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Efficient nonlinear optical materials remain a subject of significant interest in the scientific community,
with ongoing efforts focused on optimizing their properties for practical applications. This paper aims at
exploring how the nonlinear optical properties of silver nanoprisms are affected by the interaction with
graphene oxide sheets. For this purpose, we produce nanocomposites consisting of citrate-passivated
silver nanoprisms anchored both electrostatically and covalently on graphene oxide nanosheets in a
cost-effective and reproducible manner. The novelty of the technique hinges on the covalent
functionalization of silver nanoprisms onto graphene oxide (GO) nanosheets according to the 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride crosslinking method, using the existing carboxylic
groups present both at the surfaces of the nanoprisms and the GO nanosheets. The formed hybrid
nanocomposites were characterized by TEM measurements and exhibit nonlinear optical (NLO)
properties, in particular a strong second harmonic scattering response as well as a multiphoton excited
fluorescence spectrum characterized by a broad band in the visible range between 350 and 700 nm. In
addition, the NLO response is sensitive to the nature of the interaction (electrostatic or covalent), which
might be attributed to different charge transfer capabilities between covalently or electrostatically bound
silver particles onto graphene oxide. Such nanocomposites are therefore promising for new applications
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1 Introduction

Efficient nonlinear optical silver based materials remain a
subject of significant interest in the scientific community,"”
with ongoing efforts focused on optimizing their properties for
practical applications. Silver nanoparticles (AgNPs) have
excelled by their exceptional conductive, electronic, and optical
properties.® However, a disadvantage when employing AgNPs
as a functional material is their tendency to agglomerate, which
hampers their performance. This could be avoided by using a
template or supporting material to keep the AgNPs well dis-
persed. To enhance the dispersion of AgNPs, graphene oxide
(GO) is an ideal supporting material.” GO has both sp® and sp®
carbon domains and it gets dispersed into water readily due to
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in the areas of optoelectronics and photovoltaics.

the presence of an oxygen-containing group.'® Moreover,
GO’s oxygen functional groups act as optimal reactive sites
for the anchoring of metal nanoparticles and preventing
their agglomeration. GO-based nanocomposites allow for
attractive properties of multiple functional components to be
combined. For instance, GO can be merged with plasmonic
NPs to obtain composites with superior nonlinear optical
(NLO) properties.'’ For example, a drastic improvement in
the nonlinear absorption of silver NP-decorated graphene
oxide nanohybrids produced via pulsed laser ablation using a
nanosecond laser was demonstrated by Nancy et al.’* In addi-
tion, a 4-fold increase in two-photon excitation emission inten-
sity is observed from the GO-gold nanocrystal composites
compared to pure gold nanocrystals.® Also a strong enhance-
ment of the nonlinear absorption and optical limiting (OL)
of graphene oxide-gold nanorod hybrids over GO and gold
nanorods was also reported.'* The two-photon absorption of
GO sheets, nonlinear scattering of GO and plasmonic silver
NPs, and charge transfer between GO and silver NPs are
key parameters to enhance NLO and OL properties of
nanocomposites.">™*”
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One of the first steps in developing this silver-graphene
oxide nanocomposite is optimizing the NPs’ morphology and
dispersion over the GO surface to enhance their properties.
Beyond spherical particles, there is a large palette of aniso-
tropic nanomaterials, such as 1D and 2D nanomaterials (e.g.
nanorods, nanowires, ...) and 3D nanostructures (e.g. prisms,
pyramids, stars, flowers, nanourchins, tadpole, ...). Alteration
of the structural symmetry of nanoparticles (indeed such
particles possess asymmetry axes) leads to remarkable non-
linear optical properties. Three-fold anisotropy of prisms points
to the possible enhancement of their quadratic nonlinear
optical (NLO) response compared to that of centrosymmetric
nanoparticles such as nanospheres and nanorods.'® In addition, it
has been shown that the nanoprism shape noncentrosymmetry
has a leading role in the quadratic NLO response although surface
defects induce deviations from the ideal threefold symmetry.*®

This paper aims at exploring how the nonlinear optical
properties of silver nanoprisms are affected by the interaction
with graphene oxide sheets. For this purpose, we produce
nanocomposites consisting of citrate-passivated silver nano-
prisms anchored both electrostatically and covalently on gra-
phene oxide nanosheets in a cost-effective and reproducible
manner. The novelty of the technique hinges on the covalent
functionalization of silver nanoprisms onto graphene oxide
(GO) nanosheets according to the 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride crosslinking method, using
the existing carboxylic groups present both at the surfaces of
the nanoprisms and the GO nanosheets. The formed hybrid
nanocomposites, which were characterized by TEM measure-
ments, exhibit nonlinear optical (NLO) properties, in particular
a strong second harmonic scattering response as well as a
multiphoton excited fluorescence spectrum characterized as a
broad band in the visible range between 350 and 700 nm.
In addition, the NLO response is sensitive to the nature of the
interaction (electrostatic or covalent), whichmight be attributed
to different charge transfer capabilities between covalently or
electrostatically bound silver particles onto graphene oxide.
Such nanocomposites are therefore promising for new applica-
tions in the areas of optoelectronics and photovoltaics.

2 Experimental
2.1 Materials

Graphite flakes, silver nitrate (AgNOj;), trisodium citrate
(NazCeH50), sulphuric acid (H,SO,), phosphoric acid (H;PO,),
potassium permanganate (KMnO,), hydrogen peroxide (H,0,)
and sodium borohydride (NaBH,) are used. The chemicals are
of analytical grade and purchased from Merck. De-ionized
water is used throughout the synthesis and purification of the
samples.

2.2 Preparation of silver nanoprisms

Citrate-capped triangular silver nanoprisms are synthesized
using a slightly modified method used by Panzarasa®® and
the protocol is summarized in Fig. S1 (ESI{). About 100 uL of
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0.1 M AgNO; is dispersed in 100 mL of deionized water taken in
a round bottom flask under stirring conditions, followed by
adding 1.5 mL of 0.3 M trisodium citrate. The slightly yellow-
coloured solution of silver seeds thus formed is subsequently
etched with 280 uL of 30% H,O, solution. Vigorous stirring is
ensured for about 10 minutes for homogeneous dispersion of
the reaction mixture. After that, the stirring rate is reduced, and
1 mL of 0.1 M NaBH, solution is quickly added. The stirring is
continued until a stable turquoise blue-coloured silver nano-
prism solution is formed (see Fig. S2, ESIT). The synthesized
silver nanoprisms are then concentrated by centrifuging at
15000 rpm. The concentrated prism is then stored at 4 °C for
further use.

To calculate the production yield of silver nanoprisms,
10 sets of silver nanoprism solutions are prepared with the
same procedure. Each set of solutions is concentrated to 20 mL
by centrifuging at 15000 rpm in a HERMLE cooling centrifuge
for about 1 hour. The concentrated solutions are then mixed
and purified using milli Q water several times using centrifuga-
tion. The resulting solution is then concentrated by evaporating
water at 80 °C for one day and finally freeze-dried in a pre-
weighed PET bottle at —70 °C for three days. The final weight
obtained is 0.004087 g. Thus, the production yield in one set
of synthesis (using 100 puL of 0.1 M silver nitrate solution)
is 37.9%.

2.3 Preparation of graphene oxide

Graphene oxide is prepared using Tour’s modified method," as
follows; about 1 g of graphite flakes were treated within a 9:1
H,S0,/H;3PO, acid mixture. Add 6 g of KMnO, in small quan-
tities to this reaction mixture with stirring. After the KMnO,
addition, the ice bath is removed, and the reaction vessel is
kept at 50 °C for about 12 hours. The oxidation is terminated by
adding 150 mL of ice containing 3 mL of 30% H,0,. This step
must be performed with caution as it is exothermic. The formed
product is then cooled to room temperature and filtered to
remove unoxidized graphite. Finally, the graphite oxide formed
is collected after washing successively with water, HCI, and
ethanol to ensure the pH is neutral. The solution is then
sonicated in a bath sonicator for one hour and dried at 80 °C
to get graphene oxide.

2.4 Preparation of graphene oxide-silver nanoprism hybrids

The graphene oxide-silver nanoprism hybrids are prepared by
two methods: (i) by physical mixing of graphene oxide solution
and concentrated silver nanoprisms (GO-Ag) and (ii) by
covalently linking graphene oxide and silver nanoprisms
(GO-X-Ag). This step is achieved via the functionalization of
the graphene oxide with the amino group by the reaction with
EDC and ethylene diamine. Initially, 50 mg of graphene oxide is
dispersed in 100 mL water. To prepare GO-X-Ag, 50 mL of as-
prepared graphene oxide dispersion is treated with 50 mg EDC
and 100 pL ethylene diamine for about 3 hours. Finally, the pH
of the dispersion is adjusted to 6 with the addition of HCI. The
product formed is washed several times with water and redis-
persed in 50 mL water. The amine-functionalized graphene

This journal is © The Royal Society of Chemistry 2025
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Covalently linked GO
and silver prism

coOH

Diamine functionalized
Graphene oxide

Fig. 1 Schematic of an anticipated mechanism of covalent linking of
graphene oxide and triangular silver prisms.

oxide thus obtained is then treated with 10 mL of concentrated
silver nanoprism solution by mixing with the help of a mag-
netic stirrer. To prepare GO-Ag, 50 mL of as-prepared graphene
oxide dispersion is mixed with 10 mL of concentrated silver
nanoprisms by stirring for about 1 hour. Fig. 1 shows the
anticipated mechanism of covalent linking.

2.5. Instrumentation

FTIR spectra are obtained using an FT-IR spectrometer ((Perkin-
Elmer Spectrum Two) with an attenuated total reflection (ATR)
contact sampling method. Raman measurements (Raman spectra
and Raman images) are obtained using a Confocal Raman, WITec
equipped with a x100 objective (NA = 0.5) with an excitation
wavelength of 532 nm. The laser power at the samples is typically
10-20 mW, and the data acquisition time was 1 second. The
Raman imaging is carried out by selecting an area of 100 pm X
100 um and data acquisition for 30 minutes. XRD measurements
are done using the Multipurpose X-ray diffractometer equipped
with a D/teX Ultra 250 1D detector and integrated with the Smart
Lab SE software, an Intelligence guidance system powered by
Rigaku. XPS analysis is carried out using XPS, PHI 5000 Versa
Probe II, ULVAC-PHI Inc., equipped with a micro-focused (100 pm,
15 kV) monochromatic Al-Ka X-Ray source (hv = 1486.6 eV). Both
wide scan spectra (survey scan) and narrow scans (high-resolution
spectra) were recorded. Wide scan spectra were recorded with an
X-ray source power of 50 W and pass energy of 187.85 eV. Narrow
scan spectra of the major elements were recorded at 46.95 eV pass
energy. XPS spectra were processed using PHI's Multipak software.
The binding energy was referenced to the Cls peak at 284.8 eV.
The FTIR, Raman, XRD, and XPS analysis was performed using
thin films of the samples by drop casting the sample dispersions
on a glass substrate. TEM images were taken with a JEOL JEM 2100
transmission electron microscope (TEM) with an accelerating
voltage of 200 kv.

UV-vis absorption spectra were recorded on an Avantes
AvaSpec-2048 spectrophotometer with an AvaLight DH-S deu-
terium lamp. Photoluminescence fluorescence emission spectra
were recorded with a Horiba FluoroMax-4 spectrophotometer.
For absorption and one-photon excited photoluminescence
spectra, the silver nanoprism solution was diluted 60 times,
while GO-Ag and GO-X-Ag were diluted 10 times, with the same

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

nanoprism concentration in silver nanoprism, GO-Ag and
GO-X-Ag solutions. A 10 mm light path quartz cuvette is used.

2.6. Nonlinear optics characterization

The setup for hyper-Rayleigh scattering (HRS) and two-photon
excited fluorescence (TPEF) or more generally multi-photon
excited fluorescence emission (MPEF) has been described in
detail in previous works.”"** Briefly, the light source for the
HRS and MPEF measurements was a mode-locked femtosecond
Ti: sapphire laser delivering at the fundamental wavelengths at
800 nm pulses with a duration of about 140 fs at a repetition
rate of 80 MHz.>® After passing through a low-pass filter
to remove any unwanted harmonic light generated before the
cell, a fundamental beam of about 400 mW was focused by a
low numerical aperture microscope objective into a 0.5 cm
spectrophotometric cell containing the aqueous solutions.
We recorded the absorption spectra before and after laser
irradiation for all these samples (AgNPs, GO-Ag, GO-X-Ag).
Actually, after laser irradiation for more than 20 min, we didn’t
observe any change in the feature absorption peak of AgNPs,
demonstrating no laser-induced damage under our measure-
ment conditions (800 nm, 400 mW). The HRS and MPEF light
were collected at an angle of 90° from the incident direction by
a 2.5 cm focal length lens. The HRS light was separated from
the excitation light by a high-pass filter and a monochromator
set at the second harmonic wavelength. The HRS light was then
detected with a photomultiplier tube working in the single-
photon counting regime. The first hyperpolarizability of the
nanoparticles was obtained using the internal reference
methods,'® where the output scattered harmonic intensity is
recorded as a function of the nanocomposite concentration in
> Linear plots were thus obtained, and slopes were
compared to a reference. Here, we used neat water as the
reference in both methods, the first hyperpolarizability of
which is taken as 0.087 x 103° esu.>* For the MPEF signal,
the scan wavelength of the spectrometer (i(HR320 spectrometer)
was set between 350 and 750 nm, and the same detection unit
was used. The MPEF cross sections are extracted and calculated
by a reference method® according to the following equation:

water.

O'ECf crcf I

¢ I, ref

OMPEF =

where oyper is the two-photon excited fluorescence cross-
section, ¢ is the concentration, and I is the fluorescence
intensity. Fluorescein (10 pM, in ethanol) was used as a reference
solution. At 800 nm, o&" of the fluorescein is 33.3 GM.>

2.7. Computational details

The GO models have been built from a graphene sheet made of
10 x 10 x 1 unit cells, on which have been randomly attached
hydroxyl and peroxide groups according to the quantitative
XPS results (see Computational details in ESIt). Six models
have been built and only one has been retained for both the
electrostatic and covalently bound calculations because of
the lower energy of the system, or because of chemically
acceptable hydroxyl/epoxide groups during geometry relaxation
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procedures. For the covalently bound model, a defect has been
included by removing a portion of C atoms, making it possible
to represent the edge of GO and covalently attach the molecule.
This kind of structural motif has already been identified in
previous work as a structural motif of GO.>® For these models
both ions and cell parameters have been relaxed. Due to the
limited resources necessary to perform the present calculations,
we used a cluster with seven Ag atoms. The complexes made of
the citrate molecule bound to two sodium cations and Ag; have
been relaxed in the gas phase before being added to the GO
models. Then it was added to the GO models at a reasonable
distance between the Na* cation and GO oxygen atoms (around
2.5-3.0 A allowing relatively soft Na'-O interactions) before relax-
ing the entire system. In the case of the covalently bound model,
one oxygen atom of the carboxylate group has been replaced by
the -[NH-CH,],- chain covalently bound to the GO edge. For the
model including GO and molecules Na" salts and Ag clusters, the
periodic box parameters are about a=b ~ 25 A, c ~ 30 A, = &
90°, 7 ~ 60°. A Bader charge analysis®” has been performed using
a grid-based Bader analysis algorithm?®° in order to get atomic
charges. Interaction energies were computed for the electrostatic
models as the difference in energy between the whole GO-Mol-
Na',-Ag; complex minus the GO and Mol-Na‘,-Ag; isolated moi-
eties optimized as described above. All calculations have been
performed using the VASP package®** using the projector aug-
mented wave (PAW) method to describe ionic cores and valence
electrons through a plane wave basis.’>* The PBE functional®
has been employed by including dispersion contributions
through the Grimme D3 scheme.*® Structural relaxations were
performed with a Brillouin zone sampling restricted to the
I'-point and a cut-off energy of 400 eV. For the charge, band
structure and density of state analyses, K-points along the
I'-M-K-T" sampling have been applied including 30 points
between each vertex. For the energy calculation, a 6 X 6 X 6
Brillouin zone sampling has been applied for all, complex and
isolated, systems. For the analyses and energy calculations, the
precision has been increased to the accurate mode. All detailed
information can be found in the ESIL.}

3 Results and discussion
3.1 Characterization of the GO and GO-Ag nanocomposites

3.1.1 UV-vis spectroscopy. UV-vis extinction spectra of the
silver nanoprisms, GO, GO-X-Ag and GO-Ag dispersed in water
are presented in Fig. 2. The GO extinction spectrum in Fig. 2(a)
exhibits two prominent features below 230 nm and at ~330 nm
attributed to the n-r* transitions of aromatic C-C bonds, and
to n-n* transitions from C-O bonds, respectively.>” Also, pro-
minent peaks related to the silver nanoprisms are presented in
Fig. 2(b). The formation of planar (plate-like) silver nano-
particles is confirmed by the presence of a sharp peak localized
at 330 nm. This peak is attributed to the out-of-plane quadru-
pole resonance mode in anisotropic flat silver nanoprisms.*®
The second broad band ranging between 400 and 900 nm is
assigned to the dipolar in-plane or longitudinal surface
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Fig. 2 UV-vis extinction spectra of (a) GO, (b) silver nanoprisms and
(c) GO-X-Ag and GO—-Ag dispersed in water.

plasmon resonance (SPR) in anisotropic flat nanostructures.®®
Finally, in Fig. 2(c), the GO silver nanocomposite extinction
spectra are shown. The presence of two main components is
preserved: (i) the out-of-plane quadrupole resonance mode in
anisotropic flat silver nanoprisms and (ii) the dipolar in-plane
or longitudinal SPR for anisotropic flat nanostructures. Photo-
luminescence (PL) and excitation spectra from silver nano-
prisms, GO-X-Ag and GO-Ag dispersed in water are presented
in Fig. S3 (ESIt). The silver nanoprisms and nanocomposites
display an emission peak at ~420 nm. This characteristic PL
response, already observed for silver nanoparticles is attributed
to the excitation of electrons, creating d-band transitions into
states over the Fermi level.*®

3.1.2 Transmission electron microscopy. Fig. 3(a) shows
the TEM images of citrate-capped silver nanoprisms. The
synthesized silver nanoprism solution contains triangular-
shaped nanoprisms with an average edge length of 30.5 nm.
The average thickness calculated from the stacked TEM images
of the triangular prisms is 6.7 nm (Fig. 3(b)). The synthesized
nanoprism solution also contains un-etched spherical silver

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) TEM images of the silver nanoprisms, (b) TEM image of the
stacked silver nanoprisms showing thickness of the prism, (c) high resolu-
tion TEM image of a prism showing d-spacing corresponding to the (111)
plane, (d) SAED pattern of a silver nanoprism and (e) and (f) histograms of
nanoprism edge (e) and nanosphere diameter (f) formed during nano-
particle synthesis.

seeds with a diameter of 8.4 nm. However, the nanoprism
content of the solution is high (80.9%) compared to spherical
seeds. Fig. 3(c) shows the HR-TEM image of the silver nano-
prisms. The d-spacing of the prism is calculated from the HR-
TEM images as 0.242 and it corresponds to the (111) plane of
silver, indicating (JCPDS: 040783) that prism growth is taking
place along the (111) plane. Fig. 3(e) and (f) show the histo-
grams of the edge length of the triangular prisms and the
diameter of the spherical seeds present in the solution,
respectively.

Fig. 4(A) shows the TEM images of electrostatically bound
GO-Ag, and Fig. 4(B) shows the TEM image of covalently bound
GO-X-Ag. As seen from the TEM images, the prisms decorated
on the graphene oxide sheets in GO-Ag are intact and preserved
their triangular plate-like morphology. However, in the case of
GO-X-Ag, we can see that the edges of the prisms are rounding
off significantly, which may be due to the complex chemistry
between amine functional groups introduced on the graphene
oxide and the citrate linkage around the silver nanoprisms.
Briefly, according to various reports on silver nanoprisms, the
carboxylic acid groups on the citrate ion play a crucial role in
its shape.’® Covalent linking is achieved by making use of a

(A) %7 (B)

.
100 rm 100 nm

o

Fig. 4 TEM images of (A) GO-Ag and (B) GO-X-Ag.
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reaction between the citrate ligands present on the silver
prisms and the induced amino groups on the graphene oxide
by EDC/diamine coupling. This will definitely make a change in
ligand nature on the silver prism surface, which may cause the
rounding-off of the corners. This effect is noted by researchers
even in the physical linking (electrostatic) of graphene oxide
and they reported that it is mainly because of the loss of the
citrate ions from the surface of the silver prism during the
washing stage.*"*> Since we are not adding more citrate species
during the covalent linking, the change in ligand nature over
the surface of the triangular silver prism will result in the
rounding off of the edges, as the corners are energetically high
and it will try to minimize the energy when conditions favour it.

3.1.3 Raman spectroscopy. Fig. 5(a) shows the Raman
bands of GO and the GO-Ag hybrid prepared by physical mixing
(GO-Ag). The Raman spectrum of GO shows characteristic
bands at 1350 ecm ™', 1593 cm™}, 2676 cm ™!, and 2937 cm ™.
The peak at 1350 cm ™' (D band) is due to the defects in the
basal plane of the graphene oxide due to the introduction of
functional groups due to the oxidation of graphite. The peak at
1593 cm™ " (G band) corresponds to the graphitic domains in
the samples. The spectrum also shows the characteristic 2D
and D + G bands at 2676 cm ™' and 2937 cm™ ', respectively. The
Ip/Ig of the graphene oxide is 0.87, which agrees with the
literature. The Raman spectra of the graphene oxide-silver
hybrid (GO-Ag) show the D band at 1346 cm ™' and the G band
at 1590 cm ™! with Ip/I; ratio of 0.90. The shift in the D band
and the slightly increased I/l ratio may be due to the
structural change in GO due to the slight reduction of the
graphene oxide in the presence of free citrate molecules in
the sample.*® Fig. 5(b) shows the Raman spectra of covalently
functionalized graphene oxide with ethylene diamine and its
hybrid with silver nanoprisms (GO-X-Ag). Covalently function-
alized graphene oxide shows the typical Raman bands at
1346 cm ™' and 1590 cm ™', and the hybrid shows corres-
ponding bands at 1348 cm ™" and 1593 cm ™', respectively. Both
the materials show the 2D and D + G bands. The I/l ratio of
the covalently functionalized graphene oxide is 1.02 and its
hybrid is 0.96. The higher Ip/I value denotes the structural
change of graphene oxide upon the introduction of amine
functional groups. According to the Tuinstra-Koenig correla-
tion, the value of the Ip/I; ratio is inversely correlated to the
lateral crystallite size (Lc), which is a measure of the defects in
the graphene sheet.***> Thus, the increased Ip/Ig value of the

] o N —Go R_40 ——GO-X
(@) —- 4 (b) ——GO-X-Ag
ER 3
s ] N
2z z
2 21
£ £
5 ] 51
£ ] £
H 5
[ o«
1 G+D 20 D+
20 G+
700 1050 1400 1750 2100 2450 2800 3150 600 900 1200 1500 1800 2100 2400 2700 3000 3300
Raman shift (cm”) Raman shift (cm)
Fig. 5 (a) Raman spectra of GO and GO-Ag, and (b) GO-X and
GO-X-Ag.
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hybrids is due to the introduction of amino functional groups
in the graphene oxide basal plane. The decreased Ip/I; value of
the GO-X-Ag hybrid compared to GO-X may be due to the
chemical reaction of amino groups with the citrate-capping
molecules forming a more ordered structure. The FWHM of
the D band is also in agreement with the observation. The
increased FWHM of the D band of covalently functionalized
graphene oxide is much greater than that of graphene oxide
(see ESLt Table S1). The information obtained from Raman
spectroscopy is consistent with the data obtained from FTIR
spectroscopy (Fig. S5, ESIT). The intense Raman peaks (both D
and G bands) in both hybrids (GO-Ag and GO-X-Ag) are due to
the SERS effect in the presence of silver nanoprisms.*®

3.1.4 X-Ray photoelectron spectroscopy. The surface chemical
states of the physically incorporated graphene oxide-silver
nanoprism hybrid (GO-Ag) and covalently functionalized gra-
phene oxide and silver nanoprism hybrid (GO-X-Ag) were inves-
tigated using X-ray photoelectron spectroscopy. Fig. 6 shows the
wide scan spectra of the hybrids. The wide scan spectrum
showed prominent peaks at around 284.8 eV, 531.5 eV,
368.6 €V, and 373.0 eV characteristic of C 1s, O 1s, Ag 3ds),
and Ag 3d;,, respectively. In addition to these peaks, the GO-X-
Ag hybrid shows a characteristic peak of N 1s at around 399.2 eV.

Fig. S4(a) and (b) (ESIt) show the deconvoluted C 1s spectra
of GO-Ag and GO-X-Ag, respectively. The C 1s spectra of GO-
Ag (Fig. S4(b), ESIT) show characteristic peaks at 284.82 eV,
286.79 eV, and 288.31 eV, corresponding to the functional
groups C-C, C-O, and O-C=0, respectively. The C 1s spectra
of GO-X-Ag (Fig. S4(c), ESIf) show peaks at 284.74 eV,
286.29 eV, and 288.89 eV. The decrease in the intensities of
the peaks corresponding to C-O and O-C—O0 in the C 1s spectra of
GO-X-Ag suggests the chemical conversion of the corres-
ponding functional groups during covalent functionalization.
This observation is consistent with the nature of the deconvo-
luted O 1s spectra of GO-Ag and GO-X-Ag. The consider-
able decrease in O 1s peak intensity of O-C=0 at 531.3 eV in
GO-X-Ag compared to GO-Ag indicates the conversion of
carboxylic acid groups present in GO into amide. The deconvo-
luted N 1s spectra of GO-X-Ag show two peaks at 397.6 eV and
399.9 eV, characteristic of the functional groups -CO-NH and
-NH, respectively. The higher intensity of -CO-NH compared to

—— GO-X-Ag
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Ots
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1 1
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Fig. 6 Wide scan XPS spectra of GO-Ag and GO-X-Ag.
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the -NH indicates that the hybrid contains more amide groups
than free amine groups. These observations further confirm the
covalent integration of the individual constituents of the
hybrid. The intense doublets of GO-Ag hybrid at 367.8 eV and
376.8 eV are owing to Ag 3ds,, and Ag 3dj, with spin-orbit
coupling energy of 6 eV, confirming the presence of silver
(Ag°) in the hybrid. The presence of a Ag 4s peak in the
GO-X-Ag peak indicates the presence of silver in the composite.

Additional characterization of GO and the GO-Ag nanocom-
posites (FT-IR, XRD, confocal Raman mapping) is given in the
ESI,} see Fig. S5-S8.

3.2 Nonlinear optical properties

Two-photon or more generally multiphoton excitation photo-
luminescence or fluorescence upon excitation at ~800 nm has
been scarcely reported. MPEF from metal NPs is supposed to be
initiated by the excitation of electrons from the d-valence band
to the sp-conduction band via two-photon absorption, followed
by intraband scattering relaxation of the excited electron to the
states near the Fermi surface before electrons and holes
recombine radiatively.””*®* Au and Ag NPs are poor light emit-
ters under one- or two-photon excitation; however, anisotropic
Au and Ag NPs (nanorods,...)** and coupled Au or Ag nano-
structures were found to exhibit strong emission under two-
photon excitation.”®" In addition, enhancement of MPEF may
be possible by the “lightning rod effect” near the sharp edge of
the nanoparticles (in particular with nanoprisms).”?

Fig. 7 shows typical MPEF spectra measured for silver nano-
prisms and silver nanocomposites excited at a wavelength of
800 nm. MPEF is suggested (both 2- (2PEF) and 3- (3PEF)
photon excited fluorescence) since emission is observed at
wavelengths below 400 nm, i.e. shorter than half the funda-
mental exciting wavelength. A broadband centered at 500 nm
with an additional shoulder at 600 nm is observed for both
silver nanoprisms and GO-silver nanocomposites. In addition
to the broad MPEF band, a strong sharp peak was also observed
at 400 nm corresponding to enhanced second harmonic gen-
eration (SHG) of the silver nanostructures from the 800 nm
fundamental wavelength. The multi-photon excited photolumi-
nescence cross sections were measured using the reference
method (as described in the experimental section). The SHG
response is evaluated using the hyper-Rayleigh scattering tech-
nique used to generate incoherent second harmonic scattered
light from the sample cell. The HRS light response as a function
of sample concentration is used to estimate the first hyperpo-
larizability of the different nanomaterials using the internal
reference methods (with water as the reference) (see Fig. 8).
NLO data are given in Table 1.

Regarding the physical origin of the observed NLO responses,
with MPEF, we must consider separately odd and even phenom-
ena, i.e. quadratic (2PEF) or cubic (3PEF) MPEF since the two are
probably operating in the present case. The fact that cubic MPEF
occurs is indicated by the existence of fluorescence emitted at
wavelengths shorter than 400 nm, ie. shorter than half the
exciting fundamental wavelength. In MPEF, one must consider
the selection rules during the exciting step. If for cubic MPEF,

This journal is © The Royal Society of Chemistry 2025
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centrosymmetry is not an issue, this is the case in quadratic
MPEF as this initial excitation step requires centrosymmetry of
the molecule due to the selection rules. On the opposite side,
hyperpolarizability requires the breaking of centrosymmetry, for
the same reason as the selection rules as it is a three-photon
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Table 1 MPEF cross-section and hyperpolarizability of silver nanoprisms,
GO-Ag and GO-X-Ag

Samples omper (GM unit) 10%” f (esu)
Silver nanoprisms (1.5 £ 1) x 10° 867 + 30
GO-Ag nanocomposites (6.5 + 1) x 10° 1200 £ 30
GO-X-Ag nanocomposites (5+1) x10° 890 + 50

process as a whole and not a two-photon step followed by a one-
photon step. Hence, at the 800 nm excitation wavelength, the
centrosymmetry role points to the conclusion that the GO-Ag
system is less centrosymmetric than the GO-X-Ag system
whereas the two systems present a similar symmetry from the
point of view of their states involved in the excitation step of the
MPEF process. The key feature here in this comparative study of
MEPF and SHG is therefore centrosymmetry.

The MPEF cross sections of silver nanostructures are very
large (about 10°~10” GM) and are about 1 to 2 orders of magni-
tude larger than those reported for gold nanorods (average
aspect ratio 3, average size 90 x 30 nm).>* Also, the influence of
graphene oxide on the MPEF cross sections of silver nano-
prisms is noticeable and leads to an enhancement. However,
the enhancement is larger when graphene oxide interacts
electrostatically with silver nanoprisms rather than covalently.
Hyperpolarizabilities follow the same trend (see Table 1). Also,
the hyperpolarizability value for silver nanoprisms is about
4 orders of magnitude higher than the one reported for gold
nanoprisms with similar dimensions.'® This difference in
hyperpolarizability between gold and silver was already evi-
denced with nanospheres.>*

To go further in determining the origin of this nonlinearity,
the SHG response of the samples was recorded as a function of
the fundamental input beam polarization angle. The polar
plots (displayed in Fig. S9, ESIt) exhibit a dipolar contribution
as evidenced by a two-lobe pattern for the silver nanoprisms.
Due to the small size of those nanoprisms, it is expected that
retardation is negligible leading to simple dipolar excitations.
This is further confirmed by the retardation parameter indicat-
ing the deviation from purely dipolar polar plots that never
exceed 0.04. Surprisingly, this parameter reaches 0.19 for the
GO-Ag system whereas it is again 0.04 for the covalently bound
GO-X-Ag system. This may be attributed to some agglomera-
tion of the silver nanoprisms once electrostatically attached to
the GO flakes. This may be seen in Fig. 4(A) where silver
nanoprisms appear closer to each other whereas they appear
well separated on the covalently bound system. It is worth
noting further that because several silver nanoprisms are pre-
sent on a single GO flake, they do not behave as independent
nanoprisms in solution anymore. This phenomenon is strik-
ingly much more present for the electrostatically bound ones as
they appear to aggregate more. The measured depolarization
ratios for the silver nanoprisms deviate also from the pure
three-fold symmetry with a value of only 0.45 instead of the
expected 0.67 value. This feature underlines some deviations to
the perfect shape and potentially the role of a nonperfect citrate
layer in affecting the nanoprism symmetry, see Table S2 (ESIf).
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A striking result is also the strong influence of the way GO
interacts with nanoprisms on the hyperpolarizability values.
A factor of about 1.5 in enhancement is observed with nano-
prisms electrostatically interacting with GO, while no signifi-
cant enhancement is observed when silver nanoprisms are
covalently bound to the GO surface. This result is quite unex-
pected and puzzling. But looking more in detail into the TEM
images, it appears that the process of covalent linking leads to
more rounded corners for the nanoprisms. It has been evi-
denced by Ledoux-Rak and co-workers that the corner sharp-
ness of nanoprisms strongly influences the nonlinearity.'® One
may therefore suggest that a similar effect is responsible for the
decrease in hyperpolarizability value for GO-X-Ag as compared
to the GO-Ag nanocomposites. Nevertheless, if the silver
nanoprisms do not appear to be much affected in their sym-
metry when electrostatically interacting with the GO flakes,
their symmetry parameter is unchanged, they present on the
opposite a much better-defined three-fold symmetry once
covalently bound to the GO flakes as seen from the symmetry
parameter reaching a value of 0.65, close to the 0.67 perfect
value of the three-fold symmetry.

Another striking result that could be of interest for develop-
ing multi-photon imaging contrast agents is the strong
enhancement by a factor of 3 to 4 of the multi-photon bright-
ness of silver nanoprisms when combined with graphene oxide.
This enhancement may be explained by the possible efficient
charge transfer of a ‘“donor-acceptor like character” between
silver nanoprisms and GO surface in the hybrid materials as
evidenced by the pioneering works by Yadav et al. on hybrids of
graphene oxide and gold nanoparticles.’® Interestingly, one can
notice an effect of the way the GO surface interacts with silver
nanoprisms. Covalent bonding leads to a smaller MPEF bright-
ness as compared to electrostatic bonding. To understand the
correlation of interfacial charge transfer with the concentration
and type of the functional linkers attached to the graphene
oxide sheet, we have investigated the silver—graphene oxide
interface with covalent versus electrostatic configurations from
first-principles calculations.

3.3 DFT calculations

Periodic DFT calculations were performed on two models of the
electrostatic configuration (GO-Ag; & GO-Ag,) and one model
representing the covalently bound system (GO-X-Ag). For the
two electrostatic configurations, the computed binding ener-
gies indicate an important stabilization of about 3.6 and 3.3 eV
(see Table 2). In these configurations, the Na'-citrate molecule-
Ag cluster complex is stabilized over the GO surface through
bridging electrostatic interactions between the carboxylate
citrate groups and the Na' cation and the GO hydroxyl or
epoxide O atoms. Indeed, the strong binding energies are
explained by rather short Na‘'-O distances with the GO surface
ranging from 2.3-2.5 A with hydroxyl O atoms, 2.5 A with the
epoxide for GO-Agl, and ~2.3 A with a dangling O atom
belonging to an epoxy atom of the initial GO (see Table 2).
The larger binding energy for GO-Ag; may be explained by

the rather short Na'-Oepox, interaction although the GO-Ag,
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Table 2 Binding energies (eV), atomic charges summed into molecular

moieties (a.u.), and selected distances (A) for the GO-Ag;, GO-Ag, and
GO-X-Ag complexes

GO-X-Ag GO-Ag, GO-Ag,
Binding energies
AE (eV) —3.602 —3.258
Charges
qCit —-1.58 -1.92 —2.01
qAg 0.82 0.89 0.88
gNa* 0.84 1.68 1.69
qGO —0.08 —0.65 —0.57
qCit-Ag —0.76 —1.04 -1.13
Distances
Na'-citrate carboxylates O
dNa'-CO 2.272 2.492 2.724
dNa'-CO 2.253 2.519 2.267
dNa'-CO 2.336 2.221
dNa'-CO 2.245 2.578
2.236
Ag-citrate carboxylate O
dCO-Ag 2.189 2.189 2.190
dCO-Ag 2.199 2.197 2.196
Na'-GO epoxide O
d Na'~Oepox 2.513
Na'-GO hydroxyl O
dNa'-OH 2.317 2.327 2.247
2.420 2.466
2.438
Na'-GO dangling O
dNa'-0 2.296 2.271
H bond CO carboxylate-hydroxyl GO
H-bond CO-HO 1.551

complex is stabilized by 3 Na'-OH interactions instead of 2 for
GO-Ag;. For the covalently bound system, the distances are
similar, the only difference lies in the fact that citrate is some-
how farther from the surface because of the NH-[CH,],-NH
chain and because of the hole leading to less available GO’s
O atoms.

The computed atomic charges on the citrate moiety, the Ag
cluster and the GO sheet are shown in Table 2. One can see that
the charge on the Ag cluster does not show any difference
between the covalently bound system and the electrostatic
configurations. This may be due to the rather small size of the
Ag cluster which is not sufficient to drive the charge transfer.
Instead, the charge transfer seems to be controlled by the
presence of the carboxylate groups on the citrate molecule.
Indeed, for the covalently bound system, there is only one
COO™ while there are two for the electrostatic complex. The
presence of the COO™ groups and their associated electron
withdrawing character thus led to a larger negative charge on
the citrate moiety for the electrostatic complex as compared to
the covalently bound system. This remarkable aspect also
suggests that a larger amount of negative charge on the citrate
moiety will also allow a larger transfer to the Ag-nanoparticle.
This cannot be observed from the present calculations because of
the small size of the Ag cluster considered (around 4.7 A large) here
limited by the resources necessary to perform the present calcula-
tions. However, one can reasonably expect a charge transfer to the
Ag-nanoparticle of the size of several nm. As such, the observed
difference between the MPEF cross-section between the electro-
static and covalently bound systems can be explained by the
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Fig. 9 Geometries of the relaxed structures of the covalent and electro-
static configurations.

difference in charge transfer driven by the presence of the carbox-
ylate groups on the citrate moieties (Fig. 9).

Conclusions

In conclusion, we have synthesized nanocomposites consist-
ing of citrate-passivated silver nanoprisms anchored both
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electrostatically and covalently on graphene oxide nanosheets
in a cost-effective and reproducible manner. We report the
covalent functionalization of silver nanoprisms onto graphene
oxide (GO) nanosheets according to the 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride crosslinking method,
using the existing carboxylic groups present both at the surfaces
of the nanoclusters and the GO nanosheets. The formed hybrid
nanocomposites exhibit remarkable nonlinear optical (NLO)
properties upon femtosecond laser excitation at 800 nm, in
particular a strong second harmonic scattering response as well
as a multiphoton excited fluorescence spectrum characterized by
a broad band in the visible range between 350 and 700 nm. In
addition, the NLO response is sensitive to the nature of the
interaction (electrostatic or covalent) and might be attributed to
different charge transfer capabilities between covalently or elec-
trostatically bound silver particles onto graphene oxide. Such
nanocomposites are promising for new applications in the areas
of optoelectronics since for the same excitation wavelength, a
differentiated response in terms of wavelength for MPEF (broad
band) and SHG (narrow band) is observed. Also, they can serve as
new molecular probes for imaging due to high cross sections for
MPEF and SHG.
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