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Graphical Abstract

The ØNHOH@p-MWCNT immobilized on GCE through simple electrochemical cycling
technique showed well defined surface confined redox peaks for the stabilized ØNHOH
intermediate species and electrocatalysis for NADH at 0.02 V vs Ag/AgCl.
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Electrochemical immobilization of 4-nitrophenol (4-NP) was conducted on a purified 

multi-walled carbon nanotube (p-MWCNT) modified glassy carbon electrode (GCE/p-

MWCNT) in pH 7 phosphate buffer solution (PBS). The electrochemical reduction of    

4-NP to stable in situ electrogenerated aminophenol (ØNHOH) intermediate species 

within the p-MWCNT matrix may be the underlying mechanism of immobilization. The 

ØNHOH-stabilized p-MWCNT modified electrode, GCE/ØNHOH@p-MWCNT, showed 

stable and well-defined surface-confined redox peaks at -0.11 V (A1/C1) and 0.080 V 

(A2/C2) vs Ag/AgCl over other CNT-modified GCEs. The modified electrode system 

suggested quasi-reversible and reversible electron transfer mechanisms for the A1/C1 

and A2/C2 redox couples. TEM analysis of ØNHOH@p-MWCNT hybrid powder 

demonstrated the presence of ØNHOH species on the surfaces, as well as inner walls 

of the p-MWCNTs. XRD peaks exhibited shifts in the 2θ values for the hybrid material 

compared with the unmodified materials, which confirmed the stabilization of ØNHOH 

within the p-MWCNT via π-π interactions. Electrochemical characterization of the 

GCE/ØNHOH@p-MWCNT revealed two electron transfer mechanisms with adsorption-

controlled and Nernstian behaviours. A highly sensitive electrocatalytic oxidation of 

dihydronicotinamide adenine dinucleotide (NADH) at 0.02 V vs Ag/AgCl was achieved 

with the GCE/ØNHOH@p-MWCNT. Furthermore, the hybrid electrode successfully 

sensed NADH amperometrically with 2.9 nA/µM sensitivity, a 0.043 µM limit of detection 

and a linear detection range of 100 µM to 1 mM for ten successive additions of 100 µM 

NADH at an applied potential of 0.02 V vs Ag/AgCl in pH 7 PBS. 
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Nitrophenols (NPs) are one of the major organic toxic pollutants exposed to the 

environment from chemical industries according to the US Environmental Protection Agency 

and Agency for Toxic Substances and Disease Registry (ATSDR).
1-3

 Therefore, numerous 

studies have been conducted concerning the adsorption and detection of NPs as analytes using 

different techniques.
4-9

 However, these reports involved time-consuming and expensive 

adsorption/detection procedures.
4-9

 Moreover, the catalytic reduction of 4-NP to 4-aminophenol 

(4-AP) is an irreversible process that proceeds relatively slowly in the absence of a catalyst.
4
 

Recently, our group has demonstrated rapid and reversible electrochemical methods for the 

immobilization of various phenol-based organic compounds via the stabilization of 

electrogenerated intermediate species onto carbon nanotube (CNT) modified glassy carbon 

electrodes (GCEs).
10-13

 The phenolic hydroxyl groups and the ortho- or para- carbons of the 

aromatic ring play key roles in such immobilization processes. In addition, the aromatic nitro 

groups, along with the phenolic groups, can easily be reduced electrochemically to form 

aminophenols.
14

 However, the formation of thin films using AP was reported to be a difficult 

task: the amino group present in AP gets oxidized easily at higher anodic potentials due to the 

chain coupling reaction during continuous electrochemical cycling of the polymeric film.
15

 

Therefore, in this work, in situ electrogenerated 4-AP (hydroxylamine,ØNHOH) intermediate 

species were stabilized via 4-NP immobilization onto the purified multi-walled CNT (p-

MWCNT) matrix-modified GCE under a lower anodic potential by a rapid and simple electrode 

preparation procedure.  

Previous studies on the electrochemical behaviour of 4-NP on various modified 

electrodes used higher reduction/oxidation potentials, a portion of which exhibited feeble redox 

peaks.
15-24

 To the best of our knowledge, there are no findings on (i) 4-NP chemically modified 
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redox-mediated systems stabilized via ØNHOH intermediate species within the CNT matrix 

through simple preparation procedures and (ii) GCE/ ØNHOH@p-MWCNTs for sensing the 

biological analyte dihydronicotinamide adenine dinucleotide (NADH). Therefore, in this work, a 

ØNHOH@p-MWCNT hybrid material was prepared electrochemically, characterized physico- 

and electro-chemically and applied to the electrocatalysis of NADH in pH 7 phosphate buffer 

solution (PBS).  

 The experimental section in the Electronic Supplementary Information (ESI)† gives 

details about chemicals, instrumentation, electrode preparation and sample preparation 

methodologies. The surface coverage of the immobilized 4-NP, ΓØNHOH (µmol.cm
-2

), was 

determined from a cyclic voltammogram (CV) by integrating the anodic peak area (Qa) of the 

respective redox peak at v = 50 mV.s
-1

 taken from the last cycle and calculated using the 

equation ΓØNHOH = Qa/nFA, where n is the number of electrons (n =2), and A is the geometric 

surface area (0.0707 cm
2
). 

     (Figure 1) 

Initially, the electrochemical experiments on the GCE/MWCNT in 1 mM 4-NP at           

50 mV.s
-1

 were carried out in two different potential windows: the long window (-0.5 to 1.0 V vs 

Ag/AgCl) and the short window (-0.2 to 0.6 V vs Ag/AgCl) in pH 7 PBS. Potential cycling was 

initiated from the negative potential towards the positive potential throughout this work. The CV 

responses obtained for three different potential cycles are shown in Fig. 1A. Initially, no peak 

was observed in the short window even after continuous potential cycling (Fig. 1A(a)). However, 

when the potential window was extended to the long range as mentioned above, in the 1
st
 cycle 

of film formation, two oxidation peaks at 0.369 V (A') and 0.8 V (A1') in the anodic direction 

and two reduction peaks at 0.025 V (C2) and -0.282 V (C') in the cathodic direction were 
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observed, as shown in Fig. 1A(b). Furthermore, growth in the peak currents from the 3
rd

 cycle at 

potentials -0.050 V (A1, a hump), 0.047 V (A2) and 0.480 V (A') in the anodic and -0.055 V 

(C1, a hump), 0.028 V (C2) and -0.39 V (C') in the cathodic direction were observed (Fig. 1A(c)) 

in addition to the A1' peak as mentioned above. To remove the loosely bound 4-NP molecules, 

the electrode was washed and the medium was transferred to blank PBS then subjected to 

continuous potential cycling. Interestingly, the two redox couples A1/C1 (-0.025 V/-0.080 V) 

and A2/C2 (0.065 V/0.029 V) were observed to remain on the electrode surface. Furthermore, 

decreases in the peak current for the A', A1' and C' irreversible peaks were observed for the 

medium-transferred electrode as shown in Fig. 1A(d) (the 20
th

 cycle of the stabilization process 

is given in the figure). The arrow marks in Fig. 1A represent the peak current direction with 

increases in the potential cycles. In this figure, decreases in the A', A1' and C' peak currents and 

increases in the A1, C1, A2 and C2 peak currents were observed with an increasing number of 

potential cycles. This phenomenon was quite similar to the CV peaks reported by Yang on a 

SWCNT-modified GCE electrode, which was carried out previously in the potential window of -

0.5 to 1.0 V in pH 5.0 PBS.
17

 Moreover, the previous study also reported that, when the cathodic 

sweep was reversed before -0.72 V under the same conditions, the redox couple at 0.11 V 

disappeared. Yang explained that the electrochemically reduced species of 4-NP at -0.72 V was 

responsible for the appearance of the redox couple at the positive potential in his work.
17

  

Meanwhile, to determine the underlying electrochemical reactions for the appearance of 

the redox couples in this work, various potential window segments were investigated based on 

the higher peak current and redox peak separation values. Note: the CV responses of the potential 

window optimization are not given here. During electrochemical cycling in the potential window 

of -0.6 to 0.6 V vs Ag/AgCl, we observed the appearance of two A1/C1 and A2/C2 redox 
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couples with well-resolved peak potentials and higher peak currents. Based on the above 

findings, the potential window of -0.6 V to 0.6 V was chosen as an optimal window for further 

electrochemical experiments. The comparative CV responses of the GCE/MWCNT in 1 mM 4-

NP solution (curve a) and the medium-transferred 4-NP immobilized GCE/MWCNT (curve b) 

after 20 continuous cycles in the optimal potential window are given in Fig. 1B. In Fig. 1B(a) 

initially, during the 1
st
 CV cycle, there was no peak observed in either the anodic or cathodic 

directions. However, when the number of potential cycles was increased, small oxidation peaks 

in the anodic direction at -0.095 V (A1) and 0.074 V (A2) appeared, followed by the appearance 

of reduction humps at -0.228 V (C'), -0.079 V (C1) and 0.076 V (C2) from the 4
th

 cycle onwards. 

After 10 continuous potential cycles, we observed well-resolved peaks for the A1/C1 redox 

couple at -0.098 V/-0.11V and A2/C2 redox couple at 0.08 V/0.06 V. The calculated peak-to-

peak separation (∆Ep = Epa-Epc, pa and pc corresponding to the anodic and cathodic peak 

currents) values were 0.012±0.007 V for A1/C1 and 0.02±0.001 V for A2/C2. The calculated 

apparent standard electrode potential (E
o
′ = (Epa+Epc) / 2) values were 0.104±0.01 V and 

0.07±0.001 V for the A1/C1 and A2/C2, respectively. In addition, the calculated ratios between 

the anodic and cathodic peak current (ipa/ipc) were 0.77 and 1.08 for A1/C1 and A2/C2, 

respectively. These peaks revealed the presence of a quasi-reversible electron transfer 

mechanism for the A1/C1 and a reversible electron transfer mechanism for the A2/C2 redox 

couple with 4-NP, which acted as a redox mediator for the GCE/MWCNT in this work. 

Furthermore, it was interesting to notice that both the A1/C1 and A2/C2 redox peaks were still 

retained on the medium-transferred GCE/ØNHOH@MWCNT electrode surface with a relative 

standard deviation (RSD) of 2.7% (taken for the last 10 out of 20 cycles) along with the C' 
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irreversible peak (Fig. 1B(b)). However, no such electron transfer behaviour was observed for 

the bare GCE in the present study (data not shown).  

(Scheme 1) 

Based on the above findings, the oxidation peaks at A' and A1' in Fig. 1A may be 

assigned to the irreversible oxidation of 4-NP as reported by Yin et al.
25

 at 0.9 V for the 

GCE/hydroxyapatite nanopowder in pH 7 PBS. The shift in the oxidation peak potential in this 

work to 0.8 V from 0.9 V may be due to the change in the supporting matrix. Further, both the 

reduction peaks observed at -0.1 V in Fig. 1A and 1B may be assigned to the reduction of –NO2, 

and the oxidation peaks at 0.095 V and 0.074 V may be assigned to the –OH group present in 4-

NP.
15,16

 Meanwhile, the reduction peak C' at ~ -0.3 V vs Ag/AgCl may be assigned to the nitryl 

functional group.
20

 According to the literature, the electrochemical behaviour of 4-NP follows a 

proposed reaction pathway as given in Scheme 1 for pH 5.0 to 7.0. In the first step, nitrophenol is 

reduced to hydroxyl aminophenol along with the transfer of four electrons and four protons, from 

where the irreversible reduction peak of nitryl was derived. In the second step, the hydroxyl 

aminophenol removes one H2O to yield benzoquinoneimine, which can lose two electrons to 

form aminophenol as an end product. Following the above mentioned pathway in this work, the 

hydroxyl aminophenol can be captured by the well-defined pores of the MWCNT and be 

oxidized at the catalytic active site of GCE/MWCNT to para-(hydroxyamino)phenol-para-

nitrosophenol. This reaction is a reversible reaction with two electrons and two protons 

transferring to 4-AP, leading to the formation of the A1/C1 and A2/C2 redox couples.
15,16,18,20,26-

30 
Thus in this work, the ØNHOH peak electrogenerated during the 4-NP immobilization was 

subsequently stabilized within the MWCNT interface through π-π interaction, resulting in two 

stable redox peaks at A1/C1 (-0.011 V) and A2/C2 (0.08 V). 
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Meanwhile, to optimize a suitable CNT matrix for the immobilization of 4-NP, to 

determine the influence of the metal, metal oxide and carbonaceous impurities present and the 

significance of the number of tubular walls in the CNT matrix, different types of CNTs were 

subjected to similar electrochemical studies in this work, as shown in Fig. 1B. The “as 

commercially received” impure MWCNT, f-MWCNT (f=functionalized), p-MWCNT 

(p=purified) and SWCNT were compared. The CV responses of the different CNT-modified 

GCEs for 4-NP immobilization are given in the ESI† Fig. S2A and its interpretation are 

discussed in the ESI†. To further confirm the redox mechanism of ØNHOH, the electrochemical 

behaviour of bare 4-AP was studied with the optimal p-MWCNT matrix-modified GCE under 

optimal experimental conditions. Interestingly, the bare 4-AP also showed similar qualitative 

redox behaviours at -0.05 V (A1/C1) and 0.15 V (A2/C2) as shown in the ESI† Fig. S1A. This 

observation was in agreement with the literature report for the redox couple at ~0.11 V vs 

Ag/AgCl on para-aminophenol-MWCNT-TiO2 electrode and on para-aminophenol-CNT carbon 

paste electrode at pH 6.0.
31,32

 Meanwhile, when 3-NP, an isomer of 4-NP, was subjected to 

electrochemical immobilization on GCE/p-MWCNT, no redox behavior was noticed (ESI† Fig. 

S1B). Thus, in this study, the proposed electrode was selective for the immobilization of the 4-

NP isomer. These results suggested that the presence of a nitro functional group in the 4
th

 

position of the benzene ring led to the formation of ØNHOH intermediate species, which, in turn, 

assisted the immobilization of nitrophenol in agreement with our earlier finding.
10 

Furthermore, 

to assess the formation of the ØNHOH@p-MWCNT hybrid and its position in the p-MWCNT 

matrix, the ØNHOH@p-MWCNT samples were analysed by XRD and TEM. 

The XRD patterns of the ØNHOH@p-MWCNT (c), 4-NP (a) and p-MWCNT (b) powder 

samples are displayed in the ESI† Fig. S3. The XRD peaks observed at 2θ =11.51, 21.75, 25.75, 
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29.78, 35.99º and 44.06 for the ØNHOH@p-MWCNT powder sample showed a mixture of 

characteristic crystalline 4-NP and amorphous p-MWCNT XRD peaks. A slight shift in the 2θ 

peak values were noticed for the hybrid material when compared with the bare powders. This 

shift might be due to the π-π interaction between the aromatic ring of the intermediate species of 

4-NP (ØNHOH) and the sp
2
 hexagonal carbon of the p-MWCNT along the inner walls of the 

nanotubes.
33

 A combination of low-abundance and broad peaks could render the crystalline peak 

undetectable by XRD. Therefore, some of the 4-NP characteristic peaks that were noticed in the 

native 4-NP with lesser intensity might have been hidden in the wavy XRD peak pattern of the 

ØNHOH@p-MWCNT hybrid powder. The TEM micrographs of the ØNHOH@p-MWCNT 

powder obtained at different magnifications are given in Figs. 2A and 2B. Black spots were 

noticed on the outer surface and along the inner side walls of the CNT in addition to a swollen 

nanotube structure for the p-MWCNT at some locations in the morphology. Based on the CV 

results obtained, the electrogenerated ØNHOH species might have diffused into or penetrated 

inside the walls of the CNT and settled there via strong π-π molecular bonding along with 

fractions of the CNT surface-bound ØNHOH species. This observation was quite similar to what 

we observed in our earlier findings on the immobilization of amoxicillin onto the CNT matrix.
33

 

(Figure 2) 

To further confirm the presence of the redox-active sites within the CNT matrix, the 

ØNHOH@p-MWCNT powder sample prepared for XRD analysis was subjected to 

electrochemical study under the optimal experimental conditions. The powder sample was 

selected for this study because the powder was thoroughly water washed, so no CV response was 

expected. A 2 mg of the p-MWCNT was dispersed in 500 µL of ethanol, from which a 3µL 

aliquot was drop-coated on the cleaned GCE and then subjected to potential cycling (ESI† Fig. 
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S4). There was no peak appearance in the first cycle until the formation of the A' and A1' peaks, 

which may have arisen due to the wet-air oxidation of the –OH functional group.
10 

However, 

starting from the 2
nd

 run, feeble A1/C1 and large A2/C2 redox peaks along with the C' reduction 

peak appeared and remained constant even after prolonged CV cycles (ESI† Fig. S4). This CV 

response of the solution-phase prepared ØNHOH@p-MWCNT powder was qualitatively similar 

to the response of the in situ prepared electrode in this study, even after the removal of loosely 

bound 4-NP. This similarity suggested the existence of fractions of nitrophenol and ØNHOH 

units within the 4-NP+p-MWCNT mixture systems. These fractions of ØNHOH@p-MWCNT 

might have occurred due to the reduction of 4-NP to 4-AP in the absence of any catalyst
4
 and 

stabilized into the matrix when treated electrochemically. The fractions of stabilized 

ØNHOH@p-MWCNT units resulted in the formation of A1/C1 and A2/C2 redox peaks in the 

CV of the ØNHOH@p-MWCNT powder-modified electrode. The calculated ΓØNHOH values for 

the solution-phase prepared ØNHOH@p-MWCNT powder-modified GCE were 16 µmol.cm
-2

 

for the A2/C2 redox couple and 12 µmol.cm
-2

 for the A1/C1 redox couple. These values were 

~9.4 and 9.8 times lower than 149.60 and 117.62 µmol.cm
-2

 ΓØNHOH values for A1/C1 and 

A2/C2, respectively, obtained for the electrochemically prepared GCE/ØNHOH@p-MWCNT. 

This observation in turn confirmed the presence of the redox mediator active site inside the walls 

of the CNT. 

(Figure 3) 

To understand the possible mechanism involved in the electron-transfer reaction on the 

GCE/ØNHOH@p-MWCNT, the electrode was examined for the effects of scan rate and solution 

pH. The effect of scan rate on the CV response of the medium transferred GCE/ØNHOH@p-

MWCNT in pH 7 PBS is shown in Fig. 3A. There was a systematic increase in the peak current 
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values with respect to the scan rate varying from 5-500 mV.s
-1

. Linear plots were drawn between 

log ipa and v
1/2

 which resulted in slope (∂logipa/∂v
1/2

) values of 1±0.8 for the A1 and A2 peaks as 

shown in the Fig. 3B. This slope value is close to the ideal value for the adsorption-controlled 

electron transfer mechanism. A plot between the current function (if= ipa/v
1/2

) and the scan rate 

showed an exponential increase in the current function as given in Fig. 3C, which confirmed the 

adsorption-controlled electron transfer mechanism for the A1/C1 and A2/C2 redox processes on 

the GCE/ØNHOH@p-MWCNT. This trend was in agreement with the XRD, TEM and 

electrochemical characterization of the ØNHOH@p-MWCNT powder samples and the 

observations of the interaction between the intermediate species and the inner walls of the p-

MWCNT matrix. This interaction might have led to the occurrence of surface-confined redox 

peaks. The typical CV responses of a GCE/ØNHOH@p-MWCNT in solution pHs varying from 

3 to 10 at a scan rate of 50 mV.s
-1

 are shown in Fig. 3D. The redox peak currents were found to 

increase as pH increased from 3 to 7, and thereafter, a drastic decrease in the peak current values 

were noticed. A similar finding was reported by Yin et al.
25

 with the highest peak current 

achieved for pH 7 when the pH was varied between 3 and 11. In agreement with the literature, 

the A1/C1 and A2/C2 redox couple in the present work also showed the maximum peak current 

in pH 7 PBS.
25

 In addition, a shift in the peak potentials was also observed from the positive to 

the negative end of the potential windows for the of A1/C1 and A2/C2 redox peaks with the 

increase in the solution pH . Calibration plots for E1/2 vs pH are shown as inset figures in Fig. 3E 

& 3F, which yielded slope (∂E1/2/∂pH) values of 0.060 ± 0.01 V.pH
-1

 and 0.060 ± 0.05 V.pH
-1

. 

The slope values were close to an ideal value of 0.059 V.pH
-1

 for the Nernstian redox behaviour 

with involvement of equal numbers of e
-
 and H

+
. This system exhibited proton-coupled electron-

transfer behaviours of the A1/C1 and A2/C2 redox couples, in agreement with the literature.
 26-30 
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 (Figure 4) 

(Scheme 2) 

The GCE/ØNHOH@p-MWCNT hybrid electrode was further studied for its 

electrocatalysis behavior for NADH in pH 7 PBS. The electrocatalytic oxidation of NADH 

(NAD
+
/NADH) is of significant research interest as it is needed for regenerating the active form 

of glutathione, generating ATP, and replenishing the body’s energy currency.
34

 The 

electrocatalytic oxidation behaviours of the GCE/ØNHOH@p-MWCNT hybrid electrode (d) in 

comparison with other unmodified electrodes, GCE (a), and GCE/p-MWCNT (b) in the presence 

of 500 µM NADH dissolved pH 7 PBS at a scan rate of 10 mV.s
-1

 under optimal experimental 

conditions are all given in Fig. 4A. The CV response of the GCE/ØNHOH@p-MWCNT in blank 

pH 7 PBS in the absence of NADH is given in Fig. 4A (c) for comparison. As seen in Fig. 4A, 

the unmodified electrodes failed to give any NADH oxidation signal. Interestingly, a large peak 

current signal for the NADH electrocatalytic oxidation was observed on the GCE/ØNHOH@p-

MWCNT (d) at 0.02 ± 0.005 V in the location of the A2/C2 redox peak potential. The surface-

confined ØNHOH species formed during the electrochemical process on the GCE/p-MWCNT 

might have acted as redox mediators and interacted with the NADH, resulting in electrocatalysis 

at 0.02 V. The possible mediated electrocatalysis is illustrated in scheme 2, in agreement with the 

literature.
30

 The amperometric i-t responses of the modified electrode (a) in comparison with the 

GCE (c) and GCE/ p-MWCNT (b) for a 100 µM spike of NADH each are shown in Fig. 4B, 

where a linear increase in the peak current with respect to the NADH concentration was 

observed. The calibration plots shown in Fig. 4C(a) for the modified electrode showed 100 µM – 

1 mM as the linear range of NADH detection. The linear equation for the amperometric i-t 

response was i (µA) = 2.9±0.001 nA µM
-1

 + 0.2169 ±0.041 µA (R=0.9832) with a calculated 
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detection limit value of 0.043 µM (based on a signal-to-noise ratio of 3). Meanwhile, there was a 

non-linear peak current response for consecutive spikes of NADH for the unmodified electrodes, 

as seen in Figs. 4C (b & c). The obtained results for the sensitivity and lower electrocatalytic 

oxidation potential for NADH detection have been compared to the results in the literature and 

are given in table S1 in the ESI†.
2,34-42

 

Conclusions  

The electrochemical behaviour of 4-nitrophenol on CNT-modified GCEs in neutral pH 

resulted in specific surface-confined redox peaks on the working electrode. The mechanism for 

the immobilization of 4-NP onto the CNT matrix-modified GCE might have involved its 

transformation to hydroxylamine (ØNHOH) intermediate species during electrochemical 

potential cycling. The proposed hybrid electrode was highly useful for the amperometric i-t 

sensing of NADH at zero electrocatalytic oxidation potential in a neutral pH. The 

GCE/ØNHOH@p-MWCNT prepared through a simple electrochemical methodology via the 

immobilization of 4-NP is demonstrated as a chemically modified electrode for the first time in 

the literature. Further, the electrocatalysis of NADH at zero potential in the neutral pH reported 

in this work was found to be unique among the past research findings. Finally, the 

GCE/ØNHOH@p-MWCNT hybrid electrode developed in this work is a potential candidate for 

the electrochemical sensing of NADH at lower potential and for the adsorption and detection of 

the high-risk pollutant 4-NP from the environment, if extended in the form of an electrochemical 

sensor strip for practical applications.  
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Scheme. 1 Proposed 4-nitrophenol electron transfer mechanism and its intermediate species, showing 
the hydroxylamine formation involved in the electrochemical behaviour. 
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Scheme. 2 Schematic representation for the electrochemical immobilization of 4-nitrophenol on the CNT 
electrode surface through the ØNHOH species stabilization process and its electrocatalytic NADH 
oxidation steps. 
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Fig. 1 (A) First-cycle CV responses of the GCE/MWCNT in the short window (a) in comparison with the 
GCE/MWCNT in 1 mM 4-NP solution for the 1

st
 cycle (b) and 3

rd
 cycle (c) in the long window, 20

th
 cycle 

CV response of the medium transferred GCE/ØNHOH@MWCNT (d) in the long potential window. (B) 20 
continuous CV response of the GCE/MWCNT in 1 mM 4-NP solution (a) in comparison with the ØNHOH 
immobilized GCE/MWCNT (b) in the potential window of -0.6 V and 0.6 V vs Ag/AgCl. All data correspond 
to a scan rate of 50 mV.s

-1
 in pH 7 PBS. Note: The arrow mark represents the peak current direction with 

respect to the increase in potential cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Potential / V

-0.4 0.0 0.4 0.8

C
u
rr

e
n
t 

/ 
µ

A

0

60

120

a

d

b

A2

C2C1

A'

Potential / V

-0.4 0.0 0.4

C
u
rr

e
n
t 

/ 
µ

A

-80

-40

0

A1 A2

 a.GCE/MWCNT-4-NP

 b.GCE/ØNHOH@MWCNT

C1 C2

A1

C'

c

A. B.

C'

A1'

Page 20 of 23Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2 TEM photographs of the ØNHOH@p-MWCNT powder at 0.1 µm (A) and 50 nm (B) magnifications. 
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Fig. 3 CV responses for the 10

th
 cycle of the GCE/ØNHOH@p-MWCNT for (A) Different scan rates and 

(D) Different pH, Calibration plots for the peak current vs square root of the scan rate for the A1 and A2 
peak (B), Plots between the current function (if) of the A1 and A2 peaks vs square root of the scan rate 
(C) and Calibration plots of the apparent potential of the redox couple A1/C1 (E)  and A2/C2 (F) vs pH.  
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Fig. 4 (A) CV responses for the 10

th
 cycle of GCE/ØNHOH@p-MWCNT (d), bare GCE (a) and GCE/p-

MWCNT (b) in the presence of 500 µM NADH in comparison with the GCE/ØNHOH@p-MWCNT (c) in 
the absence of NADH all at scan rate of 10 mV.s

-1
, (B) Comparative amperometric i-t responses of 

GCE/ØNHOH@p-MWCNT (a), GCE/p-MWCNT (b) and GCE (c) for 100 µM each spike of NADH under 
hydrodynamic condition at an applied potential of 0.02 V vs Ag/AgCl and (C) Comparative calibration 
plots for the peak current vs [NADH] for the GCE/ØNHOH@p-MWCNT (a), GCE/p-MWCNT (b) and GCE 
(c). Figures (A)-(C) were all obtained for pH 7 PBS electrolytes. 
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