the NaCl- and CdI,-type building
BLOCKS ..ttt

Projection of the structure of K Eus.ox.3yBisx:2ySejo down the b-
axis. The shaded areas indicate the NaCl- and CdI,-type building
blocks. Site 7 is split in three different positions compared to
KXEU4.2X.3yBi4_x+2ySC 0 voveeeeeenesnrsecnreneracsncensuntunsecerencsesassasssesessossnsensnsen

Projection of the structure of CsPbBi;S¢ down the b-axis. The Cs
atoms are disordered between the Bi,Te;-type layers..........ccco.cen....

Projection of the structure of BalLaBi,Sg down the a-axis (top).
The same projection after removing the La-S bonds (bottom)............

The double columns of La atoms running along the [100] direction
in Bal.aBi,S¢. Each single column is composed of LaSg prisms
sharing opposite triangular faces. The capped S atoms are also

(a) Projection of the structure of Baj;,Uy.,Bi;Seg, down the b-
axis. (b) The Se(9)-Se(9) zigzag chains running along the c-axis.........

Variable temperature electrical conductivity and thermopower for
single crystals of Bay yBig2/3xS€13 . ceereerimmviiinieiierierceeceeeeieeene

(a) Variable temperature electrical conductivity and thermopower
for an ingot (hot pressed) of BalLaBi,Se¢. (b) Variable temperature
thermal conductivity for an ingot (hot pressed) of BalLaBi,Se..........
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CHAPTER1

Multinary Bismuth Chalcogenides

and Thermoelectric Concepts

1. Introduction

Multinary bismuth chalcogenides are compounds of the general formula
M,M/|Bi,Q,, where Q is a chalcogen (S, Se or Te) and M, M’ could be any metal or
combination of metals. They are a fascinating class of compounds with a staggering
compositional and structural complexity. Recently there has been renewed interest in

these compounds due to the potential applications that they have as thermoelectric

materials.

1-1. Multinary Bismuth Chalcogenides

From a solid state chemistry perspective, bismuth chalcogenides are very

important because they exhibit a rich compositional and structural diversityl. These
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characteristics are spectacularly expressed in the natural occurring sulfosalts where Bi
compounds are well represented and constitute ~20% of them. In these compounds, Bi
atoms are often found to be disordered with Sb and/or Pb atoms. Furthermore several of
them contain —sometimes at trace amounts- transition metals such as Cu, Fe or Ag sitting
in tetrahedral sites in the Bi-Q (Q = S, Se) framework.

Although nature was very prolific in synthesizing such a large number of
multinary bismuth chalcogenides careful examination of the literature reveals that up to

early 1990’s very little exploratory synthesis has been done in the area of ternary bismuth

chalcogenides. Outside the well-known NaCl type ABiQ, (A = Li, Na, K; Q = S, Se)z,
compounds, the only other phases that had been reported were RbBiS?_3, RbBi3SS4,
o S o 3 . 6 o 7 . 8 L Q9 qa 10
CSB13SS , RbBlSCz , CS3B173612 , SrBlSC3 , Sr4B16Se]3 . (X—,B—BaB1254 , BaBlSe3 ,
o 11 CQ 12 Lo 13 o 14 o 15 : 16 :
SrBlTe3 , T14B|255 . EUB1284 R EU2BIS4 , La4B1289 , Cel‘25B13_7888 N EU3B14Q9 (Q
=S, Se)'’, Pb,In,Bi,S,5'"° and Pb,In;Bi;S,s"°. In addition, mixed Bi/transition metal/Q
(Q=S, Se) solid solutions have been investigated including Cu, +3,‘Bi5,xQ820 and Mn,_

«Biy +yQ‘,zl. However, most of these compounds very lacking physical characterization

and often the structural characterization was troublesome.
Structurally there are several reasons for this unparalleled diversity and complexity

that bismuth chalcogenides compounds possess. Bismuth atoms can adopt several
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different coordination environments, from trigonal pyramidal, to square pyramidal, to
octahedral (sometimes distorted), to trigonal prismatic and even 7, 8 and 9 coordination

polyhedra. Responsible for such a rich repertoire of coordination environments is the
bismuth 6s° lone pair of electrons that can be stereochemically expressed to locally
distort the bismuth coordination geometry, or suppressed by hybridizing with
energetically adjacent p and d orbitals to produce a regular octahedral Bi** center.
Almost any intermediate stage in the continuum which exists between full stereochemical

expression and complete suppression of the 6s” lone pair via sp3d2 hybridization is

observed. This property gives rise to what may very well be the most malleable

coordination geometry in the periodic table. Therefore, it is interesting to observe the

behavior of Bi** and its role in stabilizing various structure types.
Several different coordination environments for Bi atoms such as trigonal
pyramidal in B-CsBiSzzz, square pyramidal in szBiSSel323, perfect octahedral in

RbBiSz3, distorted octahedral in *{-RbBi3S524 and CsBi3Se524, trigonal prismatic in

KLalthi‘&ng25 and CszLaxBilo_xsz(’, are shown in Figure 1-1. In the same Figure 1-1,

for (a) and (b) the lone pair being is completely expressed while in (c) the lone pair is
completely suppressed. For (d) and (e) the lone pair is only partially expressed,

consequently we have short bonds (solid lines) trans to longer bonds (dashed lines). In
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general, as we move from the bismuth sulfides to the bismuth selenides to the bismuth

tellurides the resulting octahedra are more regular due to size effects.

Second, the BiQg (Q = S, Se, Te) octahedra combine with each other by sharing

edges forming a variety of building blocks, the most common ones being the NaCl-,

Bi,Te;- and Cdl,- type and occasionally the Sb,Se;-type fragment, see Figure 1-2. While

the first three fragments contain octahedral Bi atoms, the Sb,Se,-type fragment has Bi

atoms in a square pyramidal coordination. All these different building blocks are in effect
NaCl-type fragments, but they just represent different cuts of the NaCl-type structure, see
Figure 1-3. Furthermore each of the above mentioned blocks comes in different sizes

creating even more structural possibilities, e.g. NaCl-type building blocks are found in
Rb,BigSe,;>, CsBij ¢;Sec>> and BaBi,Se,>>, but in the first compound the NaCl-type
block is 2x3 bismuth atoms (or bismuth octahedra) large while in the second is 2x2

bismuth atoms large and in last one is 3x1 bismuth atoms large, see Figure 1-4. In

addition, these NaCl-type blocks can have irregular shapes as shown in Figure 1-4(d) in

. 27
Eu,Pb,  3yBis,p Seo”



(al

NN

VN

.&.‘(;gfildes; fge
Cala ,
x"“““l@wr;!

o
‘:'iul.g;

o 4



(b)

© @ ©)
| =
O O

Figure 1-1. The different coordination geometries that Bi atoms adopt in bismuth
chalcogenides: (a) trigonal pyramid in $-CsBiS,, (b) square pyramidal in Rb,BigSe, 3, (c)
perfect octahedral in RbBiS,, (d) and (e) distorted octahedral in Y-RbBi;S5 and CsBi;Se;
respectively, (f) and (e) trigonal prismatic in KLa,, Bis,,Sg and Cs,La,Bi;o,S

respectively (black circles bismuth atoms, white circles chalcogen atoms).



(b)

(d)

Figure 1-2. The different building blocks that are found in multinary bismuth
chalcogenides: (a) NaCl-type (b) Bi,Te,-type (c) Cdl,-type and (d) Sb,Se;-type (black

circles bismuth atoms, white circles chalcogen atoms).



NaCl-type
~a

BipTes-type

Figure 1-3. View of the structure of NaCl down the [110] plane. The shaded areas
represent the different building blocks found in bismuth chalcogenides. All these blocks
are essentially different cuts of the NaCl-type structure (black circles bismuth atoms,

white circles chalcogen atoms).



(b)

(2)



Figure 1-4. Variations of the NaCl-type blocks encountered in multinary bismuth
chalcogenides: (a) 3x2 NaCl-type blocks in Rb,BigSe 3, (b) 2x2 NaCl-type blocks in
CsBij ¢7Seg, (c) 1x3 NaCl-type blocks in BaBi,Se, and (d) NaCl-type block found in
Eu,Pb,.,.3,Bis,2ySe o, see text for more detailed explanation (black circles bismuth

atoms, white circles chalcogen atoms).
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Third bismuth atoms can display mixed occupancy with a variety of similar sized

ions such alkali or alkaline earth metals, Pb Sn or rare earth metals. Usually the disorder

is found in the trigonal prismatic sites that connect the blocks of BiSeq octahedra

together, see Figure 1-1(f) and 1-1(g). The mixed occupancy often results in the
formation of new structure types that do not exist in the simpler systems. At the same
time, this mixed occupancy creates several problems in the solution of the structures as
will be described in detail in the next chapters. In addition, since the rare earth atoms
prefer to adopt high (>6) coordination sites their incorporation in the ternary
chalcogenide framework results in the formation of new building blocks that are not

encountered in the simple binary and ternary bismuth compounds. In Figure 1-5 two of
these blocks are shown, the Gd28328-type and EuBiZS413-type that consist of monocapped

and bicapped trigonal prisms. In summary, all the above characteristics point to a
seemingly countless number of novel phases that can potentially form.

This lack of exploratory synthesis and the rich structural variety that these
compounds possess led us to the investigation of multinary bismuth chalcogenides
systems because much remains to be learnt about the chemistry and properties of these

structurally complicated systems.







Figure 1-5. Two different building blocks that are found in multinary bismuth
chalcogenides when lanthanide atoms are incorporated into the structures: (a) Gd,S;-type

(b) EuBi,S,-type (black circles bismuth and lanthanide atoms, white circles chalcogen

atoms),
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1-2. Thermoelectric concepts

At a junction between two dissimilar conductors, a voltage gradient is
automatically generated whose values depend on the conductors used and the
temperature. If a temperature gradient exists along a conductor, a voltage difference is
generated whose value depends on the conductor and the temperature gradient. These
effects are called thermoelectric effects and three types may be distinguished, the
Thompson, Peltier and Seebeck. Their main applications are in thermocouples,
refrigeration devices and power generation.

In the Thompson effect a temperature gradient, AT, across a homogeneous
conductor gives rise to a potential gradient, AV. The thermoelectric effect utilized for
refrigeration or cooling is the Peltier effect. In the Peltier effect the flow of a electric
current through two dissimilar semiconductors results in the liberation of heat (heating)
or absorption (cooling) in the junction between the two semiconductors, see Figure 1-
6(a). The basis for the generation of electricity from heat is the Seebeck effect. This can
be thought as a combination of the two previous effects, the Thompson and Peltier. In the
Seebeck effect, a voltage is produced across the junctions of two different conductors

When the junctions are kept at different temperatures, see Figure 1-6(b).
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Figlu'e 1-6. Schematic representation of (a) the Peltier and (b) Seebeck effects. a and b

Correspond to the two different conductors.
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The best materials currently used for thermoelectric cooling applications are solid

solutions of Bi,Te;, Biz_bexTe3_ySey29. These compounds possess high electrical

conductivity and thermoelectric power and low thermal conductivity. Such alloys have

the highest figure of merit, ZT ~ 1.0 at 300K (the definition of ZT will be given later).

Bi,Te; is a semiconductor with an energy band-gap, E, = 0.15 eV. The structure

of Bi,Te; consists of infinite slabs five atomic layers thick and is shown in Figure 1-7.

These slabs are running in the ab-plane and are separated from each other by a van-der-
Waals gap.

To date, most investigations in improving thermoelectric performance were

mainly focused on tuning the composition of Bi, Sb,Te; ,Se, solid solutions,30 doping
M,Q5; (M = Bi, Sb; Q = S, Se) with other heavy metals®' and optimizing device design.
However only small increases in ZT have been achieved in the last two decades.

Therefore, it is now believed that the Bi,Te; compounds may be nearing the limit of their

Potential performance.z’2 As a result, the discovery of new improved materials is essential
because for a thermoelectric material to be commercially useful it must have a ZT > 1.5.
The challenge in finding materials with high ZT lies in achieving simultaneously high

electrical conductivity, high thermoelectric power and low thermal conductivity.

13
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Figure 1-7. The structure of Bi,Te; looking down the b-axis (black circles bismuth

atoms, white circles tellurium atoms).
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These properties define the dimensionless thermoelectric figure of merit:

$%.o
K

ZT =

where § is the thermopower or Seebeck coefficient, o the electrical conductivity, k the
thermal conductivity and T is the temperature. All three of these properties are
determined by the details of the electronic structure and scattering of charge carriers
(electrons or holes) and thus are not independently controllable parameters. Therefore is
difficult to improve ZT, e.g. an increase in the thermoelectric power S usually also leads
to a simultaneous decrease in the electrical conductivity, o. In addition, an increase in the
electrical conductivity leads to a comparable increase in the thermal conductivity, k.
Metals are generally not useful for thermoelectric devices because the Seebeck
coefficients are small (on the order of a few uV/K). Semiconductors, which contain much
fewer carriers of electricity, exhibit much larger Seebeck coefficients, in the range of
hundreds to thousands of pV/K. Since thermoelectric power S is a function of the carrier
COncentration, it will be large for low densities of electrons and holes and decrease with

INCre asing carrier concentration or doping.

The total thermal conductivity k; of a material is the sum of the thermal
Conductivity of the electrical carriers Kk, and the atomic vibrations (phonons), or lattice

thermal conductivity ki, thus k = K, + k. The lattice thermal conductivity is generally the

15
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dominant mechanism for thermal conductivity in semiconductors. The presence of heavy
atoms, low symmetry and atomic disorder leads to lower thermal conductivities. On the
other hand atomic disorder could lead to low carrier mobilities and consequently to lower
0. So one way of increasing the figure of merit, ZT, would be to decrease the thermal
conductivity provided that the electrical conductivity and thermopower remain high.

In conclusion, a lot of opposing factors need to be fine-tuned in order to obtain a
good thermoelectric material. Furthermore, all this must be done in the absence of a
theoretical framework for the design of a thermoelectric material.

We have initiated an exploratory synthesis program to identify new multinary
bismuth chalcogenides compounds with narrow band-gaps which may be suitable as
thermoelectric materials. This work is based on the proposition that materials with more

complex compositions and structures may have complex electronic structures which may

give rise to high thermoelectric powers according to the Mott formula® below, and at the

Same time possess low thermal conductivities. The thermopower S is given by:

_n’ k’T dlno(E)

S
3 e dE

E=E]
Where o(E) is the electrical conductivity determined as a function of band filling. The
electronic conductivity 6= 6(E) | E = E; where E; is the Fermi energy. If the carrier

SCattering is independent of energy, then 6(E) is just proportional to the density of states

16
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at E. In the general case, S is a measure of the difference in 6(E) above and below the
Fermi surface - specifically through the logarithmic derivative of with respect to E, see
the equation above. So by manipulating the energy dependence of 6(E) one can control
simultaneously o and S.

A desirable feature for new thermoelectric materials is a higher compositional and

structural complexity than Bi,Te;. These characteristics can result in corresponding

complexities in the electronic structure which in their turn can produce the required
asymmetry in 6(E) to obtain large thermopowers. The phonon contribution to the thermal
conductivity can also be lowered by such structural complexity, by choosing heavy
elements as components of the material, and by choosing combinations of elements that
normally make moderate to weak chemical bonds. Since the known materials that are
used in thermoelectric devices are chalcogenide compounds, we are searching for more

complex semiconducting compounds of this type.

A significant development is the concept and realization of materials that conduct
e‘eCtricity like a crystalline solid but heat like a glass. This *“electron glass phonon
Crystal” concept was introduced by Slack as the limiting characteristic for a superior
thermoelectric. In these materials a weakly bound atom or molecule 'rattler' is used to

lower the thermal conductivity of the solid without severely affecting electronic

3435 A material which is

Conduction, thus leading to improved thermoelectric efficiency.




PRUUINES

T

e arherly 3
FAMNUSSTID

Fomm: Tav 2l ohrs
h AT

Tz’:&’. C]n:)

RSV

S
ATRNn,

Saah

dave,
el

N

N

Elrit s

LT

R e,

?.
LG
fely mﬂer\

<




an “‘electron glass phonon crystal” features cages (or tunnels) in its crystal structure that
contain atoms small enough to “rattle”. This situation produces a phonon damping effect
which results in dramatic reduction of the solid’s lattice thermal conductivity. If the
atomnic orbitals of the “rattling” ions do not participate in the electronic structure near the
Fermi level, the mobility of carriers throughout the rest of the structure may not be
substantially affected, potentially giving rise to high electrical conductivity as well as

thermopower.

The class of chalcogenide materials described in this thesis fall under this
description because, as it will become apparent, they are made of three-dimensional or
two-dimensional bismuth-chalcogenide frameworks, stabilized by weakly bonded alkali
atoms which reside in cavities, tunnels or galleries of the framework. These
electropositive atoms almost always posses the highest thermal displacement parameters
in the structure, evidence that a certain degree of “rattling” motion is occurring. This
feature is very important in the low observed thermal conductivities of these materials.
These rattlers create low frequency vibrational modes that scatter acoustic phonons and
thus, reduce the thermal conductivity. Other factors contributing to low thermal
Conductivity in materials are the presence of heavy atoms (e.g. Bi, Pb), large unit cells,

and mass fluctuation disorder in the crystal lattice.
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The compounds BaBiTe3,3 B-KZBiSSe13,37 K2'5Bi8.SSel4,37 CsBi4Te6,38

K2B18$13,39 and K816‘33Sm'9 discovered early on in our work exhibit promising

thermoelectric properties, encouraging us to extend our work to even more complicated
quatermary systems. Based on the ideas presented above on increasing the thermopower §
by having complex structures and reducing the thermal conductivity k by incorporating
electropositive elements such as alkali, alkaline earth or rare earth we investigated the
ternary A/Bi/Q and quaternary A/M/Bi/Q (A = K, Rb, Cs, Sr, Ba, Eu; M = Pb, Sn,
lanthanide; Q = S, Se) systems. In the next seven chapters we will describe the
compounds found during these synthetic investigations and present their
physicochemical, spectroscopic and for the most promising compounds their
thermoelectric properties .

More specifically, in Chapter 3 we will describe the structural complexity in the

ABi3Q5 (A =Rb, Cs; Q =S, Se, Te) systems where we found a number of different

Polymorphs. In Chapters 5 and 6 we will present the complex three-dimensional
Structures that are formed by the incorporation of lanthanides into the bismuth
chalcogenide framework. Chapter 8 will present numerous other examples which further
demonstrate the amazing features and remarkable structural flexibilty in the bismuth
chalcogenides systems. Several new compounds with interesting structures that have

shown promising thermoelectric properties will be presented in Chapters 2 and 7.
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Furthermore, in Chapter 4 we will present a unprecendented solid state topotactic two-
dimensional to three dimensional transformation that is found in ternary bismuth

selenides.
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CHAPTER 2

A,BigSe,; (A = Rb, Cs), CsBi,(,Se, and BaBi,Se,:

New Ternary Semiconducting Bismuth Selenides

1. Introduction

During the last decade a fascinating chemistry associated with ternary and
quaternary bismuth chalcogenides has emerged that rivals in diversity and attractiveness
that of the complex mineral bismuth sulfosalts. This revival in the chemistry of bismuth

chalcogenides has resulted in the discovery of several new interesting ternary and

quaternary compounds. Our group has contributed: B-,y-CsBiS, h KBi3852, KBi6.33S,03,
K,BigS 5>, a-,B-K,BigSe 3, K, sBig sSe,4*, A,Bi,Se,” (x = 1, 2), BaBiTe,®, CsBi,Tey ,
ALn,.Big, S’ (A = K, Rb; Ln = La, Ce, Pr, Nd), BaLaBi,Q, (Q = S, Se), a-,p-
APbBi,Seq'° (A = K, Rb, Cs), K, Sns_,Bi;|,,Sex' and A, M, , Bis,,Se;s'> (A =K,
Rb; M' = Sn, Pb). Other groups have described: Sn,Bi,Se,", SnBi,Se,'*, CdBi,S,",

CdBi,S,", Cd, ¢Big ;S;s'°, Cd,Bi¢S,,"’, BasBig ¢;S¢,3 %, Ba;MBigSe,5'® (M = Sn, Pb).
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Prior to these developments only a few bismuth chalcogenides were known such as
. . . 17 .o 18 .o 19 , 20
ABiQ, (A = alkali metal; Q = chalcogen) ', CsBi;Ss ", RbBi;Ss °, Cs;Bi;Se;,”, o-,B-
BaBi,S,”', SrBiSe; ™, Sr,Bi¢Se,;™ and BaBiSe;*,
Substantial interest in this class of compounds derives from their potential as
thermoelectric materials. Our work has shown that these types of compounds can possess
low thermal conductivity, high thermopower and often high electrical conductivityzs,

reaching in the case of CsBi Teg, a ZT* of 0.8 at 225K. This value is comparable to

those of the best Biz_,(beTta}ySey27 alloys currently used in thermoelectric applications.

From a solid state chemistry perspective, bismuth chalcogenides are a fascinating

class with staggering compositional and structural complexity ® These characteristics are

spectacularly expressed in the natural occurring sulfosalts where Bi compounds are well

represented. The stereochemical activity of the 6s” lone pair causes bismuth to adopt

several different coordination geometries depending on composition. When the lone pair
is suppressed by hybridizing with energetically adjacent p and d orbitals, bismuth atoms
adopt a normal octahedral geometry with six almost equidistant Bi-Q bonds and angles
around 90°. This is not observed very often however and usually the bismuth atoms adopt
distorted octahedral geometries having short bonds trans to long bonds and resulting in

coordination environments that resemble a trigonal pyramid, a square pyramid, or a
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trigonal bipyramid. Furthermore, this astonishing bonding flexibility of bismuth enables
it to occupy sites with coordination numbers up to nine and, when possible, to participate
in mixed site occupation with similarly sized atoms e.g. Pb, Sn, lanthanide, alkali metal
or alkaline earth metal atoms.

When combined together by sharing edges, the Bi-Q octahedra form blocks that
derive from the NaCl-, Bi,Tes-, Cdl,- and Sb,Se;-type structure. These octahedral blocks
come in different shapes and sizes and are usually connected either directly with each
other or through metal atoms of high (>6) coordination. These characteristics point to a
seemingly countless number of novel phases that can potentially form.

The above-mentioned features can generate complexity, diversity and disorder that

are desirable in good thermoelectric materials because they can lead to corresponding

complexities in electronic structure as well as low thermal conductivity.zg‘30 For example,
B-K,BigSe,; shows promising thermoelectric properties by virtue of its very low thermal
conductivity and relatively high power factor.*2® Doping studies on this system have

shown that its ZT can be improved to interestingly high values.*?!"**

We report here the synthesis, physicochemical, spectroscopic, and structural

characterization of four new compounds, Rb,BigSe 3, Cs,BigSe;;, CsBij¢;Seq and

BaBi,Se,. The A,BigSe;; (A = Rb, Cs) feature a novel structure type. Electrical
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conductivity, thermopower and thermal conductivity measurements on selected systems

are also reported.

2. Experimental section

Reagents. Chemicals were used as obtained: bismuth powder (99.999+%, -100

mesh, Cerac, Milwaukee, WI), bismuth chunks (99.999% Noranda, Canada), selenium
powder (99.95 % purity, -200 mesh, Cerac Inc., Milwaukee), selenium shots (99.999%
Noranda, Canada), bismuth selenide powder (99.999% purity, -325 mesh, Cerac Inc.,
Milwaukee), rubidium metal (99.8% purity, Alfa Aesar, Ward Hill, MA), cesium metal

(99.98% purity, Alfa Aesar, Ward Hill, MA), barium selenide powder (99.5 % purity, -20

mesh, Cerac Inc., Milwaukee). A,Se (A = Rb, Cs) was prepared by a stoichiometric

reaction of the corresponding alkali metal and selenium in liquid ammonia.

Synthesis. All manipulations were carried out under a dry nitrogen atmosphere in
a Vacuum Atmospheres Dri-Lab glovebox. All products were washed with degassed
methanol and ether to remove any traces of excess flux. For all compounds the yield was
almost quantitative and the purity and homogeneity of the products was verified by
comparing the X-ray powder diffraction patterns to those calculated by the

crystallographically determined atomic coordinates.
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Bi,Se;. A mixture of 9.407 g (0.045 mol) of Bi and 5.331 g (0.068 mol) of Se was

transferred into a silica tube, which was flame-sealed under vacuum. The tube was heated
to 600 °C in 12 h, held at 600 °C for 2 d and then cooled down to 50 °C in 6 h. The

product was pulverized and used for further reactions.

Rb,BigSe,; (I). A mixture of 0.065 g (0.260 mmol) Rb,Se and 0.568 g (0.867

mmol) Bi,Se; was transferred to a carbon-coated silica tube and was flame-sealed under

vacuum. The tube was heated for 2.5 d at 750 °C, then cooled to 50 °C in 12 h. The
product consisted of silvery-gray thin needle-like crystals. Semiquantitative energy

dispersive analysis (EDS) using a scanning electron microscope (SEM) on several

needles gave an average composition of Rb, ¢Bi; ¢Se| 5.

Cs,BigSe 5 (II). A mixture of 0.065 g (0.188 mmol) Cs,Se and 0.412 g (0.629

mmol) Bi,Se; was transferred to a carbon-coated silica tube and was flame-sealed under

vacuum. The tube was heated the same as for the case of (I). The product was obtained as

silvery-gray thin needle-like crystals. SEM/EDS analysis on several crystals gave an

average composition of Cs, ,Bi; ¢Se,3.

CsBi; g;Seq (III). Method I. Initially CsBis ¢;Seq was synthesized as follows: a

mixture of 0.065 g (0.189 mmol) Cs,Se, 0.2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>