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Hydrolytic dehydrogenation of ammonia borane is a significant and promising approach for on-site
hydrogen production at ambient conditions, and developing highly efficient and low-cost catalysts has
attracted considerable attention. Herein, waste-biomass-derived activated carbon (AC) was prepared by
hydrothermal carbonization and alkali-assisted activation, and non-precious bimetal phosphides (Co-—
Cu—-P) nanocatalysts with a series of different Co/Cu ratios were synthesized on the AC surface through
in situ phosphidation method. Owing to the synergetic effects, the optimal Cog gCug,P/AC presents an
outstanding turnover frequency of 26.5 min~! (25 °C), which is much higher than that of many reported
catalysts. The reaction activation energy was measured to be 34.6 kJ mol™ . Benefiting from the
ferromagnetic nature of the phosphides, the Cog gCug»P/AC can be magnetically separated and reused

Received 13th January 2023
Accepted 26th February 2023

DOI 10.1035/d3ra00247k again. After recycling six times, the catalyst still retains 72% of the initial activity, thus indicating great
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Introduction

With the rapid utilization of hydrogen energy, ammonia borane
(NH;BH3;, AB) has emerged as one of the most promising
chemical hydrides for hydrogen storage."” In theory, AB pres-
ents a hydrogen content of up to 19.6 wt%, which is much
higher than that of other hydrides such as sodium borohydride,
formic acid, hydrazine hydrate, etc.* According to eqn (1),
hydrolytic dehydrogenation of AB in the presence of suitable
catalysts can release three equivalent hydrogens. For the prac-
tical applications in hydrogen production, the investigation of
catalysts is of critical importance.*®

Catalyst

NH;BH; + 2H,0 NH,BO, + 3H, 1 (1)

A series of recent studies have indicated that low-cost and
efficient catalysts are exceedingly desired for AB hydrolysis.
Because of the drawbacks involving low reserves and high cost,
noble metal catalysts like Ru, Pt, Rh cannot satisfy the
requirements of large-scale industrial utilization. Therefore,
considerable attention has been paid to non-precious metal
catalysts, especially transition metal phosphides such as CoP
and Ni,P.*” However, the catalytic activity of the monometal
phosphides needs to be further improved to achieve high
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efficiency of AB dehydrogenation. To this end, bimetal phos-
phides have been suggested as highly efficient catalysts for
hydrogen generation from AB hydrolysis due to the synergetic
effect. For instance, Yang et al. prepared Ni-Fe-P catalysts on Ni
foam by electroless plating, and the Ni-Fe-P/Ni presented much
higher activity than that of Ni-P/Ni and Fe-P/Ni.? Additionally,
Zhou et al. found that boron nitride supported Ni,gCo4 ,P
nanoparticles (NPs) exhibited optimal catalytic performance for
AB hydrolysis thanks to the synergistic effect.’

To prevent the aggregation of nanocatalysts, the use of
porous supports like carbon-based material, zeolite, and metal-
organic frameworks has been confirmed to be feasible. Among
various supports, activated carbon (AC) is extremely popular
and possesses many advantages including low cost, excellent
porosity, high specific surface area, and stable physicochemical
property. Currently, the cost-effective AC derived from waste
biomass has attracted increasing interest. As reported in recent
literature, there are many kinds of biomass used for AC
production, including cattail, cotton, walnut shell, shaddock
endothelium, pinecone shell, corn straw, and so on.****

In our present work, waste ginkgo leaves were collected for
the preparation of AC via traditional hydrothermal carboniza-
tion and alkali-assisted activation. In situ phosphidation
method was conducted for the synthesis of Co-Cu-P nano-
catalysts immobilized on the waste-biomass-derived AC, and
the Co/Cu ratio was optimized to realize the highest catalytic
activity for AB hydrolysis. To our knowledge, there have been no
similar research reports so far. As expected, due to the syner-
getic effect and support effect, the optimum Co,gCu, ,P/AC
presents an extremely high activity for catalytic hydrolysis of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AB, compared with many cobalt-based catalysts reported in
literature. In addition, hydrolytic kinetics and catalyst reus-
ability were also investigated in detail.

Experimental
Chemicals

All chemicals including cobalt nitrate hexahydrate (Co(NO3),-
-6H,0, AR), copper nitrate trihydrate (Cu(NO;),-3H,0, AR),
sodium hypophosphite monohydrate (NaH,PO,-H,0, AR),
potassium hydroxide (KOH, AR), hydrochloric acid (HCI, 37%),
and ammonia borane (NH3;BHj;, 97%) were purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd, China.
Deionized water was used throughout this experiment.

Preparation of AC

For the preparation of biomass-derived AC, detailed procedures
involving pre-treatment, hydrothermal carbonization, and
alkali-assisted activation were described in our previous work.**
The collected ginkgo leaves were completely dried in an electric
oven at 90 °C and then shattered. To obtain fine powder, sieving
operation was done with a 100 mesh sieve. In a typical run,
4.00 g of the fine powder was dispersed in 60 mL deionized
water by vigorous stirring and then transferred to a 100 mL
Teflon-lined autoclave, followed by heating at 180 °C for 12 h.
After cooling to room temperature, the hydrothermal product
was filtered, washed, and completely dried. Next, 2.00 g of the
hydrothermal product was uniformly mixed with 1.00 g of KOH
and then heated at 700 °C for 1 h under argon atmosphere. After
natural cooling, the activated product was successively washed
with diluted HCI] and deionized water until the pH value was
constant to be 7.0. The biomass-derived AC was finally achieved
after conventional filtration and drying.

Synthesis of Co-Cu-P/AC

Metal phosphide was synthesized by in situ phosphidation
method, and the detailed installation and procedure were
introduced in our recent work.'® At first, 0.20 g of the obtained
AC was added into 15 mL precursor solution containing
Co(NO3), and/or Cu(NOj3),. The molar ratios of Co to Cu were
given tobe 1.0:0,0.8:0.2,0.6: 0.4, 0.4: 0.6, 0.2: 0.8, and 0 : 1.0,
respectively, while the molar mass of Co and Cu was fixed to be
0.34 mmol. After moderate stirring at room temperature for 1 h,
water in the solid-liquid system was completely evaporated, and
the inorganic salts would be uniformly deposited on the AC
surface. The phosphating process was performed at 300 °C for
1.5 h, and 0.15 g of the NaH,PO,-H,0 was used for each run.
Finally, a series of Co,Cu,; _,P/AC catalysts (x = 1.0, 0.8, 0.6, 0.4,
0.2, 0) were achieved. The contents of Co and Cu in each sample
were determined by ICP and shown in Table S1.}

Characterization

The micromorphology and element distribution were analysed by
a field-emission scanning electron microscope (FE-SEM, Hitachi
S-4800) and a transmission electron microscope (TEM, FEI Tec-
nai G2 F20) coupled with OXFORD MAX-80 energy dispersive X-
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ray system. The crystalline structure of solid samples was exam-
ined on a Rigaku D/Max-2500 X-ray diffractometer (XRD) with Cu
Ko radiation. X-ray photoelectron spectroscopy (XPS) character-
ization was conducted on a Thermo ESCALAB 250Xi spectrom-
eter. The specific surface area and pore size distribution were
typically measured by means of N, adsorption/desorption
isotherms. Raman spectrum was obtained with a Renishaw
Raman spectrometer using laser excitation at 532 nm. The major
parameters of magnetic material were determined on a vibration
sample magnetometer (VSM, Quantum Design PPMT).

Catalytic activity measurement

Catalytic activity of the prepared Co,Cu;_,P/AC for AB hydro-
lysis was measured as follows. The volume of generated
hydrogen was monitored by the water-displacement method
using a testing setup described elsewhere.'” Typically, 10 mg of
the catalyst was dispersed in 5.0 mL aqueous solution con-
taining 1.0 mmol AB, and the reaction temperature was kept at
25 °C by a water bath. Turnover frequency (TOF) was calculated
according to eqn (2).

@

TOF = —————
(nco + ney)t

where ny, is the total molar mass of the generated hydrogen, ¢ is
the reaction time for complete hydrolysis of AB, and n¢, and n¢,
represent the molar mass of Co and Cu elements in the catalyst,
respectively.

Kinetics of AB hydrolysis

The optimum catalyst with the highest TOF was chosen for
further investigation. A series of hydrolysis reaction over the
optimum catalyst was done to determine the reaction kinetics.
First, the catalyst amount and temperature were kept at 10 mg
and 25 °C, and the AB concentration was varied at 0.10, 0.20,
0.30, and 0.40 mol L™, respectively. Second, the AB concen-
tration and reaction temperature were maintained at
0.20 mol L™" and 25 °C, respectively, whereas the catalyst
amount was changed from 5 to 20 mg. Finally, the reaction was
performed at different temperature in the range of 20-35 °C,
and the AB concentration and catalyst amount were fixed at
0.20 mol L' and 10 mg, respectively.

Reusability testing

To assess the reusability of the optimum -catalyst for AB
hydrolysis, one dosage of the catalyst (10 mg) was repeatedly
used six times, while maintaining the AB concentrate and
reaction temperature at 0.20 mol L™" and 25 °C, respectively.
After each run, the used catalyst was isolated and washed before
reusing again. In addition, the reused catalyst was finally
gathered for chemical composition analysis.

Results and discussion
Characterization of the AC

In our experiment, the as-prepared AC derived from waste
biomass was studied in advance. The SEM image in Fig. 1(a)

RSC Adv, 2023, 13, 7614-7620 | 7615
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Fig.1 Characterization results of the as-prepared AC: (a) FE-SEM and (b) high-resolution TEM images, (c) XRD pattern, (d) Raman spectrum, and

(e) N, adsorption/desorption isotherms.

demonstrates the AC morphology, and the carbonized surface is
representative and in good accord with literature results.'®****
High-resolution TEM image in Fig. 1(b) clearly shows the
porous nature.”® According to the XRD pattern in Fig. 1(c), two
weak and broad diffraction peaks around 29° and 42° corre-
spond to the (002) and (100) planes of the graphite carbon,
respectively, implying low ordering.'***

Fig. 1(d) shows the Raman spectrum of the obtained AC, and
the typical D- and G-bands located at 1340 and 1590 cm ™" can
be assigned to the disordered carbon crystallites and crystalline
graphite, respectively. To evaluate the structural defects and the
degree of graphitization, the intensity ratio of the D- and G-
bands (Ip/Ig) was calculated to be 1.26, indicating carbon in
the obtained AC is mainly present in the form of disordered
carbon.'®'*15151° Fig. 1(e) exhibits the N, adsorption/desorption
isotherms, and specific surface area of the AC was calculated to
be 1590 m> g ! according to the well-known BET equation,
which is comparable to some commercial AC material such as
YP-50."° Additionally, average pore size of the prepared AC was
measured to be 2.3 nm by the BJH model, thus indicating the
mesoporous feature. In summary, all the evidence above
confirms the successful synthesis of biomass-derived AC in this
experiment.

Optimizing of the Co/Cu ratio

Lots of studies have demonstrated that high activity of the
bimetal catalysts can be attributed to the synergistic effect, and
the ratio of different metal elements significantly influences the
catalytic activity.****** Density functional theory (DFT) was
applied by Zhou et al. to investigate the synergistic effect of
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NiCoP/h-BN for catalytic hydrolysis of AB.® And they found that
bimetal phosphide can effectively boost the adsorption capacity
of H radical and decrease the adsorption capacity of H, over
catalyst surface, which benefit to the hydrogen generation and
releasing.

Herein, the biomass-derived AC supported Co—Cu-P nano-
catalysts with varied Co/Cu ratios were evaluated for AB
hydrolysis. As shown in Fig. 2, the highest H, generation rate is
achieved when using the Co,sCu,,P/AC, indicating that the
Coy gCuy ,P/AC possesses the best catalytic activity among all
the prepared samples. As expected, the optimum bimetal
phosphide catalyst is more active than monometal phosphides
(i.e., CoP/AC, CuP/AC). TOF of AB hydrolysis over the
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Fig. 2 Hydrogen evolution from AB hydrolysis using different
catalysts.
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Table 1 A comparison of the prepared CoggCugP/AC with similar
catalysts in literature

Catalysts TOF (min~") at 25 °C Reference
CuCo0,0,/Ti 32.8 22
C00.51CUg.40/C 28.7 23
CoCu@MIL-101 19.6 24
CoNi/graphene 16.4 25
CoB alloy 14.7 26
Co/graphene 13.8 27
PEI-Co 12.5 28
Cu@CoNi 15.5 29
P(VPA)-Co 7.7 30
Cu/Co30,4 7.0 31
Co/hydroxyapatite 5.8 32
C0,.5Cuy ,P/AC 26.5 This work

Co, sCu, ,P/AC was measured to be 26.5 min~* at 25 °C, and the
catalytic activity is much higher than that of many reported
catalysts, as listed in Table 1.

Characterization of the Co, gCu,_,P/AC

Fig. 3(a)-(c) display the XRD patterns of the prepared CoP/AC,
CuP/AC, and Co, sCu,,P/AC, respectively. Remarkable diffrac-
tion peaks imply that the metal phosphides have good crystal-
linity. Compared with the XRD pattern of CoP/AC, due to the Cu
incorporation in CoP, the peak at 26.5° shifts to 26.7°, and some
extra peaks appear in the range of 15-25° (see Fig. 3(c)).** High-
resolution XPS spectra of Co 2p, Cu 2p and P 2p showing the
peak resolving and fitting for elements in the Co,gCu, P are
exhibited in Fig. 3(d)—(f). In Fig. 3(d), the peaks at 781.8 and

View Article Online

RSC Advances

797.9 eV correspond to Co 2p3/, and 2p,,,, respectively, while
two board peaks at 786.1 and 803.1 eV are the satellite peaks of
Co 2p.>***?%34 In Fig. 3(e), the peaks at 932.4 and 952.5 eV can be
assigned to Cu 2p;/, and 2p;,, respectively, and other peaks are
associated with copper in copper oxide probably due to the
inevitable superficial oxidation.?*?*3** As shown in Fig. 3(f), two
peaks located at 123.2 and 134.1 eV are recorded, which can be
credited to the elemental P in metal phosphides and oxidized P
species, respectively.**%”

According to TEM image in Fig. 4(a), it is clearly seen that the
Co,.sCuy ,P NPs are loaded on the AC surface, and there are some
inevitable aggregation happened in local surface. Such problem
can be effectively solved by optimizing the loading amount of
catalyst. As evidenced by EDS-mapping in Fig. 4(b), the green, red,
and yellow dots stand for Co, Cu and P elements, respectively,
confirming uniform distribution of the NPs all over the AC surface.
By means of statistical analysis, particle size distribution of the
Coy sCuy ,P NPs was described in Fig. 4(c), and the average particle
size was calculated to be 13.7 nm. High-resolution TEM images in
Fig. 4(d) and (e) show obvious lattice fringes with a spacing of
0.186 nm analysed by Digital Micrograph software, which should
be indexed to the (110) lattice plane. In addition, the result of
selected area electron diffraction (SAED) pattern demonstrates the
monocrystal nature of the obtained Cog gCuy ,P. Consequently, all
the results mentioned above confirm the successful synthesis of
Coy.sCug ,P NPs on the biomass-derived AC.

Hydrogen generation measurement and kinetics analysis

Herein, we investigated the influence of AB concentration,
catalyst amount, and reaction temperature on hydrogen evolu-
tion over the prepared Co,gCu,,P/AC. Fig. 5(a) and (b) shows
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Fig.3 XRD patterns of the prepared (a) CoP/AC, (b) CuP/AC and (c) Cog gCug 2P/AC, respectively; high-resolution XPS spectra of (d) Co 2p, (e) Cu

2p and (f) P 2p of the Cog gCug 2P, respectively.
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Fig.4 (a) TEMimage and (b) EDS mapping of the resulting Cog gCug »P/AC; (c) particle size distribution of the Cog gCug P NPs on the AC surface;
(d and e) high-resolution TEM images (inset, spacing of crystal lattice) and (f) SAED image of the Cog gCug »P.

(a) 150 (b) 70 (c) 70
vy vV
v/v 60 60 -
120 v, _ - ;
- 2 504 £ 50 >
£ Y e Y
b4
g E 40 E 40
3 s S
g > >
< s 304 g 30
) g g
o =4 o .
s T, 20+ —=—5mg T 204 —v-20°C
7 T —e-10mg 2 —A—25°C
104 —A—15mg 104 —e—30°C
—w—20mg —a—35°C
0 T T T T T 04 v T T T 0 T T T
0 3 6 9 12 15 18 0 4 8 12 16 20 0 2 4 6 8 10 12
Time (min) Time (min) Time (min)
(d) 3.0 (e) 40 (f) 3.0
5 3.5
25 —e—P 2.8 o)
o— O Ln k = —4160/T + 16.30
2.0 304 Ln k=1.08 Ln[catal.] - 0.13 }
Ln k= 0.12 Ln[AB] + 2.52 & 264
x S - ¢
x 1.5 S 254 / c O\
c - ) 3
3 Pel AN
2.4
1.0 2.0 / N
e \
2.2
0.5 1.5 @ .
o
0.0 T T T T 1.0 . . ; : 20 T T
30 25 20 45 -10 -05 12 16 20 24 28 32 0.0032 0.0033 0.0034 0.0035
Ln [AB] Ln [catal.] T (K

Fig. 5 Plots of reaction time versus volume of hydrogen generated from AB hydrolysis catalysed by the Cog gCug oP/AC under different (a) AB
concentration, (b) catalyst amount and (c) reaction temperature. (d and e) Logarithmic plots of hydrogen generation rate (k) versus AB
concentration and catalyst concentration, respectively. (f) Arrhenius plot of In k versus 1/T.

7618 | RSC Adv, 2023, 13, 7614-7620 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00247k

Open Access Article. Published on 08 March 2023. Downloaded on 12/6/2025 1:33:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the graphs of the volume of generated hydrogen versus time
under varied AB concentration and catalyst amount, respec-
tively. As can be seen in Fig. 5(a), the hydrogen generation rates
are almost constant under varied AB concentrations. In
Fig. 5(b), increasing the catalyst amount can greatly boost the
hydrogen evolution from AB hydrolysis. Furthermore, the total
generated hydrogen was nearly 3-fold of the used AB in mole,
suggesting the complete dehydrogenation of AB. In most cases,
it is quite normal that increasing temperature can lead to the
improvement of hydrogen evolution, as shown in Fig. 5(c).?*?

Fig. 5(d) gives a straight line with a slope of 0.12, thus suggesting
the catalytic hydrolysis of AB is zero-order with respect to the AB
concentration. In Fig. 5(e), the slope of 1.08 of In k and In[catal.]
indicates that AB hydrolysis over the Cog gCu, ,P/AC involves a first-
order relative to catalyst concentration. In Fig. 5(f), we plot Ink
versus 1/T based on the Arrhenius equation (eqn (3)).

Ink = —(EJRT) + In A 3)

The activation energy of AB hydrolysis catalyzed by the
Co, sCu, ,P/AC is calculated to be 34.6 k] mol™*, which is much
lower than many reported results such as Cog.51Cug.40/C
(51.9 kJ mol "),>®* Co/CTF (42.7 kJ mol ),*®* CugC0,,0/GO
(45.5 k] mol %),* NiCoP/BN (40.3 kJ mol),° and
C00.79B0.15P0.06 (39-4 kJ mol 1).%

Magnetic property and reusability

Recycling of the heterogeneous catalysts are frequently required
in practical applications. As suggested in literature, magnetic
catalysts endow easy separation with a magnet and reusing
again.”*?**»** Thus, magnetism analysis of the prepared
Cog gCu, ,P/AC was performed on VSM in a range from —20 000
Oe to 20000 Oe at room temperature, and the magnetic
hysteresis loop is shown in Fig. 6. After calculation, the satu-
ration magnetization is approximate to 9.8 emu g ', while
remnant magnetization and coercivity were found to be 0.6 emu
g~ and 120 Oe, respectively. According to the photograph inset
in Fig. 6, it is well illustrated that the Co,gCu,,P/AC can be
conveniently separated by an external magnet, further clarifying
the ferromagnetic feature of the metal phosphide.
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Fig. 6 Magnetic hysteresis loop of the prepared CoggCug,P/AC
(inset, optical photograph).
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Fig. 7 Retained catalytic activity of the CopgCug,P/AC and AB
conversion in successive runs for AB hydrolysis.

We investigated the recycling stability of the prepared
Coy gCuy ,P/AC for AB hydrolysis, and detailed results are shown
in Fig. 7. It can be observed that the catalytic activity gradually
decreases in successive cycles, but the AB conversion is always
constant to be 100%. After recycling six times, the catalyst still
retains 72% of the initial activity, thus implying the Co, sCu, P/
AC possess relatively stable performance and great potential in
practical applications. As reported in literature, activity degra-
dation of the catalysts in successive hydrolysis of AB is
a common phenomenon, and the primary reason is often
ascribed to deposition of metaborate over the catalyst
surface.?*?>2%2933:3543,44 To verify such conjecture, XPS analysis
toward the reused catalyst was performed. As shown in Fig. S1,}
the peak of B 1s can be clearly observed at 192.7 eV, indicating
the existence of metaborate on the catalyst surface.

Conclusions

In summary, non-precious bimetal phosphide (Co-Cu-P) as an
efficient catalyst for hydrolytic dehydrogenation of AB was
developed in this work. Waste-biomass-derived activated
carbon was proved to be an excellent material for supporting
nanocatalysts. With respect to the bimetal phosphide, the
catalytic activity is significantly determined by the ratio of
different metal elements, and Co,gCug,P nanocatalyst sup-
ported on the activated carbon presents the optimal activity for
AB hydrolysis due to the synergistic effect. Additionally,
magnetic feature of the catalyst endows easy separation and
reusing, especially in practical applications.
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