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Abstract:

The electrical conductivity and porosity of the-dEnensional metabrganic framework
Cuw(2,3,6,7,10,1dhexahydroxytriphenylene) [Cw(HHTP] make it a promising candidate for
thermoelectric applications. In this wonkie reportthe electrochemical synthesis of ldHTPR)films

by ananodization approachnd an evaluation of its thermoelectric properti@dhe dectrochemically
synthesised GYHHTP)thin films were transferred using a wet chemical method in order to perform
electrical measurementdVe are reporting the first thermoelectribeasurements of thiflamework
both in bulk and thin film fornwhichresulted in Seebeck coefficients -Gf24 uV/K and-121.4uV/K
with a power factor of 3.15xIOuW nt1t for the film respectively. The negative Seebeck coeffigent
suggest that G(HHTP)behaves as an-type semiconductorSince the introduction of conductive
MOFs in electronic devices isat early stage of developmente believethis workvalidatesthe use

of electrochemical synthetic routesf conducting MOFs$o further investigate and expand their

applicationdn thin film technologies.
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Introduction:

In recent years, there has been special interest in developing devices caphblwesting and storing
energy from natural resources without the generation of pollution. A recent manner to harvest
energy, especially in those environments in which heastevas involved, is through thermoelectric
(TE)materials. It has been reported that in gasolifuelled internal combustion engines around 75%
of the total energy is expelled to the environment as heat, thus, with the appropriate device, this
wasteenergycan be reused-?

Thermoelectric generators (TE@re solidstate devicesvhich canconvertheat to electricity or vice
versabased on the Seebeck or Peltier effeahdare generally used for power generation or cooling

applications, respectiveRf The efficiencyof these devicess related to thedimensionless fjure of
merit @Y ——, where S corresponds to the Seebeck coefficient (V) K o is the el

conductivity (S m); ke and k correspond o the electronic and phononic contributiasf the thermal
conductivity (W m K?), ard T is the absolute temperatuandSc r epr esents the powe
The hermallattice conductivity is given b @ U & wheremis the heat carrier per mode,

the speed of propagation, aridhe mean free path of the carrier. Weak bonding, high atomic mass
and complex atomic structures govern the alteration of thedemiclevel parameters At the
macroscale, the reduction of the propagation of lattice vibrasigphonons) is achieved through the
scattering at graiftboundaries.The realization of higperformance TE materials therefore requires a
high ZT value, which in turn requires a large S a nd @A highopewekfactor can produce
significantly more oyiut power from better electrical and thermal impedance matching than
optimization of ZP.This provides a significant materials challenge as it is hard to decouple thele high
inter-dependent parameters. One of the most widely used materials is currepligBLT ~ 1) whose

TE properties can be modestly enhanced through appropriate nanoscale proce®ismuth
telluride has been at the core of commercial thermoelectric materials for low grade energy and
compact cooling applications since the 1950s. A new material is needed to disrupt the sustainability
issues associated with Tellurium.

TE power generaii has the potential of becoming a transformative technology for renewable energy
generation, provided that the low efficiency of current TE materials can be addressed by developing
novel materials with high ZMetal organic frameworkdMOF$ could be god candidates for new TE
materials given their relatively low thermal conductivity (approx.-@A times that of Bife;) and
tuneable electrical conductivity.

MOF areporoushybrid materials composed of inorganic and organic building blocks, in whitt me
centresor clustersare coordinated to organic linkefsThe most attractive characteristic of these

materials is the capability to modify their pore size, shape @mblogy, which depends on the



selected building block&urthermore, inherenporosity of these materials is a feature that can reduce
the phonon mean free path leading to a lower thermal conducti%iBue to their structural and
chemical tunability, MOFs have been investigated for technological applications sugasas
separationy, catalysi$®! biomediciné? and energy application's-14

The research of MOFs as potential thermoelectric materials is still in its infancy, particularly due to
their poor electrical properties. However, a targeted molecular design of this material with better
charge tranport properties can be achieved due to a wide variety of choices for metal and organic
building units.Most MOFs are intrinsically insullagy because there are no delocalized electronic
states derived from the lack of overlap between the metal and ligartads, although the
heterogeneity in atomic species and ligands in MOFs could lead to a predictalldyddundamental
property for high efficieny inthermoelectric material$® Postsynthetic approachesuch as the
introduction of redox active guest organic molecules within the pores of insulating M@iksas
HKUST (Cy(BTG) where BTC = 1,3lenzenetricarboxylatehave beenreported to significantly
improve their electrical conductivifif Another strategy to build semiconducting MOF architectures
involves the introduction of electroactive or highly conjugaligdnds, whiclenhances the longange
charge delocalizatiomnd a number d semiconducting MOFs have been developed through this
approach'”® Fa a significantup to date review about design strategies and charge transport
mechanisms in conductive MOFs, the reader may consult the repideted by Xie et at?

In 2012,Hmadehand coworkerg® reported the first synthesis of metal catecholates(MHTP)
frameworks (where M = Ni(ll), Co(ll), Cu(ll) and HHTP = 2,3,5,6hExdlydroxytiphenylene) in

order to assess them as energy storage materials. The architecture of these materials displays a
honeycomb structure according to higlsolution transmission electron microscopy (HRTEM) images.
Cy(HHTP) is a semiconductingMOF comprising coordinging Cu ionswith a 2,3,6,7,10,11
hexahydroxytriphenylene (HHTP) ligand leading to &d&kagonal latticdfig. 1)with a honeycomb

like porous structur@long thec-axis similar tothat observed in graphene. The distance between the
stacking |l ayers is ~ #ATheeledtrical coddudtivitye@ufHoITPIsingtei z e i s
crystalshas been reported to bas hidy as0.2 S cmi, which iscurrentlyamong the best @nducting
MOFsAs a consequence of this inherent conductivity, motthe research conducted o8 (HHTP)

has focussed oohemiresistive sensing and energy storaggplications'>34 (TableSIJ)
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Figure 1. Crystal structure of GHHTP)displaying a slippegarallel (AB) packing mode-#gis pointing out of
the plane of the image)

Investigations orconductiveMOFs as potential TEG materials h#vie far been limited to7,7,8,8
tetracyanoquinodimethane infiltratedHKUSTL (TCNQ@G(BTG) thin films and N{(2,3,6,7,10,11
hexaiminotriphenylene)(Ni[HITP}) pellets exhibitingfigures of meritof 7 x10%°and 1.19 x1Gat 298

K, respectively (Table S¥?" These values areomparableto other classs of thermoelectric
materialssuch as nanostructured materials fBinanowires®), metal oxides Ca Dy MnO:*%) and
conducting polymergpoly(3,4ethylenedioxythiophene):polystyrenesulfonate/polypyrrole/paffgr

(refer tofig. SJ

A current challenge to enable the technological implementation of MOFs iprtwessing of these
materials onto solid supports since MOFs are routinely prepared as powders. The fabrication of MOFs
as thin films is a promising strategy to incorporate these materials into robust devices, providing
higher stability and unique propees derived from the interaction between the MOFs and the
substrate surfacé!*?*The successful application of MOF thin films in thermoeleetnit otherdevices
ideallyrequires a coseffective and high throughput fabrication process where the crystallinity of the
framework is preserved. Compared to othezmbsition methods (e.g. chemical vapour deposition
(CVD), hydrothermal process), the advantages of electrodeposition include room tempeiibture
formation without the necessity oapplying avacuum,shorter synthesigimes, low-cost equipment

and easy salability.* In fact, nowadays the larggcale production of MOFs can be conducted through
electrochemical route$!

The electrochemical synthesis of MQg&n beclassified ito two approaches: direct and indirect
electrosynthesis. The strengths and shortcomings of thepproacheshave been discussed
elsewhere®® The former is based on the nucleation of MOF crystals directth@electrode sirface

by aone-step synthesis procedure. For instance, the anodic dissolution method relies on the supply

of the metal ions by the oxidation of the corresponding metal of interest (e.g., Cu foils, Zn plates),



which is immersed in an electrolyte containithg organic linker. Indirect electrochemical approaches
refer to those methods whera series of stepée.g. surface preparation, anchoring of a linker) are
required to grow the desired MOFhese methods offer facile control over crystallite size, tidsk

and homogeneity of MOF films formed-situ by modulating parameters such as voltage/current,
temperature, pH, electrolyte, concentration and typically reaction times are lower compared to
traditional solvothermal synthesé4

The electrochemical synthesis of MOISs conductedvia a two-electrode or threeelectrode
configuration where the later providesenhancedcontrol over the potential and the monitoring of
the currentor vice versa. The oxidation rate of the metal can be controlled by regulating the voltage
applied to the electrodé’ Furthermore, theformation of adherent andcontinuousthin films with
controllable thicknesss over conducting substratds possibleusingthis technigue In addition, the
growth of MOFs on transparent conducting substrétds a promising field fothe electronics
industry, as integrated, patterned aensitive devices are not usually fabricated on pure metal
substrates.

In this work the electrochemical deposition of theemiconductig MOF Ce(HHTP)has been carried

out on different substratesincluding Au/SiQ and fluorine-tin oxide (FTO) and itpotential
thermoelectric properties arénvestigatedfor the first timeby determining the Seebedoefficient

and electrical resistivity, and through calculation of the power factor. The power factor is directly
related to the maximum power that can be delivered to a load and if the temperature drop across a
material is small then output power is moraportant than efficiencyThis is especially true for MOFs

whose thermal conductivity is reported to be very IdW.

Results and Discussion

Hydrothermal synthesis of bulk Cuz(HHTP),

Bulkphases ofCw(HHTP)were initially synthesised undérydrothermal conditiongccording to the
experimental procedure reportedy Hoppe et af’ This involves theeaction of Cu(Ng). and the
HHTRlinker at 80C for 24 hrsn the presence oaqueousammonium hydroxideas an additive to
enhance thedissolution anddeprotonation of the ligand This approach alloweds to gather
information about the crystallinity and thermal stability €fu(HHTP) prior to electrochemical film
deposition studies anthermoelectric characterisatiori.he crystallinity ofhe Cu(HHTP)bulksample
was confirmed by PXRD measuremefits 2-a). The diffraction patterrdisplays characteristic peaks
at 26 =4.95°,9.76° and 1282° and 16.73; corresponding to th€100) (200), (210)and (220)lanes,
respectively. The broad peak located28 = 28.84° corresponds to the (001) planend isgenerally
related to thedegreeof disorder ofthe stacking layers along theystallographia-directionin 2D

MOFs® The peak position and full width at haifaximum (FWHM) of the (001) reflection were



extracted from a line broadeninfjt using a pseud&oigt function. Tie obtainal valueswere
employedin the Bragg equatioto calculate the interlayer distance between the stacked(BHTP)
sheets giving a value of 3.#0 Thelattice parameterof bulk Cu(HHTP)were determined to be a =
21. 14 A, A ainddxngdo=an l&xagoBalunft cebl (?6/mmm) assuming an Agacking
structureasa starting modeF’ (fig. S2)

Thermogravimetric analysis (TGA) o&(E@itHP) displaystwo distinct mass loss stepsfid. 2-b) The
first occurs in theemperaturerange from 30 to 12T with a weight loss of 12.85ands attributed
to the desorption of water molecules present in thesynthesisedsampleand any exchanged EtOH
moleculesarisingfrom washing of the solid during wotkp. The secondnassloss stepof 70.5%has
an onsettemperature of230°C and correspondsto the thermal decompositiorof the Cu(HHTP)
frameworkresulting from ligand breakdowgtheoretical 71.5%)which is irgoodagreement with the
reported stability.?"?® There is no further mass loss beyotids temperatureindicatingthe complete
decomposition of the GIHHTP)andthe remaining Cu@9.5%)after the TGAneasurement under
air is completeis in good agreement withthat expected(285%) from the framework formula of
CuGeetigOn2.
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Figure 2. PXRD pattern (R 5.62%, j& 4.34%) a) and TGA curve b) of(BHTP) SEM images of etiHTP)c)

following hydrothermal synthesis and prepared as a drop casted powder and d) the surface and photograph of
the pressed pellet (inset).



The morpholog of the Cu(HHTP)powder wasinvestigatedoy scanning electron microscopy (SEM)
(fig. 2-c; fig. S3). Homogeneous andomly oriented platdike particles with size®f ~700 nmare
observed andthe thicknessof the plateletsare estimated to bel90nm.

Following characterisationf¢he bulk Cis(HHTP)powder, pellets of the frameworil2.7 mm & x 0.8

mm) wereprepared for TE measurementissing a hydraulic pregd5 minutes at a appliedweight of

10 ton). Theinternal microstructure andcompactness of the GIHHTP) pellet was investigated by
SEM (fig2-d). Top view images shoa high densificatiorof the sample as expected and tigeain
boundariesare also visibleCrosssectional images show similar densification along the transversal
axis of the pellet, although some cracking is also observed most likgilygafrom the splitting of the
pellet for charactersation. Higher magnification images revealed that despite the grain boundaries

observed, a good overall interconnection between the crystals is achieved by the pelletization process
(fig. 3

Thermoelectric measurements of Cuz(HHTP), pressed pellets

Thermoelectric measurements were conducted at ambient condsticeing a homebuilt system(fig.

b), which consists of foucontact probes and two Peltier modules. The Seebeck coefficient was
determined by applying a temperature differential across the sample while measuring the voltage
drop with two probes, each one located the hot and cold sides of the sample, respectively. At the
same time, the temperature difference was monitored with twetimocouples, each one located

the hot and cold sides of the sampladium contacts were plackon top of the Ce(HHTP)pellet in

order to improve the electrical contact between the sample and the instrument gabeodohmic

contact is demonstrated by the linear response observed ineurves (figp).

Figure3-a shows themeasured 8ebeckvoltage as a function of the temperature differenapplied
between the hot and cold side of the presseaGElHTP)pellet. The Seebeck coefficierdan then be
determined as the gradient of the Seebeck voltage plotted agdhstemperature difference A
Seebeck coefficienvf -7.24 pv K! was estimated from the slope of the linear fi{red line) The
negativesign of theSeebeck coefficierihdicatesthat the majority of charge carrieggresentin the
Cu(HHTP)bulk pelletare electronssuggestinghat this MOF behaves as artype material, which

is a new finding.According to previous report€w(HHTPR) has been identified asa ptype
semiconductoras determined byultraviolet photoelectron spectroscopy (UPV) that showed an
increase in the Fermi level by 1.13 eV after adsorptiolNo$? and in field effect transistor (FET)

devices that demonstrated an increase in the channel current with decreasingygjéage?® In both



studies the measurements were conducted on devices made with 10 nm thiiHECXP)films. It is
noteworthy that in the FET studgn excess of oxygewas detectedby Xray photoelectron
spectrascqy (XPS)nside the poreswhich has been mainly attributedo solvent moleculesWe
believe that the reason for the difference in charge transport observed iiCaHHTP)materialand
that reported in the literature (i.e. nwversus p-type conduction) mayndeed be attributable to the
presence of solvent molecules inside the pores and/or the adsorption of gases either within the pores
or on the surfae. However clearly more experimentation is required on this aspdgthis currently
ongoing as part of a companiotudy. Hall effect measurements on th€w(HHTPR) pellet resulted

in abulk carrier concentrationf 2.2 x 1& cm.

Figure 3-b shows he electrical conductivityf the Cwu(HHTP) pellet measuredas a function of
temperature.The electrical conductivity of the GiHHTP)pellet measured at301Kis = 3 80 x 1
S cmt, which is comparable to conductivities of EHHTP) in bulk reported under vacuum
conditions?’ (also table SI1) Additional electrical measurements were conducted between 301 and
316 K at ambient conditions where the semiconducting behaviour gHELT P)was confirmed since

an increase in conductivity upon increasing the temperature was obserge8{). Further, the band

gap of the pellet was calculated to be 2.68 eV from an Arrhenius plot Tligehich is consistent with

the somewhat resistive nature of the materi@dccording to our literature survey, thermoelectric
measurements on bare bulOFs have only been conducted on(NITP). The calculated power
factor of bulk Cs(HHTP) is 2 x1€ uyW n1t K2, This value is four orders of magnitude lower compared
to Nk(HITP) (PF= 0.832W nt K2, pressed pellet), and while we largely attribute this to thauch

lower electrical conductivity of GIHHTP)the effect of cracks in the material cannot be entirely ruled

out.
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Figure 3. a) Seebeck voltage versus temperature difference and b) electrical conductivity as a function of
temperature for Cs(HHTR pressed pelleStandard error was calculated from three repeat measurements.



Anodic Electrosynthesis of Cuz(HHTP), onto Transparent Conducting Substrates

Cw(HHTP) thin films have been previously produced from mother solutidndayerby-layer
depositiort®, growth at liquidliquid interface€® and by spray coatirfg methods. In this work we
extend film preparation to includelectrochemical synthesas aversatile method to gro\iCw(HHTPR)
initially on transparent conducting substratdsy anodizatiof® for potential applicatiors as back
contact electrodesn the optoeletronics field®* A metallic copper layer was first deposited onto FTO
and thenoxidised to generate the metal ions to be coordinated to the frameworking HHTP
ligands(fig. S§. Thecopperfilm was electrodeposited at a potential €¥.8 V vs SCE for 1Lt was
thenimmersed in a solution containing thdHTHigandat a range of anodic potentials (+0.435, +0.5
V, +0.6 V and +0.7 V vs S@H) tributylmethylammonium methyl sulfateMTBS) ashe supporting

electrolyte.

Figure 4 shows thegrazingincidencex-ray diffraction GIXRI patterns of the electrodeposited
Cu(HHTPy)at different applied potentials dio an FTO glass substratBeflections locateat ~4.86,
~9.6, ~12.7 and~28 degrees2 &orrespond to the MOF diffraction peafa the (100), (200), (210)

and (002) planes, respectiyehs previouslpbservedfor the bulk framework.
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Figure 4. GIXRD of electrodepositedsHTP)thin flmsonto FTO substrate) at different applied potentia
and their corresponding photographs (insets). (*) corresponds to FTO glass diffraction peaks.



As the potential is increased the crystallinity of the MOF appears to decrease (Zpbleich may be

due to the faster oxidation rate at a higher potentalowing insufficient time to coordinate to the

supplied ligand in solutiaWe note that there was no significant homogeneous MOF formation in the
solution and most was deposited onto the substreéarther, ro preferred orientation was observed

for anyof the deposited filmsNonetheless, a significant drop in intensity in the peak corresponding

tothe (002)pl ane at 26 ~27.91 was n o tagpledpotdntials snayf i ndi n
lead to increaseddisorder along thestackingaxis in the layered structure aflectrodeposited
Cu(HHTPR)films. It is important to preserve the crystallinity along this crystallographic direction, since

one of the mechanisms of charge transport present in conductive MOFs, namely tkspagé,

occus v-staaked aromatic | i ga nrbkerefome, atohgangesordgringo x i mi t
and shorter intedigand stacking allows a better orbital overlap among the ligands enhancing the

overallcharge mobility.

The crystal (domain) size of every sample was calculated from experint&XD patterns giving

values of 10, 30A, 24Aand 18A at electrodeposition potentials of 0.435 V, 0.5V, 0.6 V and 0.7 V,
respectively. The decreasedrystal size as the potential is increased has previously been observed in

the electrosynthesis of Z#2? and HKUST*, and has been explained in terms of nucleation theory

since a higher potential increases thencentration of metal ions near the surface electrode. The
calculated interlayer distance of the electrodeposited(@#HTP)at 0. 435 V i sgodl. 17 A,

agreement with the reported values in the literatuaad for the bulk material

By visual inspection, the applied potentials also had an impact on the continuous coverage of the films
(fig. 4, insets). As the potential was increased, the coverage of the samples becomes less homogenous.
The morphology and thickness of the electrosyrsised C¢(HHTP)films on FTO substrates were
characterised by SEM (fig). The Cy(HHTP)film depositedat 0.435 V consists of compact randomly
oriented particles with an approximately spherical shapad fimt hi ckness i 5§a).ca. 4
Electrodeposition conducted at 0.5 V (figh) shows a morenevenfilm compried of semispherical

shaped particles. The estimated thickness of the(lldTP}0.5V from SEM images ranges from 3.8

to 6.8um. Cy(HHTPR)film electrodeposited at 0.6 \{fig. 5-c) shows irregularly shaped particles, and

the thickness of the GHHTP)0 . 6V i s ~ 7 puym. An applied potenti.
with irregular shapes. The estimated thickness of this MOF film isua6(Bg. 5d), which is cosistent

with that observed at 0.6 V.

These findings suggest that by applying an appropriate potential, it is possible to control the
morphology and decrease the interstitial gaps between the intergrdd@Fmicrocrystals due to the

coalescence of the formeghrticles leading to more dense filn{s.



Ay

SEI 15.0kV  X6,500 1um WD 8.8mm

EMC SEI 15.0kv  X5,000 fum . WD9.0mm

150kV  X3,500 )
Figure 5. SEM cross section images of electrodeposite(HELT R)films orto FTO at different applied
potentials. a) 0.435V, b) 0.5V, ¢) 0.6 Vand d) 0.7 V.

The electrical characterisation of electrodeposited semiconductor material® isome extent
challenging since the sampleustbe detached from the awductingsubstrateto avoidits contribution
to the measurementsinitially, detachingthe electrodeposited CiHHTP) from FTO glassvas
attempted by using a solution gfolymethylmethacrylate FMMA) in cholorobenene as a transfer
agent (SHMethods)However, dudo the strong adhesion of the MCOHm to the FTGsubstratethe
transfer could not beeffectivelyachieved For this reason, the electrodeposition ofs{HTP)on a

secondconducting substrate (Au/S#Dwas investigated.
Anodic Electrosynthesis of Cus(HHTP), onto Au/SiO; substrates

The Ce(HHTPR)thin filmsin this workwere electrochemically deposited onto Au/Sgibstrates that
were pre-covered in an overlayer of Cu met&lyclic voltammetrpf the Au/SiQsubstrate immersed

in a solution containin@.01 M Cu(S@xand 0.1 M KCQlvas employedto determine theoptimum
depositionconditionsfor the metallicCu layer(fig. 2€). From the reverse scag,reduction peakvith
amaximum currenbf -0.240 Ws SCvasobserved indicatingthat the reduction of copper occurs in
one stepinvolvinga two-electron transfer.In the anodic region, two oxidation peaks are located at

+0.214 Vand +0.362 \(vs SCE which corresponsito the electrochemical conversion of CuCu+



and Cut-Cu? resgectively® The electrodeposition of the copper layer whmis carried outusing

an applied potential 0f0.270 V foi60 minutes.

The formation of the GUHHTP)thin film was conducted through the anodic dissolution of the copper
layeron the Au/Si@ substratein a solution containing thélHTPigand by applying a potential of
0.435V for 120 minutes.These conditionsvere selected basedn the prior optimum depgition

conditions determinedisingthe FTGsubstrate

After deposition the formation of a dark filmdisplaying thecharacteristicblue colour of the

Cw(HHTP) framework was observedOnce the C#HHTP) thin film was driedin air at ambient
temperature the MOF film was covered with a suspension of PMiVigholorobenzeneas previously
described The PMMAMOF thin film samplewere subjected toa drying process a0°Cfor 12 hours

The C(HHTP)thin films were subsequently transferréatact from the Au/SiQ@substrate by peeling
away the PMMA which adheres sufficiently to thes@EIHTP) film as outlined in fig6. This is a
necessary step to configure the films for thermoelectric measurementsemoove the electrical

contribution of theconductingsubstrate.

Electrochemical synthesis

Step 1. Step 2.
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Figure 6. Schematic representation of the tvgtep anodic electrosynthesis ofsGdHTP)and film transfer
method.



GIXRD patterns of the electrodepositeEUHTP)on the Au/SiQ substrate and the transferred MOF
film with PMMAare shown in fi§. The successfe@lectrodeposition andransfer of the MOFIm was
confirmed by the presence of shadiffraction peaks located a8 =4.79°, 9.56, 12.59° an@7.86,
correspondhgto the 100, 200, 210 and 002 planes, respectiVEhjs isn excellent agreement with
the bulk powder samples of gWHTP) and in the transferred/removed samplée large broad

peaobservedt 13° is attributed to the amorphous nature of the PMMA suppbrt.
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Figure 7. GIXRD patterns of the electrodeposited(BHTP)onto Au/SiQand Cy(HHTPR)transferred film with
their respective optical images.

The morphology othe electrodeposited Gi{HHTP)thin films was investigattby SEM(fig. 8-a,b,c)
Spherical particles in a stackéshion array with an average diameter-e8 um were observedfig.

8-a). Higher magnification images revealed that each of dpkericalarchitecturesis formed by
Cw(HHTP)nanorodsthat are~85nmin size.(fig. 8-b,c) Fromcrosssectioral SEMmeasurements, a
Cw(HHTPR)film thickness of ~5 um watetermined(fig. 8-d). The nanostructured morphology tie
electrodepositedCu(HHTPR)thin films is a promising finding since this feature pasviouslybeen
employed as a strategy to lower the thermal conductivity of matetigisncreasingheir phonon
scattering® This further suggests that electrodeposition of conducting MOFs could be a general
strategy to prepare, structure and potentially optimise MOF thin films forteted measurements

and applications
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Figure 8. SEM images of electrodeposite(@&UHTP)thin film onto Au/SiQsubstrate Top view (a,b,c)
showing the nanostructured morphology of the film andmdss section view for thickness estimation.

Thermoelectric measurements of electrodeposited Cus(HHTP); films

Currentvoltage (V) measurementsvere conducted to evaluate the quality of tieéectrical contact
between the PMMA transferred Cu(HHTP) thin films and the probesof the instrument A
characteristic -V linear curve indicatingOhmic behaviar was observedfig. S6. This response
suggests that espite theinterstitial voids observedetween the sphericalparticles of the MOF
observedby SEMthe presence othe highly aggregatednanorodsallows a good physicatontact
between the particlesthat potentially provides a favourable path for electron charge carriers®
Furthermore, these measurements demonstrate thhae ttransfer methodof Cu(HHTPR) thin films
usingPMMAas a transfer agerdoesnot cause angignificantcracking of the filmsas verified by SEM
images(fig. S1). The flexible nature of the PMMMOF films makes these challenging to image
crosssection, but such images were succe#igfobtained following film removal with epoxy resin

which suitably rigidified the films. These images @) revealed the crossection to be ~ fJum



which is fully consistent with that of the -@eposited Cy(HHTPR)films on the Au/Si@substrate (.
8).

A current challenge in designing efficient thermoelectric materials relies on the interdependence of
the variables involved to achieve a high figure of merit with respect to the charge carrier
concentration®’ The increasé carrier concentration leads to an increase in the electrical conductivity
of the material but because the contribution of free electrons in transporting heat energy is greater
than the contribution generated by the lattice vibrations (phonons), therrtted conductivity is
simultaneously increased. On the other hand, the increase in carrier concentration leads to low
Seebeck coefficient valueblote that inplane thermal conductivity of the GUHHTP) films (and
pellets) reported in this work were not ¢&rmined due to the difficulty in measuring this accurately

given the demonstrable roughness of the sam3fe%.

04 Seebeck coefficient: -121//K @RT
Cu(HHTP)film transferred with PMMA  2.20x10° (}
3% 9
5004 Sy 2.13x10' % %
5
o 2.07x10 1 %
-1000- »
2.01x10 1
-1500 °
1.95x10*
0 3 6 9 12 300 305 310 315 320 325 330
DT (K) T (K)

Figure 9. Thernoelectric characterization of the PMMA transferred(@itH TP)film: a) Seebeck voltage as a
funcion of temperature difference and b) electrical conductivity as a function of the temperature. Standard
error calculated from five repeats.

Fig. 9a shows theSeebecksoltage as a function of temperature difference for thes@EUHTP)thin
film and from the gradient a Seebeck coefficienti#1.4pV K! could be determinedwhich differs
significantly from values measured for Cu only films (fid).S hisis the highet Seebeck coefficient
that has been reported fothis MOF so farand the negative sign is consistent withe ntype

semiconducting behaviour determined for the pressed pellet.

As the Seebeck coefficient is inversely proportional to the charge carnmeitgén the material, Hall
effect measurements were conducted to investigate the higher Seebeck coefficient observed in the

MOF film compared to the pellet. The bulk charge carrier concentration of the Riviviaferred



Cuy(HHTP)film wasfound to be4.97 x10°cm® whichis 106fold lower than thatdeterminedfor the
MOF pellet(Table S4flearly the lower Seebeck coefficient observed in the peleybe explained

in terms of thehigher bulk charge carrier concentrationAs revealedin fig. 9-b the electrical
conductivity increases with temperatuteereby confirming the semiconducting nature of the film.
At 301K the electrical conductivity hasvalue of 2.2&10° Scm! which is slightly lower than that
determined for the bulk pelleand may be #ributable to PMMA residues left on the surface of the
film during the transfer procesdHowever this valuestill compares well with previously reported
values in the literature on G(HHTR)films measured under vacuum conditiorf$able S1A power
factor of 3.15x10% pywW m* K2 can be calculatedor the Cy(HHTP) based on this dataThe
enhancement of the PF observed in the MOF film compared to the pellet gted®s S4from the
interdependence between the carrier density and the Seebeck coefficient variables. Our results
demonstrate that the power factor can be tuned by nanostruittgrof the films This strateghasalso
been employed in order to lower the thermal cordivity in TE materials, however, the decrease of

this property is usually accompanied by a reduction in the electrical conductivity.

Conclusions

In summary, the electrochemical deposition and thermoelectric propeitiekiding the Seebeck
coeffidgent and power factorof the semiconducting2-D MOF CiHHTPR)are reported for the first

time. Furthermore, electrochemical deposition is demonstrated as a promising and versatile method
to grow MOFs, including on transparent conducting substrates potentially extending their applications
to optoelectronics. Electragposited Ce(HHTP)thin films on Au/Si@substrates were successfully
transferred by a wet chemical method using a PMMA suspension. This approach led to a facile transfer
of MOF thin films without compromising the crystallinity of the@UHTP) framework as
corroborated by GIXRD measurements. The semiconducting characte(dHI®)in bulk and thin

films was demonstrated by temperatudependent electrical measurements, where a deceeis
electrical resistivityvith increasingemperature was observedhe electrochemical deposition led to

the clean om-step formation of C&(HHTP)thin films as observed in GIXRD measuremed¢ebeck
coefficient valuesfor the Cu(HHTRP) film are higher compared to the triphenyledmsed MOF
Niz(HITP). The study of eamiconducting MOFs and their performance as TEG is expected to expand

and offer alternatives to notoxic, scalable and higfficiency novel TEG materials.
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