Analyst

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

,(bmm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO.YAL SOCIETY
OF CHEMISTRY www.rsc.org/analyst


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22 Analyst

©CoO~NOUTA,WNPE

Oxides in silver-graphene
nanocomposite: Electrochemical signatures and

electrocatalytic implications.

Sajad Ahmad Bhat®, Mudasir Ahmad Rather®, Sarwar Ahmad Pandit®, Pravin Popinana
Ingole®, Mohsin Ahmad Bhat®*

4Department of Chemistry, University of Kashmir, Srinagar-190006, J&K, India.
e-mail; mohsinch@kashmiruniversity.ac.in Fax: +91 194-2414049; Tel: +91 194 2414049.

PDepartment of Chemistry, Indian Institute of Technology Delhi, Hauz Khas, New Delhi 110016.
India.

Abstract:

Herein we report an electrochemical approach to establish the presence of silver oxides in silver-
reduced graphene oxide (Ag-rGO) nanocomposites synthesised under alkaline conditions. The
recorded electrochemical signatures further supported and validated by UV-Vis spectroscopy, XRD
and TEM analysis clearly establish the presence of oxide phase of silver in the nanodimensional
silver present in Ag-rGO. The Ag-rGO was tested for its electrocatalytic and electrosensing activity
for hydroquinone (H,Q) and ascorbic acid (AA). The presented results establish that the
electrocatalytic and electrosensing potential of the Ag-rGO for H,Q and AA can be enhanced throur*
electro-reduction of the oxide phase of silver in these nanocomposites. Our results prove that
electrocatalytic and electroanalytic activity of electro-reduced Ag-rGO for AA are better than most of

the electrode materials reported so far in the literature.

KEY WORDS: Ag/Ag,O-rGO, Ascorbic acid, Hydroquinone, Electrooxidation, Electrocatalysis

Electroanalysis.
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1. Introduction:

The size, shape and composition dependent electron transfer characteristics of metal nanoparticles

(MNPs) and metal/metal-oxide nanoparticles (MONPs) have established them as promising entities fol
the design of novel electrode materials.*™® Immobilisation of appropriate sized/shaped MNPs/MONPs

onto the host of conductive surfaces is a common approach practised by electrochemists to use/test the
electrode characteristics of MNPsS/MONPs. At times the novel synergism between the host anc

MNP/MONP characteristics has been observed to result in a significant enhancement in the catalytic
and analytic performances of composites.“'8 In view of these above cited facts and presumptions, the

design of appropriately supported MNPs/MONPs hybrid materials/composites for electrosensing ana
electrocatalytic activities, is a fascinating and promising area of research in material electrochemistr
In the search for appropriate supporting materials for such nanocomposites, graphene and its related

forms like graphene oxide(GO) and reduced graphene oxide (rGO) have emerged as promising

1,2,9,10

materials for deposition of various MNPs and MONPs. In fact the high surface area, easy tc

functionalize structure and good electronic conduction characteristics of graphene and rGO have
opened up a cascade of opportunities for designing of novel next generation electrocatalysts.11 The

synthesis of graphene/GO immobilised silver, gold, platinum and palladium nanoparticles has been

12-16

reported by several research groups.”” ~Among metals, silver nanoparticles deposited onto

graphene/rGO have been found to exhibit excellent electrocatalytic and electrosensing properties.“‘ 18

Needless to mention, the electrocatalytic and electrosensing properties of nanodimensional silver
composite materials are strongly sensitive to the shape, size and oxidation state of the silver. In thic

regard, synthesis and electrocatalytic activity of varied shaped-sized nano silver supported on rCc

19-21

(Ag-rGO) has been reported by many research groups. In most of these reports the synthesis ot

17,22,23

Ag-rGO composites has been carried out under alkaline conditions. It is pertinent to mention

that under basic conditions the presence of oxy-functionalities viz. hydroxyl, carboxyl, epoxy,
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aldehydic and ketonic groups on its basal and edge planes make graphene oxide a modest reducing
agent. This reducing ability of graphene oxide under alkaline conditions is well suited for reduction of

24,25

Ag" to plasmonic silver Ag (0) and self reduction of GO to rGO. Recently it has been reported that

under strongly alkaline conditions precipitation of Ag (1) to silver oxide (Ag,0O) and silver hydroxide is
more favourable and the resulting metal oxides/hydroxides better adhere to the oxide surfaces than

noble metal itself.?® Also precipitation of silver from its aqueous salt solutions in presence of strong

27,28

alkali (NaOH and KOH) has been found to result in formation of Ag0. In light of these above

cited reports it seems that synthesis of nano sized silver under alkaline conditions on rGO must be
associated with formation of oxide phase of the silver. The presence of oxide phase is expected tc
significantly affect the electro-catalytic and electro-sensing properties of Ag nanoparticle..
Surprisingly such possibility has not been researched into by the previous works related to synthesis
and electrochemical investigations on to Ag-rGO composites. Through the present work we wish tc
establish that silver exists both in its native and oxide form in Ag-rGO composite synthesised undel
alkaline conditions, and the presence of oxide phase of silver significantly alters the electrocatalytic

and electrosensing activities of these composites.

2. Experimental:

2.1.Reagents and materials:

Graphite powder with particle size < 50um, CAS# 7782-42-5 and hydrogen peroxide (30%) were
obtained from E-Merck. Sulphuric acid (98%), potassium permanganate, sodium hydroxide pellets,
potassium nitrate were procured from Merck India. Silver nitrate (AgNO3) of AR grade was obtained
from SRL chemicals. AR grade hydroquinone from SD Fine chemicals, ascorbic acid ann
glutaraldehyde (25%) procured from Himedia and triple distilled water as solvent were used for the

presented study.

2.2.Synthesis of Ag-rGO nanocomposite:
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Graphene oxide was synthesized from graphite powder through improved Hummer’s method.*In a

typical synthetic protocol, a 9:1 (v/v) mixture of concentrated H,SO4/H3PO4 was added to a mixture of
1.5 g of graphite powder and 9 g of KMnO,. The reaction mixture was kept on stirring for 12 hours at
temperature of 50 °C. Then after the reaction mixture was cooled to room temperature and 3-4 mL of
30% H,0O, were added to it to reduce the greenish coloured residual permanganate and manganese
dioxide to colourless soluble manganese sulphate. Plenteous amount of triple de-ionized water was
added to the reaction mixture and kept on stirring at temperature of 90 °C for 15 minutes. The filtrate
was subjected to centrifugation; the solid material was washed several times with water and 30% HCI
and finally coagulated with ether. The final product viz. graphene oxide (GO) obtained as dark brown
crystalline powder was vacuum dried at room temperature and stored under inert atmosphere in ~

desiccator.

For the preparation of nanosized silver modified reduced graphene oxide (Ag-rGO), a reportec

22,23

procedure with slight modifications was followed. Typically, 0.5 mg/mL of graphite oxide

obtained from above procedure was dispersed in 100 mL of triple distilled water and ultra-sonicatec
for 1 hour to form yellow-brown exfoliated graphene oxide sheets (GO). The temperature of reactior
mixture was raised to 60 °C and 44 mg of AgNO3z were added slowly under constant stirring
conditions. Around 15 mL of 8 M aqueous solution of NaOH was added drop-wise to the reactior
mixture under stirring. The reaction mixture with continuous stirring was kept at 60 °C for about he'.
an hour. The black precipitate obtained in this way (Ag-rGO) was washed several times to remove

unbound silver and other impurities and finally dried under ambient conditions.
2.3.Instruments:

UV-Visible spectra were recorded on Shimadzu UV-Vis spectrophotometer (UV-1650PC) equippea
with a thermostat for temperature control with accuracy of + 0.1 °C. TEM analysis was carried witt:
FEI-Technai-G 20 with a LaB6 filament, operated at 200 keV while XRD were recorded Wi...
Rigaku Miniflex 600 (Rigaku Corporation, Japan)., with source CuKa. SEM and elemental analysis
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measurements were carried out using JEOL EDS System Instrument 6010LA operated at 15 KV.

Electrochemical measurements were performed with a Metrohm Autolab potentiostat/-galvanostat
(PGSTAT-100N) and the details of measurement procedures are discussed elsewhere.® A three

electrode set-up with glassy carbon (GCE, 2 mm diameter) or GCE modified with Ag-rGO as
working electrode, platinum wire as counter electrode and Ag/AgCl 3M KCI as reference electrode

all from Metrohm devices, Netherlands was used for presented electrochemical investigations.

For the preparation of Ag-rGO modified GCE electrode, the GCE (2 mm diameter) was polished
with alumina slurry 0.5~0.05 um, followed by washing with copious amount of triple distilled watel
and finally with ethanol. Aqueous dispersion of the composite was prepared by dissolving 3mg of Ac
-rGO per mL of water with addition of 7 uL of 25% glutaraldehyde as binder and sonicating ti..
mixture for one hour at 25 °C.*'Appropriate volume of the aqueous dispersion was drop casted on
GCE disk, and allowed to dry under ambient conditions for 12 hours. Prior to electrochemical
measurements the electroanalyte solutions were purged with argon gas for 10 minutes and kept

covered with an Ar blanket during the measurements.

3. Results and Discussions:

3.1. Physico-chemical characterisation of Ag-rGO:

UV-Vis spectrum of Ag-rGO is depicted in Figure 1(A) along with inset for graphene oxide (GO).
The UV-Vis spectrum of graphene oxide displays a peak at 231 nm and a hump at 293 nm which are
attributed to the r-=* transitions of aromatic C=C bond and n-=* transitions of C=0 bond in grapher.c
oxide (GO), respectively.nghe UV spectrum of Ag-rGO shows two broad bands in the range of 250-
270 nm and 380-420 nm. Absorption band at 250-270 nm is attributed to the restoration of

conjugation due to removal of some oxy-functionalities on reduction and band at 380-420 nm is
characteristic of metallic silver surface plasmon resonance (SPR) indicating the formation of silver

nanoparticles on reduced graphene oxide. The broadening of SPR band can be attributed to presenc.
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of silver oxide phase of Ag NPs and presence of native silver in agglomerated form dispersed on

21, 23, 32
rGO.

The presence of nanodimensional silver on reduced graphene oxide was also confirmed from SENM
and TEM analyses. Figure 1(B) and 1(C) show TEM images obtained for the synthesized composite
which clearly demonstrate the presence of silver nanoparticles well dispersed on the surface of rGO
The size of silver nanoparticles was found to vary from 5 nm to 25 nm. The formation of some large
sized nanoparticles with higher density can be attributed to agglomeration of silver nanostructures.
The SEM images (Figure Sl-1) also depicts the presence of NPs dispersed throughout the rGC
surface. The elemental analysis from EDS measurements on the sample surface suggests the presence
of ca. 48% of Ag along with ca. 34% of O which indicates the formation of silver oxide on rGe

surface.

The XRD pattern recorded for the Ag -rGO composite synthesised for present study is depicted in
Figure 1(D). The four intense peaks observed at 26 values of 38.6°, 44.8° 64.8° and 77.8° can be
assigned to (111), (200), (220) and (311) planes of metallic silver and confirm the presence of AgNP<
in face-centred cubic phase (JCPDS file No. 04-0783).The broadened nature of XRD reflections
below 25° suggests the presence of reduced graphene oxide. Moreover, the peaks observed at 34.4°,
38.6° and 55.8° can be attributed to the (111), (200) and (220) diffraction planes of cubic Ag,O with
d-spacing values of 2.61 A, 2.32 A and 1.65 A, respectively (JCPDS file No. 41-1104). The UV-\ .-
and XRD data clearly establish that in the Ag/Ag,O-rGO composite synthesised under alkaline
conditions silver is present both as native silver (Ag®) and oxide (Ag,0). Thus, the broad SPR bands
XRD-pattern, SEM & TEM images and EDS analysis clearly establish the presence of polydisperse

nanocrystalline Ag (0)/Ag.0 aggregates dispersed on rGO.
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Figure 1. (A) UV-Visible spectra of silver (Ag) on rGO depicting surface plasmon resonance peak ot
silver and characteristic peak of C=C for reduced graphene oxide. Inset graph shows UV-Vis spectr=
of graphene oxide with characteristic peaks for C=C and C = O. (B & C) TEM Images of Ag -rG"
nanocomposite. The images clearly depict presence of polydisperse nanoparticles in the size ranging
from 5-25 nm. (D) XRD Spectra of Ag-rGO nanocomposite. The spectrum shows diffraction peat >
corresponding to various phases of Ag and Ag.0.

3.2.Electrochemical behaviour of Ag-rGO:

To explore the electrochemical behaviour of Ag -rGO synthesised for the present study, CVs of Ag -
rGO modified GCE were recorded in citrate buffer of pH 4.2. The citrate buffer was used in place of
phosphate buffer in view of the fact that in comparison to phosphate, citrate ions show lesser tendency
to interact with Ag”™ at room temperature.SSFigure 2 (A) and (B) depict three successive CVs recorded
on Ag-rGO modified GCE at scan rate of 25 mV/s with the conditioning as well as start potential af
0.04 V with potential cycling in negative and positive directions respectively. Scanning potential ir
negative direction gives a broad cathodic peak (C1) around potential of -0.480 V (shown as inset of
Figure 2 (A)) and an intense anodic stripping peak (Al) at 0.235 V in the reverse scan. In light of the
reported electrochemical behaviour of nanophase silver33, we attribute the presence of peak C1 to
reduction of Ag,O to Ag (0) present in Ag-rGO and peak Al to the oxidation of Ag (0) to Ag.0O. Large
anodic peak current observed in scan 1 is probably an outcome of increase in the extent of native silver
due to electro-reduction of Ag,O when potential is scanned in negative direction. The increase in peak
current associated with Al in successive scan can be attributed to reduction of Ag,O in the

voltammetric scan beyond the potential that marks the beginning of peak Al. With conditioning and
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start potential at 0.04 V and potential scanning in positive direction, yields CV with an anodic peak
(Al) at 0.231 V and a cathodic peak (C1) at -0.480 V (Figure 2B). In the successive scans while the

peak height corresponding to Al increases with every passing scan, the reverse is the case for peak C1.

1.4
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Figure 2. Three successive CVs recorded for Ag-rGO/GCE in Citrate Buffer pH 4.2 at 298 K with sc....
rate of 25 mV/s in cathodic (A) and anodic (B) direction respectively. The parameters are: First
conditioning potential as well as start potential of 0.04 V, Potential range of -0.9 to 1.23 V. The insc.
in Figure 2 (A) depicts broad cathodic peak of Ag,O observed during scan 1. The inset in Figure 2 (B)

depicts four successive CVs recorded for Ag-rGO/GCE under same experimental conditions with peak
reversal before oxidation of silver recorded in cathodic direction.

The position of peaks Al and C1 on potential scale in Figures 2(A) and 2(B) matches well with those
reported for oxidation of native silver and reduction of Ag,O in similar buffered conditions. **These
features associated with CVs depicted in Figures 2(A) and 2(B) clearly establish that in the Ag-rGO
synthesized for the present work, silver exists both in its native as well as Ag,O. The charge efficiency
(CE) of the redox pair (A1-C1), defined as the ratio of area under anodic peak (Q, corresponding to Ag
to Ag") and that under cathodic peak (Q. corresponding to Ag,O to Ag) was found to be 1.2 + 0.05.
This observed value for CE also attests the presence of mixture of Ag and Ag,O in the Ag-rGC
nanocomposite.SSAs depicted in inset of Figure 2(B), CV scans with potential limits negative ..
position of peak Al result in decrease of the height corresponding to peak C1. This implies that
holding the composite at potentials negative to -0.5 V vs. Ag/AgCI/3M KCI results in decrease of the
silver oxide content in Ag/Ag,O-rGO composite. These above mentioned electrochemical observations

and inferences commute with XRD & EDS analysis which proves the presence of Ag in native as well
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:2L as in oxide form on reduced graphene oxide. It is in this context that beyond this section of the MS the
?1 Ag-rGO composite synthesised for present work is referred to as Ag/Ag,O-rGO.

:

; Figure 3 depicts CVs recorded at changing scan rates (10 -100 mVs™) for Ag/Ag,0-rGO modifiec
20 electrode in citrate buffer solution. It clearly indicates that with increase in scan rate while the pe.k
ﬁ potential corresponding to peak C1 drifts negatively, the position of peak Al remains unaltered on
E potential axes. This implies that a fast electron transfer process probably associated with desorptive
is stripping of the electro-active species results in anodic peak Al, and a kinetically slow heterogeneous
g% electron transfer process is responsible for cathodic peak C1. Since peak C1 is attributed to reductior

21 of Ag.0, the slow kinetics of the said process as implied by Figure 3 suggests higher stability of Ag,C
24 phase on Ag/Ag,0O-rGO, which can be attributed to pi-accepting or electron withdrawing nature

26 rGO.
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o1 Figure 3. CVs recorded for Ag-rGO/GCE in citrate buffer of pH 4.2 at 298 K with changing scar
53 rates (10-100 mV/s). Inset shows plot of Ip vs. scan rate (mV/s) for anodic peak and its linear fit (k
54 = 0.99) with slope 0.092.

The data depicted in Figure 3 was processed for estimation of the surface concentration (/) of Ag on
59 Ag- rGO composite.?! <7 corresponding to Ag was determined from the slope of the Ip vs. scan re -
(v) plot (inset Figure 3) for peak Al in the CVs depicted in Figure 3 following equation 1%
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252
b, = - ZR?"FU (1)

Where n represents number of electrons involved in the electrode reaction, A is the geometric surfac.

area of the electrode (0.0314 cm?), 7~ (mol/cm?) is the surface coverage, rest of the terms R, T and F

have their respective meanings. The I, )vs. v data was observed to fit a linear equation (R*= 0.99'

with slope 0.092.The effective electroactive surface area of the Ag/Ag,O-rGO modified glassy carbon

electrode was estimated by chronocoulometry using hydroquinone with diffusion coefficient 8.8 x 10

cm?s™ ** as a redox probe. With known value of slope corresponding to I, ,)Vs. v plot, the surface

concentration of native Ag in Ag/Ag,O-rGO composite was found to be 3.12 x 10° mol/cm? The

estimated value is almost an order of magnitude lower than that reported for the Ag/Ag,O-rGC~

_ : - .23
composite synthesised under similar conditions.
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Figure 4. (A) CVs recorded for 4 mM Hydroquinone (H2Q) in 0.1N KNOgs(a) Blue on GA-GCE (b)
Red on GCE (c) Green on Ag/Ag,O-rGO/GCE, at 298 K with scan rate of 100 mV/s. (B) CVs
recorded on Ag/Ag,0-rGO/GCE for 4 mM Hydroquinone(H,Q) in 0.1IN KNOj3; at 298 K with

changing scan rates (50-600 mV/s). Inset shows plot between Ip vs. /2 and their linear fits obtainec
for cathodic and anodic peak currents.

Figure 4 (A) depicts the CVs recorded for 4 mM hydroquinone (H2Q) in 0.1N KNOj3 recorded on bai .
glassy carbon (GCE, red (b)) glassy carbon modified with glutaraldehyde (GCE-GA, blue (c)) and
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Ag/Ag,O-rGO/GCE (green (a)) at scan rate of 100 mV/s. The observed redox peaks in the depicted
CVs can be attributed to two-electron redox process of H2Q.35 Comparison of the CV recorded on

GCE with that recorded on GCE-GA indicates a higher peak current and lesser peak to peak separation
(AEp) for the former. For a CV recorded over GCE, while AE, was equal to 286 mV, this parameter
increased to 608 mV for the CV recorded over GA-GCE in similar conditions. These changes in the
current and potential parameters related to redox behaviour of H,Q can be attributed to less electro-
active nature of GA whose presence on GCE surface hinders the electron transfer. Presence of
Ag/Ag,0-rGO in the glutaraldehyde film was observed to result in significant changes in the current as
well as potential characteristics associated with CVs for H,Q. While on current axes a significant
increase in peak currents was observed for both the anodic and cathodic peaks, on the potential ax~-
the gap between these peaks (AE,) was found to be just 98 mV (quasi-reversible) at scan rate of 1t -
mV/s. A comparison of CVs recorded over Ag/Ag,O-rGO/GCE (green) with that recorded on GC._
(red), and GA-GCE (blue) as depicted in Figure 4(A), clearly indicates that Ag/Ag.O-rGC
electrocatalyses the heterogeneous electron transfer to H,Q. This can be attributed to superior ar..
efficient electrical conductivity and large surface area of Ag/Ag,O-rGO/GCE and some inherent anc
unique structural features of rGO. Additionally, there is a possibility of n-n stacking between rGO and
H>Q which is also expected to facilitate the faradic processes responsible for the observed anodic and
cathodic peaks in the recorded CVs (Figure 4(A)). All these features are expected to favour a fast and
efficient electron conduction pathway between Ag/Ag,0-rGO/GCE and H,Q. Figure 4(B) shows the
effect of scan rate on CVs of 4 mM H,Q in 0.1N KNOj recorded on Ag/Ag,O-rGO/GCE. As clew
from the Figure, the peak current of both anodic and cathodic peaks increases and their position on
potential axes shows a slight shift with increase in scan rate. The variation of peak current Iy(aj
(anodic) and Iy(c) (cathodic) as a function of v'?is depicted as inset of Figure 4 (B). The data follows
a linear fit implying that redox behaviour of hydroquinone on Ag/Ag,O-rGO/GCE is a diffusion

controlled process.
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These above mentioned observations vis-a-vis redox behaviour of H,Q on the Ag/Ag,O-rGO/GCE
imply that Ag/Ag,O-rGO composite should exhibit electrocatalytic activity for electro-oxidation of
polyhydroxy compounds. In view of the presence of hydroxyl groups in their structure, Ag/Ag,O-rGe
is expected to exhibit excellent electrocatalytic activity for electro-oxidation of biologically important
metabolites like ascorbic acid, dopamine, epinephrine, norepinepherine etc. To confirm the same we
chose ascorbic acid (AA) as a model molecule to investigate the electrocatalytic and electroanalytic
potential of Ag/Ag.0-rGO/GCE for hydroxyl compounds. Needless to mention, the electrocatalytic

behaviour of various electrode materials for AA in neutral media is very important for its selective ana
sensitive electrochemical detection in real sample solutions.*®The electrochemical investigations of

AA were carried out in 0.1M phosphate buffer of pH 7 as supporting electrolyte.
3.3.Electrochemical behaviour of Ascorbic Acid (AA) on Ag/Ag,0-rGO/GCE:

The cyclic voltammetric responses of 4 mM Ascorbic acid (AA) in 0.1 M phosphate buffer solution of
pH 7 recorded with different electrode systems (blue: baseline, red: GCE and green: Ag/Ag,0-rGO or
GCE) at scan rate of 25 mV/s are shown in Figure 5(A). At bare GCE (red curve), with 4 mM
ascorbic acid solution in pH 7 phosphate buffer shows an irreversible oxidation peak at around 0.471
V vs. Ag/AgCI/3M KCI with peak current of ca. 27 pA. However, the redox behaviour of AA is
strongly improved on Ag/Ag,O-rGO/GCE. The characteristic anodic peak of AA is shifted negatively
to potential of 3 mV and there is a considerable decrease in its E,-Ep, value along with significa..
increase in its peak current. While the E,-Ep, = 0.139 V was estimated for the CV recorded for AA or
the GCE surface, the said value was observed to reduce to 0.039 V for the CV recorded on the
Ag/AQ,O-rGO/GCE in similar conditions. The observed increase in the peak sharpness, peak current
and shift in oxidation peak potential corresponding to electro-oxidation of AA on Ag/Ag,0O-rGO/GCE
in comparison to that on GCE (468 mV towards more negative) indicates that electro-oxidation of AA

on the former is kinetically as well as thermodynamically more facile.
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Figure5. (A) CVs recorded (a) on Ag/Ag.0-rGO/GCE for blank (b) on GCE for 4 mM AA
potential range -1.50 to 1.25 V (c) on Ag/Ag,O-rGO/GCE for 4 mM AA, potential range -0.90 to
0.20 V, at 298 K in 0.1M phosphate buffer of pH 7 with scan rate of 25 mV/s. (B) CVs recorded or.
Ag/Ag,0-rGO/GCE for 4 mM Ascorbic Acid in 0.1M phosphate buffer of pH 7 at 298K on -*

changing scan rates (25-100mV/s). Inset of Figure 5 (B) shows variation between Ip vs.,,*? and
linear fit.

These results for electro-oxidation of AA on Ag/Ag,O-rGO/GCE are in quite contrast to those reported
by T-Qi Xu et al for redox behaviour of AA on Pt/rGO-GCE.* The suppression of redox behaviour ot
AA has been also reported on GO modified GCE.*® Disappearance of electrochemical signal on these
modified electrodes has been attributed to inhibition of =n-x interactions due to some structural features
of composite.sSThe electrocatalytic activity of GO based composites observed for AA in present study
is in agreement with that reported by many research groups with other composite materials. A
comparison of the results from these reports39'49 with those observed in this study is presented a.
Table 1.With oxidation peak of AA positioned at 3 mV vs. Ag/AgCl, 3M KCI and a peak potentia!
shift of 468 mV with respect to GCE, the Ag/Ag.O-rGO composite synthesised and tested in the
present study seems to be a better electro-catalyst for electro-oxidation of AA. This enhancec
electrocatalytic activity for AA oxidation on Ag/Ag,O-rGO/GCE can be attributed to presence ot
electro-active Ag in various shapes and quinoid like functionalities present on rGO. Figure 5(.

displays the cyclic voltammograms (CVs) of 4 mM AA in 0.1 M phosphate buffer solution of pH 7
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with different scan rates at Ag/Ag,O-rGO/GCE. In the investigated range of scan rates, the peak

currents shows a linear dependence on the square root of scan rates as depicted in inset of Figure 5(B)

which implies a diffusion controlled electro-oxidation of AA over Ag/Ag,O-rGO/GCE. The absence

of reduction peak in reverse scan and positive shift of peak potential with increasing sweep rate (20-

100 mV/s), as shown in Figure 5(B) demonstrate that electro-oxidation of AA over Ag/Ag,0O-

rGO/GCE is a diffusion controlled, electrochemically irreversible electrochemical process, wherein the

heterogeneous electron transfer constitutes the rate determining step.

Peak Scan -
Electrode System pH Ep(bare) Ep(mod) potential shift rate Refe e c's
(mV) (mV) (mV) (mV/s) .

Activated GCE. 7.00 (0.1 M phosphate buffer) 600[a] 270[a] 330 100 o
Platinum-Ferrocene. 2.20 (glysine buffer) - - 150 50 —uil
Ferrocene-methanol-GCE. 4.00 (glysine buffer) 500[b] 200[b] 300 5 [41]
Ppy/FCN-GCE. 4.00 (glysine buffer) 500[b] 200[b] 300 5 1421
3,4-dihydroxy benzoic acid 7.00 (phosphate buffer) 380[b] 180[b] 200 10 [ 3]
Micro disk Au Electrode.
Ferrocenecarboxylic acid CPE. 5.00(phosphate buffer) 682[a] 434[a] 248 10 [ 4
Plasmapolymerizedvinylpyridine 1 M H,SO, 760[b] 530[b] 230 100 [4<,
Carbon electrode.
1-[4-ferrocenylethynyl]-1-ethan-  7.00 (phosphate buffer) 591[a] 331[a] 260 10 [,
one carbon paste electrode.
Cobalt Pthalocyanine Graphite-  5.00(phosphate buffer) 320[b] 170[b] 150 20 [47
epoxy composite electrode.
SPANI-rGraphene-GCE. 6.8(0.1Mphosphate buffer) 440[b] 100[b] 340 50 [48]
2,7-bis(ferrocenyl ethyl ) 5.00(phosphate buffer) 640[a] 340[a] 300 5 [ 91
fluoren-9-one CPE.
Ag/Ag,0-rGO/GCE. 7.00 (0.1Mphosphate buffer) 471]c] 3[c] 468 25 Presel t W rk

Table.1 Comparison of efficiency of some modified electrodes towards electrocatalysis of Ascorbic

Acid. [a] vs. Ag/AgCI/KCI(sat) [b] vs. saturated calomel electrode [c] vs. Ag/AgCl/ 3M KCI.

The value of naa (where n, is the number of electrons involved in the rate determining step and « is

electron transfer coefficient) were calculated for the oxidation of AA at both modified and bare glassy

. : 49
carbon electrodes, using equation 2.
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0048
|Ep—Epya|

(2)

ang,

The value of an, for AA electro-oxidation in 0.1M phosphate buffer of pH 7 on Ag/Ag,O-rGO/GCc
and bare GCE was calculated to be equal to 1.23 and 0.35 respectively. This estimated value of

an, equal to 1.23 for electro-oxidation of AA on Ag/Ag,O-rGO/GCE implies that the presence of
Ag/Ag,0-rGO changes the rate determining step from first to second electron transfer step.3gThis

change in rate determining step from first to second oxidation step is well supported by sharp increase
in peak currents as compared to bare GCE. These observations clearly establish that not only
overpotential for ascorbic acid oxidation is reduced at the surface of Ag/Ag,O-rGO/GCE, but also the
rate of electron transfer process is greatly enhanced as confirmed by large I,(a) values recorded duri=~

its cyclic voltammetry.

The electro-catalytic property was studied at changing loading amounts of Ag/Ag,0O-rGO (results not
shown) and we found that the electro-catalytic activity happens to be highest for the case when the
amount of aqueous dispersion of Ag/Ag,O-rGO with composition as mentioned in experimental
section was kept at 3 uL and the same was used to check the electro-analytic activity of Ag/Ag,0O-

rGO.
3.4.Electro analytic performance of Ag/Ag,0O-rGO/GCE:

To assess the electro-analytic performance of Ag/Ag,O-rGO/GCE, differential pulse voltammetry
(DPV) was used as electro-analytic technique because of its high sensitivity and specificity .
quantitative analysis. In DPV analysis comparative to CV, the redox peaks are sharper and better
defined especially at lower concentrations. In DPV measurements, it was observed that the oxidatinn
peak current corresponding to electro-oxidation of AA at Ag/Ag,O-rGO/GCE increases witl.
increasing accumulation/deposition time from 0 to 140 s and reached a maximum value for peak
current at 140 s. Further increase of accumulation time resulted in almost no change in peak currel

The effect of accumulation potential/deposition potential was also investigated. Moreover, DPV
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analysis can be used to explore the impact of presence of silver as Ag,O in the Ag/Ag,O-rGO/GCE.
For this, DPV analysis of 4 mM AA in 0.1M phosphate buffer of pH 7 was carried out at changing the
deposition potential from 0.0 to -0.8 V, keeping all other accumulation conditions like accumulatior.
time, step potential and modulation amplitude constant. The motivation behind this experiment was to
explore the impact of presence of silver in Ag,O form in the Ag/Ag,O-rGO/GCE. It is pertinent tc
mention that electro-deposition of silver has been reported under both cathodic and anodic conditions,

however it is reported that the electro-growth rate of silver is more enhanced under cathodic conditions
that leads to formation of Ag (0) with better conducting properties.5OThe DPVs recorded for same

electro-analyte solution of AA at changing deposition potentials (00 to -0.8 V vs. Ag/AgCl, 3M KCI)
are displayed in the form of Figure 6(A). The figure clearly indicates that the redox peak curre=*
corresponding to electro-oxidation of AA increase with negative shift of the deposition potential a' -
reaches a maximum value at deposition potential of -0.7 V and then after remains almost constai...
Also, with the shift of deposition potential in the negative direction, the redox peak potential shifts
towards less positive value, this implies that the electro-oxidation of AA gets facilitated with highe.
negative deposition potentials. Similar experiments with rGO-GCE do not lead to any appreciable
change in the DPVs recorded for AA. On prima facie, the observed changes in the DPVs recorded for
AA on Ag/Ag,0-rGO can be attributed to increased extent of AA deposition with shift of deposition
potential in the negative direction. However as already mentioned in the previous section that electro-
oxidation of AA at Ag/Ag,O-rGO/GCE was observed to be a diffusion controlled process, the increase
in sensing/analytic behaviour of modified electrode hence should be attributed to the accumulation ¢:
more and more silver nanoparticles which result from electro-reduction of Ag,O in the Ag/Ag,0-rGO
composite when held at more negative potentials. This newly accumulated silver species on the
electrode surface improves the charge transferability of Ag/Ag,O-rGO to AA. Therefore, increase ir
peak currents and shift of peak potential towards less positive potentials with increasingly negative
deposition potentials in DPV measurements can be attributed to presence of Ag,O in the Ag/Ag."

rGO, which in turn get reduced during the electro-deposition process. These cited observations clearly
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establish that for Ag/Ag,O-rGO composite the presence of oxide form of silver reduces its electro-

analytic and electro-catalytic performance for AA.

-— j i (11A) = 0.20+43.78¢(um)
20. O'OGV (A) 7'0 4.84 (& =0.999). 12|J.A (B)
- 'g';z <3 1.38mM
- -{), - 7.4
< e -().5V < 5-6. EI.Z
3.‘15' c—().6V =2
~N 0.7V ~— 0.0 0.5 . 1.0 1.5
= : = 4_2- Concentration(mM)
<P) —().8V o
:10' bt
S
= = 2.8
@) 5. @)
1.4
0 v L J v v H

0.2 00 02 04 -0.18 0.00 0.18 0.36 0.54
Potential(V vs. Ag/AgCl 3MKCI) Potential(Vvs. Ag/AgCl 3MKCI)

Figure6. (A) DPVs recorded for 4 mM ascorbic acid in 0.1M Phosphate Buffer of pH 7 at 298 K ..
Ag/Ag,0-rGO/GCE at changing deposition potentials. (B) DPVs recorded for changing concentrations
of ascorbic acid in 0.1M phosphate buffer of pH 7 at 298 K on Ag/Ag.O-rGO/GCE (Deposition
potential = -0.7 V, Deposition time = 140 s, Modulation amplitude = 0.05 V). (Inset graph of 6(b)
depicts calibration plot between Ip vs. Concentration (mM) of ascorbic acid with linear behaviour .
concentration range of 0.033-1.38 mM, R?= 0.999).

Therefore, the parameters optimised for electro-analysis of AA through DPV were, deposition potenti 'l
equal to -0.7 V, deposition time 140 s, scanning the potential range from -0.25 to 0.50 volts vs. Ag/AgL"
(3M KCI), differential pulse step potential of 0.009 V and modulation amplitude of 0.05 V. With tf..~=
optimised parameters, DPVs in 0.1 M phosphate buffer of pH 7 across Ag/Ag,O-rGO/GCE with
changing amounts of AA were recorded. The DPVs recorded as such for changing concentrations of A A
in 0.1M phosphate buffer are displayed in the form of Figure 6(B). As evident the redox peak current
corresponding to electro-oxidation of AA increases with increase in the amount of AA in the electre
analyte solution. The observed redox peak currents when plotted as a function of concentration of A”.
exhibited a linear increase with the increase in concentration of AA and the same is depicted as inset in

Figure 6(b). The data depicted in inset of Figure 6(B) was observed to follow a linear equation ipa(nA) =
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0.20 + 3.78c(um) (R* = 0.999) in the investigated concentration range. The normalized sensitivity

Ly (ASY?IV*Mcm?) of the Ag/Ag,0-rGO/GCE was estimated through equation 3: **

- ip
'p T vl Co (3)

where n is number of electrons involved in oxidation/reduction process of electro-analytes which ir.

case of ascorbic acid is reported to be equal to 2, ip is anodic peak current, A is electroactive area oi
modified electrode, v is scan rate and C, is bulk concentration. At scan rate of 0.025 V/s ana

concentration of 4 mM AA, the normalized sensitivity T,,0f 7.9 AS"2/V*?Mcm? was estimated. From

the slope of calibration plot and electroactive area A, the sensitivity of the modified electrode w. -

found to be equal to 0.087 AM™cm™ or 3.8 pA/uM. In comparison to previously reported electrodes

like AgNPs/rGO21 with sensitivity 0.45 puA/uM and electrochemically reduced graphene oxide

(ERGO)52 with sensitivity of 0.5 pA/mM, the Ag/Ag,O-rGO/GCE used in present study seems to

display better sensitivity towards detection of AA.
4. Conclusion:

We have demonstrated a simple electrochemical approach to establish the presence of silver oxides ir
Ag-graphene nano composites synthesised under alkaline conditions. The nanocomposites comprise n*
nanodimensional Ag,O@Ag well dispersed on rGO and show excellent electrocatalytic and
electrosensing activity for electro-oxidation of AA. The activity of the composite being affected by the
extent of silver oxide whose electroreduction results in the enhancement of the electrochemical
performance of the Ag/Ag,O-rGO nanocomposite for AA electrooxidation. Complete electroreductic..
of oxide phase of silver in Ag/Ag20-rGO composites leads to sensitivity of 0.087 AM™cm™ or 3.8
LA/uM which is better than most of the materials that have been so far tested for electrooxidation of

AA.
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