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1. Introduction

Single-walled carbon nanotubes (SWCNTs) have attracted

much research attention due to their unique physical proper-
ties and potential applications in various fields including opto-

electronics, field-effect transistors, fuel cells and energy stor-
age.[1–3] Metallic SWCNTs (m-SWCNTs) and semiconducting

SWCNTs (s-SWCNTs) co-exist in the products prepared by com-
monly-used methods such as arc discharge and chemical

vapor deposition.[4–6] Many approaches have been proposed

for the separation of m-SWCNTs from s-SWCNTs or vice versa,
for better-defined properties or applications of SWCNTs.

Among them, methane plasma hydrocarbonation has shown
effective to selectively etch m-SWCNTs with s-SWCNTs remain-

ing on the growth substrate.[7] Hydrogen plasma has led to
a diameter-dependent etching of SWCNTs,[8] in which SWCNTs
with diameter of smaller than 1 nm were completely converted

to hydrocarbon gas species, as a result of etching by neutral
and positive ions of H species in the plasma. In addition, a gas-
phase reaction between fluorine and SWCNTs followed by an
annealing has been demonstrated for selectively etching m-

SWCNTs with diameters of less than 1.1 nm.[9] In the reaction,
fluorine molecules are strongly chemisorbed during fluorina-

tion, and m-SWCNTs with small diameters tend to be disinte-
grated into CFn gas species during the following thermal treat-

ment. In another work, SO3 was used to selectively etch s-

SWCNTs at 400 8C based on the cycloaddition functionalization
on s-SWCNTs.[10]

Chemical activation, such as KOH activation, is an effective
method to develop porosity in carbon materials for improved

energy-storage performance.[11, 12] A typical activated carbon
(AC) obtained from KOH activation of cokes has demonstrated

a specific surface area (SSA) of 2700 m2 g@1.[13] By KOH activa-

tion of microwave exfoliated graphite oxide (MEGO), a three-
dimensional (3D) carbon (called aMEGO) has been obtained

showing an SSA of up to 3100 m2 g@1 and simultaneously
&100 % sp2 carbon bonding, leading to a gravimetric capaci-

tance of up to 200 F g@1 and excellent power performances in
organic electrolytes.[14] In general, KOH activation for the prep-
aration of ACs includes three stages:[15] 1) etching of carbon by

a redox reaction at temperatures above 400 8C based on Equa-
tion (1):

6 KOHþ C$ 2 K þ 3 H2 þ 2 K2CO3; ð1Þ

2) the decomposition of K2CO3 and development of nanopores

by H2O, CO, and CO2 at temperatures above 700 8C; and 3) K
intercalation into graphitic walls, which results in a lattice ex-

pansion of the carbon.

In terms of the reaction between KOH and well sp2-hybrid-
ized carbons, such as MEGO, our study showed that holes

were created in graphene platelets at relatively low reaction
temperatures (e.g. starting from 350 8C) and the following

processing at temperatures of higher than 550 8C led to the 3D

restructuring of the graphene platelets to the final 3D porous
carbon.[16] On the other hand, it was found that the KOH acti-

vation at temperatures of 600–800 8C converted C60 molecules
to a porous 3D carbon with plenty of defects and a high

SSA,[17] while carbon quantum dots were obtained when the
ratio of KOH to C60 is very high (e.g. for KOH:C60 = 30:1) in

While potassium hydroxide (KOH) activation has been used to
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storage performance, the KOH activation mechanism of CNTs

has been rarely investigated. In this work, the reaction be-
tween single-walled CNTs (SWCNTs) and KOH is studied in situ

by thermogravimetric analysis coupled to infrared (IR) spectros-
copy and gas chromatography/mass spectrometry (MS). The IR

and MS results clearly demonstrate the sequential evolution of
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a quick activation (e.g. for a processing of 6&8 min).[18] Multi-
walled carbon nanotubes (MWCNTs) and carbon fibers have

also been activated by KOH for improved supercapacitor per-
formances.[19, 20] Although the KOH activation of SWCNTs has

been explored to increase specific surface area, the mecha-
nisms for the KOH activation of CNTs remain unclear.[21, 22] Com-
pare to MWCNTs, the nature properties of SWCNTs probably
play a role in the activation process.

In this regard, we address the solid–liquid reaction between

SWCNTs and melted KOH by in situ thermogravimetric analysis
coupled to infrared spectrometry and gas chromatography/

mass spectrometric analysis (TG-IR-GC/MS) in this work. Follow-
ing the redox reaction, CO is formed and released firstly, and
hydrocarbon species formed at around 800 8C, then the more
significant evolution of CO2 and H2O at temperatures above

825 8C are identified during the following activation procedure.

In addition, with resonant Raman spectroscopy it is found that
the activation has aroused a preferential etching of SWCNTs

with small diameters. The diameter-sensitive reaction of be-
tween KOH and SWCNTs could be potentially used to purify

SWCNTs and to select SWCNTs with certain diameters and
properties.

2. Results and Discussion

In situ thermogravimetric analysis coupled to infrared spectros-
copy and gas chromatography mass-spectrometric characteri-

zation (TG-IR-GC/MS) was used to trace the reaction between
SWCNTs and KOH; the results are shown in Figures 1 a–d. Fig-

ure 1 a shows the FTIR spectra measured from the mixture at
various temperatures. As we can see, prominent IR bands
appear when the heating temperature reaches about 800 8C.

Above 800 8C, IR bands at around 670, 1100, 1280, 2050–2250,
2350 and 2700–3100 cm@1 dominate the spectra till 925 8C,
which is the highest temperature applied in the measurement.
Among the bands, those at 670 and 2350 cm@1 are typical fea-

ture of C = O stretching, suggesting the evolution of CO2.
Moreover, from the spectra we see that the evolution of CO2

starts at around 825 8C and reaches the maximum at around

875 8C, while the other peaks remain increasing with the tem-
perature. The relatively weak bands at around 1100 and

1280 cm@1 are the feature of C-O stretching. Another band in
the range of 2050–2250 cm@1 is the stretching of CO, which

can be clearly identified at 700 8C, by enlarging the corre-
sponding IR spectra in Figure 1 b. Covalent C-Hx groups are

Figure 1. a) FTIR spectra of a SWCNTs/KOH mixture at various heating temperatures measured by in situ TG-IR-GC/MS. b) Enlarged FTIR spectra in the range
of 2050–2250 cm@1 (corresponding to the CO vibration) from 675 to 900 8C with an interval of 25 8C. c) Enlarged FTIR spectra in the range of 2700 to
3100 cm@1 (corresponding to C-Hx vibrations) from 750 to 900 8C with an interval of 25 8C. d) GC-MS analysis showing the evolution of hydrocarbons (CH4),
H2O, and CO2 from the SWCNTs/KOH mixture with the temperature. e) TGA curves for a SWCNTs/KOH mixture, together with those of MWCNTs/KOH and
graphite/KOH mixtures as references.
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visible at 800 8C, as shown in the enlarged IR spectra in Fig-
ure 1 c, and the intensity is increased with the temperature.[23]

The GC/MS results shown in Figure 1 d and Figure S1 are gen-
erally consistent with the IR spectra, while the slightly different

starting temperature in the GC/MS curves could be attributed
to the different detection limitation of the GC/MS facility to

the gas species. Furthermore, H2O was detected at the temper-
ature of 850 8C. The TGA results shown in Figure 1 e have con-
firmed the weight loss starting at around 700 8C and a more

significant loss at about 800 8C for the mixture of SWCNTs and
KOH. In addition, the TG-IR-GC/MS analysis has also been used

to trace the reaction between graphite and KOH (Figure S2).
The sequential evolution of CO2 (&550 8C) and CO (&700 8C)

can be identified. However, no hydrocarbons and H2O signal
can be detected from FTIR spectra and GC-MS analysis. In con-

trast to SWCNTs, graphite and MWCNTs show a much lower

thermal stability in melted KOH as a result of the intercalation
of K. Potassium metal atoms produced by reduction reaction

can intercalate into graphitic walls so expanding the lattice,
the structure can expand further by progressive heating. Spe-

cifically, several remarkable weight losses starting from 600 8C
were observed from the mixture of MWCNTs and KOH, which

is consistent with the lower activation temperature of MWCNTs

reported in literatures.[12]

From the in situ TG-IR-GC/MS results, we can identify the se-

quential evolution of CO (&700 8C), hydrocarbons (&800 8C),
CO2 (&825–850 8C), and H2O (&850 8C) gas species from the

mixture of SWCNTs and KOH as the temperature increases.
Such a reaction between SWCNTs and KOH is different from

the previous results on KOH activation of resin, anthracite or

MWCNTs, in which the evolution of CO and CO2 was observed
when temperature is higher than 700 8C.[15, 12, 24] Comparing

with the TG-IR-GC/MS results of SWCNTs/KOH, graphite/KOH
mixture and previous results, it could be deduced that the

mechanism of KOH activation is sensitive to the nature proper-
ties of the carbon material. According to the global reaction

(1), carbon etching gives rise to the formation of H2 and

K2CO3,[24] which may explain the slight weight loss at &650 8C
due to the release of H2. At about 700 8C, the following reac-

tions could happen, leading to the generation of CO [Eqs. (2)–
(4)]:

CðOÞ ! CO ð2Þ
K2CO3þC$ K2Oþ 2 CO ð3Þ
K2Oþ C$ 2 K þ CO ð4Þ

where C(O) is an oxygen surface complex. It is worth noting

that the chemisorbed oxygen atoms on the carbon surface of
hydroxide or carbonate can gasify carbon atoms to produce

CO, thus generating porosity at high temperatures.[15] At the

same time, the surface hydrogen complexes (C(H)) developed
by adsorption of hydrogen on carbon (C + H!C(H)) could fur-

ther etch the carbon by sequential gasification to form hydro-
carbons at high temperatures (+800 8C).[25] On the other hand,

alkali metal carbonates decompose at temperatures below
their melting points in the presence of carbon,[26] which may

cause the significant amount of evolution of CO2 at higher
temperatures especially above 850 8C by the Equation (5). The

observation of H2O may be related to the reaction between
KOH and CO2, as shown by Equation (6):

K2CO3 $ K2Oþ CO2 ð5Þ
2 KOHþ CO2 $ K2CO3 þ H2OðgÞ ð6Þ

It should be noted that the formation of hydrocarbons has

also been reported in the physical activation of Saran char in
a steam with the presence of pure hydrogen at &850 8C and
in phosphoric acid activation of wood containing aliphatic
chains at temperatures of lower than 650 8C,[15, 27] but rarely re-

ported in chemical activation with KOH. The C(H) complexes
formed on SWCNTs surfaces as a result of the chemisorption of
hydrogen species might be unstable due to the high curvature

and strain of SWCNTs, leading to a high reactivity of SWNTs to-
wards hydrocarbonation (similar to oxidation and hydrogena-

tion in SWCNTs).[8, 28] Specifically, the adsorption of H atoms is
a sequential procedure, which may result in the formation of

C-Hx (x = 1, 2, 3), and of the eventual product CH4.[29]

Scanning electron microscopy (SEM) images and transmis-
sion electron microscopy (TEM) images of SWCNTs before and

after being treated with KOH at 800 8C (named as a-SWCNTs-
800) and 900 8C (named as a-SWCNTs-900) are shown in

Figure 2. From Figure 2 a, bundles are observed from original
SWCNTs, carbon walls can be observed from the TEM image in

Figure 2 b. Interestingly, a-SWCNTs remain entangled and the

tubular morphology is preserved after being treated with KOH
at high temperatures, as seen from Figures 2 b,c. Different from

the KOH activation of other nanocarbon materials (e.g. micro-
wave expanded graphite oxide and C60 molecules),[14] no obvi-

ous restructuring has been observed in SWCNTs under the sim-
ilar KOH treatment conditions. By comparing the TEM images

shown in Figures 2 d–f, the single-walled hollow structure and
large aspect ratio of SWCNTs are reserved after reaction. A

close observation has found that the wall became rough,

which may be caused by defects. The production yield of
SWCNTs after KOH treatment is about 70 % at 800 8C and 45 %

at 900 8C, respectively, suggesting that a significant amount of
SWCNTs have been removed by the reaction. The Raman spec-

tra in Figures 2 g–i show that the spectra of a-SWCNTs are very
similar to that of the original SWCNTs, all with strong G band

and weak D band, and the RBM bands.
Figure 3 a shows the XPS survey spectra for the original and

KOH-processed SWCNTs performed at 600, 700, 800, and

900 8C. A prominent C 1s peak and a noticeable O 1s peak are
detected from all samples, without any other significant

amount of impurities. Compared to the original SWCNTs, no
obvious change can be found in annealed SWCNTs at 800 and

900 8C without KOH (Figure S3). However, there is a significant

decrease of the C/O ratio to 7.3 in a-SWCNTs-900. Such
oxygen-containing groups can be removed by annealing a-

SWCNTs-900 at 900 8C again in argon atmosphere (leading to
the sample named as a-SWCNTs-900h, with a C/O ratio of

24.6). The C 1s XPS spectra in Figure 3 b show that the C 1s
peak for all samples mainly consists of two components, corre-
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sponding to peaks at 284.6 eV (sp2 carbon bonding) and

285.5 eV (sp3 carbon bonding), respectively.[30] The sp3/sp2

ratio, which was estimated by integrating the area under the

sp3 or sp2 peaks, is 0.34, 0.36, 0.39, 0.42, 0.51 and 0.39 for

SWCNTs, a-SWCNTs-600, -700, -800, -900 and -900h, respective-
ly. The higher sp3/sp2 ratios of a-SWCNTs could come from the

covalent bonding of oxygen and hydrogen on the carbon wall,
accompanying a shift of the C 1s peak to higher binding

energy in a-SWCNTs.[31] The deconvoluted O 1s and K 2p
region are shown in Figure S4. The O 1s spectra for all samples

mainly consists of two components with C = O (531.2 eV) and

C-O (532.7 eV).[32, 33] The content of oxygen-containing groups
especially C-O increases with the temperature. However, with

the rapid desorption of chemisorbed oxygen when the heating

temperature reaches about 800 8C, the percentage of C-O de-
creases, indicating the low stability of C-O. Figure 3 c shows

the FTIR spectra. The band at 1630 cm@1 is ascribed to C = O
stretching and that at 1050 cm@1 designated as C-O, confirm-

ing the presence of a low content yet obvious carbonyl group
in both a-SWCNTs-800 and a-SWCNTs-900.[34, 35] A close looking

Figure 2. SEM, TEM images and Raman spectra of original SWCNTs (a,d,g) and those treated with KOH at: b,e,h) 800 8C and c,f),i) 900 8C.

Figure 3. a) XPS survey spectra and b) XPS C 1s spectra of the original SWCNTs and a-SWCNTs obtained at 600, 700, 800, and 900 8C. c) FTIR spectra of the orig-
inal SWCNTs and a-SWCNTs. Spectrum 1: SWCNTs; Spectrum 2: a-SWCNTs-800, Spectrum 3: a-SWCNTs-900; Spectrum 4: a-SWCNTs-900 h. The inset shows the
enlarged spectra in the range of 2800 to 3000 cm@1.
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into the range of 2800–3000 cm@1 indicates there are bands
centered at 2850 and 2920 cm@1 (inset of Figure 3 c), which can

be assigned to the symmetric stretching of sp3 CH2, and asym-
metric stretching of sp3 CH2 or sp3 CH stretching, respectively.

Comparing to that of a-SWCNTs-800, the spectrum of a-
SWCNTs-900 shows a stronger vibration in this range, suggest-

ing more C-Hx bonds in a-SWCNTs-900.[8, 23] However, C-O and
C-Hx stretching are almost eliminated by the second annealing,
as shown in the curve of a-SWCNTs-900h, indicating that the

stability of C-O and C-Hx groups is low, especially when com-
pared to the C = O group. The observation is consistent with
the IR analysis in in situ experiment in terms of the evolution
of CO and hydrocarbons formed by desorption of chemisorbed

oxygen and hydrogen atoms on carbon.
N2 adsorption/desorption has been carried out to further in-

vestigate the change in the pore structure of SWCNTs upon

KOH processing. The isotherms are shown in Figure 4 a. It can
be seen that the isotherms of original and activated SWCNTs

all have a type H4 hysteresis, which is indicative of a silt pore
geometry. The BET specific surface area (SSA) of the original

SWCNTs is 463.7 m2 g@1. After reaction with KOH at 800 8C and
900 8C, the SSA has been enhanced to 623.6 m2 g@1 and

810.5 m2 g@1 for a-SWCNTs-800 and a-SWCNTs-900, respectively.

The pore size distribution is plotted in Figure 4 b by applying
a slit pore geometry on micropores and a cylindrical pore ge-

ometry on mesopores. The total pore volume has been in-
creased to 0.78 and 1.17 cm3 g@1 for a-SWCNTs-800 and a-

SWCNTs-900 from 0.58 cm3 g@1 for original SWCNTs. A broad
pore size distribution in the mesopores range is found for all

samples. In contrast, the peak of micropores has shifted to
a smaller size after KOH activation, leading to a significant de-

velopment of pores with size smaller than 1 nm by the KOH
processing. A higher activation temperature, for example,

900 8C, has resulted in a higher volume of micropores, with

ultra-small pores with size of less than &0.7 nm detected from
a-SWCNTs-900 till the cutoff at 0.5 nm due to the instrument

limitation of N2 adsorption. Obviously, the activation especially
at high temperatures favors the development of micropores in

SWCNTs. The formation of CO, hydrocarbons and other oxidiza-
tion of carbon may have created defects on the wall of

SWCNTs or opened the end of SWCNTs, leading to the devel-

opment of micropores and increase in SSA. It is worth noting
that the increase in the volume of micropores and larger SSA

in a-SWCNTs have not changed the tubular structure as ob-
served in SEM and TEM. To show the possible effect of en-

hanced porosity by KOH processing, the supercapacitor per-
formance for a-SWCNTs-900 was compared with the original

SWCNTs, as shown in Figure 4 c. It shows a much better rate

capability with 81 % retention at 40 A g@1 (relative to the ca-
pacity at 1 A g@1), due to the fast accessibility of the ions (Fig-

Figure 4. a) N2 adsorption/desorption isotherms performed at 77 K. b) Pore size distribution of original SWCNTs and a-SWCNTs. c) Supercapacitor performance
of a-SWCNTs-900 in 6 m KOH electrolyte. The inset shows the galvanostatic charge–discharge curves of a-SWCNTs-900. d) Nyquist plots of SWCNTs and a-
SWCNTs-900.
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ure S5). However, the specific capacitance at 1 A g@1 has only
been increased from 33.5 F g@1 for original SWCNTS to

41.2 F g@1 for a-SWCNTs-900. Probably because of smaller
pores, the charge transfer resistance is large in a-SWCNTs-900,

as shown in the Nyquist plots (Figure 4 d).
The Raman spectra measured with a laser excitation wave-

length of 514 nm clearly show the presence of both s- and m-
SWCNTs with features of the radial breathing mode RBM in the

original SWCNTs (Figure 5 a).[36] After KOH treatment, those

peaks corresponding to higher Raman shifts are largely sup-
pressed and especially for the sample obtained by the second
KOH treatment of a-SWCNTs-900 under the same condition
(named as a-SWCNTs-900 s), as seen from Figures 5 b,c. Specifi-
cally, the m-SWCNTs with Raman shift at 248 and 266 cm@1

were greatly suppressed after reaction with KOH and nearly

disappeared after the second KOH treatment. Figures 5 d–f

show the detailed analysis of the deconvoluted G-bands. For
metallic SWNTs, the G-band can be fitted to include a high-fre-

quency Lorentzian component and a low-frequency compo-
nent with BWF line shape.[37] In addition, a value of @1/q can

be obtained from the fitting, which is a measure of the interac-
tion between a continuum of states and phonons, is 0.24 for

SWCNTs, further indicating the metallic feature. For a-SWCNTs-

900 s, however, the @1/q value is very small (@1/q = 0.07), indi-
cating that a-SWCNTs-900 s mainly shows a semiconducting

feature.[37] The d-band near 1350 cm@1 has not been signifi-
cantly changed after KOH treatment at high temperatures. The

Raman results indicate that SWCNTs reserve the graphitic struc-
ture after activation, which is consistent with electron micros-

copy images. By normalizing the intensities of the Lorentzian
peaks obtained in Figure 5 a to 5c, the fraction of each peak

has been calculated and shown in Figure 5 g, with the corre-
sponding diameters shown as the x-axis (by using the formula:

wRBM = 234/dt + 10, dt is the diameter).[38] As we can see from
Figure 5 g, the ratio of s-SWCNTs with large diameters near
152 cm@1 (1.65 nm), 165 cm@1 (1.51 nm), and 185 cm@1

(1.34 nm) contributes to 39.8 % of the original SWCNTs. After
KOH treatment, the ratio reaches 55.1 % for a-SWCNTs-900 and
68.1 % for a-SWCNTs-900s, while the ratio of m-SWCNTs with
small diameters corresponding to shifts near 248 cm@1

(0.98 nm) and 266 cm@1 (0.91 nm) is reduced from 28.4 %
(SWCNTs) to 23.2 % (a-SWCNTs-900) and 11.4 % (a-SWCNTs-

900s). In addition, s-SWCNTs with the diameter of 0.78 nm was

removed completely. From Figure 5 g, it seems that the diame-
ter-dependent selection occurs at about 1.0 nm for the reac-

tion between SWCNTs and KOH at 900 8C.
It is well known that the Raman resonance of SWCNTs is sen-

sitive to the excitation energy of the laser used.[39] Thus,
Raman spectra excited by a laser with an excitation wave-

length of 785 nm was also performed on the original and

KOH-processed SWCNTs and the results are shown in Figure-
s 6 a–c. The RBM peaks at 203, 212, 236, 253, 264, and

304 cm@1 correspond to s-SWCNTs with diameters of 1.21, 1.16,
1.03, 0.97, 0.92, and 0.80 nm, respectively. From the compari-

Figure 5. Raman spectra measured with a laser excitation wavelength of 514 nm. Lorentzian deconvolution of RBM modes of: a) SWCNTs, b) a-SWCNTs-900,
and c) a-SWCNTs-900 s. d–f) The corresponding fittings of G mode with semiconducting Lorentzian shape and metallic BWF line shape. g) Estimated fractions
of SWCNTs, a-SWCNTs-900, and a-SWCNTs-900s with dependence on the diameter. The relative fraction of SWCNTs on each diameter was calculated by nor-
malizing the relative intensities of corresponding Lorentzian peaks.
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son shown in Figure 6 d, we can see that the s-SWCNTs with di-
ameters of less than 1 nm, for example, 0.97 nm, 0.92 nm, and

0.80 nm were suppressed prominently by the KOH reaction. At

the same time, a considerable amount of s-SWCNTs with diam-
eters ranging from 1.0 to 1.21 nm were maintained, leading to

the relatively higher fractions of such s-SWCNTs after KOH
processing. For m-SWCNTs, that with the diameter of 1.48 nm

(168 cm@1) was largely removed, leading to a much lower frac-
tion in the activated samples, while that with a diameter of
1.67 nm (150 cm@1) was preserved. The Raman results suggest

the selectivity of KOH activation is less sensitive to the diame-
ter for m-SWCNTs as a result of the higher chemical reactivity
due to more abundant delocalized electronic states in m-
SWCNTs compared to s-SWCNTs.[28] Relative to larger SWCNTs,
SWCNTs with smaller diameters have higher radius of curvature
and higher strain in the C@C bonding configuration, making

them preferentially etched, as also observed in other chemical
gas reactions.[7, 40] From the Raman results, the relative content
of SWCNTs with diameter larger than 1.0 nm in a-SWCNTs-900 s

is 89.6 % (for 514 nm laser wavelength) or 88.2 % (for 785 nm
laser wavelength), both remarkably higher than in original

SWCNTs (61.2 % for 514 nm laser wavelength and 61.4 % for
785 nm laser wavelength). Further increase the processing

temperatures, for example, to 950 8C, has further improved the

selection efficiency based on diameters. The relative content of
a-SWCNTs-950 with diameter larger than 1.2 nm (wRBM<

205 cm@1) is 75.1 % (for SWCNTs: 54.2 %), and it’s 80.6 % from
the Raman results with an excitation wavelength of 785 nm

(for SWCNTs: 49.2 %).

3. Conclusions

In summary, we have investigated the reaction process be-

tween SWCNTs and KOH with in situ IR and MS. The chemical
activation process starts with redox reaction, and then the se-

quential evolution of CO, hydrocarbons, CO2, and H2O. Among
them, oxygen and hydrogen surface complex developed by

chemisorption is sequentially gasified to form CO and hydro-
carbons, creating nanopores in SWCNT walls and further etch-

ing the carbon. With Raman spectra, a diameter-sensitive selec-

tivity is observed. SWCNTs with diameters of less than 1.0 nm
are greatly suppressed, while the SWCNTs with diameters
greater than 1.6 nm remain unchanged in the radial breathing
mode of Raman spectra after activation at 900 8C.

Experimental Section

Materials Processing

The single-walled carbon nanotubes (SWCNTs, 90 % purity, 1–3 mm
in length) were obtained from Chengdu Organic Chemicals Co. ,
Ltd. To pretreat the CNTs, the as-purchased SWCNTs (500 mg) were
first refluxed in 6 m HCl solution at 70 8C for 12 h to remove impuri-
ties, and then filtered and washed with deionized water for several
times. For in situ thermogravimetric analysis coupled to infrared
spectrometry and gas chromatography/mass spectrometric analysis
(TG-IR-GC/MS) and thermogravimetric analysis (TGA), 50 mg pre-
treated SWCNTs were mixed with 250 mg KOH dissolved in ethanol
(1 mg mL@1), and then dried at 80 8C under N2 atmosphere by con-
tinuous stirring. Mixtures of graphite/KOH or MWCNTs/KOH were
prepared by the same procedures for TGA only. To prepare activat-

Figure 6. RBM spectra obtained using a laser with an excitation wavelength of 785 nm. s and m in (d) indicate semiconducting or metallic SWCNTs, respective-
ly.
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ed SWCNTs samples for other characterizations, 120 mg pretreated
SWCNTs powder was dispersed in 120 mL ethanol and tip-sonicat-
ed for 2 h to obtain a SWCNT suspension. Then, 1.2 g dry KOH was
added into the suspension followed by another 2 h of tip sonica-
tion for the full dissolution of KOH. The mixture (with a KOH/
SWCNTs ratio of 10:1, the higher ratio can make more full reaction
between SWCNTs and KOH) was dried by continuous stirring at
80 8C in ambience and loaded into a corundum boat for annealing
at 800–900 8C with a heating rate of 5 8C min@1 in argon atmos-
phere. After reaction, the samples were sequentially washed by
1 m HCl, deionized water, and ethanol, and further dried at 60 8C in
ambience. The activated SWCNTs are thus named as a-SWCNTs-t, in
which t is the reaction temperature.

Characterizations

TGA was carried out using a Q50000 IR (TA instruments, US) in ni-
trogen in a temperature range of from room temperature to
850 8C with a step of 10 8C min@1. TG-IR-GC/MS was conducted with
a TL-9000 system (PerkinElmer, US) in nitrogen atmosphere. Scan-
ning electron microscopy (SEM) images were taken with a JSM-
6700F (JEOL, Japan). Transmission electron microscopy (TEM)
images were taken with a JEOL-2100F (JEOL, Japan). Nitrogen ad-
sorption was performed by using an automatic adsorption analyzer
(Quantachrome Autosorb-iQ, US) at 77 K. The specific surface area
of samples was calculated by the Brunauer-Emmett-Teller (BET)
equation. Raman spectra were measured using a Labram-HR (Jobin
Yvon, France) with a laser excitation at 514 nm and using an inVia
Raman microscope (Renishaw, UK) with a laser excitation at
785 nm. X-ray photoemission spectroscopy (XPS) experiment was
carried out on a Thermo ESCALAB 250 (Thermo Scientific, US) with
AlKa radiation (hv = 1486.6 eV). Fourier transform infrared spectros-
copy (FTIR) spectrum was measured using a Nicolet 8700 (Thermo
Scientific, US). Electrochemical measurement was performed on
PARSTAT MC (Princeton Applied Research, US).
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