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Photocatalytic hydrogen evolution (PHE) is a promising strategy to produce environmentally friendly 
clean energy with the use of solar power and water. For this, developing an efficient and nobel metal 
free photocatalytic system (PS) comprising of high light-harvesting and photostable photosensitizers 
is an important and challenging task. Herein, a new porphyrin photosensitizer ZnDC(p-NI)PP, 
containing two naphthalimide (NI) donor chromophores and 4-carboxyphenyl substituents is 
developed for PHE. Using chloropyridinecobaloxime (CoPyCl) as cocatalyst in phosphate buffer/THF 
solution at pH 7.4, the homogeneous PS of ZnDC(p-NI)PP produces a very high hydrogen evolution 
rate (ηH2) of 35.70 mmol g‒1 h‒1, turnover number (TON) of 5958 and apparent quanum efficiency 
(AQE) of 10.01%. This perfomance recorded under the same conditions is signifiantly higher than the 
PS of ZnDCPP which lacks the NI moieties (ηH2 of 4.64 mmol g‒1 h‒1, TON of 1397 and AQE of 1.30%), 
the typical PS of ZnTCPP with four 4-carboxyphenyl substituents groups (ηH2 of 2.43 mmol g‒1 h‒1, TON 
of 562 and AQE of 1.00%), and previously reported ZnD(p-NI)PP containing only two NI chromophores 
(ηH2 of 3.8 mmol g‒1 h‒1, TON of 590 and AQE of 1.5 %). The noticeable performance of ZnDC(p-NI)PP 
in PHE is attributed to the intramolecular energy transfer from the NI donor chromophore to the 
porphyrin acceptor that would promote the long-lived photoexcitation states. At the same time, the 
anionic form (-COO−) of 4-carboxyphenyl substituents at pH 7.4 enables a faster electron transfer from 
porphyrin to cationic Co(III) potentially due to electrostatic force.  To the best our knowledge, the PHE 
results of ZnDC(p-NI)PP represent the best one for porphyrin photosensitizers and coabaloxime PSs 
reported so far. This work paves a new direction for developing new porphyrin-based materials for 
efficient PHE through facile molecular structure engineering. 

Introduction 

Solar light-driven splitting of water into hydrogen as carbon free fuel and environmentally 
friendly clean energy is a promising strategy for reducing consumption of natural fossil fuel 
resources and greenhouse effect.1-4 To produce photocatalytic hydrogen evolution (PHE), the 
photocatalytic systems (PSs) mainly contain three components such as photosensitizer, 
sacrificial electron donor and cocatalyst. Based on this multicomponent PS design, Lehn and 
co-workers first reported decent PHE results using Ru(bpy)3

2+ as a photosensitizer, 
triethanolamine (TEOA) as a sacrificial donor and colloidal Pt as a cocatalyst.5 After a huge 
number of multicomponent homogeneous/heterogeneous PSs have been developed by 
employing different combinations of photosensitizers such as Ru-, Ir- and Re-based complexes 
(noble metals),6-8 inorganic composites,7, 9 porous materials,10 11 organic small molecules and 
polymers,7, 12-14 graphitic carbon nitride (g-C3N4) polymeric materials,15, 16 porphyrin 
derivatives17-20 and their hybrids with g-C3N4/graphene oxide21 and cocatalysts such as colloidal 
Pt,7, 22 Ni-, Fe- and Co-based complexes23-27 with the use of sacrificial donors such as 
triethylamine (TEA), ascorbic acid (AA) and TEOA. Although the PSs comprising either noble 
metal based photosensitizers or cocatalyst (e.g. Pt) produced highly efficient PHE, they cannot 
be commercialized in the near future due to the high cost of noble metals. To tackle this 
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problem, researchers are mainly devoted to use noble metal free photosensitizers and 
cocatalysts for the preparation of PSs. Among the noble metal free photosensitizers, recently, 
porphyrin derived materials have attracted enormous interest in the PHE owing to their strong 
solar light absorbing nature in the maximum UV-Vis region, long-lived photoexcited states and 
possession of suitable HOMO and LUMO energy levels for efficient photoinduced charge 
separation and their transfer to cocatalyst.17, 18, 28 

On the other hand, cobalt complexes, especially, cobaloximes as cocatalyst have received tremendous 
interest due to their easy synthesis, reasonable photostability and high PHE efficiencies due to low 
reduction potential.25, 29 Importantly, understanding of electron transfer between the components of 
PSs is the main criteria to improve the PHE. For this, preparation of PSs in fully homogeneous condition 
is required. So development of new PSs comprising of porphyrin photosensitizers and cobaloxime 
cocatalyst in homogeneous condition for high performance PHE is not only a prerequisite but also a 
necessary condition to pave this research field towards our modern society. However, though a very 
few homogeneous PSs featuring porphyrin photosensitizers and cobaloxime cocatalyst for PHE have 
been reported so far, they are not much efficient and stable due to weak light absorbing nature of 
porphyrins and their photo instability.30, 31 Thus, we aimed to develop highly efficient PSs for PHE by 
enhancing the light absorbing properties and photostability of porphyrin photosensitizers. 

We have recently found that the linear substitution of di-naphthalimide (NI) moieties at meso-position 
of porphyrin core greatly improved the light absorption, stability of photoexcited states, photoinduced 
charge separation and photostability of porphyrin photosensitizers and thus PHE.32 This could be 
attributed to the efficient intramolecular energy transfer from the NI donor chromophore to the 
porphyrin acceptor. In this study, we used heterogeneous conditions to evaluate the PHE of di-NI 
conjugated porphyrin, ZnD(p-NI)PP with the use of Pt cocatalyst. Though the PS of ZnD(p-NI)PP 
delivered efficient PHE results, it is not a cost-effective approach and the intrinsic photocatalytic cyclic 
mechanism was also not much fully addressed due to the usage of Pt and heterogeneous 
photocatalytic conditions, respectively. In order to prepare a cost-effective, efficient and 
homogeneous PSs, herein we have developed a new porphyrin photosensitizer, ZnDC(p-NI)PP bearing 
two NI donor chromophores  and  two -COOH groups and tested its PHE properties using 
chloropyridinecobaloxime (CoPyCl) cocatalyst under homogeneous phosphate buffer/THF conditions. 
We presume that, upon light irradiation on ZnDC(p-NI)PP porphyrin, this produces long-lived 
photoexcited states due to occurrence of energy transfer between NI donor chromophore and 
porphyrin acceptor resulting from the overlap between the emission profile of NI and absorption of 
porphyrin moiety. As a result, the ZnDC(p-NI)P efficiently accepts electrons from sacrificial donor and 
quickly transfers to CoPyCl where proton reduction takes place. Thus, the PS of ZnDC(p-NI)PP 
porphyrin produced hydrogen evolution rate (ηH2) of 35.70 mmol g‒1 h‒1, which is 8-fold higher than 
the control porphyrin ZnDCPP which lacks the NI groups (4.64 mmol g‒1 h‒1) and even 15-fold higher 
than typical porphyrin, ZnTCPP (2.43  mmol g‒1 h‒1). 

 

Results and discussion 

Experimental Section 

The synthetic protocol used for the preparation of ZnDC(p-NI)PP is shown in Scheme 1. The di-
bromozinc derivative, DiBrZnD(p-NI)PP was synthesized by bromination of D(p-NI)PPH2 with NBS 
reagent followed by reaction with Zn(OAC)2.2H2O. Subsequently, reaction of DiBrZnD(p-NI)PP with 4-
carboxyphenyl boronic acid under Suzuki-Miyaura coupling reaction yielded target ZnDC(p-NI)PP 
porphyrin. The controlled porphyrin ZnDCPP was synthesized in two steps (Scheme S1). Firstly, the 
acid catalyzed condensation of phenyl dipyyrolomethane with 4-formylmethylbenzoate produced the 
DMMPPH2 porphyrin and zinc metalation of this gave ZnDMCPP. In the second step, demethylation 
of ZnDMCPP under basic conditions resulted in ZnDCPP porphyrin zinc(II)-



tetracarboxyphenylporphyrin (ZnTCPP) was synthesized for comparison (Scheme S2). Both porphyrins 
were thoroughly characterized by NMR and MALDI-TOF techniques. 

 

Optoelectronic properties 

The absorption and emission spectra of the porphyrins are shown in Fig. 2 and the 
corresponding data are noted in table 1. All the porphyrins mainly show two types of peaks. 
The broad and intensified peaks located at ca. 420-440 nm correspond to the Soret band 
absorption and the less intensified peaks positioned at ca. 500-650 nm are attributed to the 
Q-bands absorption. For ZnDC(p-NI)PP porphyrin, the additional peaks at higher energy region 
(ca. 350 nm) could be ascertained to the NI absorption peaks. Notably, ZnDC(p-NI)PP porphyrin 
shows apparently higher molar extinction coefficient (ε) values for Soret- and Q-bands than 
the ZnDCPP which lacks the NI groups and ZnTCPP featuring four carboxylic groups. This could 
be attributed to the conjugation of NI donor chromophores to the meso-positions of porphyrin 
acceptor which might affected the electronic transition probability between the 1S0–1Eu and 
1S0–2Eu transitions of porphyrin macrocycle.33 These results clearly speculate that conjugation 
of NI donor chromophores at meso-position of porphyrin moiety could enhance the light-
harvesting ability in the UV-Visible region and consequently expectable good PHE results. It is 
noted ZnTCPP shows a lower ε value for Soret band than ZnDC(p-NI)PP and ZnDCPP. 

 

All the porphyrins show two emission peaks in the region of 600-700 nm under excitation of 
420 nm which belongs to Soret band of porphyrin moiety. The intensified emission peaks at 
ca. 610 nm and weak emitting peaks at ca. 660 nm correspond to the Q(0,0) and Q(1,0), 
respectively of porphyrin macrocycle. In our previous reports, we have already demonstrated 
the occurrence of intramolecular Förster resonance energy transfer (FRET) between NI donor 
chromophores and porphyrin acceptor due to the overlap emission spectrum of NI and 
absorption spectrum of porphyrin ring.32-34 Accordingly, as ZnDC(p-NI)PP porphyrin bearing the 
NI there would be FRET between NI moieties and porphyrin ring. In general, NI chromophore 
shows very strong emission peak at ca. 450 nm under the excitation of 330 nm which 
corresponds to NI absorption. Impressively, the absence of NI emission peak in the ZnDC(p-
NI)PP emission spectrum under the excitation of 330 nm clearly indicates the efficient FRET 
between the NI donor and the porphyrin acceptor. The calculated FRET efficiency (ΦET) of 
ZnDC(p-NI)PP is 99%. Since the fluorescence lifetime (tF) of the porphyrin is directly related to 
the stability of porphyrin excited states, calculation of tF could give more insight into the 
porphyrin photoexcited states (Fig. 3(a)). The order of calculated tF of the porphyrins is as 
follows:  ZnDC(p-NI)PP (3.8 ns) > ZnDCPP (2.4 ns) > ZnTCPP (1.8 ns). Among the three 
porphyrins, the ZnDC(p-NI)PP bearing the NI moieties showed the highest tF. This obviously 
indicates that the ZnDC(p-NI)PP possesses highly stabilized photoexcited states. The higher tF 

of ZnDC(p-NI)PP than the ZnDCPP and ZnTCPP could be ascribed to the efficient FRET between 
NI and porphyrin moieties. Moreover, the controlled porphyrin, ZnDCPP also shows higher tF 
than the commonly used ZnTCPP. It indicates that the porphyrin with two carboxylic groups 
possesses long lived photoexcited states than the congener porphyrin with four COOH groups. 
The calculated photoluminescence quantum yield (ΦF) of the porphyrins is in the order of 
ZnDC(p-NI)PP (18%) > ZnDCPP (13% ns) > ZnTCPP (10% ns) which is also in line to the their tF 

trend. 

The thermodynamic viability of electron transfer during the PHE cycle depends mainly on the 
excited state oxidation potentials (E(P

+
/P*)) and excited state reduction potentials (E(P*/P

‒
)) of 

the porphyrins.35 Since such relative energies can’t be evaluated directly, firstly, we calculated 
the first oxidation potential (EOx) and first reduction potential (ERed) values which correspond 
to HOMO and LUMO of the porphyrins, respectively, by performing the cyclic voltammetric 



experiments in THF solution (Fig. S1). The calculated EOx values of ZnDC(p-NI)PP, ZnDCPP and 
ZnTCPP are 1.23, 1.22, and 1.20 V, respectively. And the values ─ 1.13, ─ 1.19, and ─ 0.83 V 
correspond to the ERed of ZnDC(p-NI)PP, ZnDCPP and ZnTCPP, respectively. According to 
Rehm−Weller equations (see footnote in Table 1), the (E(P

+
/P*)) values of the ZnDC(p-NI)PP, 

ZnDCPP and ZnTCPP were calculated to be ‒ 0.94, ‒ 0.97, and ‒ 0.95 V, respectively and (E(P*/P
‒

)) values of the porphyrins ZnDC(p-NI)PP, ZnDCPP and ZnTCPP were calculated to be  1.04, 1.00, 
and 1.32 V, respectively. As seen in Fig. 3(b), the (E(P*/P

‒
)) values of the porphyrins are more 

positive than the oxidation potential (Eox) of ascorbic acid (AA) sacrificial electron donor 
indicating a favourable thermodynamic driving force for electron transfer from AA to 
photoexcited porphyrins. And the (E(P

+
/P*)) values of porphyrins are more negative than the 

reduction potential (Eox) of CoPyCl cocatalyst suggesting an effective transfer of electrons from 
photoexcited porphyrin to CoPyCl where proton reduction takes place. The relatively high-
lying (E(P*/P

‒
)) value of ZnDC(p-NI)PP than the ZnTCPP should be helpful for more efficient 

electron transfer from AA to photoexcited porphyrins and thus expectable higher PHE 
performance for ZnDC(p-NI)PP than that of ZnTCPP. 

 

PHE studies 

In order to evaluate the PHE properties of porphyrins, a series of homogeneous PSs were prepared in 
buffer/THF solution by employing porphyrins as photosensitizers, AA as sacrificial electron donor and 
CoPyCl as cocatalyst. The optimized PHE properties of PSs are shown in Fig. 4 and the corresponding 
data are noted in Table 2. Fig. 4 shows the hydrogen evolution rate (ηH2) of the PSs under the 
illumination of OLED light source for 5 h. From Fig. 4(a), it was noticed that the ZnDC(p-NI)PP bearing 
the NI donor chromophores and -COOH groups displayed higher ηH2 than the ZnDCPP which lacks the 
NI moieties and well known ZnTCPP. The ηH2 order of PS of the porphyrins is ZnDC(p-NI)PP (35.70 
mmol g‒1 h‒1) > ZnDCPP (4.64 mmol g‒1 h‒1) > ZnTCPP (2.43 mmol g‒1 h‒1). The calculated apparent 
quantum yield (AQE) of ZnDC(p-NI)PP, ZnDCPP and ZnTCPP PSs are 10.01%, 1.30% and 1.00%, 
respectively. The AQE values of PSs also well match to their ηH2 order. Furthermore, under the 
optimized conditions, the photostability of the three porphyrins PSs was also evaluated by measuring 
their PHE up to 50 h of light irradiation. As seen in Fig. 4(b), the PHE of the three porphyrins was 
gradually increased with time indicating the good photostability of all components. The appearance 
of similar absorption and emission spectra of PSs before and after light irradiation also attests to their 
good photostability under light irradiation (Fig. S11 & S12). The order of turnover number (TON) of 
the three PSs is as follows: ZnDC(p-NI)PP (5958), ZnDCPP (1397) and ZnTCPP (562) which is also in line 
to their ηH2 and AQE trends. More importantly, the ηH2 and TON of ZnDC(p-NI)PP PS is superior to the 
PSs comprising porphyrin photosensitizers and cobaloxime catalysts so far in the literature (Table 
S1).30, 31, 36, 37 Particularly, the ηH2 of ZnDC(p-NI)PP PS is 3.3 times higher than the most efficient PS 
containing water soluble porphyrin photosensitizer, PorFN (10.9 mmol g‒1 h‒1) and Pt cocatalyst 
reported recently.38 Moreover, the ηH2 of ZnDC(p-NI)PP is also much higher than our recently reported 
iridium-conjugated porphyrins39 and far better than the NI-conjugated porphyrins under 
heterogeneous conditions with Pt cocatalyst.32-34 The superior PHE properties of ZnDC(p-NI)PP 
possessing the 5,15-di(NI) substituted porphyrin donor chromophores than the ZnDCPP which lacks 
the NI could be explained by the following factors; (i) good light-harvesting properties in the UV-vis 
region of solar spectrum, (ii) the efficient FRET from the NI donor to the porphyrin acceptor would 
stabilize the photoexcited states of porphyrin ring and thus long-lived photoexcited electron lifetime 
which further enhances the electron transfer from the photo-excited porphyrin moiety to the CoPyCl 
through COOH groups, (iii) An efficient acceptance of electrons from AA and subsequent transfer to 
CoPyCl (vide infra). Under the optimized PHE conditions of porphyrins, we also tested the ηH2 of PSs 
of porphyrins using Pt cocatalyst (2 wt%) instead of CoPyCl cocatalyst (Fig. S3). The results indicate 
that the Pt cocatalyst-based PSs showed lower ηH2 than the PSs of CoPyCl cocatalyst. Nevertheless, 
the PS of porphyrins were tested by varying the concentration of porphyrins (Fig. S4) and the nature 



of sacrificial donors such as TEA (Fig. S5). All the experiments’ output disclose that the PS conditions 
of Fig. 4 is the best to produce the efficient PHE. 

To further understand the molecular design of ZnDC(p-NI)PP, we evaluated the ηH2 of our recently 
published efficient ZnD(p-NI)PP which contains two NI moieties and lacks the COOH groups. The PS of 
ZnD(p-NI)PP exhibited ηH2 of 3.8 mmol g‒1 h‒1 (Fig. S2, table 2), which is 10-fold lower than the PS of 
ZnDC(p-NI)PP. Similarly, the PHE of methylated ZnDCPP and ZnTCPP porphyrins such as ZnDMCPP and 
ZnTMCPP, respectively were also tested for better comparison. The ηH2 of ZnDMCPP (1.2 mmol g‒1 h‒

1) and ZnTMCPP (0.9 mmol g‒1 h‒1) is lower than their congener porphyrins, ZnDCPP and ZnTCPP 
possessing the COOH groups (Fig. S2). All these results clearly suggest that 

there would be close contact between COOH of ZnDC(p-NI)PP and CoPyCl in the solution of PS. 
Nevertheless, the Soret band peak of ZnDC(p-NI)PP is gradually red-shifted and splitted with increasing 
the concertation of CoPyCl by titration, attributed to the electrostatic interactions between cationic 
Co(III) and negatively charged ZnDC(p-NI)PP molecules (Fig. S6).38 Thus under light irradiation, the 
higher performance of ZnDC(p-NI)PP in PHE is attributed to the FRET from the NI donor chromophore 
to the porphyrin acceptor that would promote the long-lived photoexcitation states. At the same time, 
the anionic form (-COO−) of 4-carboxyphenyl substituents at pH 7.4 enables a faster electron transfer 
from porphyrin to cationic Co(III) potentially due to electrostatic force. 

In order to get more insight into the effect of CoPyCl and AA concentrations on ηH2, we have prepared 
a series of PSs containing ZnDC(p-NI)PP and variable concentrations of CoPyCl and AA. From Fig. S7, it 
was observed that the concentration of both CoPyCl and AA has also played an important role to 
optimize the PSs. For achieving high ηH2, the PSs must be prepared using 2.0 mM of CoPyCl and 0.4 M 
of AA. Since PHE of PSs is strongly dependent on pH, the PHE of ZnDC(p-NI)PP PS has been evaluated 
at different pH values. As seen in Fig. 5, the PS of ZnDC(p-NI)PP exhibited the highest ηH2 of 35.70 
mmol g‒1 h‒1 at pH = 7.4, under likely slightly basic condition. On the contrary, the PSs of ZnDC(p-NI)PP 
showed a gradual decrease in ηH2 when pH either increased or decreased with respect to pH  = 7.4. 
The declined PHE results of ZnDC(p-NI)PP PS under acidic conditions could be attributed to the 
degradation of AA which hampers the reducing nature of photoexcited photosensitizer, whereas the 
rate of formation of active cobalt hydride catalytic intermediate is low under basic conditions and 
consequently reduces proton reduction.40 

Generally, the electron transfer mechanism involved in homogeneous PHE systems comprising 
photosensitizer, sacrificial donor and cocatalyst proceeds through either oxidative or reductive 
quenching pathways. The dominance of quenching type dictates the multistep electron transfer 
pathway in PSs. The oxidative quenching mechanism involves the transfer of photoexcited electrons 
of photosensitizer to cocatalyst followed by oxidized photosensitizer reduced back to original ground 
state by taking electrons from sacrificial donor. In the case of reductive quenching mechanism, the 
sacrificial donor reduces the excited photosensitizer which further returns to ground state by 
transferring electrons to cocatalyst where proton reduction takes place. Thus, to understand the type 
of electron transfer mechanism involved in our PSs, we have performed the quenching studies using 
CoPyCl and AA as quenchers (Fig. S8-S10). For instance, the fluorescence emission intensity of ZnDC(p-
NI)PP is gradually decreased with increasing the concentration of either CoPyCl or AA (Fig. S4). It 
indicates that the photoexcited ZnDC(p-NI)PP could either efficiently accept an electron from AA or 
transfer electrons to CoPyCl. The calculated Stern-Volmer quenching constants (Kq) of ZnDC(p-NI)PP 
are 1.9 x 102 M‒1s‒1 and 4.2 M‒1s‒1 for quenchers CoPyCl and AA, respectively (Fig. 6). However, given 
the high concertation of AA (0.4 M) than the CoPyCl (2.0 mM) used in the PSs, the calculated oxidative 
and reductive quenching rates of ZnDC(p-NI)PP are 38 x 102 s‒1 and 168 x 102 s‒1, respectively. Since 
the reductive quenching rate is 5 times higher than the oxidative quenching rate, the reductive 
quenching mechanism can be assigned to the current PSs. Accordingly, the calculated oxidative 
quenching rates of ZnDCPP and ZnTCPP are 1.6 x 10‒2 and 4.6 x 10‒2 s‒1, respectively whereas the 
values 0.57 x 10‒4 and 0.15 x 10‒4 s‒1 correspond to the quenching rates of ZnDCPP and ZnTCPP, 
respectively. The reductive quenching rates order of porphyrins is ZnDC(p-NI)PP > ZnTCPP  > ZnDCPP 



whereas the order, ZnDC(p-NI)PP > ZnDCPP > ZnTCPP represents the oxidative quenching rates of the 
porphyrins. These quenching rates orders reveal that the ZnDC(p-NI)PP porphyrin can efficiently 
accept electrons from AA, which are further quickly donated to CoPyCl than the control porphyrins 
ZnDCPP and ZnTCPP. This result is also well consistent with higher PHE results for ZnDC(p-NI)PP PS 
than the PSs of ZnDCPP and ZnTCPP porphyrins. 

Based on the optoelectronic, PHE and Stern-Volmer quenching studies, we have proposed a 
schematic illustration of electron transfer mechanism involved in the photo-redox cycle for 
hydrogen production (Fig. 7). Upon light irradiation on NI containing ZnDC(p-NI)PP porphyrin 
(denoted NI-P-COO─), the photoexcited NI moiety transfers energy to porphyrin ring through 
IET process, followed by the formation of photoexcited porphyrin complex [NI-P-COO─]*. This 
complex then accepts an electron from AA resulting in reduced [NI-P-COO─]─ species which 
further donates two electrons to Co(III)PyCl to give reduced Co(I)PyCl. Finally, the resulting 
Co(I) species ultimately reduces protons to hydrogen. 

The photoinduced hole-electron pair generation and separation of porphyrins also has tremendous 
role to transfer electrons from the excited porphyrins to cocatalyst and thereby evolve H2. Thus, 
additionally, we have performed the photocurrent response studies for the porphyrins. As seen in Fig. 
S12, the photocurrent response of the porphyrins is in the following order: ZnDC(p-NI)PP > ZnDCPP > 
ZnTCPP. Among all, ZnDC(p-NI)PP porphyrin displayed higher photocurrent response than the 
congener porphyrins ZnDCPP and ZnTCPP suggesting the efficient photoinduced hole-electron pair 
separation and migration of electrons for the former porphyrin. This result is also in line with the 
higher PHE of ZnDC(p-NI)PP than the ZnDCPP and ZnTCPP. 

 

Conclusions 

In summary, we designed and synthesized a new porphyrin ZnDC(p-NI)PP bearing two NI donor 
chromophores and two 4-carboxyphenyl substituents. Absorption and emission spectra 
explored that the introduction of two NI moieties onto meso-position of porphyrin moiety 
enhanced the light harvesting properties, tF and ΦF values. Stern-Volmer quenching studies 
suggested that the electron transfer rate from porphyrin center to CoPyCl was tremendously 
enhanced for ZnDC(p-NI)PP. This could be ascribed to the stabilized photoexcited states of 
ZnDC(p-NI)PP due to efficient energy transfer form NI moieties to porphyrin ring. In addition, 
the anionic form of the 4-carboxyphenyl substituents also facilitated the faster electron 
transfer between the porphyrin centre and cationic Co(III) due to electrostatic force. 
Photocurrent response studies also revealed that the ZnDC(p-NI)PP showed higher 
photoinduced charge carriers generation and separation than the ZnDCPP. As a consequence, 
the homogeneous PS of ZnDC(p-NI)PP produced higher PHE properties such as ηH2 of 35.6 
mmol g‒1 h‒1, TON of 5958 and AQE of 10.01% than those of ZnDCPP PS (ηH2 of 4.64 mmol g‒1 
h‒1 TON of 1397 and AQE of 1.3%) and the typical ZnTCPP porphyrin bearing four COOH (ηH2 
of 2.43 mmol g‒1 h‒1 TON of 562 and AQE of 1.0%). Since ZnDC(p-NI)PP porphyrin produced 
very high PHE results, the studies of ZnDC(p-NI)PP and graphitic carbon nitride (g-C3N4) hybrid 
materials for H2 evolution and CO2 reduction are under investigation in our laboratory. 
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Fig. 1 Structures of the porphyrins used in this study. 
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Scheme 1. Synthetic route for the preparation of ZnDC(p-NI))PP porphyrin. 
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Fig. 2 (a) Absorption and (b) emission spectra of the dyes recorded in phosphate buffer/THF (9:1 v/v, 
10 µM, pH = 7.4)) solution. All the porphyrins were excited at 420 nm and additionally, ZnDC(p-NI)PP 
was also excited at 330 nm to understand the intramolecular energy transfer between NI donor and 
porphyrin acceptor. 
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Fig. 3 (a) Lifetime decay spectra of the porphyrins recorded in in phosphate buffer/THF (9:1 v/v, 10 
µM) solution at room temperature and  (b) energy level alignment of the porphyrins, sacrificial 
donor and water reduction catalyst. 
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Fig. 4 (a) H2 production rate of photocatalytic systems under the irradiation for 5 h and (b) H2 
production of photocatalytic systems under the irradiation (white LED light (148.5 mW/cm2)) for 50 
h: (Porphyrin (10 µM) + CoPyCl (2 mM) + AA (0.4 M) + buffer/THF (9:1 v/v) at pH 7.4) 
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Fig. 5 H2 production rate of photocatalytic systems at different pH under the irradiation for 5 h: 
(Porphyrin (10 µM) + CoPyCl (2.0 mM) + AA (0.4 M) + buffer/THF (9:1 v/v)). 
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Fig. 6 Stern-Volmer plot of porphyrins (10 μM) with (a) CoPyCl and (b) AA as quencher in buffer/THF 
solution mixture. 

  



 

Fig. 7 Schematic illustration of photo-redox cycle mechanism for PHE with ZnDC(p-NI)PP, where NI-P-
COO─ represents ZnDC(p-NI)PP. 

  



Table 1. Optical properties of the dyes recorded in buffer/THF (9:1 v/v) solution 

Porphyrin λabsa (εx104, M−1 
cm−1) (nm) 

λemb (nm) ΦFc tFd (nm) EOxe (V) ERedf (V) E(P
+

/P*)
g (V) E(P*/P

‒
)
h (V) E0-0 i 

ZnDC(p-NI)PP 350 (3.18), 426 
(35.88), 556 
(1.82), 597 (0.78) 

611, 653 0.18 3.8 1.23, 1.53 ‒ 1.13 ‒ 0.94 1.04 2.17 

ZnDCPP 424 (19.66), 556 
(0.77), 599 (0.26) 

609, 655 0.13 2.4 1.22, 1.54 ‒ 1.19 ‒ 0.97 1.00 2.19 

ZnTCPP 429 (7.15), 560 
(0.40), 599 (0.27) 

610, 660 0.10 1.8 1.20, 1.48 ‒ 0.83, ‒ 1.17 ‒ 0.95 1.32 2.15 

 

a,b,c,d Phosphate buffer/THF (9:1 v/v) solution. e Eox (vs NHE) = 0.77 + Eox (vs Ferrocene). f Ered (vs NHE) 
= 0.77 – Ered (vs Ferrocene). g E(P+/P*) (vs NHE) = EOx ‒ E0-0; here “P” refers to porphyrin 
photosensitizer. h E(P*/PS‒) (vs NHE) = ERed + E0-0. i Estimated from the intersection of the normalized 
absorption and emission spectra. 

  



Table 2. Amount of H2 (ηH2 ) and turnover number (TON), turnover frequency (TOF), apparent 
quantum yield (AQE) for the photocatalytic systems. 

Porphyrin ηH2 a (mmol g‒1 h‒1) TON b AQE% c 
ZnTCPP 2.43 562 1.00 
ZnDCPP 4.64 1397 1.30 
ZnDC(p-NI)PP 35.70 5958 10.01 
ZnD(p-NI)PP 3.8 590 1.5 

 

a Calculated under irradiation for 5 h. b Calculated under irradiation for 50 h. c Calculated under 
irradiation for 1 h 

 




