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ABSTRACT

Copper nanoparticles (CuNPs) as well as those of other noble metals show

unique features that are not observed in bulk copper. Despite the enormous

potential of CuNPs, their use is limited by their susceptibility to oxidation

during and after synthesis. Here, an innovative method based on wet synthesis

protocol was developed to produce an aqueous colloidal solution of CuNPs

capped with Tween� 60 (Polyoxyethylene sorbitan monostearate) capable of

being stable and non-oxidised for several months. The CuNPs colloidal solution

was tested for the detection of hydrogen peroxide (H2O2) showing a detection

limit of 10–11 M. This result may provide the basis for the design of a rapid,

practical, and easy-to-use colorimetric sensor to detect H2O2 in the future.
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GRAPHICAL ABSTRACT

Introduction

H2O2 is a molecule that belongs to a class of com-

pounds known as reactive oxygen species (ROS) [1].

Most of the ROS in human body are produced by

mitochondria and eliminated through a process

known as ROS homeostasis [2]. Hydrogen peroxide is

used in many fields such as food processing [3],

pharmaceuticals [4], clinical and environmental [5]. If

an excess of H2O2 is introduced in human body, it

could not be properly metabolized, leading to a

pathological condition known as oxidative stress [6].

For these reasons, there is the need of rapid and

efficient hydrogen peroxide detection systems. Many

analytical methods for H2O2 determination have been

reported in the scientific literature, but most of them

are based on the immobilization of a protein, such as

horseradish peroxidase (HRP) [7–11]. The main disad-

vantage of these methods is the protein degradation,

which in the long term makes biosensor detection

inaccurate [12]. For this reason, there has been strong

interest in non-enzymatic H2O2 sensors in recent

years, particularly those based on metal nanoparticles

[13]. At the nanoscale, when a metal nanoparticle is

irradiated by appropriate UV–Vis radiation its sur-

face electrons oscillate collectively. This phenomenon

is known as localized surface plasmonic resonance

(LSPR). Experimentally, LSPR is observed with the

formation of a characteristic peak in the light

absorption spectrum. The peak position is affected by

morphological, structural and chemical characteris-

tics of metal nanoparticles [14]. Furthermore, the

LSPR phenomenon strongly depends on the distance

between metal nanoparticles. Such distance is influ-

enced by the interaction between analytes and metal

nanoparticles modifies, thus allowing the use of LSPR

absorption as an analytical property for the optical

and colorimetric detection of various chemical spe-

cies [15]. Currently, most of the plasmonic nanopar-

ticle synthesis methods focus on precious metals such

as Au [16] and Ag [17]. However, the high cost of

these metals limits the development of economic

sensors and their use in large-scale production.

In this context, copper has attracted wide interest

in the field of LSPR-based devices research due to its

significantly lower cost compared to other noble

metals.

There are several methods of copper nanoparticles

(CuNPs) synthesis, including thermal reduction [18],

vapour deposition [19], radiation methods [20],

microemulsion [21] and laser ablation [22].

Among these methods, the wet synthesis method is

found to be simple and most versatile for metal

nanoparticles including copper once [23].
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In the present work, a low-cost wet synthesis

method was developed to produce a metallic CuNPs

colloidal solution capable of detecting small H2O2

concentrations.

A limitation in the synthesis of metallic CuNPs

colloidal solutions and in general in the synthesis of

metallic nanoparticles colloidal solutions regards

their aggregation after preparation.

One of the most widely used strategies to minimise

the aggregation of nanoparticles in solution is to coat

their surface with a ‘‘physical barrier’’ (steric stabili-

sation) [24]. In this regard, polymers [25], including

Tween� 60 used in the present work, have proved to

be effective coating materials for increasing the sta-

bility of nanoparticles in colloidal solutions.

Tween� 60 belongs to the category of polysorbates,

which are an important type of non-ionic surfactants

widely used in the pharmaceutical industry due to

their high biocompatibility [26]. This surfactant is a

copolymer obtained by combining sorbitol with

ethylene oxide esterified with fatty acids. The ability

of Tween� 60 to reduce the aggregation of the

nanoparticles is due to its oligo (ethylene glycol)

moieties, which increase the steric stabilisation of the

colloidal solution [27].

Another limitation in the synthesis of CuNPs

regards their oxidation susceptibility during and

after preparation [28]. This makes the synthesis of

metallic CuNPs difficult without providing an inert

environment of Ar or N2.

The oxidation problems of CuNPs can be avoided

by using different protective agents such as polymers

[29]. In our case, Tween� 60 alone proved to be not

sufficient in protecting CuNPs from oxidation. For

this reason, we used a natural antioxidant, ascorbic

acid, during the synthesis of our CuNPs. The

antioxidant properties of ascorbic acid are well

known and derive from its ability to limit the action

of free radicals and reactive oxygen molecules, which

are often present in the reaction environment [30].

Overall, the combined action of Tween� 60 and

ascorbic acid enabled us to synthesise a stable metal-

lic CuNPs colloidal solution through chemical

reduction in an aqueous environment without

employing an inert atmosphere.

Experimental

Materials

Copper (II) chloride dihydrate (CuCl2�2H2O, 99%),

sodium borohydride (NaBH4, 99%), Tween� 60

(Polyoxyethylene sorbitan monostearate, estimated

molar weight 1309 g mol-1) and L-ascorbic acid

(C6H8O6, 99%) were purchased from Sigma-Aldrich�.

Hydrogen peroxide 30% (v v-1) as analyte was pur-

chased from Chembid�. Deionized water was

obtained by a Zener Up 900 (Human Corporation)

water purification system and used throughout the

experiments.

Instruments

Ultraviolet–visible spectroscopy

UV–Vis spectrophotometer model T80 (Pg Instru-

ments Ltd) was employed to study: (a) the optical

characteristics of the CuNPs colloidal solution by

recording its absorbance in the range between 400

and 800 nm; (b) the CuNPs response to different

H2O2 concentrations by acquiring the absorption

spectrum of the solution every 5, 10 and 15 min after

the analyte addition.

Transmission electron microscopy (TEM)

TEM images and electron diffraction patterns were

recorded using Hitachi 7700 transmission electron

microscope operated at 100 kV. This acceleration

voltage was settled to obtain a sufficient resolution

and minimal radiation damage of the material.

Specimens for TEM observations were prepared by

drop-casting the freshly CuNPs solutions onto stan-

dard carbon-supported 600-mesh copper grid previ-

ously coated with amorphous carbon. The

nanoparticles were fixed to the grid by allowing the

solvent to evaporate at room temperature for 24 h.

TEM was also used to obtain selected area electron

diffraction (SAED) images from chosen areas of

approximately 103 nm in diameter. The diffraction

images were processed using the PASAD plug-in

integrated in the Gatan Microscopy Suite� software.
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Synthesis of copper nanoparticles coated
with Tween� 60

The synthesis steps of copper nanoparticles are

shown in Scheme 1. In a typical synthesis, 0.05 g of

CuCl2�2H2O was dissolved into 40 mL of deionized

water to obtain a light green solution. This solution

was heated to 80 �C (SOL-A) under magnetic stirring.

Meanwhile, 0.8 g of Tween� 60 was dissolved in

40 mL of water and heated to 80 �C (SOL-B) under

magnetic stirring. The amount of Tween� 60 was

optimized to maximize the number of CuNPs in

suspension and to improve the stability of the solu-

tion over time. SOL-A and SOL-B solutions were

mixed to obtain a new solution (SOL-C) that was kept

at 80 �C under magnetic stirring. The colour of this

solution was like that of SOL-A. Finally, 4 mL of 10%

aqueous solution of ascorbic acid was added to SOL-

C. This new solution (SOL-D) was kept at 80 �C
under magnetic stirring. After a few minutes, the

solution changes its colour from light green to

transparent. One hour later there was a new change

of colour of the solution, from transparent to straw

yellow. At this point, 0.15 g of NaBH4 was added to

SOL-D, which instantly changed colour from straw

yellow to reddish brown. This colour is typical of

colloidal solutions of copper nanoparticles. The yield

of the CuNPs synthesis reaction was calculated

gravimetrically and ranged from 60 to 66%.

Results and discussion

Formation of copper nanoparticles

The CuNPs formation mechanism of copper

nanoparticles using Tween� 60 as a stabilizing agent

in aqueous solution is proposed in Scheme 2. The first

step of this process is the formation of Tween� 60

micelles capable of incorporating copper ions.

Since copper ions were present in our solution, it

was reasonable to assume that they were incorpo-

rated into the micelles. Subsequently, the addition of

NaBH4 as a reducing agent instantaneously triggered

the reduction process of the copper ions, according to

the reaction:

Cu2þ þ 2BH�
4 ! Cu þ H2 þ B2H6

The electron transfer from borohydride anions to

copper ions led to the nucleation of copper atoms

within the Tween� 60 micelles. Copper nuclei tended

to coalesce inside the micelles led to the formation of

spherical copper nanoparticles. The strong micellar

effect suppressed the directional growth of CuNPs,

preventing the formation of any other type of

morphology.

Working in air, to avoid formation of copper oxide

nanoparticles, ascorbic acid was added before the

reducing agent. The antioxidant properties of ascor-

bic acid are well known. For example, Liu et al. have

shown that ascorbic acid prevents the formation of

copper oxide by decreasing the pH of the solution in

which it is dissolved [31]. Ascorbic acid can reduce

Scheme 1 Illustration of the

copper nanoparticles synthesis

process steps and of the

observed solution colour

changes.
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the oxidation state of metal ions by oxidising itself

according to the reaction:

Another challenge encountered in the development

of this synthesis protocol concerned the aggregation

of micelles. This phenomenon was predominant

when the synthesis was carried out at room temper-

ature. At this temperature, the micelles tended to

interact with each other, increasing their size and

consequently leading to the formation of larger

nanoparticles. To limit the aggregation of the

micelles, the solution was kept at a temperature of

80 �C throughout the synthesis.

The influence of temperature on the thermody-

namic parameters describing the molecular order of

non-ionic surfactants such as Tween� 60 was the

object of numerous studies. For example, Szymczyk

et al. 2018 observed that as the temperature

increased, the intermolecular cohesive forces between

the micelles decreased [32]. Consequently, as the

temperature increases, the melting of the micelles is

limited. The properties of the synthesized CuNPs

colloidal solution were analyzed using UV–Vis

spectrophotometry and TEM.

Optical and structural characterization
of CuNPs-Tween� 60 solution

UV–Vis spectrophotometry was used to study the

optical characteristics of the CuNPs solution since

noble metal nanostructures like copper once exhib-

ited localized surface plasmon resonance (LSPR)

bands at different frequencies. As shown in Fig. 1

(orange curve), the colloidal solution of CuNPs had a

broad LSPR peak in the spectral range between 500

and 650 nm, with an absorption maximum located at

590 nm. The position of this peak indicates the for-

mation of a colloidal solution with nanometer-sized

copper nanoparticles.

We measured the absorption spectrum of the

CuNPs solution after one month, to test its stability.

The spectrum remained unchanged as shown in

Fig. 1 (green curve), proving that Tween� 60 pre-

vented precipitation, further aggregation and toge-

ther with ascorbic acid oxidation of copper

nanoparticles.

Scheme 2 Proposed CuNPs

formation process inside the

Tween� 60 micelles.
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The CuNPs morphology was studied by TEM.

Figure 2a shows a typical bright-field image of the

CuNPs colloidal solution. By analysing the image, it

can be deduced that all the nanoparticles are

approximately spherical in shape. To obtain the

average size of the nanoparticles in solution and their

size distribution, 20 TEM images were acquired from

casual sample regions and processed with the Digital

Micrograph� tool of the Gatan Microscopy Suite�

software, obtaining the histogram shown in Fig. 2b.

The largest part of CuNPs has an average diameter of

8 ± 1 nm. There was also a second pool of CuNPs

with an average diameter of 25 ± 2 nm.

TEM was also used to highlight the crystalline

nature of CuNPs using the SAED technique. In order

to obtain statistically significant results, ten SAED

images were analysed for each sample and processed

using the PASAD plug-in integrated in the Gatan

Microscopy Suite� software.

An electron diffraction image acquired over the

sample area observed in Fig. 2a is shown in Fig. 3.

The SAED pattern is characterised by four well-

defined diffraction rings, which correspond to the

lattice planes (1 1 1), (2 0 0), (2 2 0) and (3 1 1) of a

copper metal crystal with an FCC (Face-Centred

Cubic) structure, respectively [RRUFFTM Project,

RRUFF ID: R061078]. These results allow us to state

that the nanoparticles were exclusively composed by

metallic copper with no trace of oxides.

TEM and SAED analyses were unable to provide

information on the capping of Tween� 60, probably

because to its reduced thickness.

However, if the surface of the nanoparticles is

coated with Tween� 60, this interaction can be

detected by a shift towards longer wavelengths of the

absorption spectrum of an uncapped CuNPs colloidal

solution. In our case, since we were unable to syn-

thesize an aqueous colloidal solution of metallic

CuNPs without capping, the spectrum of this solu-

tion was obtained through a simulation.

In order to derive the size-dependent dielectric

function to be used in the simulation, the character-

istic LSPR absorption peak of our CuNPs solution

was analysed according to both the light scattering

theory proposed by Mie [33] and the free electron

theory of Drude [34].

As evidenced by TEM analysis, our CuNPs are

dual-dispersed; then, according to Mie formalism, the

absorption coefficient aj due to particles of diameter

dj, dispersed in water having permittivity em = 1.3 at

300 K [35], is (Eq. 1):

Figure 1 UV–visible absorption spectra of CuNPs solution fresh

and one month after preparation. The LSPR peak is located at

590 nm.

Figure 2 a TEM image of the

CuNPs solution. b Size

distribution of the copper

nanoparticles.
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aj ¼
18pfje

3
2
me2j

kðe1j þ 2emÞ2 þ e2
2j

ð1Þ

where fj is the volume fraction of the metal particles

with diameter dj, k is the photon wavelength, and e

j = e 1j ? i e 2j is the dielectric function of the copper

nanoparticles. To consider that there was a finite

distribution of particle size, we may write the total

absorption coefficient (a) as (Eq. 2):

a ¼
X

j

aj ð2Þ

The volume fraction of the silver nanoparticles is

given by (Eq. 3):

fwj ¼ fj ð3Þ

where wj is the weight factor for particles with

diameter dj and is given by (Eq. 4):

wj ¼
d3
j njP
j d

3
j nj

ð4Þ

where dj is the diameter of the CuNPs, and nj is the

number of CuNPs of diameter dj. Hence, it is possible

to express the size-dependent dielectric function ej
according to the relation (Eq. 5):

ej xð Þ ¼ ebulk xð Þ �
xP

x

� �2

1 þ 2vF
xdj

� �2
þ i

2vFx2
P

x3dj
ð5Þ

where x is the photon frequency, vf is the Fermi

velocity, and ebulk is the electrical permittivity corre-

sponding to the inter-band transitions, which is equal

to (Eq. 6):

ebulk ¼ 1 � x2
P

x2 þ ixcfreeð Þ ð6Þ

With the damping constant of the electron oscilla-

tory movement cfree ¼ 3 � 1013 s�1.

We simulated the experimental absorption data

using Eq. 5 and considering a CuNPs solution con-

sisting of 95% CuNPs having mean size of (8 ± 2) nm

and 5% CuNPs having mean size of (25 ± 5) nm, a

plasma frequency xP0 ¼ 3:7 � 1015rads�1 and a Fermi

velocity vF ¼ 1:38 � 108cms�1.

The simulated spectrum and that of our solution

are reported in Fig. 4. The simulated spectrum shows

an absorption peak at 585 while that of our solution is

shifted towards the red by 5 nm. This shift indicates

the formation of adsorbed layers of Tween� 60

around CuNPs [36].

The importance of the combined action
of Tween� 60 and ascorbic acid

In this study, to synthesise a colloidal solution of

CuNPs that resists oxidation and aggregation over

Figure 3 SAED pattern of the CuNPs solution. The orange

squares represent the reflections originated by the CuNPs.

Figure 4 Real UV–Vis absorption spectra of CuNPs-Tween� 60

(orange line) and simulated UV–Vis absorption spectra of CuNPs

(green line).
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time, the combined use of Tween� 60 and ascorbic

acid was assumed to be essential. In order to evaluate

this aspect, a new synthesised CuNPs solution with

Tween� 60 and ascorbic acid (SOL-1) was compared

with two solutions synthesised excluding in one the

addition of ascorbic acid (SOL-2) and in the other the

addition of Tween� 60 (SOL-3).

The three solutions were photographed immedi-

ately after synthesis (Fig. 5a) and after 24 h (Fig. 5b).

In addition, to highlight the possible presence of

CuNPs, UV–Vis spectra were acquired for each

solution immediately after synthesis and after 24 h

(Fig. 5c).

From the visual comparison of the newly synthe-

sized solutions (Fig. 5a), only SOL-1 appears reddish

brown, which is the typical colour of a colloidal

solution of metallic CuNPs. The presence in SOL-1 of

unoxidized CuNPs was also evidenced by a plas-

monic peak at 590 nm in the UV–Vis spectrum shown

in Fig. 5c. The UV–Vis spectrum remained unchan-

ged even 24 h after synthesis (Fig. 5c). This agrees

with what has already been described in the previous

paragraph regarding the stability of the solution

under study.

On the other hand, the colour of the remaining two

solutions was markedly different from that of SOL-1.

SOL-2 appeared blackish in colour (Fig. 5a), and this

was assumed to be due to the oxidation of part of the

metallic CuNPs in the newly synthesised solution.

This hypothesis was confirmed by acquiring the UV–

Vis spectrum of SOL-2 after synthesis (Fig. 5c).

In addition to the CuNPs plasmonic at 590 nm,

there is a second peak around 300 nm attributable to

the oxidised CuNPs [37]. 24 h after the synthesis of

SOL-2, due to the oxidation of most of the metallic

CuNPs, the intensity of the peak at around 300 nm

increased while that at 590 nm decreased.

This increase in oxidised CuNPs can also be evi-

denced by the change in colour from blackish to

viscous green of SOL-2 (Fig. 5b), which is the typical

colour of an oxidised CuNPs solution [38]. To further

confirm the presence of oxidised CuNPs in SOL-2, its

SAED pattern was acquired 24 h after synthesis

(Fig. 6a) and compared with that of SOL-1 also

obtained 24 h after synthesis (Fig. 6b).

In order to obtain statistically significant results,

ten SAED images were analysed for each sample and

Figure 5 a Pictures of the

fresh SOL-1, SOL-2 and SOL-

3 solutions. b Pictures of the

SOL-1, SOL-2 and SOL-3

solutions after 24 h. c UV–Vis

spectra of the three fresh/after

24 h solutions.

J Mater Sci (2022) 57:1714–1726 1721



processed using the PASAD plug-in integrated in the

Gatan Microscopy Suite� software.

While the SAED pattern of SOL-1 is characterised

by four well-defined diffraction rings, which corre-

spond to the lattice planes (1 1 1), (2 0 0), (2 2 0) and (3

1 1) of a copper metal crystal with an FCC (Face-

Centred Cubic) that of SOL-2 is characterized by five

diffraction rings with lattice indexes (1 1 1), (2 0 0), (2

2 0), (2 2 0) and (3 1 1) which is characteristic of

oxidised CuNPs. These observations clearly show

that CuNPs oxidise very quickly in the absence of

ascorbic acid.

In the case of SOL-3, both suspended particles and

a deposit at the bottom of the solution were already

visible in the newly synthesised solution (Fig. 5a).

24 h after synthesis, the suspended particles also

settled to the bottom, making the solution completely

clear (Fig. 5b).

It is reasonable to assume that the formation of this

sediment is due to CuNPs aggregation phenomena

caused by the absence of the stabilising action of

Tween� 60. The absence of CuNPs in solution was

confirmed by acquiring the UV–Vis spectra of SOL-3

shown in Fig. 5c where no characteristic peak of

CuNPs is evident.

All results prove that the combined action of

Tween� 60 and ascorbic acid is crucial for our syn-

thesis in order to obtain an aqueous solution of

metallic CuNPs without employing an inert atmo-

sphere that is stable over time and resistant to

oxidation.

Evaluation of CuNPs solution as hydrogen
peroxide sensor

1 mL of the CuNPs solution was placed in different

cuvettes, and a different concentration of H2O2 from

10–11 to 1 M was added to each cuvette. The response

of the CuNPs solution to each concentration was

estimated by recording the UV–Vis spectrum of the

solution every 5 min for 15 min at a fixed wavelength

of 590 nm. This wavelength was used for each mea-

surement as it corresponded to the absorption peak

of the CuNPs solution.

Each acquisition cycle was repeated ten times

using a new aliquot of the CuNPs stock solution.

Therefore, the absorbance values (Abst) reported for

each H2O2 concentration tested as a function of time

are the average of ten different measurements. The

estimated maximum error was 5%.

The recorded absorbance values (Abst) were nor-

malised by dividing them by the absorbance value

obtained before adding the analyte to each cuvette

(Abs0). Abst/Abs0 as a function of time for each H2O2

concentration tested is shown in Fig. 7a.

As shown in Fig. 7a, the absorbance is time and

concentration dependent. For each H2O2 concentra-

tion tested, the absorbance decreases with time and

with a greater intensity as the H2O2 concentration

increases. To the naked eye, the decrease in the

absorption intensity after the addition of H2O2 is

observed by the gradual decolourisation of the

CuNPs solution. The greater the concentration of

H2O2 used, the greater the intensity of discolouration.

As a result, 15 min after the addition of H2O2 at

higher concentrations (e.g. 1 M or 0.1 M), the CuNPs

solution became completely transparent. On the other

Figure 6 a SAED pattern of

SOL-2. b SAED pattern of

SOL-1. The orange squares

represent the reflections

originated in a by the oxidised

CuNPs and in b by the CuNPs.
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hand, when using lower concentrations of H2O2, the

solution does not become completely discoloured.

To highlight the response of the CuNPs solution

15 min after addition of H2O2, the absorbance varia-

tion ðDAbs ¼ Abs0 � AbstÞ as a function of analyte

concentration is shown in Fig. 7b.

The CuNPs solution proved capable of detecting

H2O2 in the concentration ranging from 1 to 10–11 M,

with a relative standard deviation of approximately

5%. The lowest concentration of the detected H2O2

was 10–11 M. This result is appreciable as can be seen

from the comparison with other works in the litera-

ture (Table 1).

The ability of the solution to interact with hydro-

gen peroxide was assumed to be attributable to the

catalytic properties of the copper nanoparticles.

When these particles interact with H2O2, they

decomposed and oxidised to copper ions, producing

a visible decolourisation of the solution.

To test this hypothesis, three samples of the CuNPs

solution were observed at TEM, labelled S-1, S-2 and

S-3, respectively. S-1, used as a reference, contained

only the CuNPs solution (Fig. 8a). In contrast, S-2

(Fig. 8a’) was observed after the addition of 100 lL of

a 10–3 M solution of H2O2, while S-3 (Fig. 8a’’) was

observed after the addition of 100 lL of a 1 M solu-

tion of H2O2.

These H2O2 concentrations were chosen to high-

light the effect of its interaction with the copper

nanoparticles.

Comparing the three TEM images, it is evident that

as the H2O2 concentration increases, the metallic

copper nanoparticles gradually disappear.

The disgregating process of CuNPs due to the

interaction with H2O2 was also confirmed by the

analysis of the SAED patterns acquired from each

sample. While the SAED pattern of S-1 reveals a high

degree of crystallinity of the CuNPs shown in Fig. 8b,

the SAED patterns of S-2 and S-3 (Fig. 8b’, b’’,

respectively) demonstrate a crystallinity loss of the

particles following the progressive interaction with

the oxidising analyte. This crystallinity loss can also

be seen in the electron diffraction profiles obtained

from the SAED patterns using the PASAD plug-in of

the Gatan Microscopy Suite� software. From the

comparison of the electron diffraction profiles shown

in Fig. 8c, c’, c’’, it is evident that as the concentration

of hydrogen peroxide increases, the contribution of

the crystalline phase considerably decreases until it is

no longer present in S-3.

Conclusion

The colloidal CuNPs solution produced in this work

was synthesised using a wet synthesis protocol.

Morphological and structural analyses by TEM

enabled the size distribution of CuNPs to be deter-

mined and SAED analyses showed the absence of

copper oxide nanoparticle traces. Considering the

tendency of copper to oxidise, this result is

Figure 7 a Time-dependent

change in normalised

absorbance of CuNPs solution

for each H2O2 concentration

tested; b performance of the

CuNPs solution expressed in

terms of change in absorbance

as a function of H2O2

concentration tested.

Table 1 Comparison of the analytical performance of our CuNPs

solution with some sensors reported in the literature based on

CuNPs for the detection of H2O2

References L.O.D [M] Analytical method

[39] 4.4 � 10–5 Optical

[40] 5.5 � 10–7 Optical

[41] 1.4 �10–6 Amperometric

[42] 3.4 � 10–6 Amperometric

[43] 6.0 � 10–7 Electrochemical

This work 10–11 Optical
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significant. In addition, the solution proved to be

stable over time thanks to the stabilizing action of

Tween� 60 and the antioxidant action of ascorbic

acid.

Tests on the CuNPs solution ability to detect H2O2

revealed a high sensitivity with a detection limit of

10-11 M. This is certainly a great advantage in terms

of performance of a potential sensor for H2O2.

However, selectivity needs to be demonstrated by

further tests in the future.
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