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In order to investigate the reasons the activation of a Ru/Al2O3 catalyst by heating in a H2/N2 mixed gas improves the CO

preferential oxidation (PROX) activity, the oxidation state of the Ru on the catalyst surface was studied by using ESCA. As the

ratio of Ru(0) to total Ru on the surface was increased, the temperature window of the Ru catalyst, where CO was reduced to below

10 ppm, was expanded to the lower temperature side. The activity of CO oxidation by O2 of the Ru catalyst at lower temperatures

was improved by increasing the ratio of Ru(0). However, the selectivity for CO oxidation hardly varied with the change in the

surface Ru(0) ratio at these low temperatures. It is considered that O2 activation on Ru(0) plays an essential role in CO PROX

activity on the Ru catalyst at low temperatures.
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1. Introduction

The hydrogen-rich reformed gas from hydrocarbons
like natural gas is a convenient fuel for stationary PEFC
systems, such as in residential use. The natural gas
reforming process, comprising a desulfurizer, a steam
reformer and a CO shift converter, has already been
established for the Phosphoric Acid Fuel Cell (PAFC)
system [1–3]. The reformed gas after the CO shift
converter contains about 0.5 vol.% CO. This CO
concentration is acceptable for the anode catalyst of the
PAFC operated at ca. 473 K. On the other hand, the
anode catalyst of the PEFC is poisoned by only 10 ppm
CO, because the operation temperature of the PEFC is ca.
353 K [4–6]. Although CO-tolerant anode catalysts
containing Ru in addition to Pt have been developed for
the PEFC [7–9], the acceptable CO concentration of the
anode catalyst appears to be ca. 10 ppm considering long-
term durability. Therefore, for a PEFC system using
natural gas, a CO removal process is required in addition
to the reforming process established for the PAFC.

Generally, a CO preferential oxidation (PROX)
using Pt-based catalysts has been used for the CO
removal process. It was reported that CO was reduced
to ca. 100 ppm on a Pt/Al2O3 catalyst with the
addition of excess air corresponding to [O2]/
[CO] = 2 [4]. It has also been reported that the
additive air corresponding to [O2]/[CO] > 3 was
needed to remove CO completely on a conventional
Pt/Al2O3 catalyst [10]. The excess O2 consumes H2 in
the reformed gas by combustion, which causes a
decrease in the power generation efficiency of the

PEFC system. Therefore, a multi-stage CO PROX has
been mainly adopted in actual reactors [11–16] because
the total amount of additive air can be reduced by
optimizing the additive air at each stage. It has been
reported that CO was reduced to less than 10 ppm by
a two-stage reactor at a total additive air correspond-
ing to [O2]/[CO] = 1.5 [16]. However, complex hard-
ware is required to control the temperatures and
oxidant injections along the multi-stage catalytic layer.
Meanwhile, several kinds of the Pt-based catalysts
have been studied to improve the selectivity and
activity for CO oxidation [10–24]. However, their
performance in an actual reactor and the long-term
durability have not been demonstrated.

On theother hand, some reports show thatRu catalysts
have a wider temperature window for CO PROX than Pt
catalysts [7–27]. It has been reported that COwas reduced
to below 100 ppm at ca. 468–503 K on a Ru catalyst,
while at ca. 463–473 K on a Pt catalyst under the
experimental conditions of H2/CO/CO2/O2= 75/1/25/
1.5 and SV = 6,500 h�1. The minimum outlet CO
concentrations of the Ru catalyst appeared to be ca.
50 ppm at ca. 483 K [26]. It has also been reported that
CO was reduced to below 100 ppm at the reactor
temperature of ca. 412–418 K and the minimum outlet
COconcentration appeared tobe ca. 80 ppmat ca. 415 K,
when the CO preferential oxidation was carried out on a
Rucatalyst at [O2]/[CO] = 1.25andGHSV = 4,800 h�1

[27]. On the other hand, Ru catalyst also possesses
considerable methanation activity [28]. Because tempera-
ture control is quite difficult in actual reformate due to
self-catalytic endothermic CO2 methanation, a Ru
catalyst is seldom used solely except for use in the second
stage of the two-stage CO PROX.* To whom correspondence should be addressed.
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In a previous work, we reported that the novel Ru
catalyst, which was obtained by activating a Ru/Al2O3

in an H2/N2 mixed gas after aqueous reduction, had
extremely high practical CO PROX performance even at
a single-stage reactor for residential PEFC applications.
On the catalyst, CO was reduced from 0.5 vol.% to
below 10 ppm between 363 K and 413 K at [O2]/
[CO] = 1.0 and between 358 K and 443 K at [O2]/
[CO] = 1.5 in a simulated reformed gas [29]. The novel
Ru catalyst has already been used practically, and its
durability has been demonstrated over 10,000 h in an
actual 1 kW-class natural gas fuel processor adopting a
single-stage CO PROX reactor [30]. In this paper, in
order to investigate the reason the activation improved
the CO PROX activity, the oxidation state of the Ru
was studied by using ESCA.

2. Experimental

Ru/Al2O3 catalysts were prepared by the impregna-
tion method according to the literature [29]. The
precursors were obtained by the impregnation of
aqueous solution of RuCl3 into c-Al2O3(2–4 mm/
spheres). They were washed and dried, followed by
reduction in N2H4 aqueous solution. Table 1 shows the
characteristics of the catalysts (Ru-A, Ru-B) obtained by
the above procedure. Before taking measurements of the
CO PROX activity, further reduction of the Ru/Al2O3 in
N2 containing 9.5 vol.% H2 flow was carried out for 2 h
for the activation according to the literature [29].

Catalytic activity was measured in a fixed bed flow
reactor made of a piece of stainless steel tubing
(16.4 mm I.D.) under almost atmospheric pressure. At
the center of the reactor, 8 ml (5.6 g) of each Ru/
Al2O3 catalyst was placed. To measure the CO PROX
activity, the temperature of the reactor was increased
to the test temperature under an N2 flow. The test
gas, generated from standard gas by mass flow
controllers, was fed at a flow rate of 1000 ml/min,
corresponding to GHSV = 7500 h�1. The GHSV
value is shown in dry base. Water was added to the
test gas by a pump through a vaporizer before
the reactor. Reaction temperatures were measured
by a thermocouple located along the centerline of

the reactor. The maximum temperature of the
catalyst layer, which was always at the top of
the catalyst layer, is shown in the table and figures
as the reaction temperature.

The gas compositions at the inlet and the outlet of
the reactor at a stationary state were analyzed with a
gas chromatograph equipped with TCD and FID. The
results are shown in dry base. The detection limits of
both CO and CH4 were 0.5 ppm, while the detection
limit of O2 was 20 ppm. Concentrations below the
detection limit are plotted as 0 ppm in the figures. The
CO conversion was defined as (inlet CO�outlet CO)/
(inlet CO). The selectivity was defined as {(inlet
CO�outlet CO�outlet CH4)/2}/(inlet O2�outlet O2).

The amount of CO adsorption on the catalyst was
measured at 323 K by the pulse method. Before taking
the measurement, the catalyst was reduced at a H2 flow
at 673 K for 45 min.

ESCA spectra were taken on the PHI 5700 ESCA
system with the PC-ACCESS data analysis system
(Physical Electronics Inc.). For the analysis of the
catalysts after the tests, the samples were transferred
from the reactor to the chamber under Ar atmosphere
to avoid exposure to air. A catalyst sphere was set on
a sample holder and it was introduced into the ultra
high vacuum chamber. After the pressure in the
chamber was lowered to below 10�6 Pa, the X-ray
photoelectron spectroscopy was measured by using an
Mg anode as the X-ray source. In the case of
supported catalysts, electrons from the support can
be used as an internal reference [31]. Therefore, the Al
2p line of 74.4 eV of the Al2O3 support was used as
an internal reference for determination of the binding
energies [32]. The peak separation of Ru 3d was
carried out between 277.5 eV and 292.5 eV according
to the previous report by Cattania et al. [33]. The
binding energy of Ru 3d5=2 of Ru(0) was referred to
be 280.2 eV [33], and the Ru in the oxidized state was
separated into RuO2, RuO2 Æ xH2O and RuOx. The
binding energies of Ru 3d5=2 of RuO2, RuO2 Æ xH2O
and RuOx were referred to be 280.7 eV [32], 281.4 eV
[34] and 282.5 eV� [32], respectively. The peaks of Ru
3d3=2 of Ru(0), RuO2, RuO2 Æ xH2O and RuOx were
set according to the assumption that the ratio of the
peak area of Ru 3d3=2 to Ru 3d5=2 was 2:3 and the
binding energy of Ru 3d3=2 was shifted to 4.17 eV
higher than that of Ru 3d5=2 [32]. RuClx was not set
in as the literature [33] because the Cl 2p peak was
slight and it was difficult to assign trace RuClx in the
oxidized Ru. The binding energy of C 1s peak for
adventitious hydrocarbon was set at between 284.6 eV
and 285.0 eV [35, 36]. Moreover, C 1s peak for the
carbon combined with oxygen was set at around
289 eV in some samples [32]. The ratio of Ru(0) to
total Ru atoms on the surface of the catalyst was
calculated as (peak area of Ru 3d5=2 of Ru(0))/
(Ru 3d5=2 of Ru(0) + RuO2 + RuO2 Æ xH2O + RuOx).

Table 1

Characteristics of Ru/Al2O3 samples

Notation Ru

loading

(wt.%)

BET

surface

area

(m2/g-cat)

CO

adsorptiona

(cm2/g-cat)

Ratio

of surface

Ru(0)b (%)

Ru-A 1.01 174 1.35 7

Ru-B 0.93 175 1.07 1

aAfter reduction at 673 K.
bWithout pre-treatment.
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3. Results

Figure 1 shows the temperature dependence of the
CO PROX activity of the non-activated Ru catalyst and
the activated Ru catalyst at [O2]/[CO] = 1.5, where the
Ru-A without any pre-treatment was used as the non-
activated catalyst and the Ru-A, which was further
reduced at 523 K in the H2/N2 gas as a pre-treatment,
was used as the activated catalyst. As shown in
figure 1(a), there was no temperature window where
CO was reduced to below 10 ppm on the non-activated
catalyst. In contrast, CO was removed to below 10 ppm

between ca. 358 K and ca. 443 K on the activated
catalyst. As for O2 consumption, the outlet O2 concen-
tration for the non-activated catalyst decreased below
the detection limit only at temperatures over 433 K. In
contrast, the outlet O2 concentration for the activated
catalyst decreased below the detection limit at temper-
atures over 373 K, as shown in figure 1(b). It is known
that methanation occurs as a side reaction in the CO
preferential oxidation using a noble metal catalyst [7, 9].
At 373 K, CH4 was not detected in the outlet of the non-
activated catalyst, while 49 ppm CH4 was detected in
the outlet of the activated catalyst.The outlet CH4

concentration of the activated catalyst was higher
than that of the non-activated catalyst at all reaction
temperatures, as shown in figure 1(c).

The change in oxidation state by this activation was
analyzed using ESCA. As a non-activated catalyst, the
Ru-A, which was once increased to 343 K in N2 flow to
replicate the warm-up period for the activity measure-
ment, was analyzed. As an activated catalyst, the Ru-A,
which was heated at 523 K for 2 h in the H2/N2 flow,
was analyzed. Figures 2 and 3 show the ESCA spectra
of the non-activated catalyst and the activated catalyst,
respectively. The Ru on the activated catalyst has a
more metallic character than that on the non-activated
catalyst because the binding energy of Ru 3d of the
activated catalyst was clearly shifted to a lower energy
than that of the non-activated catalyst. In the case of the
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Figure 1. Comparison of the CO PROX activities of the non-activated

catalyst and the activated catalyst at [O2]/[CO] = 1.5; (a) Outlet CO

concentration, (b) Outlet O2 concentration, (c) Outlet CH4 concen-

tration. Reaction conditions: 0.5 vol.% CO, 20 vol.% CO2,

0.75 vol.% O2, 3 vol.% N2, H2 balance (dry base), 11 vol.% H2O

(wet base), GHSV = 7500 h�1 (dry base); (d) non-activated Ru-A,

(m) activated Ru-A.

275280285290295
Binding Energy (eV)

In
te

ns
ity

 (
a.

u.
) c

RuOx

Ruo2 · xH2O

RuO2

Figure 2. ESCA spectra for Ru 3d and C 1s of non-activated Ru-A

catalysts.
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Figure 3. ESCA spectra for Ru 3d and C 1s of activated Ru-A

catalysts.
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activated Ru catalyst, the peak for Ru 3d5=2 of Ru(0)
was set to be 279.9 eV for the peak separation. It is
considered that the peak was shifted to the lower energy
due to the effect of extra-atomic relaxation energy in the
remarkable metallic circumstance [37]. The ratio of the
surface Ru(0) of the activated catalyst was estimated to
be 77%, while that of the non-activated catalyst was 8%
by the peak separation.

The correlation between the CO PROX activity and
the ratio of the surface Ru(0) of the catalyst was
investigated. Before taking the measurements of the CO
PROX activity, the Ru-B was heated in the H2/N2 flow
at 323 K (Ru-B1), 343 K (Ru-B2) and 453 K (Ru-B3)
for the pre-treatment. Figure 4 shows the ESCA spectra
of these catalysts. The peak binding energy of Ru 3d was
shifted to a lower energy as the pre-treatment temper-
ature was increased. By the peak separations, the ratios
of the surface Ru(0) were estimated to be 28% for the
Ru-B1, 40% for the Ru-B2 and 53% for the Ru-B3,
respectively. The CO PROX activities of these catalysts
at [O2]/[CO] = 1.5 are shown in tables 2, 3 and 4. As
shown in table 2, the temperature window, where CO
was reduced to below 10 ppm, was expanded to the
lower temperature side as the surface Ru(0) ratio of the
catalyst was increased. Moreover, both the minimum
value of the outlet CO concentration and the temper-
ature giving the minimum value lowered as the surface

Ru(0) ratio of the catalyst was increased. As shown in
table 3, as for O2 consumption, the lower limit temper-
ature at which O2 was consumed below the detection
limit was lowered as the surface Ru(0) ratio of the
catalyst was increased. The outlet O2 concentration
below 423 K was higher in the order of Ru-B1 > Ru-B2
> Ru-B3. Regarding the methanation side reaction, the
outlet CH4 concentration was higher in the order of
Ru-B3 > Ru-B2 > Ru-B1 at all temperatures, as
shown in table 4. The selectivity for CO oxidation and
the CO conversion of the catalysts at low temperatures
are shown in table 5. Although the CO conversion
decreased remarkably with decreasing the surface Ru(0)
ratio at low temperatures, the selectivity hardly varied
regardless of the change of the surface Ru(0) ratio.

In order to investigate the change of the activity and
oxidation state of Ru under the CO PROX, the reaction

Table 3

Comparison of outlet O2 concentrations on CO PROX

at [O2]/[CO]¼1.5

Catalyst Surface Ru(0)

ratio (%)

Outlet O2 concentration (ppm)

363 K 383 K 403 K 423 K 443 K 463 K

Ru-B1 28 5945 2196 193 0 0 0

Ru-B2 40 810 177 0 0 0 0

Ru-B3 53 186 0 0 0 0 0

Reaction conditions: 0.5 vol.% CO, 20 vol.% CO2, 0.75 vol.% O2,

3 vol.% N2, H2 balance (dry base), 11 vol.% H2O (wet base),

GHSV¼ 7500 h�1 (dry base).

Table 2

Comparison of outlet CO concentrations on CO PROX

at [O2]/[CO]¼1.5

Catalyst Surface Ru(0)

ratio (%)

Outlet CO concentration (ppm)

363 K 383 K 403 K 423 K 443 K 463 K

Ru-B1 28 3951 1880 364 13 9.5 19

Ru-B2 40 354 67 13 5.9 7.8 17

Ru-B3 53 49 5.9 3.6 4.2 8.2 19

Reaction conditions: 0.5 vol.% CO, 20 vol.% CO2, 0.75 vol.% O2,

3 vol.% N2, H2 balance (dry base), 11 vol.% H2O (wet base),

GHSV¼ 7500 h�1 (dry base).
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Figure 4. ESCA spectra for Ru 3d and C 1s of Ru-B catalysts;

(a) Ru-B (without pretreatment), (b) Ru-B1, (c) Ru-B2, (d) Ru-B3. Table 4

Comparison of outlet CH4 concentrations on CO PROX

at [O2]/[CO]¼1.5

Catalyst Surface Ru(0)

ratio (%)

Outlet CH4 concentration (ppm)

363 K 383 K 403 K 423 K 443 K 463 K

Ru-B1 28 0 0.6 41 718 2146 5577

Ru-B2 40 5 60 202 721 2182 5683

Ru-B3 53 35 144 387 941 2447 5791

Reaction conditions: 0.5 vol.% CO, 20 vol.% CO2, 0.75 vol.% O2,

3 vol.% N2, H2 balance (dry base), 11 vol.% H2O (wet base),

GHSV¼ 7500 h�1 (dry base).

Table 5

Comparison of selectivity and CO conversion

Catalyst Surface Ru(0)

ratio (%)

Selectivity[%](CO conversion [%])

363 K 383 K 403 K

Ru-B1 28 33.7 (21.0) 29.4 (62.4) 31.4 (92.7)

Ru-B2 40 34.7 (92.9) 33.3 (98.7) 31.9 (99.7)

Ru-B3 53 33.6 (99.0) 32.3 (99.9) 30.7 (99.9)

Reaction conditions: 0.5 vol.% CO, 20 vol.% CO2, 0.75 vol.% O2,

3 vol.% N2, H2 balance (dry base), 11 vol.% H2O (wet base),

GHSV¼ 7500 h�1 (dry base).
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was carried out on the Ru-B2 and Ru-B3 at 383 K for
6 hours. Figure 5 shows the change of the activity. The
outlet CO, O2 and CH4 concentrations of these catalysts
were almost stable. Then the ESCA measurements were
carried out for these catalysts after the CO PROX. By
the peak separations, the ratios of the surface Ru(0)
after the CO PROX were estimated to be 40% for the
Ru-B2 and 54% for the Ru-B3, respectively. Thus, the
ratios of the surface Ru(0) after the CO PROX were
similar to those before the reaction at that temperature.

4. Discussion

As shown in figures 1(a), 2 and 3, on the activated Ru
catalyst, in which 77% of surface Ru atoms were
reduced to metal, CO was removed to below 10 ppm
from the simulated reformed gas between ca. 358 and
443 K at [O2]/[CO] = 1.5. Meanwhile, on the non-
activated Ru catalyst, in which 8% of surface Ru atoms
were reduced to metal, CO was not reduced to below
10 ppm at the low O2/CO condition. Thus, the activated

Ru catalyst that had a large population of Ru(0) on the
surface showed high CO PROX activity. This result
agrees with a previous report [38].

The temperature window, where CO was reduced to
below 10 ppm, expanded to the lower temperature side
with increasing the surface Ru(0) ratio of the Ru
catalyst, as shown in table 2. Moreover, the lower limit
temperature at which O2 was consumed to below the
detection limit lowered with increasing the surface Ru(0)
ratio, as shown in table 3. The temperature corresponds
to the lower limit temperature at which CO was reduced
to ca. 10 ppm in the catalysts. This correspondence is
also observed in the results shown in figures 1(a) and
1(b). Thus, complete O2 consumption is considered to be
required for the CO PROX removal below 10 ppm on
the Ru catalyst at low temperatures. On the other hand,
although the CO conversion increased with increasing
the surface Ru(0) ratio at low temperatures, the selec-
tivity for CO oxidation hardly varied with the change of
the surface Ru(0) ratio, as shown in table 5. Therefore, it
can be considered that the CO conversion of the Ru
catalyst is dominated not by the selectivity but by the
activity of CO oxidation by O2 at low temperatures.
Moreover, the activity of CO oxidation by O2 at low
temperatures improved with increasing the surface
Ru(0) ratio of the catalyst. Consequently, it can be
supposed that O2 activation on Ru(0) is the key step for
the CO PROX on the Ru catalyst at low temperatures.

There is concern that the oxidation state of surface
Ru on the Ru/Al2O3 may change under the CO
PROX conditions. However, it was confirmed that the
oxidation state of the surface Ru were hardly changed
under the CO PROX conditions at the low temper-
ature, as mentioned above. There is also concern that
the oxidation state of surface Ru on the Ru/Al2O3

may change under high vacuum pressure for ESCA
measurement conditions. The ESCA measurements of
the Ru-B and Ru-B2 were carried out after 6 hours
and 72 hours from introduction into the vacuum
system. Consequently, it was confirmed that the
surface Ru was not further reduced under the high
vacuum pressure. It can be supposed that the oxida-
tion state of surface Ru on the Ru/Al2O3 measured by
ESCA gives reliable information for characterizing the
CO PROX catalyst.

As for the methanation side reaction, the outlet
CH4 concentrations increased with increasing the
Ru(0) ratio on the catalyst surface at all temperatures,
as shown in figures 1(c), 2, 3 and table 4. Considering
the outlet CH4 concentrations, it is clear that the most
of the CO was removed by oxidation at low temper-
atures. However, there is a possibility that CO
methanation assists the low outlet CO concentration
of the activated Ru catalyst.

On the other hand, the support of the catalyst may
influence the oxidation state of the Ru. Further inves-
tigations are required to clarify the influence.
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Figure 5. Stability of the CO PROX activities of Ru-B2 and Ru-B3 at

[O2]/[CO] = 1.5; (a) Ru-B2, (b) Ru-B3. Reaction conditions:

0.5 vol.% CO, 20 vol.% CO2, 0.75 vol.% O2, 3 vol.% N2, H2 balance

(dry base), 11 vol.% H2O (wet base), Temp. = 383 K, GHSV =

7500 h�1 (dry base); (n) Outlet CO concentration, (d) Outlet O2

concentration, (m) Outlet CH4 concentration.
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5. Conclusion

The ratio of Ru(0) to total Ru on the surface of the
Ru catalyst was increased by heating in a H2/N2 mixed
gas after aqueous reduction. As the surface Ru(0) ratio
of the CO PROX catalyst was increased, the tempera-
ture window, where CO was reduced to below 10 ppm,
was expanded to the lower temperature side. The lower
limit temperature at which O2 was completely consumed
corresponded to that at which CO was reduced to ca.
10 ppm on the catalyst. Although the CO conversion
increased with increasing the surface Ru(0) ratio at low
temperatures, the selectivity for CO oxidation hardly
varied regardless of the surface Ru(0) ratio. It is
supposed that the CO PROX activity of the Ru catalyst
at low temperatures is dominated by O2 activation on
Ru(0) and the increase in the surface Ru(0) ratio by the
H2/N2 reduction causes the high activity of the activated
Ru catalyst.
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