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ARTICLE INFO ABSTRACT

Keywords: This work focuses on a systematic method to produce Ag, Cu, and Ag/Cu metallic nanoparticles (MNPs) in situ

Paper assisted with ultrasound on cellulose paper. By tuning the concentration of AgNO3 and CuSO4 salt precursors and

CeHUIOS,e ultrasound time, combined with a fixed concentration of ascorbic acid (AA) as a reducing agent, it was possible to
?(’:];?;Sls control the size, morphology, and polydispersity of the resulting MNPs on cellulose papers. Notably, high yield
Silver and low polydispersity of MNPs and bimetallic nanoparticles are achieved by increasing the sonication time on
Bimetallic nanoparticles paper samples pre-treated with salt precursors before reduction with AA. Moreover, mechanical analysis on
Composite paper samples presenting well-dispersed and distributed MNPs showed slightly decreasing values of Young’s
Ultrasound modulus compared to neat papers. The strain at break is substantially improved in papers containing solely Ag or
Sonochemistry Cu MNPs. The latter suggests that the elastic/plastic transition and deformation of papers are tuned by cellulose

and MNPs interfacial interaction, as indicated by mechanical analysis. The proposed method provides insights
into each factor affecting the sonochemistry in situ synthesis of MNPs on cellulose papers. In addition, it offers a
straightforward alternative to scale up the production of MNPs on paper, ensuring an eco-friendly method.

1. Introduction

Metallic nanoparticles (MNPs) are attractive in different scientific
areas such as environmental remediation [1], biomedical application
[2], food packaging [3], electrocatalysis [4,5] energy storage, and
conversion [6], to name a few. In many applications, MNPs have shown
outstanding performance due to their area/volume ratio, drastically
increasing the number of atoms on the surface compared to volume.
Consequently, they give a more reactive surface than similar structures
at the macroscopic scale [7,8]. Silver (AgNPs) and copper (CuNPs)
nanoparticles or bimetallic nanoparticles Ag/Cu (Ag/CuNPs) stand out
for their antimicrobial capacity against viruses [9,10], bacteria [11-13],
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and fungi [14]. Nevertheless, the relatively expensive commercial value
of silver and the spontaneous oxidation of copper have limited their
broad application at the industrial scale [15,16]. To solve the problem,
the simultaneous synthesis of Ag/CuNPs has become an alternative to
maximize their intrinsic properties and diminish the market price
[5-18].

The performance of AgNPs, CuNPs, and Ag/CuNPs is directly con-
nected to the chemical route used for synthesis [19-22]. The most
common methods are based on hydrothermal [23-25], coprecipitation
[26], electrochemical [27-29], laser ablation [30-32], microwave
assistance [33-35] and sonochemistry [19,36-38]. Compared to the
above methods, sonochemistry is a method in favor of the principles of
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green chemistry which allows the use of water as a nontoxic solvent and
can be used for a wide variety of MNPs syntheses. The sonochemistry
method allows a decrease in reaction time as well as tuning of selec-
tivity, reactivity, and catalytic activity [39]. The sonochemical synthesis
allows for obtaining different amorphous [36] or crystalline MNPs [37].
MNPs present shapes like spheres [19,38], nanowires [36], or core-shell
morphologies [40]. Those morphologies can be tuned by the local
heating phenomena and high in situ pressure during the acoustic cavi-
tation process [41]. This involves the formation and implosive
collapsing of bubbles in solution, followed by a fast-cooling rate close to
1010 K 5714 [41]. Therefore, the ultrasound route could be considered a
versatile and easy method to obtain desirable nanostructures [42].
Sonochemical techniques also diminish MNP agglomeration, improving
their dispersion and distribution in different substrates [43]. In fact, this
synthetic route could be performed on different supporting matrices
such as electrode surfaces [44,45], carbon nanotubes [46,47], graphene
or graphene oxide [48,49], biological matrices [11,50,51] and cellulose
[50,52]. Cellulose paper is an exciting substrate composed of hydro-
carbon fibers. Once dispersed in a solvent, its compression and drying
render it to form thin and porous layer structures with many applica-
tions [53]. Currently, some applications of the paper include (i) hygienic
activities, (ii) drawing or artistic development, (iii) packaging, (iv) lab-
oratory filters [53] and (v) stimuli response to highly specialized ma-
terials [54]. The functionalization of cellulose paper with AgNPs and
CuNPs has allowed its use in new applications such as photocatalyst
[55], bactericide membranes in medicine [56], high-performance tex-
tiles [57], conducting paper for electronics [58], antibacterial and
anticorrosion films [59], membranes for water treatment [60], anti-
bacterial activity [61], and food packaging [62], among others.

Different research has modified cellulose surfaces by wet impreg-
nating previously synthesized and in situ MNPs, thus taking advantage
of cellulose wetting and porosity in water [63-67]. As a general pro-
cedure, cellulose paper is immersed in the metal salt solution. Then the
MNPs are formed by adding some reducing agents. Notably, the in situ
synthesis optimizes the rate of MNPs formation. However, it showed
poor control of morphology and polydispersity of the resulting NPs on
the cellulose fibers [63-67]. For instance, He et al. used paper as a
substrate for generating MNPs using AgNOs as a precursor and NaBH, as
a reducing agent. The resulting AgNPs showed a size of 4.4 + 0.2 nm
using 1 mM AgNOs but increased to 7.9 + 2.4 nm when the concen-
tration was increased to 100 mM AgNOs [68]. Biliuta et al. generated
AgNPs on paper using the same precursor and reducing agent. The re-
sults showed AgNPs with diameters of 8.8 + 4.8 nm and 8.4 £+ 2.9 nm
when using 1 and 100 mM of AgNO3, respectively [60]. Similar results
can be found in another example [69]. Also, CuNPs have been obtained
on cellulose fibers using CuSO4 as a precursor and ascorbic acid (AA) as a
reducing agent [70]. In that work, CuNPs presented high aggregation
with clusters ranging from 100 to 600 nm due to the weak reducing
effect of AA.

On the other hand, the main drawback of the above synthetic route is
the toxicity of the reducing agents, which renders non-eco-friendly al-
ternatives to the in situ synthesis of MNPs in cellulose fibers [68,60].
Alternatively, and to enhance the control of the environmentally
friendly nanoparticle formation process, other authors have explored
the pulsed laser deposition technic in a vacuum chamber [52] to anchor
Cu and Ag nanoparticles to cellulose paper (previously modified with
chitosan) [52]. Despite the modified paper’s optimal electric conduc-
tivity, the resulting MNPs did not present homogeneous size distribu-
tions, thus hindering its application.

Accordingly, the state-of-the-art revealed the necessity for more
systematic studies for synthesizing AgNPs, CuNPs, and Ag/CuNPs on
cellulose paper. It requires a deeper understanding of the mechanisms
involved during the reduction and nucleation of metal ions to obtain
MNPs but using an eco-friendly chemical route. Therefore, the present
work focuses on synthesizing AgNPs, CuNPs, and Ag/CuNPs by tuning
the concentration of salt precursors (AgNO3 and CuSO4) and AA as a
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weak reducing agent. Moreover, previously adsorbed metal ions in
cellulose papers were subjected to different ultrasound times before
metal reduction with AA. The latter allowed elucidation of the impact of
the availability of salt precursors on the size, morphology, poly-
dispersity, and distribution of MNPs in cellulose papers. It provided
accurate insights about each factor affecting the synthetic in situ process
of MNPs formation during sonication. Overall, the industrial scale by
which these materials can be produced offers an eco-friendly and scal-
able method for MNPs synthesis using cellulose fibers as a substrate,
which is suitable for generating nanocomposite papers.

2. Materials and methods
2.1. Materials

In this study, Whatman qualitative filter paper (Diameter 11 cm) CL-
518 with a grammage of 140 g m~2 (Paper 1) and filter paper #1 M&N
with less grammage of 61 g m~2 (Paper 2) were used as a substrate for
the sonochemical synthesis of MNPs. AgNO3, CuSO4*5H50, AA, ethanol
p.a., distilled water, and NaOH are analytical grades purchased from
Winkler and used as received to prepare the starting solutions for
sonochemistry.

2.2. In situ synthesis of metal nanoparticles (MNPs)

The MNPs were synthesized on paper samples as stabilizing agents
using metallic salts as precursor agents and AA as a reducing agent
through ultrasound-assisted reduction chemistry. Papers 1 and 2 were
divided into four equal parts with 23.74 cm?. Samples were named ac-
cording to the formulation: p-AgNO3, p-CuSO4 and p-AgNO3/CuSOy4 in
the case of samples sonicated without AA and p-AgNP, p-CuNP and p-
Ag/CuNP in the case of samples sonicated in the presence of AA.

The experiments were done in two stages as follows:

Stage 1 — Absorption of metallic salts on papers. In a standard recipe,
paper samples were immersed in a beaker containing 100 mL [0.005 M]
of each metallic salt or 50 mL [0.005 M of each salt into the mixing for
both salts]. The samples were homogenized in the ultrasonic bath at
25 °C for 15 min (Isolab Laborgerate GMBH at 40 KHz). In the case of p-
CuS0Qy4, the metallic salt solution contained NaOH [0.005 M] to form a
copper hydroxide species [19]. A non-sonicated sample for each system
was kept as a control. After sonication, the paper samples were
immersed in a beaker containing ethanol for 5 min. It was followed by a
three times extra washing process with distilled water to ensure the
remotion of non-absorbed metal ions in the papers.

Stage 2- Reduction of metallic salts on paper. From the previous stage,
three paper samples were immersed in a beaker containing 100 mL of
AA [0.05 M] and sonicated at 25 °C for 15 min. A non-sonicated sample
was kept as a control. After that, the paper samples were washed with
distilled water three times to remove non-absorbed components and
dried in an oven at 50 °C for 30 min.

Three modifications in the synthesis were studied. The first modifi-
cation corresponds to changes in the metallic salt concentration from
0.005 M to 0.0025 M and 0.00125 M. The second modification corre-
sponds to changes in sonication time from 15-, 20-, 30-, and 60-min
during Stage 1. The third modification was related to the type of
paper, thus using two types of qualitative filter papers: CL-518 and #1
M&N.

2.3. Characterization of MNP-paper samples

The samples were characterized using High-Resolution Scanning
Electron Microscope, HR-SEM (FEI, INSPECT-F50), provided with En-
ergy Dispersive Spectroscopy (EDS). The analysis of images was per-
formed by using ImageJ software to obtain the particle distribution.
Histograms of MNPs diameters were obtained for a population of at least
100 nanoparticles. The clusters were measured the same way as the
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particles. However, <100 particles were counted because a lower
number of clusters were observed in micrographs. The MNPs embedded
in sample p-Ag/CuNP were removed from 1 cm? paper samples. The
samples were immersed in 2 mL of water (18.2 MQ-cm) and sonicated
for 5 min. The obtained particles in suspension were disposed of on a
silicon wafer. The MNPs were analyzed without metal coating using a
low voltage (1 to 2 keV). Secondary electron and backscattered-type
detectors were used to acquire the images.

X-ray fluorescence analysis (XRF) was used to determine the
elemental composition of the papers. Circular samples of 2.5 cm. in
diameter were taken and measured in the equipment Thermo Scienti-
fic™ Niton™ XL3t. X-ray diffraction analysis was performed to study the
cellulose and identify the oxidation state of MNPs on paper using a
Bruker D8 Advance, Kal Cu (k = 0.15406 nm). The d-spacings were
calculated using the Bragg’s equation [71].

(€Y

dy = ——
M 25ing
where A is the radiation wavelength (0.15406 nm), 0 is the diffraction
angle.
The average thickness of cellulose crystallites was estimated from the
XRD patterns by using Scherrer’s equation [71].
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where L is crystallite size, k is the correction factor and usually taken to
be 0.9, A is 0.15406 nm, 6 is the diffraction angle and f;,» is the peak
width at the half-maximum intensity.

The crystallinity index (CrI) of cellulose was determined by using X-
ray diffraction curves based on the Segal method [72]:

(1200 - Iam)

Lo
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where, Crl expresses the relative degree of crystallinity, Ipgy is the
maximum intensity of the (200) lattice diffraction (20 ~ 22.7°), and I,
is the minimum intensity between the 200 and the 101 peaks (26 ~ 19°).

The optical properties of MNPs in the cellulose fibers were deter-
mined by UV-Vis spectroscopy using a Shimadzu UV 1280 spectro-
photometer, following the previously reported procedure [61]. The
UV-Vis spectra correspond to an average of 5 measurements. A Bruker
Vertex 80v infrared spectrophotometer was used to perform Fourier
transform infrared spectroscopy (FTIR) at a resolution of 0.2 cm™! to
identify changes in the cellulose spectrum to determine cellulose-MNPs
interactions. The infrared spectra correspond to an average of 5
measurements.

The electrical resistance of each prepared material was evaluated by
Electrochemical Impedance Spectroscopy (EIS). The experimental con-
dition has included the use of 2.5 mM [Fe(CN)6]3’/ 4=in0.1M KNO3 as
redox probe and supporting electrolyte. As an electrochemical cell, a
typical three-neck round bottom glass flask was used. Saturated calomel
electrode (SCE, Hg/HgyCly sa), and platinum wire was selected as
reference and counter electrode, respectively. The working electrode
was a paper rectangle with 9 mm x 23 mm as dimensions for each
sample ((i) paper, (ii) p-AgNP, (iii)) p-CuNP, and (iv) p-Ag/CuNP),
additionally a paper flap section of 7 mm was modified by silver
conductive paint (SPi-SUPPIES, 05002-AB) to provide an electric
connection from paper to a potentiostat. Additionally, the back of the
paper was coated (9 mm x 23 mm) with double-sided tape (3 M
467MP200MP adhesive) to avoid a progressive disintegration of paper
in electrolytic media. The EIS was performed under an equilibrium
condition with atmospheric O, concentration, with a sinusoidal modu-
lation of 5 mV. The experimental frequency range evaluation goes from
100 kHz to 1 Hz. Ps trade-palmsens4s software was used for EIS analysis,
which includes the Kramers - Kronig transformation (KKt), and Randles
as equivalent circuits. To corroborate the paper’s in situ resistivity, as
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well as conductivity, also a CR UT-601 tester (Uni-T), was used, along
with a piece of paper of 2 cm x 2 cm for each sample which was wetted
by carbon-paint along the edge of the paper to make the electrical
connectors. Then, the resistivity and conductivity were determined by
the following equations [73].

. ... ,[Length
Resistance = Resistivity*
Area

4

Conductivity = 7_1 — ®
Resistivity

In addition, the mechanical properties of p-MNP samples were
determined using a universal tensile testing machine (Zwick/Roell
7005, Germany). Tests were performed on strips (~5 cm x 1 cm) cut
from the fabricated membranes using razor blades. Before the analysis,
the strips were mounted onto cardboard testing cards and glued using
two-part epoxy glue. The temperature and the relative humidity were
25 °C and 48%, respectively. The thickness of each specimen was
measured at three different locations along the length of the sample
using a digital micrometer gauge (Accud, 0-25 mm, resolution 0.001
mm). The crosshead displacement speed of the tensile tester was set to 1
mm min !, and the gauge length was 20 mm. At least five samples were
tested for each material. Average values are reported along with their
associated standard deviations used as error values.

Finally, the stability of the papers (cellulose and MNPs) was studied,
subjecting them to “extreme washing” with water. The experiment
consisting of two steps where p-MNPs were immersed in water and
washed with aliquots of water via vacuum filtration. Accordingly, a 2 x
2 cm piece of p-MNP was immersed in 5 mL of water for 10 min (Step 1),
then vacuum filtration was performed using a fritted glass funnel, and
the paper was washed with three 5-mL aliquots of water (Step 2).
Finally, the paper was dried in an oven at 50 °C for 30 min. Subse-
quently, both the water associated to the washings and the paper sam-
ples were analyzed using UV-Vis and FTIR spectroscopy. In addition, the
papers were analyzed by XRF, XRD and SEM.

3. Results
3.1. Synthesis of metal nanoparticles assisted by ultrasound

The acoustic cavitation generated during sonochemical procedures is
a straightforward tool to assist the absorption, reduction, and nano-
precipitation of metal salts in solution [41]. In this work, MNPs were
synthesized in situ on paper using ultrasound. The modified papers were
analyzed for their elemental composition and optical, morphological,
and mechanical properties. After stage 1, paper 1 turns into similar
colors as the metallic salt solutions (see Fig. 1a, b, d, f). Once exposed to
AgNOg solution, the paper turned light brown in color. In the case of the
CuSO4 solution, the paper displayed a light blue color. For the mixing of
AgNO3 and CuSOy4 salts solution, blue papers showing dark spots were
obtained. The papers’ colors agree with the concentration of metal ions
obtained by XRF (Table 1). The sample p-AgNOs3 presents a concentra-
tion of Ag 1,117 + 51 ppm of Ag absorbed (corresponding to 6.7% of the
initial solution 0.005 M AgNOs) on the paper without forming any nano
o micrometric-structure (Fig. 2.a). In the case of p-CuSOy, the sample
presented a concentration of Cu 65,400 + 14,218 ppm (69.7 % of the
0.005 M CuSOy4 solution) in the form of flake-like clusters (Fig. 2.b) [74].
The concentration of both metallic salts differed substantially due to the
addition of NaOH in the CuSO4 solution. NaOH was necessary to pro-
mote the synthesis process by forming copper hydroxide [19]. In turn, it
generates the swelling of cellulose fibers facilitating the embedding of
the salt [75]. As a result, the paper immersed in solutions containing
both salts improved the absorption of Ag to 20.6 % as compared to the
one immersed only in the AgNOj3 solution. Also, the sample p-AgNO3/
CuSO4 showed the formation of micron-sized particles highly aggre-
gated on the fibers and a few spots displaying flake-like clusters as
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a) b)
p-AgNO; p-AgNP
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Fig. 1. Optical images of Paper 1 immersed in different metallic salt solutions
according to the procedure described in Stages 1 and 2. The scale bar corre-
sponds to 1 cm.

observed in sample p-CuSO4 (Fig. 2.c).
After stage 2, new colorations were obtained for all paper samples
(see Fig. 1c, e, g). As observed, p-AgNOs turns from light brown to gray
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color in p-AgNP. P-CuSOy4 turns from light blue to light grey in p-CuNP.
A more intense effect is observed for p-AgNO3/CuSO4, which turns from
light grey to dark grey in p-Ag/CuNP. The samples also displayed many
dark spots evidencing the formation of AgNPs, Cu macroaggregates, and
Ag/CuNPs (Fig. 2d, e, f). The sample p-AgNP shows the homogenous
dispersion of nanoparticles with spherical shapes (80.7 + 55.8 nm, as
observed in histograms in Figure S1) and uniformly distributed
throughout the fiber surface. Instead, the sample p-CuNPs display highly
aggregated NPs of 84.7 + 48.3 nm forming clusters randomly distrib-
uted over the cellulose fibers. The average diameter of the clusters
corresponds to 740.6 + 30.5 nm. The difference between AgNPs and
CuNPs can be explained by the standard reduction potential function
where Ag™ has a value of + 0.80 V and Cu™*2 + 0.34 V. Therefore, AgNPs
are reduced easier than CuNPs in the presence of AA. AgNPs are isolated
spherical particles; meanwhile, CuNPs are observed as clusters because
their reduction, growth, and stabilization are still incomplete. The SEM
micrography of p-Ag/CulNP (Fig. 2.f)) presents spherical shapes NPs of
around 34.6 + 12.7 nm homogeneously distributed around the cellulose
fibers. Notably, the reduction and precipitation of both salts together
diminished CuNPs’ agglomeration compared to results shown in Fig. 2.
e). The early presence of AgNPs might explain the latter during the
reduction reaction of both salts. Therefore, the presence of AgNPs in the
immediate environment of the CuSO4 during reduction might limit the
growth of CuNPs due to the synergistic interaction between the two
metals [76] (Higher resolution image in Figure S2).

All the samples showed variations in the metal concentration (after
stage 2), being the sample p-CuNPs the one that underwent the most
significant metal leaching with 88.85% (7,289 + 226 ppm of Cu
remained in the paper). This phenomenon is explained by the change in
the pH value from basic pH during Stage 1 (i.e., where the swelling of the
cellulose fiber promoted higher metal salt absorption) to acid pH in
Stage 2 during reduction. Thus, the presence of AA causes Cu to leach
from the internal network of cellulose fibers and reduces the Cu salt to
CuNPs on the paper’s surface [75]. The content of Ag imbibed in p-AgNP

Table 1
Results of particle diameter were obtained from SEM micrographs according to concentration, sonication time, type of paper, and metal concentration determined by
XRF.
Sample Concentration solution (M) Diameter NP (nm) Sonication time (min) Type of paper Metal concentration in a paper (ppm)
Ag Cu
p-AgNO3 0.005 - 0 1 468 + 18 -
0.005 - 15 1,117 £ 51 -
p-AgNP 0.00125 44.9 +12.5 15 812 + 49 -
0.0025 54.9 + 25.4 15 964 + 68 -
0.005 80.7 + 55.8 15 1,004 + 48 -
0.005 102.4 + 14.5 0 381 + 14 -
0.005 80.7 + 55.8 15 1,004 + 48 -
0.005 47.7 £ 19.6 20 870 + 56 -
0.005 12.0 £5.0 30 928 + 42 -
0.005 57.1 + 3.8 60 1,068 + 30 -
0.005 43.2 + 24.4 15 2 1,050 + 50 -
p-CuSO4 0.005 - 0 1 - 749 £ 49
0.005 - 15 - 65,400 + 14218
p-CuNP 0.00125 - 15 - 1,840 + 219
0.0025 - 15 - 2,533 + 235
0.005 84.7 + 48.3 15 - 7,289 + 226
0.005 - 0 - 169 + 43
0.005 84.7 + 48.3 15 - 7,289 + 226
0.005 72.7 £ 24.4 20 - 4,353 + 315
0.005 123.5 +13.2 30 - 8,838 + 501
0.005 79.6 + 36.7 60 - 64,576 + 1095
0.005 - 15 - 43,924 £+ 149
p-AgNO3/CuSO4 0.005 - 0 1 134 +£9 1027 + 54
0.005 - 15 3,439 + 79 37,763 + 874
p-Ag/CuNP 0.00125 44.0 = 3.3 15 410 + 28 6,374 £ 157
0.0025 53.7 £ 31.5 15 632 + 45 7,248 + 208
0.005 34.6 + 12.7 15 807 + 57 11,000 + 458
0.005 273.6 £ 22,6 0 126 + 9 409 + 41
0.005 49.2 + 40.4 15 683 + 51 10,886 + 440
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Fig. 2. SEM micrographs of cellulose fibers ultrasonicated for 15 min in the presence of 0.005 M concentration of metallic salt solutions: without AA a) p-AgNOs, b)
p-CuS0y, ¢) p-AgNO3/CuSO4 and in the presence of 0.05 M of AA showing the formation MNP d) p-AgNP, e) p-CuNP and, f) p-Ag/CuNP.

reached 1,004 + 48 ppm and remained almost constant after the
reduction process (only 10% is leached). In the case of the sample
containing both MNPs (sample p-Ag/CuNP), the concentration of Ag and
Cu decreased around 3,9 times compared to their initial concentration in
p-AgNO3/CuSO4 (Table 1).

All samples were analyzed using UV-Vis absorption (Fig. 3). The
figure shows the absorption bands of the control paper, paper with
metallic salts, and paper with MNPs for systems containing Ag, Cu, and
Ag/Cu. In the UV region, one can observe three absorption bands at 218,
293, and 395 nm characteristics to the neat paper (blue line) [61].
Fig. 3ain stage 1 (red line) shows an intense absorption band displaying
three peaks. The first peak at 435 nm is a shift of the 395 nm band of the
neat cellulose due to the aging of the paper in the salt solution during
sonication [77,78]. The successive peaks at 471 and 503 nm are related
to the absorption of Ag" ions bonded to cellulose fibers via short-range
electrostatic interactions [68]. These absorption bands undergo bath-
ochromic shifts compared to the AgNO3 band in solution (300 nm)
(Figure S1). Stage 1 (red line) of Fig. 3b displays the aged band at 403
nm of cellulose with less intensity than the one observed for p-AgNOs.
The latter is due to the less oxidative environment of the copper salt

solution. The figure also shows new broadband associated with the
CuSO4 centered at 722 nm, which undergoes a hypochromic shift of 86
nm compared to the salt solution (808 nm) (Figure S3). Fig. 3c displays
the typical band of aged cellulose at 436 nm and a broad band centered
at 553 nm related to the contribution of both metallic salts on the paper.

After stage 2 (black lines), a new broad absorption band appeared
with three peaks contribution. In Fig. 3a, the first peak at 435 nm is the
aged peak as described before and is observed in the other samples (3b,
c) with MNPs. The second peak at 490 nm is the typical maximum
wavelength of the surface plasmon resonance (SPRpmax) band of AgNPs of
around 80 nm on some surfaces [79]. The SPRy,ay is an intrinsic char-
acteristic of the metal type, size, shape, and distance between particles
and the environment in which it is found. Therefore, the type of sub-
strate where MNPs interact generates considerable influences on the
SPRpax Value. The third peak at 659 nm is associated with a broad range
wavelength where the sample absorbed light according to the dark gray
color of the paper (see Fig. 1c).

In the case of CuNPs (Fig. 3b), the SPRy,ax peak centered at 471 nm is
consistent with the absorption band of copper oxide nanoparticles pre-
viously reported [80,81]. The third band at 706 nm indicates the

a) b) a4 c)
5 o ; » =
4 © ©
2 3 2
@
2 8 3
S c c
3 @ @
S 2 2
3 5] ]
a 17} 17}
< g 2
w—-Ag/CUNP
=== p-AgNO,/CuSO,’
— Paper
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

A (nm)

2 (nm)

A (nm)

Fig. 3. UV-Vis absorbance spectra of the control paper (blue lines), paper with metallic salt (Stage 1, red lines), and paper with MNP (Stage 2, black lines). Paper

with a) Ag, b) Cu, and c) Ag/Cu.
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presence of copper ions, which did not react with the reducing agent, as
seen in Stage 1 of the exact figure. Fig. 3¢ shows no characteristic SPR
bands but only broadband with maximum absorption at 658 nm related
to the synergistic absorption of both MNPs and the light absorption of
the dark paper (see Fig. 1.8)). Besides, all the spectra of paper-MNPs
present an increased baseline according to the dark color of the samples.

The interaction between cellulose fibers and Ag, Cu, or Ag/Cu was
studied by FTIR (Figure S4). Characteristic cellulose peaks associated
with O-H, C-H (3320, 2910 ecm}), and C-O-C (950 to 1200 em ™)
bonds were observed in all spectra [82]. FTIR spectra for papers with
metallic salts or MNPs were similar to that obtained for the unmodified
paper. New peaks associated with metal interaction were not observed
[83,84]. These results suggest that metallic salts and MNPs were prob-
ably adsorbed onto the cellulose fiber network through physical in-
teractions because the chemical structure of cellulose remains intact.
Only a new peak at 1740 cm ! appears after stage 2 in the samples with
p-MNPs related to the absorption peak of a keto group in AA [85]. In
addition, the ratio between cellulose peak at 3332 cm ! (attributed to
OH stretching) and 993 em™! (attributed to C—O stretching) is used as
an internal standard for the calculation of the hydrogen bonding in-
tensity [86,87]. Therefore, the ratio was calculated, and the results of
each sample are shown in (Figure S4). The control paper sample pre-
sents an A3332/A993 ratio of 0.919. There is also observed that after
stage 1, all papers impregnated with metallic salts showed an increasing
tendency of A3332/A993 ratios corresponding to 0.925, 0.919, and
0.936 to p-AgNO3, p-CuSO4, and p-AgNO3/CuSO,, respectively. These
results suggest the increase of hydrogen bonding for all samples due to
the incorporation of monovalent and bivalent metal ions. After stage 2,
samples p-AgNP, p-CuNP, and p-Ag/CuNP presented ratios of 0.841,
0.839, and 0.919, respectively. These lower intensities (compared to the
control paper) suggest that the formation of MNPs in the paper
quenched the hydrogen bonds between cellulose and metal ions in
favour of metal nucleation [82].

All samples were characterized by X-ray diffraction measurements
on the 26 range from 2 to 80° to analyze the cellulose (Fig. 4a) and the
crystalline structures of the MNPs in the paper (Fig. 4b). All diffracto-
grams obtained for every sample exhibited four prominent peaks at
15,06, 16.35°, 22.68° and 34.4° corresponding to Miller index 1 1 0,
110, 200 and 004, respectively. These peaks are associated with cellu-
lose type I [88]. The d-spacings, crystallite size, and crystallinity index
were obtained using the information associated with those peaks and the
results are showed in Table 2. The d-spacing values of the unmodified
paper agree with those previously reported, validating the analysis
method [89]. The results of the p-MNP show lower d-spacings than the
unmodified paper, this result may be related to the fact that the cellulose
fibers being modified with MNPs in all directions causes a greater
proximity between the fibers and therefore a decrease in the distance
between the planes. In relation to the crystallite size (L), of p-MNP
indices (1 T 0) and (110), no trend in the changes is observed with
respect to the unmodified paper. The L related to (200) increased in-
dependent of the MNP type. This result could infer that the MNPs pre-
sent some type of preference for said plane. The crystallinity index of the
cellulose in the control paper has a value of 81.4% and decreases slightly
in the samples p-AgNPs and p-CuNPs (Table 2). This result demonstrates
the use of ultrasound does not affect the cellulose integrity. However, in
the sample with AgNP and CuNP (p-Ag/CuNP) the index is 78.5%. This
decrease can be attributed to the intermolecular forces between cellu-
lose fibers lessening due to the more significant adsorption of metals on
its surface. It should be considered that the drying process of the paper
samples (dried at 50 °C for 30 min) could also influence the crystallinity
of the cellulose and contribute to the difference in crystalline parameters
compared to unmodified paper, as previously reported [90]. Fig. 4b
shows the diffractograms that present new peaks associated with the
presence of MNPs. The two peaks at 34.26° and 46.39°, highlighted by
black stars in the neat paper, remain constant in all p-MNPs
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Table 2
Values of d-spacings, crystallite sizes, and crystallinity indices of cellulose in
different paper-MNP.

Sample dpig (nm) L (nm) Crl%
(110) (110) (200) (110 110) (200)

Paper 0.591 0.533 0.393 4.637 5.940 5.313 81.4

p-AgNP 0.590 0.532 0.391 4.429 6.393 5.535 81.1

p-CuNP 0.591 0.532 0.391 4.535 5.731 5.792 81.0

p-Ag/CuNP 0.589 0.531 0.392 4.367 6.028 5.615 78.5

corroborating that the synthesis process of MNPs does not disrupt the
cellulose diffraction pattern. The p-AgNP presented four different peaks
at 20 values of 38.09°, 44.24°, 64.51°, and 77.49° (red stars) that can be
assigned to the plane of (111), (200), (220), and (311), respectively.
The latter indicates that the metallic AgNPs are fcc and crystalline
(JCPDS file no. 84-0713 and 04-0783) [91]. The p-CuNP sample only
exhibited two small peaks at 28.46° and 29.27° (green stars). The first
peak fits with the Miller index (110) related to the reflections of stan-
dard Cuy0 structures (JCPDS 78-2076) [92,93]. This result is insuffi-
cient to determine the type of crystallinity of Cu structures, however, it
allows comparing this result with the MNPs generated in the paper
immersed in both salts, which present new peaks at 43.31°, 50.42°, and
74.03° (blue stars). All those peaks correspond to the reflections of
standard (111), (200), and (220) characteristics of the fcc structure of
metallic copper (JCPDS 85-1326) [61]. Moreover, the diffraction
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pattern of the p-Ag/CuNP sample shows the four peaks of metallic AgNP,
but the two peaks assigned to CuyO disappeared. These results demon-
strate the formation of bimetallic Ag® and Cu® nanoparticles in the paper
by the in situ chemical reduction. They also indicate that the presence of
Ag in the paper diminished the intrinsic susceptibility of copper to form
copper oxide species [76] Table 2.

The EDS and scanning electronic microscopy analysis was performed
to understand the type of bimetallic nanoparticles obtained. For brevity,
only the sample p-Ag/CuNP was analyzed. SEM-EDS micrograph in
Fig. 5 shows the aggregation of Ag and Cu NPs after their remotion from
the p-Ag/CuNP sample. This result indicates the different forms of both
MNPs during sonication according to EDS mapping in agreement with
XRD results.

Due to the presence of MNPs within the paper and between cellulose
fibers, there is the possibility of an electrochemical redox process
occurring inside and affecting the stability of the material. To acquire
information about intrinsic electrochemical phenomena, the resistance
to charge transfer of each sample was evaluated by EIS [94]. Briefly,
each paper was submersed in 2.5 mM [Fe(CN)6]® /" in 0.1 M KNO3, to
obtain a Nyquist plot according to Fig. 6.

A decrease in circle size was shown in Fig. 6 according to paper > p-
Ag/CuNP > p-AgNP > p-CuNP. Therefore, as we expected, the highest
resistance to charge transfer (R¢y) was for unmodified paper. Interest-
ingly, as is depicted in the inset of Fig. 6 there is no evidence of a similar
Rcr for each sample which was summarized in Table S1. In this context,
it is suggested that the electrochemical process is favored for p-CuNP
(43.86 Q*cmz), then p-Ag (6673 Q*cmz), or even p-Ag/CuNP (7442
Q*cm?) when the paper is wetted by supporting electrolyte. To
corroborate the previous observation, a resistivity test was performed
according to the reported in Table S1. The result shows the same
behavior observed above by EIS. Along with this, a conductivity test was
also carried out. As expected, the inversed order in conductivity was
evidenced according to p-Ag/CuNP > p-AgNP > p-CuNP, which is
consistent with the EIS results. This behavior could be understood by the
possibility to establish a better interaction between molecular orbitals
from cellulose and Fermi level in the formed MNP [95]. Therefore, there
is plausible to consider that more points of contact are between p-CuNP
than p-Ag/CuNP inside the fiber structure of paper, which concomi-
tantly increases the respective conductivity. Consequently, is suggested
that more electrochemical phenomena are occurring in p-CuNP (Cu® —
Cu®*42e"), which could impact the stability of the material. In this
sense, p-Ag/CulNP is shown to be a more stable material from an elec-
trochemical point of view.

Finally, the stability of the papers (cellulose and MNPs) was studied,
subjecting them to “extreme washing” with water. When analyzing the
water used in each washing step using UV-Vis and FTIR spectroscopy, it
is evident that part of the cellulose is released into the water. The UV-Vis
spectra of water associated with each washing step show a low ab-
sorption intensity in the UV zone. The UV intensity is higher in the
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Fig. 6. Nyquist for each paper sample in a 2.5 mM [Fe(CN)G]S’/ 4~ in01M
KNO3 as redox probe over a frequency range of 100 kHz to 100 mHz.

waters collected after the filtration process (Figure S5 (top)). The latter
is due to the absorption of paper fibres in that UV zone (see Fig. 3). This
result indicates that the cellulose undergoes a partial detachment
because of washing. The absence of other absorption bands associated
with the MNPs indicates that very low quantities of MNPs are in the
aqueous solution. Also, the presence of cellulose fibres in the aqueous
solution modifies the structure of the nanoparticle (e.g. forming aggre-
gates) hindering the appearance of SPR bands. Regarding the FTIR
spectra (Figure S5 (down)), it is observed that the two waters samples
analysed after the immersion of paper samples p-CuNP and p-Ag/CuNP
present new bands between 2936 and —2838 cm ™! corresponding to C-H
stretching vibrations characteristic of cellulose [96]. This result con-
firms that part of the cellulose has been removed from the paper that
remained suspended in the waters samples. The effect is even magnified
in the water collected from all papers after filtration showing higher
absorbances (Figure S5, (bottom)).

Table 3 shows the analysis of p-MNP after extreme washing. The XRF
results indicates that p-MNP samples present a lower concentration of
each metal. p-CuNP samples only retained 5.74% of Cu meanwhile
sample p-Ag/CuNP retained 30.25% of Cu. Regarding Ag, p-AgNP and p-
Ag/CuNP samples retained 90.14% and 96.81% of Ag, respectively.
These results demonstrate that MNPs are partially removed from cellu-
lose fibres when subjected to extreme washing conditions.

Additionally, XRD measurement was performed to assess the stabil-
ity of cellulose and MNPs. The diffractograms presented in Figure S6
(top) show decreasing intensities and displacement of all peaks towards

25pm

Fig. 5. a) SEM Micrograph and b) EDS analysis of Ag and Cu NPs obtained from p-Ag/CuNP. The MNPs were removed from sample p-Ag/CuNP to optimize the

analysis. Green and red colors represent Ag and Cu particles, respectively.
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Table 3
Concentrations and crystallographic parameters of cellulose p-MNP samples subjected to extreme washing. Results were obtained by XRF and XRD.
Samples XRF XRD
(ppm and retention %)
Ag Cu 110 110 200 % ClIr
p-AgNP 905.1 + 40.2 - dyxi (nm) 0.612 0.546 0.391 80.7
90.14 L (nm) 4.407 5.840 5.214
p-CuNP - 418.2 + 42.7 dyxg (nm) 0.614 0.549 0.392 81.7
5.74 L (nm) 4.634 6.167 5.061
p-Ag/CuNP 781.3 £ 37.5 3328 + 142 dpg (nm) 0.615 0.548 0.391 829
96.81 30.25 L (nm) 4.758 5.518 5.158

higher 20 values after the extreme washing process. The results in
Table 3, suggest that the treatment modifies the crystalline structure of
cellulose, which is confirmed by % CrI changes. When comparing the %
CIr of the cellulose before and after being washed, a small decrease is
observed from 81.1 to 80.7 % in the case of p-AgNP and an increase from
81.0 to 81.7 % for p-CuNP and from 78.5 to 82.9 %. for p-Ag/CuNP
(Table 2). Since the p-AgNP sample is the only one that experiences
metal desorption from the paper, it can be inferred that the decrease in
crystallinity is clearly associated with the loss of cellulose as a result of
washing. On the other hand, samples with copper, after the washing
process, experience a considerable loss of metal and cellulose, which
leads to a rearrangement of the material, decreasing the amorphous
component of the system and causing an increase in crystallinity. In
addition, the vacuum filtration process can contribute to a change in the
intensity of the peaks resulting from the compression of the material, a
comparative analysis was carried out using Whatman filter paper no. 40
versus the same crushed and compressed material [97]. Additionally,
low intensity peaks indicate the partial degradation of the material, as
suggested by UV-vis and FTIR spectroscopy analysis of the water sam-
ples (Figure S5). The shifted bands and the d-spacing calculations
(Table 3), clearly indicate that the interplanar distance of cellulose
crystals increases. This might be explained by the cellulose degradation
during the vacuum filtration and drying process of the fibres. On the
other hand, the XRD values between 28°< 20 < 80° (Figure S6, (bot-
tom)) show the area of peaks associated with the MNPs. The decreasing
intensities of all peaks is observed, being much more evident in the case
of the samples with Cu. It is impossible to determine if the CuNPs
maintain their metallic character in the p-Ag/CuNP sample due to the
low amount of metal and thus low periodicity. Regarding the Ag sam-
ples, the XRD maintains the most prominent peaks keeping their
metallic character after the extreme washing.

Figure S7 shows the UV-Vis (top) and FTIR (bottom) spectra of p-
MNPs after extreme washing. The intensity of absorption bands in both
techniques is decreased as compared to untreated p-MNP samples.
UV-Vis spectra shows both the UV area associated with cellulose and the
SPR band associated to MNPs. These results confirm the release of fibres
and MNPs after the extreme washing treatment. The FTIR results in-
dicates that there are modifications in the cellulose bands. Notably, they
correlate with XRD results where modifications in the crystallinity of the
paper were observed (Figure S6). In addition, the Figure S8 shows that
the SEM micrographs of p-MNP samples before (top) and after (bottom)
the extreme washing with water shows the same tendency. After the
washing process, a considerable amount of MNP is observed for p-AgNP
and p-Ag/CuNP samples (Figure S8a and S8c, (bottom)). However,
MNP are not observed in the p-CuNP sample after the extreme washing
process (Figure S8b, (bottom)). The latter is consistent with the results
obtained by XRF where only 5.74 % of Cu was retained after the washing
process. It should be noticed that the micrographs do not show sub-
stantial deterioration of the cellulose fibers. These results indicate that
systems with AgNP are more stable to extreme washing, maintaining
more than 90% of the metal content and promoting copper retention in
the case of the p-Ag/CuNP sample. In addition, the experiment
demonstrated that the cellulose is partially lost, therefore, its use for

applications in continuous contact with water is not suggested.

3.2. Concentration effect of metallic salts on the synthesis of MNPs in the
paper

With the aim to determine the best experimental conditions to
generate particles with homogenous distribution in the cellulose fibers
different conditions of metal salt concentrations, sonication times, and
types of papers were studied. SEM micrographs obtained the results of
MNP diameters, and at<100 particles were analyzed. The metal con-
centration was obtained by XRF (Table 1). The first modification cor-
responds to decreasing the metallic salt concentration from 0.005 M to
0.0025 M and 0.00125 M. Fig. 7a-c shows SEM micrographs of p-AgNP
obtained from systems prepared with different concentrations of AgNOs3.
The AgNPs generated from systems containing 0.005 M, 0.0025 M, and
0.00125 M of AgNOg3 have particles of approximately 80, 55, and 45 nm,
respectively. Samples with lower concentration of AgNO3 form clusters
of NPs displaying sizes of around 300 nm rendered by the agglomeration
of 45 nm NPs. The limited nucleation points might explain it due to the
lower concentration of the precursor and the reducing agent (i.e., from
1:10 to 1:40, AgNOg3: AA). Besides, the direct relationship between the
number of particles, size, and the concentration of Ag displays the same
tendency according to XRF results (Table 1). Similar results have been
previously reported for the in situ production of AgNP on paper assisted
by ultrasound using polyol as a reducing agent [63]. The work reported
that AgNOs concentrations of 100 and 25 mM in stage 1 of the salt
impregnation rendered AgNPs of 89 + 20 and 27 + 7 nm, respectively.
According to the results presented in Table 1, the concentration of Ag
increases by increasing the concentration in the solutions. However, the
ppm of Ag in the papers modified does not correlate with the two-fold
decreasing concentration of the different solutions (0.005 M, 0.0025
M, 0.00125 M: 1004 + 48 ppm, 964 + 68 ppm, 812 + 49 ppm,
respectively).

For p-CuNP samples, the micrographs do not show significant
changes according to the different concentrations. The sample with the
highest concentration (0.005 M) only showed the formation of few
particles, mainly clusters, as observed in Fig. 2e. Nevertheless, there is a
high amount of Cu absorbed in the paper compared to the system con-
taining the same concentration of Ag. The Cu ppm increases significantly
due to the concentration of CuSOy4 in the solution. This result confirms
that each metal salt requires different conditions to generate MNPs.
Fig. 7d-f shows p-Ag/CuNP with different concentrations. A significant
decrease in particles can be observed by decreasing the concentration of
metallic salts. In contrast to AgNP, the bimetallic particles appear as
clusters formed by small particles and do not present a direct correlation
with the two-fold decreasing concentration and particle size (0.005 M,
0.0025 M, 0.00125 M: 34.57 + 12.65 ppm, 53.65 + 31.47 ppm, 44.02
+ 3.290 ppm, respectively).

According to the UV-Vis results, the AgNPs spectra show a lower SPR
band intensity due to decreasing metallic salt concentrations (Fig. 8a).
This effect is more clearly observed in the case of p-CuNP (Fig. 8b),
where a hypsochromic shift is also observed. It can be explained by the
higher amount of Cu absorbed in the paper, which is positively
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Fig. 7. SEM micrographs of p-AgNP samples were obtained by using different concentrations of AgNO3. a) 0.005 M, b) 0.0025 M, and c) 0.00125 M. SEM mi-
crographs p-Ag/CuNP samples were obtained by using different concentrations of AgNO3; and CuSO4. a) 0.005 M, b) 0.0025 M, and c) 0.00125 M.

659  ====0.005M 434 a—(.005 M _
a) —(.0025 M b) 471 e 0.0025 M C) p-Ag/CuNP
oy 0.00125M| o —(00125M 5
@ (0] ©
) el s 436
3 3 3
c c c
o o ©
2 2 2
2 2 2
Q Q e}
< < <
mn 0.005 M
=0.0025 M
p-AgNP p-CuNP e 0.00125 M
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
A(nm) A (nm) A (nm)

Fig. 8. UV-Vis absorbance spectra of paper with a) p-AgNP, b) p-CuNP, and c) p-Ag/CuNP. The green arrow indicates the hypsochromic shift upon decreasing the
concentration of metallic salt precursors.

Fig. 9. SEM micrographs of paper samples containing metallic salt precursors and AA a) p-AgNP, b) p-CuNP, and c) p-Ag/CuNP without ultrasound assistance.
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correlated with the concentration of the salt solution. This behavior is
not seen for the sample p-Ag/CuNP spectra because it presents very high
absorption intensities, exceeding the detection limits of the instrument
(Fig. 8c).

3.3. Effect of sonication time for the synthesis of MNPs

The synthesis was carried out with and without ultrasound assistance
to investigate the role of ultrasound on the size, shape, dispersion, and
amounts of MNPs. Pictures of the samples after stages 1 and 2 are shown
in Figure S9 and used as reference samples. After stage 1, all the samples
show a light color of lesser intensity than those obtained through soni-
cation procedures. After stage 2 (without ultrasound assistance), only
the sample with Ag changed to light brown (i.e., p-AgNP and p-Ag/
CuNP). The paper color presents a lower intensity than samples p-MNPs
assisted by ultrasound showing that Ag" is reduced even without ul-
trasound assistance.

Fig. 9 shows SEM micrographs of samples without sonication. Fig. 9a
shows a few isolated AgNPs of 102.4 + 14.5 nm. After stage 1, p-AgNOg3
had a concentration of 468 + 18 ppm of Ag and 381 + 14 ppm after
stage 2, denoting the loss of 19% of Ag during the reduction process. It
was noticed that the AgNPs generated without ultrasound yielded 60%
lower Ag than the one obtained with sonication (Table 1). Fig. 9b dis-
plays fibers without CuNPs or flakes of CuSO4. The sample showed a
starting concentration of Cu of 749 + 49 ppm (stage 1) which dimin-
ished to 169 + 43 after reduction (stage 2). It was observed that only 2%
of Cu is obtained in the p-CuNPs without sonication. Fig. 9¢ presents Ag/
CuNPs of irregular morphologies distributed on the fibers with similar
morphologies and clusters of particles as those observed in p-CuSO4
(Fig. 2b). Without ultrasound, the transition between stages 1 and 2
diminished the content of Ag and Cu up to 6% and 60%, respectively. If
we compare the content of Ag and Cu in the p-MNPs, only around 18% of
Ag and 4% of Cu is retained in the papers without sonication. The lack of
MNPs observed by SEM and the lower concentration determined by XRF
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demonstrated that the proposed synthesis needs the catalytic effect
generated by cavitation. There are three possible explanations for ul-
trasound’s role in synthesizing MNPs. First, it might be associated with
nodes of high pressure and temperature produced by the cavitation
phenomenon, which promotes the conditions for reducing metal ions.
Second, the ultrasound breaks down water into hydrogen and hydroxyl
radicals. Subsequently, hydrogen radicals would reduce metal ions into
metallic atoms, which nucleate and grow into metallic nanoclusters
[98]. Third, to synthesize MNPs on surfaces, the metal ions previously
absorbed in the paper are released to the water/paper interface as an
effect of ultrasonic waves. The latter facilitates the migration of the
reduced ions to form MNPs on the surface of cellulose fibers. Similar
results have been reported for AgNPs obtained on polyester fibers [98].

To validate the hypothesis, different sonication times (20, 30, and 60
min) were performed during metallic salt impregnations (stage 1) to
elucidate the correlation between shape, size, number, and distribution
of MNPs formed on papers as a function of sonication times. Fig. 10a-c
shows SEM micrographs of p-AgNP with different sonication times of a)
20, b) 30, and ¢) 60 min (histograms are shown in Figure $10). Fig. 10a
displays spherical, monodispersed, and well-distributed AgNPs of 47.7
=+ 19.6 nm all over the fibers. Likewise, Fig. 10b shows the same mor-
phologies, dispersion, and distributions of AgNPs but with smaller sizes
(12.0 + 5.0 nm). Fig. 10c presents the agglomeration of AgNPs with
sizes of 57.1 + 3.8 nm but well distributed on the fibers. These results
agree with the inverse correlation between the sonication time and the
generation of smaller size and monodispersed MNPs in a colloidal sus-
pension (i.e., the diminishing of the standard error of MNPs diameter)
[67,98]. However, the results with AgNPs sonicated for 60 min do not
keep the same tendency due to an excess of nodes of nucleation that
promotes the aggregation of the MNPs (Fig. 10c). The longer sonication
time generated smaller AgNPs, differing from previously reports about
the in situ synthesis of AgNPs on paper assisted by ultrasound [63]. This
suggests the possibility that silver ions get previously reduced in solution
(similar to a colloidal suspension) and then are adsorbed back into the

Fig. 10. SEM micrographs of sample p-AgNP subjected to different sonication times a) 20, b) 30, and ¢) 60 min. SEM micrographs of sample p-CuNP to d) 20, e) 30,

and f) 60 min.
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paper.

Fig. 10d-f shows SEM micrographs of sample p-CuNP subjected to
different sonication times. Fig. 10d displays a few clusters of 715.1 +
236.0 nm composed of nano-size particles (72.7 + 24.4 nm) on the fi-
bers. Fig. 10e shows a high number of clusters of 190.1 + 64.6 nm
composed mainly of nano-sized particles (123.5 + 13.2 nm). The clus-
ters are homogeneously distributed on the fibers but display poor
dispersion. Fig. 10f presents a higher number of clusters of CuNPs of
203.5 + 76.8 nm composed of nano-sized particles of 79.6 + 36.7 nm.
One can observe that the clusters are randomly distributed and highly
crowded on the fibers. According to previous works, there is already
described the advantage of using ultrasound radiation to synthesize
CuNPs to produce smaller size and monodispersed CuNPs compared to
conventional synthesis [42]. However, these results indicate there is not
an inverse correlation between particle size and sonication times (i.e.,
the higher the sonication time, the smaller size of NPs). Nevertheless, the
NPs cluster formation is a time-controlling parameter to consider. So far,
it has been demonstrated that the sonication time during stage 1 affects
the metallic salts’ absorption behavior in the paper. The latter de-
termines the dispersion and distribution of MNPs on the fibers.

Previously, we have described that the sonication of paper samples in
the presence of AA (reduction process, stage 2) generates the desorption
of some part of the impregnated metals. To visualize the effect, Fig. 11
shows a graph related to sonication times during the impregnation
process of metallic salts (stage 1) and the content of the metals in the
papers at the end of the synthesis (stage 2). One can observe that the
final concentration of Ag and Cu is decreased once the samples are
sonicated for up to 20 min during Stage 1. The result indicates that the
concentration of MNPs in the paper decreases at the end of the synthesis
(stage 2). However, between 20 and 30 min of sonication, there is an
inflection point in the curve, and the papers present an increasing metal
concentration. This result suggests an equilibrium balance between the
salt absorption from the solution and its desorption from the paper. By
using ultrasound for 60 min, a higher concentration of metals in the
papers is observed. It is explained by the influence of dynamic move-
ments and cavitation during longer times which promotes the higher
absorption of the salt. The higher content of metallic salts in the paper
improved the availability of metal salts and their reduction during stage
2. The latter agrees with Fig. 10c and Fig. 10f, where higher amounts of
MNPs are observed on the fibers. This effect is evident for both metals as
a function of the sonication time in the impregnation process (stage 1)
and allows predicting the final metal concentration at the end of the
MNPs synthesis (stage 2).
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Fig. 11. Graphic of sonication times during impregnation of metallic salts
(stage 1) and the final concentration of metals in the paper (stage 2). The
concentration of metals was obtained by XRF.
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3.4. Effect of paper type for the synthesis of MNP

The third modification in the synthesis of MNPs corresponds to
changes in the type of cellulose paper. Thus, the same experiments
described in previous sections were carried out but using a paper of 61 g
m 2 (paper 2). Fig. 12 shows SEM micrographs of p-MNP with MNPs
synthesized in both papers. Fig. 12a and b display spherical and
monodisperse AgNPs of 80.7 + 55.8 nm and 43.2 + 24.4 diameters,
respectively. The AgNPs are homogeneously distributed on cellulose
fibers. Notably, smaller particles are generated on Paper 2 (Fig. 12b),
which might be related to the lower availability of Ag ions in the im-
mediate environment of the fiber during Stage 2. The lower availability
of Ag ions hinders the growth of NPs even though both papers present
concentrations of around 1000 ppm of Ag after Stage 2 (Table 1). No
literature was found that relates the concept of grammage of paper and
concentration of metal and size of MNPs synthesized by sonochemical
assistance. However, the MNPs concentration generated in situ on
porous or not porous substrates has been studied. According to the
literature, porous surfaces have a higher MNPs content because of the
greater absorption of metal ions [68]. In that study, both papers are
porous and present similar concentrations of metals.

On the other hand, the samples of p-CuNP using cellulose paper 2 of
61 g m~2 displayed few particles on the fiber with poor distribution (not
shown for brevity). Surprisingly, the sample p-CuNP using paper 2
presents six times more concentration of Cu than sample paper 1
(Table 1). The low formation of particles is probably related to the Cu’s
leaching during Stage 2. Fig. 12¢ and 12d show SEM micrographs of
samples p-Ag/CuNP prepared using cellulose papers with different
grammages. Fig. 12c exhibits the formation of clusters of Ag/CuNPs
poorly dispersed but relatively well distributed on the cellulose fibers.
The Ag/CuNPs obtained on paper 2 display higher polydispersion of size
(49.2 + 40.42 nm), as seen in Fig. 12d. Nevertheless, Ag and Cu con-
centrations are similar in both papers (around 700 and 11,000 ppm for
Ag and Cu, respectively). It indicates that the higher porosity of paper 2
plays arole in the metal availability during the formation of MNPs. From
this result, we hypothesize that if there is a higher porosity, the higher
the formation of nucleation points for particle formation. Furthermore,
as a result, a higher porosity renders a higher chance for cluster for-
mation on the fibers.

Fig. 13 shows the UV-Vis spectra of the two cellulose paper types
after Stage 2 with different metals. Both neat papers keep the three
characteristic absorption bands of the UV zone. The higher grammage of
paper 1 is evidenced in the UV-Vis spectrum with a higher absorption
background and the aging band showing high intensity at 395 nm. The
absorption spectrum of cellulose paper 2 shows less absorption and a
lower intensity of the aging band at 357 nm. After the sonication pro-
cess, the aging band increases its absorption intensities in both papers. It
is clear evidence of cellulose fibers oxidation, as previously mentioned
(see Fig. 3) [77,78]. In Fig. 13a, it is possible to observe a significant
difference in the absorption bands of the p-AgNP as a function of the
different types of papers. P-AgNP in paper 1 presents a broad and intense
absorption band with three peaks at 435, 490, and 659 nm, as previously
described (Fig. 3a). The p-AgNP in paper 2 presents a sharp and intense
peak at 432 nm. It is related to the aging band of cellulose and the SPR of
AgNPs, which undergoes a hypsochromic shift compared to the band of
AgNPs formed on paper 1. The SPR at lower wavelength is particular for
AgNPs of smaller sizes, in agreement with Fig. 13a. The shoulder
observed from 506 to 700 nm corresponds to the paper’s radiation ab-
sorption due to the sample’s intense coloration (blackening) after son-
ication. The latter shows less intensity as compared to p-AgNP on paper
1. Fig. 13b shows a band center at 403 nm related to cellulose aging and
a shoulder around 450 nm, denoting the presence of SPR of CuNPs. A
peak at 698 nm is also observed, corresponding to CuSO4 absorbed
without reduction on the cellulose fibers. In Fig. 13c, the spectra of
sample p-Ag/CuNP on paper 2 show an intense peak at 403 nm (aging
band). All the sample’s absorption at a higher wavelength after this peak
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Fig. 12. SEM micrographs of p-AgNP on different types of papers. a) paper 1 (140 g m~2), b) paper 2 (60 g m~2). SEM micrographs of sample p-Ag/CuNP to c) paper

1, d) paper 2.
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Fig. 13. UV-Vis absorbance spectra of papers and p-MNP.a) AgNPs, b) CuNPs, and c¢) Ag/CuNPs.

corresponds to the clusters of NPs of both metals. There is no appearance
of common bands associated with the SPR of each MNPs.

Finally, the stress-strain curves of neat papers with different gram-
mages and papers containing MNPs are shown in Fig. 14. The figure
indicates that paper 1 displays a higher Young’s modulus than paper 2.
Notably, the less grammage paper 2 has a higher stress at failure (i.e.,
ductility/deformation until break) with a smooth elastic/plastic transi-
tion denoting the ability to transfer the stress between fibers. Instead,
paper 1 displays a marked elastic/plastic transition denoting the higher
stiffness of the sample. It indicates that paper 1 has significantly less
ability to transfer stress between the fiber network with lower strain at
break. Fig. 14a indicates that the presence of AgNPs increases the strain
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response of both papers. However, paper 2 increases Young’s modulus
by around 1 MPa and around one-third of strain %, denoting the inter-
action of intercalated AgNPs between cellulose fibers. Contrarily, paper
1 decreased almost half of Young’s modulus, probably due to the
disruption of AgNPs between fibers and the weak interaction of the fi-
bers network with the MNPs. The same tendency is observed for the
systems containing CuNPs (Fig. 14b). Comparing 14a and 14b, one can
observe that the system’s only difference is that p2-CuNP does not
change modulus compared to the neat paper, but the strain reached a
higher ductility until the break, as observed in 14a. Fig. 14c shows the
same tendency for pl-Ag/CuNP compared to pl-AgNP (Fig. 14a). It
suggests that including AgNP dominates the system’s response upon
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Fig. 14. Representative stress—strain curves of neat paper 1 (thin black line) and paper 2 (thin red line) and p-MNPs a) AgNPs, b) CuNPs, and c) Ag/CuNPs.

force. However, p2-Ag/CuNP undergoes substantial changes in its me-
chanical behavior. Notably, the paper substantially decreases modulus
(around 3 MPa) and strain. If one considers the result obtained for p2-
AgNP in Fig. 14a, it is seen that the Cu weakens the paper-MNPs com-
posites, most probably by increasing the brittleness of the paper [75].
Figure S11 shows an example of the paper before, during, and after the
mechanical test.

4. Conclusions

This work is a proof of concept for a scalable in situ sonochemical
production of Ag, Cu, and Cu/Ag metal nanoparticles (MNPs) on cellu-
lose papers. This work highlighted the importance of sonochemical pre-
treated paper samples in the presence of metallic salt precursors (stage
1) before reduction (stage 2) to form metallic nanostructures. According
to our main results, high yield and low polydispersity of AgNPs on two
different grammage papers were achieved by increasing the sonication
time of stage 1 paper samples with AgNOj5 salt precursor before reduc-
tion with AA. Moreover, the increasing time of stage 1 allowed for
retaining a higher amount of the metallic salt precursor in both used
papers, which became available for MNPs and cluster production upon
reduction. Besides, it was observed that using Cu salt precursor alone did
not render metallic Cu nanoparticles. Also, high flocculation was
observed due to the low reduction rate of CuSO4 in our experimental
conditions. Instead, paper samples prepared in the presence of both Ag
and Cu salt precursors showed the formation of bimetallic Ag/Cu par-
ticles. It denoted the importance of the synergistic effect of both metallic
precursors during impregnation and reduction processes rendering well-
dispersed and distributed metallic nanostructures.

It is possible to conclude that papers with Ag present greater stability
against extreme cleaning processes, regardless of whether part of the
cellulose is detached. Finding that system p-Ag/CuNP stands out by
retaining the MNP in a higher percentage and even increasing the % Crl
with respect to the material before being washed. In addition, sample p-
Ag/CuNP is shown to be a more stable material from an electrochemical
point of view, for future scaling. On the other hand, the mechanical
analysis revealed that paper samples presenting well-dispersed but not
necessarily well-distributed MNPs or clusters showed slightly decreasing
values of Young’s modulus compared to neat papers. In turn, the strain
at break was substantially improved only in papers containing solely
AgNPs or Cu clusters. The latter suggests that the elastic deformation of
papers is tuned by cellulose and MNPs interfacial interaction as denoted
by indirect measurements by tensile test.

Overall, preparing these materials was straightforward, with com-
ponents commonly available commercially. The concentration of
metallic salt precursors and ultrasound times at room temperature are
the only easily manageable parameters for tunning the dispersion, dis-
tribution, morphology, and polydispersity of the final synthesized MNPs
on cellulose papers. Besides, this positively contributes to an easy, fast,
and reproducible eco-friendly method to functionalize commercially
available cellulose composite filters with water as the only solvent used
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for sample preparations. This material might impact water and air pu-
rification applications with low-price materials components as reques-
ted for industrial scalability.
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