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Nitrogen-Doped Single-Walled Carbon Nanotubes Grown
on Substrates: Evidence for Framework Doping and Their

Enhanced Properties

Yu Liu, Zhong Jin, Jinyong Wang, Rongli Cui, Hao Sun, Fei Peng, Li Wei, Zhenxing Wang,

Xuelei Liang, Lianmao Peng, and Yan Li*

Nitrogen-doped single-walled carbon nanotubes (SWCNTs) are synthesized
directly on silicon and quartz substrates through a normal chemical vapor
deposition (CVD) method. Thermogravimetry mass spectrometry measure-
ments and Raman spectroscopy give firm evidence for framework nitrogen
doping. X-ray-photoelectron-spectroscopy analysis further obtains the
bonding style of the nitrogen atoms in the carbon framework. The nitrogen
doping significantly changes the properties of the SWCNTs. All of the tubes
behave like metallic tubes in field-effect transistors. The doped nitrogen
atoms introduce a stronger affinity for the SWCNTs to metal nanoparticles.
Compared with pristine SWCNTs, the nitrogen-doped tubes show enhanced
sensitivity and selectivity for electrochemical detection of some electrophilic
species including O,, H,0,, and Fe**. They also present improved electrocat-
alytic activity for oxygen reduction. These unique properties of the nitrogen-
doped SWCNTs endow them with important potential applications in various

There are two main strategies for this
purpose. One is selective synthesis by
controlling the chemical vapor deposi-
tion (CVD) conditions;1%1% the other
is post-synthesis separation, such as
density-gradient centrifugation,20-22]
DNA-assisted chromatography,?>?* and
selective reactions.”>?] Compared to the
post-synthesis separation methods, the
selective-synthesis methods are obviously
less destructive and more economical;
therefore, they are more desirable. How-
ever, facile control of the preparation
process is far from consummating.
Chemical doping has shown great suc-
cess in silicon-based semiconductors. This
strongly implies that the electronic prop-
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fields.

1. Introduction

Single-walled carbon nanotubes (SWCNTs) have extraordinary
electronic, optical, optoelectronic, and mechanical properties
endowed by their unique structure;l!l therefore, they have been
considered as a good candidates for scientific research and for
applications in nanoscience and nanotechnology.?~% SWCNTs
can be either metallic or semiconducting, depending on their
structure. Semiconducting tubes have been used in field-
effect transistors (FETs) and optoelectronic devices,® 12 and
metallic tubes have been used in high-frequency devices and
interconnections for devices.'>1°] Therefore it is necessary to
obtain SWCNTs with unitary conductivity in a controllable way.
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erties of SWCNTs should be tailored by
appropriate doping during the synthesis
process; just like that which has been used
in Si-based systems, nitrogen, boron, and
phosphorous have been tried as dopants in SWCNTs.[28-32]
Since nitrogen and boron have similar atomic sizes to carbon,
it is much easier for them to be inserted into the carbon struc-
tures. Until now, most reports have been about the doping of
multiwalled carbon nanotubes (MWCNTS), possibly due to
their higher structure tolerance.>*! Bulk syntheses of doped
SWCNTs have been performed by substitution reactions,*4
arc discharge,®! laser ablation,*®l and chemical vapor deposi-
tion (CVD).?#37] Xu et al. proved that B/N co-doping turns all
SWCNTs to be semiconducting,?”) while other reports have
confirmed that carbon nanotubes behave metallically when
doped by either B or N alone.’®3! Nevertheless, the synthesis
of doped SWCNTs directly on substrates has not been success-
fully achieved yet. Compared to bulk synthesis, SWCNTs grown
on substrates have obvious advantages. They have much fewer
impurities and need no further purification. They are immedi-
ately ready for building devices. In addition, direct growth on
substrates will accelerate the one-by-one characterization of
doped SWCNTs.

In this paper, we present a CVD method for synthesizing
nitrogen-doped SWCNTs on SiO,/Si and quartz substrates
using ethylenediamine or pyridine as both carbon and nitrogen
sources. The so-produced nitrogen-doped SWCNTs on sub-
strates are immediately ready for building various devices and
performing various characterizations. This enables us to study
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the ethylenediamine liquid because the vapor
pressure of ethylenediamine is affected by
the temperature. We kept the container of
ethylenediamine in a constant-temperature
water bath maintained at 20 °C to ensure a
stable carbon stock supply. A typical trans-
mission electron microscopy (TEM) image
of the sample prepared by the semi-bulk
process is shown in Figure lc. The high-
resolution TEM (HR-TEM) image given as an
inset in Figure 1lc clearly shows that the tube
is single walled. Figure 1d presents a typical

micro-Raman spectrum of the same sample
as in Figure la at Ej,, = 1.96 eV. Several
radial-breathing-mode (RBM) peaks show up.
There is a weak D band in the spectrum. The
D band normally comes from defects and
amorphous carbon. Nitrogen doping may
introduce defects into the conjugated carbon
frameworks of SWCNTs due to the different
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Figure 1. a) SEM image of nitrogen-doped SWCNTSs on SiO,/Si substrate; the inset is a typical
AFM image of the same sample. b) SEM image of nitrogen-doped SWCNTs on quartz sub-
strates. ¢) TEM and HR-TEM (inset) images of the nitrogen-doped SWCNTs, prepared using
the semi-bulk method. d) A typical Raman spectrum of the nitrogen-doped SWCNTs.

the intrinsic properties of nitrogen-doped SWCNTs in situ. The
nitrogen doping makes the SWCNTs all metallic, and the sur-
face properties are also modified. They show enhanced sensi-
tivity and selectivity for the detection of some species, such as
oxygen, hydrogen peroxide, and Fe**. They also exhibit catalytic
activity for the electrochemical reduction of oxygen.

In previous studies, X-ray photoelectron spectroscopy (XPS)
and electron energy loss spectroscopy (EELS) have been used
to determine the chemical doping of SWCNTs.2>38 However,
neither technique gives firm evidence for framework doping of
SWCNTs. Here, besides XPS, we first use thermogravimetry-
mass spectrometry (TG-MS) analysis to verify the skeleton
doping of nitrogen in SWCNTs. TG-MS appears to be a more-
effective technique for obtaining solid evidence for distinct
framework doping and surface adsorption.

2. Results and Discussion

2.1. The Growth of SWCNTs with a Nitrogen-Containing
Carbon Source

Using ethylenediamine as a carbon source, high-density
SWCNT random networks were prepared on SiO,/Si substrates
and parallel SWCNT arrays were obtained on ST-cut quartz
substrates, as shown in the scanning electron microscopy
(SEM) images in Figure 1a,b. Most of the tubes have diameters
smaller than 2 nm according to the atomic force microscopy
(AFM) measurements (inset in Figure 1la), indicating they are
mainly single walled. The amount of the carbon source intro-
duced into the reactor depends greatly on the temperature of
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1400 1600 bonding forms of nitrogen to carbon. The
D-band intensity of our sample is much
lower than those of nitrogen-doped carbon
nanotube samples reported previously. This
indicates that the SWCNTs we synthesized
kept their basic structural integrity, and the

amorphous carbon impurities were very few.

2.2. Characterization and Evidence for Framework Nitrogen
Doping of Our Samples

As stated in the introduction, the presence of nitrogen can be
detected by XPS and EDX. However, it is hard to tell whether
the nitrogen atoms are inserted into the carbon skeletons or
just adsorb onto the surface of the carbon nanotubes. Here,
we introduced TG-MS analysis to verify the nitrogen doping of
our samples. As shown in Figure 2a, nitrogen monoxide (NO)
species were detected by MS. This indicates that nitrogen was
present in our samples. What is more important is that NO
and CO, are detected spontaneously at a temperature of about
400 °C and show up together all the way to 800 °C. No nitrogen-
containing species are detected at lower temperature and before
the appearance of CO, This indicates that the nitrogen atoms
do not adsorb onto the tube walls but insert into the sp? skel-
eton of carbon nanotubes. Only when the tubes are decom-
posed are nitrogen species released off, together with carbon
species. This result presents solid evidence for the framework
nitrogen doping of our samples.

Figure 2b shows the typical Raman spectra at the G-band
region of the nitrogen-doped SWCNTs and pristine SWCNTs
for comparison. Though the peak positions of the G* and G~
modes have no obvious shift, the intensity of the G~ mode is
enhanced significantly by the nitrogen doping. The continuum
electronic states near the Fermi level have a dynamic screening
effect on longitudinal optical (LO) phonons, which leads to the
appearance of a broad, asymmetric G- mode, the Breit-Wigner—
Fano (BWF) mode, in metallic SWCNTs. This BWF mode is
highly dependent on the density of states (DOS) near the Fermi

wileyonlinelibrary.com 987

“
G
F
F
>
v
m
~




-
™
s
-
-l
wl
=
™

988  wileyonlinelibrary.com

100 2.0
(a)

99 1.5
9
£ 98] 1.0
2
2 co,

974 0.5

NO
96 T T T 0.0
200 400 600 800
Temperature (°C)
(d) c1s

3

8

2

‘@

c

2 N1s

= N-doped W

W W M

500 450 400 350 300 250 200
Banding Energy (eV)

'a\
Ms \]ii"§

www.MaterialsViews.com

(b) (c)
N-doped ’ ,,\Jm'dﬂ’i
-~ 3 3 ’
S © < _,*____/L
S = = -
< = 2
2 s Bl AN
g E £ <N
£ A ]
M Apristine
T T ! y
1400 160! 2400 2600 2800

Raman shift (cm™) Raman shift (cm™)

N1
€ N1(sp’) )

N2(sp’)

Intensity (a.u.)

408 400 392

(f) C1(C-C)— | Ci1s

c2(sp")

'
'
'
'
'
\ ’
Taeo

C3(sp’)

Intensity (a.u.)

N
3

288 280
Banding Energy (eV)

Figure 2. a) TG-MS analysis of the nitrogen-doped SWCNTs. CO, and NO are the decomposition products of C and N, respectively. b,c) Raman spectra
of the G band and G’ band of the nitrogen-doped SWCNTs on SiO,/Si substrates at Ej,., = 2.33 eV. The dashed and dotted lines in (b) correspond
to the G* and G~ peaks from Lorentzian fitting; the dashed and dotted lines in (c) correspond to the G',is and G’y peaks from Lorentzian fitting.
d) XPS spectra of pristine and nitrogen-doped SWCNTs. e) XPS spectrum of N 1s of the nitrogen-doped SWCNTs. The N 1s peak can be split into two
Lorentzian peaks at 399.8 and 401.8 eV. f) XPS spectrum of C 1s of the nitrogen-doped SWCNTs. The C 1s peak can be divided into three Lorentzian

peaks at 284.8, 286.3, and 288.3 eV.

surface.??*% Nitrogen doping increases the DOS of SWCNTS,
which results in an improved screening effect; thereby, a more-
prominent BWF mode is observed.

The G’ band in the Raman spectrum is second order. It is
highly sensitive to changes in the sp? carbon structures.[*:42
Therefore, the G’ band has been used to characterize substitu-
tional doping in SWCNTs.3?! Figure 2c shows the Raman spec-
trum at the G’ band region of the nitrogen-doped SWCNTs on
SiO,/Si substrates. The pristine SWCNT sample shows a single-
peak G’ band at 2670 cm™, while the nitrogen-doped SWCNT
samples have two G’ features. One (denoted as G’,y) is identical
to that in the pristine samples; the other band, denoted as Gy,
appears at 2630 cm™!, and originates from the nitrogen doping.
We examined tens of individual SWCNTs and found that G’y
bands appear in each Raman spectrum of the nitrogen-doped
SWCNT samples. We also examined over 20 isolated, pristine
SWCNTs and no visible G’4 bands were found. The typical G’
bands of nitrogen-doped SWCNTs on SiO,/Si substrates are
shown in Figure 2c. The typical G’ bands of the corresponding
pristine SWCN'I5 are also shown for comparison.

In the XPS spectrum, the nitrogen-doped sample shows an
obvious N 1s peak at about 400 eV (Figure 2d). The nitrogen
content in the sample is 3 at-%. There are mainly two com-
ponents in the N 1s spectrum, indicating that the N atoms
have two types of bonding structure in the carbon nanotubes
(Figure 2e). The peak at 399.8 eV corresponds to pyridinic

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nitrogen and the peak at 401.8 eV is attributed to graph-
itic nitrogen.*® It can be found from the peak intensity that
more nitrogen atoms are pyridinic. Three components emerge
in the C 1s spectrum (Figure 2f): the main peak at 284.8 eV
corresponds to graphite-like sp? C, indicating that most of the
C atoms are not bonded with N atoms;?*® the small peaks at
286.3 and 288.3 eV correspond to nitrogen sp? C and sp® C,
respectively:1*® they may originate from the nitrogen doping or
the defects of the SWCNTs.

2.3. Copper Coating on Nitrogen-Doped and Pristine SWCNTs

The introduction of nitrogen into the framework may change the
electron-density distribution of the SWCNTS, therefore affecting
their surface properties. We studied the adsorption abilities
of the pristine and nitrogen-doped SWCNTs with copper in a
vacuum chamber. The two samples were placed close to each
other to keep the same distance from the evaporation source.
It is obvious that the Cu particles coated on the nitrogen-doped
SWCNTs are much more uniform and the density is remarkably
higher (Figure 3a,b). Theoretical and experimental reports*-+°]
have proved that doped SWCNTs have a stronger interaction
with transition metals compared to the pristine SWCN'Ts. Metal
particles can hardly attach to the side walls of defect-free pure
SWCNTs since there are few nucleation centers on the perfect
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Figure 3. TEM images of Cu particles adsorbed on the sidewalls of pristine (a) and nitrogen-
doped (b) SWCNTs, respectively.

carbon structures. The binding energies between nitrogen and
metal atoms are higher, so these nitrogen-doped sites could
act as the nucleation centers. This result further supports that
the nitrogen atoms are doped uniformly into the sidewalls of
SWCNTs. What we can expect futhermore is that the nitrogen-
doped SWCNTs may be more appropriate for being applied in
SWCNT-based inorganic composites because of their higher
affinity to the inorganic matrix.

2.4. The Metallic Transport Properties of the Nitrogen-Doped
SWCNTs

Terrones’ group predicted theoretically that for nitrogen-doped,
semiconducting SWCNTS, the electronic state created by the
nitrogen doping lies beneath the conduction bands and is occu-
pied by an extra electron.[**! The Fermi level is shifted close to
the conduction bands, causing all semiconducting SWCNTs to
be metallic. We get consistent results from our experiments.
Multi-nanotube FET devices were fabricated to study the trans-
port properties of the nitrogen-doped SWCNTs (Figure 4a,b).
SWCNT random networks were used. The channel width of the
FETs was 500 nm, which made most of the SWCNTs directly
connect to the source and drain electrodes. Thus, a contact
resistance among the SWCNTs was effectively avoided and the
intrinsic electronic properties of the SWCNTs could be investi-
gated. The densities of the pristine and nitrogen-doped samples
were almost the same and 500 + 100 tubes were laid between
the electrodes in each FET device. The typical I Vy, curves are
shown in Figure 4c. The pristine SWCNT sample had an on/off
ratio of 2, indicating that there were 1/3 metallic SWCNTs in
the device, which is the typical proportion for the normal pris-
tine SWCNTs, while for the nitrogen-doped SWCNT sample,
the conductance is twice and the modulation ability is much
weaker than in the pristine sample. It shows an almost linear
I3 Vg behavior, which means that the proportion of metallic
SWCNTs has increased remarkably. The average single-tube
resistance for the nitrogen-doped SWCNTs is 10 + 4 kQ um™,
which is consistent with that of the pristine metallic SWCNTs
at low bias voltage.”*l This indicates that the nitrogen doping
does not introduce additional resistance to the tubes. It has
been reported that defects would increase the resistance of
SWCNTs greatly;*) thus nitrogen doping does not introduce
too many structural defects since the average resistance has not
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obviously increased. We examined 10 FET
devices for each kind of SWCNTs, and the
results repeated quite well.

2.5. Improved Oxygen-Detection Sensitivity of
Nitrogen-Doped SWCNTs

It has been demonstrated that carbon nano-
tubes are sensitive materials for the detection
of various gases such as H,, NH3, NO,, and
SO, %54 But for O, detection, the response
signals are quite weak,’>>*! which makes it
difficult for the SWCNTs to act as O, sensors.
Nevertheless, the importing of nitrogen atoms
into the framework of the SWCNTs makes
the tubes more electron rich and hence might enhance the
sensitivity to the highly electron-affinitive O,. We used pristine
and nitrogen-doped SWCNTs with the same density to fabricate
chem-resistor sensors. This kind of sensor involves electrical
contacts at the two ends of a SWCNT network film (Figure 5a).
The signal changes originate from the charge transfer between
adsorbed molecules and the valence bands of the SWCNTs. The
current-change results are shown in Figure 5b. In the case of
the pristine SWCNT sensor, the current increased by only 10%
when the O, pressure approached 500 Pa, which is consistent
with previous reports,>*°l while the nitrogen-doped SWCNT
sensor had a current increased by 30%, which is 3 times that
of the pristine SWCNT sensor. The nitrogen-doped SWCNTs
show an obvious enhanced sensibility for O, detection.
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Figure 4. a) SEM image of the SWCNT-based FETs: the scale bar is 50 um.
b) A magnified image of the marked region in (a); the scale bar is 1 um.
The SWCNTs were connected to the source and drain electrodes directly.
c) Typical I4s—Vys curves of the pristine- and nitrogen-doped-SWCNT FET
devices.
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Figure 5. a) Scheme of the SWCNT-based chem-resistor sensor. b) I-V
curves of the pristine- and nitrogen-doped-SWCNT gas sensors at various
O, pressures (0, 5, 50, and 500 Pa).

2.6. Enhanced Electrochemical Activity by Using Nitrogen-
Doped SWCNTs as Electrodes

Nitrogen-doped SWCNTs can also be used as electrode mate-
rials for electrochemical analysis.”® Such a device is shown in
Figure 6a. Using SWCNTs as the working electrode can lower
the detection limit by lowering the background currents.”® How-
ever, the selectivity and the sensitivity of the device are not satis-
fying, since the side walls of SWCNTs are chemically stable with
few defect sites.”® Our nitrogen-doped SWCNT samples may
be more advantageous in this issue because additional active
sites have been introduced into the tube side walls by nitrogen
doping. We used both pristine and nitrogen-doped SWCNTs of
similar density to fabricate this kind of device. Cyclic voltam-
metry (CV) measurement results for H,0, and Fe*" are shown
in Figure 6b and c, respectively. For the H,0, detection, the
oxidation-current difference is obvious between the two samples
of different concentration (5 x 107 M and 20 x 10~ m, respectively).
The signal intensity of the nitrogen-doped sensor is twice that
of the pristine-SWCNT sensor. The pristine-SWCNT sensor
only has a slight reduction-current change compared to the
background for the 5 x 10 m Fe** solution, which is almost
indistinguishable to the blank. This indicates that 5 x 107 u is
out of the detection limit of the pristine SWCNTs for the detec-
tion of Fe’*. However, the nitrogen-doped SWCNT sensor
has a detection signal significant enough for an accurate
measurement.

The nitrogen doping can increase the chemical activities of
SWCNTE as a result of the extra electrons from the nitrogen atoms.
Moreover, the nitrogen-doping sites may have stronger interactions
with some electrophilic species, such as O, molecules, O radicals
(the intermediate product of both the oxidation of H,0, and oxygen
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Figure 6. a) Photograph of the electrochemical sensor. b,c) The CV
curves of the pristine- and nitrogen-doped-SWCNTs sensors for H,0,
(b) and Fe** (c) detection. The concentrations of H,0O, were 5 X 107 m
(dashed line) and 20 x 107® m (dotted line) in phosphate buffer solution
(pH = 7.4). The concentration of Fe** was 5 x 107 m (dashed line) in

0.1 m HCl solution. The backgrounds were recorded in 0.1 m KCl. The scan

rate was 100 mV s7".

reduction), and Fe**. Therefore more electrophilic species could be
adsorbed onto the sidewalls of the nitrogen-doped SWCNTs and
the interaction between the adsorbed species and the SWCNTs
should be stronger. Then, the electronic structure of the nitrogen-
doped SWCNTs would have greater modification. For some other
species, like dopamine, o-dihydroxybenzene, and Fe(CN) ¢, no
obvious differences between the pristine and nitrogen-doped
sensors have been found in our experiments. These results sug-
gest that the nitrogen-doped SWCNTs might be more sensitive
and selective than the pristine SWCNTs in electrochemical
analysis.

Recently, nitrogen-doped CNTs have been found to have a
high electrocatalytic activity for oxygen reduction, which could
replace Pt-based electrocatalysts in fuel cells.’”) We also investi-
gated the electrocatalytic activity of our nitrogen-doped SWCNTs
for oxygen reduction using a similar installation to that in
Figure 6a. The result is shown in Figure 7. Compared to the
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Figure 7. The voltammograms of the pristine and nitrogen-doped
SWCNTs for oxygen reduction in 0.1 m KOH.

pristine SWCNTS, nitrogen-doped samples increased the reduc-
tion potential by 50 mV and doubled the reduction current.

3. Conclusions

We systematically studied the preparation, characterization,
and properties of nitrogen-doped SWCNTs on substrates.
Firstly, we developed a CVD method to synthesize nitrogen-
doped SWCNTs directly on SiO,/Si and quartz substrates using
nitrogen-containing carbon stocks. Secondly, we obtained a deci-
sive characterization of the nitrogen doping. TG-MS was first
used to verify that the nitrogen was doped into the tube frame-
works. Raman spectroscopy gave additional evidence for this
argument. XPS results showed that the nitrogen atoms were
mainly bonded into the carbon frameworks in the pyridinic
form, and that graphitic nitrogen atoms also exist. Thirdly, we
made careful comparison of the properties of nitrogen-doped
and pristine SWCNTs and demonstrated the superior perform-
ance of nitrogen-doped SWCNTs. Nitrogen doping made the
SWCNTs become all metallic. This is important for obtaining
SWCNTs of homogeneous properties for further applications.
The nitrogen doping introduced nucleation centers and anchor
spots for metal nanoparticles. Therefore, it was much easier
for copper to be coated on the nitrogen-doped SWCNTs. This
might be helpful for applications in SWCNT-based inorganic
composites. The extra electrons from the N atoms made the
nitrogen-doped SWCNTs have stronger interactions with some
electrophilic species, such as O, molecules, O radicals, and
Fe3*. This effect enhances the sensitivity and the selectivity of
SWCNT-based chemical sensors. Nitrogen-doped SWCNTs
also showed an electrocatalytic activity to the oxygen-reduction
reaction. All of these results show that the nitrogen-doped
SWCNTs present excellent properties and may find applications
as conducting, composite, sensing, and catalytic materials with
enhanced performance.

4. Experimental Section

Growth of Nitrogen-Doped SWCNTs: Typically, FeCl3/EtOH solution
(2 uL, 1 mmol L") was dropped onto the SiO,/Si or ST-cut quartz
substrates to actas the catalyst precursor. The substrates were heated
to 700 °C in a horizontal quartz tube (25 mm in diameter) and kept
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for 5 min to oxidize the FeCl;. Then, the heating temperature was
elevated to 880 °C under an Ar flow (400 sccm). Subsequently, the
Ar was shut off and a H2 flow (100 sccm) was introduced into the
system, passing a steel tank containing ethylenediamine or pyridine,
which was held at 20 °C using a constant-temperature water bath. After
15 min, the quartz tube was cooled down to room temperature under Ar.
We also performed semi-bulk preparation of nitrogen-doped SWCNTs.
Instead of the FeCl;/EtOH solution, a FeCl; precursor supported on
Al,O; powder®® was spread on the SiO,/Si substrates, and nitrogen-
doped SWCNTs were then grown in an identical procedure and CVD
conditions. The pristine SWCNTs were synthesized using ethanol as
the carbon source.

Characterization and Doping Analysis: A Hitachi S4800 scanning
electron microscope was used with an acceleration voltage of 1 kV to
take the SEM images. AFM images were taken using a Seiko SPA400
SPM. The Raman spectra were collected using a HORIBA Jobin Yvon
LabRam ARAMIS Raman spectrometer with excitation energies of
1.96 eV and 2.33 eV, using a 100X air objective. The laser energy was
carefully controlled to avoid any heat effects. A NETZSCH STA449C/
Qms 403C instrument was used to obtain the TG-MS data: the samples
were heated at a rate of 5 °C min~' under Ar protection. The XPS data
were collected using an AXIS-Ultra instrument from Kratos Analytical.
The TEM images were taken using a JEM-200CX TEM and the HR-TEM
images were obtained using a Hitachi 9000 TEM. The accelerating
voltages were both 100 kV. For the experiments of copper coating on
the SWCNTs, the pristine and nitrogen-doped SWCNTs were placed
adjacent in a vacuum (10-3 Pa) chamber at a distance of 15 cm from the
evaporation source. Cu powder (1 mg) was evaporated.

Fabrication and Measurement of the Devices: The substrates with the
SWCNT networks upon them were directly used to fabricate the FET
devices. The source and drain electrodes were deposited by electron-
beam lithography. The channel distance was 500 nm to avoid a contact
effect from the SWCNTs. The measurements were taken using a Keithley
4200 semiconductor characterization system. The SWCNTs not in the
channels were removed by reactive ion etching (RIE) in oxygen plasma.
The bias voltage was 1 mV.

Two Au electrodes were deposited on the SWCNTs network films
to form resistor gas sensors. A Keithley 2400 digital sourcemeter was
used to detect the current changes. The devices were put into vacuum
(10-3 Pa) for 48 h before detection to remove the adsorbed O,.

The electrochemical sensors used the SWCNT network as the working
electrode on a SiO,/Si substrate. A Au film was deposited on part of the
substrate as the working electrode contact. A drop of solution (5 uL,
contact area 3 mm in diameter) was placed on the SWCNT network
close to the Au film but avoiding contact and a micro reference electrode
(Ag/AgCl) was inserted into the solution drop. The CV measurements
were taken using a CHI660C electrochemistry workstation (Shanghai
Chenhua). The detection of H,0, was performed in a phosphate buffer
solution of pH = 7.4 and the detection of Fe** was in HCl solution
(0.1 mol L7). The oxygen-reduction reaction was carried out in
0.1 M KOH solution. Before all of the electrochemical experiments,
both the pristine and nitrogen-doped SWCNT sensors were purified by
electrochemical oxidation in a phosphate buffer solution (pH = 6.8) at
a potential of 1.7 V (vs Ag/AgCl) for 5 min to passivate the Fe residues
present in the samples.
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