
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://hdl.handle.net/10251/186783

Bagheri, M.; Masoomi, MY.; Domínguez Torres, E.; García Gómez, H. (2021). High
hydrogen release catalytic activity by quasi-MOFs prepared via post-synthetic pore
engineering. Sustainable Energy & Fuels. 5(18):4587-4596.
https://doi.org/10.1039/d1se00661d

https://doi.org/10.1039/d1se00661d

Royal Society of Chemistry



Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

High Hydrogen Release Catalytic Activity by Quasi-MOF Prepared 
via Post-Synthetic Pore Engineering 

Minoo Bagheria, Mohammad Yaser Masoomia*, Esther Domínguez,b and Hermenegildo Garcíab* 

The catalytic activity of metal-organic framewroks (MOFs) depends largely on the presence of structural defects. In the 

present stuyd, cobalt based metal-organic framework TMU-10, [Co6(oba)5(OH)2(H2O)2(DMF)4]n·2DMF has been submitted 

under controlled conditions to thermolysis under air atmosphere at different temperatures in the range of 100-700 °C. This 

treatment produces the removal of ligands, generation of structural defects and additional porosity in a controlled way. The 

resulting materials, denoted according to the literature as quasi MOFs, were subsequently employed as catalysts for 

hydrogen generation from NaBH4 by hydrolysis. The quasi TMU-10 framework obtained at 300 °C (QT-300) shows the highest 

turnover frequency of the series with a value of 13333 mL.min-1g-1 at room temperature in the absence of base, with an 

activation energy of 56.8 kJ×mol-1. The simultaneous presence of micro- and mesopores in QT-300 with unsaturated Lewis 

acid sites on cobalt nodes due to the conversion of a fraction of Co(II) centers to Co(III) as well as the presence of tetrahedral 

Co(II) sites are responsible for this catalytic behavior. Influence of catalyst dosage and BH4
- concentration is in good 

agreement with the Langmuir Hinshelwood model in which both reactants must be adsorbed on to the catalyst surface. 

Further investigation on hydrolysis of the NaBH4+D2O system presents a primary kinetic isotope effect indicating that water 

O-H bond cleavage occurs in the rate determining step. 

Introduction 

The replacement of fossil fuel with clean and economically-

viable renewable fuels is attracting a considerable attention 

especially in chemistry and material sciences. Green hydrogen 

from water is one of the best options as renewable electricity 

storage into chemicals and energy vector due to the high 

specific mass energy density of 120 MJ kg −1 which is higher than 

those of diesel and gasoline (46 MJ kg −1) and the environmental 

innocuous by-products. 1, 2 H2 production from water by 

electrolysis 3, thermolysis 4, 5, water splitting 6, 7 and 

photocatalytic water splitting,7-10 chemocatalytic hydrogen 

generation reactions (HGR) are also of interest as a procedure 

for on-demand fast H2 release from a liquid or solid phase.2 

Among chemocatalytic HGR, catalytic hydrolysis of hydrides is 

one of the most studied process to the mild conditions and high 

H2 release rate.11 Among them, NaBH4 is one of the most 

favorable and convenient chemical hydrogen storage 

substances due to its acceptable H2 capacity (10.8 wt.%), high 

released H2 purity, manageable H2 production rate, high 

stability in alkaline solution, as well as safe and pollution-free 

characteristics.12 Hydrolysis of NaBH4 produces 4 moles of H2 

under mild conditions, which has a much higher efficiency than 

other H2 storage compounds that have been studied. 13, 14 

However, the hydrolysis is kinetically slow and a proper catalyst 

is required to enhance and control the rate of the HGR.15 Most 

studies have been reported expensive and rare noble catalysts, 

such as ruthenium and platinum.16-20 Therefore, other 

affordable and multi-purpose catalysts with high stability and 

efficiency are highly required. 

In the past two decades, the use of metal organic frameworks 

(MOFs) as solid catalysts has expanded significantly due to the 

flexibility in the composition, the large variety of crystalline 

porous frameworks, the well-defined structure of the active 

sites, the ability to design the structure with desired chemical 

components to adjust proper performance and high surface 

area along with capability of pore engineering. 21-25 The number 

of reports on the use of MOFs as catalysts for the 

chemocatalytic HGR is still scarce mainly due to inaccessibility 

of active sites.26, 27 To overcome this problem, pore engineering 

by producing coordinatively unsaturated metal active sites has 

been suggested.28 

Generation of defects in MOFs is a well-proven strategy to 

increase the catalytic activity and increase porosity. Besides 

removal of the coordinated solvent molecule,29, 30 controlled 

thermal removal of ligand (“deligandation”) has been reported 

to create the Lewis acid centers. 31, 32 Very recently, the term 

Quasi-MOFs (Q-MOFs) has been proposed to indicate those 

MOFs submitted to controlled thermal treatment that could 

represent a bridge between MOFs and metal compounds (such 

as metal oxides, nitrides, sulfides, and phosphides) have 
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received special attention. Q-MOFs are obtained by controlled 

thermal deligandation process.33-36 By partial deligandation not 

only the intrinsic specific surface area is maintained or even 

increased, but also the generation of hierarchical micro and 

mesopores favouring diffusion can be observed. Hierarchical 

porosity can facilitate diffusion of substrates to and products 

from the active centres, increasing the reaction rate.37 All these 

features of Q-MOFs can lead to an enhanced catalytic activity 

respect to the parent MOF. 34, 38 The partial thermolysis of MOFs 

may also result in the formation of small metal or metal oxide 

particles inside a material of hierarchical pores, while 

maintaining in general the crystallinity of a framework. 

We herein report the improved HGR activity of a cobalt Q-MOF 

catalyst, derived from TMU-10 due to the generation of extra 

high density open metal sites and the simultaneous formation 

of both micro- and mesopores after partial thermal 

deligandation treatment. In other words, controlled thermal 

treatment creates highly active sites and separate particles 

occluded within the whole network of QTMU-10 along with the 

simultaneous presence of micro- and mesopores. In contrast to 

most reported metal oxide systems,39, 40 and in order to obtain 

an improved catalytic H2 release material, the present study 

reports that effective partial deligandation originates active 

metal sites, while avoiding particle aggregation inside a MOF 

framework having simultaneously micro- and mesopores. In the 

modified Q-MOF, the porosity and skeleton structure of the 

parent TMU-10 were maintained in some extent, ensuring 

reactant access to the active sites as well as their easier 

diffusion through the material. 

Up until now defective MOFs with ligand vacancies in their 

framework have been studied as improved catalysts in CO 

oxidation involving reactive oxygen species, 34, 41-43 CO2 

adsorption 33 and oxidation of benzyl alcohol.44 To the best of 

our knowledge, there has been no previous report on the use of 

Q-MOFs in the catalytic hydrogenation under mild conditions. 

TMU-10, [Co6(oba)5(OH)2(H2O)2(DMF)4]n·2DMF (H2oba = 4,4ʹ-

oxybisbenzoic acid), is a Co based MOF with high thermal 

stability in which there are hexanuclear secondary building units 

(SBUs) of cobalt centers as non-noble catalyst..45 Herein, it will 

be described how partial deligandation on TMU-10 can produce 

a highly active non-noble H2 release Q-MOF catalyst 

(abbreviated as “QT-x” in this study), consisting of 

coordinatively unsaturated Lewis acid sites, as well as 

coexistence of micro- and mesopores. The Q-MOF has been 

obtained by controlled thermal treatment in air at various 

temperatures to partially remove organic ligand for adjusting 

the Lewis acid strength of Co nodes to the requirements of the 

reaction. The catalytic activity of QTMU-10 dramatically 

changes with its deligandation temperature. The highest 

catalytic HGR performance was observed for deligandation 

treatment at 300 ºC, probably due to simultaneous presence of 

micro- and mesopores as well as the uniform and extended 

distribution of active cobalt catalytic sites across the framework 

and prevention of particle agglomeration. Its reusability and the 

corresponding kinetics and thermodynamic properties were 

also investigated. The catalytic activity of QT-300 was also 

compared to that of TMU-10 precursor and Co3O4 residual. Our 

findings indicate that QTMU-10 can construct a porous 

structure and a strong interaction between the guest and 

cooperative multisite catalysis sites (pores and unsaturated 

metal sites), which cannot be achieved in its related MOF and 

metal oxide. 

Experimental 

Materials and Physical Techniques. 

All reagents and materials for the synthesis and analysis were 

commercially available from Aldrich and Merck Company and 

used without further purification. IR spectra were recorded 

using Thermo Nicolet IR 100 FT-IR. PL-STA 1500 apparatus was 

used for measurement of thermal behavior, heating the 

samples at the rate of 10 ºC min-1 in a static nitrogen 

atmosphere. Powder X-ray diffraction (PXRD) measurements 

were performed by a Philips X’pert diffractometer with 

monochromated Cu-Kα radiation. Elemental analyses were 

collected on a CHNS Thermo Scientific Flash 2000 elemental 

analyzer. Sorption studies of N2 at 77 K were performed using 

the TriStar II 3020 surface area analyzer from Micrometrics 

Instrument Corporation and BELSORP-mini II from LMS 

Instruments Co., Ltd. All samples were activated at 120 °C for 14 

h under vacuum before N2 adsorption. The pore-size 

distributions were calculated from the adsorption branch of the 

N2 isotherms according to the BJH method. X-ray photoelectron 

spectroscopy (XPS) measurements were conducted on a BesTec 

(Germany) X-ray photoelectron spectrometer with an Al Kα 

source. The samples were characterized with a field emission 

scanning electron microscope (FE-SEM) TESCAN MIRAIII 

(Czech). The leaching of cobalt from QT-300 sample in water 

was calculated by ICP at the end of the HGR. A powder sample 

of QT-300 (5 mg) was digested with NaOH (2.5 mL, 2 M) and the 

resulting clear solution was diluted to 100 mL and adjusted to a 

pH of 7 with HCl. A simultaneous inductively coupled plasma-

optical emission spectrometry (ICP-OES, Varian Vista-PRO, 

Springvale, Australia) with a radial torch coupled to a concentric 

nebulizer and Scott spray chamber and equipped with a charge-

coupled detector (CCD) was used for ICP measurements. 

Temperature-programmed desorption of NH3 (NH3-TPD) was 

measured using the Micromeritics TPD-TPR 2900 system 

equipped with a thermal conductivity detector (TCD). First, the 

desired amount of the catalyst was pretreated at 150 °C in He 

stream of 20 mL min−1 for 1 h, then cooled down up to 40 °C, 

and subsequently exposed to ammonia (4 vol.% in He, 20 mL 

min−1 ) for 1 h. Then, the ammonia that does not bind to the 

catalyst was removed by additional purging with 20 mL min−1 of 

He within 30 min. Eventually, the desorption was performed by 

raising the temperature from 40 to 750 °C at a heating rate of 

10 °C min −1 in He stream (20 mL min −1). 

 

Synthesis of [Co6(oba)5(OH)2(H2O)2(DMF)4]n·2DMF (TMU-10) 

In a typical experiment powder sample of TMU-10 was obtained 

by mixing oba (2 mmol) and Co(NO3)2.6H2O (0.578 g, 2 mmol) in 

40 ml DMF in a round bottom flask at 145 °C for 72 h. The 

resulting powder was isolated by centrifugation, washed 3 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

times with DMF and dried in air before characterization. Yield: 

0.841 g (89 % based on oba ligand). IR data (KBr pellet, ν/cm-1): 

658(m), 782(m), 873(m), 1012(w), 1098(m), 1160(m), 1237(vs), 

1398(vs-br), 1504(m), 1558(s), 1603(vs), 1661(vs), 2928(w) and 

3417(w-br) (Fig. S1). Elemental analysis (%) calculated for 

[Co6(C14O5H8)5(OH)2(H2O)2(C3NOH7)4]·(C3NOH7)2: C: 49.3, H: 4.1, 

N: 3.9; Found: C: 49.6, H: 3.9, N: 3.6. 

 

Synthesis of QT-x samples 

In order to obtain the desired quasi MOFs, deligandation of 

TMU-10 was carried out by thermal treatment in air at a heating 

rate of 5 °C min-1 between 100 and 700 °C for a period of 1 h. 

The samples were denoted by QT-x, where “T” and “x” stand for 

TMU-10 and the temperature of thermal treatment, 

respectively. 

Catalytic HGR of QT-x samples 

The H2 evolved in the NaBH4 hydrolyses catalyzed by the QT-x 

samples was determined according to water-displacement 

method. 46 In these HGRs, a mixture of the desired amount of 

catalyst and distilled water was placed in a two-necked round-

bottomed flask (100 mL), which was put in a water bath at room 

temperature under ambient atmosphere. A gas burette filled 

with water was connected to the reaction flask to evaluate the 

H2 volume. To start the catalytic HGR, an aqueous NaBH4 

solution at the required concentration was injected into the 

mixture using a syringe (Fig. S2). HGR starts immediately when 

the NaBH4 solution was in contact with QT-x catalyst. The HGR 

efficiency was determined by measuring the volume of H2 via 

recording the water displacement in the gas burette. The 

reaction was completed when no more H2 gas was generated. 

The turnover frequency (TOF) (ml H2 g cat− 1 min− 1) was 

calculated as follows: 

TOF = 
VH2O 

t.mcat
     (1) 

where 𝑉𝐻2𝑂  (mL) corresponds to the water volume (mL) 

displaced by H2 gas in time (t), and mcat refers to the catalyst 

weight in grams. Additionally, kinetics studies were carried out 

using different concentrations of NaBH4 and catalyst dosages. 

The experiments were performed at different temperatures 

(25, 35, 40 and 45 °C) to determine the apparent activation 

energy as follows: 

ln k = ln A −  
Ea

RT
    (2) 

Where k in mL H2 min-1 g-1 denotes the catalytic HGH rate, A is 

the pre-exponential factor, R (8.314 J mol-1 K-1) is gas constant, 

and T in K is the HGR temperature. 

Catalyst stability was checked by consecutive additions of the 

same specified amount of NaBH4 as soon as the H2 evolution of 

the previous run ceased, measuring againg the released gas 

with the gas burette. Five consecutive runs of catalytic HGRs 

with the same catalyst sample were carried out at room 

temperature. Upon completion of the last HGR of the stability 

test, the QT-x was separated from the reaction mixture by 

centrifugation and washed several times with deionized water 

and then dried at 100 °C under vacuum for 10 h. It was then 

used for PXRD and ICP analyses. 

Results and discussion 

Characterization 

Cobalt based TMU-10 MOF, 

[Co6(oba)5(OH)2(H2O)2(DMF)4]n·2DMF was synthesized in large 

scale by mixing of Co(NO3)2·6H2O and H2oba as indicated in the 

experimental section. This MOF is based on hexanuclear 

secondary building units (SBU), Co6(CO2)10(O)2(O)4 (Fig. 1), with 

pores running along the b- (6.2 × 6.1 Å) and c-axes (9.6 × 4.3 Å). 

The structure has 32.7 % void space per unit cell (Fig. 1). The 

SBU contains three crystallographically independent six 

coordinated Co (II) centers. All cobalt (II) centers are bound to 

six oxygen atoms from oba ligands, µ3-O atom of OH- anion, 

oxygen atom of H2O or DMF molecules (Fig. 1). 

 
Fig. 1 Single-crystal X-ray structure of TMU-10. Color code: O, red; N, blue; C, black; 

and Co, purple and purple polyhedra. 

Based on TGA measurements, thermal calcination should 

produce the partial TMU-10 deligandation, probably with the 

result of generation of pores and creation of unsaturated 

inorganic nodes. For this purpose, eight different temperatures 

(i.e. 100, 150, 200, 250, 300, 350, 400, and 700 °C) were selected 

for thermal treatment of TMU-10 under air for 1 h in order to 

remove solvent and a fraction of ligands. At temperatures up to 

150 °C, two DMF guest molecules and one water bonded 

molecule from each of Co(3) centers were removed from the 

framework making five coordinate Co(3) centers. Upon 

increasing the temperature at 200 °C, two DMF coordinated 

molecules to either of Co(2) centers were removed forming four 

coordinated Co(2) centers. At 300 °C, two µ3-O atoms of OH- 

anion in the framework were detached resulting in Co(1), Co(2) 

and Co(3) with coordination numbers of five, three, and four, 

respectively (Fig. S3). 

The morphologies of parent TMU-10 and QT-300 samples were 

investigated using the FE-SEM. TMU-10 sample is comprised of 

nanoparticles (Fig. S4a). Thermal treatment at 300 °C causes 

agglomeration of the TMU-10 particles into larger particles 

observed for QT-300 sample (Fig. S4b). 

The evolution of the cobalt atomic valence states from TMU-10 

to QT-300 was determined by XPS (Fig. 2). The XP spectrum of 

TMU-10 exhibits the peaks of Co 2p3/2 and Co 2p1/2 located at 

780.5 eV and 796 eV with corresponding intense satellite 

centered at 786.3 eV and 803 eV, respectively, which are 

attributed to Co(II).47 In the case of QT-300 sample, four new 
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peaks appeared at 779.6, 782.9, 789, and 804.5 eV. The curve-

fitting reveals that these new peaks can be ascribed to Co(III) 

2p3/2 main peak, Co(II) in tetrahedral sites and two shake up 

satellites for Co(III), respectively along with the decrease in the 

previous peak intensities of octahedral Co(II). 48, 49 These results 

confirm that after deligandation a portion of Co(II) centers was 

converted to Co(III) along with creating Co(II) in tetrahedral 

sites. 

 
Fig. 2 XP spectra of the Co 2p peaks for TMU-10 and QT-300 samples and their 

best deconvolution to individual components. 

The variable temperature PXRD of TMU-10 demonstrates that 

the crystal structure is retained up to 300 °C and broadening of 

the diffraction peaks around 6° –7° can reflect the partial 

deligandation of TMU-10 (Fig. 3). When the temperature rises 

to 350 °C, the characteristic peaks of TMU-10 significantly 

decrease in intensity showing high degrees of structural 

collapse. The peaks corresponding to TMU-10 completely 

disappear at 400 °C, while in turn Co3O4 related diffraction 

peaks appear (JCPDS No. 42-1467) implying the complete 

decomposition of the TMU-10 framework at this temperature. 
 

 
Fig. 3 Comparison of PXRD patterns for simulated TMU-10, TMU-10 and QT-x. 

The evolution of porosity upon thermal treatment of TMU-10 

was investigated by N2 adsorption isotherms collected at 77 K 

for both TMU-10 and QT-300 (Fig. 4). The data show that BET 

surface area and total pore volume increase from 8.2 m2/g and 

0.023 cm3/g for TMU-10 to 38.8 m2/g and 0.157 cm3/g in the 

case of QT-300, respectively (Table S1). The increase in the 

surface area and pore volume of QT-300 in comparison with 

TMU-10 can be attributed to the occurrence of partial 

deligandation and creation of vacant sites in the quasi MOF. 

Also, total mesoporous volume increases about 7.5 times from 

0.019 cm3/g for TMU-10 to 0.142 cm3/g for QT-300, 

accompanied by a considerable growth in the adsorption at high 

relative pressures (P/P0 > 0.9) indicating the presence of large 

cavities. Analysis of the BJH pore size distribution also 

corroborates the increase of pore width in QT-300 caused by 

thermal treatment (Fig. 4). Therefore, the structural changes 

caused by the thermal treatment of TMU-10 with generation of 

unsaturated metal sites in both micro- and mesopores should 

be reflected in an efficient enhancement of the catalytic 

performance of QT-300 compared to TMU-10. 

 
Fig. 4 N2 isotherms at 77 K and 1 bar and pore size distribution for TMU-10 and 

QT-300. 

The catalytic HGR performance 

The turnover frequency (TOF) of the active metal sites, 

calculated by measuring the H2 evolution in the NaBH4 

hydrolysis was considered as the catalytic parameter to 

compare the catalytic activity of QT-x vs. the parent TMU-10. 

The HGRs were carried out in water in absence and/or presence 

of a proper QT-x catalyst. Various parameters such as different 

temperature of the thermal treatment, HGR reaction 

temperature, amount of catalyst, HGR activation energy and 

adsorption enthalpy and entropy were also investigated. 

Influence of the thermal treatment temperature 

The effect of the thermal treatment temperature on catalytic 

HGR of the quasi MOFs, i.e. QT-100, QT-150, QT-200, QT-250, 

QT-300, QT-350 and QT-400 was investigated for the hydrolysis 

of NaBH4 at room temperature (Table 1 and Fig. S5). The HGR in 

the absence of catalyst (self-hydrolysis of NaBH4) was measured 

first and, as expected, was low, resulting in 60 mL within 60 min. 

As observed, only a small percentage of the theoretical H2 

amount was released by self- hydrolysis of NaBH4 at room 

temperature, 50 while the HGR was accelerated using QT-x 

catalysts (Fig. S5). TMU-10 shows a substantially higher HGR 

than the self-hydrolysis of NaBH4.  Importantly, QT-x samples 

arising from the thermal treatment of TMU-10 exhibit much 

higher TOF values than those of parent (TMU-10) and related 

cobalt oxide (Co3O4) for the room temperature HGR. For 

instance, the TOF value in presence of QT-250 and QT-300 
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catalysts, determined at 20 and 10 min reaction time, 

respectively, increased to 5000 and 13333 mL min−1 g−1. The 

TOFs in presence of QT-250 and QT-300 catalysts were 

respectively 12.5 and 33.3 times higher than that of TMU-10 at 

25 °C. When the treatment temperature was further increased, 

the TOF values of the resulting catalysts were all significantly 

decreased. These data demonstrate that both the pore 

structure and the content of coordinatively unsaturated metal 

sites changed and were found to be the dominant factors 

affecting the HGR performance. The QT-300 catalyst shows 

notably the highest catalytic HGR activity among other QT-x 

catalysts probably due to the micro-/mesoporosity and the high 

density of open cobalt sites in which cobalt centers can be 

better reduced. In the case of QT-300 catalyst, the TOF was 2.4 

times higher than QT-250 with a two-fold decrease in reaction 

time for complete NaBH4 decomposition. The HGR performance 

drastically diminishes from 350 to 700 °C and the lowest TOF 

value was measured for QT-350 at a longer time. 

These observations can be explained based on the TGA, XPS and 

XRD data. At deligandation temperature of 150 °C, Co (3) center 

in the framework loses a coordinated H2O molecule and 

coordinatively unsaturated positions on the cobalt increases 

HGR performance compared to the QT-100. In the case of QT-

200 sample, there are two unsaturated cobalt centers 

corresponding to one Co(3) (coordination number, C.N= 5) and 

a Co(2) (C.N=4) due to loss of two coordinated DMF molecules. 

In the case of QT-250, OH ligand bridging three cobalt centers, 

Co(1), Co(2) and Co(3), is partially removed which causes the 

good HGR performance of the sample prepared at 250 °C. 

However, the complete removal of OH bridging ligand occurring 

for QT-300 is responsible for the generation of three 

unsaturated cobalt centers (1), (2) and (3) and simultaneous 

existence of meso- and micropores (in accordance with type I 

and IV curves), resulting in the optimal catalytic activity. At 

higher treatment temperatures, a major part of the TMU-10 

framework collapsed, causing a dramatic decline in TOF values. 

As the temperature increases, Co3O4 phase appears which is 

responsible for HGR in QT-400 sample. According to the above 

data, QT-300 sample was chosen as the best catalyst and it was 

subsequently employed for further experimental HGR studies. 

The density and types of acidic sites in parent TMU-10 and QT-

300 catalysts were also estimated using NH3-TPD (Fig. 5 and 

Table 2). Two NH3 desorption peaks of TMU-10 appeared at 174 

°C and 313 °C attributable to low and medium acidity strength, 

respectively. In the case of QT-300, these peaks appeared at 174 

°C and 331°C. TPD results demonstrated that QT-300 catalyst 

adsorbed much more ammonia compared with parent TMU-10. 

In other words, structural transformation of TMU-10 at 300 °C 

leads to an increase in total acidity of about 3 times, most of 

which is related to the increase in medium acid sites. 

Accordingly, the QT-300 catalyst exhibits the highest catalytic 

activity in the NaBH4 hydrolysis. 

Table 1. TOF values measured for the hydrolysis of NaBH4 catalyzed by various Q-MOFs. 

Q-MOF Time (min) TOF (ml.min-1g-1) 

No catalyst 60 *1 

QT-100 180 400 

QT-150 180 526 

QT-200 180 644 

QT-250 20 5000 

QT-300 10 13333 

QT-350 360 300 

QT-400 360 385 

QT-700** 360 426 

Experimental conditions: Catalyst mass = 1.5 mg, [NaBH4] = 125 mM and T= 25°C. 

*: (mL.min-1)** Co3O4. 

Table 2. The amount of acidic sites in TMU-10 and QT-300 catalysts according to NH3-

TPD experiments. 

 

 

Catalyst 

weak acid Strong acid  

Total 

acidity 

(mmolg-1) 

Peak 

position 

(°C) 

Value 

(mmolg-

1) 

Peak 

position 

(°C) 

Value 

(mmolg-1) 

TMU-10 174 5.5 313 5.3 10.8 

QT-300 174 0.6 331 31.8 32.4 

 

 
Fig. 5 Temperature-programmed desorption of NH3 from TMU-10 and QT-300 

catalysts. 

Effect of QT-300 catalyst dosage on HGR performance 

Since catalyst dosage is an important parameter controlling for 

HGR controlling the rate of NaBH4 hydrolysis, the effect of 

various amounts of QT-300 catalyst was also investigated at 

room temperature (Table S2 and Fig. S6). In principle, TOF 

values should be constant regardless the amount of catalysts. 

However, in the present case it was observed that with 1 mg of 

QT-300 catalyst, H2 volume reaches 120 ml within 15 min with 

the corresponding TOF at about 8000 ml min-1 g-1. By increasing 

the amount of QT-300 to 2 mg, TOF increases from 8000 to 

15625 ml min-1 g-1 within a shorter time of about 8 min. 

However, above 2 mg of QT-300 catalyst, TOF did not increase 

significantly and remained almost constant. Hence, 2 mg is 

chosen as the optimal amount of QT-300 catalyst in all 

experiments. This behavior could indicate that a fraction of the 

initial material act as sacrificial agent, becoming 

poisoned/decomposed by the reaction medium. Thus, it could 
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be that spontaneous formation of the NaBO2 by-product at the 

initial times of HGR blocks some catalytic sites on QT-300. Upon 

addition of subsequent catalyst amounts, the decomposed 

material becomes negligible and a constant TOF value is 

reached. 

The generated H2 volume versus time for various amounts of 

QT-300 catalyst was also investigated (Fig. S7). The logarithmic 

plot of the H2 generation rate on the concentration of QT-300 

catalyst shows a slope of 1.262, indicating that the catalytic 

hydrolysis of NaBH4 by QT-300 follows a quasi-first-order 

kinetics in catalyst concentration. 

Effect of NaBH4 concentration on HGR performance 

Since the amount of NaBH4 could affect HGR, the dosage of 

NaBH4 in the solution was also examined at 25 °C (Fig. S8). Upon 

adding higher NaBH4 concentrations from 125 mM to 250 mM, 

HGR values varied significantly from 250 mL to 480 mL within 

12 min. For all three NaBH4 concentrations, the HGR curves 

initially overlap with each other and thus HGR in the three cases 

is almost the same. As discussed earlier when commenting the 

trend on the TOF, this behavior could reflect the spontaneous 

formation of NaBO2 at initial HGR times, deactivating some 

catalytic sites of QT-300.Nevertheless, the catalytic HGR in 

presence of QT-300 is very stable and impressive in a high 

concentration of NaBH4, indicating a superiority of QT-300 

catalyst respect to other reported catalytic systems for the 

same HGR. 

Also, the HGR kinetics can be considered as first order respect 

NaBH4 concentration, deduced from the slope of the 

logarithmic plot of HGR versus NaBH4 concentration (0.771) 

(Fig. S9). 

Effect of temperature on HGR performance over QT-250 

The influence of the temperature on the HGR catalyzed by QT-

300 was also evaluated (Fig. 6). The activation energy (Ea) was 

calculated in accordance with the Arrhenius equation (Eq.2). 

The activation energy of catalytic HGR in presence of QT-300 

catalyst was estimated as 56.8 kJ/mol (Fig. S10) which is in the 

range of most cobalt-based reported catalysts for NaBH4 

hydrolysis (Table 3). The relatively low activation energy 

probably results from the synergistic effects of open active 

cobalt sites and simultaneous existence of both meso- and 

micropores which can react with water and NaBH4. In other 

words, QT-300 catalyst provides more active sites with easy 

mass transfer and diffusion of the substrate and product 

molecules due to the hierarchical porosity during the HGR. 

The thermodynamic studies of catalytic HGR were also carried 

out at different temperatures using the Eyring equation (Eq.3): 

ln(
kapp

T
) = - 

ΔH#

RT
+  

ΔS#

R
     (3) 

ΔG° = ΔH°-TΔS°     (4) 

where ΔH° and ΔS° are the change in the enthalpy (J/mol) and 

the entropy (J/mol K) respectively. 

 

The enthalpy and the entropy values obtained were 54.25 

kJ/mol and 214.3 (j/mol K), respectively (Fig. S11). The Gibbs 

free-energy of activation (∆G#) was also estimated and 

summarized in Table 4. Regarding the negative ∆G# values, the 

HGR over QT-300 catalyst takes place spontaneously in the 

range of 298-313 K and is enhanced by increasing the 

temperature. Moreover, the increased temperature and the 

positive ΔH° values show that HGR on active cobalt sites of QT-

300 catalyst is an endothermic process that results in an 

increased disorder (ΔS°>0). 

 
Fig. 6 Catalytic HGR in the presence of QT-300 catalyst at various temperatures. 

Reaction conditions: catalyst mass = 2 mg and [NaBH4] = 125 mM. 

Table 3. Comparison of activation energies (Ea) of HGR from NaBH4 hydrolysis for various 

Co-based catalysts. 

Catalyst 

TOF 

(mL.min-1.g-

1) 

Ea (kJ/mol) 
Temperature 

range (°C) 
Ref. 

CoNPs@ZIF-8 
19476a 

35718a 
62.9 

30 

40 
14 

CoB/ZIF-8 506 57.7 35 51 

Co-ZIF-9 3642 - 40 52 

Co-Co3O4@C-II 

derived from 

pyrolysis of Co-

MOFs@GP 

(glucose polymer) 

5360 

~ 10938 b 

37.12 25 

55 

53 

Co@C derived 

from ZIF-67 

2030 c 

4900 d 

c64.3 
d25.8 

50 54 

Co@CoOx@C 

Derived from Co-

MOF 

2140 23.3 30-55 46 

QuasiTMU-10 

(QT-300) 

15625 

44800 
56.8 

25 

40 

This 

study 

a The TOF(s) is related to the surface atom number of the cobalt NPs. b Calculated 

from Fig. 5d in Ref. 49. c without NaOH and d with NaOH. 

Table 4. Thermodynamic parameters of HGR on QT-300 at various temperatures. 

T (K) 
ΔG° 

(kJ/mol) 

ΔH° 

(kJ/mol) 

ΔS° 

(J/mol K) 
R2 

298 -63.80 

54.25 214.3 0.984 
303 -64.90 

308 -65.95 

313 -67.02 

 

Possible HG Mechanism over QT-300 

The catalytic NaBH4 hydrolysis follows the Langmuir-

Hinshelwood (LH) model14, 55 in which two reactants are 

adsorbed on the solid catalyst. In the LH mechanism, the 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

adsorption and desorption rates are much greater than the 

surface reaction rate on catalyst. Thus, the chemical reaction of 

the two adsorbed molecules, rather than diffusion, plays a role 

in the rate-determining step (RDS). It has also been found that 

one of the hydrogen atoms in H2 comes from water and another 

from NaBH4.56 Based on the observation of a kinetic isotope 

effect, the O-H bond cleavage of water has been proposed to 

occur in the RDS. To gain information of the HGR catalyzed by 

QT-300, further investigation was performed on the kinetic 

isotope effect to determine if also H2O hydrolysis is involved in 

the RDS of the NaBH4 hydrolysis promoted by QT-300 catalyst. 

For this purpose, the HGR in presence of QT-300 catalyst was 

investigated in the NaBH4+D2O system (Fig. 7). The results 

clearly indicate an important primary kinetic isotope effect due 

to very high value of kH to kD (kH/kD= 7.5). This observation 

supports that the O-H bond cleavage of water molecule is a 

major process involved in the RDS and HGR obeys the LH 

mechanism. 

 
Fig. 7 Temporal profiles of H2 evolution measured for the NaBH4 hydrolysis in two 

systems of H2O and D2O over 2 mg of QT-300 catalyst at 25 °C. 

In the case of QT-300 catalyst, open cobalt active sites as Lewis 

acids can promote the adsorption of BH4
- species and water 

molecules on the catalyst surface. Also, QT-300 catalyst 

provides more active sites with easy mass transfer through the 

catalyst matrix. Moreover, hierarchical porosity facilitates the 

entry and diffusion of the substrate and product molecules 

during the catalytic cycles. As mentioned above, the O-H bond 

cleavage of H2O exactly happens in the RDS in the presence of 

QT-300. Generally, there is the hydrogen bonding between BH4
- 

and an acidic hydrogen atom of H2O. Under ambient conditions 

and without any catalyst, derivation of two hydrogen atoms 

from precursors to produce H2 is very slow. The transfer of two 

hydrogen atoms to the cobalt atom takes places in presence of 

a proper catalyst. Then a cobalt-dihydride intermediate and 

BH3OH- species are formed. Finally, the product of H2 releases 

from the QT-300 surface during catalytic cycles (Scheme 1). 

 
Scheme 1. Simplified illustration of the effect of thermal treatment on TMU-100 

structure and proposed HGR mechanism over QT-300 catalyst. 

Reusability of QT-300 catalyst 

In order to examine the reusability of the catalyst, the same 

sample of QT-300 was submitted to six catalytic runs. 

calculating the TOF for each run. The superior catalytic HGR 

activity and excellent stability of QT-300 were assessed by 

observing a nearly constant initial activity after being used up to 

six times (Fig. S12a). The framework of the QT-300 catalyst 

remained unaltered as confirmed by comparison of the XRD 

pattern of fresh and six times-used QT-300 (Fig. S12b), 

confirming the structural stability of the catalyst. Moreover, ICP 

measurements established the absence of a significant amount 

of cobalt in the supernatant after each cycle, showing that no 

cobalt leaching from the solid catalyst into the aqueous media 

happens. These results indicate that the quasi cobalt-based 

MOF is stable and can be reused in the catalytic HGR from 

NaBH4 hydrolysis. 

Conclusions 

Post-synthetic pore engineering on a cobalt based metal-

organic framework (TMU-10), 

[Co6(oba)5(OH)2(H2O)2(DMF)4]n·2DMF has been carried out via 

controlled thermolysis treatments in air atmosphere at 

different temperatures in the range of 100-700 °C. The quasi 

MOFs were subsequently employed for hydrogen generation by 

catalytic hydrolysis of NaBH4. The hydrolysis of NaBH4 over 

quasi catalysts was investigated as a function of the 

deligandation temperature, catalyst dosage, NaBH4 

concentration, and reaction temperature. The catalytic 

performance exhibited obvious changes with the variation of 

the deligandation temperature. The maximum turnover 

frequency was observed in the presence of quasi TMU-10 

calcined at 300 °C with the activation energy of about 56.8 kJ 

mol−1. The synergistic effects of the uniform and extended 

distribution of more acidic sites on cobalt nodes across the 

framework, avoidance of particle agglomeration, simultaneous 

existence of micro- and mesopores (types I and IV), conversion 
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of a portion of Co(II) centers to Co(III), and creation of Co(II) in 

tetrahedral sites are responsible for this enhanced catalytic 

performance. Further investigation of the NaBH4+D2O system 

hydrolysis shows a primary kinetic isotope effect indicating that 

the O-H bond cleavage of water molecule occurs in the rate 

determining step. This study illustrates once again the role that 

structural defects can play in catalysis and the simplicity of the 

thermal treatment can be readily extensible to the preparation 

of other quasi MOF catalysts for H2 generation process from 

hydrogen storage compounds targeting to its industrial 

application. 
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