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ABSTRACT: A series of six hybrid polymers based on the mixed-valent {-

PMo
V

8Mo
VI

4O40Zn4} (Zn) Keggin unit have been synthesized under hydrothermal conditions 

using tritopic (1,3,5-benzenetricarboxylate (trim) or benzenetribenzoate (BTB)) or ditopic 

(4,4’-biphenyldicarboxylate (biphen)) linkers and [M(bpy)3]
2+

 (M = Co, Ru) complexes as 

charge-compensating cations.  (TBA)2[Co(C10H8N2)3][PMo12O37(OH)3Zn4](C27H15O6)4/31.5 

C27H18O624H2O (Co-(BTB)4/3) has a 3D framework with two interpenetrated networks and 

is isostructural to (TBA)4[PMo12O37(OH)3Zn4](C27H15O6)4/31.5C27H18O68H2O ((BTB)4/3). 

In Co-(BTB)4/3 two tetrabutylammonium (TBA
+
) cations over the four present in (BTB)4/3 

are replaced by one [Co(bpy)3]
2+

 complex. 

[Co(C10H8N2)3][PMo12O37(OH)3Zn4](C9H3O6)Co(C10H8N2)4(H2O)16H2O (Co-

(trim)(bpy)2) is a 1D coordination polymer with two types of Co
II
-containing complexes, 

one covalently attached to the 1D chains and the other located in the voids as counter-ion. 

[Ru(C10H8N2)3]4[PMo12O38(OH)2Zn4]2(C9H3O6)242H2O (Ru-2(trim)2) and 

[Ru(C10H8N2)3]3[PMo12O37(OH)3Zn4Cl]2(C14H8O4)224H2O (Ru-2(biphen)2) contain dimeric 

(Zn)2 units linked by dicarboxylate linkers and both have [Ru(bpy)3]
2+

 counter-cations. Ru-

2(trim)2 has a 3D framework while Ru-2(biphen)2 is only 2D due to the presence of 

chloride ions on 1/4 of the Zn
II
 ions. [P(C6H5)4]6[PMo12O37(OH)3Zn4]2(C9H3O6)218H2O 

(PPh4-2(trim)2) is isostructural to Ru-2(trim)2. These insoluble compounds entrapped in 

carbon paste electrodes exhibit electrocatalytic activity for the hydrogen evolution reaction 

(HER). Effects of their structure and of the nature of the counter-ions on the activity are 

studied. For the first time different POM-based coordination polymers are compared for 

catalytic H2 production using controlled potential electrolysis. This study shows that the 

nature of the counter-cation has a strong effect on the electrocatalytic activity of the 

compounds. 
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INTRODUCTION 

Coordination polymers are hybrid organic-inorganic materials built of inorganic secondary 

building units (clusters, chains or layers) assembled by coordination bonds between metal 

ions and polytopic organic linkers, metal organic frameworks (MOFs) being defined as 

porous coordination networks.
1
 These last years, a new class of coordination polymers has 

emerged where the inorganic building unit is constituted by a polyoxometalate (POM) as an 

alternative to metal ions.
2
 Polyoxometalates are soluble anionic metal oxide clusters of d-

block transition metals in high oxidation states (usually W
VI

, Mo
V,VI

, V
IV,V

)
3
 and exhibit 

properties that can be exploited in many fields ranging from magnetism, medicine, 

photochromism to catalysis.
4
 POMs can be connected to each other via M-O-M’ (M, M’ = 

transition metal) linkages.
5
 They can also act as building units of hybrid materials, the 

connection being ensured by transition metal complexes
6,7

 or bridging organic ligands.
8
 Such 

polyoxometalate-based coordination polymers are sometimes called POMOFs.
2,9

 POMs are 

often considered as electron reservoirs and their catalytic redox activity has attracted a lot of 

interest in recent years.
10

 Several studies have shown the potentialities of molecular POMs as 

electrocatalysts for hydrogen evolution reaction (HER),
11

 NOx reduction,
12

 oxygen 

reduction,
13

 and water oxidation.
14

  

Among these reactions, HER is one of the most extensively studied electrochemical 

processes, as H2 may provide an alternative to hydrocarbon fuels due to its high energy 

content and environmentally benign nature. While platinum is known as a very efficient 

electrocatalyst for the reduction of protons, great efforts are now devoted to the replacement 

of this noble metal by cheaper and more abundant materials. Besides POMs, transition metal 

chalcogenides,
15

 nitrides and carbides
16

 as well as molecular catalysts based on non-noble 

metal ions,
17

 such as molybdenum,
18

 iron,
19

 cobalt
20

 or nickel,
21

 have thus been reported as 

rather efficient homogeneous cathode catalysts for the HER. However, homogeneous 
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catalysis also suffers from several drawbacks such as limited stability and uneasy catalyst 

recovery and recycling. Recent reports thus focussed on the heterogeneization of active 

molecular catalysts via incorporation into the framework of coordination polymers, including 

metal organic frameworks.
22

 Although these materials offer several advantages, there have 

been only few reports on POM-based coordination polymers.
23

 Actually, they are synthesized 

in water in a one-step procedure, they contain abundant and non-toxic metals and operate in 

water at low overpotentials.
23a,b

 

In the context of our studies on POMOFs, we have selected the -Keggin POM unit, {-

PMo
V

8Mo
VI

4O40-x(OH)xZn4} (0≤x≤4, noted Zn, Figure 1a), as it is particularly attractive for 

the construction of POM-based coordination polymers. In this mixed-valent POM, the 

electrons of the eight Mo
V
 ions are localized in four Mo

V
-Mo

V
 bonds. The negatively charged 

[-PMo
V

8Mo
VI

4O40]
11-

 Keggin core is stabilized by Zn
II
 capping ions and by protons located 

on bridging oxygen atoms. It thus presents the advantage of having four Zn
II
 ions grafted at its 

surface in a tetrahedral arrangement available for coordinating ditopic linkers like 1,4-

benzenedicarboxylate (bdc),
24

 1,3-benzenedicarboxylate,
25

 imidazole,
26

 2-(2-pyridyl)-

imidazole,
27

 4,4’-bipyridine,
28

 or the tritopic 1,3,5-benzenetricarboxylate (trim) linkers.
23a

 We 

have also recently extended this family of POMOFs materials by using a mixture of two 

ligands, benzimidazole and a di- or a tri-carboxylic acid.
23b
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Figure 1. a) Ball and stick and polyhedral representations of the monomeric {-

PMo
V

8Mo
VI

4O40-x(OH)xZn4} Keggin building unit; b) representation of the counter-ions with 

their approximate dimensions, H atoms have been omitted for clarity; red spheres: O, blue 

spheres : N, black spheres : C, pink sphere: M (M = Co, Ru), orange spheres : P; c) formula of 

the carboxylic acids used in this study: biphenyl-4,4’-dicarboxylic acid (H2biphen), 1,3,5-

benzenetricarboxylic acid (H3trim) and 1,3,5-tris(4-carboxyphenyl)benzene (H3BTB). 

 

In almost all the -Keggin based coordination polymers, tetrabutylammonium (TBA
+
) cations 

play the role of charge-compensating ions but we have proposed that they might also act as 

structure-directing agents.
23a

 These bulky ions occupy the voids delimited by the coordination 

networks so that none of these structures exhibit accessible porosity. Attempts to exchange 

these ligands by post-synthetic treatments
29

 have also failed. We thus thought to investigate 

new synthetic methods for replacing TBA
+
 cations by cationic coordination complexes, 

a)
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namely [M(bpy)3]
2+

 (M = Co, Ru; bpy = 2,2’-bipyridine) complexes (Figure 1b). This study 

might give new insights into: i) whether -Keggin based coordination polymers could form in 

the absence of TBA
+
 counter-ions, ii) whether additional electro(photo)chemical properties 

into POMOFs could be obtained by introducing the redox non-innocent cations [M(bpy)3]
2+

 

complexes.
30

 In addition, we have also attempted to replace the TBA
+ 

cations with PPh4
+
 

counter-ions which have approximately the same size and charge (Figure 1b). We thus report 

here the synthesis and characterization of four novel hybrid compounds with -Keggin POMs 

connected to di- or tri-carboxylate linkers (Figure 1c) and [M(bpy)3]
2+

 (M = Co, Ru) or PPh4
+
 

counter-ions. The electrochemical activity of these materials for HER is also described. 

 

EXPERIMENTAL SECTION 

Synthesis and Characterizations: H3BTB, [Co(bpy)3]Cl2·6H2O and [Ru(bpy)3]Cl2·6H2O 

were synthesized according to reported procedures.
31

 All other reagents were purchased from 

commercial sources and used as received. Molybdenum powder 1-5 m with purity >99.9% 

was used for the synthesis. Hydrothermal syntheses were carried out in 23 mL 

polytetrafluoroethylene lined stainless steel containers under autogenous pressure. All 

reactants were briefly stirred before heating. The mixture was heated to 200 °C over a period 

of 1 h, kept at 200 °C for 70 h and cooled down to room temperature over a period of 80 h. 

The pH mixture was measured before (pHi) and after the reaction (pHf). The product was 

isolated by filtration after sonication which allowed removing a brown powder always present 

after the reaction and washed with ethanol. The crystalline homogeneity of the compounds 

was checked by comparison of the experimental X-ray powder pattern with the powder 

pattern calculated from the structure solved from single-crystal X-ray diffraction data (Figures 

SI1-SI2). In Figure SI1, the powder pattern of the POMOFs with BTB linkers was compared 

to the powder pattern calculated from the structure recently called NENU-500.
23c
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Preparation of (TBA)4[PMo
V

8Mo
VI

4O37(OH)3Zn4](C27H15O6)4/31.5C27H18O68H2O 

((BTB)4/3): A mixture of (NH4)6Mo7O24·4H2O (0.618 g, 0.50 mmol), metallic Mo (0.060 g, 

0.62 mmol), H3PO3 (0.060 g, 0.75 mmol), Zn(CH3COO)2·2H2O (0.219 g, 1 mmol), H3BTB 

(0.400 g, 0.91 mmol), tetrabutylammonium hydroxide 40 w.t. % solution in water (200 µL, 

0.30 mmol) and H2O (10 mL) was stirred and the pH was adjusted to 6 with 4 M HCl (pHf = 

5.7). Dark red diplohedral crystals suitable for X-ray diffraction study were collected after 

filtration (0.108 g, 9.8 % based on Zn). Anal. calc. (found) for C140.5H210Mo12N4O65PZn4 (M. 

W. = 4439.0 g mol
-1

): C 38.01 (38.75), H 4.77 (4.63), Mo 25.93 (24.91), N 1.26 (1.36), Zn 

5.89 (6.19). IR (ν/cm
-1

): 2953 (m), 2926 (m), 2867 (m), 1698 (w), 1594 (m), 1548 (w), 1466 

(w), 1375 (s), 1269 (w), 1176 (w), 1099 (w), 964 (sh), 922 (s), 855 (w), 816 (s),781 (s), 700 

(m), 673 (sh), 587 (s), 484 (m). 

Preparation of (TBA)2[Co(C10H8N2)3][PMo
V

8Mo
VI

4O37(OH)3Zn4](C27H15O6)4/31.5 

C27H18O624H2O (Co-(BTB)4/3): A mixture of (NH4)6Mo7O24·4H2O (0.618 g, 0.50 mmol), 

metallic Mo (0.060 g, 0.62 mmol), H3PO3 (0.060 g, 0.75 mmol), Zn(CH3COO)2·2H2O (0.219 

g, 1 mmol), H3BTB (0.400 g, 0.91 mmol), tetrabutylammonium hydroxide 40 w.t. % solution 

in water (200 µL, 0.30 mmol), [Co(bpy)3]Cl2·6H2O (0.120 g, 0.17 mmol) and H2O (10 mL) 

was stirred and the pH was adjusted to 6 with 4 M HCl (pHf = 6.1). Dark red diplohedral 

crystals were collected after filtration and sonication in DMSO (to remove non reacted 

H3BTB) and ethanol (0.242 g, 20 % based on Zn). Anal. calc. (found) for 

C138.5H175CoMo12N8O72PZn4 (M. W. = 4769.8 g mol
-1

): C 34.84 (33.86), H 4.10 (3.47), N 

2.35 (2.80), Mo 24.17 (24.91), Zn 5.49 (6.19). IR (ν/cm
-1

): 2958 (w), 2938 (w), 2871 (w), 

1594 (m), 1551 (w), 1472 (w), 1441 (m), 1375 (s), 1314 (w), 1248 (w), 1176 (w), 1154 (w), 

1104 (w), 1059 (w), 1016 (w), 992 (w), 959 (sh), 934 (s), 920 (s), 852 (w), 813 (m), 779 (s), 

762 (s), 735 (sh), 702 (m), 673 (m), 651 (m), 630 (sh), 585 (s), 550 (m), 483 (m). 
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Preparation of 

[Co(C10H8N2)3][PMo
V

8Mo
VI

4O37(OH)3Zn4](C9H3O6)Co(C10H8N2)2(H2O)16H2O (Co-

(trim)(bpy)2): A mixture of Na2MoO4·2H2O (0.844 g, 3.50 mmol), metallic Mo (0.060 g, 

0.62 mmol), H3PO3 (0.060 g, 0.75 mmol), Zn(CH3COO)2·2H2O (0.219 g, 1 mmol), 1,3,5-

benzenetricarboxylic acid (0.210 g, 1 mmol), [Co(bpy)3]Cl2·6H2O (0.300 g, 0.42 mmol), 

tetrabutylammonium hydroxide 40 w.t. % solution in water (100 µL, 0.15 mmol) and H2O (10 

mL) was stirred and the pH was adjusted to 5 with 4 M HCl (pHf = 4.8). Black crystals were 

collected after filtration and sonication in ethanol (0.160 g, 17 % based on Zn). Anal. calc. 

(found) for C79H95Co2Mo12N14O63PZn4 (M. W. = 3810.3 g mol
-1

): C 24.90 (24.77), H 2.51 

(2.16), Co 3.09 (2.86), Mo 30.21 (32.51), N 5.15 (5.04), Zn 6.86 (5.72). IR (ν/cm
-1

): 1597 

(m), 1565 (w), 1471 (w), 1440 (m), 1355 (w), 1314 (w), 1156 (w), 1102 (w), 1059 (w), 1021 

(w), 930 (s), 751 (s), 734 (sh), 650 (w), 583 (m), 513 (m), 474 (m), 400 (w). 

Preparation of [Ru(C10H8N2)3]4[PMo
V

8Mo
VI

4O38(OH)2Zn4]2(C9H3O6)230H2O (Ru-2(trim)2): 

A mixture of Na2MoO4·2H2O (0.844 g, 3.50 mmol), metallic Mo (0.060 g, 0.62 mmol), 

H3PO3 (0.060 g, 0.75 mmol), Zn(CH3COO)2·2H2O (0.219 g, 1 mmol), 1,3,5-

benzenetricarboxylic acid (0.070 g, 0.33 mmol), [Ru(bpy)3]Cl2·6H2O (0.120 g, 0.16 mmol) 

and H2O (10 mL) was stirred and the pH was adjusted to 5 with 4 M HCl (pHf = 5.4). Black 

crystals were collected after filtration and sonication in ethanol (0.140 g, 15 % based on Zn). 

Anal. calc. (found) for C138H166Mo24N24P2O122Ru4Zn8 (M. W. = 7405.19 g mol
-1

): C 22.38 

(21.41), H 2.26 (1.77), N 4.54 (4.29), Mo 31.10 (31.47), Ru 5.46 (4.87), Zn 7.06 (8.18). IR 

(ν/cm
-1

): 1618 (m), 1565 (w), 1462 (w), 1444 (w), 1422 (w), 1345 (m), 1312(sh), 1269 (w), 

1243 (w), 1160 (w), 1123 (w), 1004 (w), 992 (w), 965 (m), 923 (s), 811 (m), 778 (sh), 758 (s), 

728 sh), 704 (m), 591 (m), 539 (m), 484 (m).  

Preparation of [P(C6H5)4]6[PMo
V

8Mo
VI

4O37(OH)3Zn4]2(C9H3O6)218H2O (PPh4-2(trim)2): A 

mixture of Na2MoO4·2H2O (0.844 g, 3.50 mmol), metallic Mo (0.060 g, 0.62 mmol), H3PO3 
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(0.060 g, 0.75 mmol), Zn(CH3COO)2·2H2O (0.219 g, 1 mmol), 1,3,5-benzenetricarboxylic 

acid (0.210 g, 1 mmol), PPh4Cl (0.061 g, 0.16 mmol) and H2O (10 mL) was stirred and the 

pH was adjusted to 5.5 with 4 M HCl (pHf = 4.8). Black crystals were isolated with tweezers  

in poor yield (~ 0.040 g) after filtration and sonication in ethanol. Anal. calc. (found) for 

C162H168Mo24O110P8Zn8 (M. W. = 6948.5 g mol
-1

): C 28.00 (28.67), H 2.43 (2.36). Metal 

composition was checked by EDX analysis. IR (ν/cm
-1

): 1649 (w), 1617 (w), 1565 (w), 1482 

(w), 1436 (m), 1399 (m), 1298 (w), 1188 (w), 1105 (m), 995 w), 980 (sh), 966 (m), 940 (s), 

923 (s), 811 (m), 775 (s), 749 (m), 718 (m), 685 (s), 614 (w), 587 (s), 521 (s). 

Preparation of [Ru(C10H8N2)3]3[PMo
V

8Mo
VI

4O37(OH)3Zn4Cl]2(C14H8O4)224H2O (Ru-

2(biphen)2): A mixture of (NH4)6Mo7O24·4H2O (0.618 g, 0.50 mmol), metallic Mo (0.060 g, 

0.62 mmol), H3PO3 (0.060 g, 0.75 mmol), Zn(CH3COO)2·12H2O (0.219 g, 1 mmol), 

biphenyldicarboxylic acid (0.242 g, 1 mmol), [Ru(bpy)3]Cl2·6H2O (0.092 g, 0.12 mmol) and 

H2O (8 mL) was stirred and the pH was adjusted to 5 with 4 M HCl (pHf = 4.9). Black 

crystals were collected after filtration and sonication in ethanol (0.160 g, 19 % based on Zn). 

Anal. calc. (found) for C118H162Cl2Mo24N18O122P2Ru3Zn8 (M. W. = 7046.7 g mol
-1

): C 20.11 

(20.76), H 2.32 (1.81), N 3.58 (3.42), Cl 1.01 (1.22), Mo 32.68 (32.01), Ru 4.30 (3.84), Zn 

7.42 (7.62). IR (ν/cm
-1

): 1602 (w), 1584 (w), 1541 (w), 1462 (w), 1445 (w), 1422 (w), 1371 

(m), 1312 (w), 11270 (w), 1243 (w), 1123 (w), 973 (m), 923 (s), 813 (m), 758 (s), 107 (m), 

684 (w), 587 (m), 539 (m), 523 (m), 483 (m), 439 (w). 

Crystal Structure Determination. Single crystal X-ray diffraction data collections were 

carried out by using a Siemens SMART three circle (Co-(trim)(bpy)2), a Bruker Nonius X8 

APEX 2 (PPh4-2(trim)2) and a Bruker AXS BV (Ru-2(trim)2, Ru-2(biphen)2) 

diffractometer, each equipped with a CCD bidimensional detector using the monochromatised 

wavelength (Mo K) = 0.71073 Å. Absorption corrections were based on multiple and 

symmetry-equivalent reflections in the data set using the SADABS program
32

 based on the 
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method of Blessing.
33

 The structures were solved by direct methods and refined by full-matrix 

least-squares using the SHELX-TL package.
34

 Among the three PPh4
+
 cations, one cation 

could not be located properly in the structure of PPh4-2(trim)2 due to severe disorder and the 

data set was corrected with the program SQUEEZE,
35

 a part of the PLATON package of 

crystallographic software used to calculate the solvent or counter-ion disorder area and to 

remove its contribution to the overall intensity data. Crystallographic data are given in Table 1 

and the complete data can be found in the cif file as Supporting Information. Selected bond 

distances and valence bond calculations are given in Figures SI3-SI6. Valence bond 

calculations confirm the oxidation state of the Mo ions and indicate the presence of protons on 

bridging oxygen atoms of the POMs. 

Powder X-ray diffraction data were obtained on a Brüker D5000 diffractometer using Cu 

radiation (1.54059 Å). EDX measurements were performed on a JEOL JSM 5800LV 

apparatus. N2 adsorption isotherms were obtained at 77 K using a BELsorp Mini (Bel, Japan). 

Prior to the analysis, approximately 50 mg of sample were evacuated at 90 °C under primary 

vacuum overnight. 
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Table 1. Crystallographic data for Co-(trim)(bpy)2, Ru-2(trim)2, PPh4-2(trim)2 and 

Ru-2(biphen)2. 

 
 Co-(trim)(bpy)2 Ru-2(trim)2 PPh4-2(trim)2 Ru-2(biphen)2

Empirical formula C79H59Co2Mo12N14O51.

5PZn4 

C69H51Mo12N12O56PRu

2Zn4 

C162H168Mo24O110P8Zn

8 

C118H88Cl2Mo24N18O10

8P2Ru3Zn8 

Formula weight / g 

g 

3589.99 3590.08 6948.23 6747.63 

Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic 

Space group P21/c Pbca Pbca C2/c 

a / Å 14.796(5) 27.0584(5) 27.0083(6) 31.533(1) 

b / Å 24.275(8) 27.2448(3) 27.0121(5) 19.972(1) 

c /Å 31.846(10) 27.8802(5) 27.8161(6) 34.002(1) 

 / ° 99.600(8) 90 90 116.103(1) 

V / Å
3
 11279(6) 20553.3(6) 20293.3(7) 19229.6(13) 

 4 8 4 4 

calc / g cm
-3

 2.114 2.320 2.274 2.331 

 / mm
-1

 2.510 2.725 2.517 2.855 

Data / Parameters 25870 / 1394 18048 / 1409 29584 / 1117 25103 / 1414 

Rint 0.1625  0.1092 0.0400 0.0536 

GOF 0.887 0.850 1.213 1.206 

R (>2(I)) R1
a
 = 0.0716 

wR2
 b
= 0.1863 

0.0585 

0.1475 

0.0285 

0.0787 

0.0536 

0.1183 

a
R1 = Fo-Fc/Fo. 

b
wR2 = [w(Fo

2
 – Fc

2
)
2
/w(Fo

2
)
2
]
1/2

 

                                      

 

Electrochemical studies. The electrochemical studies were conducted using a potentiostat SP 

300 from Bio-Logic (Bio-Logic Science Instruments SAS) and a Rotating Disc Electrode 

(RDE) (OrigaTrod, from OrigaLys). All electrochemical studies were performed at room 

temperature in acidic medium (0.1 M H2SO4 at pH = 1.0) using ultrapure water produced by a 

Millipore system (18.2 MΩ cm at 25 ºC). Solutions were deaerated with nitrogen gas (purity 

99.998 %) from Air Liquide for at least 15 min before all experiments.  
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Preparation of the modified electrodes: because of the high insolubility of the POM-based 

coordination polymers in common solvents, the electrochemical behaviour of these materials 

was studied in solid state by entrapping them in a carbon paste electrode. Bulk POMOF-

carbon mixtures were prepared in a 1 : 2 weight ratio 5 mg of POM-based polymer and 10 mg 

of carbon black (Vulcan-XC72R; Cabot Corp.) by hand agate mortar grinding to achieve an 

uniform mixture. A suspension of 1 mg of a POMOF-carbon mixture (hybrid catalyst) in 50 

μL of ultrapure water was then prepared prior to all experiments.  

For the Cyclic Voltammetry (CV) and the Linear Sweep Voltammetry (LSV), the modified 

electrodes were prepared by deposition of 30 μL of the hybrid catalyst on a 3 mm diameter 

glassy carbon disc electrode (GC) carefully polished on wet polishing cloth using a 1 µm 

diamond suspension and a 0.05 µm alumina slurry (POMOF-carbon/GC). The deposits were 

dried under a small flow of argon and protected by deposition of Nafion® (30 μL of Nafion® 

5 % in ethanol). The Nafion® layer was then left to dry under a small flow of argon to reach 

the final modified electrode (Nafion/POMOF-carbon/GC). The modified RDE electrodes used 

in LSV and electrolysis experiments were prepared using the same method by deposition of 

50 μL of suspension on a 3 mm diameter GC and 50 μL of Nafion® 5 % in ethanol 

(Nafion/POMOF-carbon/GC). 

CV (static electrode) and LSV (rotation speed 1000- 2000 rpm) experiments were performed 

in a conventional three-electrode single-compartment cell. A Pt wire was used as the counter 

electrode and a saturated Ag/AgCl/KCl electrode (separated from the solution by a salt 

bridge) as the reference electrode. LSV measurements were conducted after 200 cycles of 

activation (stable LSV) in the range of 0.2 to -1 V (vs. Ag/AgCl) at 100 mV s
-1

 and 2000 rpm 

to stabilize the current. 

Controlled potential electrolysis (CPE) experiments were carried out at room temperature in a 

gas-tight two-compartment electrochemical cell. The cathodic compartment was separated 
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from the anodic compartment via a glass frit of fine porosity. The counter electrode was a 

platinum wire and the reference electrode was a saturated Ag/AgCl/KCl electrode separated 

by a salt bridge. The activated Nafion/POMOF-carbon/GC electrodes were used as working 

electrodes. The solutions were purged with N2 gas for at least 15 min before electrolysis and 

were constantly stirred. Hydrogen bubbles formed on the surface of the working electrode and 

attached to it were removed by a brief rotation at 2000 rpm. Production of H2 in the headspace 

gas (22 mL) was measured by gas chromatography analysis (Shimadzu GC-2014) with a 

thermal conductivity detector. 

Hybrid catalysts characterization after electrochemical activation.  

In order to verify any potential contamination of the POMOF-carbon mixture from the Pt 

counter electrode, different analyses were performed. The amount of Pt deposited onto the 

POMOF-carbon/GC electrodes was measured by inductively coupled plasma mass 

spectrometer (ICP-MS). The samples (0.010 g of POMOF-carbon) after LSV were 

recuperated by rinsing the electrode surface with ethanol, digested by HCl : HNO3 = 3 : 1 

solution and left to react for 48 h. Note that different batches were accumulated to analyse a 

larger mass of sample. Then, the sample mixture was diluted to 25 mL of doubly-distilled 

water, filtered through a 0.45 µm PTFE filter and analysed by a quadrupole based ICP-MS 

(Thermo Elemental., VG PQ Excell™). EDX analyses were also performed in order to detect 

the presence of Pt in the POMOF-carbon mixture after electrolysis. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterizations. Co-(BTB)4/3 and (BTB)4/3 are obtained as black 

diplohedral crystals (Figure SI7) from the hydrothermal reaction of ammonium 

heptamolybdate, metallic Mo as reducing agent, Zn
II
 ions, H3BTB and TBA(OH). Compared 

to previously reported Zn-based POMOF materials,
22b,23,24,25 

the synthesis has been 
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performed at higher pH (6). [Co(bpy)3]Cl2 was added as a substrate for the synthesis of Co-

(BTB)4/3. The presence of TBA(OH) was nevertheless required to get crystals and it was 

thus impossible to replace all the TBA
+
 cations in (BTB)4/3. A compound close to (BTB)4/3, 

called NENU-500, was recently reported.
23c

 Its synthesis, as well as its chemical formula, are 

slightly different from those of (BTB)4/3. Elemental analysis of (BTB)4/3 showed a large 

excess of C which could only be explained by the presence of extra neutral linkers within the 

structure. This was confirmed by the presence of a C=O vibration at C=O =1698 cm
-1

 in the 

IR spectrum (Figure SI8a) characteristic of carboxyl COOH groups. These results, together 

with TGA curves (Figure SI9), allow to propose the 

(TBA)4[PMo
V

8Mo
VI

4O37(OH)3Zn4](BTB)4/31.5H3BTB8H2O detailed formula for (BTB)4/3. 

The latter differs from that of NENU-500, 

(TBA)3[PMo
V

8Mo
VI

4O36(OH)4Zn4](BTB)4/3xGuest.
23c

 The absence of visible white 

impurities, as well as the absence of extra peaks in the powder diffraction pattern (Figure 

SI1), suggests that the extra neutral H3BTB molecules do not co-crystallize with the POMOF 

but are rather encapsulated within the pores, as commonly observed during MOF synthesis. 

Attempts to remove the trapped H3BTB by washing the compound in hot DMF using a 

Soxhlet apparatus have failed.  

Co-(BTB)4/3 and (BTB)4/3 differ by the presence of one [Co(bpy)3]
2+

 which replaces two 

TBA
+
 cations.  In the IR spectra of Co-(BTB)4/3 , the presence of Zn POMs with Mo-O 

vibrations at around Mo-O = 920 and 780 cm
-1

, carboxylate linkers with C-O vibrations at C-O 

= 1548, 1594 and 1698 cm
-1

 and TBA
+
 cations with C-H vibrations at around C-H =2900 cm

-1
 

and at C-H =1466 cm
-1

 can be identified (Figure SI8a). However, the intensity of the bands 

attributed to TBA
+
 cations is lower in Co-(BTB)4/3 compared to (BTB)4/3 and new 

vibrations are assigned to the bpy ligands, thus confirming the partial substitution of TBA
+
 

cations. 
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Black crystals of Co-(trim)(bpy)2 are isolated at pH 5.0, with trimesic acid in place of 

H3BTB. Under hydrothermal conditions, some of the [Co(bpy)3]
2+

 complexes lose one bpy 

ligand which then chelates Zn
II
 ions of the -Keggin unit.  

Ru-2(trim)2 and Ru-2(biphen)2 are isolated under similar conditions with [Ru(bpy)3]Cl2 as 

the reactant. The Ru complex being more stable than its Co analogue, no decomposition could 

be observed. These phases are not isostructural with previously reported coordination 

polymers with TBA
+
 counter-ions. However, it was possible to synthesize PPh4-2(trim)2 

which is isostructural to Ru-2(trim)2, thus allowing us to explore the influence of the 

counter-ions on the electrochemical properties. The IR spectra of Ru-2(trim)2 and PPh4-

2(trim)2 clearly show the presence of [Ru(bpy)3]
2+

 and PPh4
+
 counter-ions respectively 

(Figure SI8b). 

 

Structures. (BTB)4/3 is isostructural to NENU-500 (Figure SI1a).
23c

 Its structure can be 

briefly described
22c

 as a 3D POMOF hybrid network with the monomeric mixed-valent {-

PMo
V

8Mo
VI

4O40Zn4} POM (Figure 1a) as the inorganic building unit. Each of the four 

capping Zn
II
 ions in tetrahedral coordination is bound to three oxygen atoms of the POMs and 

to an oxygen atom of a BTB acting as a monodentate linker (Figure 2a). The ligands are far 

from being planar, as commonly observed for structures with BTB.
36

 The connection of the 

POMs by the tritopic linkers generates two interpenetrated 3D networks (Figure 2b). This 

network possesses a ctn topology (Figure SI10), which is one of the few predicted (3,4) 

periodic nets resulting from the linking of tetrahedral units with triangular linkers.
23a
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Figure 2. a) The building unit common in (BTB)4/3 and Co-(BTB)4/3; b) view along the c 

axis of two interpenetrated 3D networks built from the connection of the building units; the 

MoO6 octahedra and PO4 tetrahedra of the Zn POM units of the first network are blue and 

orange respectively while those of the second network are grey and purple, respectively. 
 

This structure is thus different from that observed with the trim linker and also from that 

recently obtained with BTB linkers which contains dimeric (Zn)2 units.
37

 Powder X-ray 

diffraction experiments indicate that Co-(BTB)4/3 and (BTB)4/3 are isostructural (Figure 

SI1).  

The structure of Co-(trim)(bpy)2 is unprecedented. In this compound, the building unit is the 

molecular Zn POM (Figure 3a) with two of the Zn
II
 ions chelated by one bpy ligand, the 

other two Zn
II
 ions being connected to one oxygen atom of a trim linker.  

 

Mo
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P
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Figure 3. a) The POM building unit in Co-(trim)(bpy)2; b) the cobalt complex attached to 

the chain; c) view along the b axis of the chain built from the connection of the building units 

and the non-coordinated [Co(bpy)3]
2+

 complexes.  

 

These bpy molecules arising from the decomposition of some of the [Co(bpy)3]
2+

 complexes 

act as blocking ligands. The connection of the Zn POMs via two carboxylate groups of trim 

linkers thus leads to a 1D chain (Figure 3b). The third carboxylate group of these trim ligands 

is bound to the Co
II
 ion of the [Co(bpy)2]

2+
 fragments where Co also completes its 

coordination sphere with one water molecule (Figure 3c). Intact [Co(bpy)3]
2+

 complexes are 

located in the voids between the chains.  

In Ru-2(trim)2 the molecular unit is the dimeric (Zn)2 POM which results from the 

condensation of two Keggin units via two Zn-O bonds (Figure 4a). The six remaining Zn ions 

are coordinated to a monodentate carboxylate group of a trim linker. The resulting 

coordination network is 3D and is different from that in 

(TBA)3[PMo12O37(OH)3Zn4][C6H3(COO)3] (TBA-2(trim)2),
23a

 even though both structures 

a

c
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P
N
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incorporate dimeric units. In contrast, the use of PPh4
+
 cations leads to the formation of PPh4-

2(trim)2 isostructural to Ru-2(trim)2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. a) The dimeric building unit common in Ru-2(trim)2 and PPh4-2(trim)2; on the 

right, the POM is schematized by its centroid, which coincides with the central P atom 

(orange sphere) and the ligand by its center of mass (blue sphere); b) view of a plane formed 

by the connection of one Zn moiety of the dimeric (Zn)2 units by trim linkers; on the right 

the same colour code is used for a simpler representation of the network; c) view of the crystal 

structure along the a axis obtained by the connections of the planes; on the right the same 

colour code is used for a simpler representation of the network.    
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This can be explained by the orientations of the trim linkers which are almost parallel in 

TBA-2(trim)2 while they adopt two different orientations in Ru-2(trim)2 and PPh4-

2(trim)2 (Figure SI11). One Zn moiety of a dimeric unit is connected to three neighbouring 

Zn POMs via trim linkers, forming a distorted honeycomb structure (Figure 4b). The 

connections of POMs within the dimeric (Zn)2 units allows the connection of the planes into 

a 3D network (Figure 4c). The negative charge of the network is compensated by 3 protons 

for one POM unit, located on the bridging oxygen atoms (Figure SI5), by 3 PPh4
+
 cations in 

PPh4-2(trim)2 and by 2 protons and 2 [Ru(bpy)3]
2+

 complexes in Ru-2(trim)2. The positions 

of these counter-ions are shown in Figure SI12. No - interaction has been identified in any 

of these structures.  

In Ru-2(biphen)2, dimeric (Zn)2 POMs make bonds with monodentate biphen carboxylates 

(Figure 5a). However, in contrast with Ru- and PPh4-2(trim)2, this is true for only four 

Zn(II) ions out of six, the other two bearing terminal chloride ions coming from the 

[Ru(bpy)3]Cl2 precursor. Consequently, the structure is only 2D; the planes stack along the a 

axis (Figures 5b and c). Three [Ru(bpy)3]
2+

 complexes, one of which is disordered over two 

positions, occupy the voids delimited by the connection of the POMs and the biphen linkers 

so that the structure is very compact. It should be noted that the structure of this compound is 

different from that of 2(biphen)3, the related compound previously reported with TBA
+
 

counter-ions instead of Ru complexes.
23b
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Figure 5. a) The dimeric building unit in Ru-2(biphen)2; b) view along the a axis of a plane 

built from the connection of the (Zn)2 units; c) view of the stacking of three consecutive 

planes; the MoO6 octahedra and PO4 tetrahedra of the (Zn)2 POM units of the first plane are 

blue and orange respectively while those of the two adjacent planes are grey and purple, 

respectively.  

 

Electrochemical characterization. The electrochemical behaviour of these POMOFs was 

studied in the solid state by entrapping them in a carbon paste electrode as described in the 

experimental section. A suspension of a POMOF-carbon mixture in water was deposited on a 

previously polished GC (glassy carbon) electrode and was covered by a layer of Nafion®. 

Cyclic voltammograms (CVs) were performed in 0.1 M H2SO4 aqueous solution at potentials 

ranging from −0.25 to +0.55 V (vs. Ag/AgCl). In the following, potentials are related to the 

silver chloride electrode (E= 0.2 V vs NHE and – 0.2 V vs ferrocene). We have checked the 

stability of the compounds in the electrolyte solutions. The absence of any significant change 

of the IR spectrum and of the powder X-ray diffraction pattern of Ru-(biphen)2 (taken as a 
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representative example of the family) stirred for 20 h in 0.1 M H2SO4 confirmed that this 

POMOF did not decompose in this aqueous media (Figure SI13). 

The CVs displayed the three well-defined characteristic waves I, II, III and a fourth anodic 

wave in some cases not well-defined (IV) (Figure 6 and Figures SI14-18). These bielectronic 

waves (I, II and III) are assigned to three different Mo
VI

/Mo
V
 redox processes of the Mo

 

centers of the polyoxomolybdate ε-Keggin.
22a,22c,23,24,38

 Upon increasing the pH, a shift 

towards more cathodic potentials was observed for all the redox processes together with a 

decrease in the peak current intensity. This confirms the role of protons accompanying the 

reduction of the POM-based polymer by incorporating positive charges to the electrode 

surface to maintain neutrality 
23b,37

 according to the following equation: 

POMOF + 2e
- 
+ 2H

+
 ⇆ H2POMOF 

-0.2 0.0 0.2 0.4 0.6

-400

-300

-200

-100

0

100

200

300

IVIIIII

I/
 

A

E/V vs. Ag/AgCl

I

 

Figure 6. Cyclic voltammogram of Co-ε(trim)(bpy)2 in 0.1 M H2SO4 (pH = 1.0) at a scan 

rate of 50 mV s
-1

, third scan. 

 

Half-wave potential E1/2 = (Epa + Epc)/2 and potential peak separation (ΔE = |Epa - Epc|) values 

regarding main waves I, II and III are reported in Table SI1 for the six compounds in 0.1 M 

H2SO4 (pH = 1.0). The E1/2 values are independent of the scan rate and the current intensities 

ratio (Ipa/Ipc) is ~ 1 which suggests a highly reversible process. 
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Figure SI18 displays CVs for ε(BTB)4/3  as a function of the scan rate. The linear dependence 

of the peak current intensity with respect to the scan rate is consistent with a surface-

controlled redox process.
23

 Similarly, the CV recorded under a high rotation rate gives the 

same profile as the static CV, which confirms that the process is not governed by diffusion of 

the species in solution but rather due to an adsorbed species (Figure SI20). 

The E1/2(II) potentials of the wave II are the same for all materials and seem unaffected by the 

structural or counter ion variations. On the contrary, E1/2(I) and E1/2(III) potentials of the 

waves I and III vary slightly depending on these parameters. Indeed, the main peak potentials 

for the redox couple I was found to be E1/2(I) = -0.07 V vs. Ag/AgCl for Co-ε(trim)(bpy)2, 

ε(BTB)4/3 and Co-ε(BTB)4/3 and E1/2(I) ≈ -0.09 V vs. Ag/AgCl for Ru-ε2(trim)2, PPh4-

ε2(trim)2 and Ru-ε2(biphen)2. The frameworks with dimeric (Zn)2 POM units tend to have 

lower E1/2(I) values than those with monomeric POM units. The same trend was observed for 

E1/2(III). Moreover, the counter ions have a slight influence on the E1/2(III) potential of the 

wave III as can be seen from comparison within the ε2(trim)2 type frameworks (E1/2(III) = 

0.32 V for Ru-ε2(trim)2 and E1/2(III) = 0.30 V for PPh4-ε2(trim)2).  

Electrocatalytic response of the hybrid materials. The HER catalytic activities of the 

POM-based coordination polymers were evaluated by LSV reaching negative potentials down 

to -1 V vs. Ag/AgCl. The POMOF-carbon mixture was deposited on a GC electrode as 

described in the experimental section. These experiments were conducted in 0.1 M H2SO4 

aqueous solutions (pH = 1.0) using a RDE rotating at 2000 rpm. For all compounds, at 

potentials below -0.6 V vs. Ag/AgCl a catalytic wave was observed and assigned to the 

reduction of protons. After this scan, the characteristic CV observed for these compounds 

could not be recovered (see Figure SI21). This behaviour has been attributed to a 

multielectronic irreversible reduction process of Mo species.
23

 To reach their maximum HER 

activities the materials were thus activated by a cycling process (200 cycles) from 0.2 V to -1 
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V at a scan rate of 100 mV s
-1

 (Figure SI22). During these cycles, the activity gradually 

increased to reach a maximum onset potential, ranging from -260 mV to -450 mV (Table 2). 

Thus, the initial POM-based polymers act as precatalysts for the formation of HER active 

materials, although the mechanism of this activation remains unknown. The formation of 

platinum nanoparticles on the electrode surface as suggested by Kulesza et al.
39

 and Zhang et 

al.
40

 has not been evidenced. Indeed both EDX and ICP-MS analysis failed at revealing the 

presence of any Pt (minimum concentration detected ≤ 1 ppb). Figure 7 shows the LSV 

curves after the activation process of the POMOF materials. Taking into account that a solar 

light-coupled HER apparatus usually runs at a current density of 10-20 mA cm
-2

,
41

 the 

overpotential for a current of 10 mA cm
-2

 (η10) is chosen as a point of reference to compare 

the HER activities of the materials (Table 2).  

 

 

 

 

 

 

 

 

 

Figure 7. LSV curves after 200 cycles of activation of the POM-based materials in 0.1 M 

H2SO4 (pH = 1.0) at 2000 rpm and at a scan rate of 5 mV s
-1

. Co-ε(trim)(bpy)2 (red), 

ε(BTB)4/3 (green), Co-ε(BTB)4/3 (magenta), Ru-ε2(trim)2 (orange), PPh4-ε2(trim)2 (blue) and 

Ru-ε2(biphen)2 (brown). Inset: zoom showing the LSV curves with current up to -10 mA cm
-

2
. 

 

Considering the onset potential and overpotential values, three groups of POMOF materials 

can be distinguished. Ru-ε2(biphen)2 and PPh4-ε2(trim)2 have the lowest onset potential 
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(around -260 mV and 270 mV vs. Ag/AgCl, respectively) and the lowest η10 value (~ 336 

mV), Ru-ε2(trim)2 has the highest values, and the three other materials, Co-ε(BTB)4/3,  

ε(BTB)4/3 and Co-ε(trim)(bpy)2, have intermediate values. 

 

Table 2. Comparison of the HER activity and H2 production of the POM-based coordination 

polymers. 

 
Catalyst Dimensio

nality 

POM 

Building unit 

Onset 

potential/mV 

η10/ mV
a
 H2 evolution 

rate/nmol 

min
-1 b

 

FY60 (%)
c
 

Co-ε(trim)(bpy)2 1D Zn -410 452 140 54 

ε(BTB)4/3 3D Zn -450 576 250 57 

Co-ε(BTB)4/3 3D Zn -310 419 235 52 

Ru-ε2(trim)2 3D (Zn)2 -450 617 110 71 

PPh4-ε2(trim)2 3D (Zn)2 -270 335 670 52 

Ru-ε2(biphen)2 2D (Zn)2 -260 337 510 49 

 
a
 η10 is defined as the overpotential measured for a current of 10 mAcm

-2
. In order to calculate the HER 

overpotential, platinum electrode is taken as reference material (EPt/H2 ≈ 0.2 V vs. Ag/AgCl). 
b
 H2 evolution rate 

after the five first minutes of electrolysis at -0.6 V vs. Ag/AgCl. 
c
 Faradic yield after 60 min of electrolysis at -

0.6 V vs. Ag/AgCl. 

 

Controlled potential electrolysis. To confirm the electrocatalytic HER and examine the 

durability of these POM-based polymer materials, CPE experiments were conducted at -0.6 V 

vs. Ag/AgCl in 0.1 M H2SO4 aqueous solution at pH = 1.0. The first direct observation of the 

production of hydrogen is the intense formation of bubbles at the surface of the electrode 

shortly after the beginning of the CPE. H2 production was measured during CPE experiments 

by gas chromatography (Figure 8 and Table 2). We observed that the production of H2 for all 

catalysts studied here reaches a plateau at around 60 minutes. Faradic yields are calculated 

after 60 minutes reaction yielding values at around 60 %, which is underestimated, since the 

charge consumed to reach the active reduced Mo species has not been taken into account. 
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Figure 8. Hydrogen production during the CPE at -0.6 V vs Ag/AgCl in 0.1 M H2SO4 (pH = 

1.0). Co-ε(trim)(bpy)2 (red), ε(BTB)4/3 (green), Co-ε(BTB)4/3 (magenta), Ru-ε2(trim)2 

(orange), PPh4-ε2(trim)2 (blue) and Ru-ε2(biphen)2 (brown). 

 

Ru-ε2(biphen)2 and PPh4-ε2(trim)2 which have the lowest η10 values have also the highest H2 

evolution rates while Ru-ε2(trim)2 is the least active compound. A trend on the effect of the 

cations in POM-based polymers for the HER arises from these results. The presence of big 

divalent counter ions such as [M(bpy)3]
2+

 (M = Co or Ru) tends to decrease the catalytic 

performances of the materials compared to monovalent cations like TBA
+
 or PPh4

+
. Indeed, 

for the isostructural ε2(trim)2 type frameworks, PPh4-ε2(trim)2 is far more active than Ru-

ε2(trim)2. On the contrary, neither the dimensionality of the framework nor the nature of the 

POM building unit seems to have an effect on the catalytic activity.  

 

CONCLUSION 

In conclusion, we have evidenced for the first time that the TBA
+
 counter-ions usually present 

in -Keggin-based coordination polymers may be replaced in situ, partially or totally, with 

[M(bpy)3]
2+

 (M = Ru, Co) or PPh4
+
 counter-ions. In Co-(BTB)4/3 half of the TBA

+
 cations 
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were substituted leaving the hybrid structure of the compound unchanged compared to the 

structure with TBA
+
 cations only. By contrast, there are no TBA

+ 
cations left in the three 

novel coordination polymers PPh4-2(trim)2, Ru-2(trim)2, and Ru-2(biphen)2 which 

contain PPh4
+
 cations or [Ru(bpy)3]

2+
 as counter-cations. Also, their structures are different 

from their analogues containing TBA
+
 counter-ions, showing that the counter-ions have 

indeed a structure-directing role. Furthermore, it has been possible to isolate the 

unprecedented 1D coordination polymer Co-(trim)(bpy)2  with two types of Co
II
-containing 

complexes, one covalently attached to the 1D chains and the other located in the voids as 

counter-ions. Finally, these materials act as precatalysts for the hydrogen evolution reaction. 

Their activity depends strongly on the nature of the counter-ions. PPh4-2(trim)2 appears as 

the most efficient compound in terms of onset potential (-270 mV) and hydrogen production. 

The comparison of its activity with that of the isostructural Ru-2(trim)2 suggests that 

monocationic counter-ions are more favourable than dicationic ones for the electrocatalytic 

activity. 
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