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Abstract 

A facile and eco-friendly method was developped to prepare microporous CuO@Ag
0
 core-

shell with high catalytic and antibacterial activities. Scanning and transmission electron 

microscopy revealed a preponderance of nearly spherical 50 nm particles with slight structure 

compaction. Comparison of the hysteresis loops confimed the structure compaction after 

AgNP incorporation, and a significant decrease of the specific surface area from 55.31 m
2
/g 

for CuO to 8.03 m
2
/g for CuO@Ag

0
 was noticed.  Kinetic study of 4-nitrophenol (4-NP) 

reduction into 4-aminophenol (4-AP) by sodium borohydride revealed a first order reaction 

that produces total conversion in less than 18 minutes. CuO@Ag
0
 also exhibited appreciable 

antibacterial activity against Staphylococcus aureus. The antibacterial effects were found to 

strongly depend on the size, contact surface, morphology and chemical composition of the 

catalyst particles. Addition of Ag
0
-NPs produced more reactive oxygen species in the bacteria 

Page 1 of 30 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 I
N

IS
T

 -
 C

N
R

S 
on

 1
1/

06
/2

01
8 

16
:4

4:
35

. 

View Article Online
DOI: 10.1039/C8DT02154F

http://dx.doi.org/10.1039/c8dt02154f


2 

 

medium. These results open promising prospects for potential applications as low cost catalyst 

in wastewater treatment and antibacterial agent in cosmetics. 

Keywords: CuO@Ag
0
; antibacterial activity; catalytic properties; nitrophenol conversion 

1. Introduction  

Water pollution is a major and vital environmental issue, and it is estimated that more than 

50% of the countries will face water crisis by 2025 [1]. The control of water pollution has 

become one of the major challenges to be addressed worldwide. Among the wide variety of 

water pollutants, bacterial pathogens such as Escherichia coli and Staphylococcus aureus [2, 

3], 4-nitrophenol (4-NP) and its derivate [4] are particularly hazardous for biodiversity and 

humain health. 4-NP is recognized as being very toxic, but its chemical conversion into less 

harmful derivative such as 4-aminophenol (4-AP) could be beneficial for water treatments. 

This avenue could be even more interesting, given that 4-AP can act as corrosion inhibitor, 

drying agent and antipyretic drugs [5, 6].   

       Water treatments involved so far numerous technologies including both physical and 

chemical processes [7]. Some of these processes may involve nanotechnology and 

nanomaterials as coagulant-floculents, adsorbents and/or catalysts [8] [9], and some of them 

already turned out to be promising materials for environmental applications [10]. The 

physicochemical properties of such materials are strongly dependent on their structure, 

morphology and specific surface area [11]. Among the wide variety of materials used or 

investigated in this regard, metal oxides such as TiO2, ZnO, NiO, Fe2O3 and more particularly 

CuO are of great interest for some environmental purposes [12]. Reportedly, CuO-based 

materials were already found to exhibit catalytic and antibacterial activities [13]. CuO can be 

prepared through various methods such as chemical vapor deposition, hydrothermal method, 

and sol-gel process [14-16]. The hydrothermal method appears as the simplest and lowest cost 

route for the synthesis of CuO nanoparticles. The catalytic and antibacterial properties of CuO 
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can be induced and enhanced through some judicious modification procedures. CuO 

combinations with metals or metal oxides such as CuO-SnO2, Ag/CuO and CuO-ZnO were 

already found to show activity against gram negative bacteria, and incorporation of metal 

nanoparticles (MNP) such as silver is now recognized to induce antimicrobial activity [17, 

18]. 

This is why a special interest was devoted to Ag nanoparticles (AgNP). In this regard, 

we developed a convenient and low cost route to synthesize a promising CuO@Ag
0 

core-shell 

material. The properties of the as-prepared materials were correlated to its surface properties 

and performances as catalysis and antibacterial agent. The reduction of 4-NP to 4-AP by 

NaBH4 was used as probe reaction, the catalytic activities of CuO and CuO@Ag
0
 were 

evaluated and the kinetic parameters assessed. In the meantime, the in-vitro antibacterial 

activity of both CuO and its modified counterpart against Staphylococcus aureus were 

investigated.  

 

 2. Experimental 

2. 1. Chemicals and material synthesis 

In this research, one used copper (II) sulfate pentahydrate (CuSO4), sodium hydroxide 

(NaOH), absolute ethanol (EtOH), silver nitate (AgNO3), polyvinylpyrrolidone (10000 g.mol
-

1
, PVP), sodium tetrahydroborate (NaBH4) and 4-Nitrophynol (4-NP).  

      Copper oxide nanoparticles was prepared by dissolving 1 g of CuSO4 diluted in 100 mL of 

distilled water under vigorous stirring at 50°C until total dissolution. The resulting solution 

was then treated with 0.5g of NaOH under stirring and kept at 80 °C for 4 h. After cooling 

down to room temperature, the black precipitate was filtered, repeatedly washed and then 

dried at 90 °C overnight.  

Further, CuO@Ag
0
 core-shell was synthesized by coating the prepared CuO as core 

with Ag as shell. In this regard, 0.2g of CuO was dispersed in 40 mL aqueous solution under 
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vigorous stirring for 30 min. Ag
+
 solution was prepared by dissolving 0.02g of AgNO3 as 

precursor and 0.001 g of PVP as stabilizing agent in distilled water, and was then mixed with 

the aqueous CuO suspension and 5 mL of NaBH4 solution under vigorous stirring at 25°C for 

2 hours. The color of the mixture turned golden brown, indicating the reduction of the Ag
+
 

ions into metallic silver (Ag
0
). The resulting CuO@Ag

0
 material was separated by filtration, 

washed with distilled water and ethanol and further dried overnight at 80 °C (Scheme 1). 

Ag0Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag+

Ag0

Ag0

Ag0

Ag0 Ag0

Ag0

Ag0

Ag0

Ag0 Ag0
Ag+

CuO CuO CuO

PVP ; AgNO3

H2O ; 25°C

NaBH4 ; 2h

CuSO4

H2O

NaOH

4h;80°C

CuO@Ag0

Scheme 1. Synthetic route for CuO@Ag
0
 core-shell. 

2.2. Material characterization  

       The material samples were characterized through Fourier transform infrared spectroscopy 

using a Tensor 27 (Bruker) spectrometer with a ZnSe ATR crystal. For each spectrum, 20 

scans were accumulated with a resolution of 4 cm
−1

. The particle morphology was investigated by  

Scanning Electronic Microscopy (SEM) by means of a ZEISS EVO 15 electron microscope, 

where samples were metallized by gold layer at 18 mA during 360 s with a Biorad E5200 

device. Two types of images were acquired: secondary ion images to observe the morphology 

of the surface, and EDX images to evaluate the chemical contrast. The zeta potential was 

measured for each sample dispersion with the phase analysis light scattering mode (PALS) 

using a Malvern zeta sizer nanoZS setup. Sample dispersions were prepared from 2 mg of 

sample dispersed in 10 mL of deionized water and ultrasonicated during 15 minutes.  Atomic 

Force Microscopy (AFM) images were acquired by means of a Dimension-3000 (Digital 

Instrument) microscope in the ''light'' tapping mode C = 0.292 N/m, with a scan rate 0.5 to 1 

Hz. For the sample preparation, a drop of microcapsule suspension was placed onto a pre-

cleaned and previously air-dried glass plate. 
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2.3. Catalytic activity 

The catalytic activity of CuO and CuO@Ag
0
 nanoparticles in the reduction reaction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) was studied through UV–Vis 

spectrophotometric analysis of periodical samples taken from the reaction mixture using 

PELambda 650 Perkin-Elmer instrument, using distilled water as a reference solution. The 

catalytic test were carried out in a 1 cm quartz cell by mixing 1 mL of aqueous solutions of 

NaBH4 (1 mL, 0.2 M) and 4-NP (2 mL, 2.5 mM) with various amounts of CuO or CuO@Ag
0
 

(5-20 mg). The presence of 4-AP was confirmed by color change of the reaction mixture. 

Upon addition of NaBH4, the color of the aqueous solution of 4-NP changed from light 

yellow to dark yellow, indicating the formation of 4-nitrophenolate ions [19]. During the 

reaction, the solution turned colorless due to the formation of  4-AP (Scheme S1). 

2.4. Antibacterial activity 

    The antibacterial activity of CuO and CuO@Ag
0
 nanoparticles was investigated using a 

Staphylococcus. aureus (ATCC 29213) strain, previously maintained as glycerol stocks and 

stored at -20 °C. Precultures were performed for 18 h in Brain Heart Infusion. For this 

purpose, Minimal Inhibitory Concentration (MIC) measurements were made through 

microdilution method based on ISO standard 20776-1 (Ref: International Organization for 

Standardization (ISO). ISO 20776-1, 2007, 19 pp). MIC is defined as the lowest concentration 

of core-shell that inhibits the visible bacterial growth after overnight incubation. In this 

regard, a dispersion of each material at various concentrations like 12; 25; 50; 75; 100; 125; 

150 and 200 µg.mL
-1

 in a mixture of PBS/BHI (50/50; v/v) was inocculated by a bacterial 

suspension (around 10
5-6 

colony forming units CFU.mL
-1

). Positive and negative controls 

were included in each assay. After 24 h of incubation at 37°C on a Dynabeads ® MX1-Mixer 

(from Invitrogen) at 30 rpm, the bacterial growth was visualized by the broth turbidity for 

each solution.  
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3. Results and discussion 

3.1. Particle size and morphology 

   A quick overview with an optical microscopy (Fig. S1) revealed aggregated CuO particles 

(1), most likely due to the occurrence of strong interaction through H-bridges between 

terminal hydroxyl groups. High dispersion was noticed after AgNP incorporation (2), which 

can be explained in terms of the appearance of competitive Ag
0
:O(H)Cu interaction at the 

expense of H-bridges (2). This confirmed by AFM images, with showed the higher dispersion 

grade of CuO@Ag as compared to CuO (Fig S2). 

SEM images (Fig. 1) showed flock-shaped CuO particles (a), which transformed into 

compacted pseudo-spheres upon AgNP incorporation. A non-uniform distribution of the 

particle size varying between 200 and 700 nm was noticed for CuO@Ag
0
 core-shell material 

(Fig. S3). This must be due to electrostatic interaction between terminal hydroxyl groups of 

CuO and AgNPs. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Fig. 1. SEM image of synthesized CuO (a, b) and CuO@Ag
0
 (c, d). 

 

 

 

Fig. 2. TEM image of synthesized CuO (a, b) and CuO@Ag
0
 (c, d). 
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The surface morphologies of both CuO and CuO@Ag samples were investigated using 

transmission electron microscopy (Fig.2). Fig. 2-a is the image of CuO, which can be seen 

that morphologies of the CuO nanoparticles are in sheet shape and uniform. This was in good 

agreement with those obtained by SEM analysis. The size of nanoparticles is approximately 

600 nm, also in accordance with the SEM analysis. However, clearly show the existence of 

Ag nanoparticles. After encapsulation with Ag nanoparticles, visible changes are marked on 

the morphology of CuO@Ag. Clearly the CuO nanoparticles are intimately covered by Ag 

nanoparticles, producing a shell on the CuO surface. Thus, core-shell structure of CuO@Ag 

was successfully obtained. The average of the shell thicknesses is around 10nm, as supported 

in Fig. 2. The CuO sheets core appears black and Ag shell was with light colored in the 

image, due to the higher mass thickness contrast of CuO nanoparticles. This structure would 

be expected to supply new active sites and significantly promote mass and electron transfer 

for antibacterial and catalytic activities. To confirm the core-shell structure of the 

nanoparticles more distinctly, the EDX line scanning was conducted. 

EDX spectroscopy confirmed the presence of AgNPs (Fig. S4). Measurements using a 

Zetasizer instruments revealed a structure compaction after AgNP incorporation, presumably 

due to sufficiently strong interaction Ag:O(H)-CuO. This was supported by a noticeable 

decrease of the average particle diameter from 1020-1800 nm for CuO to ca. 400-520 nm for 

CuO@Ag
0
 (Fig. S3) in agreement with SEM data.  

Page 8 of 30Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 I
N

IS
T

 -
 C

N
R

S 
on

 1
1/

06
/2

01
8 

16
:4

4:
35

. 

View Article Online
DOI: 10.1039/C8DT02154F

http://dx.doi.org/10.1039/c8dt02154f


9 

 

 

Fig. 3. Zetasizer of CuO (a) and CuO@Ag
0
 (b). 

 

3.2. Textural features  

     N2 adsorption–desorption cycles performed at 77 K of CuO and CuO@Ag
0
 (Fig. 4) 

revealed a type IV isotherm accompanied by an H3-type hysteresis loop for mesoporous 

materials defined by IUPAC classification. Comparison of the hysteresis loops confimed the 

structure compaction after AgNP incorporation, and a significant decrease of the specific 

surface area (SSA) from 55.31 m
2
/g for CuO to 8.03 m

2
/g for CuO@Ag

0
 was noticed.  
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Fig. 4. Nitrogen adsorption-desorption isotherms of CuO and CuO@Ag
0
. 

 

This was accompanied by a marked decay in porosity, inasmuch as the micropores volume 

dramatically dropped from 0.124 cc/g down to an almost ten times lower values of 0.013 cc/g. 

These results are in agreement with the microposcopy analysis data. 

3.3. Structural changes upon AgNPs incorporation  

     The composition and structural properties were examined by powder X-ray diffractometry. 

Figs. S5 showed the XRD pattern of CuO and CuO@Ag nanoparticles. All the diffraction 

peaks are in good correlation with bulk orthorhombic (Card No. 01-077-1898) CuO. The 

observed patterns are cross-matched with those in the JCPD database.  The diffraction peaks 

of the impurity are not found in the XRD patterns, proving that the synthesized products have 

high purity. The diffraction peaks of CuO are found at 2θ values of 33.5, 36.0, 39.2, 49.4, 

52.8 and 59.3, referring to diffraction from (1 1 0), (−1 1 1), (1 1 1), ( −2 0 2), (0 2 0), and (2 

0 2) planes, respectively, for the cubic phase.  In the XRD pattern of the as-synthesized 

CuO@Ag sample, the coexistence of CuO and Ag was confirmed, by the new peaks appeared 

at 39.5 and 43.9, which corresponded to (1 1 1) and (2 0 0) planes of silver with face-

centered-cubic phase. 

    On the other hand, a visible structural change are noticed, which resides in the marked  

decay of the Zeta potential (ZP) as measured in aqueous dispersions of CuO and CuO@Ag 

below pH 6 (Fig 5). This effect must be due to the conductivity of AgNPs, and seems to be 

progressively attenuated with increasing pH. Both CuO and CuO@Ag
0
 showed negative and 

close values for pH > 6.  
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Fig. 5. Zeta potential of CuO (a) and CuO@Ag
0
 (b) for different pH values. 

The fact that CuO@Ag
0
 displays negative Zeta potential in the entire pH range indicates a 

higher and more stable dispersion as compared to CuO. Even though this is a special feature 

of improved repulsion between similarly charged particles of metal loaded oxide [20, 21], this 

must be mainly due to the disappearance of H-bridges between the particles as a result of the 

involvement of terminal OH groups of CuO in Ag:OH- interaction, as previously stated. 

3.4. Thermal analysis 

     DSC analysis showed an endothermic peak between 50 and 100°C for CuO mostly due to 

dehydration (Fig. 6). This peak totally disappeared upon AgNP incorporation, indicating a 

significant decay of the hydrophilic character, presumably as a result of the rise of Ag
0
:OH- 

interaction. The latter is supposed to induce a depletion of free OH groups at the expense of 

H-bridges between water and terminal OH groups [22]. This result is a precise index of the 

key-role of hydroxyls in the stabilization of AgNPs. 

Page 11 of 30 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 I
N

IS
T

 -
 C

N
R

S 
on

 1
1/

06
/2

01
8 

16
:4

4:
35

. 

View Article Online
DOI: 10.1039/C8DT02154F

http://dx.doi.org/10.1039/c8dt02154f


12 

 

 

Fig. 6. DSC curves of CuO (a) and CuO@Ag
0
 (b). 

 

The presence of exothermic peaks for both CuO and CuO@Ag
0
 at ca. 212

o
C and 140

o
C, 

respectively, indicates the occurrence of so-called thermite processes [23]. Such processes 

involve pyrotechnic reactions between metals and their impurities and/or metal oxide 

powders. The conversion of the exo peak of CuO into an endo process and a lower intensity 

exo one must be due to CuO dehydroxylation and the formation of  Cu-O-Ag bonds. The 

strong endothermic peak noticed for CuO@Ag
0
 around 430°C must be associated to AgNP 

sintering. The fact that this process is triggered much below the melting point of silver 

(961,8 °C) must be due the high dispersion of AgNPs [24]. Thus one may conclude that a 

thermal stability up 130
o
C allows using CuO@Ag

0
 in catalysis and surface phenomena below 

this temperature threshold. 

3.5.FT-IR analysis 

The 605 cm
-1

 IR band associated to the Cu-O stretching vibration (Fig. 7) confirmed the 

formation of CuO phase [25]. The OH stretching vibration at approximately 3470 cm
−1

 

attributed to the presence of terminal hydroxyl groups (−OH) [26] is a confirmation in this 
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regard. As expected and in agreement with previous statement, this band totally disappeared 

after AgNP incorporation, most likely due to the rise of Ag:OH- interaction. However, new 

peaks at 1652, 1471 cm
−1

 and 1136 cm
−1

 are associated to the bending vibration of C=O and  

C–O single bond coming from the PVP adsorbed to silver particles respectively [27]. The 

occurrence of a 820 cm
−1 

band was associated to Ag–O stretching vibration, and suggests an 

oxidation of Ag, presumably due to thermite processes between CuO and Ag. The shift of the 

605 cm
-1

 IR band from 605 cm
-1

 to 403 cm
-1

 and the dramatical decay in intensity agrees with 

the already suggested  rise of strong Ag:OH- interaction [28].  

 

Fig. 7. FT-IR spectra of CuO (a) and CuO@Ag
0
 (b). 

 

 

3.6. Catalytic activity 

    The catalytic activity of both CuO and CuO@Ag
0
 in 4-NP reduction was assessed through 

UV-Vis spectrophotometry (Fig.8). Preliminary tests without catalyst revealed a quick 

intensity decrease of the 400 nm band attributed to 4-NP, and a fast increase in intensity of the 

new peak at 290 nm indicates the formation of 4-aminophynol (4-AP) at the expense of 4-NP 
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through the action of NaBH4 [29, 30].  This was accompanied by color changes from light 

yellow to dark yellow and then to uncolored in the reaction mixture (Fig. S6). Here, it is 

worth mentioning that though the reduction of 4-NP to 4-AP by NaBH4 is thermodynamically 

favorable, the presence of a kinetic barrier due to large potential difference between donor and 

acceptor molecules should be detrimental [30]. The effect of CuO addition was confirmed by 

stronger intensity decay of the 400 nm band for 4-NP and intensity increase of 290 nm peak 

for 4-AP (Fig. 8). This effect was even more pronounced in the presence of CuO@Ag
0
, which 

provides evidence of the beneficial contribution of Ag
0
 incorporation. This reaction 

enhancement must be due to a key-role of both CuO and AgNPs in improving the electron 

transfer from BH4
− 

ions to the nitro group of 4-NP [31]. Deeper insights in this regard were 

achieved with different amounts of catalysts. A first overview of the results obtained revealed 

that increasing catalyst concentration induces an acceleration of 4-NP reduction (Fig. 8). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
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Fig. 8. UV–Vis absorption spectra for the reduction of 4-NP at room temperature with NaBH4 

(a), NaBH4/CuO (b) and NaBH4/CuO@Ag
0
(c),  effect of concentration CuO (d) and 

CuO@Ag
0
 (e). Reaction conditions. 4-NP = 2.5mM, NaBH4 = 0.2 M, [CuO]=0.05mg/L, 

[CuO@Ag
0
]=0.05mg/L. 

The C/C0 value decreased down to ca. 0.12 after 10 min with 0.20 mg/L CuO concentration, 

but only to ca. 0.24 after 25 min with 0.05 mg/L CuO concentration. This indicates that a 

fourfold higher catalyst amount reduces by half the reaction time, and improves the 4-NP 

conversion from 76% to 88%. Less pronounced effect of the catalyst concentration was 

noticed with CuO@Ag
0
, since almost similar  C/C0 ratio of ca. 0.2-0.5 were obtained after 

only 7-9 min of reaction.  This result is of great importance, because it indicates that the 

influence of the catalyst amount, if any, should play only a minor role, and that the mere 

incorporation of AgNPs produces an almost total 4-NP reduction within half the time required 

for Ag-free CuO. Thus, it clearly appears that CuO enhance 4-NP reduction, and that 

CuO@Ag
0 

display higher catalytic activity. Here, AgNPs must play a key role presumably by 

improving the electron transfer between already adsorbed reagents on CuO surface.  

 

3.7. Kinetics of 4-NP reduction 

    Attempts to reaction kinetics taking into account that NaBH4 has a much higher 

concentration as compared to 4-NP allowed using the pseudo first-order [32, 33]. The [instant 

/initial] absorbance ratio of the 4-NP band at 400 nm (At/A0), which accounts for the 

corresponding concentration ratio (Ct/C0), allows plotting ln(Ct/C0) as a function of time (Fig. 

S7), according to equation 1. 

 

The linear evolution in time of  ln(C/C0) confirms the 1
st
 order kinetics for 4-NP reduction 

without and with catalyst, more particularly for relatively high catalyst concentrations, as 

(1)                                                           .
00

tk
A

A
Ln

C

C
Ln tt

−=
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supported by R
2
 values beyond 0.92 (Table 1). The mere addition of 0.05 mg/g of CuO or  

CuO@Ag
0 

was found to induce a marked increase of the rate constant from 2.986 10
-5 

min
-1

 to 

0.082 and 0.118 min
-1 

, respectively. This effect appears to be enhanced with increasing 

catalyst amount suggests that reagents adsorption is expected to play a significant role in the 

global process of 4-NP reduction, presumably by improving surface interaction between 4-NP 

molecules and BH
4-

anions [34]. The higher catalytic activity of CuO@Ag
0
 as compared to 

CuO was somehow expected [35], and is supported by its higher rate constant ranging from 

0.118 to 0.388 min
-1

 as compared to CuO for similar catalyst concentration (0.082 to 0.179 

min
-1

). Calculation of the 4-NP conversion yield as being (1-Ct/C0) X 100% based on the UV-

Vis absorbance at 400 nm (Fig. S8) revealed that high catalyst amounts of 0.20 mg/L produce 

high reduction yield of 90% and beyond in less than 10 min with CuO versus 5 min with  

CuO@Ag
0
, in agreement with previous statements. 

 

Table 1. First-order rate constants for the catalytic reduction of 4-NP at room temperature. 

samples Concentration (mg/L) k(min
-1
) R

2
 

 

CuO 

0.05 0.082 0.893 

0.10 0.062 0.686 

0.15 0.103 0.970 

0.20 0.179 0.915 

 

 

CuO@Ag
0
 

0.05 0.118 0.900 

0.10 0.163 0.994 

0.15 0.233 0.922 

0.20 0.388 0.989 

K is the rate constant for the 1
st
 order kinetics, and is expressed in min-1 

R
2
 is the correlation coefficient of the linear regression.  

 

This enhancement of the catalytic properties is supposed to involve both reagents diffusion 

towards the solid surface, followed by adsorption and electron transfer not only on the metal 

surface but also on Ag
0
-CuO interface [36]. The higher catalytic activity of CuO@Ag

0
 

contrasts with its lower specific surface area (8.03 m
2
/g) and pore volume (0.013 cc/g) as 

compared to CuO (55.31 m
2
/g and 0.124 cc/g, respectively). This suggests a higher surface 

reactivity for CuO@Ag
0
 most likely due to the presence of AgNPs. The first order kinetics of 

Page 17 of 30 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 I
N

IS
T

 -
 C

N
R

S 
on

 1
1/

06
/2

01
8 

16
:4

4:
35

. 

View Article Online
DOI: 10.1039/C8DT02154F

http://dx.doi.org/10.1039/c8dt02154f


18 

 

4-NP reduction indicates that the concentration of 4-NP is the key factor, and that the surface 

reaction is the rate-controlling step.  

3.8. Proposed mechanism for the catalytic properties improvements 

      As known, the presence of NaBH4 in aqueous solution of 4-NP resulted in the 

deprotonation of 4-NP to nitrophenolate ions. The as-prepared CuO@Ag material with 

improved catalytic activity can be attributed to (i) the active Ag shell and a large adsorption of 

4-nitrophenol reactants onto the positively-charged Ag-OH groups and (ii) to the 

accumulation of electrons charge on the CuO particle as core. At this regard, borohydride ions 

are adsorbed onto the surface of CuO@Ag to react and transfer electrons to the Ag-shell 

surface. Then, CuO-core have a tendency to attract electrons and act as electron acceptors. 

Thus charge distribution occurs between the copper oxide and silver particles. Here, electrons 

leave the Ag particles and end up with an electron enriched region at the interface of CuO-

core. Meanwhile, the 4-nitrophenolate anion reactants can be easily adsorbed onto the 

positively charged CuO particles. Thus, existence of the surplus electrons added to the CuO 

facilitates the uptake of electrons by the adsorbed 4-nitrophenol molecules, which leads to the 

reduction of 4-NPs into the 4-aminophenol products. Detachment of the product 4-

aminophenol creates a free surface. 

  According to the observed profile, the reduction can occur in several steps, the reaction 

proceeds into three steps: the very fast reduction of 4-NPs to 4-nitrophenol and then to 4-

hydroxylaminophenol, which is reduced to the aminophenol in the final, slowest step.  

Additionally, a significant confirmation was obtained from the decreased intensity of the peak 

at 400 nm. This decrease was caused by the continuous consumption of 4-NP and the reaction 

mechanism was causative as the inherent hydrogen was adsorbed by CuO layers, which 

transported the hydrogen between the NaBH4 and the 4-NP.  

According to the above results, it can be assumed that the first step involves NaBH4 and 4-NP 

adsorption on the catalyst surface. This should promote electron transfer that triggers the 
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deprotonation of 4-NP into nitrophenolate ions (Scheme 2). AgNPs present on CuO surface 

are expected to act as Lewis acidic species that attracts the electron pairs of the nitro group of 

4-NP which behave as Lewis base (pka = 7.15 at 25). Thus, 4-NP adsorption should involve 

Ag:NO2- interaction, which is consistent with the significant improvement of the catalyst 

activity after AgNP incorporation. The continuous flux of electron due to NaBH4 excess 

should favor quick reduction of the adsorbed nitro groups into amino ones and the formation 

of aminophenol through the formation intermediates such as hydroxylamine groups (4-HO-

(NO)Phenyl-OH)  and/or oximes one (HO-N-Phenyl-OH). In both cases, the adsorbed water 

should play a key role in hydrogen atom transfer and distribution of proton on the surface. 

Nevertheless, the main issue to be addressed is what type of interactions are involved between 

the inorganic catalyst with organic substrates in aqueous media.  

 

Scheme 2. Proposed mechanism for 4-NP reduction with CuO@Ag
0
 as catalyst. 

 

The predominance of protons in the upper layer of the first water bilayer on bare metal 

particle must contribute in supplying the required H atom for the formation of these 

intermediates. This water bilayer is stabilized by the predominance of OH
-
 on the very surface 

of Ag
0
 [37]. The bare metal surface is supposed to attract water molecules, and paradoxically 

the resulting water–metal interface becomes hydrophobic [38-40]. This explains somehow the 
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adsorption of  organic molecules such as 4-NP on AgNPs, and thereby the catalytic activity 

improvement upon metal incorporation. Besides, silver is recognized as being the best 

electrical conductor  (6,30×10
7
 S·m

-1
) as compared to other metals such as copper, gold, 

aluminum, iron and even steel and carbon. This makes silver to behave a a bifunctional 

catalyst by favoring reagent adsorption and electron transfer. The high catalytic activity of 

Ag
0
-CuO supposes that the desorption of the resulting 4-AP is fast. This can be explained in 

terms of quick protonation of the amino group of 4-AP and the rise of repulsion forces due to 

the predominance of protons in the external water layer around AgNPs [37]. Here, the size, 

morphology, electronic structure and surface area are key-factors in the catalytic activity of 

such materials [41, 42]. 

3.9. Catalytic stability 

    Repetitive catalytic tests revealed slight decrease of 3% of the catalytic activity after one 

turnover of the fresh catalyst and of ca. 15% after three turnovers (Fig.9). This was attributed 

to slight aggregation of  AgNPs and structure alteration as supported by IR data (Fig. S9). 

This major shortcoming can be conveniently addressed by dispersing metal nanoparticles in 

CuO-supported organic moieties such amines, polyol or amino-polyol dendrimers. Research 

is still in progress in this direction. 
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Fig.9. Conversion yield of 4-NP after repetitive catalytic tests of CuO and CuO@Ag
0
 at room 

temperature. Reaction conditions. 4-NP = 2.5mM, NaBH4 = 0.2 M, [CuO]=0.10 mg/L, 

[CuO@Ag
0
]=0.10 mg/L. 

3.10. Antibacterial activity 

     In parallel of 4-NP reduction, the antibacterial activities of CuO and CuO@Ag were 

evaluated by following the turbidity of the solution. Different concentrations (from 0.12 to 2 

µg/mL) of nanoparticles were prepared and the effect on S. aureus was presented in Fig. 10. 

From these experiments, the prepared materials effectively inhibited bacterial growth and 

CuO@Ag
0
 is observed to be more effective than CuO, due to their interesting properties. The 

obtained results revealed that MIC values registered for CuO@Ag
0
 was in the range of 50 

µg.mL
-1

.  

The difference on the antibacterial response can be explained in term that CuO encapsulated 

Ag
0
-NPs is considered to be the result of the generation of reactive oxygen species, including 

superoxide (•O
2−

) and hydrogen radical (
•
OH) from its surface. Firstly, the increase of the 

reactive oxygen species amount, produced by hydroxyl radicals and singlet oxygen [60, 61]. 

The second estimation was the implication of the nanoparticles on the surface of bacteria [62-

70].  These results are in good agreement in both particle size and surface, as supported by 
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SEM, ZP and BET analysis. Also, this can be explained by the synergistic effect from 

hydrophilicity and electrostatic interaction between the CuO core and Ag
0
-NPs shell surface. 

Thus, the contact between bacterium and nanoparticles was increased, which was in 

correlation by its good adsorption properties and/or surface area (8.03 m
2
 /g).  

     

 

Figure. 10: Change in solution turbid for various concentration of CuO@Ag
0
. 

  

3.11. Destruction of bacterial cell wall 

      In order to explain how the damage of cell bacterial, upon contact with CuO@Ag
0
 

nanoparticles, a possible mechanism have been proposed to describe the antibacterial 

behavior, as follow.  For this, after treatment with CuO@Ag
0
, the amount of S. aureus greatly 

decreased, where the damage and leakage of intracellular contents could be occurred [71].  

Herein, the leaking of intracellular could be explained in term of the direct interaction 

between materials nanoparticles and the external membrane surface of the bacteria.  

   At this regards, we suppose that antibacterial activities can be divided into two main parts 

according to the reaction between antibacterial samples and bacterial cells. Firstly, the cell 

membrane disruption, which was the key factor in the antibacterial activities.  Secondly the 
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increases of bacterial growth are related to the particles size and generation of reactive oxygen 

species [72-74]. From the above results obtained in MIC, it can be assumed that the 

CuO@Ag
0 

nanoparticles are effective in killing a wide range of bacterial growth. From 

Zetasizer and AFM analysis, CuO@Ag
0 

are in smallest particles that likely create some attach 

to the bacteria and produce more reactive oxygen species [75, 76]. Thus, the reactive oxygen 

species becomes to interact with bacterial membrane cell. Afterwards, the reactive oxygen 

species can be penetrate to the individual core-shell-shell particles into the cell [77]. Here, the 

presence of CuO@Ag
0 

nanoparticles leads to damages to the membrane wall of S. aureus 

(Scheme.3). This effect can be explained by the strong direct interactions with bacterial 

membrane surface and antibacterial agent like CuO@Ag
0
. Based on these interesting results, 

the new CuO@Ag
0 

core-shell could be employed as an efficient antibacterial material. 

  To check the viability of the S. aureus cells, further streaking was done from the evolution of 

the bacteria concentration during various times (Fig.11). Visible changes are marked after 2 

hours incubation, suggesting the kicky effect of Cu@Ag nanoparticles. As expected, proper 

decreases were obtained for the bacteria concentration, and then merged to zero after 30 

hours. Broadly, Ag nanoparticles appeared to be more effective bactericidal agents compared 

with CuO nanoparticles. Likely the smaller size of the Ag-shell enabled them to damage the 

cell envelope structural arrangement. Moreover, they could easily accumulate in both the 

periplasmic space and the cytosol, which in turn affected the structure and function of other 

biomolecules.  
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Fig.11: Growth curves of S. aureus exposed to CuO@Ag core-shell. 

           The presence of a thin peptidoglycan cell wall and an outer membrane make its 

envelope less rigid. Therefore, as depicted in Scheme 3, it is proposed that the CuO@Ag 

nanoparticles could be easily adsorbed on the cell surface leading to their gradual 

accumulation in the periplasmic space and other cellular compartments. CuO@Ag presents in 

the outer membrane cause a net negative charge on the surface of S. aureus cells. This 

multitude of adverse effects by the CuO@Ag resulted in the inhibition of S. aureus growth 

and cell death.  
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Scheme. 3: Schematic representation of antibacterial mechanism. 

 

6. Conclusion 

       CuO@Ag
0
 turned out to be an effective catalyst for 4-nitrophenol reduction into 4-

aminophenol and antibacterial agent at room temperature. Ag nanoparticles incorporation 

produced a structure compaction due to metal interaction with the terminal CuOH groups. The 

first step of the investigated process appears to involve previous reactant adsorption on the 

catalyst surface trough Ag:NO2- interaction. The water adsorbed on the bare metal surface 

should play a key role in supplying the required H atom for the formation of reaction 

intermediates and in inducing sufficiently hydrophobic character that improves 4-NP 

adsorption and simultaneously repulsion force that favor the desorption of protonated 4-AP. 

Additionally, it was found that the surface area, stability and chemical composition of 

CuO@Ag
0
 were the most important factors affecting the antibacterial activity of this material. 

This implies the proficient antibacterial activity of CuO against S. aureus. The structure 
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stability of CuO@Ag
0 

can be improved by incorporation metal stabilizing agent and 

investigations are still in progress in this direction. 
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