Available online at www.sciencedirect.com

SGIENCE@DlnecTo C)

ELSEVIER Catalysis Today 90 (2004) 269-275 ———————
www.elsevier.com/locate/cattod

AVQOL|

CATALYSIS
TODAY

Development of novel Ru catalyst of preferential CO oxidation for
residential polymer electrolyte fuel cell systems

Mitsuaki Echigd, Takeshi Tabata

Residential Cogeneration Development Department, Osaka Gas Co. Ltd, 3-4 Hokko Shiratsu 1-chome, Konohana-ku, Osaka 554-0041, Japan
Available online 17 June 2004

Abstract

CO preferential oxidation on a novel Ru catalyst greatly improved in activity and selectivity over a wide temperature range by the
pre-treatment of kreduction was characterized. The high performance was obtained by increasing the population of surface Ru(0) which
improved Q activation at low temperatures. Methanation of CO on the catalyst can also contribute to the final CO clean-up from ca. 100 to
<1 ppm at low temperatures where the influence of @@thanation can be ignored.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Generally, a CO preferential oxidation (PROX) process
using Pt-based catalysts has been used for the CO removal
Polymer electrolyte fuel cell (PEFC) systems have in- process because of its high activity. It was reported that CO
creasingly been developed for vehicle and residential use.was reduced to ca. 100 ppm on a P®4 catalyst with the
From a feasibility study for residential energy demand in addition of excess air corresponding too](CO] = 2 [4].
Japan, 0.5-1kW class PEFC cogeneration systems havdt has also been reported that the additive air corresponding
been mainly developed for residential use. An AC power to [O2]/[CO] > 3 was needed to remove CO completely on
generation efficiency of not less than 31.5% (HHV) and the conventional Pt/AlD3 catalyst at single stad&0]. The
durability for 10 years’ operation are required for these excess @ consumes Llin the reformed gas by combustion,
systems. which causes a decrease in the power generation efficiency
A hydrogen-rich reformed gas from hydrocarbons like of the PEFC system. Therefore, multi-stage CO PROX has
natural gas is a convenient fuel for residential use, in terms usually been adopted in the actual reacféds-21]because
of infrastructure. The natural gas reforming process, com- the total amount of additive air can be reduced by optimizing
prising a desulfurizer, a steam reformer and a CO shift the additive air at each stage. It has been reported that CO
converter, has already been established for the phosphoriovas reduced to less than 10 ppm by a two-stage reactor with
acid fuel cell (PAFC) systerfi—3]. The reformed gas after  a total additive air corresponding to §ffiCO] = 1.5[21].
the CO shift converter contains about 0.5 vol.% CO. For However, complex hardware is required to control temper-
PEFC systems, a CO removal process is required in additionatures and oxidant injections along the multi-stage catalytic
to the reforming process established for the PAFC becauselayer.

the anode catalyst is poisoned by only 10 ppm of [@E5]. On the other hand, although several kinds of the Pt-based
Although CO-tolerant anode catalysts containing Ru in catalysts have been studied to improve the CO PROX ac-
addition to Pt have been developed for PEHFE9], the ac- tivity [10,22—29] those performances in an actual reactor

ceptable CO concentration of the CO tolerant anode catalystunder practical reaction conditions have not been confirmed.
appears to be about 10 ppm considering long-term durability. Meanwhile, there were several reports that Rp@
catalysts showed higher CO removal performance than
. . . _ conventional Pt/AIOs catalysts[7,9,30] Generally, a Ru
* Proceedings of the First Japan—China Workshop on Environmental talvst al id bl th fi tivit
Catalysis and Eco-Materials in Beijing, 9-10 October 2003. catalyst also possesses consl era e _me . ?‘na '9” acuvity
* Corresponding author. [31]. Because temperature control is quite difficult in actual
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reformate due to self-catalytic endothermic £@ethana- graph equipped with TCD and FID. The results are shown
tion, a Ru catalyst is seldom used solely except for using in in dry base. The detection limit of both CO and £itas
the second stage of the two-stage CO PROX process. 1 ppm, while the detection limit of &was 20 ppm. Concen-

In a previous work32], we reported that the novel Ru trations below the detection limit are plotted as 0 ppm on
catalyst, which is further reduced by.Ml, after aqueous the linear plot and 1 ppm on the log plot in the figures.
reduction, has extremely high practical CO removal perfor-  The ratio of Ru(0) to total Ru atoms on the surface of the
mance even in a shingle-stage reactor for residential PEFCcatalyst was measured by using ESCA. All ESCA spectra
applications. On the catalyst, CO can be reduced from 0.5were taken on a PHI 5700 ESCA System with a PC-ACCESS
vol.% to < 10 ppm between 358 and 443K, ardl ppm data analysis system (Physical Electronics Inc.). The ratio
between 373 and 393K at fJJ[CO] = 1.5in areactantgas of Ru(0) to total Ru atoms on the surface of the catalyst was
containing CQ and HO. The novel Ru catalyst has already calculated by separation of the Ru 3d spe¢34.
been applied practicall{33], and its durability has been
demonstrated over 10,000 h on an actual 1 kW-class natural
gas fuel processor adopting a single-stage CO PROX reac-3. Results
tor. Moreover, its expected life of over 90,000 h has been
confirmed by the accelerated deactivation metfgg]. In 3.1. Comparison of CO PROX activities of Pt and Ru
this paper, the reaction on the novel Ru catalyst was charac-catalysts
terized to clarify the reasons that this catalyst shows higher
performance than the conventional Ru catalyst. Fig. 1 shows the CO PROX activities of Pt and Ru cata-

lysts at [@]/[CO] = 1.5. The reactant gas containing £0O

and HO simulated an outlet gas of a CO shift converter in
2. Experimental the natural gas steam reforming process. In the case of the

Pt catalyst and the non-activated Ru catalyst, CO was not

The Ru/AbO3 catalyst was prepared by impregnating removed to below 10 ppm under the condition. In contrast,
RuCk into Al,O3 followed by aqueous phase reduc- inthe case of the activated Ru catalyst, CO was removed to
tion by hydrazine[32]. Ru loading on the catalyst was below 10 ppm between 358 and 443K and to below 1 ppm
1.01wt.%. The amount of CO adsorption on the catalyst (the detection limit) between 373 and 393K at]J(CO]
was 1.35Nml/g-cat, and the specific surface area of the= 1.5.
catalyst was 174 Rig-cat by BET one point method using Fig. 2 shows the outlet @ and CH; concentrations of
N2 adsorption. For the activated Ru catalyst (the novel Ru the non-activated Ru and the activated Ru catalysts under
catalyst), the Ru/AlOs was further reduced in Ncontain- CO PROX at [Q)/[CO] = 1.5. As shown inFig. 2a Oy
ing 9.5 vol.% K flow for 2h at 523K as a pre-treatment for was completely consumed at over 373 K on the activated Ru
activation[32]. For the non-activated Ru catalyst, Ru/®k catalyst, but at over 443 K on the non-activated Ru catalyst.
was used without the pre-treatment. As a reference, a con-Thus, the active temperature range of the oxidation by O
ventional Pt/AbO3 catalyst was prepared by the impregna- on the activated Ru catalyst was shifted to about 60 K lower
tion method. Pt loading on the catalyst was 1.00wt.%, and compared to that on the non-activated Ru catalyst. Regarding
the amount of CO adsorption and BET surface area weremethanation as a side reaction, methanation occurred much
0.38 N ml/g-cat and 165 fig-cat, respectively.

Catalytic activity was measured in a fixed bed flow re- 10000
actor made of stainless steel tubing (16.4 mm i.d.) under
almost atmospheric pressure. Eight milliliter (5.6 g) of the _
Ru/Al,O3 catalyst was placed at the center of the reactor. To
measure the CO preferential oxidation activity, the tempera-
ture of the reactor was increased to the test temperature un-§ 49 |
der an N flow. The test gas, generated from standard gas by o
mass flow controllers, was fed at a flow rate of 2000 ml/min, $

1000

c. (ppm

ko) i
corresponding to GHSW 7500 L. The GHSV valuewas 3§ '°

. o}
shown in dry base. In some tests, water was added to the test
gas by a pump through a vaporizer before the reactor. Reac- 1 SEREES ! ' '
tion temperatures were measured by a thermocouple located 340 360 380 400 420 440 460 480
along the centerline of the reactor. The maximum temper- Temperature (K )

ature of the catalyst layer, which was always at the top of f 1 G . ¢ CO PROX actiit ot and Ru catalvets at
H H : H Ig. 1. Comparison O activities on an u catalysts a
the layer, is shown in the table and figures as the reactlon[OZ]/[Co] _'15. Reaction conditions: 0.5 vol% CO, 20 voL% £0
temperature. . . 0.75 vol.% Q, 3 vol.% N, Hy balance (dry base), 11 vol.%;B (wet
The gas compositions at the inlet and the outlet of the re- pase), GHSV= 7500 (dry base); ) Pt catalyst, @) non-activated Ru
actor at a stationary state were analyzed with a gas chromato<atalyst, &) activated Ru catalyst.
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Fig. 2. Comparison of the outlet Oand CH; concentration on the
non-activated Ru and the activated Ru catalysts under CO PROX at
[O2)/[CO] = 1.5: (a) the outlet @ concentration and (b) the outlet GH
concentration. Reaction conditions: 0.5 vol.% CO, 20 vol.%,CQ75
vol.% O, 3 vol.% Np, Hy balance (dry base), 11 vol.%,;B (wet base),
GHSV = 7500 (dry base);®) non-activated Ru catalystA() activated

Ru catalyst.

more on the activated Ru catalyst than on the non-activated
Ru catalyst, especially at low temperatures, as shown in
Fig. 2h

Fig. 3 shows the dependence of CO PROX activities of
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the non-activated Ru and the activated Ru catalysts on theFig. 3. Dependence of CO PROX activities o/OO molar ratio at

0O2/CO molar ratio at 393 K. As shown irig. 33 outlet CO
concentrations decreased as th¢TD molar ratio increased

in both catalysts. However, CO cannot be removed to less
than 1000 ppm even at [[CO] = 3.0 on the non-activated

393K: (a) the outlet CO concentration; (b) the outlet Gncentration
and (c) the outlet Chiconcentration. Reaction conditions: 0.5 vol.% CO,
20 vol.% CQ, 0-1.5 vol.% @, 0-6 vol.% N, H» balance (dry base), 11
vol.% H,O (wet base), Temperature 393 K, GHSV = 7500 (dry base);
(@) non-activated Ru catalystA() activated Ru catalyst.

Ru catalyst at this temperature. In contrast, CO was removed

to less than 8 ppm at [§/[CO] = 1.0 and less than 1 ppm
at [0;)/[CO] > 1.5 on the activated Ru catalyst. As shown
in Fig. 3b the outlet @, which failed to react at 393K,
increased on the non-activated Ru catalyst as th€O
molar ratio increased. Thus, the amount of @ed for CO
oxidation was limited on the non-activated Ru catalyst at
low temperatures where high selectivity for CO oxidation is
expected. In contrast, additive@as completely consumed
at all the Q/CO molar ratios on the activated Ru catalyst
even at the low temperature. As for the methanation shown
in Fig. 3¢ in the case of the non-activated Ru catalyst, outlet
CH4 was not detected at£8CO molar ratios between 0 and
0.6, and the outlet CHconcentration slightly increased to
11 ppm as the gJCO molar ratio increased to 3.0. On the

other hand, in the case of the activated Ru catalyst, 9.2 ppm
CH,4 was generated on the activated Ru catalyst atd€0O
molar ratio of 0, and the outlet Cftoncentration increased
as the Q/CO molar ratio increased. In particular, as the
0,/CO molar ratio increased from 0.6 to 1.0, the outletzCH
concentration remarkably increased from 21 to 133 ppm on
the activated Ru catalyst.

3.2. Methanation activities of the Ru catalyst at both low
CO concentration and temperature

In order to investigate the remarkable increase in the out-
let CHs concentration of the activated Ru catalyst at the
0O,/CO molar ratio from 0.6 to 1.0, the methanation activ-
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0 : ; ; ; ; Fig. 5. Comparison of the outlet GHconcentration of the activated Ru
0 50 100 150 200 250 300 catalyst in the absence of GGand in the presence of GOReaction

conditions: 0.5 vol.% CO, 20 vol.% CGQO0.5 vol.% Q, 2 vol.% N, H»
balance (dry base), 11 vol.%,B (wet base), GHS\& 7500 (dry base);
Fig. 4. Dependence of methanation activity in the absence of @O (@) with CO;, (A) without CQ.

inlet CO concentration at 393 K. Reaction conditions: 34-270 ppm CO,

H, balance (dry base), 11 vol.%,B (wet base), Temperatute 393K, . . .
GHSV = 7500 (dry base);®) non-activated Ru catalystA() activated catalyst surface was studied by using ESCA. On the activated

Ru catalyst. catalyst, 77% of surface Ru atoms was reduced to metal,
while 8% was reduced on the non-activated cata]g4i.

ities of the catalyst were measured in the absence of. CO Thus, there was big difference between those two catalysts

Fig. 4 shows the dependence of methanation activities of in the population of metal Ru on the surface. In order to in-

the non-activated Ru and the activated Ru catalysts on thevestigate the effect of surface Ru(0), CO PROX activities of

inlet CO concentration at 393 K. In the case of the activated

Ru catalyst, CO methanation conversion was 100% at an

Inlet CO Conc. (ppm)

. ) X 3000
inlet CO concentration of ca. 110 ppm, however, it remark- @)
ably decreased as inlet CO concentration increased over ca. = 2500 |
160 ppm. In the case of the non-activated Ru catalyst, CO g
methanation conversion was 100% up to an inlet CO con- ¢ 2000 1
centration of ca. 60 ppm, and it also decreased as inlet CO 3 15090 |
concentration increased over 60 ppm. 8

g 1000 |-
3.3. Difference between methanations of CO and CO» S g0 |
under CO PROX conditions

0 \

In order to investigate the occurrence of £@ethanation 0 20 40 60 80 100

under CO PROX condition, the methanation activities of Ratio of Ru(0) on catalyst surface (%)
the activated Ru catalyst were measured in the reactant gas

with CO, and without CQ. Fig. 5shows the comparison of 5000
the outlet CH concentration of the catalyst in the absence
and the presence of GQunder the CO PROX at [£)/[CO]

= 1.0. The outlet Clg concentrations at 373 K were 45ppm
in the presence of Cand 34 ppm in the absence of g0
respectively. The difference in the outlet ¢ebncentrations
between those two conditions was only ca. 100 ppm at 433 K,
and widened as reaction temperature increased. The CH
concentration in the presence of €®as rapidly increased ‘\
due to the methanation of GQas the reaction temperature 0 ‘
was increased above 453 K. 0 20 40 60 80 100
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3.4. Correlation between surface Ru(0) on the catalyst and

CO PROX activity Fig. 6. Dependence of CO PROX activity on the ratio of surface Ru(0)

at [0,]/[CO] = 1.5: (a) the outlet CO concentration and (b) the outlet O
) . o concentration. Reaction conditions: 0.5 vol.% CO, 20 vol.%,CQ75

In order to investigate the reason the activation improved vol.% 0,, 3 vol.% Ny, H, balance (dry condition), GHS¥ 7500 (dry
the CO PROX activity, the oxidation state of the Ru on the base); ) Temperature= 373K, (A) Temperatures= 393K.
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various Ru catalysts having different Ru(0) populations were of the reformer burner through the cell stack in the steam re-
measured. A 0.98wt.% Ru/#D3 obtained by the above forming process. Therefore, CO methanation is acceptable
aqueous phase reduction was used for the test. The YAl  to some extent in the CO removal process for residential
was further reduced by heating in the/N> mixed gas for PEFC systems adopting the steam reforming prof&&s
1.5h at 343, 373, 453 and 493K as pre-treatment. Conse-As shown inFig. 2b the outlet CH concentration of the ac-
quently, the ratio of Ru(0) on the surface of the catalyst was tivated Ru catalyst was higher than that of the non-activated
increased to 27, 51, 69 and 72% by those pre-treatmentsRu catalyst, especially at low temperatures. There is a possi-
respectivelyFig. 6 shows the dependence of CO PROX ac- bility that CO methanation contributed to the high CO con-
tivity of the Ru catalyst on the surface Ru(0) population of version of the activated Ru catalyst. As shownFig. 3G
the catalyst at 373 and 393 K. As showrHig. 63 the outlet when the Q/CO molar ratio was increased from 0.6 to 1.0,
CO concentration decreased as the surface Ru(0) increasedhe outlet CH concentration remarkably increased from 21
Also, outlet @ concentration decreased as the surface Ru(0) to 133 ppm and the outlet CO concentration decreased from
increased, as shown [ig. 6h 1350 ppm to below 10 ppm on the activated Ru catalyst at
393 K. The slope of the increase in the outlet tbncen-
tration between [@]/[CO] of 0.6 and 1.0 was steeper than
4. Discussion those between 0 and 0.6 or between 1.0 and 3.0. On the other
hand, CO was completely methanated up to ca. 110 ppm on
As shown inFig. 1, at [G;])/[CO] = 1.5, there was notem-  the activated Ru catalyst at 393 K, as showirig. 4 From
perature window where CO was reduced to below 10 ppm these results, it is considered that residual CO of around
on Pt/ALO3 and non-activated Ru/ADs3, while a wide win- 100 ppm, which cannot be removed by simple oxidation, can
dow appeared on activated Rug@®s. ComparingFig. 2a be reduced to less than 1 ppm by methanation on the acti-
with Fig. 1, the temperature at which unreacted oxygen dis- vated Ru catalyst. Such final clean-up by CO methanation is
appeared almost corresponded to the lower edge of the temonly effective when CO PROX proceeds at low temperatures
perature window, and the temperature was greatly loweredwhere the influence of COmethanation can be ignored.
by the activation. Therefore, it can be considered that the On the other hand, CO methanation conversion re-
high CO conversion of the activated Ru catalyst at low tem- markably decreased over an inlet CO concentration of ca.
peratures is derived from the improvement in the activity of 160 ppm on the activated Ru catalyst and over an inlet CO
CO oxidation by @. On the other hand, the higher edge of concentration of ca. 60 ppm on the non-activated Ru cat-
the window seems to be determined by methanation of CO alyst, as shown irfFig. 4 The negative slope at such inlet
or a reverse water—gas shift reaction. As showRim 2h CO concentrations irFig. 4 means the self-poisoning of
the temperature region where evolved {3tceeded several CO, and as a result, CO methanation is greatly suppressed.
thousand ppm was not so different between the two cata-Therefore, at 393 K, CO methanation was negligible on the
lysts, and CQ methanation could occur above this temper- activated Ru catalyst at BCO molar ratios below 0.6, be-
ature range. There is a possibility that the CO is generatedcause CO was decreased only to ca. 1300 ppm by oxidation
as a hy-product of C®methanation. It was reported that as shown irFig. 3a In the case of the non-activated Ru cat-
CO was an intermediate of G@nethanation on Ni catalysts  alyst at 393 K, CO was decreased only to ca. 1500 ppm even
[35,36] Further investigations are required to clarify which at [O;])/[CO] = 3.0 due to low CO oxidation activity by £
determines the higher edge of the window. as shown irFigs. 3a and 3p Therefore, methanation of CO
Methanation of CQ@ does not contribute to CO removal hardly occurred at that temperature on the non-activated Ru
but wastes Kl as fuel. Furthermore, there is arisk in practical catalyst even at the high8fLO molar ratio.
use that CQ methanation is accelerated as a self-catalytic At the same time, there is a possibility that the water—gas
reaction by its own exothermal reaction heat and that the shift reaction also contributes to CO removal. The equilib-
reaction temperature may become uncontrollable, becauseaium constants of the water—gas shift reaction are calculated
the reformed gas after the CO shift converter typically con- to be 13 x 10° at 393K, 40 x 107 at 443K, respectively
tains as much as 20 vol.% GOT herefore, C@ methanation [31]. If the water—gas shift reaction reaches equilibrium in
should be avoided in the CO removal process. As shown in the outlet of CO PROX, the outlet CO concentration (dry
Fig. 5, it was found that the amount of the Glgeneration base) under the conditions of S#22.5 and [Q]/[CO] = 1.5
derived from CQ was sufficiently low below 433K on the can be calculated to be ca. 0.086 vol.% at 393K and ca.
activated Ru catalyst. In the activated Ru catalyst, a wide 0.28 vol.% at 443 K. From these calculations, the water—gas
temperature window exists at low temperatures where lit- shift reaction may assist the CO removal although CO can-
tle methanation of C®occurs. Therefore, in spite of using not be reduced to below 10 ppm by the reaction. However,
Ru, the activated Ru catalyst can be used without the risk of Fig. 3ashows that the water—gas shift reaction did not occur
CO, methanation. on either the activated or the non-activated Ru catalysts at
On the other hand, methanation of CO contributes to CO 393K in the reactant gas corresponding teJJfcO] = 0.
removal. Moreover, Cllgenerated by the methanation dur- Although further investigations are required to clarify the
ing the CO removal process can finally be used as the fuelcontribution of the water—gas shift reaction to CO removal,
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it is considered that the water—gas shift reaction does notperatures. Consequently, it is suggested that both the high

play an important role in the activation. activity and the high selectivity of the catalyst are achieved
The ratio of Ru(0) on the surface of the activated Ru by PROX of CO from 0.5 vol.% to ca. 100 ppm followed

catalyst, which showed high CO PROX activity at low by methanation of the residual CO from ca. 100 ppm to less

temperatures, was estimated to be 77%, while that of thethan 1 ppm at low temperatures where the influence of CO

non-activated Ru catalyst was estimated to be 8% by ESCAmethanation is ignored.

analysis. This agrees with the previous result that the

RuU/Al,O3 catalyst, in which the Ru having a significantly

more metallic character, showed better CO PROX perfor-

mance[38]. As shown inFig. 6, as the ratio of Ru(0) on

the catalyst surface was increased, both the CO conversion [1] O. Okada, S. Takami, N. Iwasa, T. Ohhama, H. Yamamoto, in:

and the @ consumption mc_reased at low temperatures such Proceedings of the Abstracts of 1992 Fuel Cell Seminar, Tucson,

as 373 and 393 K. The {slip exactly corresponded to the AZ, 29 November—2 December 1992, p. 473.
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