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Copper nanoparticles decorated on cobalt oxide nanosheets were
successfully prepared from Cu-Co-MOF-74 by in situ reduction with
simultaneous hydrolysis of agueous ammonia borane, with a TOF
value of 18.5 min™* and good durability over 5 cycles of the hydrogen
evolution reaction at 25 °C. The spatial confinement of the MOF
structure for the formation of nanocatalysts and the interaction
between Cu and CoO, are responsible for the improved catalytic
activity. This strategy gives the possibility of tailoring specific func-
tional metal/metal oxides from MOFs for application in energy storage
and conversion.

Facing the ever-increasing energy demand for on-board appli-
cations, hydrogen is a promising option as a future energy
carrier, but its safe storage and distribution remain problems
limiting its practical utilization."® Liquid-phase chemical
hydrogen storage materials which store hydrogen in the form of
chemical bonds have attracted tremendous attention due to
their high hydrogen content and easy handling.** Ammonia
borane (AB, NH;-BHj;), with a high hydrogen content of
19.6 wt%, has been widely studied since aqueous AB is stable
under ambient conditions and can provide a sustainable
hydrogen stream for fuel cells at room temperature (RT) with
the assistance of suitable catalysts.””® Noble metal nanoparticles
(NPs) are the most common heterogeneous catalysts for effi-
cient AB hydrolysis, such as Pt, Rh, and Ru NPs.""> However,
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Hydrogen is a great substitute for traditional fossil fuels, but the key to
a future hydrogen economy is its safe storage and distribution. Ammonia
borane (AB) with a hydrogen content of 19.6 wt%, can release hydrogen
with suitable catalysts under mild conditions; instead of noble metal
catalysts, supported base metals and their oxides would greatly decrease
the industrial cost while retaining reasonable activities. In this research
we synthesize a novel catalyst - Cu nanoparticles decorated on CoO,
nanosheets produced from a bimetallic metal-organic framework (MOF)
with precise composition design and strong metal-support interaction at
low temperatures — which provides efficient AB hydrolysis, showing great
potential for energy storage and conversion. Our work aligns with the UN
Sustainable Development Goals 7 (affordable and clean energy) and 13
(climate action).

considering their high cost, recent research interest has turned
to base metals, especially first row transition metals, like Fe, Ni,
Co and Cu and their oxide NPs, which demonstrate impressive
catalytic potential for AB hydrolysis.**™**

The size control and metal-support interaction design are
vital for base metal nanocatalyst synthesis. Metal-organic
frameworks (MOFs) consisting of metal ions and organic
ligands with tunable compositions and ordered frameworks,
have been widely employed as precursors for the preparation of
functional metal/metal oxides, porous carbons and their
hybrids by heating treatments.'*** The as-prepared materials
have been extensively used in electrochemical catalysis, photo-
catalysis, sensing, energy storage and related areas.”*?®
However, heat treatments usually lead to the sintering of metal/
metal oxide NPs due to weak metal-support interactions.””-*?
Therefore, synthesizing base metal nanocatalysts from MOFs at
low temperatures with uniform component distribution and
strong metal-support interactions are of urgent need.

Herein, we report an active base metal nanocatalyst for AB
hydrolysis: Cu NPs decorated on CoO, nanosheets (designated
as Cu@CoO,) prepared by in situ reduction of Cu-Co-MOF-74
alongside the AB hydrolysis. Cu(u) is reduced to Cu(0) which
catalyses the AB hydrolysis, while Co(u) is turned into layered
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oxide (CoO,) nanosheets acting as an excellent support. The
spatial confinement provided by the MOF structure during the
in situ wet chemical reduction of nanocatalyst and the strong
interaction between Cu and CoO, are responsible for the high
performance of AB hydrolysis, with a TOF value of 18.5 min™" at
25 °C calculated upon the total amount of metal (7(co+cu))-

The preparation process of Cu@CoO, is shown in Scheme 1
(see more details in ESIT). Briefly, a methanol solution of 2,5-
dihydroxyterephthalic acid and a methanol solution of cop-
per(u) acetate monohydrate and cobalt(u) acetate tetrahydrate
were mixed together under sonication at RT and kept for 2 h to
produce Cu-Co-MOF-74. The as-prepared Cu-Co-MOF-74 was
cleaned and dried, and then used directly for AB hydrolysis. For
comparison, control samples including monometallic MOF-74
(Cu-MOF-74, Co-MOF-74), Cu-Co-MOF-74 with micro-scale
bulk morphology, Cu-Co-MOF-74-T produced via heat treat-
ment and Cu@Co-MOF-74 via the double solvents method
(DSM),** were also synthesized.

Powder X-ray diffraction (PXRD) patterns (Fig. S17) of the as-
prepared Cu-Co-MOF-74 are consistent with the simulated
MOF-74, indicating that the addition of Cu(u) does not change
the crystal structure of Co-MOF-74. Its weak diffraction peaks
are caused by the low crystallinity prepared by the sonication
method at RT. Scanning electron microscopy (SEM) images
(Fig. S2t) show that Cu-Co-MOF-74 via the sonication method
has sphere morphology. According to high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) and the corresponding elemental mapping images
(Fig. S31), Cu(u) and Co(u1) components are uniformly dispersed
across the whole framework, indicating precise ingredient
control at the atomic level.

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) results show that the as-synthesized Cu-Co-MOF-74
possesses a Co content of 24.1 wt% and a Cu content of
0.68 Wt% (ngo:ncy = 38:1, the experimental input ratio
1(CO)input : 1(CWinpye is 50 : 1). It was then used as the catalyst
for AB hydrolysis directly. As soon as we added the aqueous
solution of AB (myp = 1 mmol) into the catalytic system

Sonication
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Scheme 1 Schematic illustration of the synthesis of Cu@CoO, from
Cu-Co-MOF-74.
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(including 50 mg MOF), the color of the catalyst turned from
brown to black, and at first no gas was released. After about 10 s,
the gas evolution began and in total 62 mL of gas was released
over 40 s (25 °C, ngo, = 0.204 mmol, n¢, = 0.005 mmol, based on
the ICP-OES results), showing a TOF value of 18.5 min ™" for AB
hydrolysis calculated on the total metal amount (ny = ng, +
o), which is comparable to recent reported Cu-based catalysts
(Table S17). The TOF value could reach 775 min " calculated on
only the amount of Cu, since CoO, may just play the role of
support. From the second cycle, the gas was released immedi-
ately as the addition of aqueous solution of AB and the final
volume of gas reached 72 mL, implying the complete hydrolysis
of AB into H,. The Cu-Co-MOF-74 catalyst kept most of its
activity for 5 cycles under the current conditions (Fig. 1(a) and
(b)). TOF values of Cu-Co-MOF-74 for AB hydrolysis at different
temperatures were collected and fit to the Arrhenius plot, and
the calculated activation energy (E,) is 37.4 k] mol " (Fig. 1(c)
and (d)). MOFs with different initial Cu(u) inputs (7(Co)input :
n(Cu)inpye = 100:1 to 100:6) were investigated and the best
catalytic performance was obtained at 1(Co)input : 2(CWinpuc =
100: 2 (Fig. S41).

Based on the results of X-ray photoelectron spectroscopy
(XPS) analyses of Cu-Co-MOF-74, after catalysis, the XPS peaks
of Co 2p become more intensive while the positions show no
obvious changes, and the peaks located at 782.3 and 798.2 eV
mainly belong to the Co 2pj;/, and 2p,., in CoO,, respectively
(Fig. 2(c)).** The XRD pattern of the catalyst used for 5 cycles
(Fig. S5t) shows the existence of CoO, Co;04 and a very small
amount of Co(0). Due to its low doping amount, no peak
belonging to Cu is observed in the XRD pattern or the XPS
spectrum before catalysis (Fig. S5 and Fig. 2(d)), while after
catalysis a weak peak located at 932.2 eV belonging to Cu(0) 2ps,
» is observed, caused by the reduction of Cu(u).** Combined with
the SEM, TEM, HAADF-STEM and elemental mapping images
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Fig.1 (aand b) Durability of catalytic AB hydrolysis over 5 cycles at 25 °
C, and (c and d) temperature dependence of gas evolution of AB
hydrolysis and the corresponding TOF values over Cu-Co-MOF-74

(inset in (d) is the Arrhenius plot (In TOF) vs. 1/T) (nco = 0.204 mmol,
Ncy = 0.005 mmol, nag = 1 mmol).
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Fig. 2 XPS spectra of (a) C 1s, (b) O 1s, (c) Co 2p and (d) Cu 2p of Cu-
Co-MOF-74 before and after AB hydrolysis catalysis.

(Fig. S6T and Fig. 3), it can be implied that uniformly dispersed
Cu(0) NPs decorated on CoO, nanosheets have been in situ
formed during AB hydrolysis, with a very slight particle
agglomeration, which is the real catalyst responsible for AB
hydrolysis.

For comparison, we prepared catalysts using the traditional
heating process at different temperatures (samples designated
as Cu-Co-MOF-74-T). The thermogravimetric (TG) curve of Cu-
Co-MOF-74 heating in Ar flow (Fig. S71) shows that the MOF
structure starts to break down at 350 °C and the decomposition
process completes at about 650 °C. The XRD patten of Cu-Co-
MOF-74-650 shows the formation of Co(0) (Fig. S8(a)t) and its
Raman spectrum also shows a typical magnetite peak at
680 cm ™" (Fig. S8(b)1). From the XPS spectra of Cu-Co-MOF-74-
T, it can be seen that Co(u) is gradually reduced to Co(0) when
the calcination temperature increases, and 2p peaks of Cu(0)
also become visible at 650 °C (Fig. S9t). The catalytic

Fig. 3 (a and d) HAADF-STEM images of Cu@CoO, derived from Cu-
Co-MOF-74 and the corresponding elemental mapping images of (b)
Cu, (c) Co, () O and (f) C.
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performances of Cu-Co-MOF-74-T have been tested for AB
hydrolysis and a dramatic decrease of activity is observed in Cu-
Co-MOF-74-650 (Fig. S8(c) and (d)f), indicating that the
formation of Co(0) could not benefit the catalytic activity. Lower
than 350 °C, Cu-Co-MOF-74-T keeps most of the catalytic
activity and the SEM images of the used catalysts demonstrate
a similar CoO, nanosheets structure (Fig. S10t), implying the
interaction between Cu(0) NPs and CoO, is the main contrib-
utor to the improved catalytic activity of Cu-Co-MOF-74 for AB
hydrolysis. The traditional heating treatment has been proven
to a nonpreferred method in this bimetallic MOF-derived
catalyst preparation.

Other control samples were also prepared to investigate the
reason for the high activity of Cu-Co-MOF-74. Monometallic
MOFs including Co-MOF-74 and Cu-MOF-74 were prepared
using a similar sonication method at RT. SEM images show that
Co-MOF-74 possesses a similar particle morphology like Cu-Co-
MOF-74 (Fig. S11(a) and (b)}) while Cu-MOF-74 demonstrates
a fusiformis morphology (Fig. S11(c) and (d)f). N, sorption
isotherms show that Cu-Co-MOF-74 and Co-MOF-74 with
particle morphologies possess similar BET specific surface
areas (Sgpr) of 495 and 433 m® g !, respectively, while the
fusiformis-like Cu-MOF-74 exhibits a low Sggr of 285 m* g *
(Fig. S121). Compared with the TOF value of 18.5 min~" for Cu-
Co-MOF-74, Co-MOF-74 and Cu-MOF-74 only show TOF values
of 1.3 and 1.1 min~", respectively, further proving that the
interaction between Cu and CoO, is the key to the enhanced
catalytic activity for AB hydrolysis (Fig. 4). Cu-Co-MOF-74 with
micro-scale bulk morphology (designated as Cu-Co-MOF-74-
MB) was synthesized using a solvothermal process (Fig. S11(e)
and (f)1), and it possesses very low activity (TOF = 0.64 min ")
for AB hydrolysis (Fig. 4), which may be caused by the less
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Fig. 4 (a) Gas evolution from aqueous AB and (b) the corresponding
TOF values using control samples (25 °C, initial weight of MOF is
50 mg, nag = 1 mmol).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reaction interfaces provided by the micro-scale bulk structure.
Cu@Co-MOF-74, with immobilized Cu NPs in pores of Co-MOF-
74 was previously prepared using the so-called DSM.* It showed
better catalytic performance (TOF = 5.68 min ') (Fig. 4) for AB
hydrolysis than any other control samples, but Cu-Co-MOF-74
was still unparalleled, indicating the importance of uniform
composition and spatial confinement provided by the Cu-Co-
MOF-74 structure during the in situ reduction of Cu(0). XRD
patterns of all the control samples are similar to the simulated
MOF-74, demonstrating the successful preparation of MOFs in
all samples (Fig. S131). The metal ions and ligands comprising
Cu-Co-MOF-74 were also tested for AB hydrolysis. It was found
that Co(n) and H,DOBDC show barely no activity for AB
hydrolysis. Only 2 mL of gas is released using Cu(u) as the
catalyst, while 62 mL of gas is released in 6.5 min using
a mixture of Cu(u) and Co(u) as catalyst. A TOF value of
2.4 min~" can be obtained for a mixture of Cu(n) and Co(u)
calculated on the total metal amount, and the TOF value could
reach 78.5 min~', calculated just on the amount of Cu
(Fig. S147). This result not only excludes the activity contribu-
tion from raw chemicals of MOF synthesis, but also confirms
the beneficial effect of a strong interaction between Cu and
CoO,.

In conclusion, Cu NPs decorated on CoO, nanosheets were in
situ synthesized from a precisely designed bimetallic Cu-Co-
MOF-74 for catalytic AB hydrolysis. The catalyst possesses well
dispersed metal NPs and a strong interaction between Cu and
CoO,, benefitting the AB hydrolysis process with a TOF value of
18.5 min~" and good durability for 5 cycles at 25 °C. The
uniform composition and spatial confinement provided by
bimetallic MOF-74 during the in situ reduction at low temper-
atures are key to the formation of the promising catalyst.
Considering the diversification of accessible metal nodes and
organic ligands, this work gives a possibility of tailoring MOFs
for specific functional metal/metal oxides for energy storage
and conversion applications.
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