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Ellagic acid (EA) is a lactone and polyphenolic functional groups-containing phyto-chemical that has beenwidely

used as an anti-oxidant, anti-cancer and anti-aging cosmetic agent. EA is known as a stable redox active system

only in organic medium, but irreversibly oxidized with coupled chemical reactions showing ill-defined redox

peaks in aqueous solutions. Interestingly, we report here that electro-oxidation of EA tethered multiwalled car-

bon nanotube-modified glassy carbon electrode (GCE/MWCNT@EA) showed a well-defined pair of redox peaks

with a surface-confined characteristics at Ef =0.020 V vs Ag/AgCl corresponding to ortho-quinone moiety of ox-

idized EA in pH 7 phosphate buffer solution (PBS). No such behaviorwas noticedwith EA adsorbedGCE. TheGCE/

MWCNT@EA was characterized by cyclic voltammetery (CV) and the transfer coefficient (α) and electrode to

redox surface layer electron transfer rate constant (ks) were calculated. Physicochemical characterization of

MWCNT@EA by FTIR, XRD and Raman Spectroscopy techniques revealed immobilized EA in its native form on

MWCNT. Effect of various CNTs on EA electro-immobilization and the features that distinguish each other was

highlighted. The GCE/MWCNT@EA showed excellent electrocatalytic activity toward N2H4 oxidation. The mech-

anism and kinetics of the catalytic reaction was investigated by CV, and the kinetic parameters ca., number of

electrons in the rate determining step (na′), total number of electrons (n′), reaction order with respect to

N2H4, catalyst reaction rate constant (kchem) were evaluated. Finally, amperometric i-t and flow injection analysis

for highly selective sensing of hydrazine without any interference from other biochemicals were validated.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Ellagic acid (2,3,7,8-tetrahydroxy benzopyrano-5,4,3-cdebenzopyran-

5,10-dione, abbreviated as EA, Scheme1) is a polyphenolic phytochemical

foundwidely in fruits, vegetables, seeds, and some nuts in free form or in

a bound state. [1,2] Due to the presence of two pairs of neighbor hydroxyl

groups in its structure, it is considered as a natural antioxidant [2] and is

usually added as an ingredient in skin whitening cosmetic products. [3]

Over the past few years, a number of studies on EA revealed the evidence

for anti-inflammatory, anti-mutagenic and anti-carcinogenic properties

[1–6]. However, most of the literature reports deal with detection of EA

in various food samples using high performance-liquid chromatography

[7] coupled UV detection [8] or mass spectroscopy [9], capillary electro-

phoresis coupled mass spectroscopy [10], voltammetric techniques [3,

11–14]. Note that, EA is highly stable with well-defined redox electro-

chemistry in non-aqueous solvents, which allowed its use as a very

good organic electrode material for rechargeable lithium batteries with

high reversible capacities involving lithiation–delithiation modes at dif-

ferent stages of the charge–discharge process [15]. Unfortunately, electro-

chemical studies on redox behavior of EAon carbon surfaces in neutral pH

received scant attention. For instance, in acidic and neutral conditions, EA

undergoes two-stage irreversible oxidation with coupled chemical reac-

tions showing ill-defined redox peaks on glassy carbon electrode (GCE)

[16,17]. In alkaline solutions, the oxidation is still more complicated

with additional formation of inactive polymerized products blocking the

electrode surface at higher positive potentials [14,16,17]. Interestingly,

herein, the presentworkwe show thatwith a simple electrochemical-im-

mobilization of adsorbed EA on to multi-walled carbon nanotubes

(MWCNT) a highly reversible, well-defined, clean, stable, surface
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confined pair of redox peaks is achieved in aqueous solution of pH in the

range 3 to 9.

Carbon nanotubes (CNTs) are of special interest as support electrode

material for immobilizing electrocatalysts and electron-mediators be-

cause of their uniquely suited properties like nano-dimension, large

specific surface area, increased porosity, high electronic conductivity,

amenability for introducing abundant functional groups, etc., thereby

providing exciting opportunities for applications in chemical and bio-

chemical sensors [18–20]. In this regard, our group exploited CNT for

immobilization of phytochemicals such as quercetin and 8-hydroxy

quinolone [21,22] as a hybrid material for electrochemical oxidation of

hydrazine. A surface confined hydroquinone moiety derived from the

electro-oxidation of MWCNT immobilized-phenolic quercetin yields a

highly reversible pair of redox peaks, as against GCEwhich is electro-in-

active toward quercetin oxidation, and utilized it as a stable, sensitive

and selective electrochemical detector (ECD) for flow injection analysis

(FIA) of hydrazine [21]. In a subsequentwork, it has been shown that 8-

hydroxyquinoline, which forms electro-inactive and tarry polymeric

products upon electro-oxidation on GCE, produces a multi-redox active

quinoline quinone intermediate strongly entrapped onMWCNT. The in-

termediate trapped MWCNT modified electrode shows excellent

electrocatalytic behavior and amperometric current-time sensing re-

sponse to hydrazine [22]. In this direction, we aimed to study the elec-

trochemical behavior of EA on MWCNT modified GCE. Interestingly, a

highly redox active surface confined oxidized form of EA immobilized

in its native form without any cleavage of lactone bond has been ob-

served upon electrochemical oxidation of EA on MWCNT in the present

work (Scheme 1). Present paper deals with preparation of electrochem-

ically-immobilized EA-MWCNT-modified GCE (GCE/MWCNT@EA), its

electrochemical characterization by cyclic voltammetry (CV) in aqueous

solutions of different pH 3–9 followed byMWCNT@EAmaterial charac-

terization by , X-ray diffraction (XRD), Fourier transform infrared (FTIR)

and Raman spectroscopy. In addition to this, the electrocatalytic activity

of the GCE/MWCNT@EA electrode toward hydrazine oxidation has been

described along with the relevant electrode kinetic parameters evaluat-

ed. Finally, the composite electrode's promising electroanalytical per-

formance toward selective estimation and flow injection analysis (FIA)

of hydrazine in neutral pH solution has been outlined.

2. Experimental section

2.1. Reagents and materials

Ellagic acid (N95%, HPLC grade), MWCNT (~90% purity on carbon

basis, size 7–15nm×0.5–10 μM) and SWCNT (50–70% purity on carbon

basis)were purchased from Sigma-Aldrich (USA). Other chemicals used

in this work were all ACS-certified reagent grade and used without fur-

ther purification. Aqueous solutionswere prepared using deionized and

alkaline potassium permanganate distilled water. Unless otherwise

stated, pH 7 phosphate buffer solution (PBS) of ionic strength, I =

0.1 M was used as a supporting electrolyte in this work.

2.2. Apparatus

Voltammetric measurements were carried out with a CHI Model

660C electrochemical workstation (USA). The three-electrode system

consists of chemically modified GCE as working electrode (0.0707

cm2), Ag/AgCl as a reference electrode and platinumwire as an auxiliary

electrode. XRD analysis was carried out using Bruker D8 Advanced dif-

fractometer (Germany). FTIR analysis was carried out with a Shimadzu

IR Affinity-1 spectrometer (Japan) by using KBr pellet method. Agiltron

Peakseeker Pro Raman Spectrometer (USA) with a 532 nm laser probe

instrument was used for Raman spectroscopic analyses. For UV/Vis

spectroscopy (Jasco V-670 spectrometer, Japan) analysis, a clear

ethanolic extract was used, as obtained by sonicating (3min) the chem-

ically modified electrode in 500 mL of ethanol followed by filtration

with a membrane pore size 220 nm (Nupore). For Raman spectroscopic

characterization, MWCNT@EA prepared on a disposable screen-printed

Scheme 1. Schematic illustration for adsorption (A), redox (B and C) and hydrazine electro-catalytic features of MWCNT@Ellagic acid (MWCNT@EA) (D). Illustration for the lack of

immobilization and redox activity of EA on GCE surface (E).
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gold electrode (SPAuE), SPAuE/MWCNT@EA, was subjected to the anal-

ysis. Similarly, for FTIR and XRD, MWCNT@EA samples separated from

the SPAuE/MWCNT@EA matrix using a doctor's needle (0.5 mm ×

3.5 cm) were used. The FIA system consisted of Hitachi L-2130 pump

delivery (Japan), a Rehodyne model 7125 sample injection valve

(20 μL loop) with interconnection Teflon tube and a conventional elec-

trochemical cell (BASi, USA) [23].

Total metal impurities (Fe, Co and Ni) in the pristine MWCNT was

estimated as 5.2 wt.% by thermal gravimetric analysis [23]. Continuum

source electro-thermal atomic absorption spectrometry (CS-ETAAS)

studies using ZEEnit 65, Analytika Jena AG (Germany) showed

2.1 wt.% of iron impurity within the pristine MWCNT [24]. Similarly,

the iron content in other carbons such f-MWCNT (0.6 wt.%), p-

MWCNT (0.6 wt%) and SWCNT (0.3 wt.%) were also analysed using

the CS-ETAAS [25].

2.3. Procedures

Purified MWCNT (p-MWCNT) and functionalized MWCNT (f-

MWCNT) powder samples were prepared as per our previous reported

procedure [21,23], where a mixture of 200 mg of ‘as received’ MWCNT

powder +35 mL of 6 M or 15 M HNO3 (fuming acid) was refluxed for

12 h in a silicone oil bath at T = 413 (±2) K (140 °C), filtered, washed

with copious amount of DD H2O until the pH of the filtrate became neu-

tral, and finally dried at T = 353 (±2) K (80 °C) in a vacuum oven.

Different CNTs such as ‘as received’ MWCNT, p-MWCNT, f-MWCNT

and SWCNT were coated on GCE (GCE/MWCNT, GCE/p-MWCNT, GCE/

f-MWCNT and GCE/SWCNT) by drop casting 3 μL of respective ethanolic

dispersed CNT solution (2 mg/mL) on a cleaned GCE surface and

allowed 5 ± 0.5 min for complete air-dry. EA was adsorbed onto CNT

coated GCEs by drop casting 3 μL of a dilute EA solution (2 mg EA dis-

solved in 500 μL ethanol) on different GCE/CNTs, followed by 3 ±

0.5 min air-drying at room temperature. Electrochemically-

immobilized EA-CNT-modified GCE (designated as GCE/CNT@EA)

were prepared by repeated potential cycling of EA-adsorbed electrodes

(GCE/CNT/EA) in pH 7 PBS in an optimized potential window

(Supporting information, Fig. S1), −0.3 to 0.3 V vs Ag/AgCl at a scan

rate (v) 50 mV s−1, as illustrated in Fig.1(A). For flow injection analysis

with electrochemical detection (FIA-ECD) studies, 3 μL of 0.1% Nafion-

ethanolic solution coated on FIA-GCE/MWCNT@EA and dried for 5 ±

1 min at room temperature, was used as an electrochemical detector.

3. Results and discussion

3.1. Preparation of electrochemically-immobilized EA-MWCNT-modified

GCE (GCE/MWCNT@EA) and electrochemical characterization

Fig. 1(A) (curve a) is a hundred continuous CV response of a EA

adsorbed ‘as received’ MWCNT-coated GCE (GCE/MWCNT/EA), during

the preparation of GCE/MWCNT@EA, in a potential window −0.3 to

+0.3 V vs Ag/AgCl at v= 50mV s−1 in pH 7 PBS. It is quite interesting

that a well-defined pair of anodic and cathodic redox peaks continuous-

ly increasing with potential cycles appeared. Note that EA adsorbed GC

electrode (GCE/EA) failed to show any such reversible redox peaks (Fig.

1(A) (curve b)), and only a very feeble irreversiblewave-like current re-

sponse was noticed agreeing well with that reported previously [17].

These observations clearly indicate the significance of the MWCNT as

a matrix for the electrochemical immobilization of EA and for its high

redox active electrochemical features (Scheme 1).

The GCE/MWCNT@EA film electrode after 100 cycles washed and

immersed in a fresh pH 7 PBS for electrochemical characterization. Fig.

1(B) (curve a) shows that the film characteristics with respect to cur-

rent and potential were retained without any alterations. The film elec-

trode exhibited CV peakswith a formal potential, Ef=(Epa+ Epc) / 2,−

20 ± 2 mV (A1/C1) corresponding to redox reactions of the two ortho-

hydroquinone groups of EA [14,16,17]. The film's redox response was

highly stable and reproducible with no leaching of the adsorbedmateri-

al over several continuous potential cycles. The surface concentration

(ΓEA) of the electroactive EA species responsible for A1/C1 transition

was calculated with the equation [21,27]:

ΓEA ¼ Q t=nAgeo F ð1Þ

where Qt is the charge consumed, obtained from integrating the A1

peak area in CV under the background correction recorded at slow

scan rate (5 mV s−1) in pure pH 7 PBS, n, the number of electrons con-

sumed (2 in the present case), and Ageo the electrode geometric area

(0.0707 cm2). ΓEA was 14.81 × 10−9 mol cm−2.

Effect of scan rate on the redox behavior of the GCE/MWCNT@EA in

pH7PBSwas investigated (Fig. 2(A)). A systematic increase in the redox

peak currents against increase in scan rate was noticed. The ratio of ca-

thodic-to-anodic peak currents (ipc/ipa) at various scan rates was almost

unity. The slope value (∂ log{(ipa)(or (ipc)}/∂log(v)) of double

A1

C1

a. GCE/MWCNT/EA

b. GCE@EA

E vs Ag/AgCl/V

-0.2 0.0 0.2

150 µA

E vs Ag/AgCl/V

-0.2 0.0 0.2

150 µA

b. GCE/EA

a. GCE/MWCNT@EA

(A) (B) (C)

Carbon nanotube@EA

a b c d

Γ
E

A
 (

n
 m

o
l 
c
m

-2
)

0

6

12

18

S
W

C
N

T f-
M

W
C

N
T

p
-M

W
C

N
T

M
W

C
N

TA1

C1
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logarithmic plots of ipa and ipc vs scan rate corresponding to A1 and C1

peaks was 0.75 (Fig. 2, inset (a)), which is in-between the ideal values

of 1 and 0.5 respectively for adsorption and diffusion controlled sys-

tems, indicating operation of mixed adsorption and diffusion controlled

electron-transfer processes at A1/C1. The peakpotentials, Epa and Epc are

given in Fig. 2 (inset (b)), as a function of log(v). The peak-to-peak sep-

aration potential, ΔEp = Epa− Epc, which was 65± 3mV at v=50mV

s−1, increased continuously with increase in scan rate. Beyond 100 mV

s−1, ΔEp N 90mV, and in this region Epa and Epc were linear with log(v).

The surface electron transfer rate constant (ks) and the transfer coeffi-

cient (α) were calculated from the linear Epa vs log(v) plot basing on

the following Laviron's equations [23,26,27] derived for ΔEp N 200/n

mV:

Epa ¼ E f þ RT= 1−αð Þna F lnf 1−αð Þna F=RT½ � v=ks½ �g ð2Þ

Slope ¼ 2:303RT= 1−αð Þna F½ � ¼ Sa ð3Þ

Intercept ¼ E f þ Sa log 2:303=Sa½ �–Sa log ks½ � ð4Þ

where Ef is the formal potential of the redox couple. From the slope

(0.093 V decade−1), intercept (0.10 V) and Ef=−20± 2mV for A1/C1

(Fig. 2 (A)), α and ks were calculated as 0.37 and 3.42 s−1. The α value

indicates that the quinone/hydroquinone surface redox processes were

not fully reversible for theMWCNT@EAfilm electrode. The value of ks=

3.42 s−1 for the EA modified MWCNT film electrode is higher than that

observed for other film electrodes like MWCNT@Hb/Nf modified GCE

(0.98 s−1) [23] and iron hexacyanoferrate modified GCE (1.4 s−1) [28]

indicating better redox activity of the MWCNT@EA film.

Effect of solution pH on the redox behavior of the GCE/MWCNT@EA

was examined as in Fig. 2(B). Epa and Epc shifted regularly to more neg-

ative values with increase in pH in the range 3–9, suggesting proton-

coupled electron-transfer reactions of EA in the hybrid matrix. A plot

of Ef against pH (Fig. 2, inset (c)) shows a slope value, ∂Ef/pH, −

44.5 mV pH −1, different from the Nerstian slope,−59 mV pH −1 gen-

erally observed for charge transfer processes involving equal number

of protons and electrons [27]. The non-Nernstian value, −45 mV

pH −1, is close to −(1.5/2)(2.303RT/F) indicating involvement of non-

integral values for charge and hydrogen ions. Note that non-Nernstian

slope values (~−(3/2) (2.303RT/F)) have already been reported for

RuO2 electrodes either thermally prepared directly on Pt or Ti [29,30]

and it has been suggested as due to the participation of non-stoichio-

metric inter-linked surface species arranged in net-work structures. A

similar phenomenon might occur in the case of EA-immobilized-

MWCNT with the CNT matrix providing the protonated oxygen func-

tional groups for inter-linking EA redox species. However, excess of ox-

ygen functional groups of CNT matrix found to be detrimental toward

EA's electrochemical activity as shown below from electrochemical ex-

periments with EA on different CNTs.

To examine how best the ‘as received’MWCNT functions as support

matrix, compared to other CNTs, toward the electrochemical activity of

EA, electrochemically-immobilized EA on different CNTs viz., p-

MWCNT, f-MWCNT and SWCNT were examined for EA electrochemical

reaction. It was found that all the CNTs showed qualitatively similar pair

of A1/C1 redox peaks with Ef around−20mV vs Ag/AgCl; however, the

peak intensity and EA surface coverage, ΓEA, were significantly different.

Taking ΓEA as a measure of the electroactivity of immobilized EA, as

displayed in the bar diagram in Fig. 1(C), one can easily find that the

‘as received’ MWCNT exhibited much higher surface coverage com-

pared to all others, in the order,‘as received’ MWCNT (14.81 n mol

cm−2) N f-MWCNT (3.63 n mol cm−2) N SWCNT (0.277 n mol

cm−2) N p-MWCNT (0.221 n mol cm−2) suggesting that major

electroactivity for EA was provided by ‘as received’ MWCNT and least

activity by ‘purified’MWCNT (and SWCNT). The f-MWCNT induced rel-

atively better activity (ΓEA = 3.63 nmol cm−2) than the p-MWCNT and

SWCNT. It is well known that CNTs contain different metal oxides, car-

bon materials and nano metallic components as impurities [23–25,31],

and indeed, XRD and TGA identified them as Fe2O3, NiO, Co2O3, amor-

phous as well as graphitic carbon materials [23]. Also, the CS-ETAAS

analysis indicated the contents as Fe = 21,000 ppm, Ni = 14 ppm,

Co= 1.6 ppm in ‘as received’MWCNT [31]. It is possible that some spe-

cific interaction like weak coordination between the metal sites of the

residual metal oxides in ‘as received’ MWCNT and the phenolic groups

[24] of EA molecule might be responsible for the highest ΓEA (Fig.

1(C)) and good EA film stability (Fig. 1(B)) with this carbon material.

Due to the lack of such a favorable interaction, the p-MWCNT with in-

sufficient metal oxide impurities upon intense purification showed

much weaker adsorption of EA and the lowest ΓEA (0.221 n mol

cm−2). Similarly, as functionalization of MWCNT introduces plenty of

oxy-hydroxide functional groups, such as, carboxylic (\\COO\\), phe-

nolic (NC\\OH), carbonyl (NC_O), hydroxyl (\\OH) etc., these groups

could cause repulsive interaction with the phenolic groups of EA
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resulting in lower EA surface excess for f-MWCNT (3.63 nmol cm−2)

over ‘as received’ MWCNT (14.81 n mol cm−2). Another reason for

the diminished ΓEA for the f-MWCNT may be related to its large

charging background current masking the EA's redox peak response

to some extent (Supporting information, Fig. S2). For the case of

SWCNT, its low ΓEA (0.277 n mol cm−2) testifies for the difficulty in

immobilizing and stabilizing the electrogenerated hydroquinone/

quinone entities of the EA molecule within its single wall arrange-

ment through π-π interaction.

It may bementioned here that the available literature on functioning

of different nanotubes, as support material for immobilizing

electrocatalysts and electron-mediators, shows that only specific type

of CNTs enabled surface-bound immobilization of organicmolecules de-

pending on the chemical nature of the catalysts molecules, highlighting

the importance of different kinds of underlying interactions between

the nanotubes and the redox mediators [21–24,31,32]. For example,

the impurities-containing ‘as received’ MWCNT offered highest

electroactivity for hemoglobin [23], benzene [24], quercetine [21], chi-

tosan [31], etc.; but it was the purified MWCNT (p-MWCNT) that has

been reported to show improved results for the quinone/hydroquinone

immobilization [32]. On the other hand, for quinoline quinone [22], f-

MWCNT has been found to be the best extending highest activity.

As electrochemically-immobilized EA on ‘as received’ MWCNT

showed highest electrochemical activity, it was characterized further

and applied for hydrazine sensing.

3.2. Physicochemical characterization of MWCNT@EA

In order to understand the structural features of electrochemically-

immobilized EA on MWCNTs, the MWCNT@EA hybrid material was sub-

jected to various physicochemical characterizations and the results ob-

tained are summarized in Fig. 3. The FTIR spectra of MWCNT@EA (Fig.

3(A)(a)) showedmajor peaks at 3414 and 3136 cm−1 (vO-H stretching),

1694 cm−1 (vC = O stretching), 1620 cm−1 (vC = C, strong aromatic

skeletal vibration) and 1398 and 1113 cm−1 (vC-O stretching). Control

FTIR experiments with the individual EA and MWCNT are displayed in

Fig. 3(A)(b-c). The fact that the FTIRofMWCNT@EA showedpeaks similar

to that by EA, but with frequency values slightly shiftedwithin±3 cm−1,

clearly indicated that EAwas present in its original form in theMWCNT@

EA hybrid electrode systems. Comparative XRDs of MWCNT@EA, EA and

MWCNT, as given in Fig. 3(B), showed that native EA exhibited several

discrete peaks. But the EA modified MWCNT electrode (MWCNT@EA)

presented a broad patternwith only one peak at 25.7o, whichwas exactly

similar to the XRD spectrum of pristine MWCNT. The absence of the

characteristic peaks of EA in the XRDpattern of theMWCNT@EA compos-

ite might be due to very strong π-π interaction between EA and the im-

pure MWCNT, manifested by immobilization and stabilization of EA

within the inner walls of the nanotubes. Raman spectra of MWCNT and

MWCNT@EA (Fig. 3(C)) showed specific peaks at about 1320 cm−1 (D

band) and 1580 cm−1 (G band) due to the disordered graphitic structure

(sp3 bonded sites) and ordered graphitic structure (hexagonal sp2 car-

bons) respectively [21,22]. The intensity ratio of the disordered band

(D) to the ordered graphitic band (G) was slightly higher with

MWCNT@EA (ID/IG = 0.56) than that of unmodified MWCNT (ID/IG =

0.48). The increased ratio value substantiates the existence of oxygen

functional groups of immobilized EA (several sp3 bonding) on the hybrid

electrode [24], as observed above in FTIR studies. Extended characteriza-

tion experiment with UV–Vis spectroscopy showed a specific and weak

absorbance peak at a λmax ~ 550 to 650 nm (Supporting information,

Fig. S3, curve a), which may be due to a complex between Fe in ‘as re-

ceived’ MWCNT and the phenolic groups of EA [24,33]. Overall, EA was

found to be immobilized in its native formonMWCNTwithout any cleav-

age of lactone bond.

EIS is an effectivemethod to probe the electrical properties of thema-

terials and to monitor the changes associated with interfacial properties

and thereby allowing to understand the chemical transformation and

processes associated with the conductivity of the electrode surface [34].

In this study, EIS technique has been employed to elucidate comparative

electron transfer behavior of the modified electrodes. All the EIS experi-

ments were performed in an electrolyte (0.1 M KCl) solution consisting

of each of 2 mM Fe(CN)6
3− and Fe(CN)6

4− at an applied potential 0.2 V

vs Ag/AgCl. Fig. 4 shows the typical EIS Nyquist plot (Z′ vs Z″) for (a)

bare GCE, (b) GCE/EA (c) GCE/MWCNT and (d) GCE/MWCNT@EA. The

impedance data were fitted to the Randles circuit shown in the inset of

Fig. 4, where Rs is electrolyte resistance, Rct is charge transfer resistance,

Cdl is double layer capacitance and Zw is Warburg impedance. In the

Randles circuit, the Rct and Warburg (W) impedance can be found to be

parallel to Cdlwhich results in a semicircle in the Nyquist plots. The diam-

eter of the semicircle is equal to the Rct value which is indicative of the

electron transfer kinetics of the redox probe at the electrode/electrolyte

interface. The Nyquist plot of bare GCE exhibits a large semicircle with

an Rct value of 247 Ω (Fig. 4 (curve a)), and it reduced to 170 Ω (GCE/

EA; Fig. 4 (curve b)), 146 Ω (GCE/MWCNT; Fig. 4 (curve c)), and 71 Ω

(GCE/MWCNT@ EA; Fig. 4 (curve d)) upon modification with EA,

MWCNT and MWCNT@ EA respectively. Τhe reduction in Rct value may

attribute to the increase in the electron transfer behavior ofmodified elec-

trode. Hence, the hybrid film (GCE/MWCNT@EA) is the best choice for

electrochemical application.
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3.3. Electrocatalytic oxidation of hydrazine

To test for the electrocatalytic activity of the modified electrode to-

ward hydrazine oxidation, CVswere traced in the absence and presence

of this compound. Fig. 5(A) is the CVs of GCE/MWCNT@EA in pH 7 PBS.

Upon the addition of 10mMhydrazine, therewas an increase of the an-

odic peak current and the cathodic peak current completely disap-

peared (Fig. 5(A) (curve d)) which indicates a strong catalytic effect.

Note that hydrazine was not oxidized on bare MWCNT electrode (Fig.

5(A) (curve a)). Fig. 5(B) shows the dependence of the voltammetric re-

sponse of themodified electrode on the hydrazine concentration. Plot of

baseline corrected (catalytic) anodic peak current (ipa′) vs concentra-

tion of hydrazine was linear in the concentration range 0.5–9 mM

with a sensitivity of 22.8 μA mM−1 (Fig. 5(B), inset (a)). The plot of

log (ipa′) against log (cHy) was a straight line with slope 1.15 ± 0.04

(Fig. 5(B), inset (b)), indicating that the catalytic reaction obeys first

order kinetics with respect to hydrazine in solution.

Effect of scan rate, as in Fig. 6, shows that the anodic peak current

for 1 mM hydrazine on the GCE/MWCNT@EA electrode at pH 7 in-

creasedwith scan rate, whereas the cathodic peak commenced to ap-

pear at scan rates beyond 30 mV s−1, suggesting that the EA

electrode effectively catalyses the hydrazine oxidation only at slow

scan rates due to a moderate catalytic reaction rate. Ipa′ vs v
1/2 was

linear (with a slope = 259.3 μA (V s−1)-1/2), as in Fig. 6 (inset (a)),

indicating diffusion controlled electron-transfer behavior of the hy-

drazine oxidation on the hybrid electrode. The current function (ipa
′/v1/2) for the catalytic oxidation of hydrazine decreased with scan

rate (Fig. 6, inset (b)) and approached the constant value recorded

for the catalyst electrode oxidation in the absence of the substrate,

characteristic of an ECCAT catalytic process [35]. Additionally, the

peak potential for the catalytic oxidation of hydrazine shifted to

more positive potentials linearly with increasing scan rate with a

slope= 37.8mV decade−1, as in Fig. 6 (inset (c)), suggesting a kinet-

ic limitation in the reaction between quinone/hydroquinone sites of

the EA film and hydrazine.

3.3.1. Mechanism of electrocatalytic oxidation of hydrazine

The number of electrons involved in the rate determining step (na′)

and the total number of electrons involved in thehydrazine oxidation (n

′) are essential to elucidate the oxidation pathway of the substrate and

the final oxidation products. na′ was obtained from anodic Tafel slope,

ba = 2.303RT/(1 − α′)na′F, where α′ is the transfer coefficient [36].

The necessary ba was estimated from the slope of Epa vs log(v) plot,

available in Fig. 6, inset (c), which corresponds to the following Eq.

(5), which is appropriate for an irreversible diffusion-controlled process

[27], and also for irreversible process occurring at an electroactive thin

film-coated surface [27,37–41]:

Epa ¼ K þ ba=2ð Þ log vð Þ ð5Þ

where K is a constant related to R, T, F, DHy (the diffusion coefficient

of hydrazine), Ef and k0 (the standard heterogeneous rate constant).

With the slope (∂Epa/∂ log(v)) = 37.8 mV decade−1, ba = 2 × 37.8 =

75.6 mV. Alternatively, ba was also got from Tafel plots (E vs log(i))

drawn by using the rising part of the steady-state i-E curves of 1 mM

of hydrazine monitored at a slow scan rate of 5 mV s−1 (Fig. 7). The

resulting Tafel slope (ba = ∂E/∂ log(ia)) was 75.3 mV, close to that
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from Epa vs log(v) plot. From the equation ba = 2.303RT/(1 − α′)na′F,

we can calculate (1− α′)na′ = 0.71. If na′ = 1, α′ = 0.29.

To evaluate n′ value we resorted to the following equation relating

ipa′ and v1/2 for the totally irreversible diffusion-controlled electrode

processes [27,37–41]:

ipa0 ¼ 2:99� 105n0 1−α0ð Þna0½ �1=2AgeocHyDHy
1=2v1=2 ð6Þ

where cHy is the substrate bulk concentration. With the slope (ipa′/v
1/

2) = 259.3 × 10−6 A (V s−1)-1/2 (Fig. 6 (inset (a)), [(1− α′) na′] = 0.71,

Ageo = 0.0707 cm2, cHy = 1.0 × 10−6 mol cm−3 and DHy = 1.4 × 10−5

cm2 s−1 [41], n′was calculated to be 3.9.

Thus, the experimental results indicate that the overall catalytic ox-

idation of hydrazine on GCE/MWCNT@EA electrode occurs as a four-

electron process (n′ = 4) with the rate of hydrazine oxidation con-

trolled by the kinetics of one-electron cross-exchange reaction between

the quinone sites of EA film and the substrate (na = 1) with a rate con-

stant kchem. And the catalytic oxidation obeys first-order kinetics with

respect to hydrazine. However, a simple reaction mechanism account-

ing for all the observed results cannot be easily proposed at this stage,

since the Tafel slope for the EA/hydrazine system (75 mV) is different

from the conventional values 120 mV, 60 mV, 40 mV and 30 mV,

which are reported for simple electrochemical reactions [36]. The occur-

rence of non-customary Tafel constant is an indication that theN2H4 ox-

idation on GCE/MWCNT@EA follows a complex reaction mechanism,

similar to that observed earlier for Fe dissolution in HCl in presence of

thiourea derivatives as corrosion inhibitors [42,43], etc. The uncommon

Tafel constants observed for these systems were explained by mecha-

nisms in which the adsorbed reaction intermediates were considered

to follow Temkin adsorption isotherm [44]. A similar phenomena

might occur with N2H4 oxidation on EA electrode in the present case.

Thus, without going into details, based on the well-known 4 electron

oxidation of N2H4 [41], the global reaction of N2H4 is given by

NH2NH2 þ 4H2O→N2 þ 4 Hþ þ 4e− ð7Þ

and the slow rate determining cross exchange reaction step can be

written as

Q−O2 þH2N−NH2 →

kchem
Q−O OHð Þ þN2H2

−� þHþ þ e− ð8Þ

3.3.2. Kinetics of electrocatalytic oxidation of hydrazine

As per the Andrieux-Saveant model for mediation reaction at modi-

fied electrodes [45], when the electron-exchange between the electrode

and the catalyst sites in the film is fast, the rate of the overall electrocat-

alytic reaction is controlled by diffusion of the substrate (here hydra-

zine) in the solution to the film surface, and three film processes,

namely, substrate diffusion in the EA/MWCNT film, electron diffusion

through the film and cross exchange reaction between the substrate

and the quinone catalyst sites within the film, either alone or in combi-

nation [46]. When thin EA/MWCNT film and high substrate concentra-

tions are used, the contribution of substrate and electron diffusion

within the film as well as substrate diffusion in the solution to rate lim-

iting is negligibly small and the current is determined only by the rate of

the cross-exchange reaction. The corresponding catalytic rate constant,

kchem, can be calculated with the help of the expression for the catalytic

current (ipa′) (Eq. 9) given by Andrieux and Saveant for a catalytic reac-

tion in the case of slow scan rate and large kchem [45].

ipa0 ¼ 0:496n0FAgeocsDs
1=2v1=2 na0F=RTð Þ1=2 ð9Þ

It has been shown that in the case of fast scan rates and low kchem the

values of the “constant” in Eq. (9) are lower than 0.496 [47, 48]. For the

present MWCNT@EA/hydrazine system with 1 mM hydrazine (Fig. 6),

the average value of this coefficient was found to be 0.406. As per

Fig. 1 in the paper by Andrieux and Saveant [47], where a working

curve for the “constant” 0.496 was given as a function of

log lkchemΓEA= Ds
1=2v1=2 na0F=RTð Þ1=2

� �h i

ð10Þ

the above function, corresponding to 0.406 value of the constant,

was obtained as 0.37 (with l = 1 for a monolayer), which further

allowed us to calculate kchem, in the scan range 100 to 500 mV s−1, to

be 1.90 × 103 mol−1 dm3 s−1. This value is comparable to kchem, 2.2 ×

103 mol−1 dm3 s−1, obtained from chronoamperometry for hydrazine

oxidation catalyzed by cobalt pentacyanonitrosylferrate film modified

GCE [49].
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3.3.3. Amperometric and FIA estimation of hydrazine

Amperometric i-t detection of hydrazine on GCE/MWCNT@EA at an

applied potential of 0.15 V vs Ag/AgCl was investigated as in Fig. 8(A)

(curve a) and Supporting information, Fig. S4(A). Successive spikes of

25 μM hydrazine resulted in a linear increase in current signal up to

250 μM of hydrazine with a current sensitivity of 60.74 nA μM−1. Con-

trol experiments with GCE/MWCNT and GCE showed low current sig-

nals toward hydrazine sensing (Fig. 8(A) (curves b & c)). Interference

effects due to various environmental and biological chemicals were

also examined by spiking the compounds as in Fig. 8(B) and Supporting

information, Fig. S4(B). The GCE/MWCNT@EA showed remarkable tol-

erance to uric acid (UA), oxalic acid (OX), hydrogen peroxide (H2O2),

cysteine (CySH), nitrite (NO2
−), sulphate (SO4

2−), nitrate (NO3
−),magne-

sium (Mg2+) and sodium (Na+). These observations clearly indicate the

efficient and selective electrocatalytic functioning of GCE/MWCNT@EA

electrode to hydrazine detection.

Hydrazine detection was extended further by FIA-ECD experiments

using a FIA-GCE/MWCNT@EA-Nf electrode consisting of 0.1% of Nafion

over-layer. The Nafion used in this work was for stability purpose

only. Prior to the regular FIA, inter-related hydrodynamic parameters

like flow rate, Hf, and applied potential, Eapp, were systematically opti-

mized asHf =1mLmin−1 and Eapp =0.3 V vs Ag/AgCl (Supporting in-

formation, Fig. S5). Under the optimal conditions, hydrazine

concentration was linear upto 1000 μM with sensitivity and regression

coefficient values 10.3 nA μM−1 and 0.9978 respectively (Fig. 9, inset

(a)). In order to check the reproducibility and stability, each hydrazine

concentration was injected three times in FIA-ECD experiments. It is in-

teresting to notice that the FIA currents were reproducible and system-

atically increased with increase of hydrazine concentration. Thirteen

repeated injections (n = 13) of 5 μM hydrazine yielded a relative stan-

dard deviation (RSD) value 4.5% (Fig. 9, inset (b)). Low RSD value

showed good reproducibility of the FIA-ECD and the calculated detec-

tion limit (DL; signal-to-noise ratio=3)was 813 nM. The calculated de-

tection limit, sensitivity and linearity values obtained in this work

are comparable with the previously reported MWCNT based ampero-

metric sensor electrodes for hydrazine sensing and its estimation

(Table 1) [21,25,32,34,50,51].

4. Conclusions

For the first time, Ellagic acid phytochemical was shown to exhibit

highly redox active well-defined peaks in aqueous solution of 0.1 PBS,

as against hitherto well-documented ill-defined irreversible oxidation

peaks, by following a simple and elegant film preparation method, in

which EA was adsorbed on to MWCNT and then electrochemically

treated by potential cycling in the range −0.3 to 0.3 V vs Ag/AgCl. The

electrochemically-immobilized EA-MWCNT-modified GC electrode

showed stable redox peaks at E1/2 = 20 mV vs Ag/AgCl due to surface-

confined ortho-quinone formof oxidized EA. The surface electron-trans-

fer reaction was of mixed adsorption and diffusion controlled process.

The values of electron transfer rate constant, ks, and the transfer coeffi-

cient, α, are 3.42 s−1 and 0.37 respectively. Physicochemical character-

ization of MWCNT@ EA by FTIR, XRD and Raman Spectroscopy

techniques revealed immobilized EA in its native form on MWCNT. Set
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of ΓEA estimations with different forms of CNTs as support material re-

vealed that specific interaction between the residual metal oxides in

‘as received’ MWCNT and the phenolic groups of EA molecule plays a

critical role in the formation of a good, stable and highly active film

with this carbon material. The electrochemically-immobilized EA on

MWCNT catalyzed the electro-oxidation of N2H4 quite significantly

through surface layer mediation. While the overall mediated catalytic

N2H4 oxidation reaction was found to proceed with four electrons, the

rate limiting slow step involved one electron, with a Tafel constant =

75 mV decade−1, the order of the reaction with respect to N2H4 = 1,

and catalyst reaction rate constant, kchem = 1.90 × 103 mol−1 dm3

s−1. The utility of the newly developed GCE/MWCNT@EA electrode as

an electrochemical detector for N2H4 was verified from amperometric

and FIA of hydrazine, which showed - applied potential, linear concen-

tration range, detection limit, sensitivity, reproducibility and selectivity

from among several interferents – comparablewith previously reported

N2H4 detectors.
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