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EXPERIMENTAL SECTION

 

Chemicals and Reagents. Cobalt(II) nitrate hexahydrate Co(NO3)2.6H2O (Carlo-Erba, ≥ 

95%), Zinc(II) nitrate hexahydrate Zn(NO3)2.6H2O (Sigma-Aldrich, ≥ 98%), Potassium 

hexacyanoferrate(III) K3Fe(CN)6 (Sigma-Aldrich, ≥ 99%), Potassium hexacyanocobaltate(III) 

K3Co(CN)6 (Sigma-Aldrich, ≥ 97%), Potassium tetracyanonickelate(II) hydrate 

K2Ni(CN)4·xH2O (Sigma-Aldrich, ≥ 98%), Tris(2,2’-bipyridyl)dichlororuthenium(II) 

hexahydrate [Ru(bpy)3]Cl2·6H2O (Alfa-Aesar, ≥ 98%), Sodium hydroxide NaOH (Sigma-

Aldrich, 98–100.5%), and Trifluoroacetic acid CF3COOH (Merck, ≥ 99%) were purchased and 

used without any further purifications. All the solutions were prepared with Milli Q deionized 

water (resistivity: 18 MΩ.cm).

PBA Catalysts Synthesis. 

Co[Ni(CN)4] ·2.3H2O, [Co–Ni]. A 50 mL aqueous solution of 0.5 mmol of Co(NO3)2.6H2O 

was added drop-wisely to an equal volume of an aqueous solution of 0.5 mmol of 

K2Ni(CN)4·xH2O under constant stirring. The resulting solution was stirred vigorously for 2 

hours, allowed to stand overnight, centrifuged, washed with de-ionized water, and dried in the 

oven at 60 oC. A light-magenta precipitate that turned purple upon drying was obtained. 

Anal. Calcd. (%) for C4H4.6N4O2.3CoNi: C, 18.24; H, 1.75; N, 21.28. Found: C, 18.31; H, 1.69; 

N, 21.49. EDX Co/Ni atomic ratio: 1/1.

Zn[Ni(CN)4] ·0.4H2O, [Zn–Ni]. A 25 mL aqueous solution of 0.5 mmol of Zn(NO3)2.6H2O 

was added drop-wisely to an equal volume of an aqueous solution of 0.5 mmol of 

K2Ni(CN)4·xH2O under constant stirring. The resulting solution was stirred vigorously for 2 

hours and allowed to stand overnight. Then, the obtained white precipitate was centrifuged, 

washed with de-ionized water, and dried in the oven at 60 oC. Anal. Calcd. (%) for 

C4H0.8N4O0.4ZnNi: C, 20.40; H, 0.34; N, 23.80. Found: C, 20.24; H, 0.34; N, 23.52. EDX Zn/Ni 

atomic ratio: 1/1.

K0.1Co2.9[Fe(CN)6]2 ·12H2O, [Co–Fe]. A 50 mL aqueous solution of 0.75 mmol 

of Co(NO3)2.6H2O and an equal volume of an aqueous solution of 0.5 mmol of 

K3Fe(CN)6 under were added simultaneously at a drop-wise rate to 100 mL of de-ionized water 

under constant stirring at room temp. After complete addition, the resulting solution was stirred 

vigorously for an additional 1 hour and allowed to stand overnight. Then, the obtained brown 



S4

precipitate was centrifuged, washed with de-ionized water, and dried in the oven at 60 oC. 

Anal. Calcd. (%) for C12H24N12O12K0.1Co2.9Fe2: C, 17.69; H, 2.94; N, 20.61. Found: C, 17.19; 

H, 2.84; N, 19.52. EDX Co/Fe atomic ratio: 3/2.

K0.1Co2.9[Co2(CN)6]2 ·14.5H2O, [Co–Co]. A 50 mL aqueous solution of 0.75 mmol 

of Co(NO3)2.6H2O was added drop-wisely to an equal volume of an aqueous solution of 0.5 

mmol of K3Co(CN)6 under constant stirring. The resulting solution was stirred vigorously for 

2 hours and allowed to stand overnight. Then, the obtained pink precipitate was centrifuged, 

washed with de-ionized water, and dried in the oven at 60 oC. Anal. Calcd. (%) for 

C12H29N12O14.5K0.1Co4.9: C, 16.63; H, 3.35; N, 19.40. Found: C, 16.82; H, 3.03; N, 19.49.

Physical Measurements. The surface morphology of the catalyst was revealed by transmission 

electron microscope (TEM, FEI Tecnai G2 F20 X-TWIN) and scanning electron microscope 

(SEM, FEI QUANTA 200 FEG ESEM). The TEM samples were prepared by dropping 3 μL 

of the sample solution (2mg of sample dispensed into 1 mL methanol/water (1:1) mixture) onto 

the cupper grid (carbon film, 400 mesh). The SEM instrument is equipped with 

an Ametek EDAX Energy Dispersive X-ray (EDX) system for elemental composition analysis. 

The powder X-ray diffraction (PXRD) patterns were obtained using a PANalytical X’pert PRO 

X-ray diffractometer using Cu Kα radiation (1.5406 Å). Infrared (IR) spectra were recorded on 

Bruker Alpha Platinum–ATR Spectrometer within the wavenumber range of 400 – 4000 

cm−1 for 64 scans. X-ray photoelectron spectroscopy (XPS) analysis was performed on Thermo 

Fisher Scientific K–Alpha X-ray photoelectron spectrometer, using Al Kα micro-focused 

monochromator as the X-ray source and equipped with a flood gun for charge neutralization. 

All peaks were shifted with reference to C 1s peak position (284.8 eV). Diffuse reflectance 

UV–Vis absorption spectra were obtained on an Agilent Cary 5000 UV–Vis-NIR 

spectrophotometer equipped with a diffuse reflectance accessory. Thermogravimetric analysis 

(TGA) was carried out on a Q500 thermogravimetric analyzer within the temperature range of 

28 ºC to 650 ºC at 5 ºC/min under a nitrogen atmosphere. CHN elemental analysis was obtained 

on Thermo Scientific FLASH 2000 Series CHNS/O elemental analyzer using BBOT as 

standard and V2O5 as a catalyst.

Photocatalytic HER experiment. Photocatalytic experiments were performed in a Pyrex flask 

sealed with a septum. 1-10 mg catalyst and 1 mM ruthenium photosensitizer ([Ru(bpy)3]Cl2) 

were dispersed into a 10 mL aqueous solution of 0.1 M ascorbic acid (pH 5). The pH of the 
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ascorbic acid solution was adjusted using a 3 M NaOH solution. The Pyrex flask was covered 

with an aluminum foil before adding the ruthenium complex to prevent an early light-induced 

reaction. Prior to light irradiation, the mixture was purged with N2 gas thoroughly for 25 – 30 

mins. The photocatalytic experiment was carried out for 3-hours, and the amount of hydrogen 

gas evolved was determined by injecting 100 μL of the headspace gas at 1–hour interval into a 

gas chromatograph (Agilent 7820 A, a gas chromatograph equipped with a molecular sieve and 

a thermal conductivity detector (TCD), using argon as the carrier gas). The experiment was 

carried out at least twice for each catalyst to obtain a reproducible result. The standard error 

(σM) of the measurements is evaluated from the ratio of the population standard deviation (σ) 

of the sampling data to the square root of the number of sampling (N), as shown in the equation 

below.

𝜎𝑀 =  
𝜎
𝑁

(eq. S1)

Cycle HER experiments. Before starting a new cycle, the solution containing the used catalyst 

was centrifuged and washed with deionized water. Then, it is suspended in a fresh solution 

containing ruthenium photosensitizer and ascorbic acid. The solution is purged with N2 gas 

thoroughly for 25 – 30 mins, and the experiment is continued for another 3 hours.

Turn over number (TON) Calculation. The TON per mol of [Co–Ni] was calculated by 

taking all the cobalt sites as active to catalysis, and using the following formula.

𝑇𝑢𝑟𝑛 𝑜𝑣𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟(𝑇𝑂𝑁) =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻2 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑖𝑠

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑜𝑏𝑎𝑙𝑡 𝑖𝑛 [𝐶𝑜–𝑁𝑖]

(eq. S2)

The amount of H2 evolved was obtained from the gas chromatograph, and the moles of cobalt 

in  amount of [Co–Ni] was calculated using the relations below.2 𝑚𝑔 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑜 𝑖𝑛 [𝐶𝑜–𝑁𝑖] =  % 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑜 𝑖𝑛 [𝐶𝑜–𝑁𝑖] × 2 𝑚𝑔 

(eq. S3)

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑜 𝑖𝑛 [𝐶𝑜–𝑁𝑖] =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑜 𝑖𝑛 [𝐶𝑜–𝑁𝑖]

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝑜

(eq. S4)
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Electrochemical Experiments. Electrochemical experiments were carried out on a Gamry 

Instruments Interface 1000 potentiostat/galvanostat at 25 ºC. Using the conventional three-

electrode setup, with Pt mesh as the counter electrode, Ag/AgCl (3.5 M KCl) as the reference 

electrode, and fluorine-doped tin oxide (FTO) coated electrode (∼80% transmittance; 2 mm 

slides with 7 Ω·sq−1 surface resistivity and 1 × 2 cm size) as the substrate for working electrode. 

Electrocatalytic HER activity was evaluated by linear sweep voltammetry experiments 

performed in a potassium phosphate buffer (KPi) solution at pH 7 containing 1 M KNO3 as the 

supporting electrolyte. Cyclic voltammetry experiments were performed at different scan rates 

(25 − 125 mV·s−1) to obtain the surface concentration (Γ) of active cobalt sites from the 

electrochemical linear plot of the peak current (Ip) of the Co3+/Co2+ reduction wave versus the 

scan rate (ν).1

Working Electrode Preparation. 1 × 2 cm FTO electrode was used as the working electrode, 

but only 1 × 1 cm of the conducting surface was coated with the catalyst. Prior to coating the 

FTO surface, the electrode was adequately cleaned by sonicating for 10 mins in a basic soapy 

solution, deionized water, and isopropanol, then annealed at 350 ºC in the furnace for 30 mins. 

The surface of FTO was coated with the catalyst by using a drop-casting method. Briefly, 5 mg 

of the catalyst was added to a mixture of ethanol (400 μL), de-ionized water (100 μL) and 

Nafion solution (10 μL; 5 wt%), and then the solution was sonicated for 30 min to obtain a 

uniform ink. Finally, 5 μL of the obtained ink was drop-casted on the FTO surface, air-dried 

and kept in the desiccator until measurement.
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SUPPORTING TABLES

Table S1: Cyanide stretching frequencies, υ(CN), of the precursors and the synthesized 

compounds.

Compound υ(CN) (cm–1) Assignment*

K3Fe(CN)6 2115 Fe3+–CN

[Co–Fe]

2162

2117

2098

Fe3+–CN–Co2+

Fe2+–CN–Co3+

Fe2+–CN–Co2+

[Co–Co]
2172

2133

Co3+–CN–Co2+

Co2+–CN–Co3+

K2[Ni(CN)4]хH2O 2119 Ni2+–CN

[Co–Ni]
2177

2141

Ni2+–CN–Co2+

Ni2+–CN–Co3+

[Zn–Ni] 2189 Ni2+–CN–Zn2+

*The assignments are listed in accordance with literature.2–8

Table S2: The obtained chemical formula of the compounds derived from EDX elemental 

analysis and thermogravimetric analysis (TGA).

Compound EDX Atomic % TGA

[M–M’] M M’ C N O K % Water 
molecule Chemical Formula

[Co–Fe] 2.91 2.01 58.5 28.28 7.43 0.1 26.58 K0.1Co2.9[Fe(CN)6]2  х 12H2O 

[Co–Co] 11.46 – 39.53 42.84 4.75 0.63 30.12 K0.1Co2.9[Co(CN)6]2 х 14.5H2O 

[Co–Ni] 5.40 5.26 41.41 42.28 5.38 – 15.55 Co[Ni(CN)4] х 2.3H2O

[Zn–Ni] 9.12 9.08 39.53 35.96 6.06 – 3.03 Zn[Ni(CN)4] х 0.4H2O 
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Table S3: CHN elemental analysis of the synthesized compounds.a

Calculated / Found (CHN)

Compound Chemical Formula %C %N %H

[Co–Fe] K0.1Co2.9[Fe(CN)6]2 х 12H2O 17.69 / 17.19 20.61 / 19.52 2.94 / 2.84

[Co–Co] K0.1Co2.9[Co(CN)6]2 х 14.5H2O 16.63 / 16.82 19.40 / 19.49 3.35 / 3.03

[Co–Ni] Co[Ni(CN)4] х 2.3H2O 18.24 / 18.31 21.28 / 21.49 1.75 / 1.69

[Zn–Ni] Zn[Ni(CN)4] х 0.4H2O 20.40 / 20.24 23.80 / 23.52 0.34 / 0.34

aThe results obtained revealed that the calculated values from the derived chemical formula of the 
compounds agree well with CHN elemental analysis.

Table S4: Comparisons of the photocatalytic hydrogen evolution activities of various 
heterogeneous catalyst systems.

Catalyst PS Electron donor Activity 
(μmol/g/h) Ref

[Co–Ni] Ru Ascorbic Acid 30,029 This work

[Co–Fe] Ru Ascorbic Acid 216 This work

[Co–Co] Ru Ascorbic Acid 617 This work

PBA–TiO2 Janus – TEOA 198 9

g-C3N4–Fe2N 
nanocomposite – TEOA 88.7 10

Co3O4 Eosin Y TEOA 5,552 11

Co3O4 – Ethanol 2000 12

CoCoPBA/CdS – Lactic acid 57,288 13

CoNiSx-CN – TEOA 2366 14

Co2C nanoflakes CdSe/CdS QDs TEA 18,000 15

azine-based Nx-
COFs – TEOA 782 16

CoP-CdS/g-C3N4 – TEOA 23,536 17

MoS2/RGO [ZnTMPyP]4+ TEOA 2560 18

2D–2D 
SnS2/TiO2

– methanol 652.4 19



S9

ReS2 NWs – Na2S–Na2SO3 13,023 20

NiS/ZnxCd1−xS – Na2S–Na2SO3 16,780 21

NiP CQD EDTA 398 22

NixCdyS – Na2S–Na2SO3 8,450 23

NiO Eosin Y TEOA 7,757 11

SUPPORTING FIGURES

Fig. S1: TEM micrographs of (a,b) [Co–Fe], (c,d) [Co–Co], (e,f) [Co–Ni] and (g,h) [Zn–Ni]. 
Scale bars: yellow (0.1 µm); red (50 nm); blue (20 nm); green (0.2 µm).
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Fig. S2: SEM micrographs of (a) [Co–Fe], (b) [Co–Co], (c) [Co–Ni] and (d) [Zn–Ni]. Scale 
bars: yellow (10 µm).
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Fig. S3: ATR-FTIR spectra of the precursor and the synthesized PBA compounds ranging 
from 4000–400 cm−1.

 

Fig. S4: Diffuse reflectance UV-Vis spectra of [Co–Ni], [Co–Fe] and [Co–Co]. The bands 
below 400 nm are due to the ligand-to-metal charge transfer (LMCT) or metal-to-ligand charge 
transfer (MLCT),24,25 while the ones above 415 nm are assigned to the metal–to–metal charge 
transfer (MMCT). The appearance of MMCT bands confirms the formation of a cyanide-
bridged network and electronic communication between the two metal sites.26
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Fig. S5: Thermogravimetric weight loss analysis under N2 atmosphere in the temperature range 
of 28 ºC to 650 ºC at a heating rate of 5 ºC/min. The weight loss from 28 ºC to 150 ºC denotes 
the removal of coordinated water molecules and those in the interstitial sites/cavities, while the 
subsequent weight loss pattern above 250 ºC indicates the decomposition of the cyanide 
framework to an oxide.27
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Fig. S6: (a) PXRD pattern of the as-synthesized [Co–Ni] matched perfectly with a reference 
compound. (b) Side view showing the interlayer distance and (c) top view of the crystal 
structure of [Co–Ni]. Colour code: Co, orange; Ni, white; C, grey; N, blue; O, red. H atoms of 
H2O are omitted for clarity. The reference compound is a standard L1 phase layered 
Co(H2O)2[NiCN4]·xH2O in an Imma space group and the crystal structures were created from 
cif. files deposited at CCDC.7
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Fig. S7: High-resolution XPS spectra of (a,b) Co2p, (c,d) Ni2p, and (e,f) O1s from the pristine 
and post-catalytic samples of [Co–Ni]. The obtained Co 2p (~ 770 – 810 eV) and Ni 2p (~ 845 
– 880 eV) core level XPS spectra are deconvoluted into 2p3/2 and 2p1/2 due to spin-orbit 
coupling,28 with a Shirley-type background by fitting. The Co 2p peaks are well-fitted into Co2+ 
and Co3+, the presence of Co2+ is supported by the presence of shake-up satellite peaks.29 
Unfortunately, the strong overlapping of Co and Ni Auger lines with the photoelectron peaks 
complicates the spectrum. Therefore in Co2p, weak Ni LMM and Co LMM Auger peaks are 
detected around 778 eV and 775 eV, respectively.30–32 The Ni 2p3/2 and Ni 2p1/2 signals are 
fitted into one main peak assigned to Ni2+. The absence of satellite peaks strongly supports that 
the Ni2+ is square planar with diamagnetic nature. Also, a plasmon energy loss related broad 
peak was observed between the main Ni 2p peaks.31
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Fig. S8: XPS curve-fitting results of (a,b) Ni 2p, (c,d) Zn 2p spectra from pristine and post [Zn–
Ni] samples. The obtained Zn 2p (~ 1016 – 1050 eV) and Ni 2p (~ 845 – 880 eV) core level 
XPS peaks also splits into 2p3/2 and 2p1/2 due to spin-orbit coupling.28 Spin states of both Zn 
2p and Ni 2p are fitted into one main peak assigned to 2+ oxidation state. The absence of 
satellite peaks strongly supports that the Zn2+ has a completely filled d-orbital and Ni2+ is 
square planar and diamagnetic. The existence of multiple small peaks at energies below 2p1/2 
spin correspond to the plasmon energy loss features.31 
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Fig. S9: XPS curve-fitting results of (a,b) Co 2p, (c,d) Fe 2p spectra from pristine and post [Co–
Fe] samples. The obtained Co 2p (~ 770 – 810 eV) and Fe 2p (~ 700 – 730 eV) signals splits 
into 2p3/2 and 2p1/2 due to spin-orbit coupling.28 The assignment of the Fe 2p peaks are analyzed 
into Fe2+ and Fe3+, likewise, the Co 2p peak is divided into Co2+ and Co3+ accordingly.33 The 
strong shake-up satellite peaks in Co 2p signals are due to the existence of Co2+.28 The slight 
peak shift in the post-catalytic samples is attributed to the reduction of Fe3+ to Fe2+, which is 
also reflected in the FTIR spectra.
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Fig. S10: XPS curve-fitting results of Co 2p peaks spectra from (a) pristine and (b) post [Co–
Co] samples. The only transition metal signal obtained is the Co 2p peak (~ 770 – 810 eV), 
which also splits into 2p3/2 and 2p1/2 due to spin-orbit coupling.28 Both the Co 2p3/2 and Co 2p1/2 
peaks is a combination of Co2+ and Co3+ based on the spin-orbit splitting values. The multiple 
peaks located at 770-780 eV range are attributed to the Co LMM Auger peaks.32
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Fig. S11: (a) Photocatalytic HER experiments of [Co–Ni] with and without Ru PS. Conditions: 
10 mg Catalyst, 100 mM ascorbic acid, pH 5, 1 mM [Ru(bpy)3]Cl2, and 100 mW.cm-2 white 
light source. Post-catalytic (b) PXRD and (c) FTIR characterizations of [Co–Ni] without Ru 
PS after illumination for 3 hours. 
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Fig. S12: (a) LSV curves of the compounds on a FTO electrode in 0.1 M KPi electrolyte at pH 
7 at a scan rate of 50 mVs−1. (b) LSV curve of the compounds on a FTO electrode upon addition 
of 10 mM Trifluoroacetic acid (TFA) into the 0. 1 M KPi electrolyte. The current enhancement 
caused by the addition of TFA into the electrolyte solution signifies an increased H2 
evolution.34 All the potentials are converted to VRHE using the Nernst equation35:

𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 (𝑉) + 0.059 × 𝑝𝐻 +  𝑉 𝑜
𝐴𝑔/𝐴𝑔𝐶𝑙 (𝑉) 

where VRHE is the applied potential versus RHE, VAg/AgCl (V) is the applied potential versus 

Ag/AgCl reference electrode, and Vo
Ag/AgCl (V) is the standard potential of the reference 

electrode (0.197 VRHE). 

Fig. S13: Cyclic voltammogram of (a) [Co–Fe], (b) [Co–Co] and (c) [Co–Ni] recorded at 
different scan rate ranging from 25 ‒ 125 mV·s−1. Inset: linear plot of the peak current (I) of 
Co3+/Co2+ reduction wave versus scan rate (ν). The CV experiments were performed in a KPi 
electrolyte solution at pH 7 containing 1 M KNO3 as the supporting electrolyte. Calculated 
surface areas are following; 0.07 nmol.cm-2, 0.43 nmol.cm-2, 2.55 nmol.cm-2 for (a) [Co–Fe], 
(b) [Co–Co] and (c) [Co–Ni], respectively. Although the overall electrocatalytic performances 
are relatively low due to the reduced conductivity by the Nafion binder used in the electrode 
preparation and the loose physical interaction between the catalyst and the electrode surface, 
an activity trend, [Co–Ni] > [Co–Co] > [Co–Fe], is obtained similar to photocatalytic studies.
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Fig. S14: (a) Optimal photocatalytic HER performance of [Co–Ni]. Conditions: 2 mg Catalyst, 
100 mM ascorbic acid, pH 5, 1 mM [Ru(bpy)3]Cl2, and 100 mW.cm-2 white light source.

Figure S15. (a) LSV profiles and the zoomed onset potential of [Co–Ni]. (b) UV-Vis spectra 
of [Ru(bpy)3]2+ in ascorbic acid solution, showing the absorbance tail of around 500 nm. (c) 
Extracted energy band diagram of [Co–Ni] for the photocatalytic hydrogen reduction process, 
involving the electron transfer mechanism.
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Fig. S16: (a) Comparison of photocatalytic HER performance of [Co–Ni] and [Zn–Ni]. 
Conditions: 10 mg Catalyst, 100 mM ascorbic acid, pH 5, 1 mM [Ru(bpy)3]Cl2, and 100 
mW.cm-2 white light source. (b) Diffuse reflectance UV-Vis spectra of [Co–Ni] and [Zn–Ni]. 
The absence of MMCT bands in [Zn–Ni] suggest that there is no electron transfer between the 
Ni and Zn sites.

Fig. S17: Photocatalytic HER activity of [Co–Ni] upon addition of fresh 1 mM [Ru(bpy)3]Cl2, 
into the reaction mixture after 3 hours of illumination.
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Fig. S18: ATR-FTIR spectra of the pristine and post-catalytic samples of [Co–Fe], [Co–Co], 
and [Zn–Ni] showing (a) the full spectrum ranging from 4000 to 400 cm−1 and (b) zoomed 
cyanide stretching region ranging from 2300 to 2000 cm−1.
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