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The enormous and urgent need to explore cost-effective catalysts with high efficiency has always been at
the forefront of environmental protection and remediation research. This work develops a novel strategy for
the fabrication of reusable CuO-based non-noble metal hanomaterials as high-efficiency catalysts. We
report a facile and eco-friendly synthesis of CuO hexapods and CuO-Ag composite using uric acid as
a reductant and protectant. Both exhibited high catalytic activity in the hydrogenation of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) by sodium borohydride (NaBH,), with the CuO-Ag composite showing

superior catalytic performance. Notably, the highest turnover frequency of CuO—-Ag reached 7.97 x 1072
Received 26th February 2021 -1 which h higher th ble-metal terials. In additi Cuo h d d
Accepted 30th March 2021 s 7, which was much higher than numerous noble-metal nanomaterials. In addition, CuO hexapods an
CuO-Ag composite were also shown to act as highly efficient and recyclable catalysts in the

DOI 10.1039/d1ra01560e degeneration of 4-NP. Both CuO hexapods and the CuO-Ag composite exhibited outstanding catalytic
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1. Introduction

4-Nitrophenol is one of most common nitroaromatic
compounds used to produce pesticides, insecticides, herbi-
cides, pharmaceuticals and explosives."” However, due to its
toxicity and potential carcinogenicity, 4-NP has been identified
as a dangerous organic contaminant by the US Environmental
Protection Agency.* As such, its detection in and eradication
from the environment has become a major target.>® As a means
of eradicating highly toxic 4-NP, its conversion to less toxic
derivative 4-AP by catalytic reductive degradation is particularly
appealing because of the latter's contribution to the production
of various antipyretic and analgesic drugs."

Metallic nanomaterials have been widely investigated in
recent years.”® In particular, numerous works have reported the
synthesis of noble metal nanoparticles (NPs), wires, rods and
tubes.”'® These have been targeted for their remarkable physical
and chemical features and have demonstrated applications in
sensing, catalysis, biomedicine, therapy, and optical devices. Noble
metal NPs (such as Au, Ag, Pd, etc.) have been widely applied as
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durability, with no significant loss of activity over more than 10 cycles in the hydrogenation of 4-NP.

catalysts in the reduction of 4-NP by sodium borohydride,”*"*
which process has been considered valuable because of the
potential of the resulting 4-AP as a chemical raw material.”®
However, the scarcity of reserves of precious metals such as Au, Pt,
and Pd, restricts their use in practical fields and makes it essential
to explore alternative, more earth-abundant materials. And
recently, some non-noble metal (such as Cu, Co, Ni, Zn, etc.) based
materials have been proved achieving a great effect on hydroge-
nation of nitroaromatic compounds at ambient temperature.***
As earth-abundant and inexpensive metal, Cu has been
frequently investigated as alternative to rare metal materials,
especially in catalysis.'® Cu based nanomaterials are particularly
attractive due to their improving catalytic activity effectively.®
Recently, the development of Cu, CuO, Cu,O and Cu-based
bimetallic nanomaterials has been reported as a highly
appealing means of diluting the use of precious metals by
equivalent substitution in the synthesis of nanomaterials for
practical catalysis, owing to their low cost, facile preparation
method and easy scale-up.'>'*®* Multiple ways to explore the
preparation of Cu-based nanomaterials that promise to over-
come their sensitivity to oxygen, water, and other chemical
entities, have been investigated and have lately led to complex
structures, such as Cu-based bimetallic NPs, or copper
oxides.'>** Wang et al. reported Cu NPs supported on activated
carbon, which exhibited efficient catalytic activity for selective
reduction of vanillin.>* Meanwhile, Chen and co-workers re-
ported a Cu/CuO-Ag composite which exhibited excellent
activity in the degradation of organic pollutants.'” Sui's group
explored hexapod Cu,O micro-crystals and used them as non-
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enzymatic sensors for detecting glucose with outstanding
results.” And Ma et al. prepared bimetallic Cu and Co NP-doped
N-containing carbon frameworks, which showed higher cata-
lytic performance than some noble-metal catalysts in reduction
of 4-NP."* Cu-based nanomaterials have already demonstrated
excellent catalytic efficiency in the hydrogenation of 4-NP,
demonstrating cost-effectiveness far superior to that of precious
metal catalysts.”** And it has been reported that Cu can host
another noble metal such as Pd, Au, Rh and Ag to extend series
of bimetallic nanoparticles. These have exhibited superior
catalytic activity in hydrogenation, dehydrogenations, C-C and
C-0O coupling reactions, etc. and this has been attributed to
synergistic effects.”® Moreover, similar effects where Cu surfaces
have partly oxidized have been reported, Cu,0/CuO has hosted
NPs such as Pd, Ni, and Ag and the resulting composites have
displayed remarkable catalytic activity.**** With its indirect
narrow band gap (1.3-1.51 eV),*® the CuO has been argued to act
as a semiconductor, possessing a strong absorption in the
visible region, high carrier concentration and low toxicity. As
a visible light-activated photocatalyst, CuO has already exhibi-
ted excellent performance in the degradation of organic dyes."”
Moreover, its chemical, physical and electronic properties
combine with its economic cost, convenient synthesis and
stability to make it a good candidate for the reduction of
nitroaromatics.**> CuO as a catalyst points to new avenues in
the reduction and degradation of nitrophenols in water.>* Of
course the efficiency of catalysis could not be compared with
that of noble metal NPs such as Au, Ag. Thus further appeal
comes from the ability of CuO to support noble metal NPs,
offering reduced cost by lowering noble metal content and
instead relying on the provision of active metal-support inter-
faces. In this way, Cu has been reported to enhance the activity
of composite catalysts in numerous electron- and photo-
catalytic reactions." For those systems with active noble
metal-support interfaces, catalysts with enhanced performance
are easily achieved by enlarging the metal-support interfaces.
As a precious metal, Ag has more abundant resources and
lower cost than Pt, Pd and Au. Ag can catalyse a range of
reductive chemical reactions transforming both organic and
inorganic environmental pollutants."* The unique characteris-
tics conductivity and surface area-normalized
frequencies of Ag endow it is considered one of the few techno-
economically viable alternatives to Pt, such as in oxygen
reduction reaction.** However, extending the ideas above on Cu-
based heterobimetallic ensembles, density functional theory
(DFT) simulations have shown that in the nanoalloy form, CuAg
NPs have a high density of states at the Fermi level. These data
suggested they might represent compelling alternatives to
expensive Pt-based catalysts.**** This view of the promise of Ag-
based nanomaterials in catalysts led,*® for instance, Ren and co-
workers to report the synthesis of Ag-covered Cu,O by galvanic
replacement and delivered highly effective CO, reduction.?®
Here we develop a simple and environmentally friendly strategy
for preparing heterocomposites based on the interspersion of CuO
hexapods and Ag NPs, as a typical semiconductor load noble NPs,
the CuO-Ag composite revealing high catalytic activity. The prop-
erties of the as-prepared materials are correlated to the surface
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properties of the catalyst. We use the hydrogenation of nitrophenol
isomers and potassium ferricyanide as model catalytic reactions.®
Impressively, the synthesized CuO-Ag composite exhibit excellent
catalytic performance, enabling the reduction of 4-NP by borohy-
dride in only 180 s. Excellent reusability of both CuO hexapods and
CuO-Ag composite in the reduction of 4-NP has been verified
using recycling experiments.

2. Experimental
2.1 Material

All chemical reagents used are of analytical grade and were
obtained from Aladdin Chemical Co., Ltd. (Shanghai). CuO
hexapods were synthesized by dissolving 0.0028 g of uric acid
using 0.2 mL of NaOH solution (0.1 M) at room temperature.
This solution was added to 10 mL of ultrapure water and lightly
boiled under magnetic stirring. Then 0.05 mL of 0.1 M copper
nitrate solution was added and the mixture lightly boiled for
a further 5 min, after which it was left to cool to ambient
temperature. After centrifugation (6000 r/min, by using a LG16-
B centrifuge), the collected residue was washed three times by
ethanol and ultrapure water alternately, and then baked in
a vacuum oven at 80 °C for 5 h to yield CuO hexapods. For the
synthesis of CuO-Ag composite, the addition of copper nitrate
was followed by boiling of the reaction mixture for 5 min,
whereupon 0.05 mL of 0.01 M silver nitrate solution (the ratio of
Cu : Ag is 10 : 1) in ultrapure water was introduced and light
boiling was maintained for 15-20 min. After this time a black
precipitate emerged and the mixture was left to cool to room
temperature. The CuO-Ag composite was then obtained by
centrifugation and washing according to the first procedure.

2.2 Instrumentals

X-ray diffraction (XRD) utilized a Rigaku DMax-2600 PC (Japan)
diffractometer of 26 range 10-90 by a CuKa. source of wavelength, A
= 1.5406 A. Scanning electron microscopy (SEM) images were
obtained on Hitachi Su-70, and transmission electron microscope
(TEM) images, high-resolution TEM (HRTEM) and energy disper-
sive X-ray spectroscopy (EDS) were performed by a FEI Tecnai G2
F20 TEM with an accelerator voltage of 200 kV. The TEM sample
was prepared by dropping a diluted suspension in ethanol on a Cu
grid supported by carbon film. UV-vis spectroscopy was operated
on a Shimadzu UV-2600 spectrometer to monitor the reduction of
4-NP. X-ray photoelectron spectroscopy (XPS) was acquired on an
AXIS Ultra DLD using monochromatic Al Ko radiation.

2.3 Catalytic test

An aqueous solution of 3-NP (or 4-NP) (0.01 M, 0.03 mL) and
a NaBH, solution freshly prepared using ice water were mixed in
a quartz cuvette with 2.5 mL of ultrapure water, and then
0.03 mL of 1 mg mL ™" CuO hexapods (or CuO-Ag composite)
dispersion in water was added. The reaction was monitored by
UV-vis spectroscopy at 30 s intervals. To estimate the reusability
of the catalyst, the reacted solution was removed by pipette,
keeping the catalyst in cuvette, and then an equal amount of the
reactant solution was supplied for the next cycle, and the above

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of (a) CuO hexapods and (b) CuO—-Ag composite.

process was repeated. The cycle was repeated 11 times, to
guarantee the amount of the catalyst was sufficient during the
circulation, 2 mg of catalyst was used in the recycling process.

2.4 Hydrogenation of K3(Fe(CN)g)

1.2 mL ultrapure water was injected into a quartz cuvette. Aqueous
solutions of Ks(Fe(CN)g) (0.4 mL, 8 x 10> M) and NaBH, (1 mL,
0.04 M) were added. Finally, 0.03 mL CuO hexapods (or CuO-Ag
composite) suspension in ultrapure water was added.

3. Results and discussion
3.1 Catalyst preparation and characterization

CuO hexapod and CuO-Ag composite catalysts were both
synthesized by using a simple one pot method (Scheme 1). For
CuO hexapod synthesis, uric acid acted as both reductant and
protectant. While the CuO-Ag composite were formed by an
analogous method to which AgNO; was added. The component
and structure of CuO hexapods were first characterized by XRD.
The diffraction pattern (Fig. 1a) exhibited peaks at 35.5°, 38.7°,
48.7°, 53.5°, 65.8° and 68.1°, corresponding to the (002), (111),
(—202), (—113), (022) and (—220) crystal planes of Cu(u) oxide
(JCPDS no. 45-0937).** Meanwhile, the minor 42.6° and 74.4°
signals were assigned to (200) and (311) in a small amount of Cu,O
(JCPDS no. 34-1354). And there is no obvious diffraction of Cu(0)
observed compared with standard PDF card no. 04-0836. The XRD
pattern for CuO-Ag composite is displayed in Fig. 1b, the peaks
characteristic of CuO now being augmented by peaks diagnostic of
elemental Ag. Hence, sharp diffraction peaks at 38.1°, 44.3°, 77.5°
and 81.5° were attributable to the (111), (200), (311) and (222)
crystal planes of Ag (JCPDS no. 04-0783). Again, small peaks
attributable to cuprous oxide (JCPDS no. 34-1354) meant that apart
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Scheme 1 Preparation of CuO hexapods and CuO-Ag composite,
and their application in catalytically reducing 4-NP and Ks(Fe(CN)g).
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Fig. 2 XPS data for CuO hexapods: the high-resolution spectra of (a)
Cu 2p and (b) O 1s.

from main CuO, the nanocomposite had incorporated limited
Cu,0. Overall, XRD analysis pointed to the composition CuO-Ag.

The chemical composition and valence states pertinent to
the CuO hexapods and CuO-Ag composite were confirmed by
XPS. Fig. Slat and 2a show the full spectrum and Cu 2p region
for CuO hexapods. Deconvolution of the high resolution XP
spectrum of the Cu 2p region (Fig. 2a) revealed peaks attribut-
able to Cu 2p;,, and Cu 2py,, at 932.7 eV and 952.6 eV, pointing
to Cu(1) due to the XRD ruled out the existence of Cu(0).>**°
Meanwhile, peaks at 934.5, 940.5 and 943.6 €V confirmed the
presence of Cu(u)."” These data are consistent with CuO (see
XRD discussion). Fig. 2b shows the O 1s XP spectrum, and peaks
at 531.2 and 532.7 eV were assigned to C=0 and C-OH.** The
former was derived from oxygen in the Cu,O and CuO phase.*>*
Overall, XPS data confirmed the presence of Cu,O and CuO,
which was compatible with the analysis of the XRD pattern.***

The XPS interrogation of CuO-Ag composite revealed five
peaks (Fig. S1bt): C 1s, N 1s, O 1s, Ag 3d and Cu 2p at 284.6 eV,
399.3 eV, 532 eV, 368.6 eV and 935 eV. The main Cu 2p peaks
were located at 932.8 eV (Cu 2ps,) and 953.2 eV (Cu 2p;),)
suggesting, in the same way as for the CuO hexapods, analysis,
Cu(1),* (Fig. 3a). These notwithstanding, peaks revealed by
deconvolution at 934.5, 940.5 and 943.6 eV were assigned to
Cu(n), indicating the main content to be of CuO.>*****” Lastly,
the high-resolution spectrum of Ag 3d exhibited peaks at
374.4 eV and 368.4 eV (Fig. 3b), which could be attributed to Ag
3ds,, and Ag 3d;, in Ag(0)."” Fig. 3¢ shows the high resolution O
1s spectrum, which on fitting qualitatively established the
different bonding states of oxygen: C-OH (531.2 eV), and C=0
(532.7 eV)."* Overall, the XPS data were compatible with XRD
analysis, revealing the presence of Ag and CuO.

Having investigated composition, SEM and TEM analysis
was used to reveal the morphology and structure of both
materials. Representative SEM images (Fig. 4a and b) disclose
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Fig.3 XPS data for CuO—-Ag composite: the high resolution spectra of
(a) Cu 2p, (b) Ag 3d and (c) O 1s.
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Fig. 4 (a) Representative SEM image of CuO hexapods and (b) an
enlarged image of the red area in (a). (c) TEM image of CuO hexapods
(inset: HRTEM image showing lattice fringes that correspond to (111)
for CuQ). (d) CuO hexapod size distribution (N = 100).

CuO hexapod structures.”*® According to these data, CuO
hexapods exhibit rough surfaces and are composed of stacked
stick-like nanorods, being attenuated from the particle core to
the nanorod tip to yield a distinctive hexapod structure. The
assembled CuO hexapods were 424.2 + 16.7 nm in mean
diameter with branches 420 nm, the width is about 85 nm. Both
Fig. 4a and b show that alongside these polypods are large
numbers of much smaller nanorods with diameters of ~20 nm
and lengths of 80-100 nm, which suggests a growth mechanism
for the CuO hexapods. These can be viewed as being composed
of tiny CuO nanorods by their constantly pasting on the surface
of CuO hexapods based on the ripening mechanism.*” The
representative TEM image shown in Fig. 4c further illustrates
the formation of the CuO hexapods, lots of small needles cluster
with the mean diameter of 26.18 + 0.23 nm were observed, and
their half dimeter was about 99.49 + 1.17 nm (the size distribution
histogram of the CuO hexapods is provided in Fig. 4d). Meanwhile
some longer pods with length of about 400 nm also can be
observed, which was consistent with SEM. HRTEM imaging of
CuO hexapods (Fig. 4c, inset) showed lattice fringes with a periodic
spacing of 0.244 nm, corresponding to the (111) facet of CuO,”
substantiating XRD and XPS data. The EDS (Fig. S2at) further
confirmed the component of CuO of the hexapods.

Moving to the SEM imaging of CuO-Ag composite (Fig. 5a)
the essential CuO hexapod framework has clearly been retained.
The rods composing CuO-Ag composite revealed a mean half
diameter of 369.6 £ 10.8 nm. A magnified image of CuO-Ag

Fig.5 (a) Representative SEM image of CuO—-Ag composite and, (b) an
enlarged view of CuO-Ag composite.
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Fig. 6 (a) The representative TEM image of the CuO-Ag composite,
with little nanoparticle size distribution histogram (bottom right) and
HRTEM image showing the lattice spacing between Ag (111) and Ag
(200) planes (inset, upper right). (b) EDS line profile analysis of a CuO—-
Ag composite with (inset) beam location indicated in red and (c)
HAADF-STEM image of CuO—-Ag composite and corresponding EDS
elemental maps of the (d) Cu (red), (e) O (green) and (f) Ag (blue).

composite (Fig. 5b) shows that the apparent roughness of the
polypods surface can be attributed to the dispersal of small
nanoparticles over the surface of the hexapod. To illustrate the
morphology of composites, the further analysis was carried out
by TEM. Fig. S31 and 6a show representative TEM images of
CuO-Ag composites. The basic skeleton was akin to that seen
for the CuO hexapods, with branches ~370 nm long. Evidence
for Ag" having been reduced to Ag came from analysis of the
observation of the surface-coating nanoparticles. These
demonstrated a mean particle size of 17.4 + 0.52 nm. HRTEM
imaging and EDS line scans revealed that these had a complex
composition and structure. As can be seen in Fig. 6a (inset),
three sets of lattice fringes were easily resolvable. The lattice
spacings were 0.245 nm and 0.236 nm, which index to Ag (200)
and Ag (111),* respectively, confirming the existence of Ag NPs
on the suface of hexapods. The distribution of Ag and Cu in
CuO-Ag composite was also proved by EDS (Fig. S2bt). Repre-
sentative high-angle annular dark field and scanning trans-
mission electron microscopy (HAADF-STEM) of a hexapod are
shown in Fig. 6b. The inset displays the passage of the beam
through the center of an individual composite, with the
resulting EDS line profile shown in the main image.

Though both Ag and Cu were detected across the entire
skeleton (Fig. 6b), it is clear that the two edges of the snowflake
were Ag-rich meaning that Ag resided mostly on the polypod
surface. Notably, an individual surface-decorating nanoparticle
was also scanned to confirm its composition.* To gain insights
into component information of surface nanoparticles, the
elemental analysis mapping was further measured. The Fig. 6¢c-
f display the elemental Cu, O and Ag can be observed to
distribute different area. Image (d) and (e) shows Cu and O EDX
overlays, where Cu shows occupation in areas where O is
abundant detected, however, the distribution area of Ag almost
does not coincide with that of Cu, confirmed the Ag NPs scat-
tered on the surface of CuO pods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 The UV-vis spectra for the reduction of 4-NP by excess NaBH,
with (a) CuO hexapods and (b) CuO—-Ag composite as catalyst.

3.2 Preliminary catalytic tests

The process of catalysis is described in the ESI,f where the
failure of 4-NP reduction by NaBH, illustrated the importance of
the catalyst (Fig. S4 and S5t). In contrast, the CuO hexapods
catalysed reduction of 4-NP by excess NaBH,, reaching
completion in 240 seconds (Fig. 7a), during which time the
sample lost its yellow colouration. A pseudo-kinetic first equa-
tion was applied, whereby In(C,/C,) = In(4,/Ao) = —kappt (A, =
absorption at time ¢, and 4, = absorption without catalyst),
where k,p,, is the apparent rate constant, and C, and C, corre-
spond to the concentration of 4-NP initially and at time ¢,
respectively. The linear plot of In(C,/C,) as t (Fig. S6a,T inset)
followed a first-order kinetic model (R* = 0.9651),%*® giving kapp
= 1.3 x 107% s7', which established the CuO hexapods has
highly catalytic efficient in this reaction.***

The corresponding performance CuO-Ag composite, which
showed the same core hexapod structure as the CuO catalysts, is
shown in Fig. 7b. The same reduction of 4-NP was now
accomplished in 180 s, with kypp = 1.7 x 10~ % s~ (Fig. S6b¥),
indicating the superior activity of CuO-Ag composite. These
data suggested that Ag-doping the CuO hexapods improved the
electrical properties of the catalyst. Having established that Ag
provided an enhancement in activity, the effect of doping was
probed to more fully understand the reasons for improved
performance in the presence of Ag. To do this, the performance
of composites incorporating different ratios of Ag/Cu was
investigated.>>>*

3.3 Ag-doping studies

To probe the morphological and structural effects of varying Ag
levels, the Ag : Cu molar ratio in the heterobimetallic composite
synthesis was varied from 0.1-1.0. SEM analysis (Fig. S7)
showed that the morphology of the resulting material evolved
with the change of content. As reported above, when the molar
ratio of Ag: Cu was 0.1, the nanocomposites co-existed with
many Ag NPs (Fig. S7af). When the amount of Ag increased to
Ag : Cu = 0.5 (Fig. S7b%), the background of Ag nanoparticles
became more significant and incorporated a small number of
much larger nanoparticles. And it is difficult to notice pod
structure in Fig. S7c,T on account of the overwhelming presence
of numerous Ag NPs. The EDS was carried out to compare their
component in the nano composites (Fig. S81). Due to the Ag NPs
concentrated on the surface of the composited materials, the
amount of Ag in three ratio materials collected by EDS is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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19.60%, 42.18% and 47.12% (Table S1t) respectively, reflected
the different content of Ag NPs. The effect of catalysts with
varying the relative amounts of the two metals in the reduction
of 4-NP was next investigated (Fig. S9t1). Compared with the
Ag : Cu = 0.1 sample, the 0.5 and 1.0 catalysts exhibited better
catalytic activity, completing the process of reduction in 150 and
120 s, respectively, and allowing k,p, to be calculated as 1.9 x
107> s " and 2.7 x 10~ % s ". These data are much higher than
many reported results.*'® To further deliberate on the catalytic
activity of CuO hexapods and CuO-Ag composite (including
different ratio), the relative catalyst data have been compared. It
can be noticed from Table S2t that the catalytic efficiency of
these two catalysts perform comparably with or better than
previously reported noble metal catalysts, with turnover
frequencies (TOFs) of 4.03 x 107 % s ' and 7.97 x 107> 5"
(Ag : Cu = 0.1) respectively. The excellent catalytic activity of the
latter is consistent with the inclusion of heterojunctions and
the synergistic electric effect they enable, with Cu exhibiting
a higher electron chemical potential relative to Ag, whereas Ag
has higher electron conductivity than Cu.>** These data are in
line with prior research, which has indicated that a small vari-
ation in the local electronic structure at the interface between
Ag and Cu can enhance catalytic activity.”*® Comparing cata-
lysts with varying Ag : Cu molar ratios (Table S2+) revealed only
small increments in performance, Ag : Cu = 0.5 (TOF = 8.23 x
107> s7") and 1.0 (TOF = 8.55 x 10~ > s™'), indicated a small
amount of Ag doping can achieve high cost performance.
Reusability is a key factor in the development of new cata-
lysts for applications. Therefore, the recycling ability of each of
the catalysts developed here was tested. The conversion of 4-NP
using CuO hexapods was in excess of 95% in repeated 11 cycles
as shown in Fig. 8. Recycling experiments used 0.002 g catalyst.
Whereas the first cycle reached completion essentially instantly,
cycles 2-4 did so in less than 60 s (Fig. S10a-ct). Clearly, with
successive cycles, the time taken to complete the reduction
reaction gradually rose and, after more than 10 turns, 4-NP was
only fully catalytically reduced by CuO hexapods after 180 s. As
shown in Fig. S12a and b, though the pods significantly
reduced compared with the as-prepared CuO hexapods, some
pods structure still can be surveyed after more than 10 cycles
catalysis, exhibited their good stability. Though other pods
changed to smaller particles, the composition did not change
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Fig. 8 (a) Conversion (%) of 4-NP as reaction time over CuO hexapods
for multiple catalytic cycles. (b) Conversion (%) for the reduction of 4-
NP with NaBH,4 over CuO hexapods for each cycle.
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which can be confirmed by EDS (Fig. S12bt). The stable
conversion efficiency for hydrogenation of 4-NP over 10 cycles
(Fig. 8) points to CuO hexapods being a reliable and easily
recycled catalyst for 4-NP reduction under mild conditions.

The recyclability of the CuO-Ag composite catalyst was
investigated using a similar procedure to that employed for CuO.
The catalytic reduction of 4-NP with CuO-Ag composite was
successfully accomplished more than 10 cycles as shown in
Fig. S11.1 The CuO-Ag composite was used continuously for 11
cycles with, once again, the reduction completing after increasing,
albeit brief, reaction durations. After 11 cycles, reaction reached
completion in 180 s. As shown in Fig. 9, over 95% conversions were
achieved in all recycling experiments. The recovered catalysts were
also characterized by the SEM and EDS (Fig. S12¢ and dt), which
indicated the similar morphology and main component of CuO-
Ag composite remained after more than 10 turns, demonstrating
an excellent reusable catalyst for 4-NP reduction.

To further investigate and compare their catalytic activities,
CuO hexapods and CuO-Ag composite were applied to the
reduction of 3-NP and Kj[Fe(CN)g]. Fig. S13at depicts the
spectroscopic data obtained using 0.03 mL of CuO hexapods
suspension (1 mg mL ™) as catalyst. The reduction reaction of 3-
NP was completed within 120 s and from these data In(4,/4,) as
reaction time reveals good linearity. The kinetic rate constant
was calculated to be 1.9 x 1072 s~ * (Fig. S14at). In comparison,
under the same conditions CuO-Ag composite completed the
reduction of 3-NP within 150 s (Fig. S13b¥) with a rate constant
of 1.4 x 107* s ' (Fig. S14bf), which failed to match the
performance of CuO hexapods.*

To extend the remit of this work beyond the treatment of
organic pollutants, we also used NaBH, to reduce K;(Fe(CN)e) in
an inorganic model reaction. In the absence of either catalyst, it
took more than 24 h for the reduction reaction to proceed
completely. After adding 0.03 mL CuO hexapod suspension
(1 mg mL™") as catalyst, the reaction completed quickly, with
the absorption at 420 nm eliminated within 180 s (Fig. S15at),
these data producing a rate constant of 1.0 x 10> s~ (Fig.-
S16a,t inset). As shown in Fig. S15b, when an equivalent
amount of CuO-Ag composite was used as catalyst, the reaction
proceeded more rapidly, giving a rate constant of 1.8 x 107> s~ "
(Fig. S16bt). Results show that the catalyst CuO-Ag composite
exhibits superior activity in this reaction.
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Overall, the catalytic activities of the two materials reported here
show strong similarities (Table S3t). In particular, CuO hexapods
and CuO-Ag composite were both highly active with 4-NP, yielding
almost equivalent first-order rate constants of 1.3 x 10 >s ~* and
1.7 x 10 ~> s ~". The slightly superior activity of CuO-Ag composite
was tentatively attributable to synergy between copper and silver.
However, catalytic performances differed more significantly for 3-NP
and K;3(Fe(CN)g). In the first case CuO hexapods were more effective,
whilst in the second case CuO-Ag composite dominated. Generally
though, the experimental results showed that the action of the
prepared CuO hexapods largely mirrored that of CuO-Ag composite,
which is exciting for practical applications.

4. Conclusions

In summary, a facile one-step and green protocol for CuO
hexapods and CuO-Ag composite synthesis is reported, using
low cost uric acid as a reducing agent. Analysis revealed that
CuO formed hexapod-shaped frameworks and that Ag nano-
particles ornamented the CuO skeleton in CuO-Ag. Both CuO
hexapods and CuO-Ag composite exhibited significant catalytic
effects in the reduction by NaBH, of 3-NP, 4-NP and K;(Fe(CN)s)
under mild conditions. The reaction of 4-NP could be accom-
plished within 120-240 s. For either catalyst, simple recycling
more than 10 times led to no obvious loss of catalytic activity,
indicating good reusability for each system. Notably, the use of
CuO hexapods and CuO-Ag composite catalysts offers scope in
reducing dependence on precious metals, and encourages the
exploitation of novel architectures that demonstrate cost effec-
tiveness, high catalytic activity and superior reusability.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge financial support from
Heilongjiang Postdoctoral fund (LBH-Q17084), the China
Scholarship Council (No. 201908230064), the Fundamental
Research Funds for Heilongjiang Provincial Universities (2018-
KYYWF-0995), Innovation Foundation of Graduate Student of
Harbin Normal University (HSDSSCX2020-19), and the Educa-
tion Department of Heilongjiang Province Innovation, Entre-
preneurship Training Program for College Students
(201810231009) and Beihai Municipal Science and Technology
Bureau (202082024).

Notes and references

1Y. Y. Chu, Y. Qian, W. J. Wang and X. L. Deng, J. Hazard.
Mater., 2012, 199-200, 179-185.

2 J. R. Chiou, B. H. Lai, K. C. Hsu and D. H. Chen, J. Hazard.
Mater., 2013, 248-249, 394-400.

3 N. Lu, Z. Y. Zhang, Y. Wang, B. K. Liu, L. J. Guo, L. Wang,
J. D. Huang, K. C. Liu and B. Dong, Appl. Catal., B, 2018,
233, 19-25.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01560e

Open Access Article. Published on 08 April 2021. Downloaded on 10/23/2025 7:06:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

4 S. Li, T. Wei, M. Y. Tang, F. Chai, F. Y. Qu and C. G. Wang,
Sens. Actuators, B, 2018, 255, 471-477.

5Y.Y.Qu,G.]J.Ren, L. Y. Yy, B. Y. Zhu, F. Chai and L. H. Chen,
J. Lumin., 2019, 207, 589-596.

6 X. Liu, J. Du, Y. Shao, S. F. Zhao and K. F. Yao, Sci. Rep., 2017,
31, 10249.

7 C.M. Cobley, J. Chen, E. C. Cho, L. V. Wang and Y. Xia, Chem.
Soc. Rev., 2011, 40, 44-56.

8 L. B. Zhang and E. Wang, Nano Today, 2014, 9, 132-157.

9 J. Watt, S. Cheong and R. D. Tilley, Nano Today, 2013, 8, 198-215.
10 K. J. Jenkinson, A. Wagner, N. Kornienko, E. Reisner and
A. E. H. Wheatley, Adv. Funct. Mater., 2020, 30, 2002633.

11 C. Gao, L. P. Xiao, J. H. Zhou, H. S. Wang, S. R. Zhai and

Q. D. An, Chem. Eng. J., 2021, 403, 126370.

12 L. Tan, T. R. Jones, J. Poitras, J. P. Xie and X. X. Liu, J. Hazard.
Mater., 2020, 398, 122945.

13 Q. D. Xia, D. Y. Su, X. Yang, F. Chai, C. G. Wang and
J.J. Jiang, RSC Adv., 2015, 5, 58522-58527.

14 H. Abdullah, N. S. Gultom, H. Shuwanto, W. L. Kebede and
D. H. Kuo, ACS Appl. Mater. Interfaces, 2020, 12, 43761-43770.

15 C. S. Chu, S. Rao, Z. F. Ma and H. L. Han, Appl. Catal., B,
2019, 256, 117792.

16 M. B. Gawande, A. Goswami, F. X. Felpin, T. Asefa,
X. X. Huang, R. Silva, X. X. Zou, R. Zboril and R. S. Varma,
Chem. Rev., 2016, 116, 3722-3811.

17 Y. Liang, Z. Chen, W. Yao, P. Y. Wang, S. J. Yu and
X. K. Wang, Langmuir, 2017, 33, 7606-7614.

18 Y. X. Meng, H. Y. Gao, S. Li, F. Chai and L. H. Chen, New J.
Chem., 2019, 43, 6772-6780.

19 G. Evano, N. Blanchard and M. Toumi, Chem. Rev., 2008,
108, 3054-3131.

20 G. R. Chen, X. T. Yang, Z. X. Xie, F. L. Zhao, Z. Y. Zhou and
Q. Yuan, J. Colloid Interface Sci., 2020, 562, 244-251.

21 R. Y. Fan, C. Chen, M. M. Han, W. B. Gong, H. M. Zhang,
Y. X. Zhang, H. ]J. Zhao and G. Z. Wang, Small, 2018, 14,
1801953.

22 X. M. Liu, Y. M. Sui, X. Y. Yang, L. N. Jiang, F. Wang, Y. J. Wei
and B. Zou, RSC Adv., 2015, 5, 59099-59105.

23 X. Yang, H. Zhong, Y. Zhu, H. Jiang, J. Shen, J. Huang and
C. Li, J. Mater. Chem. A, 2014, 2, 9040-9047.

24 W. Liu, J. K. Tian, H. Jiang and H. Q. Yu, Green Chem., 2014,
16, 4198.

25 R. T. Hannagan, G. Giannakakis, M. Flytzani-
Stephanopoulos and E. C. H. Sykes, Chem. Rev., 2020, 120,
12044-12088.

26 K. L. Liu, R. X. Qin, L. Y. Zhou, P. X. Liu, Q. H. Zhang,
W. T. Jing, P. P. Ruan, L. Gu, G. Fu and N. F. Zheng, CCS
Chem., 2019, 1, 207-214.

27 N. Janvelyan, H. Li, J. Liu, T. M. Egle, J. Ye, M. M. Biener,
J. Biener, C. M. Friend and M. Flytzani-Stephanopoulos,
Appl. Catal., B, 2017, 205, 541-550.

28 J. Gao, H. Zhang, X. Y. Guo, J. S. Luo, S. M. Zakeeruddin,
D. Ren and M. Gritzel, J. Am. Chem. Soc., 2019, 141,
18704-18714.

29 B. T. Qiao, A. Q. Wang, X. F. Yang, L. F. Allard, Z. Jiang,
Y. T. Cui, J. Y. Liu, J. Li and T. Zhang, Nat. Chem., 2011, 3,
634-641.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

30 Y. Wang, S. Lany, J. Ghanbaja, Y. Fagot-Revurat, Y. P. Chen,
F. Soldera, D. Horwat, F. Miicklich and ]. F. Pierson, Phys.
Rev. B, 2016, 94, 245418.

31 J. Liu, J. Jin, Z. Deng, S. Z. Huang, Z. Y. Hu, L. Wang,
C. Wang, L. H. Chen and Y. Li, J. Colloid Interface Sci.,
2012, 384, 1-9.

32 J. Zhu and X. Qian, J. Solid State Chem., 2010, 183, 1632-
1639.

33 S.S.Fu,G.]J.Ren, S. Li, F. Chai, C. G. Wang and F. Y. Qu, New
J. Chem., 2017, 41, 1509-1517.

34 B. M. Gibbons, M. Wette, M. B. Stevens, R. C. Davis,
S. Siahrostami, M. Kreider, A. Mehta, D. C. Higgins,
B. M. Clemens and T. F. Jaramillo, Chem. Mater., 2020, 32,
1819-1827.

35Z. H. Yan, M. 1. G. Taylor, A. Mascareno and
G. Mpourmpakis, Nano Lett., 2018, 18, 2696-2704.

36 N. Zhang, F. Y. Chen and X. Q. Wu, Sci. Rep., 2015, 5, 11984.

37 F.Y.Li,]. H. Feng, Z. Q. Gao, L. Shi, D. Wu, B. Du and Q. Wei,
ACS Appl. Mater. Interfaces, 2019, 11, 8945-8953.

38 B. Sambandam, A. Surenjan, L. Philip and T. Pradeep, ACS
Sustainable Chem. Eng., 2015, 3, 1321-1329.

39 F. Liiddeke, S. Hef3, C. Gallert, J. Winter, H. Giide and
H. Loffler, Water Res., 2015, 69, 243-251.

40 P. Liu and E. ]J. M. Hensen, J. Am. Chem. Soc., 2013, 135,
14032-14035.

41 D. A. Svintsitskiy, T. Y. Kardash, O. A. Stonkus,
E. M. Slavinskaya, A. I. Stadnichenko, S. V. Koscheev,
A. P. Chupakhin and A. I. Boronin, J. Phys. Chem. C, 2013,
117, 14588-14599.

42 Z.Z. Li, Y. M. Xin, Z. H. Zhang, H. J. Wu and P. Wang, Sci.
Rep., 2015, 5, 10617.

43 M. A. Dar, Y. S. Kim, W. B. Kim, J. M. Sohn and H. S. Shin,
Appl. Surf. Sci., 2008, 254, 7477-7481.

44 S. Haydar, M. A. Ferro-Garcia, J. Rivera-Utrilla and J. P. Joly,
Carbon, 2003, 41, 387-395.

45 O. A. O'Connor and L. Y. Young, Environ. Toxicol. Chem.,
1989, 8, 853-862.

46 M. Thakur, G. Sharma, T. Ahamad, A. A. Ghfar, D. Pathania
and M. Naushad, Colloids Surf,, B, 2017, 157, 456-463.

47 H. Zhang, C. Fei, D. Zhang and F. Tang, J. Hazard. Mater.,
2007, 145, 227-232.

48 G. C. Zheng, Z. W. Chen, K. Sentosun, I. Pérez-Juste, S. Bals,
L. M. Liz-Marzan, I. Pastoriza-Santos, J. Pérez-Juste and
M. Hong, Nanoscale, 2017, 9, 16645-16651.

49 L. Li, Y. X. Zhang, J. Li, D. Ma, D. C. Li, G. P. Zhu, H. ]J. Tang
and X. H. Li, Dalton Trans., 2018, 47, 15009-15016.

50 G. Darabdhara, B. Sharma, M. R. Dasa, R. Boukherroub and
S. Szunerits, Sens. Actuators, B, 2017, 283, 842-851.

51 J. L. Yang, N. Z. Song and Q. Jia, Nanoscale, 2019, 11, 21927~
21933.

52 Y. Lu, Y. Mei, M. Drechsler and M. Ballauff, Angew. Chem.,
Int. Ed., 2006, 45, 813-816.

53 Y. Mei, Y. Lu, F. Polzer, M. Ballauff and M. Drechsler, Chem.
Mater., 2007, 19, 1062-1069.

54 S. S. Fu, Q. D. Xia, S. Li, G. J. Ren, F. Chai, C. G. Wang and
F. Y. Qu, RSC Adv., 2016, 6, 18003-18039.

RSC Adv, 2021, 11, 13193-13200 | 13199


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01560e

Open Access Article. Published on 08 April 2021. Downloaded on 10/23/2025 7:06:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

55 Z. Y. Zhao, X. Y. Ma, X. Wang, Y. Ma, C. Y. Liu, H. Hang,
Y. Zhang, Y. L. Du and W. C. Ye, Appl. Surf. Sci., 2018, 457,
1009-1017.

56 M. Nemanashi and R. Meijboom, J. Colloid Interface Sci.,
2013, 389, 260-267.

57 S. M. Wang, J. W. Fu, K. Wang, M. Gao, X. Z. Wang,
Z. W. Wang, ]J. F. Chen and Q. Xu, Appl. Surf. Sci., 2018,
459, 208-216.

13200 | RSC Adv, 2021, 11, 13193-13200

View Article Online

Paper

58 C. Kastner and A. F. Thiinemann, Langmuir, 2016, 32, 7383-
7391.

59 M. Han, S. Liu, L. Zhang, C. Zhang, W. Tu, Z. Dai and J. Bao,
ACS Appl. Mater. Interfaces, 2012, 4, 6654-6660.

60 X. Huang, Y. Li, H. Zhou, X. Zhong, X. Duan and Y. Huang,
Chem.-Eur. J., 2012, 18, 9505-9510.

61 H. Zarick, W. R. Erwin, J. Aufrecht, A. Coppola, B. R. Rogers,
C. L. Pint and R. Bardhan, J. Mater. Chem. A, 2014, 2, 7088-
7098.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01560e

	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...

	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...

	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...
	A reusable catalyst based on CuO hexapods and a CuOtnqh_x2013Ag composite for the highly efficient reduction of nitrophenolsElectronic supplementary...


