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Experimental methods
Materials

Copper(II) nitrate trihydrate, copper(Il) sulfate pentahydrate (ACS reagent, >98.0%),
potassium chloride (ACS reagent, 99.0 %), poly(methyl methacrylate) (MW ~120,000),
chlorobenzene (99.8%), ethanol absolute, and ammonium hydroxide solution (ACS reagent,
28.0-30.0% NHj; basis) were purchased from Sigma-Aldrich. 2,3,6,7,10,11-
hexahydroxytriphenylene hydrate (HHTP, >95%) was purchased from TCI Europe.
Tributylmethylammonium methyl sulfate (MTBS) was purchased from Santa Cruz. All
reagents and solvents were used as received without further purification. Ultrapure Milli-Q
water with a resistivity higher than 18 MQ-cm was used to prepare the solutions. Au coated
silicon and fluorine-tin oxide glass (FTO, 15 Q) were used as working electrodes.

Characterisations

The crystal structure of Cu;(HHTP), in bulk was determined by Powder X-ray diffraction
(PXRD) using a Bruker D2 phaser diffractometer, CuKa radiation, A=1.5406 A. The MOF
powder was placed on a zero background Si holder. In order to determine the lattice
parameters Rietveld refinement was conducted by using GSAS-II software. The experimental
PXRD pattern was refined to an AA packing mode assuming a P6/mmm hexagonal
symmetry. Refining in this space group lowers the deviation to unrealistic lattice parameters
values by reducing the number of refined parameters and locking the gamma angle at 120°.
Contrary to what would happen if a P1 symmetry was assumed, since there is more freedom
in the model relative to the experimental data. The AB packing mode was observed to break
the hexagonal symmetry because of the position of the 6-fold axis shifts in each plane. Since
the difference between the AA and AB stacking arrangement is considerably small, a much
higher resolution PXRD pattern is required to distinguish them. Consequently, we refined our
data against the higher symmetry model.

Grazing incidence X-ray diffraction (GIXRD) was conducted using a Rigaku Smartlab,
CuKa radiation, A=1.5406 A. Thermal gravimetric analysis (TGA) measurements were
performed using a Libra Netzsch instrument under air atmosphere at a flow rate of 50 ml min-
I'with a 10°C min"! ramp. Electrical measurements were conducted using a commercial

ECOPIA Hall effect measurement system. Morphological and thickness characterisations
were carried out using a scanning electron microscope JEOL JSM-6500F.



Methods
Solvothermal synthesis of Cu;(HHTP),

Cu;(HHTP), was synthesised hydrothermally according to the procedure reported recently by Hoppe
et al.! To a solution of 127 mg (0.53 mmol) Cu(NOs), 3H,0 in 2 mL (111 mmol) distilled water, then
50 equivalent (270 pL) of concentrated NH,OH was added leading to a dark blue solution. This
mixture was added to a dispersion of 103 mg (0.30 mmol) of HHTP in 8.4 mL of dist. H,O and
sonicated for 10 minutes. The reaction vessel was sealed and placed in a pre-heated oven at 80 °C for
24 h. The dark precipitate was collected by centrifugation at 11,000 rpm for 15 min and washed with
ethanol (5 mL x 7) and water (5 mL x 7). Yield = 60%.

Two-Step Anodic Electrosynthesis of Cu;(HHTP), on Transparent Conducting
Substrates

Fluorine-tin oxide coated (FTO) glass (15 Q, 10 x 20 mm) was used as working electrode. The
exposed area in contact with the electrolyte was 1 cm?. The FTO glasses were ultrasonically cleaned
in 1 M HCI, isopropyl alcohol (IPA), acetone, and deionized water for 10 minutes each. Finally, the
substrates were dried under an Ar stream.

Step 1. Electrodeposition of Cu@FTO

The electrolyte for the copper electrodeposition was made of a solution containing 0.01 M Cu(SO),
and 0.1 KCI as supporting electrolyte. A SCE electrode and Pt gauze were used as reference and
counter electrodes, respectively. The solution was degassed with Ar for 20 minutes. A potential of -
0.8 V was applied for 1 hr. The resultant deposit was rinse in HO and EtOH and le to dry.

Step 2. Electrodeposition of Cus(HHTP),@FTO

A solution containing 5 mM of the ligand HHTP and 0.02 M MTBS as supporting electrolyte in a
solvent ratio 80:20 EtOH:H,O was prepared. The working electrolyte was degassed with Ar for 10
Saturated Calomel Electrode and Pt gauze were used as reference and counter electrodes, respectively.
The applied potentials were 0.435 V, 0.5 V, 0.6 V and 0.7 V for 60 min. The resultant deposit was
washed with EtOH.

Transferring method of electrodeposited Cu;(HHTP), thin films

A suspension of poly(methyl methacrylate) (PMMA) was prepared by adding 3.71 g of PMMA in 10

mL of chlorobenzene. The suspension was stirred at 700 rpm overnight to ensure the complete

dissolution of PMMA. The PMMA suspension was drop casted onto the electrodeposited
Cuz(HHTP),. Then, PMMA/Cu;(HHTP),/Au/Si0O, was placed on a hot plate at 40 °C overnight to

form a PMMA layer. After this step, the substrate was removed from the hot plate and allowed to cool
down. The PMMA/Cu;(HHTP), was carefully peeled off from the Au/SiO, substrate and

characterised afterwards.



Two-Step Anodic Electrosynthesis of Cu;(HHTP), onto Au/SiO, substrates

Au/Si0, substrates (10 x 20 mm) were used as working electrodes. Pt gauze and SCE electrode were
used as counter and reference electrodes, respectively.

The Au/SiO, substrates were cleaned ultrasonically in 0.1 M HCI, DI water, acetone for 15 minutes
each and then dried under Ar stream.

In order to determine the reduction potential at which the Cu deposition occurs, cyclic voltammetry
was conducted on Au/SiO2 electrode (exposed area ~ 1 cm?) in a solution containing 0.01 M CuSO,
and 0.1 M of KCl . The potential sweep was from -1.5 V to +1.1 V at a scan rate of 120 mV/s.

Step 1. Electrodeposition of Cu@Au/SiO,

The electrolyte for the copper electrodeposition was made of a solution containing 0.01 M CuSO, and
0.1 KCl as supporting electrolyte. Saturated Calomel Electrode (SCE) and Pt gauze were used as
reference and counter electrodes, respectivel**y. The solution was degassed with Ar for 10 minutes.
A potential of -0.270 V was applied for 60 min.

Step 2. Electrodeposition of Cu;(HHTP)@Au/SiO,

A solution containing 2.5 mM of the ligand HHTP and 0.02M MTBS as supporting electrolyte in a
solvent ratio 80:20 EtOH:H,O was prepared. The working electrolyte was degassed with Ar for 10
min. Saturated Calomel Electrode and Pt gauze were used as reference and counter electrodes,
respectively. The anodic dissolution of Cu@Au/SiO, was conducted at a potential of 0.435 V for 2h.

Samples were characterised by GIXRD, SEM and electrical measurements.



Table S1. Summary of conductivity data for the Cu;(HHTP), framework reported to date.

Metal-Organic

Synthesis BET surface .. 1 Potential
Framework method area (m’ g) Conductivity (S ecm™) Morphology Application Ref.
Cu;(HHTP), Solvothermal 540 N.R. nanowires Solid-state capacitors 1
" Solvothermal N.R. 0.2 (snrl)g({)liengrystal; 4 hexagonal rods Energy storage 2
" Solvothermal N.R. 0.002 (pellet; 2-probe) irregular shape Chemiresistive sensors 3
" Mother solution N.R. N.R. nanorods Chemiresistive sensors 4
" Solvothermal 78 N.R. needles Catalysis 5
" Layer-by-Layer N.R. 0.02 (film; 2-probe) irregular shape Chemiresistive sensors 6
" nguld-hquld N.R. 10 (film, N.R.) nanosheets Field-effect transistors 7
interface
" Solvothermal 512 0.045 (pellet; van der flake-like particles N.A. 8
Pauw)
" Spray-coating N.R. 0.023 (film; van der Pauw) flake-like particles MeOH sensing 8
" Hydrothermal 284 0.02 (pellet, 4-point) nanorods Chemiresistive sensors 9
" Layer-by-Layer N.R. 0.03 (film, 2-probe) layers Organic spin valves 10
" Solvothermal 340.5 N.R. nanowires Capacitors 11
" Solvothermal 154 0.02 (film) nanowires anode Li-batteries 12
" Solvothermal 151.95 N.R. nanoparticles Chemiresistive sensors 13
" Solvothermal N.R. 0.01 (bulk, 2-probe) nanorods Cathode Zn-batteries 14
" Solvothermal 506.08 N.R. nanosheets Cathode Li-batteries 15
" Solvothermal 306 0.027 (pellet, Van der needles Energy 16

Pauw)



Table S2. Thermoelectric properties of MOFs reported to date.

Seebeck Power
Metal-Organic Synthesis zl(ifll(;l:ll::ivi ty Conductivity cqefficient Factor Figure of
-1 .
Framework method (W m! K (S em™) . (PW m! merit
(nV K 2
K*)
Liquid-phase
TCNQ@HKUST-1  (film) 0.27 ~4x 1073 375 (@298 K) 0.057 7x10° 17
Liquid-phase
TCNQ@HKUST-1  (film) N.R. ~3 x103 342.39 (@290 K) 0.035 - 18
Solvothermal
Ni;(HITP), (pellet) 0.21 58.8 -11.9 (@298 K)  0.831 1.19x103 19



Additional figures

Fig S1. Statistics and figures of merit of different types of thermoelectric materials surveyed
by 2019. Adapted from reference 20.
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Figure S2. Structural representations of the Cu;(HTTP), framework refined from bulk
powder data in an AA stacking motif. Copper (orange), carbon (grey) and oxygen (red).
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Figure S3. SEM images of Cu3;(HHTP), powder synthesised hydrothermally.
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Figure S4. SEM cross section images of the Cu3(HHTP)\2 pellet formed from the bulk
powder sample shown in figure S1.
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Figure S5. Home-built Seebeck apparatus used for thermopower measurements.
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Figure S6. I-V curves of Cu;(HHTP), configured as a pellet (left) and the electrodeposited thin film
(right) A, B, C and D are assigned to each one of the four probes placed on the sample. The AB curve
corresponds the electrical response recorded from probe A to probe B and so on. The gradient of the
slope in the I-V curves is correlated to the geometry and distance between the electrical probes. For
instance, the more the separation between the probes, the higher the resistivity is due to a larger
electron scattering, therefore, the voltage response is lower in accordance to Ohm’s law.
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Table S3. GXRD data of electrodeposited Cuz;(HHTP), thin films on FTO.

Applied potential (V)
0.435 0.5 0.6 0.7
Crystal Peak — pwpm  Pek  pwam POk pwpm PR pwham
plane position position position position
200 9.65 0.5788 9.54 0.5628 9.63 0.4557 9.6 0.7996
210 12.72 0.469 12.77 0.8375 12.59 1.1314 12.72 1.0797
220 28.08 1.6103 27.81 1.7813 27.96 1.8502 28.07 1.669

*Full width at half maximum (FWHM)



Figure S7. Arrhenius plots of Cu;(HHTP), pellet (left) and thin film (right) for the determination of
the band gap. The natural logarithm of the electrical conductivity (c) data is plotted as a function of
1/T. Data comprises three ¢ readings per temperature set point as shown in the graphs. The activation
energy is then obtained from the resultant slope of the linear fit, being 2.68 eV and 2.61 eV for the
pellet and film, respectively. These band gaps are large enough to ensure that no photo-thermolectric
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responses are likely to be observed using the set-up shown in figure S5.



Figure S8. Cross section SEM images of a) the electrodeposited copper film on FTO glass and b) the

subsequent Cu;(HHTP), film synthesised electrochemically. c) GIXRD pattern of electrodeposited Cu
on FTO glass.
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Figure S9. Voltammogram of Au/SiO, electrode in 0.01 M CuSO4and 0.1 M KClI as supporting
electrolyte. Scan rate 120 mV s’!. Electrode area: 1 cm?. Potential swept from -1.1 V to +0.9 V.
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Figure S10. SEM top view image of the PMMA transferred Cu;(HHTP), film synthesised
electrochemically (top). For cross-sectional imaging, Cu;(HHTP), thin films were transferred using a
commercial 2-part epoxy adhesive instead of PMMA. The transfer procedure is the same as stated in
the methods section, with the exception that the PMMA is replaced by the epoxy.
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Figure S11. Seebeck coefficient determination of a 150 nm thick Cu film physically deposited onto
glass. This was conducted as a control experiment only in order to compare the Seebeck coefficient
values obtained for the Cu;(HHTP), thin films.
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Table S4. Summary of thermoelectric properties of Cu3(HTTP)2 pellet and thin film.

Metal- . charge carrier Power
. Synthesis . S c .
Organic method Configuration (WV/K) (S/em) concentration factor
Framework H (ecmd) (uW/m)
Cu;(HHTP)  Hydrothermal bulk -7.24  3.80x103 2.2 x107 2x10°%

Cu3;(HHTP),  Electrochemical film -121.4  2.28x10° 4.97 x10'° 3.15x107
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