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Experimental Section

Electrochemical measurements: The electrochemical measurements were performed with a
potentiostat/galvanostat MacLab model ML160 controlled by resident software (E-chem v 1.5.2
for Windows) using a conventional single-compartment three-electrode cell with a platinum
working electrode, a silver wire as reference electrode, and a platinum wire as counter electrode.
All measurements in dichloromethane were carried out with freshly distilled solvent with a
solute concentration of ca. 1.0 mM in the presence of tetracthylammonium hexafluorophosphate,
NBu4PFg (0.1 M) as supporting electrolyte and a scan rate of 100 mV s-!. Ferrocene was added at
the end of the experiment as internal standard. For the aqueous cyclic
voltammetry measurements, a three-electrode cell setup was used with glassy carbon working
electrode, platinum wire counter electrode and Ag/AgCl, 3 M KCI reference electrode.
NaH,P0O,4/Na,HPO, (0.2 M, pH = 7.0) was the supporting electrolyte.

Photophysical measurements: UV/Vis absorption spectra were measured on a Shimadzu UV-
2700 spectrophotometer using 10 mm path-length quartz cuvettes. Emission spectra were
measured on a Spex Fluorolog 3 spectrometer, equipped with double grating monochromators in
the excitation and emission channels. The excitation light source was a 450 W Xe lamp and the
detector a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The emission spectra were
corrected for the wavelength response of the detection system. Time resolved emission
measurements were measured using a Hamamatsu streak camera (ref. S1) and a Coherent

Infinity laser for excitation.

Light-driven oxygen evolution measurements: the oxygen evolution was analyzed by a Clark-
type oxygen electrode (Hansatech Instruments, DW2/2 unit with an S1 electrode). A 120 W

halogen lamp was used as the illumination light source. In other experiments a 532 nm green
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laser (Changchun New Industries, CNI model with PSU-H-LED) was used. The laser power was
varied, and was measured using a power meter (Coherent). The reaction vessel was cooled with
flowing water adjusted to T = 20 °C. The signal was calibrated using air saturated aqueous
solutions ([O,] = 2763 uM, T = 20 °C) and N,-purged solutions ([O;] = 0). Before each
measurement, the mixture was also purged with N, to provide an oxygen-free solution. In order
to confirm the oxygen generation coming from light driven water oxidation, the illumination
starts after ~2 minutes of flat zero [O;] signal in dark. The maximum turnover frequency
(TOF1.x) was determined at the steepest slope of the oxygen evolution curve. The turnover
number was determined by the ratio of the mole number of O, related to mole number of catalyst

at a given time.
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Figure S1. Phosphorescence decays of Pt(II)-TCPP (1.1 x 10* M) in (a) air saturated and (b) Ar-purged
pH 7.0, 0.1 M phosphate buffer solutions upon excitation with 2 ns pulses at 532 nm. The decays were
fitted with a single-exponential decay function convolved with a Gaussian Instrument Response Function.
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Figure S2. Cyclic voltammograms of Pt(II)-TCMePP (1 mM) in CH,CI, solution with 0.1 M TBAP
electrolyte. Fc/Fc* used as internal standard, and NHE = Fc/Fc* + 0.69 V.
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The redox potentials were measured relative to Fc¢/Fc*. For this standard, E;,(Fc/Fc*) = 0475 V
vs SCE in dichloromethane. Hence, E;,(Pt"") = 1.285 V vs. SCE which is very close to the

value reported in ref. S11.
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Figure S3. Absorption spectra of (a) Ir-NHC complex (104 M) (b) Co404-cubane (1.7 x 10* M) in
phosphate buffer (pH = 7.0, 0.1 M) in a 1-cm path length cell.
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Figure S4.(a) absorption spectrum of IrO, *+ nH,O nanoparticles in pH = 7 solution (b) pictures of
solutions of IrO, * nH,O nanoparticles at pH = 7 (left) and at pH = 1 (right).
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Control experiments for light-driven water oxidation
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Figure S5. (a) Photochemical oxygen evolution in 1.5 mL of a pH 7.0, 0.1 M phosphate buffer solution
containing Na,S,05 (5.0 x 102 M), Pt(IT)-TCPP (6.7 x 10 M) and catalysts : (a) Ir-NHC (5.0 x 10> M),

(b) Co40, cubane (5.0 x 10> M). The red line is the control experiment without catalyst, Ir-NHC. The
blue lines are the control experiments without Pt(I1)-TCPP.

Photocatalytic reaction with Ru(bpy);** in phosphate buffer solution
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Figure S6. (a) Photochemical oxygen evolution in 1.5 mL of a pH 7.0, 0.1 M phosphate buffer solution
containing Na,S,05 (5.0 x 102 M), Ru(bpy);>* (6.7 x 10*M) and catalysts : (a) Ir-NHC (5.0 x 10> M), (b)

Co,04 cubane (5.0 x

10 M).
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Determination of the maximum t
halogen lamp excitation

urnover frequency TOF,,,, under 120 W

Here, the maximum turnover frequency TOF,,.x are calculated under the assumption that the

catalysts stay intact during the water oxidation.

Equation
Weight
Residual Sum
of Squares
Pearson’s r
Adj. R-Square

y=a+b'x
No Weighting
6.33933
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Value  Standard Error
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Figure S7. The determination of TOF by linear fitting of O, generation. The 1.5 mL of phosphate buffer

solution contains Na,S,05 (5.0 x 102M), Pt (II)

-TCPP (6.7 x 10 M) and Ir-NHC (5.0 x 105 M).

Equation y=a+b%
3- Weight No Weighting
Residual Sum 1.56798
of Squares
Pearson's r 0.99871
Adj. R-Square 0.99743
Value Standard Error
24 2 Intercept -0.30588 0.00126
Slope 0.17385 1.67236E-4
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Figure S8. The determination of TOF by linear fitting of O, generation. The 1.5 mL of phosphate buffer

solution contains Na,S,05 (5.0 x 102 M), Pt (1)

-TCPP (6.7 x 10*M) and Co404-cubane (5.0 x 103 M).

For Ir-NHC, the maximum turnover frequency TOF ., of the catalyst was observed to be 3.6 x

10-3 mol O, (mol of Ir-NHC)!' s”!.

For Co404-cubane, the TOF,.x = 2.9 x 10-

3 mol O, (mol of Co404-cubane)! s'! was obtained.

Noticeably, our TOF,,.x is about one order of magnitude smaller than reported in ref. S5.
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Equation y=a+bx
Weight No Weighting
Residual Sum 33.06728
of Squares

Pearson's r 0.99857
44 |ad. Resquare 089715

Value  Standard Error
c2 Intercept -0.86092 0.00192
c2 Slope 0.29722 1.74903E-4
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Figure S9. The determination of TOF by linear fitting of O, generation. The 1.5 mL of phosphate buffer

solution contains Na,S,05 (5.0 x 10-2M), Pt (I1)-TCPP (6.7 x 104 M) and IrO, * nH,O nanoparticles (1.8
x 104 M).

For the IrO, » nH,O nanoparticles, the TOF,,, = 5 x 10 mol O, (mol of Ir atom)! s was
obtained assuming that that 20% of the Ir atoms are on the surface of ligand-free 2 nm diameter
IrO4 * nH,O nanoparticles. Our TOF,,.x of IrO4 * nH,O nanoparticles is about one order of
magnitude smaller than that reported in ref. S12 or ref. S13. Their TOF = 4.9 x 102 mol O, (mol
of Ir atom) ! s”! was obtained with succinate stabilized 2 nm diameter IrO, » nH,O nanoparticles
in pH 5.8 Na,SiF¢/NaHCOj; buffer. Interestingly, the rate of our system is one order of magnitude
higher than reported in ref. S14 or ref. S13. Their TOF = 4.0 x 10-* mol O, (mol of Ir atom)!s-!
was obtained from IrOy * nH,O nanoparticles at pH 5.0.
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Figure S10. The determination of TOF by linear fitting of O, generation. The 1.5 mL of phosphate buffer
solution contains Na,S,05 (5.0 x 102M), Pt (II)-TCPP (6.7 x 10#M) and Co;0, nanoparticles (4.16 x 10-
S g/ml=4.17 x 10'° particles = 6.93 x 10~ nmol). Calculated in (a) is the TOF by per nanoparticle and (b)
is the TOF by per active Co atom on surface.

According to ref. S2, the unit cell edge lengths are 8.084 A for Co;0, nanoparticles, thus the
density of surface cobalt atoms is 6.1 x 10'® surface cobalt atoms/m?. The average number of

active Co atoms on the surface of 50 nm diameter Co;O,4 nanoparticles is estimated to be 4.8 x
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10% TOF .= 2372 s per particle was obtained. This leads to a TOF,,,= 4.9 x 102 mol O, (mol
of Co atom)™!' s and TOF .= 0.29 s nm of surface area. Compared to other light-driven water
oxidation systems that used Co;04 nanoparticles as catalyst, our TOF value is of the same order
of magnitude. Frei et al. (ref. S10 and ref. S15) found TOF =1 x 10-2s*! per surface Co center of
SBA-15/C0304 (4 wt%) and TOF = 1 s! nm? of projected surface area with the Na,SiFg-
NaHCO; buffer system (22 mM, pH = 5.8).

Photostability tests
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Figure S11. Absorption spectrum of Pt(I)-TCPP (6.7 x 10 M) in pH 7.0, 0.1 M phosphate buffer
solutions before irradiation and after 120 minutes under halogen lamp irradiation. (a) air saturated (b)
degassed condition. A 1 mm path length cuvette was used.
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Figure S12. Absorption spectrum of Ru(bpy);** (6.7 x 10* M) in pH 7.0, 0.1 M phosphate buffer
solutions before irradiation and after 120 minutes under halogen lamp irradiation. (a) air saturated (b)
degassed condition. A 1 mm path length cuvette was used.
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Figure S13. Absorption spectra of (a) Ru(bpy);>" (6.7 x 10 M), (b) Pt(II)-TCPP (6.7 x 10* M) with Ir-
NHC (5.0 x 10~ M) and Na,S,05 (5.0 x 102 M) in pH 7.0, 0.1 M phosphate buffer solutions as a function
of time under halogen lamp illumination. A 1 mm path length cuvette was used.
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Figure S14. Absorbance changes as a function of irradiation time for Ru(bpy);?* (at 452 nm) and for Pt(II)-
TCPP (515 nm ) in figure S13.
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Figure S15. Absorption spectra before and after irradiation of phosphate buffer solutions of (1) Pt(Il)-
TCPP (6.7 x 105 M) and Na,S,05 (1.7 x 102 M), and (2) Pt(I)-TCPP, Na,S,05 and Ir-NHC (3.3 x 10 M.
Photodegradation is clearly less in the presence of the WOC. A 1 mm path length cuvette was used.

Rate of bimolecular electron transfer to persulfate
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Figure S16. Plot of I/l against [Na,S,0s] for the emission quenching of Pt(I[)-TCPP in pH 7.0 phosphate
buffer solutions at air saturated condition (I, is the emission intensity in the absence of Na,S,0Og; I is the
emission intensity in the presence of Na,S,0g).

When there is only bimolecular dynamic quenching in an emission system, we can use the
following Stern-Volmer equation:
Ip/1=1+ 10k, [Q]

Here, k, is the bimolecular quenching constant and 1, is the Pt-TCPP emission lifetime in the
absence of quencher. In air-saturated solution, we found 1y = 2.2 ps. Hence, the bimolecular
quenching constant of Pt(II)-TCPP with Na,S,0s is k, = 2.6 x 10 M-!s! .

From the triplet lifetimes of Pt-TCPP in air-saturated and Ar-saturated solutions (Figure S1), we
can deduce the energy transfer rate to oxygen ke = 3.4 x 10° s'! in air saturated condition. With
the bimolecular quenching constant &y, = 2.6 x 10 M-!s'! and the quencher concentration
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[Na,S,05] = 5.0 x 102 M, the quenching rate by electron transfer kq x [Na,S,05] = 1.3 x 10°s!
can be deduced. Consequently, the electron transfer rate with Na,S,Oyg is of the same order as the

triplet-triplet energy transfer between 3Pt-TCPP and 30, in air saturated condition.

Determination of the maximum turnover frequency TOF,,,, under 532 nm
laser excitation with different irradiation powers
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Figure S17. The determination of TOF under excitation power density of 532 nm laser of (a) 5.2 mW and
(b) 21.2 mW by linear fitting of O, generation. The 1.5 mL of phosphate buffer solution contains Na,S,0g
(1.67 x 102M), Pt (II)-TCPP (2.23 x 10*M) and Ir-NHC (1.67 x 10> M).
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Figure S18. The determination of TOF under excitation power density of 532 nm laser with (a) is 5.2
mW and (b) 21.2 mW by linear fitting of O, generation. The 1.5 ml of phosphate buffer solution contains
Na,S,05(1.67 x 10-2M), Pt (II)-TCPP (2.23 x 10 M) and Co404-cubane (1.67 x 10-> M).
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Figure S19. The determination of TOF under excitation power density of 532 nm laser of (a) 5.2 mW and
(b) 51.6 mW by linear fitting of O, generation. The 1.5 mL of phosphate buffer solution contains Na,S,0g

(1.67 x 102M), Pt (I)-TCPP (2.23 x 10-*M) and IrO, - nH,O nanoparticles (6.0 x 10> M).

(a) (b)

200 Equaton  y=a+bx 300 [eusion  yavEx
Weight No Weightin [Weight No Weightin
Residual Sum 43977.3075 Residual Sum 38857 8761
of Squares 2 250 of Squares 4
Pearsan’s r 099842 cearson's 089844
150 Ad) R-Square  0.99685 lAdj. R-Square  0.99888
Value  Standard Em Value  Standard Err
o2 Intercept -13521 006442 200 7 F2 Intercept -16.6491 0039882
= Slape 577684 0.00371 F2 Siope 890457 000341
I(2 1004 O 1504
Ligh.t_on 1004 nght-on
50 = in-1 .
TOF =5.77 min 50 TOF = .99 min-!
- -2 -1
9.61x10“s =1.50 x 101 5!
0 T T T T T ! 0+ T T T T T ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time / min Time / min

Figure S20. The determination of TOF under excitation power density of 532 nm laser of (a) 5.2 mW and
(b) 21.2 mW by linear fitting of O, generation. The 1.5 mL of phosphate buffer solution contains Na,S,04
(1.67 x 102 M), Pt(I[)-TCPP (2.23 x 10* M) and Co;0, nanoparticles (1.39 x 10 g/ml = 1.04 x 1010
particles = 1.73 x 10 nmol).

Quantum yield determination under 532 nm laser excitation
The net light-driven water oxidation reaction with Pt(II)-TCPP as photosensitizer and persulfate

as sacrificial electron acceptor is expressed below :

PtTCPP* + hv PtTCPP*

PtTCPP*" + S,04% PtTCPP*3 + SO,* + SO,*

PtTCPP* + SO,*" PtTCPP'® + SO,

4PtTCPP"™" + 2H,0 woc

0, + 4H" + 4P{TCPP

2S,04% +2H,0 +2hv 0, +4H* + 450,%
The quantum yield of water oxidation by photons @(H,0) is two times the number of moles of
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oxygen produced divided by the number of moles of photons absorbed by the Pt(II)-TCPP in the
total illumination time.

The photon flux corresponding to 5.2 mW of 532 nm green laser is equal to 2.31 x 10
einstein/s. There is ~4% reflection loss at the glass/air interface and the transmission of
borosilicate glass reaction vessel is ~90% at 532 nm. Hence the incident photon flux is ~2.0 X
108 einstein/s.

The molar absorptivity of Pt(II)-TCPP at 532 nm is 3846 M-! cm!, [Pt-TCPP] is 2.23 x 10* M
and the light path length in the reaction vessel is 1 cm. According to the Lambert-Beer law, the
number of moles of photons absorbed by the Pt(II)-TCPP is then ~1.7 x 10-® einstein/s. The

quantum yield of water oxidation was calculated by 30 minutes total irradiation time.

Wocs (Ol | st lminson) g,y | Tt sberbed | 3

Ir-NHC 121 1.5 1800 1.82E-07 3.10E-05 1.17
Co0,0, cubane 110 1.5 1800 1.65E-07 3.10E-05 1.07
IrOx * nH,O 61 1.5 1800 9.18E-08 3.10E-05 0.59

Co30, 65 1.5 1800 9.75E-08 3.10E-05 0.63

Synthesis and sample preparation:

Pt(II) meso-tetra(4-methoxycarbonylphenyl)porphyrin Pt(II)-TCMePP;

Pt(II) meso-tetra(4-carboxyphenyl)porphyrin Pt(II)-TCPP

Both for Pt(II)-TCMePP and Pt(II)-TCPP the synthesis procedures were followed according to
ref. S3.

Iridium-N-Heterocyclic carbene complex; Ir-NHC

The synthesis procedures can be found in ref. S4.

Co040,4 cubane complex; Co404(OAC)4(py)s:
The synthesis procedure followed the method of ref. S5.

IrOy * nH,0 nanoparticles in phosphate buffer (pH = 7.0, 0.1 M) solution

The synthesis procedures of ref. S6 were followed. We took 5 mL acidic IrO4 « nH,O
nanoparticles stock solution and then adjusted to desired pH 7 by addition of dilute 1 M NaOH
solution. The 1 mL neutral IrO, « nH,0O nanoparticles solution was added into 1 mL phosphate
buffer (pH = 7.0, 0.2 M) solution. Finally, get the IrO4 * nH,O nanoparticles in phosphate buffer
(pH =7.0, 0.1 M) solution. The concentration of IrO4 * nH,O nanoparticles was evaluated using
the extinction coefficient of 630 L mol-! cm™! at 574 nm from ref. S6.
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Co3;04nanoparticles in phosphate buffer (pH = 7.0, 0.1 M) solution

We directly suspended 5 mg of the black Co3;04 nanopowder < 50 nm particle size [Sigma-
Aldrich, CAS number: 1308-06-1] into 40 mL phosphate buffer (pH = 7.0, 0.1 M) solution. The
stock Co304 nanoparticle solution (1.25 x 10* g/mL) was sonicated for 2 hr before it was used

for the light-driven water oxidation study.
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