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a b s t r a c t 

Application of transition metal boride (TMB) catalysts towards hydrolysis of NaBH4 holds great signifi- 

cance to help relieve the energy crisis. Herein, we present a facile and versatile metal-organic framework 

(MOF) assisted strategy to prepare Co2 B-CoPOx with massive boron vacancies by introducing phytic acid 

(PA) cross-linked Co complexes that are acquired from reaction of PA and ZIF-67 into cobalt boride. The 

PA etching effectively breaks down the structure of ZIF-67 to create more vacancies, favoring the maxi- 

mal exposure of active sites and elevation of catalytic activity. Experimental results demonstrate a drastic 

electronic interaction between Co and the dopant phosphorous (P), thereby the robustly electronega- 

tive P induces electron redistribution around the metal species, which facilitates the dissociation of B-H 

bond and the adsorption of H2 O molecules. The vacancy-rich Co2 B-CoPOx catalyst exhibits scalable per- 

formance, characterized by a high hydrogen generation rate (HGR) of 7716.7 mL min−1 g−1 and a low 

activation energy ( Ea ) of 44.9 kJ/mol, rivaling state-of-the-art catalysts. This work provides valuable in- 

sights for the development of advanced catalysts through P doping and boron vacancy engineering and 

the design of efficient and sustainable energy conversion systems. 

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Hydrogen-related energy devices, including hydrogen-oxygen 

uel cells, large-scale hydrogen power generation, and other 

ydrogen-powered devices, have incentivized the revolution of var- 

ous hydrogen evolution technologies [1] . In particular, hydrogen 

torage materials catalytic hydrogen (H2 ) generation technology 

as been deemed an up-and-coming trend to realize a sustainable 

nergy scheme [2] . Among the chemical storage sources of hydro- 

en, metal hydrides such as NaBH4 , LiAlH4 and MgH2 have gar- 

ered tremendous recent attention [3–5] . Among them, NaBH4 is 

merging as a central focus with a theoretical gravimetric hydro- 
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toms [ 14 , 15 ]. In addition, high electronegative heteroatom doping 

an increase the number and modulate the electronic surround- 

ng of metal active sites, thus improving the activities of the cat- 

lyst [16] . For example, Mehdi et al . reported P-induced Co-based 

onolithic efficient catalysts for NH3 BH3 hydrolysis and showed 

hat the induction of P caused electron transfer from Co to P, pro- 

oting new active sites for the efficient adsorption of reactant 

olecules [17] . Notably, the highly electronegative phosphorus (P) 

tom possesses lone-pair electrons in 3p orbitals and vacant 3d or- 

itals, which can mediate local charge density and change the sur- 

ace charge state, further advancing the catalytic performance [18] . 

e assume that the P-induced approach also has a positive effect 

n the catalyst of NaBH4 hydrolysis. However, conventional proce- 

ures (gas-solid reaction scheme) use NaH2 PO2 as the P source, 

hich would release poisonous and auto-ignition PH3 products 

nto the environment [19] . Phytic acid (PA, myo-inositol 1,2,3,4,5,6- 

exakisphosphate) is a naturally environmentally friendly and re- 

ewable biological compound, and its six phosphate groups can 

asily chelate to different metal ions, which can serve as an ideal 

 source to replace NaH2 PO2 [20] . In the processes of PA etching, P 

ossesses higher electronegativity than metallic (M) atoms, which 

end to receive electrons from the metal, causing a redistribution 

f the electronic properties of the catalysts and further forming the 

ey active sites favoring the interaction and adsorption with reac- 

ion intermediates [21] . On the other hand, vacancy engineering is 

onsidered a new “intrinsic” strategy to enhance catalytic activity 

y inducing high distortion energy and diverse atomic rearrange- 

ents [22] . Besides, vacancies can manipulate the electronic band 

tructure as well as lower the activation energy of adsorption and 

issociation of reactants [23] . Consequently, the electronic struc- 

ure and surface nature of the catalyst are two versatile knobs for 

nhancing the intrinsic catalytic activity, which can be favorably 

ailored through doping and vacancy engineering. 

In this work, a light P doping and rich boron vacancies Co2 B- 

oPOx was developed as a highly efficient catalyst for NaBH4 hy- 

rolysis. The coralloidal structure of Co2 B-CoPOx is porous with an 

verage pore size of about 23.8 nm. Such unique structural features 

ot only provide more active sites but also may improve electron 

ransfer dynamics, beneficial to the hydrolysis of NaBH4 . Moreover, 

he experimental and characteristic analyses show that the dop- 

ng of P tunes the relative content of B and induces more boron 

acancies, which subsequently affects the electronic structure and 

acilitates the reversible dissociation of B-H on active sites. As a 

esult, Co2 B-CoPOx exhibits excellent hydrolysis activity and scal- 

ble reusability. Importantly, the prepared robust Co2 B-CoPOx cat- 

lyst reveals remarkably efficient hydrogen evolution from NaBH4 

n comparison to previous non-noble catalysts and even noble cat- 

lysts presented in the literature. Our work provides new oppor- 

unities for designing advanced metal borides catalysts for the hy- 

rolysis of   
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ydrolysis process [59] . The amount of catalyst is another decisive 

actor in determining the catalytic reaction rate. As seen in Figs. 

15c and d (Supporting information), the hydrogen generation rate 

f Co2 B-CoPOx varied with the change in catalyst mass from 5 mg 

o 20 mg. Among the series, 10 mg of Co2 B-CoPOx exhibited the 

ighest hydrogen generation rate, making it the optimal amount 

f catalyst and resulting in substantial cost reduction. 

The effect of P doping on the activation energy in NaBH4 hy- 

rolysis was explored by investigating the temperature depen- 

ence of hydrogen generation kinetics at different temperatures, as 

hown in Fig. 4 a and Fig. S16a (Supporting information). Based on 

he Arrhenius plots, the activation energy ( Ea ) value of Co2 B-CoPOx 

as calculated to be 44.9 kJ/mol, which is lower than that of Co2 B- 

IF-67 (56.1 kJ/mol) (Fig. S16b in Supporting information), and sig- 

ificantly lower than the values reported for most non-noble or 

oble mental catalysts in previous literature ( Fig. 4 b). This validates 

hat P doping effectively reduced the energy barrier for molecule 

ctivation. Hydrogen generation with NH3 BH3 is proceeded un- 

er a similar method. A HGR of 1891.9 mL min−1 g−1 is achieved 

Fig. S17 in Supporting information). Compared with NaBH4 

7716.7 mL min−1 g−1 ), a decreased activity is emerged for NH3 BH3 

ydrolysis. This negative activity is attributed to the discrepant 

atalytic mechanism during borohydride hydrolysis caused by the 

ifferent molecular geometry of NaBH4 and NH3 BH3 [60] . The 

eusability is very important for catalysts in the aspect of the 

ractical application. Therefore, the reusability of Co2 B-CoPOx cat- 

lyst was evaluated through a continuous recycling test of catalytic 

aBH4 hydrolysis. As depicted in Figs. 4 c and d, the catalyst exhib- 

ted a slight degradation in activity after 5 cycles. As demonstrated 

n Fig. S18 (Supporting information), the XRD pattern shows that 

he Co2 B-CoPOx after 5 cycles keeps a similar structural composi- 

ion. Moreover, XPS analysis (Fig. S19 in Supporting information) 

xhibits that the original elemental composition, chemical state 

nd the peak intensities were similar to Co2 B-CoPOx even after 

 cycles. These results clearly indicate that our developed cata- 

yst bears a stable coralloidal structure. The SEM images show that 

he catalyst’s surface occurs agglomerations after catalyzing the hy- 

rolysis of NaBH4 (Fig. S20 in Supporting information). Therefore, 

he slight decrease in catalytic activity can be attributed to surface 

gglomeration and accumulation of metaborate on the catalyst sur- 

ace, resulting in a reduction of boron vacancies and thus hinder- 

ng electron transmission [ 61 , 62 ]. Overall, the Co2 B-CoPOx catalyst 

emonstrated outstanding activity and reusability, making it cost- 

ffective and suitable for practical industrial applications. 

We next tried to shed light on the underlying origin of the 

triking catalysis performance of Co2 B-CoPOx based on Langmuir- 

inshelwood model and many previous literatures, the plausi- 

le mechanism for NaBH4 hydrolysis over Co2 B-CoPOx catalyst is 

hown in Eqs. 2 –5 and Fig. 4 e [ 55 , 61 , 63 ]. According to XPS study, P

pecies, being strongly electronegative, draw electrons from Co2 B, 

esulting in a higher electron density on CoPOx species compared 

o Co2 B species. Consequently, the B atoms with a few positive 

harges in BH 4 
− ions are adsorbed by the electron-rich CoPOx 

pecies through the binding sites provided by boron vacancies, 

hile the electron-deficient Co2 B species adsorb H2 O molecules. In 

tep 1, the adsorbed water molecule attacks BH 4 
−. Consequently, 

ne molecule of H2 is released and an adsorbed BH3 OH− is lefts 

n the surface. In step 2, another adsorbed H2 O molecule at- 

acks BH3 OH−, and the second H2 molecule is released and the 

H2 (OH )2 
−

is produced and lefts on the CoPOx species surface. 

n step 3, a new H2 O molecule adsorbs at Co2 B species and at- 

acks BH2 (OH )2 
−

to produce BH (OH )3 
−

and H2 . In step 4, H2 O 

olecule attacks BH (OH )3 
−

to give H2 and B(OH )4 
−

. Meanwhile, 

he B(OH )4 
−

is desorbs. Therefore, the hydrolysis reaction ends 

ith compete conversion of BH 4 
− ion to B(OH )4 

−
ion with re- 

ease of four H2 molecules [64] . This mechanism highlights the role 
6

f P doping and B vacancy engineering in the Co2 B-CoPOx cata- 

yst, where P enhances the electron density of CoPOx species, fa- 

ilitating the adsorption of B atoms through boron vacancies. This 

nique interaction between the catalyst and reactants promotes 

he efficient hydrolysis of NaBH4 , leading to enhanced catalytic ac- 

ivity and hydrogen generation. 

tep 1 : BH 

−
4 + H2 O → BH3 OH− + H2 (2) 

tep 2 : BH3 OH− + H2 O → BH2 ( OH ) 
−
2 + H2 (3) 

tep 3 : BH2 ( OH ) 
−
2 + H2 O → BH ( OH ) 

−
3 + H2 (4) 

tep 4 : BH ( OH ) 
−
3 + H2 O → B( OH ) 

−
4 + H2 (5) 

In conclusion, we report that the P doping rich boron vacancy 

n Co2 B-CoPOx can be achieved through chelating Co with neg- 

tively charged phosphate groups. The rational P doping strategy 

imultaneously realized the high-level chemical induction and de- 

ects in the catalyst. The presence of abundant boron vacancy en- 

ances the catalyst’s capacity to capture and interact with reaction 

ntermediates effectively. The high electronegativity of P species 

erves as an electronic structure modifier to tune the local charge 

f Co via electron transfer, creating favorable condition for the dis- 

ociation of B-H and O–H bonds and rendering impressive cat- 

lytic activity. The hydrolysis of NaBH4 measurements certify the 

xceptional activity of Co2 B-CoPOx , with a hydrogen generation 

ate (HGR) of 7716.7 mL min−1 g−1 , which is 2.3 times higher than 

hat of Co2 B-ZIF-67. Furthermore, Co2 B-CoPOx exhibited superior 

eusability, making it highly promising for practical large-scale ap- 

lications. These findings provide important design guidance for 

arious hydrogen-involving applications, offering new opportuni- 

ies for the development of efficient and sustainable energy sys- 

ems. 
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