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We report a one-pot hydrothermal synthesis of nitrogen
doped reduced graphene oxide (N-rGO) and Ag nanoparticles
decorated N-rGO hybrid nanostructures from graphene
oxide (GO), metal ions and hexamethylenetetramine (HMT).
HMT not only reduces GO and metal ions simultaneously but
also acts as the source for the nitrogen (N) dopant. We show
that the N-rGO can be used as metal-free surface enhanced
Raman spectroscopy (SERS) substrate, while the Ag
nanoparticles decorated N-rGO can be used as effective
SERS substrate along with a template for decorating various
other nanostructures on N-rGO.

Pristine, doped and nanoparticles (NPs) decorated graphene have
gained great attention due to their extraordinary electronic,
mechanical and thermal properties and their applications in various
field such as electronics, optical sensors, energy storage application
etc.' The performance is shown to be improved significantly when
the graphene is modified by doping®* or decorating with metal NPs.*
For example, nitrogen doped graphene’® and graphene decorated with
metal/metal oxide NPs® can be an excellent catalyst for oxygen
reduction reaction’ and metal decorated graphene can be used for
surface enhanced Raman spectroscopy (SERS),¥''reduction of
nitrophenol,' ' etc. The synthesis of doped and metal NPs
decorated graphene with good control of size and structures is of
paramount importance for specific applications. However, it is a
challenge to synthesize nitrogen doped graphene or graphene
decorated with metal NPs in large scale. Though several approaches
such as micromechanical exfoliation of graphite,'* chemical vapour
deposition (CVD)," and epitaxial growth,'® chemical reduction of
graphene oxide (GO) to obtain reduced graphene oxide (rGO),'”"
has the advantage of large scale production and cost effective.
Similarly, simultaneous reduction and decoration of metal NPs is the
most viable approach for the large scale synthesis of the hybrids.
Simultaneous reduction of GO and nitrogen doping has also been
achieved by heating GO in presence of ammonia,?’ chemical vapour
deposition,?"** and hydrothermal and method.****
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Here, we report the one-step synthesis of nitrogen doped rGO
(N-rGO) and Ag NPs/N-rGO hybrids from GO by using
hexamethylenetetramine (HMT). HMT acts as a reducing agent for
both GO and Ag' ions and N source for doping. The overall
chemical reactions are presented in Fig 1. We show that the N-rGO
can be used as metal-free SERS substrates and SERS can further be
enhanced by the presence of Ag NPs. We also show that the Ag
NPs/N-rGO hybrid nanostructures can be used as effective template
for decorating porous metallic nanostructures on N-rGO.

GO N-rGO
Hydrothermal
(CH2)6N4, AgNO;
10 h, 180 °C
e N
e C
(CH,);N,+6H,0=6HCHO + 4NH; Ag NPs/N-rGO @ AgNPs

NH,+H,0 = NH,* + OH-

Ag* +2NH, = [Ag(NH,),]*

GO +NH,* +HCHO = N-rGO + HCOO-

GO + [Ag(NH,),]* + HCHO = Ag/N-rGO + HCOO"+2NH,*

Fig. 1 Schematic diagram and chemical equation of for Ag/N-rGO
hybrids nanostructures by simultaneous reduction of both Ag"* ions
and GO followed by N doping in rGO.

In order to synthesize N-rGO, GO flakes along with HMT
solution was taken in an autoclave and treated at 180 °C for 10 h in
absence of any surfactant and reducing agent. We chose HMT
((CH,)¢Ny)) for this reaction, which is a water-soluble, nontoxic,
non-ionic and tetradentate cyclic ternary amine.? In aqueous
medium, it releases hydroxyl ion, ammonia (NH3) and formaldehyde
(HCHO). As a result GO gets reduced and doped by N
simultaneously in presence of HCHO and NHj, respectively and
finely we are getting black precipitation of N-rGO. Similarly, Ag
NPs/N-rGO were obtained by taking GO, HMT and AgNO;. When
Ag' ions are added, it formed 2-coordinate Ag(I) complex with the
NH;. This complex can be further reduced by HCHO in the reaction
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medium to form Ag NPs on the graphene sheet. The entire results

suggest that HMT plays multiple roles in the reaction medium and
the overall reactions for the one-step the synthesis of Ag NPs/N-rGO
We also decorated Pd
nanostructures on N-rGO substrate by sacrificing AgNPs by galvanic
replacement reaction (GRR).

are provided in schematic Fig. 1.

L % B ,
corresponding to the
HRTEM images of Ag(h)/N-rGO hybrids

Fig. 2 (A & B) show of SEM images of crumbled solid N-rGO
and dense Ag NPs decorated N-rGO sheet. We have performed few
more experiments in order to control the size and the density of the
Ag NPs. When the Ag" ions concentration in the reaction mixture is
reduced, the density of Ag NPs gradually decreases and the size of
the NPs increases on randomly aggregated, crumpled solid sheets as
shown in ESI-1. Fig. 2 (C & D) display the TEM images of GO and
N-rGO sheet and the inset images display the corresponding SAED
patterns. Transformation from the ring-like pattern of GO to clear
individual spot in the SEAD pattern of N-rGO suggests the reduction
GO. The loss of oxygen containing functional group helps to regain
the crystalline graphitic nature in N-RGO from the polycrystalline
nature of GO.>® The size of Ag NPs as obtained from TEM image
(Fig. 2 E) is in 16-26 nm range and the average diameter is ~22 nm.
The d-spacing is 0.235 nm of AgNPs is calculated from Fig. 2 (F)
and single crystalline as confirmed from the SAED pattern % %’
Hereafter, the sample with ~22 nm Ag NPs is referred as Ag(h)/N-
rGO and the results are mainly presented for this sample. For another
case, the average size of the Ag NPs is ~70 nm and is referred to
Ag(1)/N-rGO.
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Fig. 3 (A & B) XRD and UV-vis absorption spectra of hybrids.

The N-rGO sheets decorated with Ag NPs are characterized by
XRD. XRD patterns shown in Fig.3 A reveal five intense peaks at
20 = 38°, 44.25°, 64.5°, 77.26° and 81.54°, which are assigned to
(111), (200), (220), (311) and (222) planes of Ag (JCPDS No. 04-
0783). Generally, GO shows a sharp peak at around 260 = 11.5°,
which corresponds to d-spacing of 0.76 nm for (001) plane due to
the presence of oxygen functionalities. The sharp peak
corresponding to GO is absent and a broad peak appears at values 20
= 24.5 degree which is assigned to (002) plane of rGO (ESI-2). The
d-spacing is estimated to be 0.36 nm which suggests the removal of
large number of oxygen and functional group from GO (ESI-).
Overall, the results confirm the presence of Ag NPs in face-centered
cubic (fcc) phase on N-rGO sheets. The reduction of GO and
presence of Ag NPs is also confirmed by UV-visible spectroscopy as
shown in Fig. 3B. In general, GO displays a strong peaks at 230 nm,
corresponding to m- ©* transitions of aromatic C-C bonds, and a
weak peaks around 300 nm due to n- «* transitions of C=O bonds.
The 230 nm peak is red shifted to 266 nm indicating the electronic
conjugation within graphene sheet is recovered after reduction of
GO.*™'A broad peak around 420 nm appeared for Ag(l)/N-rGO.
This is the characteristic absorption peak of Ag NPs due to the
surface plasmon resonance (SPR). When we increase the amount of
Ag NPs on the graphene surface, the intensity of the SPR peak at
~420 nm increased with a slight blue-shift of 4 nm which is in
accordance with other reports.* **
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Fig. 4 (A) XPS survey of GO, N-rGO and Ag(h)/N-rGO & spectra
of (B) C 1s, (C) N 1s and (D) Ag 3d of Ag(h)/N-rGO sample.

XPS studies are carried out to determine the elemental
composition along with their chemical state and also intuitively
estimate the reduction level of GO and doping of N. Fig. 4 (A)
presents the survey XPS spectra of GO, N-rGO and Ag NPs/N-rGO
hybrids. It can be noted for N-rGO that the peak corresponding to
Cls increases confirming the reduction of GO. Furthermore, a peak
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corresponding to Nls appears that confirm the doping of N.
Similarly, reduction, doping and the formation of Ag NPs is realized
from the XPS spectrum of Ag NPs/N-rGO. In order to estimate the
reduction rate of GO, the Cls spectra (Fig. 4 B) were deconvoluted
into three major peaks with the binding energy 284.5, 285.8 and
287.6 eV that corresponds to C-C/C=C (sp*/sp® bonding energy of
carbon), C-O (epoxy, alcohol, ester and acid groups) and C=0O
(carbonyl groups), respectively. The most prominent peak
corresponds to C-C (284.6 eV). The percentage of reduction were
calculated by the area under the following three curves in Cls
spectra and amount of the C-C bonds increases from 30 % to ~70 %,
while the C-O and C=0O bonds decreases from 50.6% to ~22 % and
19.4% to ~8 %, respectively. The doping of N was also confirmed
by XPS. The binding energies of C-O and C-N bonds are very close
and therefore, it is difficult to deconvolute the Cls spectra of N-rGO.
However, the deconvolution of the high resolution XPS of Nls
spectrum as shown in Fig. 4 C yields four major peaks that
correspond to pyridinic N (N1=398.7 eV), pyrrolic N (N2= 400 eV),
quaternary N (N3= 401 eV) and N oxides of pyridinic N (N4=402.3
eV).”? The area under the two peaks Nls and Cls is used to
determine the percentage of N doping which also correlated with the
energy dispersive X-ray spectra (ESI-3, Fig. 3 & 4). We can see that
~11% N was doped in rGO. Fig. 4 D represents the Ag 3d doublet of
Ag NPs, where two bands at 368.4 eV and 374.4 eV are attributed to
the binding energy of Ag3ds, and Ag3d;, electronic states,
respectively. These two binding energy values are fairly higher than
the of Ag metallic Ag (0), where this two energy states appear at
367.9 and 373.9 eV.>* *° These 0.5 eV higher binding energy shift
can be described by the electron transfer from Ag NPs to rGO in the
hybrids due to the lower work function of rGO (>4.8 ¢V) compared
to Ag (4.2 eV). The purity of metallic Ag in the form of NPs was
also confirmed by the 6 eV energy difference between the doublets
of Ag 3d electronic states.*®

The reduction of GO to N-rGO is also probed by micro Raman
analysis (ESI-4). Both the GO and N-rGO are containing two major
peak centred 1351 (A,, vibrational mode, D band) and 1589 cm’!
(E,q vibrational mode, G band). The D band arises due to the defect
and G peak corresponding to the graphitic peak. After the reduction
of GO, the Ip/Ig intensity ratio slightly increases from 0.96 to 1.02
confirming the reduction of GO. The interaction of Ag NPs with N-
rGO is further probed by SERS. The SERS can be achieved via two
main reasons: (i) electromagnetic enhancement which is arise due to
the SPR by physical interaction and (ii) chemical enhancement due
to the formation of charge transfer complex via chemical bonding. It
is interesting to note from Fig. SA that the peak intensity of both the
D and G band are enhanced by 180 % (1.8 fold) and 450 % (4.5
fold) when decorated with the Ag(l) and Ag(h) NPs. Overall, the
enhancement factor is around 450 % for smaller NPs and 180% for
bigger NPs. This low enhancement factor for Ag/N-rGO hybrids
indicates the presence of a chemical interaction between the Ag NPs
and N-rGO rather than electromagnetic enhancement.’” ** We also
probe the Raman signal for Rhodamine 6G (Rh6G) and Rhodamine
B (RhB). It can be noted from Fig. SB that peaks around 612, 776,
934, 1135, 1192, 1314, 1367, 1425, 1510, 1579 and 1652 cm™ are in
good agreement with earlier reports on Rh6G.*
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Fig. 5 (A) The presence of Ag NPs enhances the native Raman
spectra of N-rGO sheets by 180 and 450 %, characteristic for a
chemical enhancement of N-rGO substrate. (B) Raman spectra of
different hybrids nanostructures in presence of 100 uM Rh6G probe
molecule. (C &D) Raman spectra of RhB (100 uM) in presence of
N-rGO and Ag(h)/N-rGO substrate. All smples are coated on soda
lime glass.

Overall, though the enhancement is high for Ag(h)/N-rGO, N-rGO
can also be used as metal-free SERS substrate. In the case of RhB,*
the peaks at 624, 937, 1024, 1083, 1136,1198, 1287,1359, 1509,
1564 and 1650 cm™ are nicely seen through both N-rGO and
Ag(h)/N-rGO as shown in Fig.5 (C & D), though the enhancement
in the latter case is high. We have also investigated SERS of other
probe molecules such as malachite green (MG) and congo red (CR)
dye molecules (ESI-5).*' It is believed that the Fermi energy level of
N-rGO (4.8 eV) lies between the HOMO and LUMO energy levels
of these dye molecules which facilitates - bonding interaction via
formation of charge transfer complex between the dyes and N-rGO.
When for 4-marcapto benzoic acid (4-MBA) - a well-known SERS
probe molecule on the metal substrate (Ag, Au etc.) is Raman
inactive in presence of N-rGO as shown in ESI-. However, SERS is
observed with Ag(h)/N-rGO as shown in ESI-. In this case, the
energy difference between the HOMO (6.23 eV) - LUMO (1.29¢V)
are very high around 4.94 eV which doesn’t favor the m-t chemical
interaction with the graphene. On the other hand, the bonding
between thiol group (-SH) with the Ag is responsible for the SERS
with Ag/N-rGO (ESI-5 Fig (E & F)).

Fig. 6 (A) shows the porous Pd nanostructures on N-rGO substrate
by using Ag(h)/N-rGO as templates (inset shows the schematic of
the Pd nanostructures) and Fig (B) shows the HRTEM images of
ligand of the porous Pd (Inset images shows the SAED pattern).
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RSC Advances

We also synthesize Pd nanostructures by GRR using Ag(h)/N-
rGO hybrids at room temperature. The standard reduction potential
of Egr/ag and Epgrypq is 0.80 and 0.90 V vs. standard electrode
respectively. When Pd** ions are introduced into the hybrid solution,
Pd nanostructures are obtained by sacrificing Ag NPs on N-rGO by
following this chemical eqn. Ag/N-rGO + Pd*" — Pd/N-rGO + Ag".
This is well supported by UV-vis and Raman spectroscopy (ESI-6).
TEM and HRTEM images (Fig. 6 A & B) clearly confirm the porous
structures of Pd which is larger than the size of the Ag NPs.

In conclusion, we report a one-step hydrothermal method for
the synthesis of N-rGO and metal NPs decorated N-rGO hybrid
nanostructures from GO, metal ions and HMT. The roles of HMT
are to reduce the GO, the metal ions and the nitrogen source for
doping rGO. We show that N-rGO as metal-free SERS substrate for
the detection of various dyes molecules via chemical interaction. We
also show that the hybrid nanostructures can be used as effective
SERS substrate and template for decorating other various metallic
nanostructures on N-rGO.
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Hexamethylenetetramine mediated simultaneous nitrogen doping
and reduction of graphene oxide for a metal-free SERS substrate

By Barun Kumar Barman and Karuna Kar Nanda’

We report a one-pot hydrothermal synthesis of nitrogen doped reduced graphene oxide (N-rGO)
and Ag nanoparticles decorated N-rGO hybrid nanostructures from graphene oxide (GO), metal ions
and hexamethylenetetramine (HMT). HMT not only reduces GO and metal ions simultaneously but
also acts as the source for the nitrogen (N) dopant. We show that the N-rGO can be used as metal-free
surface enhanced Raman spectroscopy (SERS) substrate, while the presence of Ag nanoparticles
(NPs) decorated N-rGO can be used for further enhancement of SERS. We also show that Ag NPs/N-
rGO is used for template for decorating various other noble metals on N-rGO.
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