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One-Pot Route to Alloyed Cu/Ag Bimetallic Nanoparticles with Different Mass

Ratio for Catalytic Reduction of 4-Nitrophenol
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Abstract

Copper-based alloy nanoparticles (NPs) have recently triggered various research interests for the
development of low-cost and high-performance bimetallic catalysts that have industrial applications.
Here, we present alloyed Cu/Ag bimetallic NPs synthesized by a facial one-pot reduction method. The
catalytic property of these prepared Cu/Ag bimetallic NPs with different ratio have been investigated by
reducing 4-nitrophenol (Nip) into 4-aminophenol (Amp) in the presence of NaBHy4. In comparison with
pristine Ag monometallic NPs, alloyed Cu/Ag bimetallic NPs exhibit high catalytic performance on the

reduction of Nip. The current synthesis method of Cu/Ag bimetallic NPs does not require rigorous
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conditions or toxic agents, and thus it is a rapid, efficient, and green approach for the fabrication of
active bimetallic catalysts.

Keywords: Cu/Ag; bimetallic NPs; alloyed NPs; catalytic application
1. Introduction

Bimetallic NPs constructed from more than one metallic phase have attracted interest to an increasing
degree during recent years because of their intriguing properties and potential use in catalysis,
electronics, photonics, sensing, labelling and imaging.'” In many cases, bimetallic alloy NPs have
higher catalytic efficiencies than their monometallic counterparts, owing to strong synergistic effects
between the two metals. In order to form alloyed bimetallic nanocrystals, the two distinct metal atoms
have a homogeneous distribution in one particle, thus the reaction kinetics must be rigidly controlled.*
Although many literatures have focused on the preparation of bimetallic alloyed NPs, such as Au/Ag,
Au/Pt, reports on bimetallic particles of Cu/Ag are scarce so far. Because of the lattice constants of Cu
(0.409 nm) and Ag (0.361 nm) is different and that makes the synthesis of their alloy difficult.” Various
approaches, such as wet-chemical reduction, microemulsion, microwave and sonochemical methods,”"
have been developed to synthesize Cu/Ag alloyed NPs because of the diversity and importance of these

applications.'' "

As a competitive alternative, there has been a shift towards the development of simple, green methods
for fabricating bimetallic alloyed NPs. Herein, a facile one-pot reaction strategy was developed to
synthesize the uniform Cu/Ag alloy nanostructures. Most important rule in designing green
nanomaterial synthesis is the efficiency, i.e. design for materials and energy efficiency. In contrast to the

typical two-step strategies or polyol process,'®'®

the current synthesis method is simple and a green
approach to produce the Cu/Ag bimetallic NPs. The influences on the addition of copper precursors on
the morphology and composition of final product have also been investigated. Finally, the catalytic

property of the as prepared Cu/Ag bimetallic NPs have been studied by reducing Nip into amp in the

presence of NaBH,4 as a model reaction. The current one-pot reaction strategy is an easy scale-up and
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environmentally friendly method. We envision that the current one-pot reaction strategy can be a guide

to synthesize other bimetallic NPs and bimetallic NPs-based catalytic materials.

2. Experimental Sections

2.1 Materials. Cupric chloride dihydrate (CuCl,-2H,0, AR), glucose (AR), silver nitrate (AgNO3, AR),
hexadecylamine (CH3(CH;);sNH;, AR) and 4-nitrophenol (O,NC¢H4OH, AR) were purchased from
Sigma-Aldrich. All chemicals used as received without further purification.

2.2 Synthesis of Cu/Ag bimetallic alloy NPs.

6 mL of silver nitrate aqueous solution (20 mM) was added into a vial, and then a certain amount of
CuCl, (0, 9, 18 and 27 mg), 180 mg of hexadecylamine and 50 mg of glucose were added, the mixture
was magnetically stirred for 5 h. Subsequently, the mixture was heated at 100 °C for 2 h under vigorous
stirring (300 r/min). The resulted products were collected by centrifugation and washed several times.
2.3 Characterization. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and
energy-dispersive X-ray (EDX) spectroscopy were carried out by a JEOL JEM-2100F transmission
electron microscope at 200 kV. The high angle annular dark field-scanning transmission electron
microscopy (HADDF-STEM) images and EDX mapping of Cu/Ag nanoparticles were performed on the
FEI Tecnai G2 F20 transmission electron microscope. The samples were dissolved in water and dropped
on nickel (Ni) grids for TEM inspection. UV-Vis measurements were conducted on a Shimadzu 2550
spectrophotometer.

2.4 Catalytic reduction of Nip. The catalytic reduction of Nip was studied using a standard quartz
cuvette by adding 150 uL of NaBH4 (0.3 M) to 4 mL of Nip (0.1 mM). Then 2 mg of sample was added
into the solution and time-dependent absorption spectra was recorded at room temperature with a time
interval of 60 s and a range of 200 to 500 nm. With constant magnetic stirring, the green yellow solution
became colorless. The total reaction progress and UV-vis spectra of the starting material, Nip and the
product Amp was recorded by Shimadzu 2550 spectrophotometer, which shows different absorption in

the UV-visible region.
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3. Results and Discussion
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Figure 1 Schematic illustration of the one-pot synthetic procedure of Cu/Ag bimetallic NPs.

As shown in Figure 1, a one-pot method is developed for the synthesis of alloyed Cu/Ag bimetallic NPs.
Silver nitrate and cupric chloride are used as Ag and Cu precursor, respectively. Low-cost glucose is
used as a reducing agent, and hexadecylamine (HDA) is used as a selective capping agent for the {100}
facets of Cu.'”?° Ring-opening process of glucose generates aldehyde, which reduces the Ag™ to Ag’.
However, the generated aldehyde glucose is disordered at room temperature in an equilibrium reaction,
thus it is difficult to reduce Ag” to Ag’.*' Therefore, the reaction of Cu®" with glucose (capable of
reducing Cu" into Cu®) forms Cu NPs. Because of the single galvanic replacement reaction of Cu +
2Ag" —Cu®" + 2Ag, the Cu/Ag bimetallic NPs are formed, and thus the amount of Cu precursor is an
important parameter to obtain Cu/Ag bimetallic NPs with different atomic ratio of Cu and Ag. In order
to get the Cu/Ag bimetallic NPs, excess amount of Cu precursor has been used. In this work, the mole
ratio for the amount of Cu and Ag precursor is close to 1:2 (Cu*" =9 mg), 1:1 (Cu®*" = 18 mg) and 2:1
(Cu®" =27 mg), respectively. Moreover, the subsequent heating process (100 °C) is to accelerate the

generation of aldehyde glucose and the total reaction rate.
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Figui‘e 2 (a) TEM images of Cu/Ag bimetallic NPs at low magnification (Cu = 18 mg), the insert is the

histogram of size distribution; (b) TEM images of Cu/Ag bimetallic NPs at higher magnification, the
insert is the corresponding selected area electron diffraction pattern; (¢c) HRTEM image of single Cu/Ag
bimetallic NPs, the insert are the corresponding FFT patterns from 1# and 2# area, respectively; (d) the

EDX spectra of individual Cu/Ag bimetallic NPs (Ni elemental signal comes from the Ni grid).

Figure 2a and 2b shows the representative TEM images of as-obtained Cu/Ag alloy NPs, which show
that the product consist of uniform spheroidal NPs. The histogram (insert of Figure 2a) shows the
nanostructures had an average diameter of 40.3 nm. The crystalline nature of the Cu/Ag alloy NPs is
confirmed by SAED patterns (the insert of Figure 2b), the (111), (200), (220), (311), and (222) rings
are indexed to face-centered cubic (fcc) crystal structure of Ag, and the (111), (200) and (220) rings are
attributed to fcc crystal structure of Cu, respectively. To further identify the alloy nanostructure, we used
HRTEM and EDX to analyse the structures and characterize the chemical composition of individual
nanoparticle. As shown in Figure 2c¢, two groups of lattice fringes are readily resolved, the lattice

distances are 0.236 and 0.204 nm, which can be indexed as (111) and (222) crystal planes of Ag,
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respectively. Moreover, a clear lattice distance of 0.205 nm can be indexed to the (111) plane of Cu.
Similar results were obtained from fast Fourier transform (FFT) analysis. HRTEM results revealed that
the particles are composed of Ag and Cu and both have good crystallinity. Indeed, the interface
boundaries between adjacent Cu and Ag are readily resolved as shown in Figure 2¢. Figure 2d reveals
the existence of Cu and Ag elements in a single particle. And the concentration of Cu and Ag is 50.3 %

and 49.7 %, respectively. Thus, the above results fully confirm the successful synthesis of Cu/Ag

bimetallic NPs.

Figure 3 (a) HADDF-STEM image of Cu/Ag bimetallic NPs; (b) Elemental mapping images of Cu/Ag
bimetallic NPs, where Cu-K, Cu-L and Ag-L elements are displayed, respectively.

To further identify the as-obtained Cu/Ag bimetallic NPs is alloyed nanostructure, the HADDF-STEM
images and EDX elemental mapping analysis have been carried out. Figure 3a shows the HADDF-
STEM image of Cu/Ag bimetallic NPs, the Z value of Cu (Z = 29) and Ag (Z = 47) is appreciably
different, and hence the nanoparticle structure can be determined by the contrast of the image. Figure
3b shows the elemental mapping of Cu/Ag bimetallic NPs, the results illustrate that Cu and Ag atoms

have a homogeneous distribution in one particle, which formed the alloy structure.
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the histogram of size distribution; TEM (c¢) and HRTEM (d) images of Cu-Ag bimetallic NPs at low
magnification (Cu = 9 mg), the insert is the EDX spectra; TEM (e) and HRTEM (f) images of Cu/Ag

bimetallic NPs at low magnification (Cu =27 mg), the insert is the EDX spectra.

Subsequently, experiments have been carried out to understand the dependence of copper precursor
on the morphology evolution of Cu/Ag bimetallic nanostructures. If the Cu precursor is absent (0 mg),
the as-obtained products are the sub-20 nm Ag NPs. Figure 4a shows these Ag NPs have a spherical

morphology, the size distribution is narrow and the average diameter is 14.3 +2.2 nm. Figure 4b is the
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HRTEM image of the as-prepared Ag NPs, and the fringe spacing is measured to be 0.236 nm and 0.204
nm, which corresponds to the spacing between (111) and (222) planes of the fcc silver. When the Cu
precursor is introduced with an amount of 9 mg, the obtained product becomes Cu/Ag bimetallic NPs.
As shown in Figure 4c, the size of the product clearly increases and, the shape of NPs is similar to
sphere. The EDX reveals the composition of single particle as Ag and Cu. In Figure 4d, two groups of
lattice fringes are resolved with the lattice distances of 0.236 and 0.180 nm, which corresponds to (111)
plane of Ag and (220) plane of Cu, respectively. When the doping amount of Cu precursor is elevated to
27 mg, the shape of NPs still remains as sphere, and the size of NPs becomes 85 nm (Figure 4e).
Clearly, the size of products depends on the amount of Cu precursor. The EDX reveals the presence of
Ag and Cu elements in the single particle with the concentration of Ag and Cu as 1.10 at% and 98.9
at%, respectively. We investigated numerous Cu/Ag NPs by HRTEM, and the representative HRTEM
image is shown in Figure 4f. The fringe spacing is measured to be 0.209 nm and in combination with
FFT pattern, the planes are indexed as (111) planes of the copper. At high concentration of Cu precursor
(27 mg), the lattice plane of Ag almost disappears. The results illustrate that Cu precursor is an
important parameter to obtain Cu/Ag bimetallic NPs with different atomic ratio of Cu and Ag. TEM
images enumerates that the NPs are homogeneous without substantial agglomeration. According to
TEM analysis, it can be seen that the average size of the Cu/Ag alloy NPs increases with the
concentration of Cu precursor. On the other hand, we were not able to obtain nanosized pure Cu

particles in the absence of Ag ions.
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Figure 5 UV-vis absorption spectra of the as-obtained samples with different using amount of copper

precursor

Owing to the surface plasmon resonance effect, metal NPs possess collective oscillation of surface
electrons and absorb the visible light. We use UV-visible spectrometer to find out the absorption of
metal NPs, and a huge shift is found for the NPs with different Cu precursor.”? The UV-vis absorption
spectra of as-obtained samples with copper precursor from 0 -27 mg is shown in Figure 5. The as-
obtained monometallic Ag and Cu/Ag NPs show absorption peaks at ca. 410 nm and ca. 560 nm,
respectively. The surface plasmon peak of pure Cu NPs has been reported at around 570 nm.**** The as-
obtained Cu/Ag alloy NPs exhibit an absorption peak between monometallic Cu and Ag NPs. The above
results indicate the coexistence of two elements in one particle and form an alloy structure rather than
core-shell structure.”® Two distinct UV absorption peaks are often found in core-shell structured

bimetallic NPs attributed to the signal of each element.*’

10



Page 11 of 16 Journal of Materials Chemistry A

(a) (b) 25 - ()30
b — Omin £~ L —— Omin
""“-\ —— 15 min @ ’
[ J  —30min =z 2.0
1 -50 min &
1 A ——80min £
7 pure Amp 154
4 8
< < g0
0.5
T T T T T T T 0.0 T T T T T 0.0 T T T T T
250 300 350 400 450 500 550 250 300 350 400 450 500 550 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d) 3.0 = (e) 25 i (f) 100
| : 1 min
2.5 80
2.04 =~
< 60
; % §
9 15 =
2 2
< < £
10N g
8 20
0.5
04
0.0 T T T T r 0.0 T T T T T T T T T
250 300 350 400 450 500 550 250 300 350 400 450 500 550 0 1 2 3 4
Wavelength (nm) Wavelength (nm) Time (min)

Figure 6 Successive UV—vis absorption spectra for the reduction of 0.1 mM Nip by 0.3 M NaBH, in the
presence of (a) without NPs and pure Amp, (b) bimetallic Cu/Ag NPs (Cuprecursor = 18 mg), (c) Ag NPs
(Cuprecursor = 0 mg), (d) bimetallic Cu/Ag NPs (Cuprecursor = 9 mg), and (e) bimetallic Cu/Ag NPs
(Cuprecursor = 27 mg); Conversion of Nip vs. time (f, the insert is In(Ci/Cy) versus reaction time).

The different atomic distribution and ratio can greatly influence the catalytic performance of
bimetallic NPs. Therefore, we investigated the catalytic property of the prepared Cu/Ag bimetallic NPs
with different ratio by employing them for the reduction of 4-nitrophenol (Nip) into 4-aminophenol
(Amp) with NaBH4 as a model reaction at room temperature. The absorption peak of Nip solution is at
317 nm, this peak is red-shifted to 400 nm when NaBHy, is introduced, which comes from the formation
of 4-nitrophenolate ions owing to an increase in solution alkalinity upon the addition of NaBH,.?* As
shown in Figure 6a, for the control experiment (without metallic NPs presence), there is no change for
the peak at 400 nm for 80 minutes, confirming that no reduction takes place without metal NPs.
However, this peak starts to decrease and a new peak at 300 nm appears with reaction time due to the
presence of Ag and Cu/Ag, suggesting the reduction of Nip. Over the course, with the presence of

Cu/Ag NPs (Cuprecursor = 18 mg) the peak intensity of 400 nm is rapidly decreased in 4 minutes, and the

11
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colour of the solution changes from yellow to transparent (Figure 6b). Simultaneously, new peak
appears at about 300 nm indicating the generation of Amp.

The UV-vis absorption spectra for the Nip reduction reaction of other samples with different amount
of copper precursor are shown in Figure 6c-e. The catalytic abilities of as-obtained pure Ag
nanoparticles is very weak, and the isosbestic point is disorderly, this is because of pure Ag NPs will
generate different reactant diffusion to metallic surface and product diffusion away from particle
surface.” Clearly, the bimetallic Cu/Ag NPs exhibits significant catalytic activity. The activity of Cu/Ag
NPs (Cuprecursor = 18 mg) was about 5 times higher than that of as-prepared monometallic Ag NPs. In the
catalytic test, the concentration of NaBHj, in all the reactions is fixed at 3000-times higher than that of
Nip. Excess amount of reductant NaBH4 was used, in this case, the reduction rate constant can be
calculated based on pseudo-first-order kinetics: 2! In(C/Co) = In(4/A¢) = —kappt, Where kyyp is the
apparent rate constant, and C; and Cy correspond to the concentration of Nip at time ¢ and its initial
concentration, respectively. Figure 6f shows the conversion and linear plots of In(Cy/Cy) vs. ¢, which fit
well with the first-order reaction kinetics. The k,pp 1s calculated based on the slopes of the lines, and the
results reveal that the k,p, value of the products at Cuprecursor = 18 mg is 3.95x107 s'l, which is higher
than other samples (the kpp, value of Cprecursor = 0 mg, 9 mg and 27 mg is 4.70x10™* 5™, 2.10x107 5™,
3.46x107 s, respectively). For the bimetallic NPs, the electron density on the surface is higher than the
monometallic NPs because electrons transfer from Cu to Ag, which enhances the catalytic activity due

to a synergistic electronic effect.’” **

The chemisorption strength of organic molecules is an important
factor for catalytic reaction, which depend on the d-band center of the metal surface (could be identified
by Hammer—Norskov model,*** and Ag locates at -3.9 eV and Cu locates at -2.4 eV, respectively).
When the Nip interacts with the d-band of Ag and Cu, the adsorbate state overlaps with the metal states
and is split off into bonding and antibonding interactions. Additionally, the absorption energy of Ag is -
0.75 eV and Cu is -1.45 eV, respectively. If the Ag and Cu contact and form as alloyed structure, the

charge would be rearranged. The pure Ag has a low reaction rate constant due to its weak binding,

however, the Cu/Ag would generate a stronger binding energy and yields a correspondingly faster

12
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reaction rate constant due to its higher adsorption energy (according to volcano plot, the value is about -

1.1 eV).”” The structure effects, composite effects, and size effects due to the intimate interactions of

38,39

two metals is another factor for the enhanced catalytic performance.
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Figure 7 UV—vis absorption spectra for the reduction of 0.1 mM Nip in four cycles (a); TEM image of
Cu/Ag NPs after four cycles catalytic test (b, the insert is the EDX spectra and HRTEM of the particles).

As shown in Figure 7a, four recycles of the activity were measured for Cu/Ag NPs (Cuprecursor = 18
mg) in order to investigate its reusability. The Cu/Ag NPs exhibits similar catalytic performance without
significant reduction in the conversion for the same reaction time (4 min), revealing the as-prepared
Cu/Ag bimetallic catalysts is stable. After 4 min, the colour of the solution changes from yellow to
transparent in all the recycle test. Representative TEM images of the catalysts after four cycles indicate
the size, shape and compositions of the Cu/Ag NPs almost remained, further suggesting an excellent
stability and long life (Figure 7b).

4. Conclusions

In summary, we demonstrate a facile one-pot method for the preparation of well-defined Cu/Ag alloy
NPs by using low-cost glucose as a reduction agent. The catalytic activity of the as-prepared alloyed
Cu/Ag NPs has been investigated by the catalytic reduction of Nip to Amp. The results reveal that
bimetallic Cu/Ag NPs possess higher catalytic activity than as-prepared monometallic Ag NPs. Our
simple synthetic method could be extended to prepare other copper-based alloy nanostructures, such as

the Cu/Au and Cu/Pt bimetallic NPs, and they are currently under investigation.

13
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