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The coexi f fast ionic conduction and high thermoelectric performance in certain

mixed ion|g-e nic conductors afford new opportunities and challenges beyond the

d

traditio

ductors and semimetals. However, their applications are limited due to

¥

phase illity under a high current density and large temperature difference. Here, we

show that the high thermoelectric performance of superionic conductor Cu,Se is stabilized

[

through re ing the behaviors of Cu* ions and electrons in a Schottky heterojunction

O

between t e host matrix and /n sifuformed BiCuSeO nanoparticles. The accumulation

1

of Cu* ionS\via an ionic capacitive effect at the Schottky junction under the direct current

|

modifie arge distribution in the electric double layer, exerting an electrostatic field,

U

which blo ng-range migration of Cu* and produces a drastic reduction of Cu* ion

A
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migration in the composite by nearly two orders of magnitude. Moreover, this heterojunction
impedew transferring from BiCuSeO to Cu.,Se, obstructing the reduction reaction of
Cutinto the interface and hence stabilizes the f-Cu,Se phase under a high DC
current®@ JASI®ERAd/or a large temperature gradient. Furthermore, incorporation of BiCuSeO
in Cu.Se optimiges the carrier concentration and intensifies phonon scattering, contributing to
the peak fi merit Z7 value of ~ 2.7 at 973 K and high average Z7 value of ~1.5
between md 973 K for the Cu.Se/BiCuSeO composites. This discovery thus provides
a new avenue foistabilizing mixed ionic-electronic conduction thermoelectrics, and fresh

insights i lling ion migration in these ionic transport dominated materials including

perovskite wltaic materials, solid electrolytes, and solid state batteries.
One szmaw: The space charge region in the Schottky junction between the

CuzSe hoit matrix and /n situ formed BiCuSeO under a direct current causes drastic
suppressio * ion migration in the composites, and obstructs the reduction reaction of

Cutinto C , Which, together with the effective regulation of carrier concentration as well

as enh@acial phonon scattering, greatly stabilizes the improved thermoelectric

perform#

-

<
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1. INTRODUCTION

Thermoe E) materials allow direct solid-state conversion between heat and electricity
via the S Peltier effects!' 2. Compared to other energy conversion technologies,
N

thermoele@tricity has unique technical merits, such as high reliability, long life, and absence

of noise offgreehouse emissions, and finds applications in harvesting industrial waste heat,

G

solar energy, n or geothermal energy, heat from automobile exhausts, in powering the

S

deep space probes, as well as managing spot-size distributed cooling of electronic devices

L

and hous pliancesBl. To date, TE conversion is mainly driven by the development of

[

higher peforming, practically stable, and environmentally friendly TE materials. The major

scientific nological challenge is to compete successfully with the established energy

d

conve logies and broaden the range of industrial applications of thermoelectricity.

The efficie TE material is gauged by its dimensionless figure of merit Z7, defined as

\l

ZT = a?oTl(kxi+k:), Where o, o, ki, ke, and T are the Seebeck coefficient, electrical

r

conductivi thermal conductivity, electronic thermal conductivity, and the absolute

temperat & ectively!'l.

ho

Amon sses of TE materials, mixed ionic-electronic conductors, such as
CuzTe/auke’EUZS[“-ml, ZnsSbsl. 1210 Ag, Te/AgoSe/AgLSIts-171, AgCrSe,/CuCrSeslts. 191,

AgsMXs (Ee, Si; X=Te, Se, S)0-221. and Ag.AISes/AgsGaSes23-25], constitute a unique
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family2él. In the mixed conductors, ionic migration coexists with high TE performance in the

same t regime, indicating an inherent link between the two. In the context of the

{

phonon-g @ tron-crystal (PGEC) and hybrid-crystal paradigms of the TE materials

o

researdh, IRE¥AEBIlc ions induce static and dynamic disorders causing strong disruptions of

phonon S@d phonon propagation, and give rise to a “phonon-liquid” behaviortl,

Meanwhile, on-mobile rigid sub-lattice constitutes the conduction path for electrons or

S

holes, res if? an electron-crystal behavior. Attaining high TE performance in mixed

ionic-electronic c@nductors entails a delicate balance among mobile ions, conduction

U

electrons, ce phonons. Yet, while the mobile ions play a constructive role in

suppressi ttice thermal conductivity, they also reveal their destructive influence by

dl}

undermining t tability of the structure under large electric fields or temperature gradients.

Given that a current density and temperature gradient are indispensable for efficient TE

\'

power and refrigeration, achieving high TE performance while maintaining high

structural Wategrity remains a formidable challenge for applications of mixed conduction

£

thermoele

Because eir environmental friendliness, low cost of raw materials and high TE

£

perfor e and its derivatives are among the most notable mixed conductor

E

systems. The eallly studies of Cu,Se-based compounds date back to the 1960s, when the 3M

Ul

A
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Corporation developed and patented Cu197Ago.03Se as a potentially promising TE material(27],
the variwch were tested by other research institutions, including General Atomics
Corporatiynel291 and the NASA'’s Jet Propulsion Laboratory30.31, |n recent years,
more idSPHIaRE systematic studies have been reported on Cu,Se with the aim of
optimizing its TE performancels 8], improving its chemical stability32, and developing new
synthesis r 71, Still, the high mobility of Cu* ions pose a serious risk to the stability of the
material umvice conditions that involve high voltage and large thermal gradients. The
resulting Cu mets precipitates in the samples and the concomitant structural changes lead to

a rapid de@n of the TE performance, which is the reason why research into the TE

prospect o was once abruptly abandonedi33. 341, Currently, researchers are keen to
find ways (i t the long-range migration of Cu* and thus improve the material’s stability.
According to cent work by Qiu ef a/35.39], it is the material-specific chemical potential
differe erns the precipitation of Cu. Consequently, keeping the operational

condition @ Cu.Se below a certain voltage threshold seems to be a safe yet passive and

ultimately @ actory solution.

Should th€long-range migration of Cu* ions be actively inhibited and the carrier

3

no

conce regulated, Cu,Se-based materials would have not only excellent TE

{

performance butflso good phase stability. This would be extremely conducive to the

b

A
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commercial applications of Cu,Se. In this study, by /n sifuforming BiCuSeO nanoparticles in
Cuﬁe,W modulated electric double layer in the space charge region due to an ionic
capacitive Schottky junction of Cu,Se/BiCuSeO interface under the direct current
effectivélyiBl@8k&Rhe long-range migration of Cu* ions throughout the entire sample and
hinders the pregipitation of Cu metal. This consequently stabilizes the high TE performance
of polycry&w

Cu,Se composites under high electric field and large temperature gradient.

In additio igter-diffusion of Cu vacancies between the Cu,Se .+x host matrix and

Uus

BiCuSeO nano pflase during the synthesis process efficiently regulates carrier (hole)

concentr nd the optimal range for a wide series of compositions. Coupled with the

i

enhanced scattering created by the BiCuSeO nano phase, the overall approach

d

solves the @il a of phase stability and high TE performance.

2. RESU ND DISCUSSION

V]

Stoichiometric amounts of Cu, Se, and Bi.SeO, were mixed and reacted into Cu>Se1+ /

[

yBiCuSeO 0.005, 0.010, 0.015, 0.020; y =0, 0.05, 0.1, 0.3, 0.5 mol%) composites by

0

self-propa igh-temperature synthesis (SHS) reactionsl”-37-39 and densified by the

plasm intering (PAS). There are two basic control parameters in this work: the Se

1

|

excess amount "x” (a.k.a. Cu vacancy) and the mole fraction “y’ of BiCuSeO. The relative

U

density of posite sample is about 95% of the theoretical value, 1~2% lower than that

A
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of the pristine material. The primary phase of all samples at room temperature was confirmed
to be aw he presence of the BiCuSeO phase was verified by X-ray diffraction

(XRD) ms in samples with a significant content of BiCuSeO (e.g., y = 0.5 mol%)

(Figure®™s miigh documented the crucial role of Bi.SeO- in the SHS reaction with Cu and

Se to form fe i’CuSeO compoundBl,

The as-forme 2Seq+x | yBiCuSeO composites exhibit excellent TE properties (Figures S2

—819). Incorporation of BiCuSeO in the Cu,Se matrix improves the TE properties
dramaticaj

peak Z7T values (Z7,.ak) Of @ wide range of composites are above 2 at 973 K

q

(Figure S2), Specifically, the Z7;cak values of CuzSeq 005 / 0.1 mol% BiCuSeO and Cu,Se1 020 /

0.3 mol% mo at 973 K are 2.7 and 2.6, increased by 50% and 44.4%, respectively,
compa €1.005 (L7Tpeak=1.8) and CuzSe1 020 (Z75eac=1.8) (Figure 1(a)). Meanwhile, the
average (Z£Tavg) of CuzSeq o5 / 0.1 mol% BiCuSeO and CuzSeq 020 / 0.3 mol%

BiCuSeO in the range of 400 K to 973 K'is 1.52 and 1.44, increased by 79% and 118%,

respectiv ared to CuzxSe1 005 (£72v=0.85) and CuzSe1 020 (£7a,4=0.66).

The repeand reproducibility of high Z7 values are often an issue. In this work, the

electric@vity, Seebeck coefficient, thermal conductivity, and calculated Z7 curves of
the compasites are shown to be well repeatable and reproducible (Figures S9, S12, S17 and

S18). In amreshly-prepared samples Cu,Se1 05/ 0.1 mol% BiCuSeO and CuzSeqo2 /

This article is protected by copyright. All rights reserved.
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0.3 mol% BiCuSeO were cross-checked at the University of Michigan (UM, ZEM-3 in Prof. P.

F.P.P . oratory) and Huazhong University of Science and Technology (HUST,

LFA427 iou Yang's laboratory). The results agree well with ours, within the

instrunf@nt@merers (Figure 1(a), Figure S19).

t

With the ellelh TE performance confirmed, an important question pertains to the stability

Cr

of CuzSe. uate the stability of the material, measurements of the conductivity of Cu*
ions and endurance tests under operational conditions of high current density and large
temperatL:ence were performed. A direct-current polarization method with
electron-bgcking electrodes was utilized to isolate the ionic conduction by filtering electronic
conductiofy. state Cu|CuBr|Cu,Se|CuBr|Cu symmetric pseudo-galvanic cells with the

electro uBr|Cu electrodes were constructed®’. 421 (cf. Figures S20 - S21). Upon
applying across the composite, keeping the constant current density of ~ 160
mA/cm2 (i. e., 100 mA DC passing through the sample), the polarization voltage of the pristine
Cu,Se stahop with time, indicating an increased electrical conductivity and thus
Cu-precipigure 1(b)). The critical voltage for Cu-precipitation in Cu,Se is ~ 0.1 - 0.14
V, consistﬂthe previous report38l. In sharp contrast, upon incorporating BiCuSeO, the

stable [M voltage increases to above 1.0 V for CuzSe1 005 / 0.1 mol% BiCuSeO and

to 6.0 V for Cu251_020 / 0.3 mol% BiCuSeO (Figure 1(c) and 1(d)). This indicates that the

<
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incorporation of a small amount of BiCuSeO dramatically improves the stability of the Cu,Se
matrix. W based on the DC polarization measurements, the ionic conductivities of

Cu.Se, C @ / 0.1 mol% BiCuSeO, and CusSe1.920 / 0.3 mol% BiCuSeO at 693 K were

P

found t& bEsaBdEE 20 Sm-', 2.2 Sm-' and 0.33 Sm-', respectively (Figure 1(b-d), Figure S22).
Evidently, the Gu* conductivity in the composites is suppressed by about two orders of

magnitude ared to the pristine Cu,Se, well accounting for their excellent phase stability

S

and repro

v

Another e of the improved phase stability comes from the shape of a potential

q

variation clrve of the pseudo-galvanic cell. Cu precipitation is the result of an electrochemical

reaction t the shape of the potential variation curve. In the absence of Cu

d

precipi otential is almost constant over polarization time. However, with Cu metal

precipitati e segregation), a notable potential drop over time is observed at a fixed

W

current#'-431. Clearly, under a 100 mA, the potential across the pristine Cu.Se decreases

I

gradually rization time, indicating the phase instability with Cu precipitationi#1. 431,

With the p @ of BiCuSeO, however, the potential across CuzSe1 g5 / 0.1% BiCuSeO

and Cu,S€h 020 / 0.3% BiCuSeO samples is not only higher but, more importantly, remains

g

consta same high current of 100 mA. This corroborates the excellent phase

{

stability of the cofnposite under a high current flow.

Gl

This article is protected by copyright. All rights reserved.

10



Moreover, it is well known that the liquid-like nature of Cu* ions in the S-phase of the Cu,Se
structuwes the material under sufficiently large current densities and/or

temperates. Figures 1(e-f) and S23 - S33 present the morphology and electrical

propertiésiefi@is8e, Cu,Se1 05 / 0.1 mol% BiCuSeO, and Cu,Se1 02 / 0.3 mol% BiCuSeO
compositesbefgre and after passing a direct current density of 18 Acm-2 at 773 K, or applying

a 500K te ure gradient (with the high temperature end at 793 K, and the low

temperatmt 293 K).

When the:density of 18 Acm2 was passed through a pristine Cu.Se sample at 773 K

q

for 3 h, sefious pulverization and Cu precipitation occurred, and the electrical properties of

the dama ple could not be characterized (Figure S25(a)). Under the DC current

d

densit 2 and a temperature difference of 500 K across the sample held for 3 h,

massive ion of Cu, together with a greatly increased electrical conductivity and

WA

decreased Seebeck coefficient (Figures S30(a), S31), was observed. This confirms that

I

CusSe is when subjected to large current densities and/or temperature gradients.

O

The prese iCuSeO makes a key difference in the above behavior. For example, the

morph Se1.005 / 0.1 mol% BiCuSeO and Cu,Seq.020 / 0.3 mol% BiCuSeO samples

b

{

showed n@ discernible change after applying 18 Acm-2 to the sample for 2 weeks (336 h) at

U

773Kori iaf a 500 K temperature gradient (Figure S25(b-c) and S30(b-c))! Meanwhile,

A
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the electrical conductivity and the Seebeck coefficient measured before and after applying

the cur r the temperature difference returned essentially the same values (Figures

{

S26, S27, d 833). Hence, a trace amount of BiCuSeO as a secondary phase

o

dramati@a

]

ves the phase stability of the composite.

[
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Figure 1 (g) Temperature dependence of the ZT values of CusSey.x/ yBiCuSeO composites.
SquarWnd triangles represent CusSe, CusSe; 05/ 0.1 mol% BiCuSeO, Cu:Sée;.0z0 /
0.3 mol% amp/es, respectively. The black, red and blue ones indicate testing at
Wuhar®URiversise of Technology (WHUT) and the brown and pink ones designate cross
checking atthegUniversity of Michigan (UM, ZEM-3 in Prof. P. F. P. Poudeu's laboratory) and
Huazhongs/ty of Science and Technology (HUST, LFA427 in Prof. Junyou Yang's

/aborato tial variation curves for CusSe (b), CusSe;s 005/ 0.7 mol% BiCuSeO (c),

CuszSe1020/ 0.3 50/% BiCuSeO (d) under different test current at 693 K applied for 30 sec.

The resu/ﬂ: conductivities at 693 K of Cu>Se, Cu>Se;q05/ 0.1 mol% BiCuSeO,
Cu:>Se;.020 /% BICuSeO were found fo be ~20 Snr’, 2.2 Snr’ and 0.33 Snr’,
respectivelt omparison between CuzSe and CusSéj.00s / 0.1 mol% BiCuSeO when a
current of 2 was passed through at 773 K, (f) Comparison between Cu.Se and
CusSeq.o0s /0. T Mol% BiCuSeO while passing a current of 18 Acm? through the samples as

well as apRlying a 500 K temperature gradient (T-hot ~ 793 K, and T-cold ~293 K).

E

How ¢ all amount of well dispersed BiCuSeO nanoparticles be so effective in

tho

preventingithe migration of Cu* ions? In order to reveal the underlying mechanism for this

AU
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surprising phenomenon, we studied the microstructure and Cu,Se/BiCuSeO interface in

details Wnt aspects.

Figu&(b) show HAADF-STEM images at low magnification and corresponding

N
eIementalSap (Bi/Cu) of the CuzSe1.005 / 0.1mM0ol%BiCuSeO bulk material. Apparently, a large

number o@ly distributed pores with sizes ranging from tens of nanometer to several
hundred n ers are observed. The edge of the pores is rich in Bi, indicating BiCuSeO is
mainly attmn their inner wall. Such morphology is strongly related to the formation
process 020 and is common among mesoporous materials prepared by sacrificial
template Methodsi*4l. In an early work, we have demonstrated the crucial role of Bi,SeO,
(Figure Sm SHS reaction with Cu, and Se to form the nanosized crystals of BiCuSeO
(Figur 139 with a polygonal lamellar morphology (Figure S37). It should be
mentiECu metal precipitate was found inside the nano pores of the Cu,Seq.x /
yBiCuSeO composites before or after the stability measurements under a high current flow or
a temperhdient. Therefore, the uniform distribution of BiCuSeO nanocrystals within
the Cu2Sorms a large number of interfaces which effectively block Cu-ion diffusion.
Figure ﬂ the HR-STEM image of the interface between Cu,Se and BiCuSeO in

CuZSenWI%BiCuSeO bulk material around the pore. The electron diffraction for

Cu.Se and BiCuSeO indicates that BiCuSeO epitaxially grows on the (1 3 1) plane of Cu,Se

<

This article is protected by copyright. All rights reserved.

14



coherently where [3 -1 0] zone axis of Cu,Se crystal being parallel with [2 2 -1] zone axis of
BiCuSWs a result, the (0 0 2) and (1 3 1) planes of Cu.Se are nearly parallel with

(102)an @ ) planes of BiCuSeO, respectively. This kind of interface would facilitate the

formati®h @& odulated electric double layer between Cu,Se and BiCuSeO, which plays

a key roleﬁ@ilizing CuzSe.

It is well kngwamthat both Cu* ion and hole carriers in CuzSe participant in the electric
transport. mnderstanding the role of Cu* ions and the charge transfer at the
Cu2Se/Bi(:vterface is the key to revealing the underlying mechanism for the enhanced
stability. Ir!order to shed light on the charge transfer at the Cu,Se/BiCuSeO heterojunction,
the uItravim[oemission spectroscopy (UPS) spectra of Cu,Se and BiCuSeO

compo ollected, shown in Figure 2(d) and 2(e), respectively. The work function of
Cu,Se and_Bi eO are 5.16 eV and 5.52 eV, respectively. The difference in the work
function would drive the hole transfer from BiCuSeO to Cu,Se, concomitantly forming a

depletion hh the raw built-in electric field in the Cu,Se/BiCuSeO heterojunction

pointing f@e to BiCuSeO (Figure 2(f)). This raw built-in electric field in the Schottky

heterojungon Is also confirmed by a nonlinear feature in ~U curve (Figure 2(g)) in

compaWnearly symmetric /~U curve of pristine Cu,Se and pristine BiCuSeO (Figure

S39). This impa§ the charge transfer between Cu,Se and BiCuSeO.

This article is protected by copyright. All rights reserved.
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In order to probe the behavior of charge carrier and Cu* ions at the heterojunction, forward
scan arWd scan of /U curves were measured with the input voltage in the range

from -3.5 @ . Clearly, under the forward scan the current is smaller than that under the

revers@sdammggardless of the current directions, resulting in a hysteretic behavior in the £U
curve (Fig ). It is well known that the capacitive effect as the Schottky heterojunction

can act as citor accumulating charges or Cu* ions at the interface due to the potential

S

difference¥ er, in the case of the electron capacitor, the current under forward scan

should be larger fhan that under the backward scan, which is opposite to experimental

J

observati Cu,Se/BiCuSeO heterojunction. Therefore, the hysteretic gap in the ~U

[

curve of th /BiCuSeO heterojunction is predominantly ascribed to capacitive effects of

d

Cutions a erface. The slow reconfiguration process of Cu* ion migration is responsible

for the hyste n the /-Ucurve when the applied voltage is changed. The highly resistive

N

BiCuS ssage of Cu~* ions, the potential difference between Cu,Se and BiCuSeO,

and the unllateral conductivity of the Schottky junction allow accumulation of mobile Cu* ions

-

at the Cu, @ uSeO interfaces under the current flowing from Cu.Se to BiCuSeO. In

addition, itd noting that due to the unilateral conductivity of the Schottky junction,

positiv e allows accumulation of Cu* ions at the interface, while the negative bias

th

voltage e ions from the interface and they migrate and redistribute along the current

U

direction in the t matrix. The difference in the Cu* ions concentration in the two sides of

A
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the interface region modifies the potential barrier for injection of electronic carrier, leading to
the abnMnmetry in the ~Ucurve of the Cu,Se/BiCuSeO heterojunction, which is

distinguisRe an ideal Schottky junction.

[

N
This accu!ulation of Cu* ions at the interface under the direct current induces interfacial

electronic@ipolefolarization, forming a negatively charged surface on BiCuSeO as sketched

C

in Figure 2) gilis is accompanied with the formation of an electric double charge layer and

S

an electrostatic field. The formed space charge region in the Cu,Se and BiCuSeO

U

nano-part re BiCuSeO nano-particle is equivalent to a positive point charge due to

)

the capacliiive effects of Cu* ions, further impedes migration of Cu*. This agrees well with the

much low onductivity (0.33 S/m vs. 20 S/m for Cu.Se) and higher critical voltage (> 1

d

Vs 0 2Se) observed in the Cu,Seq+ / yBiCuSeO nanocomposites. Furthermore,

the increa ternal voltage difference between Cu,Se matrix and BiCuSeO

Wi

nano-particle, drives more Cu* ions to accumulate at the interface, thereby reinforcing the

[

electrosta ormed in the space charge region. Thus, in spite of the small volume

fraction of @ O, the Coulomb force around the BiCuSeO nanoparticles effectively blocks

long-rang@’motion of Cu* through the sample.

£

{

Along wi € highly mobile Cu* ions, Cu metal precipitation at the surface and interface is

U

also a maj em for the stability of Cu.Se. Practically, Cu metal precipitation is an

A
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electrochemical reduction reaction process where the highly mobile Cu* ions at the interface
or surfaw the upper limit concentration accept electron from the matrix, forming Cu
metalf5l, e aforementioned Schottky Cu,Se/BiCuSeO heterojunction facilitates
the acdlin@i@l#@A®of a higher concentration of Cu* ions at the interface over that inside of the
matrix, the potgptial difference in the Schottky junction impedes the electron transfer from
BiCuSeO Qe, unless the energy of electrons is high enough to overcome the potential
differencewZ(i)). Therefore, this special heterojunction obstructs the reduction reaction
the Cu* ions accinulated at the interface. Thus, incorporation of BiCuSeO not only blocks
the Iong-rﬂgration of Cu* ions throughout the sample but it also imposes a potential

barrier form ction of Cu* ion into Cu metal. All these effects contribute to the stabilized

Cu-ions in'the posite.

To gairEhts into the microscopic nature of ionic migration between Cu.Se and

BiCuSeO, we conducted an /n sifu transmission electron microscopy study. Figure S40
shows a I-hnage and EDS mapping results for the Cu,Se/BiCuSeO heterojunction. As
identified @ gh resolution image and its corresponding diffraction pattern (Figure S40),
the crysﬂeft of the heterojunction is Cu,Se, while the one on the right is BiCuSeO.
When tWIows from BiCuSeO to Cu,Se (corresponding to the formation of Cu

aggregates at th5contact point), the critical voltage (threshold) for deposition of Cu metal is

This article is protected by copyright. All rights reserved.
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1.1V (Figure 3(a)). However, when the current flows in the opposite direction from Cu,Se to
BiCuSWonding to the disappearance of Cu aggregates at the contact point), the

critical volfe rapid Cu* migration is 2.3 V (Figure 3(b)). Moreover, no Cu deposition is

9

observEd BEIREGU.Se/BiCuSeO interface despite the fact that the applied reverse voltage is
much higlﬂthe forward voltage. Obviously, when the current flows from Cu,Se to
BiCuSeO,

ctrostatic field formed by the accumulated Cu- ions will oppose migration of

Cu* from

S

e matrix and the Schottky heterojunction of Cu.Se/BiCuSeO increases the

L

potential barrier f@r electron transfer from BiCuSeO to Cu.Se. Hence, the critical voltage for

rapid mig Cut ions is significantly increased and no Cu deposition is detected. This

£

further corr s the Cu* ion blocking mechanism in Cu.Se1.« / yBiCuSeO composites and

o

the presen additional electrostatic field under the current.

Author M
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Figure 2. @JF—S TEM image at low magnification of CuzSer.oos / 0. Tmol %BiCuSeO bulk
material, Se pores are dark. (b) EDS color elemental map (Bi/Cu) of the whole area in (a). (c)
/nfe/faW Cu>Se and BiCuSeO around the pore. Orientation relationship: Cu:Se [3 -1

0] // BiCuSeO [5- 1], CuzSe (0.0.2) // BiCuSeO (10 2), CuzSe (13 1)/ BiCuSeO (0 -12). (d)
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and (e) Ultraviolet photoemission spectrum (UPS) of the Cu.Se and BiCuSeO. the Fermi
edge (FMﬁed in the diagram, and the secondary electron cutoff edge (Ecuor) IS
h/gh//ghz‘z‘raﬁon. (f) A schematic diagram of hole transfer from BiCuSeO fo Cu,Se
driven By Wes@iffércnce in their work functions, and the formation of Cu-Se-BiCuSeO

heterojunction, with the direction of the initial built-in electric field pointing from CusSe to

BiCuSeO. curve of a Cu>Se/BiCuSeO heterojunction. Clearly, a nonlinear I-U curve
and h ysz‘ew observed. (h) Schematic illustration of the long range electrostatic field

formation and th@space charge distribution in electric double layer around BiCuSeO in the

G

CuzSe7.+x eO composites. A small amount of Cu* ions accumulate at the inferface

N

between C matnix and BiCuSeO under an external current. This induces interfacial

a

electronic dip olarization, leading to negatively charged BiCuSeO surfaces. The formed

space char on in the Cu.Se and BiCuSeO nanoparticle, where the BiCuSeO

M

nanop uivalent to a positive point charge due fo the capacitive effects of Cu* ions.

Thus, in s@ite of a small volume fraction of BiCuSeO, the long-range Coulomb force around

1

BiCuSeO @ cles effectively blocks motion of Cu* through the sample. (i) A schematic

diagram o al barrier in the Scholtky heterojunction, which obstructs the reduction

reacti into Cu metal.

Auth
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(b)

h—
Figure 3 I, nsmission electron microscopy images, (a) Different stages (in time) during
the curny m BiCuSeO fo CusSe. The developing black spot in the vicinity of the
contact is cipitated copper, which is observed when the applied voltage reaches the

critical value of 1.1 V. (b) Different stages following the current reversal (the current now flows

from CUQMUSeO). In this case, the critical voltage for rapid migration of Cu* (i.e., the

disappeaz‘he previously precipitated copper) is 2.3 V.

-

Obviously modulated electric double layer in the space charge region between the

CuzSe an eO phases blocks the long-range ion migration in the entire sample. Along

This article is protected by copyright. All rights reserved.
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with the Schottky junction, which prevents electron transfer from BiCuSeO to Cu,Se and thus
hindersMion reaction, the high TE performance of the Cu.Se/BiCuSeO composites

is stabiliz€0 ditionally, the TE performance of Cu.Se / BiCuSeO composites is strongly

v

related®o &"@@rfer concentration that is determined by the Cu content, i.e., Cu vacancies in

the Cu,Se @/a now discuss the mechanism for modulation of the carrier concentration.

The regulmhavior of the Cu/Se content in the host matrix is confirmed by DSC tests
performed on the as-prepared composites (Figure 4(a) and Figure S41). For Cu,Se1., the
phase tra:mperature (7+) decreases from 399.2 K to 387.4 K as the content of Se
increases@ZSe / yBiCuSeO, CuzSeq 05 / yBiCuSeO, and Cu,Seq 910 / yBiCuSeO, the 7
tends to sMower temperature, indicating the decreased Cu/Se ratio in the matrix
accordj inary Cu-Se phase diagrami*5l. For Cu,Se1 015 / yBiCuSeO and CuzSe1 .oz /
yBiCuSeO ds to shift to a higher temperature, implying an increased Cu/Se ratio in the
matrix. The DSC results indicate that the presence of Cu* vacancies inter-diffusion process
during thehtion of Cu,Se/BiCuSeO composite can modulate the copper content in the
host matr@elps to maintain the carrier concentration at the optimal region over a wide
range oﬂﬂions, which is very important for the reproducible synthesis of materials on

=
<

a large
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To reveal and substantiate the mechanism underlying the high TE performance of these
componperature and high temperature transport properties were studied
(Figures S1 1, S14, S16, S42 and S43). Specifically, Figure 4(b) shows the
relatiorb SfWEEAhe carrier concentration and the composition (x, y) at 600 K. As shown, the
optimal cargier goncentrations are in the range of 1.0 - 1.5 x 102" cm3, which yields peak Z7
values eX(Q 2.0. To more clearly see the self-regulation of the carrier concentration by

BiCuSeO wexcess, we present a baseline (red dotted line) derived by assuming that

each excess Se @tom donates two holes to the composite. Apparently, the presence of

i

BiCuSeO increase (decrease) the carrier concentration when x < 0.01 (whenx >

N

0.01). Sinwrrier concentration is positively related to the x-value, the presence of

BiCuSeO
0.01, where%rrier concentration is around 1.0 X 102" cm3, close to the lower end of the
optima centration. It remains an open question how this optimized carrier

concentrasn is achieved over such a wide range of compositions and how it is coordinated

-regulates the carrier concentration. The pivotal (balance) point is near x =

with the ef % regulating behavior of Cu vacancies between Cu,Se and BiCuSeO during

the prerycess.
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{

composite struct@es. (b) Relationship between the carrier concentration (p) of holes and
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composition of composite structures. The orange region corresponds fto the optimal carrier
conceWch yields ZT values exceeding 2.0. Clearly, the incorporation of BiCuSeO
can aay'ue content of copper in the Cu>Se matrix (as seen in the variation of the
phase Baisiliomenperature), which, in turn, adjusts the carrier concentration to optimal in a
wide rangeof cgmpositions. (c) Temperature dependence of the total thermal conductivity (k)
of Cu;SeygvuSeO composites. Squares, circles and triangles represent CusSe,

CusSe;, 00m0/% BiCuSeO, CusSeq.020 / 0.3 mol% BiCuSeO samples, respectively. The
solid symbols in;:at‘e testing at the Wuhan University of Technology (WHUT) while the open

symbols E@ cross checking at Huazhong University of Science and Technology

(HUST, L Prof. Junyou Yang's laboratory)

nMa

The ori e carriers (holes) in Cu,Se and BiCuSeO is Cu vacancies* 4¢l. Actually,

the carrler concentration of Cu.Se is about 4 x 1020 cm-3 due to the Cu vacancies and that of

BiCuSeO i t 2 x 107 cm-3 at room temperaturel*. 7. 391, Therefore, driven by the Cu
vacancy pgdlfference, Cu vacancies naturally diffuses from BiCuSeO to Cu,Se in the
Cu2Se €O composite when x < 0.01, and then diffuses from Cu,Se to BiCuSeO
when x is points to the effective regulation of the relative copper content in the host

matrix.

Au
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The remarkable reduction of the already low thermal conductivity of Cu.Se in the composite
sampleMibuting factor to the high TE performance. As noticed, the CuzSeq.x /
yBiCuSeposites exhibits low thermal conductivity (Figure 4(c)), especially at
some partie@l@@@ompositions, e.g. CuzSeq 905 / 0.1 mol% BiCuSeO (Figure S7), Cu,Seqo10 /
0.3 mol% ﬁo (Figure S10), Cu.Se1015/ 0.1 mol% BiCuSeO (Figure S13), Cu.Seq 020 /

0.1 mol% 0, and CuzSe102 / 0.3 mol% BiCuSeO (Figure S15). It should be noted that

S

the low th |@onductivity was crosschecked by other group (HUST).

The exact

U

imiet the ultra-low thermal conductivity in Cu,Se, however, has been the subject

[

of debate Several different theories have been proposed. For example, some investigations

show that -like diffusion of Cu* ions suppresses the transverse phonons, leading to a

d

drama ed thermal conductivity. They conclude that the higher the ionic

conductivi wer the thermal conductivity. In contrast, other investigations show that

Vi

migration of Cu* ions cannot prevent the propagation of transverse acoustical phonons, and

I

argue tha ce anharmonicity, correlated with the diffusion of Cu* (diffusion rate and

hopping ti @ e main origin of the low thermal conductivity“l. In the context of our

experimental data, the decrease in the ionic migration in the samples upon incorporating

£

BiCuS rticles is unequivocal. This modified process of dynamic Cu* ions may

{

intensify phonon§cattering, suppressing the lattice thermal conductivity#7. 48], Moreover,

Ul
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BiCuSeO nanoparticles and nano pores enhance interfacial phonon scattering and strongly

scatterWrrying phonons, resulting in an additional reduction of the thermal

conductiv high Z7 in Cu,Se1.« / yBiCuSeO composites.
I

3. CON@IG REMARKS

Through mincorporation of nanoparticles of BiCuSeO, the superionic nature of Cu,Se
in macros@nples was largely eliminated while maintaining excellent TE properties.
The supeEe and physical property stability is realized by creating an ion-modulated
interfacial tatic field under the direct current that blocks the long-range migration of
Cu* ions atko! uxSei+x / BiCuSeO interfaces and prevents the reduction reaction from Cu*
to Cu metal. while, the effective regulation of the relative content of copper and the
conce oles in the host matrix through inter-diffusion of Cu vacancies between the
CuzSe1x SSt matrix and the BiCuSeO nanophase during the synthesis process maintains

high pows @ and the carrier concentration at the optimal carrier concentration range

over a wid rature and composition region. These effects stabilize the excellent TE

perfor r high current/voltage and/or large temperature gradient. Moreover, the

lattice ph strongly scattered by BiCuSeO nanoparticles and nano pores,
dramatic;; fing the lattice thermal conductivity. Owing to the optimal hole concentration
This article is protected by copyright. All rights reserved.
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and the dramatically suppressed thermal conductivity, the Cu,Seq.x / yBiCuSeO composites
attain WTS of ~ 2.7 at 973 K, and the corresponding average Z7 values between
400 K an@ch a high value of 1.5. The excellent repeatability and reproducibility of
TE properiés®si#@ngly substantiate the proposed mechanism. The results highlight a new
strategy forthegactive control of ion migration and may have broader implications for the
stabilizati(Q

er systems such as halide perovskites and solid state interfacial behavior in

solid stat s and fuel cells.

S
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The spahc arge region between the Cu,Se host matrix and in situ formed
BiCuSe irect current causes drastic suppression of Cu’ ion migration
: W E— . . ;.

in the coSposnes, and obstructs the reduction reaction of Cu' into Cu metal,

which, tgBethSh with the effective regulation of carrier concentration as well as

enhancedg acial phonon scattering, greatly stabilizes the improved

thermoelectric ;)erformance.
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