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Highly dispersed Cu@FeCo/rGO catalysts have been prepared by two-step reduction method and used

for hydrogen production from ammonia borane (NH3BH3, AB) hydrolysis at 298 K. The activity and

reusability of synthesized composite catalyst were much more higher than Cu@FeCo for AB hydrolysis

dehydrogenation at 298 K. Kinetic study manifested that AB hydrolysis dehydrogenation with

Cu@FeCo/rGO catalysts was approaching to the first order at different catalyst concentrations. The

hydrolysis reaction completed within four minutes, and its maximum hydrogen production rate

reached to 7863.0 ml min−1 g−1 at 298 K.
1. Introduction

Hydrogen is considered as an outstanding alternative to meet
the growing requirements for clean power in vehicle
application.1–4 Ammonia borane (AB) is one of the most
prospective materials for hydrogen storage owning to the high
hydrogen content (19.6%) and its stability in aqueous
solutions.5–7 AB hydrolysis reaction equation is expressed as
below. NH3BH3 + 2H2O/ NH4

+ + BO2
− + 3H2[. Nevertheless, if

there is no catalyst, hydrolysis reaction rate of AB is slow at 298
K.8,9 Therefore, to get more hydrogen energy from the AB
hydrolysis reaction, it is essential to nd a suitable catalyst. So
far, many catalysts have been studied to help release hydrogen
from AB.10–14 With the application of nano catalysts in AB
hydrolysis, non noble metal catalysts are judged to a prospective
choice as a result of their low cost, novel structure, electronic
properties and magnetic properties.15–20 Considering the inu-
ence of structure on catalytic activity, core–shell catalysts
fascinate many researchers.21–24 They present higher catalytic
activity than those with no core–shell structure. This may be
caused by the formation of more and more active sites of
catalyst surface. However, the investigation of the core–shell
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catalysts shows that their catalytic properties are closely related
to the dispersion of core–shell metal nanoparticles (NPs).25–29

Therefore, the agglomeration of particles on account of their
high surface energy and magnetism is the key obstacle to the
evolution. Many methods have been tried to improve the
accumulation of the NPs. Various carriers have been widely
used to prepare well-dispersed catalysts.6,30–34 As we all know,
graphene is a special carbon material with single atom thick-
ness with a large surface area and a high density of free electron.
As a desirable carrier material, it can make metal NPs to
disperse well in absence of surfactant.35 So far, metal NPs
loaded onto graphene have been primarily prepared by one-step
and two-step reduction methods. In former method, there is
simultaneous reduction of metal ions and graphene oxide (GO),
while in latter method, GO is rst reduced to produce reduced
graphene (rGO), and then metal ions xed on rGO. Yet simple
one-step reduction method hasn't been universally adopted in
AB hydrolysis reaction. It is difficult to separate GO and metal
salt because they both consume reducing agent. It is well known
that during catalytic hydrolysis of AB by one-step reduction
method, the accurate value of reducing agent is very important.
This can have a direct impact on activity of catalyst, for instance,
hydrogen production rate and catalytic reaction time. Opposite
of this, in the two-step reduction method, these problems could
be successfully avoided by means of reducing metal ions and
GO respectively.

In the prior study, Cu@FeCo catalyst owned good activity for
hydrolysis of AB,23 but agglomeration phenomena of the core–
shell catalysts has led to a serious decline in reusability.
Therefore, in this study, we used a two-step reductionmethod to
prepare Cu@FeCo/rGO catalyst to increase its dispersion and
catalytic activity for AB hydrolysis.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of rGO, Cu@FeCo and Cu@FeCo/rGO.
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2. Experimental section
2.1. Preparation process of rGO

First, we employ the modied Hummers' method to prepare
GO.36 And then, it was put into a furnace in the atmosphere of
10% H2–Ar, during which reaction temperature was slowly
increased to 1073 K with a rate of 10 Kmin−1 and holded for one
minute. And nally, rGO was obtained.

2.2. Preparation of Cu@FeCo/rGO and its application in
hydrolysis reactions of AB

For synthesis of Cu@FeCo/rGO, deionized water (10 ml) and
rGO were sonicated for ten minutes, and then a uniform solu-
tion was formed. Aer that, a mixture of CuCl2–2H2O (Alfa
Aesar, 99+%), CoCl2–6H2O (Alfa Asear, 98.0–102.0%) and
FeSO4–7H2O (Alfa Asear, 99+%) was mixed with the above
solution and then continued to sonicate for ten minutes at 298
K. The molar ratio of Cu : Fe : Co was maintained at 3 : 1 : 6.
Theoretically, the content of Cu@FeCo in Cu@FeCo/rGO is
50 wt%, which remains unchanged. Then, the uniform solution
was added to a double round-bottom ask, which contained
63 mg of AB (Sigma-Aldrich, 90%). It was realized by assist of
a pressure equalizing funnel, which was attached to a mouth of
the round bottom ask. The other mouth was closely connected
with the gas burette. Hydrolysis reaction occurred accompanied
by the above mixed solution put in the round bottom ask and
stirred. The produced gas volume was measured by water
displacement employing the gas burette until the reaction was
over. The sign of the end of the reaction was that the molar ratio
of hydrogen to AB was innitely near to 3.0. In the process of
product chemical cleaning, washing and ltering by deionized
water and anhydrous ethanol for three times were necessary.
Catalyst was dried under vacuum at 333 K continuing near to
4 h before testing. Experiments under variable catalyst
concentrations were also made.

Characterization measurement methods are described in
ESI.†

3. Results and discussion
3.1. Characterization of Cu@FeCo/rGO

Micromorphological inspection of the composite catalysts was
comprehensively carried out by TEM observation. It can be
clearly seen that the agglomeration of Cu@FeCo nanocatalysts
Fig. 1 TEM images for (a) Cu@FeCo and (b) Cu@FeCo/rGO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
was serious in Fig. 1a. In contrast, Fig. 1b showed that the
agglomeration phenomenon was signicantly improved aer
loading the catalyst onto graphene with a lamellar structure.
These catalysts can be evenly dispersed on the rGO plate. Thus,
it can be assumed that the dispersion effect of rGO on the
catalyst was very great. This striking property of graphene
indicated that it was an excellent carrier material for Cu@FeCo
nanocatalysts. Additionally, phase structure of catalysts was
characterized by X-ray diffraction (XRD) (Fig. 2). The diffraction
pattern of rGO showed that its strongest diffraction peak
appeared near 2q = 26.5°, which was attributed to (002) reec-
tion. However, in the Cu@FeCo/rGO composite catalyst, the
intensity of this diffraction peak was signicantly weakened.
Combined with the TEM analyses, it can be derived that
Cu@FeCo nanocatalysts were successfully loaded onto the
lamellar structure of rGO.

FTIR spectra detection results were shown in Fig. 3. From GO,
a broad and strong band appeared on an absorption peak of
3429.4 cm−1, which was attributed to the hygroscopic nature of
GO. Meanwhile, the absorption peak appearing at 1737.2 cm−1

was relatively weak, which was due to the C]O stretching
vibration in the carbonyl or carboxyl group. The peak appearing
at 1630.9 cm−1 was associated with vibration of absorbing water
molecule and the skeletal vibration of the unoxidized graphite
domains. The bands appearing at 1391.9 cm−1 and 1090.5 cm−1

were related to the O–H vibrations in the carboxylic acid and the
Fig. 3 FTIR spectra of GO, rGO and Cu@FeCo/rGO.
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Fig. 4 Raman spectra of GO, rGO and Cu@FeCo/rGO.

Table 1 The maximum hydrogen production rate of AB hydrolysis
with the catalysis of rGO, Cu@FeCo and Cu@FeCo/rGO at 298 K

Catalyst
Maximum hydrogen
production rate (ml min−1 g−1)

rGO 27.6
Cu0.3@Fe0.1Co0.6 6674.2
Cu0.3@Fe0.1Co0.6/rGO 7863.0
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distortion of the C–O bands, respectively. Compared to GO, it is
noteworthy that the above absorption peaks were not signicant
in rGO and Cu@FeCo/rGO. It fully proved that GO was reduced.37

Raman spectra (Fig. 4) manifested that GO, rGO and
Cu@FeCo/rGO had similar characteristic peaks, which
appeared at 1351.8 cm−1 (D band) and 1599.6 cm−1 (G band).
The D-band identied that the disorder originated from epoxide
and hydroxyl groups on the carbon basal plane or edge, while
the G-band was attributed to the stretching vibration of
graphitic C(sp2)–C(sp2) bond.38 Yet difference of the intensity
ratio (ID/IG) between the D and G bands among them also
existed. It represented the defect density and the degree of
graphitization of the carbonaceous material.39 It's obvious that
the ID/IG of rGO was high in comparision with GO, which
conrmed that GO was reduced. For comparison, the increase
in ID/IG of Cu@FeCo/rGO indicated that reducing agent (AB)
and Cu@FeCo both promoted reduction of GO.
3.2. Catalytic activities of Cu@FeCo/rGO for the hydrolysis
of AB

To determine the activity of Cu@FeCo/rGO in hydrogen
production from hydrolysis of AB, hydrogen production rate
was determined in a typical calibrated buret system lled with
water at 298 K (Fig. 5). It was obvious that precipitation of
hydrogen was fast and linear when the catalytic reaction started.
Fig. 5 rGO, Cu@FeCo and Cu@FeCo/rGO catalytic hydrogen
production from AB hydrolysis.
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Themaximum hydrogen production rate of AB hydrolysis under
the catalysis of the above catalysts was displayed in Table 1 (at
298 K). Obviously, compared with Cu0.3@Fe0.1Co0.6 and rGO,
Cu0.3@Fe0.1Co0.6/rGO catalysts owned better catalytic activity.
The maximum rate of hydrogen production was 7863.0
ml min−1 g−1 at 298 K, which was much higher than Cu0.3@-
Fe0.1Co0.6 (6674.2 ml min−1 g−1).23 The catalytic hydrolysis
reaction ended within four minutes. Notably, the catalytic
activity of rGO for AB hydrolysis was poor, with hydrogen
production rate of only 27.6 ml min−1 g−1 at 298 K (Table 1).
And just 4.6 ml H2 released during een minutes. Thus, the
improved catalytic activity of Cu@FeCo/rGO for AB hydrolysis
was mainly attributed to Cu@FeCo dispersing on graphene
lamellar structure, which also increased catalytic activity by
exposing more active sites of the catalyst.

Further experiments were conducted to investigate the kinetic
performance of Cu@FeCo/rGO catalyst in AB hydrolysis reaction.
Fig. 6 showed the variation curve of the volume of hydrogen
Fig. 6 (a) Relationship between time and hydrogen volume generated
by hydrolysis of AB catalyzed by Cu@FeCo/rGO with variable catalyst
concentrations [AB] [200 mM], T (298 K), (b) log scale diagram of
hydrogen production rate and catalyst concentration.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 Hydrogen generated from the hydrolysis reaction of AB cata-
lyzed by Cu@FeCo/rGO for reusability test at 298 K.
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producedwith the reaction time during hydrogen liberation from
AB hydrolysis under the catalytic effect of Cu@FeCo/rGO with
variable catalyst concentrations ([AB] = 200 mM). In the curve of
Fig. 6a, it can be seen that the hydrogen was produced rapidly
and linearly. The slope of the curve between hydrogen production
rate and catalyst concentration (Fig. 6b) was about 0.60. It
showed that the hydrolysis reaction of AB was close to the rst
order related to Cu@FeCo/rGO catalyst concentration.

The cycle stability test experiment of Cu@FeCo/rGO in the
hydrolysis of AB was conducted at 298 K. Compared with
Cu@FeCo catalyst,23 it was worth noting that the catalyst still
had good cycle stability aer four cycles (Fig. 7).

4. Conclusions

To sum up, we have successfully synthesized well dispersed
Cu@FeCo/rGO adopting two-step reductionmethod. Cu@FeCo/
rGO catalyst has satisfactory activity in catalytic hydrolysis of AB
and the advantages of magnetic reuse. Hydrolysis reaction can
be completed quickly within four minutes at 298 K, and the
maximum hydrogen production rate was 7863.0 ml min−1 g−1.
The enhancement of activity shows that rGO is a prospective
carrier of metal catalysts used in AB hydrolysis.
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