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d regeneration of Co–B
amorphous alloy nanowires for the selective
hydrogenation of cinnamaldehyde

Min Mo, * Jiansheng Tang, Lijun Zou, Youyi Xun and Hongru Guan

One-dimensional Co–B amorphous alloy nanowires (NWs) were prepared using surfactant as a template

and were treated with plasma to study the effect of different treatment times on the essential physical

and chemical properties of the catalyst. The study showed that plasma with a certain amount of strength

will not change the morphology and amorphous structure of the NWs within the chosen treatment time.

It could, however, modify the electronic structure and active sites of the catalyst surface, increase its

specific surface area and H2 adsorption capacity, and also improve the selective hydrogenation

performance of cinnamaldehyde. Most of all, plasma treatment could also play an important role in the

reuse of catalysts. After several recycling reactions, plasma treatment on Co–B amorphous alloy NWs

could regenerate their high catalytic activity. This work provides a novel method for preserving the high

catalytic activity and stability of amorphous alloy nanomaterials, as well as for increasing their reusability.
1. Introduction

The selective catalytic hydrogenation of cinnamaldehyde (CMA)
that is representative of the bond coupling in C]C and C]O
bonds of a,b-unsaturated aldehydes is appealing to both
academic and industrial elds.1–4 In CMA, hydrogenation that
occurs at C]O could produce unsaturated cinnamyl alcohols
(CMO), while at C]C it could yield saturated dihy-
drocinnamaldehydes (HCMA). These products are followed by
total hydrogenation to 3-phenylpropanol (HCMO) (Fig. 1).5,6

CMO could be an important hydrogenation product owing to its
important applications in avors, pharmaceutical intermedi-
ates, and fragrances. However, the reduction of the C]C group
is thermodynamically more favorable than that of the C]O
group, and thus, it has attracted considerable attention that has
led to the designing of catalysts with an ideal selectivity for
CMO.7,8 To obtain CMO, various catalysts have been developed.
Catalysts based on noble metals (Ru, Pt, Rh, and Pd) or
a combination of noble and transition metals (Pt–Co, Pt–Fe,
etc.) are highly reactive; however, they have poor selectivity for
CMO.2,9 To improve their selectivity, the physicochemical
properties of these catalysts (such as the metal atoms, the
electronic effect of the second metal, surface ligands, local
structure, as well as texture of the support) have been
addressed.10–15

The cost of a catalyst is a core concern in industrial catalysis;
thus, it is necessary to develop low-cost and highly active
hydrogenation catalysts to alleviate the demand for noble
st Normal University, Changsha 410205,
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the Royal Society of Chemistry
metals.16–20 Nonprecious metal catalysts, such as Co–B amor-
phous alloys, are excellent hydrogenation catalysts for CMA
owing to their low cost, easy access, and excellent selectivity for
CMO.21,22 Although there are also some disadvantages to them,
such as the reduction of catalytic activity due to agglomeration,
oxidation by oxygen in the air, etc. Nanoscale granular Co–B
amorphous alloy catalysts can be easily obtained by wet chem-
ical methods without using a surfactant as a template as the
reaction between Co2+ and reducing agents (such as BH4

−) is
violent and can cause particle agglomeration. In addition,
granular amorphous alloys easily agglomerate during the cata-
lytic hydrogenation reaction, thereby reducing their catalytic
activity.23,24 Moreover, Co–B amorphous alloy catalysts are easily
oxidized by oxygen in the air, leading to deactivation in their
Fig. 1 Possible reaction pathways for hydrogenation of CMA.
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CMA hydrogenation performance. Determining a method to
overcome this degradation of catalytic performance due to
agglomeration and oxidation, and improve the reusability is
a challenge. Preference has been given to research geared
toward the synthesis of amorphous alloy catalysts with
nanotube,25–27 nanosphere,28–30 and nanochain22 morphologies,
which can effectively prevent agglomeration and enhance the
structural stability of nanocatalysts. We previously reported
a series of one-dimensional (1D) amorphous alloy nanotubes
with high catalytic hydrogenation activity and selectivity by
using the layered liquid crystal template method. However,
there was no signicant progress in the oxidation resistance of
the amorphous alloy catalysts.

As an effective molecular activation technology, low-
temperature plasma is increasingly used in catalyst prepara-
tion and reaction.31,32 Plasma technology is a low-energy
process, which is regarded as an efficient tool for preparing or
modifying materials. It is environmentally friendly as it does
not produce solvent and chemical waste. Plasma surface treat-
ment can change the valence state of metal active components
to achieve catalyst reduction, and greatly optimize the physi-
cochemical properties of catalysts. Plasma technology is widely
used to treat electrocatalysts at room temperature.33–35 However,
only a few studies have reported the effect of plasma treatment
on amorphous alloy catalysts for the enhancement of catalytic
hydrogenation performance. In this study, we synthesized a 1D
Co–B amorphous alloy catalyst with nanowire morphology
which has higher structural stability and longer catalytic life-
time compared to granular and tubular counterparts. The effect
of plasma treatment on the morphology, physicochemical
properties of amorphous alloy catalysts, and the improvement
of the selective hydrogenation performance of CMA were
studied. Moreover, in the recycling catalytic process of the Co–B
amorphous alloy catalyst, the degradation of catalytic hydro-
genation performance caused by the oxidation of the catalyst
surface due to unavoidable contact with air could also be
regenerated by plasma treatment aer a certain number of
cycles, which provides convenience for the application of
amorphous alloy catalysts for catalytic hydrogenation.
2. Experimental
2.1 Sample preparation

The Co–B amorphous nanowires (NWs) were prepared as
follows: Tween 80 (0.005 mol), camphor sulfonic acid (CSA,
0.0025 mol) was dissolved in 12 mL of deionized water in
a water bath at 343 K while stirring evenly. 0.005 mol of
CoCl2$6H2O was then added to the above solution and
constantly stirred until a transparent and homogeneous solu-
tion was formed. The resultant solution was placed in a water
bath and slowly cooled from 343 to 298 K, aer which a mixture
of NaBH4 (4 mol L−1) and NaOH (0.1 mol L−1) was pumped into
the system while stirring in a nitrogen atmosphere. Aer
completion of the reaction, the resultant solution was aged for
36 h. A black precipitate was obtained, which was cleaned thrice
with deionized water and anhydrous alcohol. It was then dried
33100 | RSC Adv., 2022, 12, 33099–33107
in an N2 atmosphere. This sample of amorphous alloy NWs was
labeled Co–B-0 NWs.

Low-temperature plasma treatment was performed on
amorphous alloy catalysts as follows: Co–B NWs prepared were
placed on a quartz boat in a plasma reactor aer which they
were treated using argon plasma of 200 W power for 100, 200,
and 300 seconds. The samples obtained were labeled Co–B-100
NWs, Co–B-200 NWs, and Co–B-300 NWs, respectively.
2.2 Characterization

The morphology of the Co–B NWs was inspected using trans-
mission electron microscopy (TEM; JEM-1011) with an acceler-
ating voltage of 120 kV. Their crystal structure was measured
using powder X-ray diffraction (XRD; Philips). Their chemical
compositions and electronic states were studied using X-ray
photoelectron spectroscopy (XPS; Thermo ESCALAB 250). The
nitrogen-sorption isotherms of the Co–B NWs were character-
ized using the ASAP 2020 apparatus. H2 temperature pro-
grammed desorption was tested by using an apparatus (H2-TPD;
AutoChem TP-5080) with a thermal conductivity detector.
2.3 Catalytic test

The catalytic performance of the Co–B amorphous alloy NWs
was evaluated as follows: 0.3 g of catalyst, 2 mL of CMA, and
170 mL of absolute ethanol were added into a 200 mL reactor.
Aer purging thrice with N2 and H2 while stirring, hydrogen at
a predetermined pressure of 1.0 MPa was introduced into the
system. These conditions were maintained throughout the
reaction process. The reactor was heated to 373 K, which
marked the beginning of the reaction time. As the reaction
proceeded, samples were removed from the reactor regularly
and analyzed using gas chromatography (GC-2014 Shimadzu).
The conversion of CMA and selectivity of the products were
calculated using the following formula:

Conversion ð%Þ ¼
�
1� moles of residual CMA

moles of initial CMA

�
� 100%

Selectivity ð%Þ ¼ moles of product

moles of reacted CMA compound
� 100%
3. Results and discussion
3.1 Characteristics of nanowires

As shown in Fig. 2(a) and (b), the Co–B-0 NWs were uniform in
morphology, approximately 2–5 mm in length and 35–45 nm in
diameter. Fig. 2(c) and (d) shows TEM images of the Co–B-200
NWs. Their morphology was maintained aer plasma treat-
ment. The Co–B-200 NWs were 1–4 mm in length and 30–40 nm
in diameter. This indicated that plasma treatment had little
effect on the morphology of NWs. The selected area electron
diffraction (SAED) inserted in Fig. 2(b) and (d) implied that the
structure of Co–B-0 and Co–B-200 NWs was amorphous.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of (a and b) Co–B-0 NWs at different magnifications and (c and d) Co–B-200 NWs.
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Co–B-0 NWs were prepared by reducing Co2+ in the water
layer of layered liquid crystal with sodium borohydride. The
lamellar liquid crystal was formed of Tween 80, camphor
sulfonic acid (CSA), and cobalt salt dissolved in water aer
cooling from 348 to 298 K. Fig. 3(a) shows the small-angle XRD
pattern of the layered liquid crystal. The layer spacing is
9.85 nm. When the layer spacing was relatively smaller, such as
Fig. 3 (a) Small-angle XRD patterns of the liquid crystals with Tween 8
different times.

© 2022 The Author(s). Published by the Royal Society of Chemistry
d = 7.37 nm as previously reported,25 the amorphous alloy
nanotubes were easily formed through the curling
mechanism.25–27 However, in this work, it was easy to form NWs
because the layer spacing was large (d = 9.85 nm), and the
lamellar liquid crystal could not be curled. The Co–B amor-
phous alloy NWs were conned to formation in the water layer
of the liquid crystal. The wide-angle XRD spectra of Co–B-
0/CSA/Co2+(H2O), and (b) XRD of Co–B NWs treated with plasma at

RSC Adv., 2022, 12, 33099–33107 | 33101
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0 NWs, Co–B-100 NWs, Co–B-200 NWs, and Co–B-300 NWs in
Fig. 3(b) show amorphous structure, indicating that plasma
treatment on Co–B NWs did not change the crystal structure of
the amorphous alloy NWs.

Fig. 4 shows the XPS spectra of Co–B-0 NWs and Co–B-200
NWs. The Co 2p3/2 deconvolution for Co–B-0 NWs is demon-
strated in Fig. 4(a). The elemental state was at 777.5 eV, while
that of CoO and Co(OH)2 was at 779.6 and 781.1 eV, respec-
tively. The peak at 782.9 eV was attributed to the electron
shakeup peak for Co(OH)2 multiple splitting.36,37 The decon-
volution of the B1s spectrum for Co–B-0 NWs is shown in
Fig. 4(b). The peaks for B1s at 187.9 and 192.1 eV corre-
sponded to elemental and oxidized B, respectively.38–40

Notably, the binding energy of elemental B in Co–B-0 NWs
shied positively by approximately 0.8 eV compared to the
binding energy of pure B at 187.1 eV, which indicated that B
partially donated electrons to the alloyed Co. The electron
transfer between Co and B in Co–B NWs made Co electron-
rich and B electron-decient.22,36 The electron-rich Co in
Co–B was then able to facilitate the catalytic reaction of CMA
to CMO.22 The composition of Co–B-0 NWs from XPS data was
Co72.1B27.9. The deconvolution of Co 2p3/2 and B1s spectra of
Co–B-200 NWs was similar to that of the Co–B-0 NWs except
that the binding energy of Co had a small negative shi of
approximately 0.1 eV, whereas the binding energy of B had
a positive shi of approximately 0.6 eV. The relative peak
areas for the elemental and the oxidation states in the XPS
spectra changed. The relative proportions of each species of
Table 1 The relative peak areas in the XPS spectra with a summary of e

Catalyst

Co 2p3/2 B1s

Co0 Co2+ B0

Co–B-0 24.4% 56.3% 11.9%
Co–B-100 30.1% 52.1% 20.7%
Co–B-200 38.9% 53.0% 25.8%
Co–B-300 39.1% 53.1% 26.2%

Fig. 4 Peak deconvolution of (a) Co 2p3/2, (b) B1s level for amorphous C

33102 | RSC Adv., 2022, 12, 33099–33107
all samples are listed in Table 1. As the electron shakeup peak
of Co(OH)2 at 782.9 eV was not incorporated in calculations,
the sum of the peak areas of Co0 and Co2+ was not 100%.36

When the plasma treatment time was 100 and 200 seconds,
the relative content of Co0 and B0 increased signicantly;
however, the increase in the zero-valence species content of
Co–B-300 NWs was not obvious as compared with that of Co–
B-200 NWs. Research has shown that the higher the content of
elemental Co and B, the greater the electron transfer and the
faster the reaction.36–38 In summary, the result indicated that
the synergistic effect between Co and B was enhanced aer
plasma treatment.

Fig. 5(a) shows the nitrogen adsorption isotherm and pore
size distribution curves for Co–B-200 NWs, while the specic
surface and pore volume data for all samples are listed in Table
1. The results show that the Co–B-200 NWs maintained their
mesoporous structure aer plasma treatment.27 However, the
treatment increased the specic surface and pore volume of the
Co–B NWs. The H2-TPD curves for Co–B-0 and Co–B-200 NWs
are shown in Fig. 5(b), and the H2 uptake for all the samples are
listed in Table 1. The TPD peak for Co–B-200 NWs moved
toward a higher temperature as compared with that for Co–B-
0 NWs, indicating that plasma treatment on Co–B NWs was
conducive to the stronger adsorption of H2 on the catalyst.
Notably, the surface active site of Co–B-200 NWs was more
uniform, which may promote the selectivity of catalytic hydro-
genation reaction.23 Moreover, the samples with plasma treat-
ment had a higher H2 uptake than the Co–B-0 NWs.
ssential chemical and physical properties

SBET
(m2 g−1)

Pore volume
(cm3 g−1)

H2 uptake
(mmol g−1)B3+

88.1% 82.9 0.51 56.1
79.3% 88.7 0.60 60.8
74.2% 92.4 0.61 74.0
73.8% 89.5 0.60 73.8

o–B-0 and Co–B-200 NW powders.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) N2 adsorption isotherms and pore size distribution curves for Co–B-200NWs, and (b) H2-TPD curves for Co–B-0NWs andCo–B-200NWs.
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3.2 Catalytic property for hydrogenation of CMA

Fig. 6 demonstrates the time-dependent curves for the conver-
sion of CMA and product selectivity for CMO, HCMA, and
HCMO for all samples. It can be observed from Fig. 6 that the
Fig. 6 Reaction profiles of CMA hydrogenation on (a) Co–B-0 NWs, (b)

© 2022 The Author(s). Published by the Royal Society of Chemistry
target product (CMO) was the main product of the CMA
hydrogenation reaction, although it was accompanied by the
formation of by-products. For the Co–B-0 NWs catalyst (no
plasma treatment), the complete conversion of CMA took 6
Co–B-100 NWs, (c) Co–B-200 NWs, and (d) Co–B-300 NWs.

RSC Adv., 2022, 12, 33099–33107 | 33103
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hours, and the nal selectivity for CMO was only 89.1%. We also
studied the impact of plasma treatment time on the catalytic
reaction. It was found that the catalytic performance of Co–B
NWs improved greatly aer plasma treatment. For Co–B-100,
Co–B-200, and Co–B-300 NWs, the time for the complete
conversion of CMA reached 4.5, 3.5, and 3.5 h, respectively, and
the selectivity for the main product (CMO) was 94.4, 96.9, and
96.6%, respectively. As compared with Co–B-200 NWs, the
catalytic performance of Co–B-300 NWs did not improve
signicantly, indicating that aer a certain time (200 s in this
case), the effect of plasma treatment on Co–B NWs could not be
improved by simply prolonging the plasma treatment time.

The selective hydrogenation mechanism of cinnamaldehyde
under Co–B NWs could be depicted as follows. The high CMA
catalytic activity of Co–B NWs was due to the structural and
electronic effect.9–11 Structurally, Co–B amorphous alloy NWs
that were long-range ordered and short-range disordered were
very benecial to the hydrogenation reaction. The highly
unsaturated and dispersed Co active sites that were fully
exposed and the strong interaction between different Co active
sites could improve the hydrogenation activity. From the
perspective of electronic effect, the alloyed B in the Co–B NWs
transferred some electrons to Co, making Co electron-rich,
Fig. 7 (a) Conversion of CMA and selectivity of CMO on Co–B-200 NW
recycled, (b) catalytic performance of Co–B-200 NWs after the second p
ninth plasma treatment, and (d) TEM image of Co–B-200 NWs after nin

33104 | RSC Adv., 2022, 12, 33099–33107
which was conducive to the hydrogenation reaction. The
electron-decient B was also instrumental in the adsorption of
the C]O group on the catalyst.41 The high CMO selectivity of
the Co–B NWs catalyst may be due to the unwelcome contact
and adsorption between the Co active site and the C]C group
because the steric hindrance caused by the direct connection
with benzene ring made the C]C group on CMA adsorb readily
on the Co active site. At the same time, it promoted the
adsorption of C]O on the catalyst surface, thus improving the
hydrogenation selectivity of C]O.21,22,25,41 The improvement in
the catalytic performance of Co–B NWs with plasma treatment
as compared with those of their untreated counterparts was
achieved through the higher specic surface area and pore
volume of the catalyst, homogeneous active sites, and higher
hydrogen adsorption capacity, as well as the stronger synergistic
effect of Co and B on the catalyst surface.

To study the sustainable utilization of catalysts, a recycling
experiment was performed. The results are shown in Fig. 7.
Fig. 7(a) shows the experimental results of six cycles on Co–B-
200 NWs. Each catalytic reaction lasted for 3 h. Aer the reac-
tion was completed, the conversion of CMA and the selectivity
for CMO in the product were tested. During the rst through to
the h run of the recycling experiment, the catalyst
s for 3 hours as a function of the number of times the catalyst was
lasma treatment, (c) catalytic performance on Co–B-200 NWs after the
e plasma treatments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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maintained high catalytic activity, but when it was recycled for
the sixth time, its catalytic performance decreased signicantly.
The decline in catalytic performance may have resulted from
the oxidation of the catalyst during experimental manipulation.
To explore the effect of plasma treatment on the reusability of
the catalysts, the Co–B-200 NWs were treated with plasma for
200 additional seconds aer four cycles of catalytic reactions,
where each lasted for 3 h. Fig. 7(b) shows the experimental
results of four cycles of Co–B-200 NWs activity aer the second
plasma treatment. It can be observed that the catalyst retained
high conversion and selectivity. However, aer the ninth
plasma treatment, the activity of the catalyst declined signi-
cantly as shown in Fig. 7(c). The TEM test results of the samples
shown in Fig. 7(d) indicate that there were many nanoparticles
aer the ninth plasma treatment, and the decline in catalytic
performance may have been caused by the collapse of the NWs
into nanoparticles. The SAED inset in Fig. 7(d) shows that the
Co–B NWs were still amorphous aer many recycling test
experiments. It was thus clear that plasma treatment played
a positive role in the regeneration of Co–B NW catalysts.
4. Conclusions

In summary, 1D amorphous alloy Co–B NWs were prepared by
using layered liquid crystals as templates. Co–B NWs had
a diameter of 35–45 nm and a length of 2–5 mm. To improve
CMA catalytic hydrogenation activity, the prepared amorphous
alloy Co–B NWs were treated with low-temperature plasma. The
results showed that the plasma treatment with appropriate
power and time had little inuence on the morphology and
amorphous structure of Co–B NWs, but it could increase the
relative content of Co0 on the surface, promote the specic
surface area, and optimize the types of surface active sites
present. These changes were benecial to the improvement of
catalytic hydrogenation performance. In addition, during the
catalytic hydrogenation cycling test, the amorphous alloy cata-
lyst inevitably comes in contact with oxygen, leading to partial
oxidation of the catalyst surface, which reduces the catalytic
hydrogenation performance. Repeated plasma treatment could
induce the activity and extend the lifetime of Co–B NWs. This
work provides a convenient method for the improvement and
regeneration of amorphous alloy catalysts.
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