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applications
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Motivated by low cost, low toxicity, mechanical flexibility, and conformability over complex
shapes, organic semiconductors are currently being actively investigated as thermoelectric
(TE) materials to replace the costly, brittle, and non-eco-friendly inorganic TEs for near-ambient-
temperature applications. Metal-organic frameworks (MOFs) share many of the attractive
features of organic polymers, including solution processability and low thermal conductivity.
A potential advantage of MOFs and MOFs with guest molecules (Guest@MOFs) is their
synthetic and structural versatility, which allows both the electronic and geometric structure to
be tuned through the choice of metal, ligand, and guest molecules. This could solve the long-
standing challenge of finding stable, high-TE-performance n-type organic semiconductors,
as well as promote high charge mobility via the long-range crystalline order inherent in these
materials. In this article, we review recent advances in the synthesis of MOF and Guest@
MOF TEs and discuss how the Seebeck coefficient, electrical conductivity, and thermal

conductivity could be tuned to further optimize TE performance.

Introduction
When two parts of an electric conductor are held at different
temperatures, charge carriers diffuse from the hot to the cold
regions, producing a voltage difference that is the basis for
the thermoelectric (TE) Seebeck effect. The Seebeck coeffi-
cient, S, is the voltage difference resulting from a temperature
gradient and a measure of thermopower. It can be positive
(for hole conductors) or negative (for electron conductors),
ranging from a few pV/K, typically for metals, to more than
1000 uV/K, observed in lightly doped semiconductors.! A TE
generator (TEQG) is a solid-state device that takes advantage of
the Seebeck effect to directly convert a temperature gradient
into electricity.

The efficiency of a TE conversion device is determined by
the figure of merit of the materials comprising the device:

_ S%T

ZT , (1)
K

where ¢ is the electrical conductivity, T is the average tem-
perature, k is the thermal conductivity, and S*c (W/mK?)
is the power factor (PF) of the material. Materials that
combine high values of S and o/x are therefore attractive for
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TE applications. There is no theoretical limit on the value of
ZT; however, finding materials with Z7 significantly greater
than 1 is challenging due to the interdependencies that exist
among the parameters.

A large S requires that ¢ (or electronic density of states)
near the Fermi level E; change rapidly,” as indicated by the
Mott expression for S:

Tk g d(in[o(E)])
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E=E;

where k; is the Boltzmann constant, and ¢ is the elementary
charge. Materials such as lightly doped semiconductors for which
the density of states at the Fermi level, n( £ ) . changes rap-
idly with energy are expected to have large S values; however,
such materials also tend to be poor electrical conductors since
the free-carrier concentration is low, and therefore, the ZT fac-
tor is low. A compromise between maximizing S and ¢ favors
low-bandgap semiconductors (doping ~10"-102!/cm?), such
as Bi,Te, and its alloys.

Designing materials with optimum Z7 is further complicated
by the relationship between k and 6. k is the sum of lattice
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thermal conductivity, i, and the electronic thermal conductivity,
K.. According to the Wiedemann-Franz Law, /6 = LT, where
the Lorenz number L = 2.4 x 10-® J’KC for a free-clectron
metal. For semiconductors with relatively low free-carrier
concentrations (<10/cm?), k is dominated by the lattice con-
tribution. Weathers et al.* and Liu et al.* recently demonstrated
that, as electronic carrier concentration and mobility increase,
so does «,, including in the case of conducting polymers such
as poly(3,4-ethylenedioxythiophene) (PEDOT). Hence another
major thrust in TE material engineering is minimizing the
lattice contribution, k;, to achieve the lowest total thermal
conductivity k and a maximal PF.

Thermoelectric materials

Inorganic semiconductors such as Bi,Te, and some of its al-
loys with Sb and Sn (see Table I)>® have adequate efficiency
for a variety of niche applications,”® but have not been widely
adopted because they are difficult to deposit over complex or
high-surface-area structures, can be toxic, and are too expen-
sive for many applications. Nanostructuring and superlattices
have yielded structures with Z7> 2, but these complex materials
still remain impractical and too expensive for widespread
applications such as integration with solar cells or for power-
ing wearable electronics/sensors powered by body heat.’

As an alternative to inorganic materials, conducting poly-
mers have recently attracted attention for TE applications,
motivated by their low material cost, ease of processability,
nontoxicity, mechanical flexibility, and low thermal conduc-
tivity.!* > Conducting polymers such as polyacetylene, poly-
aniline, polypyrrole, and PEDOT consist of long, conjugated
molecular chains with varying degree of crystallinity.” In vir-
tually all cases, obtaining significant ¢ in polymers requires
doping. The dopants are typically organic or inorganic acids
that remove electrons from the valence band of the polymers,
but are themselves insulators that can occupy significant
volume fraction, as well as cause structural disorder, decrease
chain-to-chain electronic coupling, and depress carrier mobil-
ity."* Minimizing the dopant volume and exercising precise
control of the oxidation state recently yielded PEDOT:PSS
(PSS = polystyrene sulfonate) with a PF of 480 pWm 'K 2.1
However, the interpretation of this result was confounded

by the fact that 6 and k were not measured for the same speci-
mens or in the same direction with respect to the specimen
geometry.’

TEGs require both p- and n-type elements arranged such
that holes and electrons flowing from the hot to cold ends
recombine to generate a current (Figure 1a). Unfortunately,
achieving chemically stable n-type conducting polymers is
challenging because the position of the lowest unoccupied
molecular orbital (LUMO) level relative to the vacuum level
(i.e., the electron affinity [EA]) is low for most linear chain-
conjugated organic polymers.'® Recently, electron-deficient
conjugated systems with EA below —4.0 eV have emerged,
but the best performing among these, benzodifurandion
poly(p-phenylene vinylene) (BDPPV) doped with N-DMBI
N-([4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)
phenyl]dimethylamine), yielded a PF of 0.28 x 10* Wm K2,
well below the values achieved for p-type polymers.

An alternative approach is to consider coordination polymers
(CPs), which are composed of repeating units of metal-organic
coordination complexes. Unlike all-organic conjugated poly-
mers for which the valence and conduction bands are associated
with the delocalized © and ©* orbitals of the carbon backbone,
respectively, the electronic structure of CPs is dominated by
the transition-metal d electrons and their interaction with the
organic ligands.'""® In fact, the CP poly(K [Ni-ett]), composed
of Ni(Il) ions coordinated to 1,1,2,2-ethenetetrathiolate (ett)
with potassium used to balance the charge, currently holds the
record as the n-type polymer with the highest ZT at room
temperature. Unfortunately, a solution-based processing route
to poly(K [Ni-ett]), which is particularly suitable for mass
production, has not yet been demonstrated.

Conducting metal-organic frameworks as
thermoelectrics

Metal-organic frameworks (MOFs) share many of the advan-
tages of all-organic polymer TEs for applications requiring
large-area processable, nontoxic, and low-cost materials.
Additionally, MOFs and MOFs with guest molecules (Guest(@,
MOF) materials offer higher thermal stability (up to ~400°C
in some cases) and have long-range crystalline order, which
could be harnessed to improve charge mobility. MOFs offer

Table I. Thermoelectric properties of selected materials.

Material Type o (S/m) k (W/mK)
BigsSb; sTes p 1.2x108 14
Bi,Te,,Sey 5 n 1.2x10° 1.0
PEDOT:PSS p 9x10° 0.24
Poly(Cu,[Cu-ett]) D 9x10° 0.52
Poly(K,[Ni-ett]) n 4 %108 0.2
TCNQ@Cus(BTC), p 0.45 0.25

S (nV/K) PF (nW/mK?) T Reference
185 4500 1.2 7
-180 2500 0.7 8
76 480 0.42 15
99 25 0.015 %)
-125 26 0.1 6
400 0.06 104 19

Note: PEDOT, poly(3,4-ethylenedioxythiophene); PSS, polystyrene sulfonate; ett, 1,1,2,2-ethenetetrathiolate; TCNQ, tetracyanoquinodimethane; BTC,
benzene 1,3,5-tricarboxylate; o, electrical conductivity; «, thermal conductivity; S, Seebeck coefficient; PF, power factor; ZT, figure of merit.
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Figure 1. (a) Tetracyanoquinodimethane (TCNQ) above a Cu,(BTC), with arrow pointing to
the pore. Color code: white, H; blue, N; cyan, C; red, O; ochre (light brown), Cu. Reprinted
with permission from Reference 21. © 2013 Wiley. (b) (left) Scanning electron microscope
image of Cu,(BTC), deposited using liquid-phase layer-by-layer growth and (right) an
optical image of Cu,(BTC), (blue line) with Ag electrodes all deposited on paper by inkjet
printing. (c) Electronic density of states (DOS) calculated ab initio—for Cu,(BTC), E; is

in the electronic gap. (d) For TCNQ@Cu,(BTC),, E; is near the metal-organic framework
(MOF) valence band. The blue curve indicates the partial density of states (PDOS) obtained
by projecting the wave functions on the TCNQ N atoms, while the red curve indicates the
PDOS obtained by a similar projection on the MOF Cu atoms. Despite the relatively large
Seebeck coefficient, the electrical conductivity and the power factor need to increase by
~10? for practical applications. Reprinted with permission from Reference 24. © 1999
Taylor & Francis. Note: BTC, benzene 1,3,5-tricarboxylate; E, energy; E, Fermi energy.

for low-cost TE fabrication since relatively
thick layers with desired pattern and current
collectors can be rapidly deposited on low-cost
substrates such as paper and fabrics, as dem-
onstrated in Reference 21 and in our labora-
tory (Figure 1b, right-hand side).

When Cu,(BTC), is infiltrated with TCNQ,
the TCNQ molecules bridge the Cu(Il) dimers,
forming TCNQ@Cu,(BTC), and an electronic
conduction pathway and increasing ¢ from
<10 S/m to ~0.1 S/m.*® When a thin film
of TCNQ@Cu4(BTC), is placed onto a stage
with a thermal gradient, a positive voltage is
measured between the cold and hot sides (see
Figure 2a-b) with S ~ 400 pV/K at room tem-
perature (Figure 2c—d), indicating that holes
are the dominant electronic charge carriers in
the infiltrated framework.

The positive S is consistent with the cal-
culated density of states that shows how E;
in Cu;(BTC), moves from the mid-gap to the
valence band upon infiltration with TCNQ
(Figure lc—d). This can be rationalized by
the fact that the LUMO levels of TCNQ lie
close to the Cu,(BTC), valence band due to the
large electron affinity of TCNQ. The blue line
in Figure 1d indicates that the TCNQ LUMO
levels are situated just above E;, whereas the
Cu,(BTC), valence band (red line) is located
just below E}. Despite the large S, the relative-
ly low o results in a comparatively low PF of

tremendous synthetic and structural versatility for optimiz-
ing the electronic structure for high p- and n-type ZT through
appropriate choices of metal and ligand. The long-range
crystalline order of MOFs promotes high-charge mobility
to increase ¢ without adversely affecting S. A further aspect
that differentiates MOFs from the broader class of nonpo-
rous CPs is their ability to adsorb a large variety of mol-
ecules and nanostructures within their pores to further tune
or dramatically change the material’s electronic and thermal-
transport characteristics (see the article by Allendorf et al. in
this issue). The field of MOF-based TEs is still in its infan-
cy, however, and to date, only one MOF has been explored
for TE applications: the TCNQ@Cu,;(BTC), Guest@MOF
system (TCNQ, tetracyanoquinodimethane; BTC, benzene
1,3,5-tricarboxylate)."”

TCNQ@Cu,(BTC), thermoelectric

The Cuy(BTC), MOF forms face-centered-cubic crystals
consisting of Cu(I) dimers coordinated by four BTC linkers
(Figure 1a). The Cuy(BTC), MOF can be deposited by a vari-
ety of methods, including solution-based thin-film growth
and inkjet printing.?>?! The latter is particularly attractive

~0.06 pW/mK? (see Table I for comparison).
To determine the figure of merit Z7, « for
TCNQ@Cu,(BTC), was measured using time-domain thermo-
reflectance (TDTR). This is an optical pump-probe technique
that utilizes ultrafast laser pulses (typically sub-picosecond)
to monitor the surface temperature of a sample as a function of
time. In TDTR, a modulated train of pump pulses heats the
sample, creating both a time- and frequency-domain heat-
ing event in the sample of interest, and probe pulses, which
are time delayed relative to the pump pulses, monitor the
change in reflectivity of the sample surface, which is related
to the temperature change.?? The TDTR measurements on the
TCNQ@Cu,(BTC), sample yielded a room-temperature value
of 0.27 + 0.04 Wm'K""." This low «x value, which helps
maximize the figure of merit in Equation 1 with all other
factors being equal, is comparable to those of the best thermo-
electric polymers and an order of magnitude smaller than
that for Bi,Te;. To understand the factors that dominate
this low thermal conductivity, we used molecular dynam-
ics simulations to calculate k, of crystalline Cu;(BTC), and
TCNQ@Cu,(BTC),, obtaining a k, of 0.58 Wm'K"! for the
uninfiltrated crystalline MOF and 3.84 = 0.27 Wm 'K for
the infiltrated crystalline MOF. The addition of TCNQ sig-
nificantly increases k;, which is, at least in part, due to the
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Figure 2. Thermoelectric characterization of metal-organic framework (MOF) thin-film devices. (a) Two Peltier coolers are used to heat and
cool the two sides of the substrate, and an infrared (IR) camera is used to measure the temperature T profile. (b) IR image taken during one
of the measurements. The electrical contacts appear cold in the image because of their different emissivity compared with the MOF.
(c) Measured voltage as a function of AT (where AT = T, — T,0)- The Seebeck coefficient S is extracted from the linear fit. (d) S as a function
of T. The dashed line is a linear fit. (e) Electrical conductivity ¢ as a function of T. The dashed line is a linear fit that could represent a thermally
activated process with activation energy of 50 meV. (f) Power factor as a function of T. The dashed line is a linear fit. The low value of the
power factor is largely due to low electrical conductivity. Reprinted with permission from Reference 24. © 1999 Taylor & Francis.

increased density of phonons in the low-frequency/high-
group-velocity range. The fact that the calculated values are
for a single crystal rather than a polycrystalline material
accounts for some of the differences with the experimental
values.

Inserting the experimental values we measured for S,
6 (=0.45 S/m), and « in Equation 1, we obtain Z7=7x107
at 298 K, a value well below those of the best inorganic ther-
moelectric materials (see Table I). While S for the MOF is more
than five times larger than that for PEDOT:PSS and «, is com-
parable, it is clear that 6 for TCNQ@Cu,(BTC), is the main
reason for the reduced performance. Improving crystallinity
will likely increase o, but may also increase K.

Thermal transport in MOFs

A maximum ratio of o/k, which appears in Equation 1, is a goal in
designing an ideal TE material, giving rise to the well-known
quest for a phonon-glass/electron crystal. (In other words,
a material that maximizes phonon scattering, leading to the
phonon-mediated thermal conductivity, k;, while minimizing
electron or hole scattering, leading to both the electrical con-
ductivity, o, and the electronically mediated thermal conduc-
tivity, k..)* The quest to synthesize solids with ultralow «; has
focused on disordered or amorphous phases where structural
periodicity and thus phonons (in the strict definition of this
quasiparticle) are absent.”* In this case, the length scales

of vibrational energy exchange that contribute to the thermal
conductivity can be on the order of the atomic spacing, 27 akin
to Einstein’s original theory of how energy moves through
solids.?®?* However, introducing disorder in the atomic struc-
ture may also have detrimental effects on o. Therefore, main-
taining crystallinity while reducing k; via limiting the length
scales of vibrational energy transfer and other means is a more
viable path to achieving maximal material ZT.

In the context of the widely adopted kinetic theory, we
know that low k, = 1/3 X, (¢vl),, results from weak bonding,
high atomic mass, complex atomic structures, and high anhar-
monicity, each of which systematically decreases ¢, the heat
carried per mode m; v, the speed of propagation; and €, the
mean free path of the carrier, via different nanoscale mech-
anisms. MOFs are composed of a variety of atomic species
with different masses and heterogeneous bonds. This hetero-
geneity in masses and bond stiffness directly affects € for any
given phonon mode leading to low «;. Huang et al.*® calculated
that the intrinsic k;, of MOF-5 is 0.3 Wm 'K, resulting from
a characteristic £ = 0.83 nm, which is considerably smaller
than the lattice constant of 2.6 nm and relatively independent
of temperature. Wang et al.' also used first-principles calcula-
tions to determine that, due to its large and complex unit cell,
MOF-74 has a large population of optical phonons, which
result in more than 50% of the energy being carried by phonons
with £ <2 nm.
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Figure 3. Lattice thermal conductivity «, as a function of
temperature T for several materials. All of these materials
display little temperature dependence because of their atomic
structure. Note: MOF, metal-organic framework; PEDOT,
poly(3,4-ethylenedioxythiophene); PSS, polystyrene sulfonate;
PCBM, [6,6]-phenyl-Cg,-butyric acid methyl ester; TCNQ,
tetracyanoquinodimethane; BTC, benzene 1,3,5-tricarboxylate;
MD, molecular dynamics.

The open, mechanically soft structure of MOFs leads to
relatively low-energy propagation velocities. Huang et al.*
calculated an atomic density of 24.6 atoms/nm* and a sound
speed of 1184 m/s for MOF-5. The open structure and large-
porosity ratios in MOFs can lead to strong scattering of all
phonons at near room temperature, resembling the phonon-
glass concept, and a heat capacity that is below the upper, clas-
sical limit given by Dulong-Petit.*> However, it is important to
note that increasing the porosity of a MOF will likely have
detrimental effects on electrical conductivity and hence Z7.

The introduction of guest molecules into MOFs can have a
variety of effects on k;. Weakly interacting, light molecules
such as infiltrated water will likely have no significant effect
unless they are in abundance; however, heavier, loosely
bound rattling atoms in the MOF pores can significantly
reduce k;, as has been previously observed for zeolites,
skutterudites, and clathrates.>*3® In particular, “rattlers”
reduce «; due to the creation of localized modes, enhance-
ment of anharmonicity, and reduction of group velocities.*®
Indeed, acoustic phonons in MOFs have been described to
exhibit “rattling-like behavior,” which results in exception-
ally high anharmonicity of these modes.*® This implies that
the acoustic modes in MOFs could be close to the situation
where phonons are “equally strongly damped,” as in amor-
phous and disordered materials.?>3

Furthermore, while the use of infiltration to achieve the
Guest@MOF can lead to bond stiffening, the resulting vari-
able and complex bonding environments could, in principle,
be tuned to enhance vibrational scattering and reduce £. An
increase in bond heterogeneity could increase the “rattling-
like” behavior of the acoustic modes, increasing anharmonic-
ity and decreasing thermal transport of the affected modes.*
The infiltration approach could potentially be engineered to

CONVERSION APPLICATIONS

create further reductions in the heat-carrying phonons, while
providing significant improvement to o, as discussed.

The temperature dependence of ; is also of interest for TE
applications given that the temperature difference (A7) between
the hot and cold sides may be >100 K. Ordinarily in defect-free,
crystalline materials above their Debye temperature, «; is domi-
nated by anharmonic phonon scattering (such as Umklapp scat-
tering*”), which leads to a 7"! scaling. However, experimentally
measured k values of typical semiconducting organic materials
Bi,Te, and MOF-5 exhibit only slightly increasing trends, simi-
lar to glassy/amorphous materials as shown in Figure 3.4194146

Summary

The need for low-cost, mechanically flexible, and environ-
mentally friendly TE energy-conversion devices has led to
increased attention to organic and hybrid organic—inorganic
TE materials. Despite impressive progress, substantial chal-
lenges remain to increase charge mobility due to inherent and
dopant-induced structural disorder, as well as the scarcity of
n-type organic conductors. In this article, we have asserted that
electrically conducting MOFs could solve the disorder prob-
lem common to polymers, providing within a single material
the highly ordered structure of inorganic conductors with the
tunable properties and low cost of organics. Furthermore, we
have used the example of TCNQ@Cu,(BTC), framework to
illustrate how structure-inherent nanoscale porosity of MOFs
provides a route to tuning the electronic properties of these
materials with guest molecules without increasing structural
disorder. Although 6 of TCNQ@Cu,(BTC), is still too low to
make it an attractive TE, the recent emergence of several
inherently conducting, porous frameworks whose electronic and
thermal transport properties could be further tuned using guest
molecule infiltration, makes MOFs and Guest@MOFs promising
for further exploration for TE energy-conversion applications.
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