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A library of 237 organic binary/ternary nanohybrids consisting of conjugated polymers donors and both
fullerene and non-fullerene molecular acceptors was prepared and screened for sacrificial photocatalytic
hydrogen evolution. These donor-acceptor nanohybrids (DANHs) showed significantly enhanced hydrogen
evolution rates compared with the parent donor or acceptor compounds. DANHs of a polycarbazole-based
donor combined with a methanofullerene acceptor (PCDTBT/PC60BM) showed a high hydrogen evolution
rate of 105.2 mmol g-1 h-1 under visible light (λ > 420 nm). This DANH photocatalyst produced 5.9 times more
hydrogen than a sulfone-containing polymer (P10) under the same conditions, which is one of the most
efficient organic photocatalysts reported so far. An apparent quantum yield of hydrogen evolution of 3.0 % at
595 nm was measured for this DANH. The photocatalytic activity of the DANHs, which in optimized cases
reached 179.0 mmol g-1 h-1, is attributed to efficient charge transfer at the polymer donor/molecular acceptor
interface. We also show that ternary donorA-donorB-acceptor nanohybrids can give higher activities than
binary donor-acceptor hybrids in some cases.
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ABSTRACT: A library of 237 organic binary/ternary nanohybrids consisting of conjugated polymers donors and both fullerene 
and non-fullerene molecular acceptors was prepared and screened for sacrificial photocatalytic hydrogen evolution. These do-
nor-acceptor nanohybrids (DANHs) showed significantly enhanced hydrogen evolution rates compared with the parent donor 
or acceptor compounds. DANHs of a polycarbazole-based donor combined with a methanofullerene acceptor 
(PCDTBT/PC60BM) showed a high hydrogen evolution rate of 105.2 mmol g-1 h-1 under visible light (λ > 420 nm). This DANH 
photocatalyst produced 5.9 times more hydrogen than a sulfone-containing polymer (P10) under the same conditions, which is 
one of the most efficient organic photocatalysts reported so far. An apparent quantum yield of hydrogen evolution of 3.0 % at 
595 nm was measured for this DANH. The photocatalytic activity of the DANHs, which in optimized cases reached 179.0 mmol g-

1 h-1, is attributed to efficient charge transfer at the polymer donor/molecular acceptor interface. We also show that ternary do-
norA-donorB-acceptor nanohybrids can give higher activities than binary donor-acceptor hybrids in some cases. 

Direct photocatalytic solar hydrogen production promises a technologically simple way to convert solar energy into chemical 
fuels 1. To be scalable, however, this approach requires more efficient photocatalysts. Inorganic semiconductor photocatalysts 
have been explored widely for some time 2,3. Recently, organic photocatalysts have also attracted attention due to potential ad-
vantages in terms of tunable composition, structure, and properties 4. These organic photocatalysts include polymeric carbon 
nitride 5–7, carbon dots 8,9, conjugated microporous polymers 10–12, covalent triazine-based frameworks 13,14 and covalent organic 
frameworks 15–18. However, organic photocatalysts also have some inherent drawbacks, such as strong exciton binding energies, 
low charge-carrier mobilities, and short charge migration pathlengths. In organic photovoltaics (OPV), these issues have been 
mitigated by the introduction of donor/acceptor bulk heterojunctions 19. Such nanoscale blends of a donor and an acceptor en-
sures that excitons can reach an interface and dissociate into free charge carriers. In principle, this concept should also be trans-
ferable to organic polymer photocatalysts. 
Here, we designed a library of donor-acceptor nanohybrids (DANHs) photocatalysts that combine conjugated polymer donors 
with either fullerene/non-fullerene molecular acceptors (Fig.  1). We then evaluated their photocatalytic hydrogen evolution 
performance. To our knowledge, organic nanoparticles consisting of conjugated polymer donors and molecular acceptors have 
not been reported for direct photocatalytic hydrogen evolution using a catalyst suspension. Organic nanoparticles composed of a 
single conjugated polymer were developed previously for photocatalytic hydrogen production 20–22, but those photocatalysts 
showed rapid deactivation (in less than 2 hours) after a high initial hydrogen evolution rate of 52.4 mmol g-1 h-1 (17 µmol h-1). By 
comparison, the organic DANHs photocatalysts reported here show both increased hydrogen evolution rates (up to 179.0 mmol 
g-1 h-1) and enhanced photocatalytic stability (sustained H2 production for at least 18 hours).  



 

  

 
Fig. 1 (a) Chemical structures and (b) energy levels of the conjugated polymer donors and molecular acceptors studied here (ob-
tained from commercial supplier Ossila except D5 obtained from reference 23). (c) Nano-precipitation process used to prepare 
the DANHs and scheme representing high-throughput screening process for photocatalytic activity. Photographs show DANHs 
aqueous solutions in cuvettes. 
 
We studied five conjugated polymer donors (D1–D5) and four molecular acceptors (A1–A4) (Fig. 1a-b). Water dispersible DANHs 
were prepared using nano-precipitation strategy,24 as shown in Fig. 1c. A tetrahydrofuran (THF) solution containing the polymer 
donor and the molecular acceptor was injected into water with continuous sonication, followed by the evaporation of the THF 
(detailed procedures in Supporting Information). Colloidal solutions of DANHs were obtained (Fig. 1c) after THF removal. It is 
well known that the composition ratio between donor-acceptor is critical for photovoltaic performance. Likewise here for photo-
catalysis, we screened a broad range of relative donor-to-acceptor ratios to give a total DANH library of 237 samples. The photo-
catalytic hydrogen evolution performance of this library was then screened using high-throughput parallel 48-sample photoca-
talysis screen, as introduced previously by our group 25. Fig. 2 plots the sacrificial photocatalytic hydrogen evolution rate for A1-
4/D1-D5 DANH combinations as a function of donor/acceptor composition ratios (w/w %). The photocatalytic performance of 
the DANHs is strongly dependent on this ratio.  



 

 

 
Fig. 2. Sacrificial photocatalytic hydrogen production activities for the various combinations of polymer donors and molecular 
acceptors: (a) A1/Dn; (b) A2/Dn; (c) A3/Dn, and; (d) A4/Dn, plotted as a function of the acceptor weight fraction that was added 
in the nanoprecipitation process (100 % corresponds to the pure acceptor nanoparticle). Testing conditions: catalyst concentra-
tion = 20–100 µg mL-1 (0.1–0.5 mg in 5 mL water); ascorbic acid (0.04 M); Pt loading based on total mass of donor and acceptor: (3 
wt. % using a stock solution of H2PtCl6, 8 wt. % in water); light source = solar simulator, 1 sun; irradiation time = 2 hours. The 
hydrogen evolution rate is proportional to the area of the circles (for scale, the maximum hydrogen evolution rate found was 
171.4 mmol g-1 h-1 for 70.6:29.4 w/w % DANH of A1/D4 (Fig. 2d). 
 
 DANHs combinations that involved A3 showed little improvement in hydrogen evolution rate (HER) with respect to the 
pure donor polymers or molecular acceptors (Fig. 2c). By contrast, combinations involving A2 showed synergies at acceptor rati-
os in the range 70–80 w/w, particular for polymer D1 (Fig. 2b). However, much higher HERs were observed for DANHs that in-
cluded A1 (Fig. 2a) and A4 (Fig. 2d). The most promising combinations were found to be A1/D1 and A1/D2 (Fig. 2a) and A4/D1, 
and A4/D2 (Fig. 2d).  
 For the A1 series, the highest performance, 142.9 mmol g-1 h-1, was observed for A1/D1 DANHs at a mass ratio of 70.6/29.4. 
This HER is 71 times higher than the HER for the pure acceptor, A1 (2.0 mmol g-1 h-1), and 357 times higher than the pure poly-
mer donor, D1 (0.4 mmol g-1 h-1), respectively, showing a strong synergistic effect in these DANHs. The results of a more exhaus-
tive search of the variation of HER with A1/D1 composition are shown in Fig. S1, which substantiates the conclusions of the high-
throughput screening (i.e., around 70 w/w % A1 gives the maximum HER). Combining polymer D1 with PC70BM (A2) (Fig. 2b) 
or [60]IPB (A3) (Fig. 2c) gives the same compositional trend in HER (a maximum at around 70–80 w/w % acceptor), but the 
HERs are much lower than observed for PC60BM (A1) (Fig. 2a).  
 Recently, high-performing non-fullerene based molecular acceptors have surpassed the most efficient fullerene acceptors for 
organic photovoltaics 26,27, which inspired us to prepare DANH photocatalysts using ITIC-2F (A4) as non-fullerene based accep-
tor. As shown in Fig. 2d, A4/D1 (70.6 wt. % A4) exhibited the highest HER of 171.4 mmol g-1 h-1 among the combinations in this 
library.  
 The coprecipitation of both donor and acceptor is important for the HER: physical mixtures of A1 and D1 nanoparticles (de-
tailed procedures in Supporting Information) showed significantly lower HERs compared with the A1/D1 and A4/D1 DANHs (Fig. 



 

S2; activities 23 and 18 times lower, respectively, when A1 mass ratio is 70.6 %), suggesting that the formation of donor-acceptor 
junctions is essential. This was supported by photoluminescence results that show complete quenching for both A1/D1 and 
A4/D1 DANHs, which results from efficient charge transfer. By contrast, physical mixtures of the donors and acceptors showed 
incomplete quenching as a result of the poor junction formation (Fig. 3). 

 
Fig. 3. Emission spectrum of (a) A1/D1 NADHs under 375 nm excitation and (b) A4/D1 NADHs under 600 nm excitation, com-
pared with their physical mixture counterparts (A1+D1 and A4+D1). Measurements were carried out at ambient temperature in 
aqueous solution. 
 
 We also studied the effect of ascorbic acid concentration, cocatalyst type, and cocatalyst loading on the HER for the A1/D1 
NADH (70.6 wt. % A1). The HER could be further improved to 179.0 mmol g-1 h-1 from 142.9 mmol g-1 h-1 (screening conditions) by 
using 0.2 M ascorbic acid and 3% Pt loading (Fig. S3). Platinum was found to be the most efficient co-catalyst of a range of 11 
catalyst precursors that were studied (Fig. S4). We also tried to tune the morphology and size of the A1/D1 NADHs by introduc-
ing surfactants during nanoprecipitation (Fig. S5), but this was found to markedly decrease the HER. No appreciable hydrogen 
generation could be detected for A1/D1 (70.6 wt. % A1) in the absence the scavenger (ascorbic acid), Pt, or light irradiation. 
 Next, time-course photocatalytic hydrogen evolution rates for A1/D1 NADHs were investigated. A1/D1 NADHs showed an 
initial HER of 105.2 mmol g-1 h-1 (120.9 µmol h-1) in the first 2 hours under visible light illumination (λ > 420 nm) using condition 1 
(Fig. 4a). Similar initial rates were observed for the other two sets of reaction conditions, which had different ascorbic acid con-
centrations and Pt loadings (Fig. 4a). The hydrogen evolution activity decreased over time, but the NADHs were still active after 
18 hours photocatalysis, with a rate of 37.8 mmol g-1 h-1 over the last 4 hours. Therefore, the A1/D1 DANH both exhibits excellent 
H2 production rates and has much better stability compared with previously reported pure polymer nanoparticle 
photocatalysts20–22, which show activity for only 1, 4 and 11 hours, respectively. The catalyst mass used here (1.15 mg) is also high-
er than for earlier studies (around 0.05 and 0.33 mg polymer) 20,21. At lower catalysis loadings, even higher hydrogen evolution 
rates of 247.8 mmol g-1 h-1 and 383.4 mmol g-1 h-1 were observed for 0.23 mg and 0.115 mg of A1/D1 NADHs (70.6 wt. % A1), respec-
tively (Fig. S6). Of course, for practical applications, the amount of hydrogen produced per unit area irradiated is the most im-
portant parameter, and hence such low catalyst loadings are less useful. 
 Compared to P10, one of the most efficient organic photocatalysts developed by our group 28, the A1/D1 DANH catalyst was 
almost 6 times more active in terms of mass-normalized rate over 8 hours (85.0 mmol g-1 h-1 for A1/D1 versus 14.3 mmol g-1 h-1 for 
P10 under the same conditions) (Fig. 4b). An apparent quantum yield (AQY) of 3.02 % was obtained at long wavelength of 595 
nm (Fig. 4c), which places these A1/D1 DANHs among the most efficient photocatalysts for sacrificial hydrogen evolution in sus-
pension-based systems (Table S1). The AQYs recorded at 420, 490 and 515 nm were 3.72%, 3.43%, and 3.16%, respectively (Fig. 
4c). These three similar AQY yields are consistent with the relatively flat UV-vis spectra of the sample in this spectral range (Fig. 
4c).  
 Phase separation from solution was observed after photocatalysis (Fig. S7a-b), which might suggest that this is a primary 
cause for loss of HER over time. SEM characterizations of the A1/D1 samples before and after photocatalysis supported particle 
aggregation (Fig. S8). The A1/D1 samples were collected after photocatalysis and redissolved into THF solvent for characteriza-
tion by UV-vis and 1H NMR spectroscopy. No obvious changes occurred before and after photocatalysis (Fig. S9). We therefore 
suggest that the observed rate loss for A1/D1 is due to the aggregation of the DANHs during photocatalysis, rather than chemical 
decomposition. In support of this interpretation, A4/D1 samples exhibited a HER of 77.7 mmol g-1 h-1 in the first 2 hour (Fig. 4b) 
but experienced a great loss of photocatalytic activity during irradiation. We observed that the A4/D1 NADHs aggregated much 
more quickly than the A1/D1 samples (Fig. S7c-d), perhaps explaining the more rapid deactivation. Note also that no such deac-
tivation occurs over 8 hours for P10, which is not nanoparticulate. 



 

 
 
Fig. 4. (a) Time course of hydrogen production for A1/D1 NADHs and a bulk, pure conjugated polymer, P10, irradiated by 300 W 
Xe lamp fitted with a λ > 420 nm filter using 1.15 mg of the catalyst. Condition 1: 0.1 M ascorbic acid and 9 wt. % Pt; condition 2: 
0.2 M ascorbic acid and 9 wt. % Pt; condition 3: 0.2 M ascorbic acid and 3 wt. % Pt. Half circle points represent the beginning of 
the next run after degassing. (b) Time course of hydrogen production for A1/D1 NADH, A4/D1 NADH, and bulk P10 irradiated by 
300 W Xe lamp fitted with a λ > 420 nm filter using 1.15 mg of catalysts under condition 1. Half circle points represent the begin-
ning of the next run after degassing. (c) UV-vis spectra and AQY of A1/D1 measured with monochromatic LED light at 420, 495, 
515 and 595 nm, respectively. UV-vis spectrum of pure A1 and D1 nanoparticles are plotted with dashed lines (Intensity rescaled 
for clarity). (d) Hydrogen evolution rate of A1/D3:D5 ternary nanohybrids of various compositions. Catalyst concentrations: 0.3, 
0.23 and 0.14 mg in 5 mL water; ascorbic acid: 0.04 M; Pt loading: 3 wt. %; light source = solar simulator; irradiation time = 2 
hours. Inset: HOMO and LUMO band levels of donors and acceptors. 
 
 Finally, we extended these binary donor-acceptor nanohybrids to ternary donorA-donorB-acceptor nanohybrids (donorA : 
donorB = 1 : 1), and evaluated the photocatalytic activities using our high throughput photocatalysis screening platform. Com-
pared to A1/D1 and A1/D2 binary DANHs, A1/D1:D2 ternary DANHs did not show enhanced photocatalytic activity (Fig. S10a). 
Ternary A1/D2:D3, A1/D2:D5, A1/D3:D4 and A1/D4:D5 also showed no improvement (Fig. S10b-h). However, intriguingly, in the 
presence of both D3 and D5, the hydrogen production rate of A1/D3:D5 was significantly improved. A1/D3:D5 reached a HER of 
87.1 mmol g-1 h-1, which is much higher than the rate obtained for binary A1/D3 (1.6 mmol g-1 h-1) or A1/D5 (5.4 mmol g-1 h-1) 
DANHs with the same compositions (Fig. 4d). Enhancement to the performance was also accomplished in A1/D2:D4 DANHs 
(Fig. S11). This shows that ternary donorA-donorB-acceptor compositions may outperform binary systems for photocatalysis in 
the future, raising an interesting multicomponent optimization challenge. 
 To summarize, high-throughput screening was used to discover both binary and ternary NADHs with sacrificial hydrogen 
evolution rates that greatly outperform the constituent donors and acceptors. This illustrates that a key principle from the field 
of organic photovoltaics can be translated into direct photocatalysis using organic materials. Non-fullerene acceptors gave high-
er photocatalytic performance, which is again relates to recent progress in OPV. Our results imply that catalyst lifetime may be 
limited by colloidal stability, rather than chemical decomposition, at least for short irradiation times (< 1 day), suggesting the 
potential to improve catalyst lifetimes in the future.  
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Experimental Section 

1.1 Materials 
Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (D1), 
poly(9,9-di-n-octylfluorene-alt-bithiophene), poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-co-bithiophene] (D2), 
poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) (D3), poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (D4), poly(3-hexylthiophene-2,5-diyl) (D5), [6,6]-phenyl-C61-butyric acid methyl 
ester (A1), [6,6]-phenyl-C71-butyric acid methyl ester (A2), indene-C60-propionic acid butyl ester (A3) 
and 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (A4) were obtained from 
Ossila (U.K). Poly(sodium 4-styrenesulfonate), poly(styrene-alt-maleic acid) sodium salt solution, 
sodium dodecyl sulfate (SDS), ascorbic acid (AA), hexachloroplatinic acid solution (8 wt. % in water) 
and tetrahydrofuran (THF inhibitor-free) were purchased from Sigma-Aldrich. Metal precursors were 
obtained from commercial suppliers Sigma-Aldrich, TCI and Alfa Aesar. The deionized water was 
purified using a Milli-Q System (ρ = 15 MΩ). All chemicals were used as received without further 
purification. 
 
1.2 Synthesis of DANHs  
The donor and acceptor materials were dissolved in anhydrous THF with a concentration of 0.2 
mg mL-1 and 1 mg mL-1,[1] respectively, serving as stock solution. A volume of 1 mL of the donor and 
the acceptor stock solutions was mixed together and sonicated for a few minutes. Next, 0.5 mL of this 
mixture was added rapidly into a vial containing 5 mL of deionized water under continuous sonication 
for around 10 seconds. All samples were placed in a cover-free sample holder on a hot plate at 
130 °C for 5 hours to completely evaporate the residual THF. For the preparation of pure donor or 
acceptor nanomaterials, all procedures were the same except that 1 mL of donor or acceptor stock 
solution was used.  
 
1.3 Characterization methods 
SEM Measurements were carried out on Hitachi S-4800 cold field emission scanning electron 
microscope (FE-SEM). Images were collected at working voltage of 10 kV and a working distance of 
3.4 mm using a combination of upper and lower secondary electron detectors. Samples was dropped 
on silica wafer before imaging. 1H NMR spectra were recorded at 400 MHz using a Bruker Avance 
400 NMR spectrometer. The UV-visible absorption spectra and steady-state photoluminescence 
spectra were measured on a Shimadzu UV-2550 UV-Vis spectrometer and an Edinburgh Instruments 
LS980-D2S2-STM spectrometer, respectively. Samples with good aqueous dispersibility were 
synthesized by a moderate evaporation method (heating overnight at 60 °C with stirring) and diluted 
with an appropriate amount of water to keep the sample concentration at 0.01 mg mL-1 before 
measuring the spectrum.  
 
1.3 High throughput photocatalysis measurement 
Before photocatalysis, certain amounts of 1 M ascorbic acid solution and hexachloroplatinic acid 
solution were added into vial (volume = 12 ml) containing 5 ml of above prepared DANHs aqueous 
solution. The photocatalytic H2 production activities were then evaluated using a high-throughput 
degas-irradiation-analysis system. Specifically, after purging with nitrogen for 3 hours in a Sweigher 
robot (Chemspeed Technologies), the vials  were capped with piercable caps using a capper tool a 
nitrogen atmosphere. Next, up to 48 vials were illuminated using a solar simulator (A4.5G, Class AAA, 
IEC/JIS/ASTM, 1440 W xenon, 12 × 12 in., MODEL:94123A) for 2 hours. The samples were rotated 
and rocked on their sides during irradiation. Gaseous products were injected via a transfer line 
equipped with headspace injector and the H2 production was analyzed using an Agilent HS-GC (Fig 
S2c) equipped with a flame ionization detector (FID) and a 5 Å molecular sieve column (temperature: 
45 °C).  
 
1.4 Hydrogen evolution kinetics experiments 
Kinetic measurements were conducted in a 69 mL quartz flask. Catalysts (normally 1.15 mg for 
A1/D1) were dispersed into 0.1 M ascorbic acid water solution (25 mL) with diluted hexachloroplatinic 
acid solution as a platinum precursor (3% to 9% loading). After bubbling with N2 for 30 min to remove 
O2, the reaction mixture was illuminated with a 300 W Newport Xe light-source (Model: 6258, Ozone 
free) using a 420 nm cut-off filter. The light source was cooled by water circulating through a metal 
jacket. Gas samples were taken out by using a gas-tight syringe and run on a Bruker 450-GC gas 
chromatograph. Hydrogen was detected with a thermal conductivity S3 detector referencing against 



standard gas with a known concentration of hydrogen. Any hydrogen dissolved in the reaction mixture 
was not measured and the pressure increase generated by the evolved hydrogen was neglected in 
the calculations. After the photocatalysis experiment, samples were recovered by washing with water 
and centrifuging twice at 14000 rpm for 15 min. 
 
1.5 Apparent quantum yield measurements 
The apparent quantum yield for the photocatalytic H2 evolution was measured using a λ = 420 nm 
LED (129.5 mW), λ = 490 nm LED (97.1 mW), λ = 515 nm LED (65.7 mW) and λ = 595 nm LED 
(115.0 mW) controlled by an IsoTech IPS303DD power supply. For the measurement, 6 vials of 
A1/D1 sample, prepared by nano-precipitation strategy, were mixed together and then diluted to 25 
mL with deionized water. Then, 440 mg of ascorbic acid (0.1 M) and diluted hexachloroplatinic acid 
(9% loading) were added before illuminating with LED. The light intensity was measured with a 
ThorLabs S120VC photodiode power sensor controlled by a ThorLabs PM100D Power and Energy 
Meter Console and the apparent quantum yield was estimated using the equation below: 
 
 

𝐴𝐴𝐴 = 2 ×
𝑚𝑚𝑚𝑚𝑚 𝑚𝑜 ℎ𝑦𝑦𝑦𝑚𝑦𝑚𝑦 𝑚𝑒𝑚𝑚𝑒𝑚𝑒
𝑚𝑚𝑚𝑚𝑚 𝑚𝑜 𝑖𝑦𝑖𝑖𝑒𝑚𝑦𝑖𝑖ℎ𝑚𝑖𝑚𝑦𝑚 × 100% 
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Figure S1. Photocatalytic hydrogen production rate for A1/D1 NADHs as a function of A1 fraction. 
Conditions: Catalyst concentration: 20–100 µg mL-1 (0.1-0.5 mg in 5 mL water); ascorbic acid: 0.04 M; 
Pt loading: 3% wt. % (using H2PtCl6 8 wt. % in water); light source: solar simulator, 1 sun; irradiation 
time: 2 hours. 

 

 

Figure S2. H2 production rate of A1/D1 and A1+D1 as a function of A1 fraction. Conditions: catalysts 
concentration: 20–100 µg mL-1 (0.1-0.5 mg in 5 mL water); ascorbic acid: 0.04 M; Pt loading: 3 wt. % 
(using H2PtCl6 8 wt. % in water); light source: solar simulator; irradiation time: 2 hours.  



 

 

Figure S3. (a) Effect of ascorbic acid concentration on H2 production rate under solar simulator 
irradiation. Catalyst concentration: 46 or 34 µg mL-1 (0.23 or 0.17 mg in 5 mL water); ascorbic acid: 
0.02–0.5 M; Pt loading: 3 wt. % (using H2PtCl6 8 wt. % in water); light source: solar simulator; 
irradiation time: 2 hours. (b) Amount of Pt loading effect on H2 production rate under solar simulator. 
Catalyst concentration: 46 or 34 µg mL-1 (0.23 or 0.17mg in 5 mL water); ascorbic acid: 0.04 M; Pt 
loading: 0.5%–9% (using H2PtCl6 8 wt. % in water); light source: solar simulator; irradiation time: 2 
hours.  
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Figure S4. H2 production rate for A1/D1 NADHs using various metal precursors. Catalyst 
concentration: 46 µg mL-1 (0.23 in 5 mL water); ascorbic acid: 0.04 M; metal loading: 3%; light source: 
solar simulator; irradiation time: 2 hours. 
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Figure S5. Effect of surfactants with different concentration on the H2 production rate for A1/D1 (70.6% 
A1). Conditions: catalysts concentration: 46 µg mL-1 (0.23 in 5 mL water); ascorbic acid: 0.04 M; Metal 
loading: 3 wt. %; light source: solar simulator; irradiation time: 2 hours. Surfactant 1: SDS, surfactant 
2:  Poly(sodium 4-styrenesulfonate) and surfactant 3: Poly(styrene-alt-maleic acid) sodium salt 
solution. 

 

 

Figure S6. Time course of (a) mass-normalized and (b) non mass-normalized H2 production of A1/D1 
NADHs. Conditions: ascorbic acid: 0.1 M; Pt loading: 9% Pt; light source: 300 W Xe light source fitted 
with a λ > 420 nm filter. Half circle points represent the beginning of next measurement after 
degassing. 

 

 

  



Supporting Table 

Table S1. Photocatalytic performance of various reported organic photocatalysts. Note that the HER 
(and AQY) depends on the irradiation source and experimental set-up, and hence these values can 
only be comparted in a qualitative sense.  

Materials HER (mmol g-1 h-1) AQY Journal and publication year Reference 

DBTD-CMP1 9.2 (λ > 420 nm) 0.2% (500 nm) ACS Catal. 2018 [2] 

FS-COF 

FS-COF+dye 

10.1 (λ >420 nm) 

16.3 (λ >420 nm) 

0.6% (600 nm) 

2.2% (600 nm) 
Nat. Chem. 2018 [3] 

g-C40N3-COF 4.1 (λ >420 nm) 
3.2% (520 nm) 

0.29% (578 nm) 
Nat. Commun. 2019 [4] 

Polymer dots 
PIFDTBT/g-C3N4 

0.58 (λ >400 nm) 
~0.5% (500 nm) 

~0.5% (600 nm) 
Appl. Catal. B Environ. 2019 [5] 

CTF-BT/Th 6.6 (λ >420 nm) 
~2.5% (500 nm) 

N/A (550 nm) 
Angew. Chem. Int. Ed. 2019 [6] 

DA-HM 4.14 (λ >420 nm) 
~2% (500 nm) 

 
Angew. Chem. Int. Ed. 2018 [7] 

g-C3N4-MF100 3.6 (λ >420 nm) 
~4% (500 nm) 

~2%  (550 nm) 
Nano Energy 2019 [8] 

P3/CN 13 (λ = 420~780 nm) 
~15.8% (550 nm) 

~1.5%  (630 nm) 
Adv. Funct. Mater. 2018 [9] 

Polymer dots 
PFTFQ-PtPy15 

12.7 (λ >420 nm) 0.4% (515 nm) ACS Catal. 2018 [10] 

Polymer dots 
PFODTBT 

63 (λ >420 nm) 0.6% (550 nm) Energy Environ. Sci. 2017 [11] 

Pt-PVP-Tp-COF 8.4 (λ >420 nm) 0.6% (475 nm) Angew. Chem. Int. Ed. 2019 [12] 

Polymer dots 

P8T2/g-C3N4 
0.93 (λ >400 nm) 0.8% (550 nm) J. Mater. Chem. A 2019 [13] 

P10 3.2 (λ >420 nm) 
11.6% (420 nm) 

N/A (595 nm) 
Nat. Commun. 2018 [14] 

Ter-CTF-0.7 19.3 (λ >420 nm) 14.78% (550 nm) ACS Catal. 2019 [15] 

This work A1/D1 
DANHs 

105.2 (λ >420 nm) 
3.16% (515 nm) 

3.02%  (595 nm) 
  

 

 

 



 

Figure S7. Image of aqueous A1/D1 reaction solution in a 69 mL flask (a) before and (b) after the 
photocatalysis experiment (19 hours irradiation). Also, aqueous A4/D1 reaction solution (a) before 
and (b) after photocatalysis experiment (10 hours irradiation).  

 

 

Figure S8. SEM images of A1/D1 (a) before and (b) after the photocatalysis experiment and 
equivalent images under high magnification (scale bar: 100 nm) (c) before and (d) after experiment. 



 

Figure S9. Absorption spectrum of A1/D1 before and after photocatalysis experiment (a) in water and 
(b) in THF. (c) 1H NMR of A1/D1 before (top) and after (down) photocatalysis experiment. 

 

 

Figure S10. Hydrogen production rates for various ternary systems with different compositions. 
Catalyst concentration: 60, 46 and 28 µg mL-1 in 5 mL water; ascorbic acid: 0.04 M; Pt loading: 3 
wt. %; light source: solar simulator; irradiation time: 2 hours. 
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Figure S11. H2 production rate for A1/D2D4 ternary NADH system. Conditions: catalysts 
concentration: 60, 46 and 28 µg mL-1 in 5 mL water; ascorbic acid: 0.04 M; Pt loading: 3 wt. %; light 
source: solar simulator; irradiation time: 2 hours. 
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