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ABSTRACT This study compares the electrocatalytic activity of nitrogen-doped carbon nanotubes (NCNTS)
with multiwalled carbon nanotubes (MWCNTs). Results indicate that NCNTs possess a marked electrocatalytic
activity toward oxygen reduction reaction (ORR) by an efficient four-electron process in the alkaline condition,
while the process of MWCNTs is through a two-electron pathway. Meanwhile, NCNTs show a very attractive
electrochemical performance for the redox reaction of hydrogen peroxide (H,0,) and could be employed as a

H,0, sensor at a low potential of +0.3 V. The sensitivity of the NCNT-based biosensor reaches 24.5 jA/mM, more
than 87 times that of the MWCNT-based one. Moreover, NCNTs exhibit striking analytical stability and
reproducibility, which enables a reliable and sensitive determination of glucose by monitoring H,0, produced by
an enzymatic reaction between glucose oxidase/glucose or choline oxidase/choline at +0.3 V without the help of
the electron mediator. The NCNT-based glucose biosensor has a linear range from 2 to 140 .M with an extremely
high sensitivity of 14.9 wA/mM, and the detection limit is estimated to be 1.2 .M at a signal-to-noise ratio of 3.
The results indicate that the NCNTs are good nanostructured materials for potential application in biosensors.
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(CNTs) have attracted a great deal of at-

tention in different research fields due
to their novel structure, excellent proper-
ties, and wide potential applications.’
Most notably, CNT-based sensors possess
high sensitivities, low limits of detection,
fast electron transfer kinetics, and they have
been widely used for the detection of mol-
ecules such as NADH,? uric acid,® homocys-
teine,'® ascorbic acid,"’ dopamine,'? nitric
oxide,"® H,0,,'* glucose,’” hesperidin,'®
DNA,"” and TNT.'® The analytical perfor-
mances of these sensors depend on the
electronic properties, solubility, and bio-
compatibility of CNTs, which are strongly af-
fected by their surface structures, for ex-
ample, the number of defective sites and
functional groups on the side walls and the
ends of CNTs.'?~ 2" Several strategies, in-
cluding covalent bonding, physical adsorp-
tion, and miscellaneous methods of modifi-

I n the past decade, carbon nanotubes
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cation,”* have been developed for
modifying the surfaces of CNTs to impart
desired properties such as enhanced sens-
ing capabilities, solubility, and catalytic per-
formance. For example, the defective sites
on the CNTs surface could be translated to
carboxylic functional groups during the acid
treatment process.'®?* The resultant CNTs
possess better dispersion, wettability, and
excellent electrocatalytic activity toward the
oxidation of homocysteine'® and ascorbic
acid'" at a low potential. The oxygen-
containing groups on the tube surface
could redox-mediate the reduction of oxy-
gen in alkaline solution.>* In addition, some
organic compounds with redox-mediation
properties, for example, orthoquinone®®
and toluidin blue O2° are rationally chosen
to modify the CNTs through m—r electronic
or hydrophobic interactions. The integra-
tion of CNTs and a redox mediator leads to
sufficient electrocatalysis and paves a new
way to functionalization of CNTs for electro-
chemical applications. Some metal par-
ticles can either decorate the walls of the
nanotubes?” or be encapsulated within the
interior of the nanotubes to enhance cata-
lytically activity.?®

On the other hand, doping CNTs with N
to yield a large number of defective sites
onto the nanotube surfaces is proven to be
an efficient method to regulate the structural
and electronic properties of the
nanotubes.?®* 3! For example, different from
the case for CNTs, nitrogen-doped CNTs
(NCNTSs) could be directly used for the immo-
bilization of Pt-based nanoparticles without
premodification due to the nitrogen partici-
pation, which makes the construction of elec-
trocatalysts much more convenient.?**3 Dai
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Figure 1. (A) TEM and (B) SEM images of NCNTs.

and his co-workers demonstrated that vertically aligned
NCNT (VA-NCNT) itself has high electrocatalytic activity for
the oxygen reduction reaction (ORR) in basic electrolyte,
indicating its great potential application in fuel cells with-
out using precious metals.>* Very recently, it was re-
ported that the nitrogen-doped carbon nanotube cups
(NCNQ) have similar catalytic ability for ORR to that of Pt-
CNTs and high electrocatalytic ability toward oxidation of
H,0, and glucose.? In principle, there is an intrinsic cor-
relation between ORR and redox of H,0,, and the electro-
catalyst with a low overpotential for ORR should be favor-
able for H,0, redox.* It is noted that ORR overpotential
for VA-NCNT (—0.15 V) is much lower than that for NCNC
(—0.438 V). This suggests a possibility to greatly improve
the performance of the biosensor for the detection of
H,0, by exploring suitable NCNTs. In this study, the
NCNTSs from pyridine precursor were selected for this pur-
pose and the H,0, sensor with excellent sensitivity and
stability has been optimized.

RESULTS AND DISCUSSION

The transmission electron microscopy (TEM) image
shown in Figure 1A reveals that the as-synthesized NCNTs
have a bamboo-shaped structure with a diameter of
about 30—35 nm and a “bamboo” segment distance of
about 20—40 nm, which may play important roles in their
electrocatalytic activities for ORR.>* After direct casting of
the NCNTs suspension onto the electrode surface, the
NCNTSs are twisted together and a three-dimensional ho-
mogeneous incompact membrane can be obtained as

shown in the scanning electron microscopy (SEM) image
(Figure 1B). The obtained porous membrane of NCNTs
possesses good stability and preparation reproducibility.
This incompact open structure of NCNT film provides a
significant increase of effective active sites for substrates
and results in good amperometric response to both oxy-
gen and H;0,.

ORR is a rather complex multistep process. In basic
solution, ORR involves a four-electron pathway (eq 1),
with O, reduction directly to water and a two-step, two-
electron eq 2 with hydrogen peroxide ion as intermedi-
ate product. The main products of ORR are OH™ and
HO,~, depending on electrode materials, electrode po-
tential, and solution composition.>®

0, + 2H,0 + 4™ — 40H™ (1)
0, + H,0 + 2e” — HO, + OH~ )
HO,” + H,0 + 2e” — 30H" 3)
2HO,” — 20H™ + O, (4)

To get better understanding of the ORR route, the
linear sweep voltammotric (LSV) measurements were
performed for NCNT/GC, MWCNT/GC and bare GCin 0.1
M KOH at a scan rate of 100 mV/s, as shown in Figure
2A. Two reduction peaks located at —0.493/—0.877 and
—0.459/—-0.975 V were observed for both MWCNT/GC
and bare GC, respectively, suggesting the two reduction
processes in the potential window employed. The first
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Figure 2. (A) LSV for the ORR at (a) NCNT/GC, (b) MWCNT/GC and (c) bare GC electrodes recorded in an air-saturated 0.1 M
KOH solution at room temperature. Scan rate, 100 mV/s. (B) Steady-state voltammograms for NCNTs (curve a and a’) and
MWCNTSs (curve b and b’) at rotating ring-disk electrode in air saturated 0.1 M KOH electrolyte. The Pt ring electrode was held
at 0.5 V while the scan rate was fixed at 10 mV/s. The ring-disk electrode rotation rate was 1400 rpm (rpm).
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Figure 3. CV curves obtained at (A) MWCNT/GC and (B) NCNT/GC electrodes in 0.10 M, pH 7.4, PBS in the absence (curve a)
and presence (curve b) of 17.6 pM H,0, removed oxygen with high purity of N, at a scan rate of 50 mV/s.

peaks at —0.493 and —0.459 V were ascribed to the re-
duction process from O, to HO, ™ electrochemically me-
diated by the oxygen-containing groups (so-called
quinine-like group) eq 2, while the second peaks at
—0.877 and —0.975 V to a direct 2e reduction pathway
eq 3.2*3” Unlike MWCNT/GC and bare GC, NCNT/GC ex-
hibited only one sharp peak at a rather high potential of
—0.218 V. This peak potential is more positive than
that of —0.493/—0.877 V at MWCNT/GC and —0.459/
—0.975 V at bare GC in this study, and MWCNT-based
GC in literatures,®** indicating a different four-electron
pathway for ORR in NCNT/GC.

The different ORR routes at CNTs and NCNTs were
also evidenced by rotating ring-disk electrode
(RRDE) voltammetry under steady-state conditions.
Figure 2B showed the steady-state voltammograms
for NCNT/GC, MWCNT/GC in air saturated 0.1 M KOH
electrolyte. The MWCNT/GC exhibited a two-step
process for ORR with the onset potential of about
—0.13 and —0.59 V, respectively (curve b). The first
step over —0.13 V was attributed to the two-electron
reduction of O, to HO, ™, as supported by the in-
crease current corresponding to the oxidation of
HO,™ from —0.1 to —0.43 V at the ring electrode
(curve b’).>*33 However, only one-step process for
ORR with the onset potential of about —0.06 V was
observed at NCNT/GC (curve a), suggesting a four-
electron pathway for ORR at NCNT/GC, which was
confirmed by the negligible corresponding current
for HO,™ oxidation recorded at the Pt ring electrode
(curve a’). The transferred electron number (n = 4lp/
(Ip + Ir/N), where I is the faradic disk current and /g
is the faradic ring current, N = 0.47, which is the col-
lection efficiency determined with Fe(CN)s> /4~ as
probe) per oxygen molecule in the ORR process for
both MWCNT/GC and NCNT/GC at the potential of
—0.40 V was 2.04 and 3.73, respectively.3%3°

The lower overpotential for NCNT/GC than
MWCNT/GC (with shift of 275 mV) suggested that
the NCNTs possess a much higher electrocatalytic
activity to ORR. Previous study showed that the
metal catalyst remaining in the nanotube structure
provide activity sites such as FeN,-C and/or FeN4-C
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for enhancement of ORR.?® After completely re-
moved of the residual Fe catalyst by chemical purifi-
cation (see XPS in Supporting Information, Figure
S1), the observed electrocatalytic activity may be at-
tributed to the nitrogen-induced charge delocaliza-
tion which changes the chemisorption mode of O,
from the usual end-on adsorption to a side-on ad-
sorption at the NCNTs surface and effectively weak-
ens the 0—O0 bonding to facilitate ORR.>* It is noted
that the peak potential of our NCNTs (—0.218 V) is
much positive to —0.438 V at NCNC modified GC
electrode,® which suggests the potential applica-
tion in H,0, detection.

Sensitive detection of H,0, is very important be-
cause it is widely applied in many fields such as food,
pharmaceutical and environmental analysis.>>*°
H,0, is also product of enzymatic reactions between
oxidase and their substrates, thus, substrates can
be detected by monitoring the concentration of
generated H,0,.*"*? The oxidation of H,0, is the re-
versed process to ORR where O, is reduced to H,0,.
Due to the high catalytic ability for ORR, the NCNTs
were expected to have electrocatalytic activity to-
ward the redox reaction of H,0,. Figure 3 showed
the typical cyclic voltammograms (CVs) obtained at
MWCNT/GC (A) and NCNT/GC (B) in 0.10 M pH 7.4
PBS in the absence (curve a) and presence (curve b)
of 17.6 wM H,0,. To get rid of the interference of
oxygen, the experiments were performed in N, satu-
rated solution. A small peak at —0.35 V correspond-
ing to the reduction of H,0, and only slightly in-
crease of the oxidation current at the potential of
+0.46 V were observed at MWCNT/GC (Figure 3A).
On the other hand, NCNT/GC exhibits a well-defined
reduction peak at —0.1 V. The peak potential is 250
mV positive to that at MWCNT/GC, suggesting that
NCNT/GC has a higher catalytic activity to the reduc-
tion of H,0, than MWCNT/GC. Interestingly,
NCNT/GC exhibited an increased oxidation current
at the potential of +0.08 V and trended to reach the
maximum at +0.25 V. This increase of the oxidation
current at NCNT/GC in H,0, containing solution was
also observed in LSV measurements with the poten-
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Figure 4. (A) LSVs of NCNT/GC in 0.1 M, pH 7.4 PBS containing 0, 176, 352, 528, 704, and 880 nM H,0, at 100 mV/s. (B) Plots
of steady-state current vs applied potential at NCNT/GC in 0.1 M pH 7.4 PBS containing (a) 0 and (b) 17.6 uM H,05; (c) is

the ratio of the current of (b) to (a).

tial scan from —0.1 to +0.5 V (Figure 4A), suggest-
ing that the increase of the current at +0.25 V could
be readily assigned to the oxidation of H,0,. In addi-
tion, when increasing the H,0, concentration, both
the reduction peak current at —0.1 V and oxidation
current at +0.25 V increased, which further con-
firmed that both the reduction and the oxidation re-
sponses result from the electrocatalytic reaction of
NCNT/GC to H,0,. The lower reduction overpoten-
tial and increased oxidation current occurred at
lower oxidation potential of +0.25 V than those of
MWCNTs confirm that NCNTs possess an excellent
catalytic activity toward the redox reaction of H,0,.
This excellent catalytic activity can be used to detect
of H,0, concentration at low potential with high
sensitivity.

To select the best applied potential for detect-
ing H,0, at NCNT/GC, we performed the control ex-
periment to compare the amperometric response for
the same concentration of H,0, at different poten-
tials. The largest amperometric response for the re-
duction of H,0, was carried out at -0.1 V (data not
shown). However, it is hard to remove oxygen com-
pletely from the buffer solution and every drop of
H,0, into the solution so that the reduction peak
current could be attributed to the reduction of both
H,0, and oxygen, because NCNTs have high cata-
lytic activity toward ORR as discussed above. There-
fore, we choose the oxidation potential for the de-
tection of H,0,. With the increase of potential from
0 to +0.6 V, the steady current increases with the in-
crease of the applied potential at NCNT/GC and
reaches a constant value at +0.25 V. In consider-
ation of the lower potential and higher sensitivity,
we finally selected +0.3 V as the applied potential.

Figure 5 displays a current—time curve of
NCNT/GC (a) and MWCNT/GC (b) for successive addi-
tion of H,0, in 0.1 M, pH 7.4, PBS at +0.3 V. When
H,0, is added into the buffer solution, the oxidation
current rises steeply and reaches a stable value. The

www.acsnano.org

presence of dissolved oxygen does not affect the re-
sponse current. Response time of the sensor was
less than 2 s. The linear response range of the sen-
sor to H,0, concentration was from 1.76 to 139 pM.
The linear regression equation was /s (nA) =
0.036—0.0245 ¢ (M), with a correlation coefficient
of 0.9999 (inset a in Figure 5). From the slope of
0.0245 pA/M, the detection limit was estimated to
be 0.37 uM at 30. The sensitivity of the NCNT/GC to
the oxidation of H,0, was 24.5 pA/mM, which was
larger than that of 0.28 wA/mM for the MWCNT/GC
electrode at +0.3 V (Figure 5b), 13.4 pA/mM at +0.4
V for the TiOo/MWCNT electrode,** 19 nA/mM at
—0.3 V for the reduction of H,0, using a carbon
nanofiber-modified GC electrode,** and 0.19 pA/mM
at +0.5 V for NCNC-modified GC electrode.?®
NCNTs offer a marked decreased overvoltage for
the H,0, reaction to allow low-potential ampromet-
ric detection. This is of considerable interest to the
operation of oxidase-based amperometric biosen-
sors because H,0, will be produced during the en-
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Figure 5. Current—time curve of (a) NCNT/GC and (b)
MWCNT/GC electrodes with successive addition of H,0, (in-
dicated by arrows for marked concentrations) in 0.10 M, pH
7.4, PBS at an applied potential of +0.3 V (vs SCE). Inset: cali-
bration plots illustrating the linear electrode response to
H,0, addition.
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cessive addition of glucose to 0.10 M, pH 7.4, PBS solution con-

taining 1 mg/mL GOD at +0.3 V (vs SCE). Inset: calibration plots
illustrating the linear electrode response to glucose addition.

800

zyme/glucose reaction. With the assistance of oxy-
gen, the glucose oxidase (GOD) can chemically
catalyze the oxidation of glucose to gluconolactone
and H,0,. As a result, the concentration of glucose
can be indirectly detected by determinating of the
liberated H,0, in the reaction.

GOD
glucose + O, — gluconolactone + H,0,

H,0, = 2H" + 0, + 2e~

Figure 6 displayed the amperometric response of
the NCNT/GC with successive addition of glucose to
0.1 M, pH 7.4, PBS containing 1 mg/mL GOD at +0.3
V. When glucose is added into the buffer solution,
the oxidation current rises steeply to achieve 95% of
the steady current in less than 3 s. In contrast, the
MWCNT/GC had no response to 20 M glucose at
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Figure 7. Current—time curve of NCNT/GC electrode with successive ad-

dition of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.9, and 2.9 mM choline to 0.10

M pH 7.4

PBS solution containing 0.5 mg/mL choline oxidase at +0.3 V

(vs SCE). Inset: calibration plots illustrating the linear electrode response
to choline addition.
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+0.3 V, which was attributed to its poor behavior

in monitoring H,0,. Also, no detection signal can be
observed at either MWCNT/GC or NCNT/GC in a non-
enzyme containing PBS solution. This suggests that
the amperometric response of the NCNT/GC upon
the addition of glucose to a GOD containing solu-
tion is ascribed to the H,0, produced during the en-
zyme/glucose reaction.

The linear response range of the NCNT/GC to glu-
cose concentration was from 2 to 140 wM. The linear re-
gression equation was /g (wWA) = —0.1227—-0.0149 ¢
(M), with a correlation coefficient of 0.9986 (inset in
Figure 6). From the slope of 0.0149 wA/wM, the detec-
tion limit was estimated to be 1.2 uM at 3¢. The sensi-
tivity of the NCNT/GC for detection of glucose was 14.9
rA/mM, which was much larger than that of 0.033
wA/mM for NCNC-modified GC electrode®® with GOD
and Nafion at +0.5V, 0.16 wA/mM for the Pt-CNTs-GOD
electrode® at —0.1 V and 0.52 pA/mM for the GOD/
CNTs/Chitosan/GC electrode”® at +0.4 V. The stability
of NCNT/GC was examined in 0.1 M pH 7.4 PBS contain-
ing 1 mg/mL GOD and 20 wM glucose at +0.3 V. The
relative standard deviation was 2.9% when successively
swept for 100 cycles. The fabrication reproducibility of
five electrodes, made independently, showed an ac-
ceptable reproducibility with a relative standard devia-
tion of 3.4% for the current determined in 0.1 M pH 7.4
PBS containing 1 mg/mL GOD and 20 uM glucose at
+03V.

To further illustrate the universal appeal of this op-
eration of oxidase-based amperometric biosensors, the
similar procedure was employed for choline detection,
where H,0, will be produced during the follow choline
oxidase/choline reaction.

ChOx
choline + O, — betaine aldehyde + H,0,

Figure 7 illustrated the chronoamperometric re-
sponse of NCNT/GC with successive addition of cho-
line to 0.1 M, pH 7.4, PBS containing 0.5 mg/mL cho-
line oxidase at +0.3 V. Upon a potential step to the
sensor in an unstirred system, the reduction current
decreases steeply to reach a stable value. With in-
creasing choline concentration, the amperometric
response of the NCNT/GC increases. The inset in Fig-
ure 7 shows the calibration curve of the NCNT/GC.
The linear response range of the NCNT/GC to cho-
line concentration was from 0.1 to 2.9 mM. The lin-
ear regression equation was log(—/ss/pA) = 0.9465
+ 0.7324 log (¢/mM), with a correlation coefficient of
0.9978 (n = 10). From the slope of 0.7324, the detec-
tion limit was estimated to be 15 wM at a signal-to-
noise ratio of 3. The sensitivity of the NCNT/GC to the
oxidation of choline was 5.4 nwA/mM.
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CONCLUSION

We have demonstrated that the NCNTs have high elec-
trocatalytic activity toward ORR in alkaline solution and the
redox process of H,0,. Therefore, the NCNT/GC can be used

EXPERIMENTAL SECTION

Reagents. NCNTs with a nitrogen content of 3—5% were syn-
thesized by chemical vapor deposition at 650 °C and pyridine
was employed as precursor.”” The as-prepared NCNTs were se-
quentially refluxed in 6 M NaOH and 6 M HCI agueous solution at
110 °C for 4 h in turn to remove the Al,O3 support and metal
catalysts, respectively. The purified NCNTs were thoroughly
washed with distilled water until the pH value of the filtrate
reached 7 and then dried at 70 °C overnight for further study.
CNTs were obtained from Shenzhen Nanotech Port Ltd. Co.
(Shenzhen, China), consisting of MWCNTSs with a diameter of
10—20 nm and a purity of ~95%. 3-p-(+)Glucose and H,0, (30
wt % in water) were purchased from Sinopharm Chemical Re-
agent Ltd. Co. (Shanghai, China). GOD (EC 1.1.3.4, >100 U/mg),
choline oxidase (ChOx, EC 1.1.3.17, from Alcaligenes species,
14.16 units/mg), and choline chloride (purity =98%, powder)
were obtained from Sigma Aldrich Chem. Co. Other reagents
were of analytical reagent grade. Well-dispersed NCNT or CNT
suspensions in ethanol with a concentration of 2 mg/mL were
prepared under sonication for 30 min. Phosphate buffer solution
(PBS; 0.1 M, pH 7.4) was prepared by mixing the stock solution
of Na,HPO,4 and NaH,PO,. Distilled water was used throughout
the study.

Instrument. Electrochemical measurements were performed
on a computer-controlled electrochemical analyzer (CHI832B,
CHI Instrument) with the conventional three-electrode system
composed of modified glassy carbon electrode (GC) as working
electrode, platinum wire as counterelectrode, and saturated
calomel electrode (SCE) as reference electrode. A magnetic stir-
rer provided the convective transport during the amperometric
measurement. Rotating ring-disk electrode (RRDE) voltammetry
was carried out on a speed controller (HP-1A, Jiangsu, China) and
CHI 900C electrochemical workstation (Shanghai, China) using a
modified GC ring-disk electrode (5 mm diameter glassy carbon
core and 9 mm outer diameter) with a Pt ring polarized at +0.5
V in oxygen atmosphere. The collection efficiency of the rotating
ring-disk electrode was determined to be 0.47 with Fe(CN)g> /4~
as probe. The morphology of the NCNTs modified film was char-
acterized by using scanning electron microscopy (SEM, JEOL
JSM-5610LV, Japan) and transmission electron microscopy (TEM,
JEOL JEM-100S, Japan).

Electrode Preparation. The GC was successively polished using
1.0 and 0.3 pum alumina powder followed by rinsing thoroughly
with doubly distilled water. After successive sonication in 1:1 ni-
tric acid, acetone, and doubly distilled water, the electrode was
rinsed with doubly distilled water and dried at room tempera-
ture. A 10 pL 2 mg/mL of NCNT or MWCNT suspension was
dropped on the surface of the pretreated GC (or 5 pL 2 mg/mL
of NCNT or MWCNT suspension was dropped on the GC disk part
for RRDE) and dried under vacuum to obtain NCNT-modified
GC electrode (NCNT/GC) and MWCNT-modified GC electrode
(MWCNT/GQ). Electrolyte was a 0.1 M KOH solution for ORR, 0.1
M pH 7.4 PBS for reduction of H,0,, and 0.1 M pH 7.4 PBS con-
taining 1 mg/mL GOD or 0.5 mg/mL ChOx for glucose or choline
detection, respectively.
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Supporting Information Available: X-ray photoelectron spec-
troscopic (XPS, Kratos AXIS UltraDLD Ultrahigh Vacuum (UHV)
surface analysis system, Kratos Analytical Ltd., U.K) is used to
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for monitoring H,O, and glucose/choline at a low potential
of +0.3 V with high sensitivity. The results show that the
NCNTs are good nanostructured materials with potential ap-
plication in fuel cells and biosensor construction.

characterize the NCNTSs after chemical purification. This material
is available free of charge via the Internet at http://pubs.acs.org.
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