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Abstract 
The major challenges to practical implementation of efficient noble metal based molecular water oxidation 
catalysts are their stability and recycle ability. Herein, noble metal Ru based molecular water oxidation catalysts 
were covalently anchored in MOFs through “amide bond” as bridges, which leads to the formation of high-
efficiency and robust heterogeneous catalysts for water oxidation reaction. We show that the efficiency for CeIV-
driven water oxidation was significantly enhanced by 120 times when the Ru molecules were immobilized on the 
frameworks of MIL-101(Cr). The relationship between recycle stability and the structure of the Ru complexes 
covalently anchored in MOFs was carefully studied by recycle tests and various characterization methods. 
[Ru(terpy)(pic)2(H2O)]2+ was directly certified as real catalytic species instead of the original complex 
[Ru(terpy)(pic)2Cl]+ by the X-ray absorption spectroscopy and control experiments. The synthetic method of 
hybrid catalysts offers a good strategy for enhancing water oxidation activity and stability of molecular catalysts. 

Graphical abstract 
The noble metal Ru based molecular water oxidation catalysts were covalently anchored in MOFs through 
“amide bond” as bridges, which leads to the formation of high-efficiency and robust heterogeneous catalysts for 
water oxidation reaction. 
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1. Introduction 
The current energy and environment crisis have stimulated the development of clean and renewable energy 
[[1], [2], [3]]. Hydrogen evolution from water splitting is a promising method to address the energy and 
environmental problems [4] because hydrogen possesses high heat value and combusts to water as the only 
product [[5], [6], [7]]. Water splitting consists of two half reactions, water oxidation and water reduction, where 
the former is believed to be the bottleneck due to the required transfer process of multiple protons and 
electrons [[8], [9], [10], [11]]. As a result, considerable efforts have been made on developing water oxidation 
catalysts (WOCs) over the past few decades [[12], [13], [14], [15], [16]]. The WOCs can be either heterogeneous 
catalysts, such as metal oxides [[17], [18], [19], [20]] and metal sulfides [[21], [22], [23], [24]], or homogeneous 
catalysts, such as metal complexes [[25], [26], [27], [28], [29], [30]] and polyoxometalates (POMs) 
[[31], [32], [33], [34], [35]]. Numerous heterogeneous catalysts have been studied in detail, and a great many of 
rewarding achievements have been achieved [[36], [37], [38], [39]]. Although heterogeneous catalysts are stable 
and convenient for recycling, it is challenging to enhance the catalytic ability of oxygen evolution for them by 
systematically chemical modification, and the catalytic mechanisms of heterogeneous catalysts are difficult to 
verify. Therefore, it is necessary to develop homogeneous catalysts which have shown considerable advantages 
in terms of catalytic activity regulation through great superiority in studying the reaction mechanism and 
improving the catalytic activity [[40], [41], [42], [43], [44]]. However, the vital challenges of recovery and stability 
limited the development of homogeneous catalysts. 

Since the “blue dimer” was used as homogeneous WOC in 1982, various ruthenium complexes with robust 
structures and high activities were developed for catalytic water oxidation [[45], [46], [47], [48], [49], [50]]. 
Some heterogeneous metal oxides derived from the decomposition of molecular catalysts were found to be the 
true catalytic species for water oxidation [51]. Unprotected molecular catalysts are easily decomposed under 
harsh water oxidation conditions. The photosystem II of the nature elegantly solved the robustness challenge of 
oxygen-evolving complex by embedding the [Mn4CaO5] cluster into protein environments [52]. This protein-
encapsulated [Mn4CaO5] cluster effectively protects oxygen-evolving complex from aggregation and degradation 
and provides favorable electronic environments for multiple redox steps of water oxidation. The combination of 
molecular cluster and the stabilizing support is essential for natural system and offers a promising method to 
realize the recovery and enhancement of stability for homogeneous catalysts. At present, it is a challenge to 
covalently anchor homogeneous WOCs on support to form effective heterogeneous catalyst. POMs as 
homogeneous catalysts are difficult to achieve the heterogenization due to the lack of modifiable sites. Metal 
complexes, another important type of homogeneous catalysts, can be chemically modified to anchor to the 
heterogeneous materials with covalent bond, so as to realize the heterogenization of homogeneous catalysts. 



Compared with other heterogeneous materials, metal-organic frameworks (MOFs) show advantages in the pore 
volume, specific surface area and tunable chemical environments in cavities of MOFs, which can be modified by 
post-synthetic treatment [[53], [54], [55]]. These features make MOFs suitable to provide appropriate chemical 
environments and abundant anchoring sites for homogeneous catalysts. Herein, inspired by the natural strategy, 
we used MOFs as the support of homogeneous catalysts and developed a new covalently anchoring strategy by 
introducing easily synthetic amide bond as a bridge connecting metal complexes and MOFs. MIL-101(Cr) has 
great advantages in appropriate sizes of pore volume and excellent chemical stability [56] so that it was chosen 
as the support of homogeneous catalysts. Two homogeneous catalysts [Ru(terpy)(pic)3](PF6)2 (terpy = 2,2’;6’,2”-
terpyridine, pic = 4-picoline) (1) and [Ru(terpy-Ac)(pic)3](PF6)2 (terpy-Ac = [2,2':6',2”-terpyridine]-4'-carboxylic 
acid) (2) were synthesized as a control group, and three covalently anchored, proof-of-concept heterogeneous 
catalysts MIL-101(Cr)-[Ru(terpy-Ac)(pic)2Cl](PF6) (3), MIL-101(Cr)-[Ru(terpy)(isc)Cl2] (isc = isonicotinic acid) (4), 
MIL-101(Cr)-[Ru(terpy)(isc)(pic)2](PF6)2 (5) were successfully prepared to prove the above mentioned state-of-
the-art strategy (Fig. 1). The kinetics of CeIV-driven (CeIV = Ce(NH4)2(NO3)6) water oxidation catalyzed by these 
catalysts were investigated in detail. Water oxidation efficiency was significantly enhanced by 120 times when 
the Ru molecules were immobilized on the frameworks of MIL-101(Cr). The catalysts 3 and 4 were certified as 
the robust water oxidation catalysts while catalyst 5 exhibited poor stability in recycle tests. Mechanistic studies 
revealed that the water oxidation activity and stability of these catalysts were closely related to the coordination 
structure of molecular species anchored in MIL-101(Cr) and the real catalytic species was directly certified as Ru 
aqua species, [Ru−OH2], as evidenced by X-ray absorption spectroscopy (XAS). 

 
Fig. 1. (a) The structures of catalysts studied in this paper. (b) Schematic representations of catalysts 3, 4 and 5. 
 

2. Experiment section 
2.1. Materials 
All salts and other chemicals were of the highest purity available from commercial sources without further 
purification. Purified water (18.25 MΩ cm applied in all the experiments was attained from a Molecular Lab 
Water Purifier. 

2.2. Synthesis of heterogeneous catalysts 
As shown in Scheme 1, 0.6 g (2.2 mmol) 2,2':6',2”-terpyridine-4'-carboxylic acid (terpy-Ac) in 10 mL thionyl 
chloride (SOCl2) was heated under reflux for 4 h. After that, evaporation of SOCl2 resulted in white precipitate 
(7). Then, 20 mL dichloromethane (CH2Cl2) suspension of 0.4 g the obtained white precipitate, 0.4 g MIL-101(Cr)-
NH2 and 0.8 mL triethylamine was degassed with argon and refluxed for 24 h. The solid was centrifuged and 
washed with EtOH and CH2Cl2 for three times. The collected solid was dried at room temperature to give MIL-



101(Cr)-terpy-Ac (8). A mixture of 0.2 g 8 and 0.12 g (0.6 mmol) RuCl3·xH2O in 30 mL EtOH was heated under 
reflux for 20 h. Then the solid was centrifuged and washed with water and ethanol, respectively. The collected 
solid was dried in vacuum to give MIL-101(Cr)-Ru(terpy-Ac)Cl3 (9). A suspension of 0.2 g 9, 1.5 mL (15 mmol) 4-
picoline, 0.3 mL triethylamine and 0.02 g (0.47 mmol) LiCl in EtOH/H2O (v:v = 1:1) was degassed and heated to 
reflux for 24 h. The solid was centrifuged and added into 6 mL H2O. Then, excess NH4PF6 was added into the 
suspension solution. The black solid was collected and washed five times with water, ethanol and CH2Cl2 to yield 
MIL-101(Cr)-[Ru(terpy-Ac)(pic)2Cl](PF6) (3). Terpy-Ac (6) was substituted by isonicotinic acid (10) to connect MIL-
101(Cr)-NH2 with molecular Ru catalysts, and similar synthetic routes were used to prepare 4 and 5 (Scheme 1b). 

 
Scheme 1. The synthesis routes of catalyst 3 (a), catalysts 4 and 5 (b). 
 

3. Results and discussion 
3.1. Synthesis and Characterization 
Complex 1 was synthesized according to the method of previous literature (Figs. S1-S2) [57]. The new 
complex 2 was characterized by 1H NMR (Fig. S5), 13C NMR (Fig. S6), UV–vis spectroscopy (Fig. S7) and FT-IR 
spectrum (Fig. S8). In order to obtain the designed catalysts, a simple condensation reaction between the 
carboxyl group on terpy-Ac (6) and the amino group on MIL-101(Cr)-NH2 was incipiently used to connect terpy-
Ac with the MIL-101(Cr)-NH2 in the presence of N,N’-diisopropylcarbodiimide as catalyst. However, this method 
failed due to the low reactivity between the carboxyl and amino groups. Then, a new strategy was developed. As 
shown in Scheme 1a, the amide bond could be easily achieved by the reaction of acid chloride and amino group. 
Thereby, [2,2':6',2”-terpyridine]-4'-carbonyl chloride (7) was synthesized and used to react with MIL-101(Cr)-
NH2. As expected, 7 and MIL-101(Cr)-NH2 successfully reacted and afforded 8. Next, 9 was obtained by the 
simple reflux treatment of 8 and RuCl3. Catalyst 3 was eventually synthesized after the replacement of two axial 
chlorides in 9. Catalysts 4 and 5 were designed to provide more direct evidence for illustrating the structure-
activity relationship in water oxidation. The as-obtained hybrid products 3, 4 and 5 were characterized by 
powder X-ray diffraction (XRD) (Fig. S9), transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM). As shown in Fig. 2, all samples retain the octahedral morphology after incorporation. After 
comparing the XRD patterns with previously reported MIL-101(Cr), it seems that the crystallinity of hybrid MOFs 
decreased, which is likely due to the loading of Ru guests that introduces the disorder of the framework and 
weakens the diffraction. The successful incorporation Ru catalysts was confirmed by monitoring 1H NMR of 
digest hybrid MOF, MIL-101(Cr) and MIL-101(Cr)-NH2, where we observed the formation of amide NꟷH at 12.5 
ppm and the presence of aromatic peaks appeared at 7.77, 7.75, 7.38, 7.02, 7.00 ppm from the 2-
aminoterephthalic acid (H2BDC-NH2) compared to MIL-101(Cr) (Fig. S10). Moreover, the mass spectrometry of 
digested 8 shows evident ion peaks at m/z 441.1241 and 463.1062, which are assigned to [H2BDC-NHCO-terpy + 
H]+ (calculated m/z, 441.12) and [H2BDC-NHCO-terpy + Na]+ (calculated m/z, 463.10), respectively (Fig. S11). The 
presence of Ru complex was further supported by diffuse reflectance UV–vis spectroscopy. As shown in Fig. S12, 
the additional absorption in the range 436−595 nm in samples 3, 4 and 5 compared to MIL-101(Cr) is consistent 



with the absorption feature of Ru complexes 1 and 2 and thus can be attributed to the presence of Ru 
complexes from incorporation. Besides, the molecular Ru complexes are distributed uniformly in cavities of MIL-
101(Cr) according to the elemental mapping images and the high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) (Fig. 2). FT-IR spectra of 3, 4 and 5 exhibit high similarity to that of MIL-
101(Cr)-NH2 (Fig. S8). Distinct vibration peaks found at 1395 cm−1 and 1621 cm−1 are due to the asymmetric 
vibration of carboxylate present in the frameworks of MIL-101(Cr) [58]. The apparent characteristic peaks of 
molecular catalysts are not observed in the FT-IR spectra, due to the relatively low loading of Ru complexes in 
MIL-101(Cr)-NH2. 

 
Fig. 2. SEM of fresh 3 (a, b), fresh 4 (i, j) and 5 (q, r), TEM of fresh 3 (c), fresh 4 (k) and fresh 5 (s), HAADF-STEM of 
fresh 3 (d), fresh 4 (l) and 5 (t), corresponding elemental mapping images of fresh 3 (e-h), fresh 4 (m-p) and 5 (u-
x). 
 

In addition to the bulk structure, the local coordination environments of the Ru center were confirmed by XAS. 
The X-ray absorption near edge structure (XANES) spectra of catalysts 3, 4, 5 and four reference samples, i.e. Ru 
foil, [Ru(bpy)3]Cl2 (bpy = 2,2'-bipyridine), RuCl3 and dichloro(p-cymene)ruthenium(II) dimer (D-Ru), are shown 
in Fig. 3a. The main feature at ∼22.123 keV in the spectrum of [Ru(bpy)3]Cl2 is the absorption white line 
corresponding to the dipole allowed 1s-5p transition. The lack of pre-edge feature implies the centrosymmetric 
geometry of [Ru(bpy)3]Cl2, which is consistent with literature reports [59,60]. Similar spectral features were 
observed for catalysts 3, 4 and 5, suggesting that the Ru center likely processes octahedral geometry after 



incorporation. Moreover, the edge energy of XANES spectra of catalysts 3, 4 and 5 as shown in the first 
derivative XANES spectra exhibit excellent agreement with [Ru(bpy)3]Cl2 reference, implying that the Ru center 
in MIL-101(Cr) retains +2 oxidation state. In order to confirm that catalysts 3, 4 and 5 have good dispersion in 
the frameworks of MOFs, the Fourier transform (FT) of k2-weighted χ(k) space spectra into radial distance χ(R) 
space spectra is conducted as an intuitive method. From the χ(R) spectra of 3, 4, 5 and the references, the peak 
located at 1.85 Å is the scattering path of characteristic RuꟷN bonding in [Ru(bpy)3]Cl2. The scattering path of 
RuꟷCl bonding in RuCl3 and D-Ru is located at 2.21 Å. As shown in Fig. 3b and Fig. S16, the peaks of RuꟷN 
bonding appear in catalysts 3, 4 and 5 while the peaks of RuꟷCl bonding only appear in 3 and 4. The most 
prominent peak located at 2.64 Å is the scattering path of RuꟷRu bonding in Ru foil. It should be pointed out 
that the weak peak located at 2.68 Å is the scattering path of RuꟷNꟷC bonding in the second coordination shell 
of Ru complex segment in catalyst 5. The characteristic peak of RuꟷRu metal bonding is not obvious in 
catalysts 3, 4 and 5, which supports the good dispersion of Ru atoms in MOFs. 

 
Fig. 3. (a) Normalized K edge X-ray absorption near edge structure (XANES) χ(E) spectra. The inset is the first 
derivative XANES spectra. (b) Radial distance χ(R) space spectra of fresh catalysts, the dotted lines represent the 
radial distance of the RuꟷC bond in D-Ru (green), RuꟷN bond in [Ru(bpy)3]Cl2 (light blue), RuꟷCl bond in 
RuCl3 (red) and RuꟷRu bond in Ru foil (black) (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.). 
 

The wavelet transform of χ(k) is an effective approach to investigate the coordination environment of Ru atoms 
in MOFs especially for the situation that the local structure of metal atoms with “hybrid atoms” coordination 
environment in the first coordination shell [61]. From the wavelet transform of χ(k) spectra of 
catalysts 3, 4 and 5, the scattering path signal located at [χ(k), χ(R)] of [5.60, 1.86] is assigned to RuꟷN and the 
subtle signal located at [χ(k), χ(R)] of [7.20, 2.30] is RuꟷCl, revealing that the coordination environment of Ru 
atoms in 3 contains RuꟷN and RuꟷCl (Fig. 4). Similarly, the distinct signal located at [χ(k), χ(R)] of [8.40, 2.20] 
indicates that both RuꟷN and RuꟷCl are coexisted in 4 while the two closed scattering path signals merged (Fig. 
S17a). For catalyst 5, the evident signal of RuꟷN bonding in the first coordination shell locates at [χ(k), χ(R)] of 
[5.40, 1.86] while a weak signal of RuꟷC in the second coordination shell locates at [χ(k), χ(R)] of [6.31, 2.63] (Fig. 
S17b). Moreover, the signal of RuꟷRu bonding in Ru foil located at [χ(k), χ(R)] of [9.60, 2.64] is not observed in 
catalysts 3, 4 and 5, which further testifies the good dispersion of Ru molecules in MOFs. 



 
Fig. 4. Wavelet transform extended X-ray absorption fine structure (WTEXAFS) of Ru foil (a), [Ru(bpy)3]Cl2 (b), 
RuCl3 (c) and Catalyst 3 (d). 
 

To gain a better understanding of the local coordination environment, we quantitatively fitted the extended X-
ray absorption fine structure (EXAFS) spectra of catalysts 3, 4 and 5. As shown in Fig. 5, fitting models based on 
synthetic scheme and wavelet transform results were used to fit the data. The fitting parameters were 
summarized in Table S1-S3. The first coordination shell of Ru in catalyst 3 exhibits RuꟷN and RuꟷCl bonding with 
coordination number approaching 5.0 and 1.0 (Table S1). The quantitative χ(R) space spectrum of fresh 3 fits 
well to the DFT-optimized structure model of [Ru(terpy-Ac-NH2)(pic)2Cl]+. In the same way, the first coordination 
shell of Ru in catalyst 4 displays RuꟷN and RuꟷCl bonding with coordination number approaching 4.0 and 2.0 
(Table S2). The quantitative χ(R) space spectrum of fresh 4 fits well to the DFT-optimized structural model of 
[Ru(terpy)(isc-NH2)Cl2]. Catalyst 5 only exhibits RuꟷN bonding with coordination number approaching 6.0 in the 
first coordination shell of Ru (Table S3). The quantitative χ(R) space spectrum of fresh 5 fits well to the DFT-
optimized structural model of [Ru(terpy)(isc-NH2)(pic)2]2+. Thus, the core structures of the Ru units in 
catalysts 3, 4 and 5 are [Ru(terpy-Ac)(pic)2Cl]+, [Ru(terpy)(isc)Cl2] and [Ru(terpy)(isc)(pic)2]2+, respectively. The 
average Ru contents in catalysts 3, 4 and 5 were ca. 3.86 wt%, 2.83 wt% and 2.32 wt% detected by inductively 
coupled plasma-optical emission spectroscopy (ICP-OES) (Table S5). The pore windows of MIL-101(Cr) are 
important to provide passages of ligand terpy or pic into MOFs, and therefore critical for in-situ synthesis of 
catalysts. 12 Å pentagonal windows and 16 Å hexagonal windows of MIL-101(Cr) are large enough to allow the 
free pass for terpy-Ac and pic (Figs. S18-S19). The longest sizes of molecular models optimized by DFT in 
catalysts 3, 4 and 5 are 14.29 Å, 14.08 Å and 13.75 Å (Figs. S20-S22), respectively. Molecular catalysts are easily 
formed in situ in MOFs due to the large size of MOF cages [62]. In addition, the similar sizes between molecular 
catalysts and the windows of MOFs are helpful to maintain the molecular catalysts in the cages of MOFs. 



 
Fig. 5. χ(R) space spectra fitting curves of 3 (a), 4 (d) and 5 (g), inverse FT χ(R) space spectra into χ(q) space 
spectra (χ(k) space) fitting curves of 3 (b), 4 (e) and 5 (h) at Ru K-edge, the red lines are the fit to the DFT-
optimized molecular model [Ru(terpy-Ac-NH2)(pic)2Cl]+ (c), [Ru(terpy)(isc-NH2)Cl2] (f) and [Ru(terpy)(isc-
NH2)(pic)2]2+ (i). C (gray), H (light gray), O (red), N (blue), Ru (dark cyan), Cl (green) (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.). 
 

3.2. Water oxidation reaction 
The catalytic activities for all catalysts were examined under excess CeIV-driven water oxidation under acidic 
conditions. Oxygen evolution was observed as excess CeIV was added into the deaerated aqueous solutions of 
catalysts (pH 1.0). The oxygen evolution kinetics of different catalysts was investigated (Fig. 6). 
Catalyst 3 showed the highest catalytic activity, and the activities follow the order 3 > 5 > 4 (Fig. 6a). Compared 
with fresh catalyst 3, a simple ruthenium trichloride salt and a pristine MIL-101(Cr) show almost no oxygen 
evolution (Fig. 6b). For complex 1, the TON of 3 is lower than previously reported number because of the short 
reaction time [57]. The catalytic activity of 1 is better than that of 2, indicating that the electron-donating ability 
of ligand can improve the catalytic activity of the Ru complexes. Even though, catalyst 3 (TOF is 96 h−1) 
containing electron-withdrawing group of amide bond (NꟷC=O) surprisingly displayed an extremely high 
enhancement of the TOF which is 120 times higher than that of molecular 2 (TOF is 0.8 h−1) in initial 10 min. 
However, the physical mixing between MOFs and complex 2 cannot visibly improve the initial TOF for 
homogeneous complex 2. These controlled experiments clearly demonstrate the unique advantage of covalent 
anchoring strategy in enhancing oxygen evolution efficiency. 

 



Fig. 6. (a) Kinetics of oxygen evolution in the CeIV-driven system using 10 mg heterogeneous catalysts 3, 4 and 5. 
(b) The comparison of oxygen evolution using catalysts 3 (0.66 mg, 25 μM Ru) and other catalysts (25 μM Ru 
and/or 0.66 mg MIL-101(Cr)), conditions: CF3SO3H aqueous solution (initial pH 1.0, 10 mL) containing CeIV (0.1 
M); vigorous agitation using a magnetic stirrer. 
 

The water oxidation stability of catalyst 3 was evaluated by XPS (Fig. 7), SEM, TEM, HAADF-STEM and 
corresponding elemental mapping images (Fig. S25). The octahedral crystals of support MIL-101(Cr) are well 
remained after water oxidation, indicating the good stability of MIL-101(Cr) as the supporting framework. The 
Ru mapping images showed that Ru was distributed uniformly in cavities of MIL-101(Cr), illustrating that the Ru 
complexes in catalyst 3 maintain well after water oxidation. The energy dispersive X-ray spectroscopy (EDX) 
analyses show that the Ru elements exist in both fresh 3 and recovered 3 (Figs. S26-S27), revealing that the 
covalently anchoring strategy can realize the recovery of noble metal complexes. 

 
Fig. 7. XPS spectra of catalysts 2 and 3 in the energy regions of (a) full scan, (b) C 1s/Ru 3d, (c) N 1 s and (d) O 1s. 
The binding energy position of each sample was calibrated by the C 1s peak at 284.8 eV. 
 

XPS spectra more informatively probe the structure and stability of the anchored Ru complex and MIL-101(Cr). 
For C 1s/Ru 3d spectra of catalyst 3 (Fig. 7b), two peaks located at approximately 284.8 eV and 288.4 eV are 
assigned to C 1s and the third one located at 281.7 eV is assigned to Ru 3d5/2. The peak of Ru 3d3/2 is positively 
shifted by ca. 4.2 eV vs. Ru 3d5/2 and thus overlapped with the major C 1s peak [63]. The peaks of Ru 3d5/2 for 
fresh 3, recovered 3 and 2 are located at around 281.7 eV, 281.4 eV and 281.0 eV, respectively, showing that the 
valences of Ru in these three catalysts are +2 [[64], [65], [66]]. The Ru 3d5/2 peak of recycled 3 is negatively 
shifted by 0.3 eV compared with that of fresh 3, most likely due to the change of coordination environment. The 
Ru 3d5/2 peak shifts to lower binding energies is generally caused by the increase in electron density of Ru [67]. 
The Ru 3d5/2 peak of recovered 4 is negatively shifted by 0.6 eV compared with that of fresh 4, indicating that 
similar changes of coordination environment were happened in both recovered 4 and 3 (Fig. S30b). Ru 
3d5/2 peak in the recovered 5 is not detected while that of fresh 5 is located at 281.5 eV, illustrating a serious 
leaching of Ru complex for catalyst 5 during water oxidation (Fig. S31b). 

The N 1s peak of fresh molecular catalyst 2 at 400.1 eV is assigned to pyridine nitrogen (Fig. 7c). Each of N 1s 
bands of catalysts 3, 4 and 5 is resolved into two peaks. The peaks of fresh 3, 4, 5 and recovered 3, 4, 5 located 



at 399.9–400.2 eV are ascribed to the pyridine nitrogen (Fig. 7c, S30c, S31c). The peaks at 399.3 eV (fresh 3) and 
399.4 eV (recovered 3) are attributed to arylamine nitrogen and amide nitrogen [68,69]. The N 1s peaks located 
at 399.4 eV (fresh 4), 399.5 eV (recovered 4), 399.3 eV (fresh 5) and 399.1 eV (recovered 5) are also ascribed to 
arylamine nitrogen and amide nitrogen. The N 1s spectra of 3, 4 and 5 further prove that the Ru molecular 
catalysts are successfully immobilized in MIL-101(Cr). 

The O 1s XPS spectra of 3 (before and after reaction) contain three peaks, and O 1s of catalyst 2 exhibits two 
peaks (Fig. 7d). The peak located at around 531.2 eV is ascribed to amide bond (NꟷC=O) [70], and two kinds of 
carboxylate groups locate at approximately 531.9 eV (CꟷO) and 532.6 eV (O C=O) [71]. The carboxylate 
ꟷgroups of fresh and recovered 4 locate at around 531.8 eV (CꟷO) and 532.6 eV (OꟷC=O) (Fig. S30d). The amide 
bond (NꟷC=O) of recovered 4 is positively shifted by 0.2 eV compared with that of fresh 4. On the contrary, the 
O 1s XPS spectrum of 5 after reaction is obviously changed compared with the fresh one. The O 1s spectrum of 
fresh 5 can be divided into three peaks at 530.8, 531.6 and 532.5 eV, corresponding to NꟷC=O, CꟷO and OꟷC=O 
(Fig. S31d). All the three peaks of O 1s are shifted to around 530.1 eV, 531.3 eV and 532.3 eV after water 
oxidation, suggesting the change of coordination environment of oxygen in catalyst 5. The reason for the 
obvious change is very likely due to the leaching of Ru complexes and is verified in detail by the recycle test of 5. 
XPS spectra further proved that although the coordination environments of Ru are altered, the Ru molecular 
fragments on the frame structure of MIL-101(Cr) are still retained as the form of molecules. 

The stabilities of 3, 4 and 5 were further evaluated by recycle tests (Fig. 8). Catalysts 3 and 4 maintain excellent 
activities as fresh catalysts after five catalytic cycles, revealing that both of them have good stability under 
water oxidation reaction conditions. The recycle tests of 5 exhibit a continuous decline in oxygen evolution 
activity, indicating a poor stability of 5. For catalysts 3 and 4, the supernatant solution after the first run is not 
active at all, however, a small quantity of oxygen is detected in supernatant of catalyst 5 after the first run, 
which reveals that a few Ru molecules are leached from the framework of catalyst 5 (Fig. 8d). All of the results in 
XPS and recycle experiments show that these catalysts have the following features: (1) 3 has the excellent 
oxygen evolution activity and stability comparing with other catalysts in this work. (2) For recycle 
tests, 4 possesses the good stability while 5 with same bridging ligand shows a sustained decrease in catalytic 
activity, and both of them are valuable examples for the design and synthesis of stable water oxidation catalysts 
in the future. (3) 5 is the worst catalyst in stability, which may be caused by the leaching of Ru complexes from 
the frameworks of MOFs. The comparisons among these heterogeneous catalysts certify the stability and 
activity of water oxidation are strongly associated with the structure of Ru complexes anchored in MOFs. It 
should be noted that CeIV can yield insoluble cerium oxide materials under water oxidation conditions. The 
resulting cerium oxide materials might gradually block the pores of MIL-101(Cr) and prevent fresh CeIV from 
diffusing into MOFs over time [72]. This would affect the rate of oxygen evolution and finally lead to a plateau. 
The adverse effects caused by cerium oxide precipitate can be eliminated in recycle tests after washing catalysts 
and supplying fresh CeIV solution. 



 
Fig. 8. Recycle tests of 3 (a), 4 (b) and 5 (c), the activities of recovered solid catalysts (10 mg) and supernatant 
solutions after the first run were tested by adding 0.1 M of CeIV (d), reaction time is 10 min, vigorous agitation 
using a magnetic stirrer. 
 

It is impressive that a high water oxidation activity was obtained by these hybrid catalysts. The possible factors 
for the enhancement of catalytic activity are as follows: (1) the influence of confinement in the nanocage of 
MOFs; (2) the electronic effect of framework in MOFs; (3) the change of coordination environment for hybrid 
catalysts. The activity of the Ru complex can be greatly improved after confinement in the nanocage, while the 
physical mixing of complex 2 and MOFs cannot notably improve the catalytic activity of homogeneous catalysts. 
Local high concentration of Ru complexes can be realized due to the confinement effects in nanocage of MOFs. 
The confinement effects in the nanocage of MOFs will shorten the distance between the molecules, and the 
catalytic pathway of water oxidation may be changed. However, the match in the positions and directions of the 
two Ru active sites anchored on the cage is difficult. Compared with dinuclear Ru complex D-Ru, the EXAFS 
results showed that no analogue of dinuclear Ru complex was formed in the cage of catalyst 3 (Fig. S32). 
Therefore, the water nucleophilic attack pathway claimed previously is more consistent for these molecular Ru 
analogues in MOFs [73]. 

Although MIL-101(Cr) does not show catalytic activity at all, the Cr cations in MIL-101(Cr) could act as electron 
relays between the catalytic center of Ru and the oxidant of CeIV (Fig. S33). When the CeIV solution was added 
into the suspension of catalyst 3 or pure MIL-101(Cr) (Fig. S34), a set of narrow EPR bands assigned for CrV was 
observed at g = 1.97 for catalyst 3 while no EPR signal of CrV was detected for pure MIL-101(Cr) [74]. Therefore, 
CrIII in pure MOFs cannot be directly oxidized to CrV by CeIV, and the electron transfer between Ru complex and 
the framework of MOFs could be the real reason for the formation of CrV in the framework of catalyst 3. The 
valences of Cr in MOFs are kept as +3 valence state before and after reaction (Fig. S35), revealing the valences of 
Cr recovered from higher valence to +3 when the reaction was finished. Therefore, the framework of MOFs acts 
as the stabilizing support with the function of storing and donating electrons for Ru complex segments in 
catalyst 3-5. The electronic effect of framework in MOFs plays an important role in the enhancement of catalytic 
water oxidation. 



The change of coordination environment for hybrid catalysts could further improve the catalytic activity. To 
clarify the structural change of 3 during water oxidation reaction, the recovered catalyst 3 after the first run was 
measured by XAS spectra. From the wavelet transform of χ(k) spectrum of recovered 3 (Fig. S36), the scattering 
path signal located at [χ(k), χ(R)] of [5, 1.86] is assigned to RuꟷN, and the weak signal located at [χ(k), χ(R)] of 
[8.6, 2.42] is RuꟷO, revealing that the coordination environment of Ru atoms in recovered 3 contain RuꟷN and 
RuꟷO, which is further supported by the EXAFS results. As shown in Fig. 9, the EXAFS spectrum of 
recovered 3 can be adequately fitted by the DFT-optimized structure model of [Ru(terpy-Ac-
NH2)(pic)2(H2O)]2+(Fig. 9c) while significant deviation was observed based on the structure model of [Ru(terpy-
Ac-NH2)(pic)2Cl]+. Thereby, the equatorial chloro ligand of Ru unit in catalyst 3 was replaced by the H2O, which is 
consistent with the shift of Ru 3d5/2 peak in XPS (Fig. 7b). The replacement of Cl− as H2O improves the water 
oxidation activity of catalyst 3 during the reaction (Fig. 10a). In all, a new species with [Ru−OH2] structure are 
responsible for the high oxygen evolution activity according to the analysis of the above EXAFS spectra and XPS 
analysis. As a matter of fact, the coordinated H2O in molecular Ru complex was proved to greatly influence the 
oxygen evolution ability [75,76]. In addition, [Ru(terpy)(bpy)(OH2)]2+ has been verified to be a highly active and 
fairly stable water oxidation catalyst while [Ru(terpy)(bpy)Cl]+ exhibited no activity at all [77]. In conclusion, the 
Ru complex with the structural unit [Ru−OH2] for recovered 3 is the real water oxidation catalyst. 

 
Fig. 9. (a) χ(R) space spectra fitting curve of recovered 3. (b) Inverse FT χ(R) space spectra into χ(q) space spectra 
(χ(k) space) fitting curve of recovered 3. (c) DFT-optimized molecular model [Ru(terpy-Ac-
NH2)(pic)2(H2O)]2+ (right), Cl is substituted by H2O in Ru complex of catalyst 3, C (gray), H (light gray), O (red), N 
(blue), Ru (dark cyan), Cl (green) (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.). 



 
Fig. 10. The speculations for the huge differences in water oxidation activity and recycle stability among these 
hybrid catalysts. 
 

The covalent immobilization of hybrid catalysts provides a promising way to investigate the relationship among 
the activity, stability and the structure of molecular catalysts. Some homogeneous water oxidation catalysts 
have short longevity due to the serious intermolecular oxidative decomposition. When the homogeneous 
catalysts were anchored in the cages of MOFs, the molecular catalysts were separated from each other, which 
could effectively avoid such intermolecular decomposition. Hence, with the anchoring of molecular complexes, 
the obtained hybrid catalysts generally show improvement in catalytic stability and activity. However, only 
catalyst 3 of three hybrid heterogeneous catalysts showed significant enhancement in water oxidation activity. 
In addition to the ability to avoid intermolecular oxidative decomposition, catalyst 3 has the following unique 
advantages: (1) a highly efficient water oxidation pre-catalyst [Ru(terpy-Ac)(pic)2Cl]+ is in situ formed in cages of 
MIL-101(Cr) (labeled as 3) instead of [Ru(terpy-Ac)(pic)3]2+ (homogeneous catalyst 2) when the geometric 
confinement effect of MOFs is utilized; (2) a higher active species [Ru(terpy-Ac)(pic)2(H2O)]2+ is generated during 
water oxidation for catalyst 3 due to the exchange in equatorial ligands; (3) the activity of the Ru complex is 
greatly enhanced due to the electron donor effect of the frameworks in MOFs; (4) the stable anchoring ensures 
the high catalytic activity of the catalyst in the system. 

A significant difference in recycle stability of water oxidation was observed between catalysts 4 and 5. For 
catalyst 4, the Ru moieties are well maintained as evidenced by its robust catalytic activity in recycle tests (Fig. 
8b). The continuous loss of activity of recycle tests for catalyst 5 (Fig. 8c) revealed the leaching of Ru molecular 
complexes. In addition, 10.2 μM Ru was detected in the supernatant of 5 after the first run, which further 
confirmed the leaching of the Ru complexes from the frameworks of MIL-101(Cr). The only difference of Ru 
complexes between 4 and 5 is that Cl is the axial ligand for 4 while pic is the axial ligand for 5. The significant 
difference in recycle stability between catalysts 4 and 5 indicates that two axial ligands play an important role 
for the stability of hybrid catalysts. The negative shift of Ru 3d5/2 peak in 4 after reaction could be caused by the 
change of coordination environments (Fig. S30b). As we mentioned above, the negative shift of Ru 3d5/2 peak in 
the recovered catalyst 3 was due to the substitution of Cl− by H2O. The axial chloro ligand in catalyst 4 is more 



easily replaced than the equatorial ligand pyridine. Hence, the structure unit of [Ru−OH2] could be formed in 
recovered catalyst 4. The ligands of isc in both catalysts 4 and 5 are one of the important bridges connecting 
molecular Ru catalyst fragment to the framework of MOFs. Two Cl ligands in 4 could be replaced by two H2O 
molecules to afford two active sites in the axial positions, thus protecting the RuꟷN coordination bond between 
bridging ligand isc and Ru from being attacked by H2O (Fig. 10b). Therefore, the Ru complexes are stably 
anchored to the frameworks of catalyst 4. As the axial pic ligand of catalyst 5 is difficult to be replaced by H2O, 
the bridging isc ligand in equatorial plane will be substituted by H2O. The Ru complex segments in hybrid 
catalyst 5 easily fall off the frameworks of MOFs (Fig. 10c), resulting in the poor recycle stability for catalyst 5. 

It is difficult for the catalytic species of homogeneous catalysts to be clearly and directly clarified due to the 
reason that molecular catalyst dissolved in solution is hard to be recycled and studied in detail. The covalent 
immobilization of homogeneous catalysts is a good way to resolve this problem. We found that [Ru(terpy-
Ac)(pic)2(H2O)]2+ is the real catalyst in catalyst 3 through the characterization of XAS and XPS analysis. In 
addition, the covalent immobilization of homogeneous catalysts is an excellent strategy to achieve difficult 
directional synthesis. For homogeneous catalysts [Ru(terpy)(pic)3]2+ and its analogues, it is difficult to only 
change the axial ligand pic without altering the equatorial ligand pic. By taking the substitutable ligand in 
equatorial plane as the bridge, we realized the directional modulation of the axial ligands and obtained the 
[Ru(terpy)(sic)Cl2]2+ and [Ru(terpy)(sic)(pic)2]2+ in the frameworks of MIL-101(Cr) for catalysts 4 and 5. The key 
rule of the axial ligands in the recycle stability for hybrid catalysts was obtained by comparing the stability in 
recycle tests between catalysts 4 and 5. 

4. Conclusion 
Three novel hybrid catalysts were successfully synthesized through the covalent immobilization of noble metal 
complexes on the frameworks of MIL-101(Cr). The structural information of these catalysts was fully 
investigated by XAS and XPS analysis. Robust catalyst 3 exhibited high water oxidation activity in the CeIV-driven 
system, which was 120 times higher than that of homogeneous Ru complex. Geometric confinement and 
electronic effect of MOFs results in extraordinarily high catalytic activity of catalyst 3. Our experimental results 
provide the solid evidence that the Ru-aqua species, [Ru(terpy)(pic)2(OH2)]2+, is the real water oxidation catalyst. 
The recycle of noble metal-based molecular catalysts was well realized by catalysts 3 and 4. The vital function of 
the axial ligands in the recycle stability for hybrid catalysts was obtained by comparing the structure and recycle 
stability between catalysts 4 and 5. The poor recycle stability of catalyst 5 is due to the fact that Ru complex 
segments fall off the frameworks of MOFs. The axial ligands Cl− of Ru complexes in catalyst 4 are more easily 
replaced than the axial ligands pic of Ru complexes in catalyst 5, which could provide new active sites for water 
oxidation and protect the RuꟷN coordination bond between bridging ligand isc and Ru from being attacked by 
H2O. For this reason, the Ru complexes in catalyst 4 are well retained in recycle tests. The catalytic species of 
homogeneous catalysts are difficult to be clearly and directly clarified due to the challenge of recycling catalysts. 
This work not only realizes the heterogeneous transformation of homogeneous Ru complexes to be easily 
recycled and identified, but also provides a new synthetic strategy to improve the stability and activity of the 
hybrid catalysts. 
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