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Abstract Multi-walled carbon nanotubes (MWNTs) syn-

thesized by the catalytic decomposition of benzene were ac-

tivated by KOH, CO2 or air. The adsorption isotherms of the

activated MWNTs were analyzed and their pore size distri-

butions were obtained. The results showed that the specific

surface areas of the MWNTs activated by KOH, CO2 and

air were increased to 785 m2/g, 429 m2/g and 270 m2/g,

respectively. The MWNTs activated by KOH were rich in

micropores and mesopores, especially high mesopores hav-

ing volumes up to 1.04 cm3/g. The CO2-activated MWNTs

also had many micropores while the air-activated MWNTs

had a much smaller micropore volume. The morpholo-

gies of the activated MWNTs were examined by transmis-

sion electron microscopy and high resolution transmission

electron microscopy, and the activation mechanisms were

discussed.

Keywords Carbon nanotubes . Adsorption . Electron

microscopy . Pore size distributions

1. Introduction

Carbon nanotubes (CNTs) have attracted a wide research

interest since they were discovered by Iijima in 1991 [1].

They are expected to have potential applications as compos-

ite reinforcement [2, 3], catalyst support [4, 5], field emitters

[6], supercapacitor electrodes [7, 8], gas absorbent [9, 10],

etc., because of their special characteristics, such as one-
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dimensional nano-scale hollow cores, high surface areas, ex-

cellent mechanical properties, and good chemical stability.

In particular, a high specific surface area, sufficient pores and

a suitable pore structure are highly demanded for such appli-

cations as gas adsorption and supercapacitor electrode. The

theoretical specific surface area of CNTs can be very high,

2630 m2/g for single-walled carbon nanutubes (SWNTs)

with open ends [11]. However, the as-prepared CNTs are

usually entangled with one another and have closed caps, so

their specific surface area is quite low (∼100 m2/g) compared

to the theoretical predictions. Some efforts, such as cutting

[12], cap-opening [13, 14], or using chemical treatments to

create micropores on the walls of the multi-walled carbon

nanotubes (MWNTs), have been made to increase the spe-

cific surface area of CNTs. One way is to directly prepare iso-

lated SWNTs, double-walled carbon nanotubes (DWNTs) or

MWNTs with small diameter, thus increasing their external

specific surface area. For example, Bacsa et al. [15] prepared

the mixture of SWNTs and DWNTs with a specific surface

area of 790 m2/g. The other common way, activation, is in-

direct. By activating CNTs using various activation agents,

such as KOH [16, 17], CO2, etc., the specific surface area

of the activated CNTs can be increased because the ends of

CNTs are opened and the walls of CNTs are etched, forming

many micropores and mesopores. Raymundo-Pinero, et al.

reported that MWNTs, prepared by catalytic decomposition

of acetylene at 450, 500 and 600◦C, when activated by KOH,

showed porosity development during activation which had

close related to the structural order of MWNTs [18]. MWNTs

activated by various agents, such as KOH, CO2 and air, might

posses diverse pore structures, so there is a need to compare

the activation effects and pore structures of such activated

MWNTs.

In this paper, MWNTs prepared by the floating catalyst

method at 1200◦C were activated by KOH, CO2 and air, and

Springer



142 J Porous Mater (2006) 13: 141–146

their pore structures were investigated. The morphologies

of the activated MWNTs were examined by transmission

electron microscopy (TEM) and the specific surface area and

pore size distribution (PSD) of the activated MWNTs were

analyzed by nitrogen adsorption measurements.

2. Experimental

The MWNTs with an average diameter about 30 nm used

in our experiments were prepared by the floating catalyst

method using benzene as the carbon source, hydrogen as the

carrier gas, ferrocene as the catalyst precursor, and thiophene

as the growth promoter [19].

2.1. Air and CO2 activation processes

In order to remove amorphous carbon and catalyst metal

contained in the as-prepared MWNTs, air oxidation and acid-

washing were conducted. In detail, the pristine MWNT prod-

uct was ultrasonicated in alcohol for 30 min to disperse the

MWNTs and dried in air at 363 K. Then it was heated in a

still air atmosphere at 673 K for 4 h. The material remaining

after air oxidation was soaked in concentrated hydrochloric

acid for 48 h and washed with deionized water until pH =
7. In order to completely eliminate catalyst and carbon im-

purities, the sample was again heated in air atmosphere at

713 K for 40 min, soaked in concentrated hydrochloric acid,

washed with deionized water until pH = 7 and dried, The

product of this procedure was called air-activated MWNTs.

The activated MWNTs were treated at 1173 K for 1 h in argon

atmosphere to remove adsorbed gases and oxygen contain-

ing functional groups. The treatment time was increased with

the temperature decreasing, which led to part of the oxygen

containing functional groups remained in the MWNTs ac-

cording to the X-ray photoelectron spectrum (XPS) results

and they blocked the micropores. The yield of air-activated

MWNTs was about 40 wt.%.

Two CO2-activated MWNTs were prepared as follows,

and characterized in this study: CO2-activated MWNTs-I:

the as-prepared MWNTs were ultrasonicated in alcohol for

30 min and dried in air at 363 K, then treated at 1123 K for

4 h under flowing carbon dioxide, soaked in concentrated

hydrochloric acid to remove the catalyst, and finally washed

with the deionized water. CO2-activated MWNTs-II: the air-

activated MWNTs were treated at 1123 K for 4 h under the

flowing carbon dioxide, soaked in concentrated hydrochlo-

ric acid to remove the catalyst, and then washed with the

deionized water. Finally, both of the activated MWNTs were

treated at 1173 K for 1 h in argon. About 36 wt.% of the

CO2-activated MWNTs-I and 45 wt.% of the CO2-activated

MWNTs-II remained.

2.2. KOH activation process

Ball milling of air-activated MWNTs and KOH powder was

performed in a stainless steel vessel with stainless-steel balls

in an inert gas atmosphere. The weight ratio of KOH to

the MWNTs was 3:1. The milling time was 30 min, which

resulted in a uniformly ground powder mixture. The mix-

ture was then heated to 1123 K for 1 h under flowing ar-

gon in a horizontal tube furnace, washed in concentrated

hydrochloric acid and the deionized water and dried. Fi-

nally, the activated MWNTs were treated at 1173 K for

1 h in argon. About 35 wt.% KOH-activated MWNTs were

obtained.

2.3. Nitrogen adsorption measurements and

structural analysis

The pore structures of the as-prepared and activated MWNTs

were analyzed by liquid nitrogen adsorption measurements

that were carried out by using a volumetric adsorption appa-

ratus at 77.3 K. Before the measurements, all the MWNTs

were outgassed in vacuum at 473 K and 10−4 Pa for 9 h. The

specific surface area, pore volume and pore size distributions

of all the MWNT samples were calculated from the measured

adsorption isotherms.

3. Results and discussion

3.1. Morphologies of the activated MWNTs

From the TEM image shown in Fig. 1(a), it can be seen that

there were amorphous carbon and catalyst particles remain-

ing in the as-prepared MWNTs. After air-activation, most of

the amorphous carbon and catalyst metals were removed and

the MWNTs were opened or cut (Fig. 1(b)). The morphology

of the CO2-activated MWNTs-I (Fig. 1(c)) was similar to that

of the air-activated MWNTs, but some MWNTs with a larger

hollow cores than the as-prepared MWNTs were observed.

This enlargement might have resulted from CO2 oxidation

of the inner wall of the MWNTs. The air and CO2-activated

MWNTs were long and straight, but after KOH activation,

the MWNTs became much shorter due to the ball milling.

Also their inner hollow cores had become enlarged, caused

by KOH etching (Fig. 1(d)).

3.2. Adsorption isotherm analysis

Figure 2 shows the liquid N2 adsorption isotherms of the

different MWNTs. The KOH-activated MWNTs adsorbed

much more nitrogen indicating a high specific surface area

and high pore volume. An initial rapid increase in the ni-

trogen adsorbed by the activated MWNTs was observed
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Fig. 1 TEM images of (a) the as-prepared MWNTs; (b) the air-activated
MWNTs; (c) the CO2-activated MWNTs; and (d) the KOH-activated
MWNTs

Fig. 2 The nitrogen adsorption isotherms of the as-prepared and acti-
vated MWNTs

below P/P0 = 0.05, suggesting the presence of abundant

micropores. On the other hand, a gradual uptake of N2

was observed at the intermediate P/P0, which indicated

the adsorption of N2 on the external surfaces of the acti-

vated MWNTs. The isotherms show that the external surface

area of the KOH-activated material was greater than those

of the CO2 and air activated MWNTs. The isotherm of the

CO2-activated MWNTs-I overlapped or was very close to

the CO2-activated MWNTs-II, so only the isotherm of the

CO2-activated MWNTs-I was given. The marked appearance

of hysteresis in the N2isotherms in the high P/P0 range in-

dicates that activation had produced mesopores and opened

the caps of the MWNTs. The isotherm of the as-prepared

MWNT sample showed very little hysteresis. Among the ac-

tivated MWNTs, the KOH activation process can produced

the most mesopores.

The specific surface area and pore volume of the various

MWNTs are shown in Table 1. The BET specific surface

area of the as-prepared MWNTs was 65 m2/g, while that

of the air-activated sample was 270 m2/g. According to the

thermo-gravimetric analysis, the as-prepared MWNTs con-

tained 10.2 wt.% metal catalyst, but here was only 1.0 wt.%

in the purified MWNTs. So the increase of specific sur-

face area by removal of the metal catalyst could have not

made a magnificent contribution. Nevertheless, air oxida-

tion was effective in removing amorphous carbon, open-

ing the ends and creating micropores in the walls while

increased the specific surface area and facilitated the ac-

cess of the adsorbent (N2) to the MWNT surfaces. The spe-

cific surface areas of the CO2-activated MWNTs-I and -II

were 429 m2/g and 420 m2/g, respectively, but the CO2-

activated MWNTs-I had a smaller mesopore volume than

the CO2-activated MWNTs-II. This difference was because

of the further CO2 activation having played a role in creat-

ing and enlarging the micropores. The highest specific sur-

face area (785 m2/g) was achieved by KOH-activation. The

KOH-activated MWNTs also had the greatest pore volume,

of both micropores and mesopores. The specific surface area

of our KOH-activated MWNTs was smaller than that (about

868 m2/g) reported by Raymundo-Pinero, because the as-

prepared MWNTs we used were synthesized at a higher

temperature (1200◦C), while their MWNTs were prepared at

600◦C [18]. Due to ball milling, our KOH-activated MWNTs

were short cut to several hundred nanometers, instead of long

nanotubes.

TEM and HRTEM observations revealed that many KOH-

activated MWNTs had thin walls and the graphitic layers

of these tubes (Fig. 3(a)) changed from two to three, and

then four away from the open end tip due to etching. The

Table 1 The specific surface area and pore volume of MWNTs in
different states

MWNTs SBET (m2/g) Vmi (cm3/g) Vme (cm3/g)

As-prepared 65 0.01 0.12

Air-activated 270 0.06 0.56

CO2-activated (I) 429 0.10 0.58

CO2-activated (II) 420 0.10 0.67

KOH-activated 785 0.17 1.04

SBET-BET specific surface area, Vmi-the micropore volume (diameter
< 2 nm), Vme -the mesopore volume (2 nm <diameter < 50 nm).
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Fig. 3 HRTEM images of (a), (b) and (c) the KOH-activated MWNTs;
(d) the CO2-activated MWNTs; and (e) the air-activated MWNTs

specific surface area of MWNTs increases with the decrease

of graphitic layers. Moreover, some graphitic layers in the

KOH-activated MWNTs were separated to form a cuneiform

pore (Fig. 3(b)), and some graphitic layers were removed to

form an interlayer pore. From Fig. 3(c), it can be seen that the

wall of some MWNTs was damaged creating many cavities.

These factors can greatly increase the specific surface area

and the micropore volume. Figure 3(d) and 3(e) show that

the surface of the air-activated MWNTs was smoother than

that of the CO2-activated MWNTs, which caused the specific

surface area and the micropore volume to be smaller than

those of the CO2-activated MWNTs.

3.3. Pore size distribution

The pore size distribution (PSD) is an important parameter

for porous materials. In order to obtain micropore size distri-

bution of the MWNTs, we used the Horvath-Kawazoe (HK)

equation for a cylindrical pore model. In the mesopore re-

gion, the BJH equation is conventionally used to calculate

the PSDs. Therefore, a combination of the HK (for < 2 nm

region) and BJH (for 2–50 nm region) methods was used to

obtain PSDs of the MWNTs from the adsorption branch of

the isotherm, and the results are shown in Fig. 4. The PSDs of

the KOH-activated MWNTs show two main peaks in the mi-

cropore region at 1.2 nm and 1.5 nm, respectively, and a peak

in mesopore region at 2–4 nm. KOH not only can etch the car-

bon atoms on the tube walls to form micropores (Fig. 3(c)),

but also can insert graphitic layers to form cuneiform (Fig.

3(b)) and interlayer pores. Some spherical onion-like pores

were also found in the KOH-activated MWNTs because the

high impact of the balls during ball milling could convert the

local graphitic sheets of the tube walls at the impact points

to onion-like particles. Similarly, it has been reported high

impact of ball milling produced onion-like particles [20] and

cup-stacked carbon nanotubes [21]. So the MWNTs acti-

vated by KOH were rich in micropores and mesopores. The

PSDs of CO2-activated MWNTs had two peaks at 1.2 nm

and 1.5 nm in the micropore region and the PSD peak for

the air-activated MWNTs was about 1.2 nm. Only the KOH-

activated MWNTs had a PSD peak in the range of 2–5 nm

in the mesopore region, suggesting that mesopores were pro-

duced by the etching of the walls and the inserting of graphitic

layers. In the HRTEM images (Fig. 3), the interlayer pores

(Fig. 3(b)) and etching pores (Fig. 3(b)) in the wall were

in the range of 2–5 nm. Reaction of CO2 or O2 with car-

bon would have been from the surface inward, gradually

with no intercalation or onion-like pores occurring. So, the

MWNTs activated by CO2 and air possess simpler pore struc-

ture distributions. The HRTEM images (Fig. 3(d) and 3(e))

revealed that the pores on the surface of the CO2-activated

MWNTs were deeper than those of the air-activated mate-

rial, so the micropore volume of the CO2-activated MWNTs

was much higher than that of the air-activated sample.

Since micropores did not exist in the as-prepared MWNTs,

it was concluded that they were created in the activation

processes.

Fig. 4 Pore size distributions of the as-prepared and activated MWNTs
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Fig. 5 The isotherm of the ball milled MWNTs

3.4. Activation mechanisms

Ball milling is a conventional and effective way to prepare

some nanomaterials and to mix different components. Dur-

ing the ball milling process, the frequent collisions and high

velocity of the steel balls cause major impacts on the mate-

rial, which leads to cutting the MWNTs into short segments

and opening of the inner hollow tubes [13, 14].

In order to separate out the effect of ball milling on the

pore structure of MWNTs, Some air activated MWNTs were

ball milled under the same conditions as the KOH activated

MWNTs had been, but without the high temperature acti-

vation. Figure 5 shows the N2 adsorption isotherm of this

ball milled material. Compared to the air-activated MWNTs,

the adsorption isotherm of the ball milled MWNTs showed

a larger hysteresis loop. The specific surface area of the ball

milled MWNTs was 283 m2/g, 13 m2/g more than that of

the original air activated sample. The micropore and meso-

pore volumes were also increased to 0.06 and 0.76 cm3/g

from 0.06 and 0.56 cm3/g, respectively. It was suggested

that new pores were created during the ball milling process.

From Fig. 6, we can see that the MWNTs were cut into short

segments and some of these pieces were connected by a few

inner graphitic layers which were not broken. Some MWNTs

were even deformed into graphite sheets by the high impact

of ball milling. Some new pores and defects were formed

in the walls of the MWNTs during the ball milling process

(Fig. 6(b)).

At the same time, the ball milling process uniformly dis-

perses the KOH and MWNTs, which is very important for

activation. During high temperature treatment, due to KOH

etching, numerous micropores (Fig. 3(c)) were created on

the external surface of the MWNTs, and some outer and in-

ner graphitic layers were removed, so the nanotube walls

became thinner (Fig. 3(a)). The potassium vapor can also

enter the walls of the carbon nanotubes through all the outer

and inner defects and expand the graphitic layers to form the

interlayer pores. TEM and HRTEM observations revealed

that some graphitic layers of the KOH-activated MWNTs

were separated and even removed in some cases, which gave

the evidence that K can be inserted insert into the graphitic

layers.

The activation of MWNTs by CO2 and air is a gas-solid re-

action process, which is related with the reactivity and diffu-

sion rate of gases. If the reaction is strong and rapid, the acti-

vator reacts with carbon on the external surface or on the wall

of large pores before it diffuses into the micropores, so the

pore depth will be short and the pore volume small. The reac-

tion rate of carbon dioxide with carbon is far slower than that

of the oxygen in air at high temperature. Therefore, during

CO2 activation the reaction rate can be balanced with the dif-

fusion rate and more micropores can be formed. From TEM

observations, it was found that some CO2-activated MWNTs

possessed larger hollow cores than the air-activated material.

This result indicated that CO2 can diffuse into the inner tube

of MWNTs while O2 does not. On the other hand, according

to the reaction: C + O2(g) = CO2(g), at 101325 Pa pressure

Fig. 6 TEM (a) and HRTEM
(b) images of the ball milled
MWNTs
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and 713 K, the exothermic heat is −392.06 kJ/mol. The re-

action of carbon with oxygen releases such a large quantity

of heat that the local temperature may be greatly increased,

which in turn promotes the reaction rate and causes the carbon

of the MWNTs to be burned off. As a result, a large pore was

formed. On the other hand, the reaction of carbon with carbon

dioxide, C+ CO2(g) = 2CO(g), is endothermic (at pressure

of 101325 Pa and 1023 K, �H f =169.63 kJ/mol). Therefore,

the reactivity of carbon dioxide is much less than that of oxy-

gen, and carbon dioxide can react more gently with the car-

bon, thus developing more micropores in the CO2-activated

sample.

4. Conclusions

Activation of MWNTs by air, CO2 and KOH greatly in-

creased their specific surface area and pore volumes. Ball-

milling of the MWNTs with KOH followed by the high tem-

perature treatment was the most effective activation method,

and the KOH-activated material had more micropores and a

higher specific surface area than the CO2-activated and air-

activated MWNTs. The PSD of the KOH-activated MWNTs

showed two main peaks at 1.2 nm and 1.5 nm in the mi-

cropore region, and one peak in the mesopore region at 2–

4 nm. KOH not only etched the graphitic layers to make

the wall of the nanotubes thinner and formed micropores

on the surface of MWNTs, but also intercalated into the

graphitic layers to form cuneiform and interlayer pores. So,

the MWNTs activated by KOH were rich in both micropores

and mesopores. The PSD of the CO2-activated MWNTs had

two peaks at 1.2 nm and 1.5 nm in micropore region, while the

PSD of the air-activated MWNTs possessed only one peak at

1.2 nm.
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