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Abstract: Three metal-salen (Ni, Cu, Zn) complexes were firstly 

introduced into homogeneous photocatalytic hydrogen-

evolution systems. Based on these complexes, we developed 

noble-metal-free hydrogen production systems using disodium 

salts of Eosin Y (EY2-) as photosensitizers and trimethylamine 

(TEA) as sacrificial donors. In a Ni(II)-salen/EY2-/TEA system, a 

TON of 362 basd on Ni(II)-salen was achieved in 5.5 h with one 

time complement for EY2-. The stability study revealed the quick 

photodecomposition of EY2- in the presence of ether Ni(II)-salen, 

TEA or both chemicals, and quick dehalogenation of EY2- was 

observed in the presence of TEA under irradiation. Besides, 

relatively slower photodecomposition of Ni(II)-salen was also 

found. These factors should be responsible for the deactivation 

of the photolysis system. Investigation of electrocatalytic proton 

reduction by Ni(II)-salen showed a CECE mechanism. An overall 

catalytic rate constant of 7.62 x 106 M-2 s-1 was achieved. 

Combined with the stability analysis, photo-induced electron 

transfer and electrochemistry investigation, for the first time, the 

photocatalytic hydrogen production mechanism for metal-salen 

complexes (e.g. Ni(II)-salen) was proposed.  

Introduction 

There has been intense effort to develop artificial photosynthesis 

that can make use of solar energy to provide clean and renewable 

alternatives to fossil fuels.[1] Hydrogen is an important candidate 

as a fuel for prospective electrochemical devices, such as proton 

exchange membrane fuel cells.[2] H2 can also be produced via 

photochemical water splitting, offering a promising approach to 

sustainable energy storage by solar cells.[3] Both electrochemical 

and solar systems rely on the development of effective hydrogen 

evolution catalysts, including molecular complexes. Platinum, in a 

positive way, is an excellent and versatile catalyst for H2 

production, but the scarcity and high cost of noble metals pose 

serious limitations to its widespread use.[4] Considering the 

demand for large-scale hydrogen production in the future, 

developing catalysts based on earth-abundant metals to replace 

Pt allured great interesting.[5] Nature demonstrates how to use 

earth-abundant metallic elements in combination with proteins to 

capture sunlight, and then to store its energy in H2.[6] Inspired by 

natural photosynthesis, a colorful array of iron, nickel and cobalt 

complexes have been crafted for hydrogen evolving catalysts, 

many of which show outstanding turnover frequencies and 

catalytic lifetimes.[7] However, for molecular systems, the majority 

still employ noble or rear metals used in photosensitizer (PS) such 

as Pt,[8] Ru,[9] Ir,[10] Os,[11] Re[12] etc. Especially, in order to 

thoroughly excavate catalysts’ catalytic ability, PS containing 

noble metals are usually used several times’ scale over catalysts 

in a multi-components system, which greatly increases the cost of 

hydrogen production systems. To this end, noble-metal-free 

hydrogen production systems have been developed using organic 

dyes (e.g. Eosin Y (EY2-),[13] Rose Bengal (RB2-),[13a-d] Erythrosin 

B (EB2-),[13a, 13c, 13i] Fluorescein (Fl2-),[13c, 14] Rhodamine[15], 

Erythrosin yellowish (ErY),[16] and other synthesized organic 

dyes[17]) or metal-organic dyes.[18] Yet many homogeneous 

catalytic systems are still being designed with synthetically 

challenging and costly ligand manifolds which are unsuitable for 

implementation at scale.[17e] An ideal system would require 

minimal synthetic effort, only inexpensive compounds or materials, 

and have the capability to be directly tied to a renewable energy 

source to produce clean H2 without further modification.[19] 

Salen ligands, with four coordinating sites and two axial sites 

open to ancillary ligands, could control the performance of metals 

in a large variety of useful catalytic transformations and are able 

to stabilize many metals in various oxidation states.[20] Moreover, 

they can be prepared simply in one step from the reaction of an 

aldehyde with a diamine (followed by filtration).[21] Many 

mononuclear and multinuclear metal-salen complexes have been 

used in organic catalytic reactions,[21-22] while their utilization in 

water spitting has rarely been developed.[17e, 23] Recently, we 

reported a noble-metal-free hydrogen production systems based 

on cobalt-salen complex, in which xanthene dyes are usually 

introduced as photosensitizers.[17e] The system presented good 

activity compared to other well-known cobalt complexes in noble-

metal-free systems. However, the detailed electrochemical 

behavior of the complex and the possible mechanism of H2 

production catalysis have not been probed yet. More hydrogen 

production systems based on metal-salen complexes remain to 

be developed and investigated in detail by photochemistry and 

electrochemistry. Here, we report another three metal-salen 

complexes (Ni(II)-, Cu(II)- and Zn(II)-salen) which are introduced 

into photocatalytic hydrogen evolution systems containing EY2- as 

PS and TEA or TEOA as sacrificial donors. Their photocatalytic 

hydrogen evolving performace and stability are thoroughly 

investigated. Furthermore, electrocatalytic hydrogen evolving 

performaces based on Ni(II)-salen complex are investigated. 

Finally, based on the UV-vis, electrochemical and fluoresence-

quenching analysis, we proposed a mechanism for the 

photocatalytic H2 evolution.  
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Scheme 1. Structures of metal–salen complexes and EY2- used in present work. 

Results and Discussion 

Photocatalytic hydrogen generation  

Photocatalytic hydrogen generation experiments were carried 

out under 450 nm LED at 298 K in water/MeOH (2/1, v/v) with 

relative concentrations of EY/Cat=10/1, in the presence of TEA or 

TEOA as the electron donors. The produced H2 was quantified by 

gas chromatography (GC) analysis of the headspace gas mixture; 

this was then used to calculate the turnover number (TON) versus 

the catalyst. Our previous work has shown that the system EY2-

/Co(II)-salen/TEA is pH-dependent and the highest catalytic 

activity presented at pH 10.[17e] Hence, in the present work, we 

conducted the hydrogen-evolving reactions at pH 10. Control 

experiments (based on Ni(II)-salen complex) in the absence of 

either EY2- or TEA (or TEOA) presented no detectable hydrogen 

(Figure S1).  

 

Figure 1. Photocatalytic H2 production comparison of Ni(II)-alen, Cu(II)-salen 

and Zn(II)-salen complexes (0.1 mM) with EY2- (1 mM) and 10% TEA, at pH 10. 

Initial photochemical hydrogen-evolution experiment was 

carried out in the presence of EY2- (1 mM), Ni(II)-salen (0.1 mM), 

TEA (10%, v/v) and 5 mL MeOH/H2O (1: 2, v/v) at pH 10. A 

relative high TON of 250 was achieved in 3 h irradiation, 

corresponding to 2.8 mL of H2 generated (Figure 1). To compare 

the efficiency of Ni(II)-salen to Cu(II)-salen and Zn(II)-salen, these 

catalysts were tested under the identical experimental conditions 

with an EY2-/cat. ratio of 10 : 1. The pH values were kept at 10 

which likewise were the optimal pH value for these reactions, as 

shown previously.[17e] Under these conditions, the Cu(II)-salen, 

with a TON of 85, turns out to be much less active than Ni(II)-

salen (Figure 1). While the Zn(II)-salen, with a TON of 2, is over 

100 times less active than the Ni(II)-salen system. The fact that 

the Ni(II)-salen system displays the highest catalytic performance 

in comparison to the other two catalytic systems should be due to 

the metal nature of the complexes. Nevertheless, compared to 

other Ni complexes in photocatalytic systems using EY2- as PS 

and TEA as sacrificial agents, our complex shows a very 

compatitive activity. For example, Fan and co-authors reported a 

Ni dithiolene complex, namely NtBu4[Ni(BNT)2] (BNT = (R)-1, 1′-

binaphthalene-2,2′-dithiol)], which could produce H2 with 676 

TONs in CH3CN/H2O (1 : 1, v/v) after 4 h of irradiation.[13h] Chen 

and co-authors reported a Ni complex, Ni2(MBD)4 (MBD = 2-

mercaptobenzimidazole), showing 101 TONs in CH3CN/H2O (1 : 

1, v/v) after 5 h of irradiation.[13c] The ligands seem to help efficent 

electron transfer. 

 

Figure 2. Time dependence of photocatalytic H2 evolution from the systems 

containing Ni(II)-salen or Cu(II)-salen complexes (0.1 mM) and TEA or TEOA 

(10% v/v) in MeOH/H2O (1: 2, v/v) solution with EY2- (1 mM). 

 

Figure 3. Comparison of the H2 production against irradiation time by adding 

extra EY2− (1 mM) and Ni(II)-salen (0.1 mM). The beginning system contains 
Ni(II)-salen (0.1 mM), EY2- (1 mM) and 10% TEA, at pH 10. 

Changing the electron donor from TEA to TEOA, while keeping 

the Ni(II)-salen and EY2- invariant, notably decreases the activity 

of the system (Figure 2), as indicated by consistently lower H2 

amounts. However, the duration time can be increased from less 

than 3 h to more than 8 h. A similar situation also presents in 

Cu(II)-salen system. The break for H2 evolution is probably due to 
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the decomposition of EY2- and metal-salen complexes.[14b] Further 

study with a system composed of Ni(II)-salen, EY2- and TEA 

showed that the recovery of hydrogen production was possible by 

adding extra EY2- (achieve a TON of 362 after another 2.5 h), yet 

cannot reach the activity as the beginning system (Figure 3), 

which means there were other factors responsible for the 

deactivation of hydrogen production, probably was the 

decomposition of Ni(II)-salen. Supplement of Ni(II)-salen at the 

breaking point could reproduce hydrogen but with much less 

efficiency. The recovery investigation indicates that EY2- 

decomposed much faster than the catalyst in the photolysis 

progress, and the decomposition of both was responsible for the 

deactivation of hydrogen production. 

 

Issues related to the stability of the photocatalytic system  

During the photocatalytic H2 evolution processes, it was noticed 

that the H2 evolution stopped in the EY2-/Ni(II)-salen/TEA system 

after 3 h irradiation (Figure 2). However, the H2 evolution kept 

going on in the EY2-/Ni(II)-salen/TEOA after 7 h. The deactivation 

which may be attributed to photochemical damage of the catalyst 

and the photosensitizer. During the photolysis process, the color 

immediately changed from orange to yellow green in systems 

utilizing EY2- as chromophores once starting irradiation and faded 

even to colorless after 3 h, which is similar to the reported 

phenomena.[17e] Time-resolved UV-vis spectra were used to 

investigate the deactivation processes. In a system containing 

EY2- (1x10-3 M), Ni(II)-salen (1x10-4 M) and TEA or TEOA (10%, 

v/v) at pH 10 under 420 nm LED illumination, the UV-vis spectra 

were recorded after being diluted 30 times (Figure 4). It can be 

seen that the strong absorption peak of EY2-at 520 nm shifted to 

494 nm after being irradiated for 5 mins in both the systems 

containing TEA and TEOA, which corresponds to their color 

change from orange to yellow green (Figure S2). Then the 

absorption decreased as time goes on, however, the system 

containing TEA presented faster decline than that containing 

TEOA, more than 95% of the absorption had decreased after 2 h 

in the TEA system while the absorption decreased less than 60% 

in the TEOA system. The faster decomposition of chromophore 

should be responsible for the relatively quick deactivation of H2 

evolution in the system containing TEA compared to the system 

containing TEOA. 

 

Figure 4. Changes in the absorption spectra under irradiation for the photolysis 

system containing EY2- (10-3 M), Ni(II)-salen (10-4 M) and 10% TEA or TEOA 

after being diluted 300 times. The spectra were normalized by the absorption of 

EY2- at 520 nm. 

 

Figure 5. Changes in the absorption spectra under irradiation for the system 

containing only EY2- (10-3 M) or Ni(II)-salen (10-4 M) after being diluted 300 times. 

The spectra were normalized by the absorption of EY2- at 520 nm. 

Further investigation of photodecomposition of EY2- and Ni(II)-

salen separately, we found that Ni(II)-salen is much more stable 

than EY2-, only 12% decomposition for Ni(II)-salen was found 

under irradiation for 3 h while nearly 70% decomposition for EY2- 

was found (Figure 5). However, single EY2- presented relatively 

more stable than EY2- in photocatalytic hydrogen evolution 

systems, indicating that the addition of Ni(II)-salen or TEA could 

speed up the decomposition of EY2-. Indeed, the addition of Ni(II)-

salen into EY2- made the absorption of EY2- decrease dramatically 

under irradiation (Figure 6), near 95% decline was found after 1 h 

while only 40% decline was found in the single EY2- system. The 

absorption of EY2- decrease much more dramatically under 

irradiation when TEA was added into EY2-. Meanwhile the 

absorption peak at 520 nm shifted to 494 nm, which is constant 

with the whole hydrogen evolution system but not found in only 

EY2- system or EY2- + Ni(II)-salen system (Figure 6). The photos 

of corresponding solutions are presented in Figure S2-S6. This 

should be attributed to the cleavage of C-Br through reductive 

quenching, leading to photodecomposition of EY2- and 

deterioration of hydrogen evolving activity.[24] While adding Ni(II)-

salen into an EY2- + TEA system could greatly prolong the 

durability of the PS (Figure 4), which was attributed to the electron 

transfer from PS− to the catalyst and subsequent proton reduction 

to H2.[14a, 15, 25] Previously, we found the absorption peak of EY2- 

shifted to the same position with that of Fl2-, probably following the 

dehalogenation process under irradiation.[17e] HPLC results from 

ShimidzuIn’s work showed that the dehalogenated EY2- 

presented the same retention time with that of Fl2-.[24a] Here, we 

investigated dehalogenation in control systems. By means of 

gravimetry with silver nitrate after 2 h photolysis, the Br− from EY2- 

were detected (Table 1). As a result, the detected halide ions yield 

could not reach the degradation extent of EY2-. For example, in 

single EY2- system, when 54% decomposition of EY2- was 

observed by UV-vis measurement, only 23% Br− ions were 

detected by gravimetry. The same situation was also found in 

other control systems. This means a non-complete cleavage of Br 
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from EY2- as its decomposition. Moreover, obviously more Br− 

ions were detected in systems containing TEA than that without 

TEA, which means TEA trends to make EY2- lose Br atoms more 

easily. The UV-vis absorption shift and fast color change in 

photolysis systems containing TEA enhance this viewpoint. 

Further, in a complete hydrogen evolution system containing EY2-, 

Ni(II)-salen and TEA, the Br− was detected by gravimetry of AgBr 

in course of time (Figure 7). Obvious Br− ions were detected at 

the beginning of irradiation, and most of the Br− was detected in 

the first hour and over 80% Br− ions were detected in 3 h. 

 

Figure 6. Changes in the absorption spectra under irradiation for the system 

containing a) only EY2- (10-3 M), b) EY2- (10-3 M) + Ni(II)-salen (10-4 M), c) EY2- 

(10-3 M) + TEA (10% v/v, right) after being diluted 300 times. The spectra were 

normalized by the absorption of EY2- at 520 nm. 

Table 1. Precipitate produced in systems after irradiating for 2 h by 

adding enough silver nitrate without tuning pH.  

Systems EY2- 
EY2- + Ni(II)-

salen 

EY2- + 

TEA 

EY2- + TEA+ 

Ni(II)-salen 

Precipitate 0.5 mg 1.01 mg 1.71 mg 1.78 mg 

Yield 23% 46% 78% 81% 

UV-vis Abs. 

decrease 
54% 98% 95% 95% 

 
Figure 7. Precipitate produced in 3 mL systems containing only EY2- (10-3 M), 
Ni(II)-salen (10-4 M), TEA (10% v/v) by adding enough silver nitrate without 
tuning pH in course of irradiation time. 

Photo-induced electron transfer study 

Steady-state fluorescence titration experiments revealed 

quenching of the fluorescence of EY2- by Ni(II)-salen in 

water/MeOH (2/1, v/v). On excitation at 400 nm, the EY2- showed 

an emission peak centered at 540 nm in MeOH/H2O (1/2, v/v) 

mixed solution at pH 10, corresponding to S1→S0 transitions. The 

difference in energy of the absorption and emission peaks shows 

a small Stokes shift of 25 nm (Figure S7). The emission peak of 

EY2- could be quenched dramatically by ca. 50% upon addition of 

70 equiv of Ni(II)-salen (Figure S8). This means a favorable 

oxidative quenching of EY2- by Ni(II)-salen (presumably oxidative 

quenching to form EY− + [Ni catalyst]−). To gain further insight into 

the mechanism of quenching, we performed a Stern–Volmer 

analysis of the obtained fluorescence titration data. By plotting I0/I 

(ratio of fluorescence intensity in the absence or the presence of 

Ni(II)-salen) against the concentration of Ni(II)-salen (quencher), 

a linear Stern-Volmer plot was got, indicating a dynamic 

quenching takes place (Figure S8).[26] A rate constant kq = 8.27 x 

106 M-1s-1 was calculated. In the previous studies, it was found 

that the fluorescence of 1*EY2- could not be reductively quenched 

by the electron donor TEA, while the 3*EY2- could be reductively 

quenched by TEA, resulting in the formation of the EY3- and 

TEA+.[13b] We demonstrated the reductive quenching of EY2- by 

TEA (Figure S9), which presented a slight quenching in the 

presence of 700 equiv and a rate constant of 6.04 x 104 M-1s-1 

(Figure S9, 102 times lower than that quenched by Ni(II)-salen). 

However, in the present hydrogen production systems, the 

concentration of TEA is 0.14 M, more than 104 times higher than 

the concentration of Ni(II)-salen (1 x 10-5 M). Therefore, the 

reductive quenching process dominated the quenching process. 

The UV-vis spectra investigation for the H2 evolution system and 

its obvious color change revealed that the electron transfer from 

TEA to 3*EY2- happened as soon as irradiation, accompanied with 

the dehalogenation reaction. The reductive quenching pathway 

involves PS* and the electron donor and the subsequent electron 

transfer from PS− to the catalyst. 

 

Electrocatalytic hydrogen production based on Ni(II)-salen 

To elucidate the redox behavior of the catalyst, Ni(II)-salen was 

subjected to electrochemical investigations in dimethylformamide 

(DMF). Figure 8a shows the cyclic voltammogram of Ni(II)-salen 

(1 mM in 0.1 M TBAPF6 in DMF) at a glassy carbon electrode. 

There is a quasi-reversible couple at 0.10 V (Ep = 72 mV), which 

are assigned to Ni(II)/Ni(I) couple. A plot of the redox peaks 

current against the scan rate yielded a straight line, indicative of 

a diffusion-controlled process (Figure 8b and 8c). Upon addition 

of trifluoroacetic acid (TFA, pKa = 6.0 ± 0.3 in DMF),[27] a catalytic 

wave rose at the reduction potential of the Ni(II)/Ni(I) couple (-1.62 

V vs. Ag/AgCl) suggests that Ni(I)-salen reduced protons to H2 

(Figure 8e). Besides, a new catalytic wave appears at more 

positive potential, which should be a ligand-participated reactivity, 

rendering the ligand noninnercent.[28] It has been proved that, for 

metal-salen complexes in acidic condition, the M-O could be 

broken and protonated to form O-H.[29] The coordinated O atoms 

probably also play a role of proton relay in the catalytic process, 

which is similar to the situation that the N atom in nickel(II) thiolate 

complexes plays a role of proton relay.reported by Richard 

Eisenberg.[14b] When 1 equiv TFA was added in the Ni(II)-salen 

solution, no catalytic wave was found near Ni(II)/Ni(I) couple, 

while a new irreversible reductive wave near -0.65 V appeared 
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(Figure 8d). We tentatively assign this peak to a “Ni(II)HL”/”Ni(I)HL” 

(L is salen ligand) couple formed in situ through protonation of the 

original complexes. This might be reasonably attributed to a 

proton-coupled electron transfer by the protonation of the salen 

ligand. Thus the mechanism was supposed to be a ligand-

assisted metal-centered reactivity for proton reduction,[28] in which 

Ni(I)HL is an active species. With further addition of TFA, a 

catalytic wave is seen at a more negative potential (with an onset 

potential -0.71 V vs. Ag/AgCl) than the “Ni(II)HL”/”Ni(I)HL” couple. 

This observation is consistent with the proposed mechanism 

involving the further reduction of the initial “Ni(I)HL” intermediate 

for hydrogen production.[14b] The catalytic peak current follows a 

linear correlation with respect to [TFA] (Figure 8f), indicating the 

reaction rate has a second-order dependence on [H+].[30] This 

implies that the second protonation step occurs at or before the 

turnover limiting step (Scheme 2, step 3).[14b] The second 

reduction (e.g. -1.37 V), at which the catalytic current is seen, 

leads to formation of a proposed Ni hydride intermediate. Thus, a 

CECE mechanism is proposed. The overall catalytic rate constant 

k is estimated to be 7.62 x 106 M-2 s-1. At a fixed concentration of 

acid (0.01 M), the peak current varies linearly with the 

concentration of Ni(II)-salen, indicating a first order dependence 

on the catalyst concentration (Figure S11). A theoretical half-

wave potential value for the reduction of TFA (10 mmol L-1) in 

DMF is -0.46 V vs. Ag/AgCl.[27] Considering the onset potential of 

-0.71 V vs. Ag/AgCl for the catalytic wave under similar conditions, 

thus an overpotential requirement for H2 evolution catalyzed by 

Ni(II)-salen should be at least 250 mV. Controlled potential 

electrolysis of Ni(II)-salen in 0.1 M TFA in DMF at -1.6 V vs 

Ag/AgCl followed by analysis of the gas in the headspace by 

GC/TCD showed that H2 was produced, with >95% Faradaic yield, 

a TON of 3160 and a TOF of 1580 h-1 (Figure S12). 

Figure 8. a) CV characterization of Ni(II)-salen (1 mM) in DMF; b) CVs at various scan speeds showing the redox waves; c) plot of the peak current of the first redox 

wave against the scan speed; d) CV of 1 mM of Ni(II)-salen in DMF without acid and with 1eq TFA; e) CV of 1 mM of Ni(II)-salen in DMF without acid (black) and 

with TFA titration; f) plot of ic taken from the peak versus [TFA]. All the systems use TBAPF6 (0.1 M) as the electrolyte, all the potentials are versus Ag/AgCl. 

 

Scheme 2. Proposed mechanism of hydrogen formation. The reversibility of the 
steps in the scheme beyond the initial protonation has not been established. 
TOLS = turnover-limiting step. 

Mechanism of photocatalytic proton reduction 

The above results show that Ni(II)-salen has a reductive 

potential for NiII/I at -1.62 V vs. Ag/AgCl. We also studied the redox 

potential of EY2− with CV measurements (Figure S13), and the 

first reductive potential Ered = −0.75 V and the fist oxidative 

potential Eox = 0.87 V were found, which is approximate to the Fl2- 

(the complete dehalogenated species). So, it is not possible to 

receive an electron from EY3- due to the thermodynamical 

forbiddance. Considering the E00 energy of 2.35 eV and 2.30 eV 

corresponding to the singlet excited state (1*EY2−) and triplet 

excited state (3*EY2−) of EY2− respectively, the oxidative potential 

of the two excited states of 1*Eox= −1.48 V and 3*Eox = −1.43 V 

were obtained (Table S1), which also means a thermodynamically 

forbidden oxidative quenching process by Ni(II)-salen. However, 

in the electrochemistry study, a ligand-participated reactivity for 

H2 production was found, in which Ni(II)-salen firstly suffered from 

protonation and then started catalytic performance at -0.71 V. 

According to this potential, it is possible for Ni(II)-salen to receive 

a proton from solution and an electron from the EY3- to form 

Ni(I)HL, while, for the second protonation and reduction to form 

Ni hydride (with a reductive potential more negative than -1.37 V), 
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an oxidative quenching should be reasonable. As we illustrated 

above, the reductive quenching process by TEA to form EY3- is 

dominating, and the following electrotransfer to a Ni(II)HL is 

thermodynamically favorable. Therefore, we speculated an initial 

reductive quenching of 3*EY2- by TEA, generating EY3- which then 

suffered from dehalogenation (DH) process immediately. 

However, the halogen atoms could not be completely cleaved 

immediately as the irradiation starting on. The detection for Br- by 

gravity method has shown that the cleavage of Br from EY2- is a 

dramatic but continuous process. So, we name the 

dehalogenated EY2- in ambiguous extents as DH-EY to represent 

real and effective PS species. The excited *DH-EY could 1) 

receive an electron from TEA to form DH-EY− or 2) transfer 

electrons to Ni(I)HL to form DH-EY+, followed by the catalytic H2 

production (Scheme 2). Ni(II)-salen firstly suffered from 

protonation and reduction to form a Ni(I)HL species, then suffered 

from the second protonation and reduction to form Ni hydried 

intermediate which will release a H2 and return to Ni(II)-salen. 

Conclusions 

Three metal-salen (Ni, Cu and Zn) complexes as catalysts were 

firstly introduced into homogeneous photocatalytic hydrogen 

evolution systems. To construct noble-metal-free systems, EY2- 

was used as photosensitizers instead of the traditional ones 

containing noble metals. The Ni(II)-salen complex presented 

much better hydrogen production performance than the other two 

complexes, with a TON of 362 with one time complement for EY2- 

in 5.5 h. The stability of the photolysis system was investigated in 

detail by UV-vis measurements and gravity method. The 

decomposition of dyes and catalysts should be responsible for the 

deactivation, and the former was more serious as proved by UV-

vis spctra study. The fluorescence quenching experiments 

showed that the reductive quenching of 3*EY2- by receiving an 

electron from TEA dominated the process, although the reductive 

quenching by Ni(II)-salen is thermodynamically favorable. 

Investigation of electrocatalytic proton reduction by Ni(II)-salen 

showed a CECE mechanism. An overall catalytic rate constant of 

7.62 x 106 M-2 s-1 was achieved. Through bulk electrolysis, a 

Faradaic yield >95% was achieved, with a TON of 3160 and a 

TOF of 1580 h-1. Based on all the results, a photocatalytic 

hydrogen evolving mechanism is proposed. 

Experimental Section 

Materials 

According to a method reported in the literature,[31] the salen ligands 

were synthesized simply and in one step from the reaction of an aldehyde 

with a diamine. Followed by the reaction with Ni(II), Cu(II), Zn(II) acetate 

in ethanol, we can get the corresponding complexes. Disodium salts of 

Eosin Y and tetrabutylammonium hexafluorophosphate (TBAPF6) were 

purchased from TCI and used without further purification. DMF used for 

electrochemistry is fresh distilled. Other solvents were of analytical purity 

and used without further treatment unless otherwise stated. 

Photocatalytic activity of hydrogen production 

Samples in MeOH/H2O (1/2; 5.0 mL) containing 0.1 mM catalyst, 1.0 

mM EY2-, and TEA (10% v/v) were prepared in 10 mL scintillation vials and 

protected from light before use. The pH value of the solution was adjusted 

by adding HCl or NaOH and measured on a FE20-K pH meter. The 

reaction mixture was degassed by bubbling with high purity N2 for 15 min 

to remove air. The photolysis experiments were carried out upon irradiation 

with a 450 nm LED light (1 W). The gas phase generated from the reaction 

system was analyzed on a GC SP6890 instrument with a 5 Å molecular 

sieve column and a thermal conductivity detector using N2 as the carrying 

gas, by injecting 100 μL of headspace into the gas chromatograph, and 

were quantified by a calibration plot to the internal CH4 standard. 

Spectroscopic Measurements 

UV−vis spectra in acetonitrile were taken on a Cary 60 UV-vis 

spectrophotometer using a 1 cm path length quartz cuvette. 

Fluorescence Quenching 

A solution (2.0 mL) of EY2- at 1 μM concentration in a 1/2 MeOH/H2O 

mixture (pH adjusted to 10) was prepared in a quartz cuvette fitted with a 

septum cap, and the solution was degassed under N2 for 5 min. Aliquots 

of 10−100 μL of N2-degassed solution containing quencher in the same 

solvent mixture (pH adjusted to 10) were added, and the intensity of the 

fluorescence was monitored by steady-state fluorescence, exciting at 450 

nm on a FP-8500 fluorimeter with a photomultiplier tube detector. 

Cyclic Voltammetry 

Cyclic voltammetry (CV) measurements of the catalyst were performed 

with a one-compartment cell with a 1.6 mm diameter glassy-carbon 

working electrode, a Pt auxiliary electrode, and an Ag/AgCl reference 

electrode on the BioLogic VSP-300. The electrolyte for electrochemistry in 

DMF was 0.1 M TBAPF6. Argon was used to purge all samples. In the acid 

concentration dependence study, a 1.0 M TFA stock solution was prepared 

in the same solvent mixture with 0.1 M corresponding electrolyte. To a 

stirred 1.0 mM catalyst solution, the acid stock solution was added, and 

the mixture was purged with argon for another 5 min before performing 

cyclic voltammetry. 

Catalytic rate constants determination 

The peak current (ip) for the diffusion-controlled electron-transfer process 

is given by Eq. (1): 

𝑖𝑝 = 𝑛𝐹𝐴[𝑐𝑎𝑡]√𝐷√(𝐹𝑣) 𝑅𝑇⁄        (1) 

From the slope of the plot of ip against 1/2, the diffusion coefficient (D) can 

be obtained. The catalytic current for a reversible electron-transfer process 

followed by a fast catalytic reaction (ERCcat) is given by Eq. (2): 

𝑖𝑐 = 𝑛𝐹𝐴[𝑐𝑎𝑡]√𝐷𝑘[𝐻]2       (2) 

At low-acid concentration the plot of ic against acid concentration is linear 

and the overall catalytic rate constant can be obtained from the slope of 

the plot. 

The feasibility analysis of photo-induced electron transfer processes 

Firstly, the first redox potential of EY2- (Ered and Eox) was confirmed by 

CV measurement. Secondly, the exciting energy of EY2- (E0,0) was 

calculated from the crossing wavelength of its UV-vis absorption and 

Fluorescence. The oxidative potential of excited state: *Eox = Eox - E0,0; 

the reductive potential of excited state: *Ered = Ered + E0,0;  
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Then, the Gibbs free energy (G0) of oxidative process was calculated 

by this equation: G0 = *Eox - Ered(Q); the Gibbs free energy (G0) of the 

reductive process was calculated by this equation: G0 = Eox(Q) – *Ered  
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would require minimal synthetic effort 

and use inexpensive compounds. 

Cheap metal-salen complexes, with 

merits of easy preparation, readily 

tunable ligands and high activity for 

catalytic hydrogen production, have 

been proved to be good candidates for 

large scale H2 economy while the 

stability and understanding of the 

catalytic mechanism for the H2 

evolution should be further improved 
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