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Preparation of Au/TiO, for catalytic preferential oxidation of CO
under a hydrogen rich atmosphere at around room temperature
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Au/TiO, prepared in a pH adjusted gold solution by a
deposition—precipitation method can possess high activity and
stability for selective CO oxidation in a H, rich stream at
ambient temperature.

Recently CO preferential oxidation in a H, rich stream (PROX)
has drawn much attention in relation to the development of a fuel
cell with a proton exchange membrane (PEMFC)."* In the past,
three kinds of catalysts, platinum, copper and gold, were often
used for PROX.*® The reaction temperature usually used for a
platinum catalyst system was around 150 °C, that for copper was
around 180 °C and that for gold was around 80 °C. These suggest
that gold catalysts possess a better activity than platinum and
copper at lower reaction temperatures. Moreover, based on
relatively low, stable prices and more availability, gold catalysts
show better economic competitiveness than platinum.” Therefore,
from the catalytic performance and the economic considerations,
the gold catalyst is a promising candidate for PROX combined
with PEMFC technology.

In general, the premise for good PROX performance is to
choose a catalyst with more oxidation activity for CO than for H,,
even in the H, rich environment. It is required for practical
application that the concentration of CO at the reactor outlet is
reduced to below 100 ppm;3 in other words, almost 100%
conversion of CO should be achieved in the reaction system.
The stability of the catalyst system is as important as the reaction
activity and selectivity. Moreover, for the complete removal of CO
in the feed stream, the molar ratio of O, to CO at the reactor inlet
should be equal to or higher than 0.5. The lower ratio is preferred,
due to avoiding the possibility of higher H, consumption.

Several reports in the literature have described the preferential
oxidation of CO in a H; rich stream over gold supported on TiO.
Among them, Haruta ez al.® used a deposition—precipitation (DP)
method, Choudhary er al® used a grafting method, Schubert
et al'® and Schumacher er al'''> used impregnation and DP
methods for the preparation of gold on the support. It was shown
from their data that only a portion of CO in the feed stream was
selectively oxidized to CO,, and none of the catalyst systems can
achieve close to the expected 100% CO conversion. Moreover,
their catalytic stabilities were uncertain. Recently Qiao and Deng'?
prepared Au/Fe,O; catalysts by a co-precipitation method.
Without doing any pretreatment, their catalysts showed much
better activity than those reported in the past. They can convert
100% CO in a hydrogen rich stream at a temperature as low as
8 °C. Nevertheless, the high O, to CO ratio (O,/CO = 4) used was
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a drawback; moreover, the effects of the presence of CO, and H,O
in the reaction system were not examined. Therefore, it is the
objective of this research to prepare Au/TiO, catalyst with high
activity and good stability for completely removing CO in a
hydrogen rich stream. The low ratio of O,/CO = 1 was used for
the reaction, and the effects of CO, and H,O were examined.

The method for the preparation of Au/TiO, in this research was
deposition—precipitation. An aqueous solution of chloroauric acid
(HAuCly-3H,0, Merck) was used as gold precursor, which was
prepared following the same procedures for preparing Aw/Y (Y
represents Y-type zeolite) reported in our previous papers.'*! The
following are the detailed procedures. A suitable amount of
HAuCl, was dissolved in 230 ml deionized water. The concentra-
tions of gold in the solution were 1.46 x 107> M. A solution of
0.1 M NaOH(,q was added for adjusting the pH of the gold
solution to 6. The total pH adjusting time was taken as 24 h.
During the first two hours, the pH was constantly adjusted to 6;
later, due to the slower decrease of pH, only once every half an
hour was the opportunity taken to adjust the solution back to
pH 6. Because the chlorine content or the molecular size of gold
precursors in the solution should be different using a different pH
adjusting time, which would definitely influence the catalytic
activity of the supported gold, the detailed results of the effect of
pH adjusting time on the properties of Au/TiO, will be presented
in a later publication. After adjusting the pH of the gold solution,
2 g TiO, powder (JRC-TIO-4, a Japanese reference catalyst) were
added into the solution, followed by heating the solution to 80 °C,
and maintaining it at this temperature for 1 h. After cooling,
filtration, washing with 500 ml de-ionized water and drying at
60 °C in air, the resulting samples were designated as Au/TiO..
From the analysis by atomic absorption, the gold loading in Au/
TiO, was 1.3 wt%; in other words, 39% gold in the solution had
been deposited on TiO, during the preparation process.

The TEM (Hitachi H7100) pictures of Au/TiO, were taken
under 75 kV. The detection of chlorine was by SEM (Hitachi
S-2400) with Kevex Delta 80000 EDS. The catalytic measurements
were carried out in a packed bed within a shell and tube quartz
reactor (7 mm id) under atmospheric pressure. The reactor
temperature was controlled at between 25 and 70 °C by the fluid in
the shell from a thermostat. 0.04 or 0.2 g of Au/TiO, mixed with
0.2 g of silicon carbide (SiC, Strem Chemical) was used for the
reaction tests. No catalyst pretreatment processes were applied
before the reaction tests. The feed ratio was CO/O,/H»/N, = 1/0.5
or 1/50/balance (in vol%). The total flow rate was 110 ml min~'
(space velocity = 165000 or 33000 h™' ml g-cat™'). When the
effects of CO, and H»O on the reaction were examined, 15% CO,
and 3% H,O were further added into the reactor. The

354 | Chem. Commun., 2005, 354-356

This journal is © The Royal Society of Chemistry 2005



concentrations of CO, CO, and O, in the effluent gas were
analyzed by two gas chromatographs (Shimadzu GC-8A with
Carboxen® 1000 column and Shimadzu GC-14A with molecular
sieve SA column).

Fig. 1 presents the conversions of CO and O,, and the selectivity
for CO oxidation at 25 °C, while only 0.04 g Au/TiO, (space
velocity = 165000 h~' ml g-cat™") and O,/CO = 1 in the feed were
used. The selectivity is defined as the ratio of O, consumed with
CO to total amount of O, consumed in the reactor. Since only the
oxidations of CO and H, occurred in the Au/TiO, system, the
value of the selectivity can represent the preferential activity for
CO oxidation in the reaction system. The higher value is preferred
in this research. Moreover, because the presence of CO, and H,O
is inevitable in the hydrogen rich stream from reforming or water
gas shift reaction, for the practical application of AwTiO, in
completely removing CO, the effects of CO, and H,O on
preferential oxidation were examined and the results are also
shown in Fig. 1. Therefore, there are four regions in Fig. 1: Region
A represents the results while CO, and water vapor were not
present in the feed; Region B represents the presence of 3% water
vapor in the feed; Region C represents the presence of 15% CO»;
and Region D represents the presence of both 15% CO, and 3%
water vapor. From the time on stream results presented in Fig. 1, it
can be observed that 100% CO conversion or close to 100% CO
conversion (after 48 h various tests) was achieved at the reactor
outlet, when there was no addition of CO, or H,O (Region A).
The oxygen conversion was about 52%, in which 80% was
consumed with CO and 20% with H,; in other words, the
selectivity for the oxidation of CO was 0.8. The high value of the
selectivity demonstrates the preferential oxidation of CO under a
hydrogen rich atmosphere over Au/TiO, catalyst, while only a low
ratio of O,/CO = 1 was used. Moreover, the stability of the
reaction system was good during the time on stream tests. The
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Fig. 1 Preferential oxidation of CO over 0.04 g Au/TiO, versus time on
stream at 25 °C. Feed composition: CO/O,/H,/CO,/H>O/N,» = 1/1/50/0 or
15/0 or 3/balance (vol%), total flow rate = 110 ml min~'. A. without CO,
and H»O in the feed. B. with 3% H,O in the feed. C. with 15% CO, in the
feed. D. with 3% H,O and 15% CO, in the feed.

high conversion of CO in the hydrogen rich stream and the good
stability of the catalyst system are due to the lengthy pH
adjustment (= 6) for the dilute gold chloride solution before
addition of TiO, support. Because there was less chlorine content
in gold precursors after 24 h solution pH (= 6) adjustment, the
gold particle sizes deposited on TiO, (i.e., can’t be observed from
TEM and no residual chlorine was detected from EDS) were less
than those from the gold solution with shorter pH adjustment time
(e.g., around 5 nm gold particle sizes after 1 h adjustment and with
residual chlorine detected from EDS). A similar chloride effect on
the particle size and on the catalytic activity of Au/AlL,O; was
reported by Oh er al.'® In contrast, for the preparation of Au/TiO,
in the past, either because the lengthy pH adjustment for the gold
solution was not carried out,® because the TiO support was added
into the gold chloride solution before any pH adjustment,'®*? or
because a different gold complex was used for the deposition,’ the
catalytic activities of the resulting Au/TiO, were not as good as
ours. None of them can provide the activity for 100% CO
conversion in a hydrogen rich stream.® !> These may be due to the
chloride (or anion) contamination or the large gold particle sizes
on the TiO, surface.

For the effect of H,O on the reaction, it can be seen in Fig. 1
that the conversions of CO and O, were dramatically decreased
and the selectivity for CO oxidation was increased, with the
presence of 3% water vapor (Region B) in the feed. The process
was reversible. When water vapor was removed, the conversions
and the selectivity recovered to the originals. On the other hand,
when 15% CO, was in the reaction system (Region C), the
decreases of the conversions of CO and O, were also observed;
however, they were not as pronounced as those resulting from the
presence of water vapor. Nevertheless, when both 15% CO, and
3% water vapor were in the feed (Region D), the conversions were
decreased to the least and the selectivity for CO oxidation was
increased to the most, as shown in Fig. 1. They were gradually
recovered after removing both CO, and water vapor from the
reaction system. The results in Fig. 1 indicate that both CO, and
H,O are reversibly adsorbed on the surface of Au/TiO,, which can
reduce the reaction activity significantly and increase the selectivity
for preferential oxidation of CO. By removing them, the reaction
activity can be recovered.

For the moisture effect on CO oxidation over Au/TiO,, Daté
et al.'” have indicated that when the concentration of moisture is
above 200 ppm, the catalytic activity is depressed, probably due to
the blocking of the active sites. This is because there are water-
derived active sites for the catalytic reaction on the surface of gold
particles, which are hydrophilic and adsorb moisture easily. For
the adsorption of CO, on nano-gold, carbonate or bicarbonate
species may be formed on the active sites. It may be reversibly
desorbed from the surface by the heat generated from the
oxidation reactions; or by the decomposition of carbonate with the
presence of water proposed by Daté et al.'®

The results in Fig. 1 suggest that more Au/TiO, (or less space
velocity) and higher reaction temperature have to be used in order to
remove CO completely in a hydrogen rich stream with the presence
of 15% CO, and 3% H,O. Therefore, the space velocity =
33000 h ™! ml g-cat™ ! in contrast to 165000 h™!' ml g-cat ™! in Fig. 1
was used for improving CO conversion, and the reaction results
at different reaction temperatures are shown in Fig. 2. Two
ratios of O, to CO (0.5/1 and 1/1) in the feed stream
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Fig. 2 Preferential oxidation of CO over 0.2 g Au/TiO, at different
temperatures. Feed composition: CO/O,/H,/CO,/H,O/N, = 1/0.5 or 1/50/

15/3/balance (vol%), total flow rate = 110 ml min~ .

were examined. It can be found in Fig. 2 that O, conversion
increased with the increase of reaction temperature; nevertheless,
CO conversion did not change significantly when the reaction
temperature was increased to higher than 40 °C. In fact, CO
conversion started to decrease at 70 °C. These results indicate
that more hydrogen oxidation occurred when the reaction
temperature was increased, which reduced the possibility for CO
oxidation. Therefore, it can be observed in Fig. 2 that the
selectivity for CO oxidation was decreased along with the
increase of reaction temperature. However, CO was still
removed completely in the effluent at reaction temperatures
between 40 and 60 °C, when the O, to CO ratio in the feed was
1 : 1, as shown in Fig. 2. Nevertheless, CO could not be
removed completely when the O, to CO ratio was 0.5 : 1.
Therefore, by adjusting the space velocity and the reaction
temperature and using the ratio of O,/CO = 1 in the feed,

Au/TiO, can be applied for removing CO completely in a
hydrogen rich stream with the presence of CO, and H,O.

In this research, a deposition—precipitation method for the
preparation of Au/TiO, is presented. Without any high tempera-
ture pretreatment, the catalyst possesses high activity and stability
for oxidizing CO completely in a hydrogen rich stream (50% H,) at
ambient temperature, even in the presence of 15% CO, and 3%
H>0. Only O,/CO = 1 of low ratio is required for the reaction.
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