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Abstract Pt catalyst supported on carbon nano-tube

(CNT) was extremely active for the selective oxidation of

CO in H2 at room temperature, which was remarked con-

trast to the Pt supported on an active carbon (Vulcan

carbon) and a graphite powder. Complete oxidation of CO

was attained on a 5 wt.% Pt/CNT catalyst (0.8 g) at ca.

40 �C when the O2/CO ratio in a flow of H2 (20 mL/

min) + CO (3.0 mL/min) + O2 + N2 was adjusted to be

larger than 0.75 at the total flow rate of 100 mL/min.

Specific activity of the Pt/CNT catalyst was explained by

efficient provision of reactant molecules diffusing on CNT

surface to Pt particles.

Keywords Selective oxidation of CO �
Pt/nano-tube carbon � Pt/Graphite � Pt/Vulcan carbon �
CO tolerant hydrogen fuel cell

1 Introduction

Hydrogen fuel cell generates the power by the shift reac-

tion gas is impossible at the present time, because the

anode of hydrogen fuel cell is poisoned by several 10th

ppm CO. Fore example, 50 ppm CO for a Pt–Ni/C anode

[1] and 100 ppm CO for Pt–Ru on defect free carbon

nanotube (CNT) [2]. Therefore, CO in hydrogen fuel is

lowered to ca. 10 ppm by preferential oxidation (PROX)

reaction using Ru catalyst at 150–170 �C. So far, several

low temperature catalysts for the selective oxidation of CO

in H2 have been reported [3–9]. The mechanism of selec-

tive oxidation of CO in H2, however, has never been

clarified. Very recently, it was proved that the selective

oxidation of CO on a FeOx/Pt/TiO2 catalyst is not caused

by the oxidation of HCOO intermediate with OH instead of

a competitive oxidation of adsorbed CO with oxygen

[10, 11].

In this paper, we developed an extremely active catalyst

for the selective oxidation of CO in H2 at room tempera-

ture, which was Pt catalyst supported on carbon nano-tube

(CNT). Developed Pt/CNT catalyst has a lot of advantage

in the activity, selectivity, and feasibility for preparation

compared to the other low temperature catalysts so far

developed. It is possible to remove the CO in fuel H2 by

inserting Pt/CNT catalyst in front of hydrogen fuel cell, so

that it would be possible to operate a polymer electrolyte

hydrogen fuel cell (PEFC) in H2 containing several

1,000 ppm CO. In this paper, we discuss the amazing role

of carbon nano-tubes of Pt/CNT for the oxidation of CO in
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H2 by comparing with the performance of Pt/Graphite

powder and Pt/Vulcan Carbon catalysts.

2 Experimental

In the experiments, carbon nano-tubes from two different

sources, CNT(i) and CNT(ii), were used as the support.

CNT(i) is a commercially available carbon nano-tube

(Microphase Co.), and CNT(ii) is a multi-walled fish tail

structure carbon nano-tube made from CH4 by using Ni/

MgO catalyst [12, 13]. The CNT(ii) takes 10–50 nm of

outer-diameter and 3–7 nm of inner diameter, and ele-

mental analysis showed about 8–10 wt.% Ni/MgO in a

CNT(ii). Surface area of the CNT(i) and the CNT(ii) was

114 and 140 m2/g, respectively. Ni/MgO in CNT(ii) was

removed in by heating CNT(ii) in a HNO3 solution at

80 �C for 16 h, which was named as CNT(ii)-p. However,

it is difficult to remove completely Ni–MgO from the

CNT(ii)-p as shown in Fig. 1a, b. It was difficult to detect

the difference of the outer surface of CNT(ii) and CNT(ii)-

p by the TEM although the surface of CNT(ii)-p may be

oxidized by heating in HNO3 solution. The surface of

CNT(ii) may have a lot of step edges because of its fish tail

structure. To know the effect of the edges to the catalytic

oxidation of CO, the activity of a 5 wt.% Pt/CNT(ii) was

compared with a 5 wt.% Pt/CNT(iii), where the CNT(iii)

prepared from CO took a bamboo shape structure with low

edge density.

To make clear the influence of precursor compound of

Pt on the activity, catalyst was prepared by depositing Pt

from three Pt-precursor compounds, Pt(NH3)2(NO2)2,

H2PtCl6, and Pt(CH3COCHCOCH3)2 on carbon nano-tubes

of CNT(i), CNT(ii) and CNT(ii)-p, CNT(iii), Vulcan car-

bon (Cabot Co.) (218 m2/g), and graphite powder.

The carbon support degassed for 2 h at room tempera-

ture was immersed in a solution of Pt-precursor

compounds; a nitric acid solution of Pt(NH3)2(NO2)2, an

aqueous solution of H2PtCl6, and an acetone solution of

Pt(acac)2 for more than 12 h. After then, vaporized the

solvent in a flow of N2 at 40 �C and subjected to the

reduction with H2 at 200 �C. Catalytic reaction was per-

formed by flowing a mixture of O2 + CO + H2 + N2

through a fixed bed catalyst in a Pyrex glass reactor, where

O2/CO ratio was adjusted to be 1/2 (stoichiometric ratio) or

1/1. A steady conversion attained by flowing a mixture gas

for more than 30 min at each reaction temperature. Con-

version was evaluated from the CO and O2 analyzed by an

on-line gas chromatography with a molecular sieve

column.

3 Results and Discussion

Figure 2a shows the conversion of CO and O2 attained by

flowing a mixture of CO (1.5 mL/min) + O2 (1.5 mL/

min) + H2 (15.0 mL/min) + N2 (42.0 mL/min) on

15 wt.% Pt catalysts supported on three different carbon

Fig. 1 TEM image of (a)

CNT(ii) and (b) CNT(ii)-p. Ni/

MgO are remained in CNT(ii)-p
as seen the dark dots
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supports, Pt/CNT(i) (0.39 g), Pt/Vulcan Carbon (0.34 g)

and Pt/Graphite (0.8 g). 15 wt.% Pt was deposed from

Pt(NH3)2(NO2)2 precursor. It is known that the Pt/CNT(i)

is exceptionally active giving ca. 100% conversion of CO

and O2 at 40 �C, where the conversion of CO does not

indicate the selectivity because the ratio of O2/CO is 1/1.

About 15 wt.% Pt/Vulcan-C and 15 wt.% Pt/Graphite

are clearly less active compared to 15 wt.% Pt/CNT(i) at

40 �C although the Pt particles observed in the TEM

images in Fig. 2 seem to take similar size on the three

catalysts. In fact, the particle size decided by the XRD peak

width (not shown here) was 4.0–4.5 nm for the Pt/CNT(i),

and 3.0–4.5 nm for the Pt/Vulcan-C. Therefore, we con-

clude that the size of dispersed Pt particles is not

responsible for superior activity of the Pt/CNT(i) catalyst

To investigate the influence of precursor Pt compound used

to deposit Pt, a 15 wt.% Pt/CNT(i) catalyst prepared from

H2PtCl6 was studied. The Pt/CNT(i) catalyst was also

active as shown in Fig. 3, where the reaction was per-

formed by flowing a mixture of CO (3.0 mL/min) + O2

(1.5 mL/min) + H2 (20.0 mL/min) + N2 (75.5 mL/min).

The ratio of O2/CO in the flow gas was 1/2, so the CO

conversion at ca. 95% conversion of O2 indicates high

selectivity ([90%) for the oxidation of CO in H2 at tem-

perature lower than 80 �C.

We found the deposition of Pt on CNT from Pt(acac)2

complex gave large Pt particles, which took 13–15 nm on

the n-tube-C(i) and 9.0–11 nm on the Vulcan-C by XRD

analysis. These sizes are in good agreement with the TEM

images shown in Fig. 4b, c. Catalytic activity of the Pt/

CNT(i) and Pt/Vulcan-C catalysts prepared from Pt(acac)2

were undoubtedly less active compared to the Pt/CNT(i)

and Pt/Vulcan-C prepared from Pt(NH3)2(NO2)2 as shown

in Fig. 4a. It is note worthy fact that if we compare the

activity of Pt/CNT(i) to that of Pt/Vulcan-C, the Pt/CNT

clearly gives higher activity than the Pt/Vulcan-C although

the Pt particles on Vulcan-C are smaller than those on the

CNT.

It is reasonable to speculate that the Pt may take similar

electronic state on CNT and graphite, and may be on

Vulcan carbon too. Therefore, we considered that the CNT

surface plays an essential role to promote the catalytic

oxidation of CO in H2 on Pt particles. To shed light on this

question, we compared the activity of 5 wt.% Pt supported

on the CNT from different sources, which were CNT(ii),

CNT(ii)-p, and CNT(iii). As described in the experimental

section, the CNT(ii) was made from CH4 but the CNT(ii)

was made from CO. Conversion of CO and O2 attained on

the 5 wt.% Pt/CNT(ii) (0.8 g), the 5 wt.% Pt/CNT(ii)-p

(0.8 g), and 5 wt.% Pt/CNT(iii) are shown in Fig. 5a–c. It

is known that both the Pt/CNT(ii) and the Pt/CNT(iii)

catalysts are extremely active at low temperature, but the
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Fig. 2 (a) Conversion of CO (solid) and O2 (open) in a flow of

CO (1.5 mL/min) + O2 (1.5 mL/min) + H2 (15.0 mL/min) + N2

(42.0 mL/min) on 15 wt.% Pt/CNT(i) (d, s) (0.39 g), 15 wt.% Pt/

Vulcan-C (j, h) (0.34 g), and 15 wt.% Pt/Graphite (m, 4) (0.8 g)

catalysts. The TEM images are 15 wt.% Pt/CNT(i) (b-1), 10 wt.% Pt/

CNT(ii) (b-2), 5 wt.% Pt/CNT(ii) (b-3), and (c) 15 wt.% Pt/Vulcan-

C, where Pt was deposited from Pt(NH3)2(NO2)2 precursor
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Fig. 3 Conversion of CO (d) and O2 (s) in a flow of a mixture of

CO (3.0 mL/min) + O2 (1.5 mL/min) + H2 (20.0 mL/min) + N2

(75.5 mL/min) on 15 wt.% Pt/CNT(i) (0.8 g) catalyst prepared from

H2PtCl6 precursor. ( ) indicates the selectivity
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activity of the Pt/CNT(ii)-p is low, which is similar to that

of the 15 wt.% Pt/Vulcan-C (broken line). It is also worthy

of note that the particle size of Pt on CNT does not change

by increasing the amount of Pt on the CNT as shown in

Fig. 2 b-1–b-3, and no difference of the size of Pt particles

was observed between Pt/CNT(ii) and Pt/CNI(ii)-p as

shown in Fig. 5. However, the activity is quite different

between Pt/CNT(ii) and Pt/CNI(ii)-p. We have to remind

that CNI(ii)-p was heated in a HNO3 solution to remove

the Ni–MgO catalyst, but the Ni–MgO was not completely

removed. Taking these facts into account, the role of Ni–

MgO contained in CNT(ii) and CNT(ii)-p is riddle at the

present time.

Figure 6 shows the conversion of CO in H2 increased

with the ratio of O2/CO on the 5 wt.% Pt/CNT(ii) at room

temperature. It is known that the complete oxidation of CO

is attained at the ratio of O2/CO = 0.75. Almost equal

O2/CO ratio was confirmed for the complete oxidation of

CO on the 5 wt.% Pt/CNT(i) catalyst, too. Taking these

results into account, the complete oxidation of 2,000 ppm

CO (\0.2 ppm) in H2 with 2,000 ppm O2 was confirmed

over a 10 wt.% Pt/CNT(i) catalyst (0.19 g) at room tem-

perature by flowing H2 at 100 mL/min for more than 20 h

[10]. Accordingly, we conclude that the Pt/CNT catalysts

are not only active at low temperature but have superior

selectivity compared to the conventional Ru catalyst

(O2/CO = 1.0–1.5).

It is reasonable speculation that the electronic state of Pt

particles is similar on CNT and graphite, but the catalytic

activity of these two is quite different. One unique feature

of CNT is its closed surface with nano-meter size diameter,

and the CNT(ii) made from CH4 has a fish tail structure

having a lot of edges. The dynamics of reactant molecules

weakly adsorbed on a closed nano-tube surface may be

different from that on the graphite with open surface, that
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Fig. 5 Conversions of CO (d) and O2 (s) in a flow of CO (3.0 mL/

min) + O2 (1.5 mL/min) + H2 (20 mL/min) + N2 (75.5 mL/min)

on 5 wt.% Pt/CNT(ii) with Ni–MgO (0.8 g) (a), on 5 wt.% Pt/

CNT(ii)-p removed Ni–MgO (0.8 g) (b), and on 5 wt.% Pt/CNT(iii)
made from CO (0.8 g) (c). A broken line in (c) indicates the

approximate activity of 15 wt.% Pt/Vulcan-C catalyst. TEM images

are the 5 wt.% Pt/CNT(ii) and the Pt/CNT(ii)-p
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is, molecules will take a quasi-one dimensional motion

along the tube axis on the CNT as illustrated in Fig. 7d. In

this meaning, we could say that the motion of adsorbed

molecule on a closed surface such as C60 and C70 will be a

quasi-zero dimensional because the molecule necessarily

returns to its starting position.

We wish to point out an interesting role of the support

surface but has been ignored in catalysis, that is the

transportation of molecules to active particles or to active

sites through the support surface. We could say that the

phenomena in heterogeneous systems do not proceed effi-

ciently without the contribution of inactive surface area,

which is the feature of heterogeneous systems. For exam-

ple, transformation of molecules or atoms over the inactive

area is indispensable to the rapid growth of crystals, the

effective growth of the steps, and the rapid reaction in

enzyme. So far the selectivity in heterogeneous catalysis
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(d) Quasi-one dimensional migration of molecule to a Pt particle.
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Fig. 7 Reactant molecules

provide to Pt through support

surface. (a) When one particle

disperses into three particles,

contributable support surface

becomes three times. (b) When

two molecules (a) and (b) have

different diffusion length on the

support, Pt prefers molecules

having longer diffusion length.

(c) If CO has longer diffusion

length (gray area) than H2

(white area) on carbon nano-

tube surface, preferential

oxidation of CO may take place.

(d) Quasi-one dimensional

transportation on a closed nano-

tube surface
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has been explained by the kinetics based on the competitive

adsorption or competitive reaction on active sites or active

particles, that is, one premises the adsorption of molecules

by direct collision on these active surface or sites. If the

reactant molecules on Pt are predominantly supplied by the

migration over the support CNT surface, the activity as

well as the selectivity of Pt will be controlled by migration

length of molecules on the support. As illustrated in Fig. 7,

longer the migration length on support provides larger

contributable support area to the reaction on Pt. In other

word, the sticking probability or the reaction probability of

molecules depends on the contributable territory of the

support surrounding a Pt particle, so that the longer the

migration length, the higher the sticking probability or

the reaction rate on Pt. From this idea, we could speculate a

specific feature of nano-tube surface, on which migration

of molecule would be quasi-one dimensional so that

migrating molecules will encounter Pt particles more effi-

ciently than that on the open surface like graphite.

We have to say that it is difficult to detect the two-

dimensional gas like molecules on the support being in

equilibrium with gas phase. However, when the adsorption

is not in equilibrium with gas phase, we can deduce the

contribution of precursor state in adsorption. Adsorption of

CH3OH or C2H5OH on Si(111)-7 9 7 surface is a typical

example, where an alcohol (ROH) molecule dissociates on

a pair site of Si-adatom and Si-rest atom into RO–Si-ad-

atom and H–Si-rest atom [14, 15]. Interesting fact was that

the dissociation proceeded with a constant sticking proba-

bility until saturation although available dissociation sites

decreased as increasing the adsorption. It is clear that few

molecules dissociate by direct collision with vacant pair

sites, and predominant molecules are provided by diffusing

over the inactive area with saturated sites. This phenome-

non suggests that the inactive surface area contributes to

the efficient dissociation of alcohol at the active sites,

which is a good model suggesting a relation between the

active metals on inactive support surface.

If CO and H2 adsorb on Pt via precursor state adsorption

on the CNT surface, the oxidation rate of CO and H2 depends

on the diffusion territory surrounding Pt particles on the

CNT, because wider territory surrounding a Pt particle will

provide more molecules to Pt. If this mechanism would be

acceptable, higher the activity will give higher the selectivity

as illustrated in Fig. 7c, and the preferential oxidation of CO

on the Pt/CNT catalyst is perhaps this case. That is, the

preferential oxidation of CO on the Pt/CNT catalyst suggests

longer migration path of CO than that of H2 This is clearly

different from our knowledge premising competitive

adsorption and reaction kinetics, which suggests higher the

selectivity lowers the activity.

When a Pt particle (ro) disperses into small particles (r),

the activity will change according to 1/qn, where q = r/r0.

When the whole spherical metal surface is active and dis-

persed particles take sphere shape, the activity will increase

according to the 1st order with respect to 1/qn. If metal

particles have attractive interaction with support surface,

dispersed metal particles will be flat. In this case, the

activity changes little by the dispersion because it changes

in the zero order with respect to 1/qn. On the other hand,

when perimeter of the particle is active, the activity will

increase according to the 2nd order with respect to 1/qn. In

contrast, when the support surface contributes to the

reaction, the activity will increase according to the 3rd

order with respect to 1/qn. Unfortunately, it is difficult to

adjust the size of Pt particles on CNT, we could not con-

firm the order (n) of 1/qn at the present time. However, an

interesting example can be found on the activity of Au

particles depending on the size. Although Haruta [16]

assumed the active perimeter for the Au particles, but the

activity is undoubtedly increased higher than the 2nd order

with respect to particle size as shown in Fig. 8. In this

figure, three curves of 1/qn (n = 1, 2, 3) are described.

Finally, we mention the effect of H2 and H2O on the

oxidation of CO on Pt/CNT, because H2 or H2O markedly

enhanced the oxidation of CO on our previously developed

FeOx/Pt/TiO2 catalyst. We confirmed that the oxidation of

CO with O2 on Pt/CNT catalyst was also enhanced by H2

and H2O (added about 10 Torr (ca. 1.5%) of H2O at room

temperature). We also observed a hydrogen isotope effect

on the oxidation of CO by H2/D2, but the mechanism of the

oxidation of CO on CNT should be discussed more care-

fully elsewhere.
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