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One-pot preparation of SERS nanocomposites of silver
and graphene oxide with tunable properties
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Surface-enhanced Raman spectroscopy-active nanocom-
posites of silver and graphene oxide were obtained by ultra-
sonic aerosol spray pyrolysis of graphene oxide suspension in
diamminesilver(I) hydroxide aqueous solution thus allowing
one to tune silver nanoparticle load, size and an overall
specific area of the nanocomposite.

Graphene is currently the most intensively studied material for a
wide range of applications including electronics, solar energy,
batteries and sensors.!™ It is biocompatible and seems to have
superior properties compared to other sensor materials.> In
particular, graphene-based materials have unique chemical and
physical properties which make them very promising for applica-
tions in biology and, particularly, for surface-enhanced Raman
spectroscopy (SERS) in medical diagnostics.>>6-!! Graphene
oxide (GO) is a convenient construction block for building and
self-assembling nanocomposites including GO-metal nanoparticles
materials.>2% The GO precursor offers the unique advantage of
tunable physical and chemical properties which can be achieved
simply by oxidizing or reducing GO. This can drastically change
the types and amounts of functional groups and defects associated
with GO.'>13 A usual way to create a GO—metal nanocomposite
includes a separate synthesis of noble metal nanoparticles and
their binding to the surface of GO using electrostatic forces or
chemical interactions with thiols or amines.®!" Only in few
works, nucleation and growth of plasmonic nanoparticles in the
presence of GO is suggested by soft chemistry methods.'%!5-20
Aerosol spray pyrolysis (ASP) is an effective streaming and
scalable method based on spraying of micrometre-sized droplets
of precursor solutions and their fast nonequilibrium transforma-
tion at high temperatures into solid phases and nanostructured
materials.!!-21=23 The droplets play the role of microreactors
often providing such nanostructuring.?! Unfortunately, applica-
tion of this technique with respect to GO and noble metal
nanocomposites is limited at the moment and focused on gold
nanoparticles mostly.!! At the same time, GO itself can serve as
either a reducing or anchoring agent specifically for silver ions;
therefore, Ag@GO nanocomposites would benefit from these
properties. In this work, the ASP method was applied for the first
time to produce effectively and in one step Ag@GO nanostruc-
tures with tuned nanoparticle load, sizes and an overall specific
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area of the nanocomposite and also graphene oxide mediated
SERS substrates. Both the routes for the nanoparticles and the
substrates are basically same and include a new effective and
scalable streaming procedure based on diamminesilver hydroxide
self-reduction on the surface of GO flakes. [Ag(INH3),]* derivatives
are suitable precursors for the preparation of pure silver nano-
particles even without an application of additional reagents thus
providing new possibilities for Ag-based biocompatible SERS
material formation.?!?2

The colloidal GO was prepared by the modified Hammers
method of oxidation of graphite powder (TIMCAL TIMREX®
KS4, 99.9%).'? In brief, graphite powder was mixed with sodium
nitrate and 98% sulfuric acid inside an ice bath and then KMnO,
was slowly added under magnetic stirring at temperature lower
than 70 °C. The obtained brownish mixture was accurately diluted
with distilled water, then remained KMnO, and MnO, were
reduced and dissolved using 3% H,0,, while the color of the
mixture turned into yellow. The suspension of graphene oxide
was left to stay overnight to complete all the reduction processes
and then it was centrifuged and washed with distilled water for
at least three times.

To prepare the Ag@GO nanocomposites, a precursor suspen-
sion of GO was mixed with 0.01 M [Ag(NH;),]JOH aqueous
solution in volumetric ratios of 1:1, 10:1 and 100:1, respectively,
while the original concentration of GO was fixed at about
3.9x10"2 M. Diamminesilver solution was simply prepared by
dissolution of silver nitrate in pure water, precipitation of silver(l)
oxide with 0.5 M sodium hydroxide, washing and adding aqueous
ammonia as described.?!-?2

After that, the precursor mixture was transformed into an
aerosol stream by an ultrasonic nebulizer and decomposed in a
hot zone of a tubular furnace (600-800 °C) followed by collecting
the resulting powder onto a porous glass filter. To form the GO
mediated SERS substrates, the 1:1 precursor mixture of colloidal
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GO and [Ag(NH;),]OH solutions was nebulized and deposited
for 20-30 min onto the surface of standard glass plates heated up
to 280-300°C in air.

The nanoparticle size distribution and morphologies of the
obtained Ag@GO nanocomposites were investigated by a scanning
(SEM, Zeiss NVision 40-38-50) and transmission electron micro-
scopy (TEM, LEO 912 AB Omega). Raman and SERS experi-
ments were performed using InVia Raman microscope (Renishaw,
UK) equipped with a 20 mW 514 nm argon laser and power
neutral density filter (10%). All the spectra were collected using
20x objective lens and 10 s of acquisition time. A silicon wafer was
used for calibration. XPS analysis was performed with a Kratos
AXIS Ultra DLD spectrometer. An Al Ka monochromated
radiation (hv = 1486.6 eV) was employed as an X-ray source. The
values of specific surface areas were investigated by BET and
BJH analysis (Quantachrome NOVA 4200e). Thermal analysis
data were obtained by means of the Netsch autosampling system
with a mass-spectrometry control of exhausting gaseous products.

As seen from Figure 1, the presence of GO and treatment
temperatures are the most important preparation parameters of
the Ag@GO nanocomposites (Table 1).

TEM images of pristine GO reveal that the size of prepared
GO sheets in a colloidal mixture was about 1-15 pm. The Raman
spectrum showed a G band at 1598 cm™! and D band at 1351
cm™!, with an intensity ratio Ip/l = 0.93 meaning that the
obtained GO was extensively oxidized. The XPS spectrum
contained peaks from various functional groups on the GO

(b)

Figure 1 Microstructures of Ag@GO nanocomposites prepared by ultra-
sonic aerosol spray pyrolysis using diamminesilver solutions and GO suspen-
sions. (a) Ag@GO prepared at 600°C in a furnace hot zone, the ratio of
GO and diamminesilver solution is 10:1, the inset shows SAED of silver
nanoparticles; (b) an increase in the preparation temperature up to 800°C;
(c) ASP of pure 0.01 M [Ag(NH;),]OH at 600 °C.

Table 1 Ag@GO morphology.

Sample GO/AgNPs*
Size of AgNPs/nm

T/°C c(GO):c(Agh)
600 1:1 40+25

10:1 30x15

100:1 5-80
800 1:1 5-300

10:1 5-200

100:1 15-50
300 1:1 50+20

“AgNPs — silver nanoparticles.

surface: O-contained (14.46% of C-O bond, 27.47% of C=0,
0.82% of COOR). C—C bond of sp? carbon atoms contributed as
23.56%, with a molar ratio of C: O = 1.21 (Figure 2).

Almost the same GO flake size remains after ASP preparation
of Ag@GO nanocomposite at 600 °C [Figure 1(a)]. Despite the
presence of oxygen in carrier air, nanocomposites were preserved
due to lowering a real temperature because of evaporation of
water from droplets and creation of a reducing atmosphere because
of a high concentration of ammonia in the precursor mixture.
TEM images showed that the ASP synthesis afforded Ag@GO
nanocomposites of different loadings of GO sheets with silver
nanoparticles possessing simultaneously different sizes. By varying
concentration of reagents under 600 °C of aerosol decomposition,
the silver nanoparticles size of 30—40 nm was achieved for the
1:1 and 10:1 concentration ratios, respectively (Table 1), as optimal
for SERS. Those conditions allowed us to reach different values of
specific surface areas of the nanocomposites, namely, 10 m? g~!
for the sample with a precursor mixture ratio of 1:1 and a much
higher area of 99 m? g-! for the ratio 10:1. A small amount of
silver for the ratio of 100:1 leads to very nonuniform coating of
GO flakes with AgNPs and a wide deviation in particle sizes, thus
this ratio is excluded from further considerations. Higher prepara-
tion temperatures of about 800°C were unfavourable causing
fast nanoparticle coarsening, agglomeration (Table 1) and partial
thermal damage of GO flakes [Figure 1(b)]. Decomposition
of pure diamminesilver aqueous aerosol [Figure 1(c)] leads to
large facetted spherical particles of silver with a high deviation
amplitude of their sizes; most of them might not have effective
SERS properties. Thus, rather low preparation temperatures
(600°C), an average amount of silver ions (10:1) and the
presence of GO are necessary to produce promising Ag@GO
nanocomposites with a high silver load, appropriate silver nano-
particle sizes and a high (about 100 m? g~!) specific surface area.

The obvious effect of GO on silver nanoparticle nucleation
and growth is directly linked to the chemistry of its functional
groups (Figure 2). Pure GO demonstrates two exothermic effects
associated with weight loss and CO, liberation, at ca. 100-150°C
and 500-550°C [Figure 2(h)]. The first of them manifests so-
called ‘reduction’ of GO with the formation of reduced GO
(r-GO), which means that the sp? carbon network is recovered
partly due to the loss of most of functional groups linked to sp?
carbons followed by their oxidation in air into CO,. However, in
the case of diamminesilver, this event generates most probably
multiple silver nuclei attached directly to the surface of GO. This
results, in turn, in a smaller average size of final ASP-prepared
silver nanoparticless of the Ag@GO nanocomposites as compared
to decomposition of pure Ag[(NH;),]OH (Figure 1). The second
event above 550°C comes from carbon burning, however, it
starts at higher temperatures and is prevented by water vapor and
ammonia present in the course of the synthesis.

XPS data confirm our hypotheses. First of all, Ag@GO nano-
composite formation preserves carbon networks and increases
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Figure 2 Chemical analysis data of an as-prepared GO precursor and Ag@GO nanocomposites, in comparison. Survey XPS spectra of (a) GO (the inset
shows schematically typical functional groups of GO) and (b) Ag@GO prepared at 600 °C; C 1s XPS peak analysis for (¢) GO and (d) Ag@GO, note an observed
decrease in the ratio of O 1s to C 1s peaks and the appearance of intense silver lines; O 1s XPS peak analysis for (¢) GO and (f) Ag@GO; (g) N 1s XPS peak
analysis for Ag@GO, the same data for pure GO are negligibly low intense; (%) thermal analysis data for pure GO, DTA exothermal events, the CO, notation

means the carbon dioxide presence in the outlet gaseous phase.

C 1s components overall contribution by 8% (from 51.7% for
pure GO up to 59.7%) (Figure 2). This is even a larger increase
in carbon content since ASP with diamminesilver adds 5.1% of
silver atoms and also 2.6% of nitrogen which is a half of pyridine-
like fragments and also would be a part of CH,NR,, RCN,
CONH or, to a smaller extent, NR} groups. The N 1s peak
appears for Ag@GO [Figure 2(g)].

This seems to be beneficial because such doping strengthens
an attachment of silver nanoparticles to GO sheets since silver
has normally good coordination constants with nitrogen ligands.
At the same time, the oxygen O ls component contribution
decreases from 42.8% down to 26.6%, which means GO reduc-
tion as described above. The sp? ‘nanocarbon’ component at
284.5 eV rises up from 23.6 to 30.3%, while the C-O-like carbon
at 286.6 eV falls down from 21.8 to 14.6%, for the Ag@GO
samples [Figure 2(c),(d)] that would mean consumption of epoxy
and alkoxy groups for silver ion reduction followed by silver
nanoparticle nucleation on the original GO. The same is con-
firmed by the oxygen C=0 component reduction at 531.2 eV
from 27.5% down to 12.9% and the C—O component decrease

at 533.4 eV from 14.5 to 2.5%. The carboxyl oxygen content at
532.4 eV rises from 0.8 to 11.2%, as expected. Finally the molar
ratio of C:O becomes 2.25. A small enough amount of oxygen
would indirectly confirm the formation of metallic silver instead
of Ag,0 as also evident from SAED (Figure 1).

Immobilization of SERS-active nanomaterials in order to
prepare substrates for optical analysis is known to be an effective
way to expand and advance practical applications of SERS.?!
Ag@GO nanocomposites possess properties which make them
especially suitable for creating multifunctional materials. These
properties include variable hydrophobicity,? an increased specific
surface area, hypothetically, the affinity to analytes comple-
mentary to superficial groups provided by artificial chemical
modification. Therefore, in this work, we applied the same ASP
procedure to deposit Ag@GO onto a surface of glassy substrates
rather than to heat aerosol and collect its reaction products on a
porous glass filters. This modification changes almost nothing
from a chemical point of view but results in a suitable material
for a possible SERS analysis. To achieve a uniform coverage of
the substrate surface, the substrates were preheated up to 300 °C
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to allow chemical decomposition of the precursor suspension to
occur and to form Ag@GO nanocomposites on the substrates
directly (Figure 3). ASP deposition of the precursor suspension
gives intersecting circles of 40-60 pm in diameter [Figure 3(a)].
This value is several times larger than the expected size of falling
mist droplets and therefore the liquid from the droplets, indeed,
spreads laterally over the substrate. Solvent evaporation increases
concentration of the silver complex and then metallic silver resides
on rims of the spreading circles producing walls of GO craters
decorated with metallic silver nanoparticles. The size of silver
nanoparticles was found to be about 50 nm [Figure 3(b)]. Most of
the circles form groups or long chains until the surface becomes
rather uniformly covered with stochastically intersecting silver
rings.?! Such a rough microstructure allows one to distribute
analyte droplets over the surface and perform a SERS analysis.
In particular, the substrates register a signal from a model dye
of Rodamine 6G [Figure 3(c)].

In conclusion, a new one-pot synthesis of SERS-active nano-
composites of silver and graphene oxide is developed for the
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Figure 3 SERS data obtained using substrates with AG@GO layers
sputtered by ASP at 280-300°C for 20-30 min. (a) An overall microstruc-
ture demonstrating a circular morphology appearing due to aerosol droplet
spreading and evaporation on the preheated surface, (b) spherical nano-
particles of silver and their size distribution (shown in the inset), (¢) SERS
spectra of the Rhodamine 6G dye with () 10~ and (2) 10° mol dm™
concentrations.

first time using of a versatile and effective method of ultrasonic
aerosol spray pyrolysis of GO suspension in diamminesilver
aqueous solution thus making it possible to tune over silver
nanoparticle loading, sizes and overall specific area of the nano-
composite. The basis of the whole process is reduction of silver
ions with GO functional groups to nucleate and grow silver nano-
particles demonstrating SERS-activity in a form of such a nano-
composite. Further works in this direction are in progress to find
its scope and limitations and to search for other practical applica-
tions of such nanocomposites.” 1424
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