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ABSTRACT: The spin state of metal atoms may play a key role on the photocatalytic hydrogen 

evolution reaction (HER) of polyoxometalate (POM)-based catalysts. Herein, we construct two 

POM-based metal-organic frameworks (POMOFs) with molecular junction structures by 

integrating metal-organic framework structure including high spin-state active Co or Ni sites 

with [GeW12O40]
4- (GeW12) POM. These structures have a fast electron transfer channel, in 

which the electronic structures of the high spin metal centers may determine whether the POM 

can produce reduced POM (heteropolyblue, HPB) leading to enhanced HER activity. Upon 

photoexcitation, the CoII high-spin state has a vacant in the t2g orbital, that transfers electrons 

through π-orbitals, enhancing the electron transfer rate and promoting the generation of HPB. 

Thus, Co6-GeW12 POMOF forms HPB species during the photocatalytic process and has a 

photocatalytic HER activity as high as 13.7 mmol g-1 h-1. This value is the highest one obtained 

for any photocatalysts with POM as photosensitizer. 

KEYWORDS: polyoxometalate, molecular junction, high spin-state, heteropolyblue, 

photocatalytic HER 

INTRODUCTION 

Hydrogen, as a sustainable and efficient source, has become a key area of research in the last 

decade.1 Photocatalytic decomposition of water is one of the possible ways to obtain hydrogen, 

in which the photocatalyst is the key factor to determine the efficiency of hydrogen production. 

Noble metals have good photocatalytic activity and are commonly used to participate in 

photocatalytic reactions, but their high price greatly increases the cost of application.2-4 Hence, 

considerable effort has been dedicated to the development of efficient non-noble photocatalysts 

such as metal oxide semiconductors, metal sulphides and metal-organic frameworks (MOFs).5-8 
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In metal complexes, the spin state of the metal center has a significant effect on the catalytic 

performance. The spin state can be mainly classified into two states: low and high spin (HS). The 

HS state is observed when the energy difference between the t2g and eg orbitals is low, whereas 

low spin is observed when this energy difference is high. In addition, during the HER process, H 

atom adsorption and O-H bond breaking are is strongly influenced by the electronic structures of 

the metal sites.9 In groups 9 metals, especially Co, HS metallic centers can accelerate the light-

induced charge separation, decrease the free energy of adsorbed H atoms and the activation 

barrier for the formation of H-H bonds.10-13 Therefore, the synthesis of catalysts with HS Co as 

metal active centers is a feasible strategy to obtain efficient catalyst with for HER. 

Polyoxometalates (POMs) are a class of nanoscale metal oxide clusters with numerous 

desirable properties, including structural stability, tunable size and anionic charge, catalytic 

ability, reversible redox activity and semiconductor-like properties. Therefore, they have a great 

potential for application in photocatalytic water splitting.14-16 Nevertheless, POMs generally only 

absorb in the UV region because of their low LUMO energy level and big HOMO-LUMO 

energy gap.17 Keggin-type polyoxometalates are able to form 24-electron super reduced state 

heteropoly blue species, which can absorb visible light and enhance the utilisation of light 

energy, thus achieving improved photocatalytic activity.32,33 Therefore, Keggin-type 

polyoxometalate are ideal precursor materials for the synthesis of photocatalysts.  

POM-based metal-organic frameworks (POMOFs), as crystalline porous materials, are formed 

by POMs and/or metal ions or clusters bridged with organic ligands with some unique 

advantages: i) high porosity and large surface area for photocatalytic hydrogen production, ii) 

MOFs also provide organic ligands with a regular porous structure that increases the stability of 

the overall structure. iii) well-defined metal coordination environments facilitate precise 



4 

 

mechanistic investigations, while the tunable composition of metallic active sites offers 

additional flexibility in catalytic design, iv) the incorporation of transition metal elements (such 

as Fe, Co, and Ni) within MOF structures can enhance the LUMO energy levels of POMOF 

photocatalysts through orbital coupling.8,18-27 

Evermore, in addition to the above advantages, POMOFs with periodically ordered molecular 

structures are non-precious metal photocatalysts able to build intramolecular heterojunctions for 

rapid electron transfer.28-31 In fact, heteropolyblues (HPBs, since reduced heteropoly POMs are 

generally deep blue) can be easily obtained by reduction of POM. HPBs show high absorption in 

the visible region (400-800 nm), enlarging the light absorption range of pure POM.32-34 The 

reduction of HPBs in POMOFs may occur in two main ways: i) organic solvents provide 

electrons to the POM, resulting in the reduction of W6+/Mo6+ to W5+/Mo5+ and ii) the metal in the 

MOF can be excited by light to provide electrons to the POM, resulting in the reduction of 

W6+/Mo6+ to W5+/Mo5+.35-37 

 In summary, POMOFs are promising candidates as non-noble photocatalysts for efficient 

hydrogen production. Albeit, the existence of the organic ligands may hinder the contact of the 

POM with the electron donor, inhibiting the reduction of the POMOF to the HPB state when 

undergoing the photocatalytic hydrogen production process and, therefore, reducing the 

photocatalytic activity.38 In addition, the different arrangement of the metal electrons in the metal 

complexes orbitals will lead to different ligand field stabilization energies (LFSE) affecting, on 

one hand, the stability of the structure and, on the other hand, the electron transfer efficiency. 

Therefore, it is necessary to select suitable metal elements to construct POMOFs structures 

capable of forming HPB states. Ideal structures of POMOFs should: i) be able to form HPB 

states during the photocatalytic process to enhance the absorption of visible light, ii) build fast 
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electron transfer channels by molecular junctions to improve the transfer efficiency of the 

photogenerated electrons, iii) be constructed from non-precious metals and iv) be easily recycled. 

In this work, we take advantage of the difference in the electronic configurations between Co 

and Ni to investigate their effect on the formation of reduced HPBs and consequently, on the 

catalytic HER activity of two closely related POMOFs. On the other side, we use the pzta ligand 

(5-(2-pyrazinyl)triazole) since it has a high capacity to connect metals centers to ensure the 

formation of POMOFs structures. (Figure S1). Based on these two points, we have prepared two 

POMOFs: [CoII
6(pzta)6(H2O)4(OH)2](GeW12O40) (abbreviated as Co6-GeW12) and 

[NiII
6(pzta)6(H2O)4(OH)2](GeW12O40) (abbreviated as Ni6-GeW12) by hydrothermal methods 

(Scheme S1). These two crystalline compounds have the same structure and, therefore, allow to 

study the effect of two different transition metals on the photocatalytic HER activity of these 

POMOFs. The introduction of Co and Ni significantly increases the photocatalytic HER activity 

of these POMOFs compared to those of the parent polyoxometalates. We show that the transition 

metals can act as active sites to improve the electron transfer of the photogenerated electrons to 

the H+. The Co-containing POMOF Co6-GeW12 exhibits a better hydrogen evolution rate (up to 

13.7 mmol g-1 h-1 with a Turnover Number (TON) of 349.8 and a Turnover Frequency (TOF) of 

58.3 h-1). The better performance of the cobalt POMOF compared to the Ni one can be explained 

by the differences in the electronic configurations (high-spin t2g
5eg

2 for CoII and t2g
6eg

2 for NiII). 

The lower LFSE of CoII in Co6-GeW12 can be more easily overtaken, allowing, on one hand, a 

better contact between the sacrificial electron donor and the POM to form the HPB state. On the 

other hand, the electrons in the t2g
5 orbitals can be transferred to the POM through W-O-Co π-

bonds.  
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The synergistic outcome of these two facts leads to the formation of HPBs from Co6-GeW12. 

DFT calculations show that the photogenerated electrons produced by the reduced HPBs can be 

transferred back to CoII via π-bonds, thus providing a high photocatalytic activity. Remarkably, 

Co6-GeW12 is the photocatalyst for H2 evolution with the highest catalytic activity among 

classical (GeW12O40)
4- and demonstrates superior photocatalytic performance compared to any 

POM-based photocatalysts. 

METHODS  

Synthesis of Co6-GeW12. K4(GeW12O40)·7H2O, CoCl2·6H2O (0.16 g), NH4VO3 (0.35 g) and 

pzta (0.45 g) were dissolved in 36 mL of deionized water and the pH was adjusted to 6.8 with 1 

M HCl or NaOH solution. The resulting solution was stirred at room temperature for 2 h and was 

divided into three aliquots that were transferred to a 20 mL PTFE reactor and kept at 180 ºC for 

72 h. The reactor was allowed to slowly cool in the oven down to 80 ºC to obtain brown-red 

rhombic crystals that were filtered, washed with water and air-dried to obtain Co6-GeW12. 

Synthesis of Ni6-GeW12. Ni6-GeW12 was synthesized as Co6-GeW12 but adding NiCl2·6H2O 

(0.16 g) instead of CoCl2·6H2O and adjusting the pH of the solution to 6.6. The brown-green 

rhombic crystals so obtained were also filtered, washed with water and air-dried. 

RESULTS AND DISCUSSION  

Both compounds are isostructural and crystallize in the trigonal R3 space group.39 The 

asymmetric unit consist of two Co (or Ni) atoms, two deprotonated pzta- ligands, two 

coordinated O atoms (O1W and O2W) and 1/3 (GeW12O40)
4- POM. Thus, the formula of 

compounds is [MII
6(pzta)6(H2O)4(OH)2](GeW12O40) (M = Co or Ni). Note that although it is not 

possible to find the H atoms attached to the coordinated O1W and O2W atoms, the charge 

balance requires that two of the six oxygen atoms of the formula unit to be OH- groups and water 
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molecules the other four.40,41 The two independent MII ions (M1 and M2) show slightly distorted 

octahedral coordination geometries of the type MN4O2 (Figure S5). In both centers the four N 

atoms correspond to a chelate and two monodentate pzta- ligands, whereas the two O atoms are a 

water molecule (or a hydroxide anion) and a terminal O atom of the (GeW12O40)
4- POM. The 

bond distances of Co-O, Co-N, Ni-N and Ni-O are all similar (Tables S3 and S4). 

 

Figure 1. Schematic construction of the structure of M6-GeW12 (M = Co or Ni): (a) 

[MII
6(pzta)6(H2O)4(OH)2]n

4n+; (b) 3D-POMOF and (c) channel types; Simulated and 

experimental X-ray powder patterns of (d) Co6-GeW12 and (e) Ni6-GeW12. 

The pzta- ligands connect the MII ions to form the hexanuclear cationic entity 

[MII
6(pzta)6(H2O)4(OH)2]

4+ (I) (Figure 1a). The MII
6 units are further connected via M-N bonds 

to form a cationinc [MII
6(pzta)6(H2O)4(OH)2]n

4n+ with two types of channels (i and ii, Figure 1c). 

The bigger channels (i) are large enough to accommodate the (GeW12O40)
4- POMs that connect 

to the via the terminal O atoms of the POMs (Ot). These M-Ot bonds fix the POMs in the 

channels, increase the stability of the and create molecular junctions in the 3D-POMOF structure 
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(Figure 1b). Analysis of the porosity of the crystal using PLATON software yields an effective 

porosity of 253.0 Å3 per unit cell, which is 4.3 % of the total cell volume of 5901.0 Å3. This 

effective porosity corresponds to the smaller channel (ii, with a size of 7.6 Å, Figure 1c). This 

empty channel allows the easy diffusion of H2O and H+, favoring the formation of photoactive 

sites and increasing the efficiency of the photo-driven water separation reaction. The X-ray 

powder diffractogram of both compounds coincide with the simulated ones from the single 

crystal data, confirming the purity of the two compounds (Figures 1d and 1e).  

The oxidation states of Co, Ni and W were verified through X-ray photoelectron spectroscopy 

(XPS). The CoII 2p orbitals of Co6-GeW12 show two distinct peaks at 780.62 and 796.52 eV, 

corresponding to the 2p3/2 and 2p1/2 energy levels. (Figure 2a). The peaks at 786.0 and 801.88 eV 

correspond to the satellite peaks of CoII.42-45 In addition, the spin-orbit splitting energy (∆E2p), 

increases with the amount of unpaired electrons of Co atom. In our case, ∆E2p is 15.9 eV, very 

similar to the reported values for divalent HS CoII ions. There is, additionally, a satellite 

characteristic peak which further the presence of HS CoII ions.13, 46 Therefore, the XPS spectrum 

indicates the presence of high-spin CoII ions that present, in a octahedral coordination, a t2g
5eg

2 

electron configuration, i.e., with one unpaired electron in the t2g orbital and two unpaired 

electrons in the eg orbitals. This electronic configuration facilitates the electron transfer through 

the π-bonds of the terminal O atoms, showing potential for excellent photocatalytic properties. 

The peaks observed at 855.34 and 872.92 eV in the Ni6-GeW12 compound can be assigned to 

the NiII 2p3/2 and NiII 2p1/2 orbitals, respectively. On the other hand, the presence of the 

additional peaks at 861.22 and 878.84 eV indicates the presence of satellite peaks associated with 

NiII (Figure 2c).47 NiII in an octahedral environment has a t2g
6eg

2 electron configuration, with no 

unpaired electron in the t2g orbital and two unpaired electrons in the eg orbitals. Therefore, NiII 
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cannot transport electrons through the t2g orbitals from the O atoms of the GeW12 clusters. In 

both compounds, the peaks of W 4f7/2 and W 4f5/2 appear at identical binding energies of 34.4 

and 36.5 eV, respectively, indicating the presence of WVI ions. Additionally, we observe satellite 

peaks at 40.2 eV in Co6-GeW12 and 39.9 eV in Ni6-GeW12, corresponding to WVI can be 

observed (Figures 2b and 2d).36 

 

Figure 2. XPS spectra of Co6-GeW12 in: (a) the Co 2p and (b) W 4f regions. XPS spectra of Ni6-

GeW12 in: (c) the Ni 2p and (d) W 4f regions. Thermal variation of the χmT product per formula 

unit for: (e) Co6-GeW12 and (f) Ni6-GeW12. Insets show the isothermal magnetizations at 2 K. 

Solid lines are the best fit to the models. 

A further confirmation of the oxidation state and the spin configuration of both cations is 

provided by the magnetic measurements of both compounds. As can be seen in Figure 2, the 

product of the molar magnetic susceptibility per formula unit (i.e., Ni6 or Co6) times the 
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temperature (χmT) for Ni6-GeW12 and Co6-GeW12, shows values at room temperature of around 

6.7 and 18.4 cm3 K mol-1, respectively (i.e., around 1.1 and 3.1 cm3 K mol-1 per NiII and CoII 

ion). These values are the expected ones for one independent NiII ion with g = 2.12 and within 

the normal range observed for HS CoII ions (2.8-3.4 cm3 K mol-1, depending on the orbital 

contribution of the 4T1g ground state of the HS CoII ions).48,49 When the samples are cooled, both 

compounds show progressive decreases when the temperature is decreased to reach values of 0.7 

and 3.0 cm3 K mol-1 at 2 K (Figure 2). This behavior confirms the existence of weak 

antiferromagnetic interactions in both compounds, although in Co6-GeW12 the decrease may be 

also because of the existence of a spin-orbit coupling arising from the 4T1g ground state.48,49 

The isothermal magnetization at 2 K for both compounds show also a very similar behaviour 

(insets in Figure 2) and confirm the presence of high spin CoII ions in Co6-GeW12. Thus, the 

saturation value of 9.5 μB per formula unit for NiII derivatives is close to 11-12 μB (i.e., slightly 

below 2 μB per NiII ion, which is the expected value for an isolated NiII ion with g = 2, inset in 

Figure 2f). The CoII derivative exhibits a saturation value close to 14 μB per formula unit (i.e., 

around 2.3 μB per CoII ion, inset in Figure 2e). This value is below the expected one (3.0 μB) for 

a high spin S = 3/2 spin ground state with g = 2, since at 2 K only the lowest Kramers doublet 

(originating from the splitting of the 4T1g term because of the first order spin-orbit coupling) is 

populated, resulting in an effective spin ground state of 1/2 at very low temperatures. Assuming 

an S = 1/2 ground spin state, the calculated effective g value for the CoII ions is around 4.6, very 

close to those observed for other isolated HS Co(II) complexes.48,49 

Since the structure of both compounds shows the presence of MII dimers with double -N-N- 

bridges which are further connected to other four dimers by pyrazine bridges (Figures S7 and 

S8), we have fitted the magnetic performances of both compounds to a dimer model with an 
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interdimer interaction (j, modelled with the mean field approximation) using the program PHI.50 

Additionally, we have included a zero field splitting (ZFS) parameter (D) for the NiII ions 

whereas for the CoII ions we have also included a spin-orbit coupling (λ) and an orbital reduction 

factor (α) with the following Hamiltonian:50 

Ĥ= αλL̂·Ŝ+α2B2
0 [3L̂

2
-L̂

2
] +μ

B
(αL̂·I+2Ŝ·I)·B⃗⃗ -2Jdim·Ŝ1·Ŝ2 

This Hamiltonian implies two identical magnetically coupled octahedral high spin CoII ions 

with a spin-orbit coupling (λ) and an orbital reduction factor (α = κA). The distortions from the 

ideal symmetry of the CoII ion are included with the crystal field parameters B2
0 (with D = 3B2

0θ2) 

to account for the axial distortion. 

For both compounds the dimer model reproduces simultaneously the thermal variation of χmT 

and the isothermal magnetization in a very satisfactorily way (solid lines in Figure 2) with the 

following parameters: g = 2.188(2), Jdim = -10.50(3) cm-1, j = -0.28(1) cm-1, |D| = 6.2(1) cm-1 and 

a monomeric S = 1 impurity of 3.9(1) % for Ni6-GeW12 (solid lines in Figure 2f) and α = -

1.15(1), λ = -96(1) cm-1, |D| = 11.7(3) cm-1, Jdim = -0.67(1) cm-1 and j = -0.07(1) cm-1 for Co6-

GeW12 (solid lines in Figure 2e). As can be seen in both cases we obtain a weak 

antiferromagnetic intradimer coupling (J) through the double -N-N- bridges, in agreement with 

the weak couplings observed in other similar NiII and high spin CoII dimers connected through 

similar double -N-N- triazole bridges.51-55 Note that the sign of the ZFS parameter (D) cannot be 

determine from magnetic measurement on polycrystalline samples and that the D and J 

parameters may be correlated, precluding a precise determination of both, although the D values 

are within the normal range found for other NiII and high spin CoII complexes. 56 

Subsequently, the band gap structure of the title compound was investigated. The UV-Vis 

analysis reveals a broad band in the 200-400 nm range for both compounds that can be ascribed 
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to the GeW12. The formation of the transition metals complexes with the organic ligands and the 

GeW12 broadens the absorption range, giving rise to bands in the 400-800 nm range that can be 

attributed to the electron transfer among the metal cations and the GeW12 clusters (Figure S9a).57 

Thus, the insertion of the GeW12 units into the MII-pzta complexes results in the formation of 

3D-POMOFs which effectively expand the absorption range (Figure S9a). Furthermore, the Co6-

GeW12 derivative exhibits enhanced absorption in the 400-600 nm range, thereby facilitating the 

absorption of a greater amount of photons in this range.58 The optical bandgap widths of both 

compounds have been obtained by UV-Vis DRS coupled with the Tauc-plots (Figure S9b). The 

bandgap widths of GeW12, Co6-GeW12 and Ni6-GeW12 were calculated to be 3.57, 2.68 and 2.74 

eV, respectively. These results indicate that the formation of the 3D-POMOFs can effectively 

reduce the forbidden bandwidth. Moreover, Co6-GeW12 has a smaller bandgap width and, 

therefore, it requires less energy when excited by light, favoring its photocatalytic activity since 

it can absorb more photon energy (Figure S9b). The LUMO of GeW12, Co6-GeW12 and Ni6-

GeW12 were deduced from Mott-Schottky plots tests. The flat band potentials of GeW12, Co6-

GeW12, and Ni6-GeW12 for Ag/AgCl are -0.19, -0.41, and -0.38 V, respectively (Figures S10-

S12), corresponding to LUMO energy levels of 0.007, -0.213, and -0.183 V vs. NHE.59 

Combined with the band gap values, the HOMO of GeW12, Co6-GeW12 and Ni6-GeW12 can be 

estimated to be 3.577, 2.467 and 2.557 eV vs. NHE, respectively (Figure S13). These values 

show that: (i) the conduction band potential of the parent POM GeW12 (0.007 V vs. NHE) does 

not satisfy the condition of photocatalytic decomposition of water for hydrogen production and 

(ii) the introduction of transition metals and POM increases the conduction band potential (due to 

the mixing of metal orbitals) so that Co6-GeW12 and Ni6-GeW12 satisfy the condition of 

photocatalytic decomposition of water for hydrogen production. 
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Figure 3. (a) HPB formation in Co6-GeW12 under UV illumination; (b-e) HPB vanishing in Co6-

GeW12 photocatalytic system solution after exposure to O2. (f) Evolution of the UV-vis diffuse 

reflectance spectra of Co6-GeW12 with the UV light illumination time. (g) Evolution of the UV-

vis diffuse reflectance spectra of Co6-GeW12 with the O2 exposure time. 

We have studied the photocatalytic production of hydrogen using the two 3D-POMOFs Co6-

GeW12, Ni6-GeW12 and the pristine GeW12, without the use of any noble metal co-catalysts, 

under a 500 W xenon lamp. The optimal experimental conditions were determined by conducting 

blank and comparative experiments, analyzing factors such as the type and concentration of 

sacrificial electron donor, as well as the range of irradiation wavelengths (Table S1). 

When the light source was turned on, the solution of the catalytic system changed from 

colorless to blue after a period of irradiation, indicating the formation of reduced HPB anions 

(Figure 3a). The HPB color darkens with increasing the UV lamp irradiation time and the 

absorption band at 610 nm increases significantly (Figure 3f). This is due to the WVI→WV 

reduction process in the POM. After O2 bubbling, the solution blue color vanished to a colorless 

suspension (Figures 3b-3e) and the absorption band at 610 nm gradually decreases, proving the 
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reversibility of the POM reduction (Figure 3g). In order to optimize the conditions for H2 

production, we have tested different sacrificial electron donors as lactic acid, methanol, 

triethanolamine (TEOA) and triethylamine (TEA). As can be seen in Figure 4a, the highest H2 

production, by far, is obtained for TEA. Consequently, we have performed all the catalytic 

studies with TEA as sacrificial electron donors. 

In order to obtain the optimal solvent for H2 evolution, we have tested different water-acetone 

mixtures. When pure water is used as solvent, the POM is not reduced to HPB and no hydrogen 

is produced (Figure 4b). This fact can be explained by the low water solubility of the TEA 

electron-sacrificing agent, that precludes the electron transfer with the catalyst. By changing the 

water: acetone ratio, we have found that the highest photocatalytic hydrogen production rate is 

obtained for an acetone: water ratio of 2 : 1 (Figure 4b). This results shows that acetone has an 

key role in the catalytic hydrogen production system since acetone enhances the contact between 

the electron donor (TEA) and the POM (electron acceptor), resulting in the formation of the HPB 

state. As expected, when we only use acetone as solvent, the lack of water as a source of H+ 

results in the production of only trace amounts of H2, most probably due to trace amounts of 

water in the acetone and/or the dehydrogenation of acetone (Figure 4b). 

Subsequently, we have investigated the effect of the concentration of the sacrificial agent 

(TEA) on the photocatalytic system. We find a maximum photocatalytic hydrogen production 

rate for a TEA concentration of 10 % (Figure 4c). This results suggests that for low TEA 

concentrations the sacrificial agent is not able to restore all the holes left by the photoexcited 

electrons in the catalyst, whereas too much sacrificial agent would block the active sites of the 

catalyst, leading to a decrease in the photocatalytic hydrogen production rate. 
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Once the previously mentioned variables were optimized (solvent, electron donor and its 

concentration), we have measured the H2 production using, in a typical experiment, a 20 mL 

solution of the photocatalytic system, consisting of 5 mg of photocatalyst, acetone: water ratio of 

2: 1 (v/v) and 10 % TEA (v/vsolution) as a sacrificial agent. The reaction was carried out for 6 

hours under the aforementioned conditions. Co6-GeW12 exhibited a significantly higher 

hydrogen production rate of 13.7 mmol g-1 h-1, more than ten times higher than Ni6-GeW12, 

which achieved a rate of 1.24 mmol g-1 h-1 (Figure 4d). 

 

Figure 4. Comparison of hydrogen production performance of photocatalysts under different 

conditions: (a) type of sacrificial agent; (b) solvent concentration; (c) sacrificial agent 

concentration and (d) performance comparison of different catalysts. Figures a, b, c and d, 

present data as mean ± SD (n = 3). 

Additionally, the two 3D-POMOFs exhibit different behavior during the photocatalytic 

reactions. Thus, after 2 hours of light exposure, Co6-GeW12 formed the heteropoly blue POM 

(HPB, Figure 5f), indicative of a reduction of the POM.36,43 In contrast, Ni6-GeW12 did not 

exhibit the HPB formation after light exposure (Figure 5e). This different behavior may be the 

reason for the so different performances of these two 3D-POMOFs. 
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Figure 5. Cycling tests for (a) Co6-GeW12 and (b) Ni6-GeW12. X-ray diffraction patterns of (c) 

Co6-GeW12 and (d) Ni6-GeW12 before and after illumination. Photocatalytic solutions of (e) Ni6-

GeW12 and (f-g) Co6-GeW12 under different irradiation. 

The two 3D-POMOF photocatalysts exhibit remarkable cycling stability, with catalytic 

activities close to the initial value even after five consecutive cycles within a 30 h time frame 

(Figures 5a and 5d). In addition, X-Ray diffraction experiments reveal that the Ni6-GeW12 

photocatalyst maintains its structural stability after the photocatalytic tests (Figure 5d). In 

contrast, the characteristic peaks of the Co6-GeW12 photocatalysts undergo significant changes, 

with a decrease in the diffraction peak of the (1 0 1) plane and a significant increase in those of 

the (2 -1 0), (3 0 3) and (3 0 6) planes (Figure 5c). This change in the X-ray diffractogram 

suggests that the Co6-GeW12 catalyst suffers a partial structural transformation during the 

catalytic cycle in the organic alkaline solution. This structural change allows the transfer of 
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electrons from TEA to POM, forming the HPB state during the photocatalytic process. This 

structural differences explains the different behavior of the two 3D-POMOFs during 

photocatalytic experiments. The lower ligand field stabilization energy (LFSE) of CoII 

complexes compared to NiII complexes explains their structural etching.60 In addition, there was 

no significant difference between the IR after and before the reaction, indicating the good 

stability of the two catalysts (Figure S14). To further demonstrate phase purity, we analyzed in 

the 5-50 range using software (PowderCell 2.3) that simulates powder spectra and allows for 

rapid Rietveld refinement based on single-crystal data. As shown in (Figure S15), by fitting both 

samples before and after the reaction to the simulated data, both have a good match. The 

variability in the fitted data stems from the difference in peak intensities, which is further 

evidence that there is no additional phase in the samples.  

Electrochemical impedance spectroscopy (EIS) shows that Co6-GeW12 has a slightly lower 

impedance than Ni6-GeW12 and both have significantly lower impedances than the pristine 

GeW12 POM. (Figure S16). The photoluminescence (PL) spectra of Co6-GeW12 and Ni6-GeW12, 

recorded with an excitation wavelength of 360 nm, show that both compounds have better 

photogenerated electron hole separation rates compared to the pristine POM (Figure S17).61 As 

shown in Figure S18, the EPR signals of the catalysts were significantly different when 2,2,6,6-

tetramethylpiperidinooxy (TEMPO) was used as the electron trapping agent, and the weaker 

EPR signals indicated that more photogenerated electrons were generated during the 

photocatalytic process to be trapped by the TEMPO.62 Notably, Co6-GeW12 mixed with TEMPO 

showed the lowest EPR signal under irradiation (Co6-GeW12 < Ni6-GeW12 < GeW12), which 

confirms its ability to produce the highest concentration of photogenerated electrons in all 

samples. Additionally, Co6-GeW12 shows a higher photocurrent intensity than Ni6-GeW12 and 
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both compounds show much higher photocurrent intensity than the pristine GeW12, as clearly 

shown by the photocurrent response tests (Figure S19). This result indicates the Co6-GeW12 has 

the best photogenerated electron hole separation rate. In summary, all the previous results 

support the much better photocatalytic H2 production shown by Co6-GeW12. Moreover, the linear 

sweep voltammetry (LSV) shows that Co6-GeW12 has a lower overpotential for H+ activation 

than Ni6-GeW12 (and both POMOF much lower than the pristine GeW12 POM, Figure S20), in 

agreement with the much higher photocatalytic H2 production shown by Co6-GeW12. A 

promising material for photocatalytic HER should exhibit not only high electron transfer ability 

but also moderate H adsorption ability.  

Therefore, we have also examined the free energy change for H adsorption on Ni2-POM and 

Co2-POM models, with H adsorption on Ni and Co sites. As shown in Figure S21, the adsorption 

of H on Co (GH* = 0.02 eV) is much less energetic than on Ni (GH* = 0.42 eV), indicating that 

Co2-POM has a better catalytic capacity for hydrogen evolution.63,64 

DFT calculations were explored based on the cluster model Co2/Ni2-POM shown in Figure 6a 

to explore the electron storage and transfer behavior in the photocatalytic process. The orbital 

energies and compositions for fully oxidized Co2-POM and Ni2-POM are compared in Figure 

6b.In agreement with the experimental trend, the Co2-POM cluster exhibits a smaller band gap 

than the Ni2-POM cluster, while the orbital distribution is almost the same in both clusters 

(Figure 6b). As can be seen in the central part of Figure 6b, the distribution of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is 

completely different. Thus, the LUMO is totally localized on the W-5d orbitals of the POM 

whereas the HOMO is totally localized on the Co2 and Ni2 complexes. These electronic 

distributions imply that the photogenerated electrons will initially be stored in the POM fraction 



19 

 

of the Co2-POM unit resulting in the corresponding photo-reduced POMs: (POM)n-. The spin 

density and LUMO distributions of the 2e-, 4e- and 6e- reduced Co2-POM cluster are shown in 

Figure 6c. As observed in the initial Co2-POM cluster, the LUMO of the 2e--reduced Co2-POM 

(Co2-POM)2e- is still localized on the POM framework and the spin density analysis 

demonstrates that the two added electrons are mainly located on the POM, responsible of the 

characteristic blue color in the HPB state. However, when the Co2-POM cluster is further 

reduced by four or six electrons to form (Co2-POM)4e- and (Co2-POM)6e- species, the LUMO 

distribution changes from the POM to the Co2 site (Figure 6c). The successive reduction of the 

Co2-POM cluster indicates an electron transfer from the POM fragment to the Co2 complex 

could take place under continuous light excitation. This results agree with the experimental data 

that show the formation of HPB state in the Co6-GeW12 POMOF during the catalytic reaction 

and explains the electron transfer role played by the CoII complex in the catalytic process. 

Although the LUMO and HOMO distributions of Ni-POM after 4e- reduction were similar to 

those of Co-POM (Figure S22), the HPB phenomenon was not observed during the 6 h 

photocatalytic experiment. We hypothesized two possible reasons for this phenomenon in line 

with the results of DFT calculations and measurements of XRD of the samples post reaction: i) 

Due to the electronic structure of the NiII ion being in a steady state, the higher fluorescence 

intensity suggesting that the photogenerated electrons and holes of Ni6-GeW12 are more readily 

complexed, and the wider bandgap suggesting that greater energy is required for the 

photoexcitation of Ni6-GeW12. This makes it difficult for NiII to meet the 4e- photogenerated 

reduction requirements when transferring electrons to POM; ii) The electronic structure of NiII 

ion is t2g
6eg

2 as a stabilized structure which means that NiII ion has a higher LFSE compared to 

CoII ion (t2g
5eg

2).60 The higher LFSE of NiII induces greater structural stability in Ni-POM 
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compared to Co-POM, which impedes electron transfer from the sacrificial agent (TEA) to the 

POM. 

 

Figure 6. (a) The computational cluster model. (b) Computed orbital energies (values in eV) and 

molecular orbital distribution of HOMO and LUMO involved in Co2-POM and Ni2-POM. (c) 

Unpaired electron distribution, spin density and LUMO distribution for Co2-POM with different 

reduction degrees. (d and f) Electronic structure of the high-spin states Co2+ and Ni2+. (e and g) 

Electronic interactions in the production of heteropoly blue. 
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To better explain the photocatalytic reaction mechanism, we have studied the electronic 

structures of CoII and NiII in the high-spin state. As shown in Figures 6d and 6f, the eg(σ) orbitals 

of octahedral NiII and HS CoII have two unpaired electrons. The difference between both ions is 

found in the t2g(π) orbitals: CoII has an unpaired electron in one of these three t2g(π) orbitals that 

allows the electron transfer through the π-bonds between the O atoms of the POM. In contrast, 

the t2g(π) orbitals of NiII are fully filled with electrons, precluding the electron transfer with the O 

atoms through the π-bonds. In this case, the electrons can only be transferred through the eg(σ) 

orbitals. When the POM is not photo-reduced, the 5d orbital in the center of WVI is empty and 

there is a weak π-electron repulsion between the Co-O bonds, therefore, the photogenerated 

electrons tend to go from CoII to WVI. According to the electron coupling mechanism for M-O-W 

(M = Ni or Co), both NiII and CoII can transfer part of the electrons to WVI, but the electron 

transfer mode is different, and the electron transfer efficiency of Co6-GeW12 is much higher 

(Figures 6e and 6g).65-68 This electrons transfer is completely reversed when the POM undergoes 

a photoreduction of 4e-, in agreement with the results of DFT calculations. 

Based on the above data and calculations, we propose the mechanism displayed in Figure 7 for 

hydrogen production by photocatalysis Co6-GeW12. After illumination, the photogenerated 

electrons in the [CoII
6(pzta)6(H2O)4(OH)2]n

4n+ are transferred to the GeW12 via molecular 

junctions. TEA acts as an electron donor to transfer electrons to GeW12, reducing the GeW12 to 

produce the HPB state. Photogenerated electrons trapped in the W centers of the HPB absorb 

visible light and are transferred to the CoII centers. The reduced Co centers transfer the excess 

electrons to H+ in water to produce H2. After transferring the electrons to the Co center, the HPB 

species reverts to its colorless oxidized state, completing the photocatalytic cycle. The 

photogenerated holes generated during photocatalysis are filled by sacrificial agents.36,38,69 
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Figure 7. Co6-GeW12 photocatalytic mechanism. 

CONCLUSIONS 

In this study, we have successfully synthesized two 3D-POMOFs with molecular junction 

structures, Co6-GeW12 and Ni6-GeW12, by introducing NiII and high-spin CoII ions into the 

POMOF structure. We have thoroughly investigated their differences in photocatalytic hydrogen 

evolution. The experimental results reveal that Co6-GeW12 exhibits higher electron transfer 

efficiency and produces a heteropoly blue (HPB) state during the photocatalytic process, 

significantly enhancing its photocatalytic activity. In contrast, Ni6-GeW12 do not form the HPB 

state, resulting in lower catalytic performance. This disparity is attributed to the differences in 

electronic structure between the two metal ions. 
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