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Methods

Materials

All the reagents were obtained from Sigma-Aldrich and used as received. Copper wafer
(MicroChemicals GmbH, Germany): Prime CZ-Si wafer 4 inch, one side polished, p-type (boron),
total-thickness-variation <10 um, 1-10Q cm; 10 nm titanium adhesion layer; 200 nm copper
(purity > 99.9 %), root-mean-square roughness < 10 nm. Copper foil (thickness 0.25 mm, 99.98%)
was purchased from Sigma-Aldrich. The monomers 2,5-diethynylthieno[3,2-b]thiophene and
1,3,5-trifluoro-2,4,6-triethynylbenzene are synthesized according to literatures2. The copper
was consecutively washed with portions of 3 M HCI (in methanol), methanol and ethanol under
ultrasonication (2 min), and dried under a flow of argon. The cleaned copper wafer was
immediately used for catalysis.

Synthesis of Cu-PTEB on Cu wafer or foil

Typically, TEB (5 mg, 0.033 mmol) and piperidine (10 uL, 0.1 mmol) were added in a glass bottle
containing 10 mL dichloromethane as solvent. The freshly cleaned copper was submerged into a
reaction mixture and the polymerization starts immediately at room temperature on the Cu
surface, which can be observed by the color change of the Cu surface. After reaction, the sample
was immediately washed with fresh dichloromethane, methanol, and ethanol sequentially.
Finally, the sample was blow-dried by a jet of dry nitrogen and a golden yellow film was obtained
uniformly on the substrate.

Transfer of Cu-PTEB film

To transfer the Cu-PTEB film (area: 1x2 cm?; thickness: ca. 80 nm) from copper to other
substrates, the film was coated with PMMA resist (Allresist GmbH product number AR-P671.04,
dissolved in chlorobenzene), and cured at 90 °C for 10 min. The copper substrate was etched
away by a water solution of ammonium persulfate (0.25gmL™1) in 2 h. After being rinsed
thoroughly with deionized water, the PMMA/Cu-PTEB film was transferred to a target substrate
(e.g. Ti plate, 1x3 cm?). The samples were naturally dried in air for 1 h and stored in high vacuum
(room temperature) for 24h to enhance the adhesion of Cu-PTEB with targeted substrate

surface. PMMA was removed by thorough rinsing in acetone and isopropyl alcohol.



Synthesis of Cu-PTEB on other substrates

A planar substrate (e.g., SiO, wafer, graphite, titanium, glass, etc.) piece cleaned by water and
ethanol was sandwiched with a copper wafer in a distance of d=0.1 mm adjusted by two
spacers. The assembly was immersed in the reaction mixture as indicated above and the washing
procedures are similar.

PEC measurements

The PEC performance of the copper-metalated acetylenic polymer (Cu-PTEB, Cu-PDET, Cu-PDEB,
or Cu-PTFTEB) based photocathodes were tested using a three-electrode setup containing
working electrode, counter electrode (Pt wire), and reference electrode (Ag/AgCl). The simulated
sunlight was from a 200 W Xenon lamp (100 mW cm=2) coupled with an AM 1.5G filter
(Newport). An electrochemical analyzer (CHI 760E) was applied to measure the polarization
characteristic of the electrodes, with a scan rate of 1 mV s, and there is no correction on data
for any losses of uncompensated resistance. The electrolyte (0.01 M Na,SO,4, pH = 6.8) was
degassed for 30 min by flushing high purity argon at room temperature (ca. 25 °C) before
electrochemical measurement. The EIS spectra were recorded by applying a 10 mV AC signal in
the frequency range from 100 K to 0.01 Hz at a DC bias of 0.3 V (i.e. - 0.3 V vs. Ag/AgCl). Current
density was calculated using exposed geometric surface area of 1.0 cm? of the photoelectrode
(Jphotocurrent density = Jmeasured photocurrent / Sexposed geometric surface area). The applied potential vs. Ag/AgCl is
converted to RHE potential using the following equation: Egue = Eag/agal + 0.059 pH + EAg/quO
(Eag/agc® = 0.199 V).

DFT calculations of Raman spectra

DFT calculations were carried out with the B3LYP functional using the Gaussian 09 software.3 We
adopted the 6-31+G (d,p) basis set to describe C and H atoms. The Cu atoms were described with
the ECP10MDF Stuttgart pseudopotential and related VDZ basis set.*> The model reported in Fig.
S3 and Table S1 was obtained as a singlet state with total charge +1; the geometry was optimized
under the constraint of C,, point group symmetry, which is representative of the local symmetry
of the acetylenic-copper bridges expected in Cu-PTEB films (Fig. 1c). The calculations of the
Raman activity were carried out after geometry optimization of such model.

DFT calculations of HER processes

All the DFT calculations were performed by employing Quantum ESPRESSO code®. The
generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) was adopted’, and
spin polarization was considered for all the simulations. The kinetic energy cutoffs for the
wavefunction and the charge were set to 45 Ry and 450 Ry, respectively. The free energy
variation for each elementary step was calculated according to the method developed by

Ngrskov et al.® The total energies of intermediates are calculated and converted to free energies
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by adding zero-point energy, entropy, and solvation energy:

AG = AEqota + AEzep — TAS + AG, + 0.0591%pH + eU (S1)

where Eqq, is the calculated total energy, AEzp¢ is zero-point energy, AS is entropy (0.37 eV), and
AG; (-0.11 eV) is solvation energy for *H intermediate.>'0 The pH effect and potential effect were
considered as 0.0591*pH and eU, respectively. Here, we take pH=0 and U=0 to calculate the free
energy variation for each elementary step.

Both single site (Volmer-Heyrovsky) and dual sites (Volmer-Tafel) reaction pathways were
considered for HER. The elementary steps for single site HER process are:

*+H +e > *H (S2)

*H+H"+e > *+H, (S3)

Where * denotes catalytic site. For dual sites HER, the elementary steps are:

**+H'+e > *H+* (S4)

*H+*+H*+e > 2*H (S5)

2*¥H > 2* +H, (S6)

There are five possible different catalytic sites in Cu-PTEB as shown in Fig. S15 in the main text.
The reaction free energies for elementary steps were calculated for all the different sites via both
sing and dual sites processes. The results are presented in Fig. S16 and Fig. S17, respectively. We
can see from the results that the site 5 is the most favorable site for single site HER and the 45

sites are the most favorable sites for dual sites HER.

Other characterizations

The morphology of Cu-PTEB were characterized using a field emission scanning electron
microscope (FESEM) (Carl Zeiss Gemini 500) equipped with an energy-dispersive X-ray (EDX)
spectrometer. Transmission electron microscopy (TEM) images were obtained using a Cs
corrected TEM (Carl Zeiss Libra 200) operated at 200 kV. For TEM studies, the samples were
grown directly on a copper grid. TEM image of the Cu-PTEB were taken on the edge of the grid.
Optical images were acquired in differential interference mode using an optical microscope (Carl
Zeiss AxioScope Al).

Raman spectra were acquired on confocal Raman microscope (NT-MDT) using a 532 nm (2.33 eV)
laser. A background-correction was performed on the Raman data in Figs. 1b and 1d for a better
comparison with simulated result. Fourier transform infrared spectra (FTIR) were collected with a
BRUKER TENSOR Il spectrometer.

X-ray photoelectron spectroscopy (XPS) and UV photoelectron spectroscopy (UPS) were
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performed in ultra-high vacuum (base pressure 10%° mbar) with an ESCALAB™ 250Xi XPS
Microprobe (Thermo Scientific™), using Al Ka X-Ray source (hu = 1486.6 eV, monochromatized)
and Hel discharge lamp for excitation, respectively. Pass energy was 200 eV for survey XPS
spectrum, 20 eV for high-resolution C1s spectrum, and 3 eV for the UPS spectrum.

UV-vis spectroscopy was performed on NR 5000 (Aglient technologies, 172 Germany) using the
Cu-PTEB film grown on quartz glass in transmission mode.

I-V curves of Cu-PTEB was measured using a semiconductor analyzer (Keithley 4200) at 25 °C and
relative humidity (RH) = 20%. Data were collected over a voltage range of -30 to 30 V using the
linear sweep mode. The devices were prepared by transferring Cu-PTEB film on commercial OFET

substrates (Fraunhofer IPMS, Dresden).
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Figure S1. (a) Photography of the reaction mixture in the synthesis of Cu-PTEB. (b) As prepared

Cu-PTEB on Cu foil. (c) AFM topographic image of PTEB on SiO,/Si wafer, scale bar, 5 um. (d)

Height profile selected in (c).
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Figure S2. Raman spectrum and peak assignment of TEB monomer.
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Figure S3. (a) Top view and (b) side view of the calculated Cu-PTEB model (C,, point group
symmetry; singlet state, total charge +1). (c) Bond lengths of the model, which show n?-
coordination of the C=C bond with copper; accordingly, NBO analysis reveals an overall decrease

of 0.15 electronic charges in the 3d orbitals of Cu,,.



Table S1. Peak assignments for the Cu-PTEB model.

Main computed Raman peaks (cm™,

frequency scaled by 0.98)

Mode description

2176

1929

1576

1286

1138

986

terminal C=C stretching
Cu-coordinated C=C stretching
ring stretching
ring deformation

C-C stretching, in-plane CH bending

ring deformation
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Figure S4. FTIR spectra and peak assignments of Cu-PTEB (red line) and monomer TEB (black

line).
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Figure S5. Proposed mechanism for the formation of Cu-PTEB structure.
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Figure S6. Raman spectra of Cu-PTEB annealed at different temperatures in argon atmosphere.
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Figure S7. Optical microscopic images of Cu-PTEB. (a) Cu-PTEB film transferred onto SiO,/Si; (b)

free-standing Cu-PTEB film on Cu grid. Scale bars: 20 um.
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Figure S8. Transmission electron microscopy (TEM) image of Cu-PTEB on Cu grid. Scale bar: 200

nm.
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Figure S9. SEM image and energy dispersive X-ray (EDX) elemental mapping images of Cu-PTEB
transferred on SiO,/Si wafer. (a) SEM image of sample surface. Further EDX maps show clear contrast
of different elements on the sample: (b) full elemental map, (c) carbon, (d) copper, (e) silicon and (f)

oxygen. (g) The EDX spectrum corresponding to (b) was measured at 3 kV acceleration voltage.
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Figure S10. Current density curve vs. applied bias of Cu-PTEB under intermittent light irradiation.
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Figure S11. Electric conductivity of the Cu-PTEB film. Representative /-V characteristic curves of Cu-
PTEB on the 2.5 um channel OFET device, which exhibits semiconductor-like characteristics®. The
average thickness of the polymer films is ca. 180 nm. R of the sample was estimated from the inverse
slope of the I-V curve. When the /-V curve is not linear, the slope of the curve was estimated from the
linear fit of the curve. Thus, the conductivity, o, of the Cu-PTEB film was found to be of ca. 8.7 x 10~

S/cm, which is about 30 times greater than PTEB film (i.e. 3.0 x 10® S/cm).
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Figure S12. Current density vs. time of PTEB photocathode under illumination for 10000s. The test

was performed at 0.3 V vs. RHE under AM 1.5G irradiation.
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Figure S13. Raman spectrum of Cu-PTEB photocathode after PEC HER test.
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Figure S14. Atomic structure of simulation supercell (left) and unit cell (right) for Cu-PTEB. The
possible active sites are labelled as 1, 2, 3, 4, 5 and 5’. The carbon, hydrogen and copper atoms

denoted as grey, white, and brown balls.
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Figure S15. Atomic structures of *H at different sites of Cu-PTEB. The carbon, hydrogen and

copper atoms denoted as grey, white, and brown balls.
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Figure S16. Free-energy variations for HER via single site reaction pathway: 1, 2, 3, 4, 5, and

5’ denote for different active sites as labeled in Fig. S14.
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Figure S17. Free energy variations for HER via dual sites reaction pathway. 12, 23, 34, 45 and

55’ denote for different active sites as labeled in main text.
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Table S2. Reported photocurrent densities of PEC photocathodes from COFs, MOFs and

coordination polymers.

Photocurrent . .
Photocathode density () Potential* Electrolyte Light source
ensity
9-C:Na 300 W Xenon lamp
(Angew. Chem. Int. Edit. 0.3 pA cm2 -1.0 V vs. Ag/AgCl 0.5 M Na,SO, > 420 ’
nm
2016, 55, 14693)
g-C3N,@C Keithley 6300
(Angew. Chem. Int. Edit. 0.7 pA cm? -0.1V vs. Ag/AgCl 0.2 M Na,SO, | semiconductor
2016, 55, 10849) analyzer
g-CiN,-COFs 0.6V vs. Ag/AgCl 0.2 M Na-SO. 300 W Xenon light
-0.6 Vvs. . a
(Nat. Commun. 2019, 10, 2.5 yA cm? ) 8/78 224 | with cut-off filter
(i.e., OV vs. RHE)
2467) A>420 nm
BDT-ETTA COF 03V Ag/AgCl AML1.5 solar
-0.3 Vs,
(J. Am. Chem. Soc. 2018, | 4.3 yA cm? , §/n8 0.1 M Na,S0; | simulator, 100 mW
(i.e., 0.3 V vs. RHE)
140, 2085) cm?
A-TEXPY-COFs AML1.5 solar
(Adv. Energy Mater. 2018, 6 A cm2 -0.2 V vs. Ag/AgCl 1 M H,S0, simulator, 100 mW
8, 1703278) cm?
Poly-CuDMcT
(ChemElectroChem 2018, 5, | 24 pA cm™2 -0.6 V vs. Ag/AgCl 0.5 M Na,SO, | 400 W Xenon lamp
3847)
Cus(BTC), MOF@Cu,0 0.01 M 300 W X |
. enon lamp,
(J. Am. Chem. Soc. 2019, | 46 pA cm? -0.76 V vs. Ag/AgCl P
141, 10924) Na,SO, 64 mW cm™
PTEB 0.3V vs. Ag/AgCl 0.01 M 200 W Xenon lamp
-0.3 Vs, .
(Nat. Commun. 2018, 9, 10 pA cm? , §/ne (100 mW cm2), AM
(i.e., 0.3 V vs. RHE) Na,S0, .
1140) 1.5G filter
PTEB-co-PDET 0.6V Ag/AgCl 0.01 M 200 W Xenon lamp
-0.6 Vvs. .
(Nat. Commun. 2018, 9, 21 pA cm? , 8/18 (100 mW cm2), AM
(i.e., OV vs. RHE) Na,S0, .
1140) 1.5G filter
200 W Xenon lamp
Cu-PTEB, -0.3 Vvs. Ag/AgCl 0.01 M
. 22 pA cm?? ) (100 mW cm-2), AM
This work (i.e., 0.3 V vs. RHE) Na,S0, .
1.5G filter
300 W Xe lamp,
Cu-PDET, -0.3 Vvs. Ag/AgCl 0.01 M .
. 70 pA cm2 . filter > 420 nm,
This work (i.e., 0.3 V vs. RHE) Na,S0,
200 W Xenon lamp
Cu-PDEB, -0.3 Vvs. Ag/AgCl 0.01 M
. 38 uA cm2 . (100 mW cm-2), AM
This work (i.e., 0.3 V vs. RHE) Na,S0, .
1.5G filter
200 W Xenon lamp
Cu-PTFTEB, -0.3 Vvs. Ag/AgCl 0.01 M
. 7 pA cm?? . (100 mW cm-2), AM
This work (i.e., 0.3 V vs. RHE) Na,S0, .
1.5G filter

* The follow equation was used to convert the potential vs. Ag/AgCl to RHE potential: Egpe = Eag/agel + 0.059 pH +

EAg/quO (EAg/quO =0.199 V; the potential vs. SCE to RHE potential: ERHE = ESCE+ 0.059 pH + ESCEO (ESCEO =0.242 V)
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