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ABSTRACT: CO preferential oxidation (CO-PROX) is of
much interest as a way to remove the trace CO in reformed
gases and utilize hydrogen. Herein, we investigate the use of
gold nano-particles embedded in uniform hollow fiber ZrO,
membranes for CO elimination in the presence of hydrogen.
The flow-through catalytic membrane exhibited higher cata-
lytic activity (above 96%) than conventional catalyst pellets
and retain long-term stability up to 1o hours. The high cata-
lytic performance combined with its outstanding stability
suggests the developed Au@ZrO, catalytic membrane as a
promising candidate for the removal of CO.

Hydrogen, as a green energy carrier derived from fossil
fuels or biofuels, has been greatly attractive in last decades.
Proton exchange membrane fuel cell (PEMFC) supplied with
hydrogen is by far the most advanced power generation de-
vice for its high energy conversion efficiency, rapid start-up,
and low operating temperature. It always requires an ultra-
low CO content of <100 ppm to prevent Pt anode from poi-
soning. CO preferential oxidation (CO-PROX) in H,-rich gas
is a critical reaction for CO deep elimination.! Since Haruta
et al. 2 discovered that small gold nano-particles finely dis-
persed on certain metal oxide supports can exhibit surpris-
ingly high activity for CO oxidation below room temperature,
extensive and intensive studies have addressed the structures
and mechanisms associated with gold catalysts.345 The size
of the gold nano-particles and the support properties have
been shown to be critical to their unique catalytic activity.3
Due to the low melting point (1336 K) and weak binding en-
ergy of gold, however, small gold nano-particles tend to be
aggregated, forming larger gold particles upon calcination,
which causes poor dispersion and low catalytic activity. Up
to now, great efforts have been made on design, characteriza-
tion, and activation of gold catalysts.4

Gold nano-particles have been found to possess high activi-
ties at low temperature (i.e., <120 °C) when supported on
reducible oxides,5 such as TiO,, CeO,, and Fe,O;. Recent pro-
gress showed that ZrO, supported gold nano-particles exhib-
ited quite active for CO oxidation.® However, Konova et al.7
observed that the deactivation on Au/ZrO, catalyst, attribut-

ed to the formation of carbonates. It is possible that the
generated CO, in the catalyst is favourable to form car-
bonates during CO-PROX reaction and block the active sites.
Therefore, immediate removal of the produced CO, would be
helpful to hinder the formation and accumulation of car-
bonates.

Herein, we developed a novel Au@ZrO, hollow fiber cata-
lytic membrane with high stability and efficiency. It is pre-
sented for CO-PROX in a flow-through catalytic membrane
reactor (FTCMR). Feeding stream is driven through catalytic
membrane layer, which presents many advantages compared
with conventional packed-bed reactor. The flowing stream
could sweep the generated CO, and thus improve catalytic
stability; the catalytic performance could be further en-
hanced by intensive contact between reactants and active
sites of catalysts; the advantages in recovery, regeneration,
and reuse of catalysts in successive processes, are remarka-
ble.8 Improved activity on Pt-loaded zeolite membranes has
been observed for CO-PROX operated at 200 °C.9
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Figure 1. a) Photographs of the AL,O; hollow fiber, ZrO,
membrane and Au@ZrO, membrane; schematic repre-
sentation of b) CO-PROX reaction carried out using the
catalytic membrane; c¢) preparation procedure of hollow
fiber Au@ZrO, membrane.

Herein, both catalytic activity and stability of Au@ZrO,
catalytic membranes are crucial for gold catalyst in practical
applications. Moreover, hollow fiber configured membranes
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with small diameters were used to load gold catalyst, which
could provide a high membrane area/volume ratio in mem-
brane modules during scaled-up processes (e.g. tubes, 30-250
m2/m3; multi-channel monolithics, 130-400 m2/m3; hollow
fibers, >1000 m2/m3).1°

Figure 1 shows the preparation procedure of Au@ZrO, cata-
lytic membrane. Porous a-Al,O; hollow fibers were fabricat-
ed by a dry-wet spinning technique.* They offered an outer
diameter/inner diameter (O.D./1.D.) of 1.8 mm/o.9 mm, an
average pore size ~0.65 pm and a porosity about 48%. ZrO,
membranes were prepared by hydrothermally secondary
growth using ZrO, particles as seeds. The ZrO, seeds with an
average particle size around 1.5 um were ball-milled from
original particles (Figure Sia). After dip-coating twice in
seeds solution (aqueous solution containing 1 wt% ZrQ,), a
seed layer with uniform and good coverage was formed on
outer surface of the hollow fiber (Figure Sib). The seeded
support was immersed into synthesis solution for hydro-
thermal crystallization at 180 °C for 60 h. The as-synthesized
membrane was then calcined at 450 °C for 4 h. It can be seen
from Figure Sic-d that a close-packing ZrO, membrane with
regular thickness of about 10 pm was grown on the outer
surface of the hollow fiber. For loading gold nano-particles,
the ZrO, membrane was immersed in 1.2 mM HAuCl, solu-
tion adjusted at pH = 9.0 with 0.5 M NH,OH under stirring
for 12 h at 80 °C, and then washed with deionized water until
it was free of chloride ions. N, adsorption isotherms are giv-
en in Figure S2. The Au@ZrO, membrane exhibits a smaller
surface area (64.4 m?/g) and pore size (9.7 nm) than ZrO,
membrane due to the gold nano-particles embedded in ZrO,
pores.
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Figure 2. (a) Surface of Au@ZrO, membrane; (b) SEM-
EDX mapping images of cross-section of Au@ZrO.
membrane; (c) XRD patterns of Al,O; hollow fiber, ZrO,
membrane and Au@ZrO, membrane; (d) TEM of the
Au@ZrO, membrane before reaction. Inset: HRTEM
image of the selected areas.

Figure 2a displays SEM image for surface of a hollow fiber
Au/ZrO, catalytic membrane, which exhibited similar mor-
phology to the membrane before gold loading. Figure 2b
shows SEM image for cross-section of the catalytic mem-

brane with EDX mapping results. The distribution of Al, Au
and Zr elements were associated with AlL,O; hollow fiber
support and catalytic membrane layer separately. We can
observe that a few amounts of Au and Zr were penetrated
into AL O; support during membrane synthesis; however, the
bulk of catalyst was located on the membrane layer. XRD
patterns show that ZrO, membrane consists of monoclinic-
type and tetragonal-type crystalline structures (Figure 2c).
We did not observe the reflection peaks associated with gold,
indicating the nano-sized gold particles dispersed well in the
porous ZrO, membranes. But we scratched off some frag-
ments from the membrane surface for high-resolution
transmission electron microscopy (HRTEM) analysis. Figure
2d shows the HRTEM image of the membrane fragments. It
can be seen that gold particles with average diameter of 3.3
nm were dispersed in ZrO, membranes uniformly. The gold
particles were nearly spherical and The spacing between lat-
tice fringes was 0.23 nm, corresponding to the (111) planes of
the face-centered cubic (fcc) Au (Figure 2d inset).
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Figure 3. CO-PROX conversion profiles vs. temperature
of Au/ZrO, catalytic membranes (AZM), (AZM-G) and
catalyst pellets(AZP). Reaction conditions: CO 0.67%, O,
1.33%, H, 32.67%, He balance (vol. %). GHSV =18,000 h

A hollow fiber Au@ZrO, catalytic membrane (marked as
AZM) was used to evaluate reaction performance of CO-
PROX. The membrane had an active length of 7.5 cm and
total weight of 0.373 g with gold loading of 0.37 wt%. For
comparison, Au/ZrO, particles (fabricated by hydrothermally
synthesized ZrO, particles, marked as AZP) and the pellets
from ground catalytic membrane (marked as AZM-G) were
packed in a conventional fixed-bed reactor for CO-PROX.
The gold amounts of AZP and AZM-G for reaction were the
same as that of AZM. Figure 3 shows the reaction results for
AZM, AZP and AZM-G. The catalytic activity tests were per-
formed at 105 kPa between 25 °C and 120 °C. As can be seen,
CO conversion increased with temperature before 60 °C for
the three reactions, which was due to the increasing catalytic
activity at elevated reaction temperature. When the operat-
ing temperature was higher than 6o °C, CO conversion de-
creased with temperature due to competitive H, oxidation. It
was interesting to observe that AZM exhibited ultra-high CO
conversion than the conventional reactors, either AZM-G or
AZP. Typically, at 60 °C, CO conversion of 96.2% was
achieved in the membrane reactor AZM, while the CO con-
versions were only 33.0% and 35.4% in AZM-G and AZP, re-
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spectively. As shown in Figure S3, O, selectivity decreased
with the operating temperature for the three reactions,
which was a typical tendency for gold catalysts. It has been
found that low temperature is favourable to CO oxidation as
competing with H, oxidation. There was no obvious differ-
ence in O, selectivity at 25 °C of 100% for AZM, AZM-G and
AZP. However, AZM showed relatively higher O, selectivity
than AZM-G and AZP at high operating temperature. The
results suggested that intensive contact between reactants
and gold active sites by flow-through membrane reactor were
highly effective to improve CO conversion for CO-PROX.
Due to faster diffusion of H, through micro channels than
CO, CO molecules would have longer resident time in cata-
lytic system, which is beneficial to O, selectivity.

Table 1. Comparison of TOFs over AZM, AZM-G and
AZP at 60 °C.

Sample Au loads CO conver- | TOF/s"
Jwt% sion/%

AZM 0.37 96.2 4.73

AZM-G 0.37 33.0 1.62

AZP 2.61 35.4 2.06

Turnover frequency (TOF) was calculated for the purpose of
performance comparison in Table 1. Here, TOF is moles of
CO converted per second divided by the total moles of gold
atoms and described in more detail in the Supporting Infor-
mation. The AZM gave a TOF of 4.73 s™ at 60 °C exhibiting
significantly higher catalytic activity than AZM-G and AZP. A
detailed TOF comparison between our AZM and gold cata-
lysts reported in literatures can be found in Table Si. As
shown in the table, the AZM appears to be the most active
one among gold-based catalysts reported so far.

A fresh AZM was used for long-term stability test, as shown
in Figure 4. For the first stage, AZM was operated in a feed-
ing stream containing 0.67% CO, 1.33% O, and 32.67% H.,
balanced with He. It was found that stable CO conversion up
to 100% was achieved during the first 1o h (stage A). Since
the practical feed gas for PEMFC always contains CO, and
H,O, it is important to know CO, and H,O tolerances of the
Au@ZrO, catalytic membrane. Therefore, 25% CO, was add-
ed into the feeding stream (CO 0.50%, O, 1.0%, H, 24.50%,
CO, 25%, He balance) on stage B for CO-PROX. As shown in
Figure 4, CO conversion dropped about 6% after the addition
of CO.. It is interesting to find that CO conversion could be
stable in CO, atmosphere during 48 h operation. After shut-
ting off CO, stream, the conversion could be partially recov-
ered and maintained at about 97% in the next go h (stage C).
Konova et al.? synthesized high surface area ZrO, for
Au/ZrO, catalysts by hydrolysis of ZrCl,; the conversion of
the obtained catalysts decreased dramatically about 65%
after 500 minutes. Ilieva et al.> observed that high concentra-
tion of CO, drastically decreased activities of some supported
gold catalysts. Schubert et al.5¢ studied the effects of CO, on
PROX by means of FTIR for Au/a-Fe,Ojs; they found the addi-
tion of CO, reduced the CO conversion and the deactivation
was accelerated due to the blocking effect of carbonate for-
mation on active sites. Similar opinions were also held by
other researchers.4d 7 In this work, the results indicated ex-
cellent durability of Au@ZrO, catalytic membranes under
CO, atmosphere. The limited decreases in CO conversion

could be attributed to the refreshment of continuous flowing
stream by reducing the resident time of CO and CO, to avoid
formation of carbonates. On stage D, we further introduced
H.O into feeding stream (CO 0.67%, O, 1.33%, H, 32.67%,
H,O 10.5%, He balance) at the same reaction temperature. It
was noticed that the CO conversion immediately declined to
about 10%. The addition of H,O leads to the blocking of ac-
tive sites by adsorbed H,O molecules at low temperature.3
When raising the temperature to 120 °C (stage E-F), the CO
conversion increased accordingly due to reduced H,O ad-
sorption. It was interesting to find that the CO conversion
increased largely after shutting off H,O addition (stage F),
possibly due to H,O desorption on active sites. When the
temperature returned to 60 °C (stage G), the activity of the
membrane was continuously recovered and the CO conver-
sion maintained around 95% during 400-hour operation.
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Figure 4. Long-term stability test for CO-PROX conver-
sion over AZM. Reaction conditions: (A, C, G) CO 0.67%,
0, 1.33%, H, 32.67%, He balance, 60 °C. (B) CO 0.50%, O,
1.00%, H, 24.50%, CO, 25.00%, He balance, 60 °C. (D) CO
0.67%, O, 1.33%, H, 32.67%, H,O 10.5%, He balance, 60 °C.
(E) CO 0.67%, 0, 1.33%, H, 32.67%, H,O 10.5%, He balance,
120 °C. (F) CO 0.67%, O, 1.33%, H, 32.67%, He balance,
120 °C.

We wondered whether the flow-through membrane reactor
made an important contribution to the stability. Therefore,
the stabilities of an Au@ZrO, catalytic membrane and
Au/ZrO, particle were further compared. The feeding stream
was a mixture of 0.67% CO, 1.33% O, and 32.67% H, balanced
with He with GHSV of 18,000 h?, which produced an initial
CO conversion less than 100% for both reactors. In this way,
we can clearly evaluate the activity with operation time. As
can be seen from Figure S4, CO conversion over AZM was
stable at about 94% and no apparent activity loss was found
in 100 h. Comparatively, AZP showed a stable CO conversion
of 26% during first 40 h and then gradually decreased to
about 17% after that. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) observa-
tion from Figure Ssa-b shows that the small gold nano-
particles were still well dispersed in AZM after CO PROX
reaction. Little gold agglomeration was seen in both AZM
and AZP after CO PROX reaction (Figure Ssc-d). We specu-
lated the decrease in CO conversion was a result of car-
bonates formation, which can be effectively inhibited by the
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flowing stream in membrane reactor to immediately remove
CO, and unreacted CO.

To further understand the effect of carbonate species on
the stability of AZM and AZP, X-ray photoelectron spectros-
copy (XPS) measurements were taken before and after CO
PROX reactions. An analysis of the corresponding Cis peaks,
Figure S6, pointed out the formation of carbonates on the
surface of the catalysts. Cis spectra of AZM (Figure S6a-b),
recorded before and after PROX reactions shows peaks at
284.8, 286.5, which is due to ubiquitous carbon C-C and C-O.
The shoulder peak at 288.8 eV is attributed to C=0.04! In the
case of AZP (Figure S6¢c-d), the spectra before reaction is
similar with that of AZM. After reaction, the shoulder peaks
at 289.4 eV and 292.4 eV are expected to result from the ac-
cumulation of carbonate or bicarbonate species on AZP.bs!
The resultant carbonates would remain on the catalyst sur-
face and the accumulation of such species leads to the deac-
tivation of catalytic activity.[6]

In summary, we have successfully prepared gold nano-
particles embedded in a hollow fiber ZrO, membrane for CO
PROX reaction. The resulting Au@ZrO, catalytic membrane
exhibited an exceptionally higher activity than its ground
pellets or Au/ZrO, particle enhanced by intensive contact
between reactants and active sites. Such catalytic perfor-
mance is better than the conventional gold-based catalysts.
The catalytic membrane exhibits long-term stability which
has great potential in practical application for removal of CO
in H, as demanded by PEMFC. These results show the feasi-
bility of employing this kind of catalytic membrane in broad-
er contexts, such as ammonia synthesis, hydrogenation pro-
cess. Moreover, the hollow fiber configured membranes
could provide high packing density that is necessary for fab-
rication of compact modules. Further research is being fo-
cused on the correlation between the membrane structure
and catalytic performance.
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1. Experimental Section

1.1 Preparation of a-Al20s3 hollow fiber substrates

Al20s3 hollow fibers were prepared by a dry-wet spinning technique. a-Al.03 powders (dso = 0.8 um, Hai-Gang-Hua-Tai func-
tional ceramics Co., Ltd.), polyethersulfone (PESf, BD-5, Bei-Shi-De synthetic plastics company), N-methyl-2-pyrrolidone
(NMP, AR, Sinopharm Chemical Reagent Co., Ltd.) and polyvinylpyrrolidone (PVP, K-30, AR, Sinopharm Chemical Reagent
Co., Ltd.) were used as the fiber material, binder, solvent and additive, respectively. The spinning suspension had a mass
ratio of a-Al203: PESf: NMP: PVP = 49.7:9.94:39.83:0.53. After degassing, the spinning suspension was pressurized by com-
pressed nitrogen. The spinning process was carried out by extruding the suspension through a single-bore spinneret into an
external coagulant used with tap water. The air gap was kept at 10 cm for all spinning runs. The extrusion rate of the sus-
pension and the flow rate of the internal coagulant (deionized water) were kept at 1.3~1.5 m min't and 40 mL s}, respec-
tively. The hollow fiber precursors were left in the external coagulant overnight for complete solidification. After having
dried, the hollow fibers were sintered at 1450 °C for 5 h.

1.2 Preparation of ZrO: seeds

7g zirconium (IV) nitrate tahydrate (Zr(NOs)a-5H20, 299.5%, AR, Sinopharm Chemical Reagent Co., Ltd) was added into
100 mL deionized water and dissolved adequately. The pH of this aqueous solution was then adjusted to 9.0 by 0.5 M
NH40H solution while the solution was being stirred. After aged for 12 h and freeze-dried for 24 h, the initial ZrO, powders
were collected. The ZrO2 seeds were obtained by ball-milling ZrO2 powders for 6 h using a planetary ball mill (PM-100,
Retsch. Ind. Ltd) with zirconium oxide balls as grinding media.

1.3 Preparation of hollow fiber ZrO. membranes

Al203 hollow fiber substrates were firstly ultrasonically cleaned in deionized water and then dried in an oven at 60 °C.
Both ends of hollow fibers were wrapped by Teflon tapes. The substrates were dipped into an aqueous seed suspension
with seeds content of 1 wt% for 10 s (dip-coating) and dried at 60 °C. This process was repeated twice. Subsequently the
seeded substrates were sintered at 450 °C for 4 h.

The synthesis gel for ZrO2 membranes were prepared from the Zr(NOs)s solution pre-adjusted to pH = 9. The seeded sub-
strates were immersed in the precursor solution and hydrothermally synthesized at 180 °C for 60 h. The ZrO> membranes
were obtained after calcined at 450 °C for 4 h in air.

1.4 Gold loading on ZrO> membranes

A HAUCls stock solution was prepared by dissolving 1.0 g of HAuCls:4H20 (Shanghai Reagent, Shanghai, China) in 200
mL of deionized water and was stored at 4 °C. Hollow fiber ZrO2 membranes were immersed in 1.2 mM HAuCls solution
pre-adjusted to pH=9.0 by 0.5 M NH4OH solution. The aqueous solution was stirred at 80 °C for 12 h. Extensive washing
with deionized water was then followed until it was free of chloride ions. The samples were dried at 60 °C for 12 h, and
calcined at 300 °C for 3 h in air.

1.5 Characterizations

Particle size analysis was conducted using a Malvern ZS90 zeta-sizer. The as-made ZrO; powders were dispersed in de-
ionized water to obtain a suspension and all measurements were conducted at 25 °C.

The crystal phases were characterized by powder X-ray diffraction were (XRD, Rigaku MiniFlex 600) with a Cu-Ka radia-
tion source in the 26 range of 20°-100°.

The morphologies of the resultant materials were observed by field-emission scanning electron microscopy (FESEM,
Hitachi S-4800). The FESEM instrument was equipped with an energy-dispersive X-ray analysis (EDX, EMAX x-act, Horiba),
which was used to identify the elemental compositions of the catalytic membranes.

Transmission electron microscopy (TEM) and High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were obtained with a Tecnai G2 F30 S-Twin transmission electron microscope operating at an accel-
erating voltage of 200 kV.

Nitrogen sorption studies, surface area and pore size distribution were obtained by Brunauer—Emmett—Teller (BET)
method on powdered samples at a bath temperature of 77.3 K using Micromeritics surface area analyzer (ASAP-2020)
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X-ray photoelectron spectroscopy (XPS) measurements were performed with a ESCALAB 250X spectrometer equipped
with a monochromatic Al X-ray source (1486.6 eV) (ThermoElectron Co., America). The base pressure in the analysis cham-
ber was 1x107° mbar. The binding energy scale was corrected using the C 1s signal located at 284.8 eV.

The specific gas adsorption behaviours of the membranes were obtained by adsorption experiments at 25 °C (ASAP
2020, Micromeritics, USA)

1.6 CO preferential oxidation

The activity of a hollow fiber Au/ZrO; catalytic membrane was evaluated by CO preferential oxidation. Prior to reac-
tion, the Au/ZrO; catalytic membrane was activated at 300 °C in Hz flow for 1 h. The feed was a mixture of 0.67% CO, 1.33%
02 and 32.67% H; balanced with He (vol. %). GHSV = 18,000 h'l. The reaction was conducted at different temperature from
25 °Cto 120 °C. The GC injections for gas analysis for every reactor used in this study were repeated three times to obtain
more reliable results. In the long-term stability test, CO2 was added into feed stream from 120 h to 160 h with 25 vol. % and
the effect of water vapour was also tested by passing the gas feed through a “water bubbler” in front of the reactor with
H20 addition of 10.5 vol. %.

The CO conversion was calculated, respectively, by:

Fgged_Fggtlet (1)

X =
co Fgged
The selectivity of Oz is defined as the ratio of Oz that reacted with CO to the total consumption:

Feed _Outlet
S _ O'S(che _FC(# e) (2)
0, — pFeed_pOutlet
02 02

The turnover frequency was calculated as:

TOF = o™ XeoMau (o) 3)
MeatAuwey, "D

The turnover frequencies (TOF) were calculated on the basis of the number of Au atoms exposed at the surfaces, which
were estimated from the mean diameters and actual loadings of the Au particles. In this calculation, the shape of Au parti-
cles was assumed to be closed-shell particles of nearly spherical shape. Where FCFSEd is the molar flow rate of CO in feed
stream, mol s F94¥ is the molar flow rate of CO in outlet stream, mol s'l.FgZ“d is the molar flow rate of Oz in feed
stream, mol s, ngutl“ is the molar flow rate of Oz in outlet stream, mol s*. X, is the conversion of CO at 60 °C, %. M, is
the gold atom weight, 197 g mol™. m.,, is the mass of the Au@ZrO: catalytic membrane, g, Au,,; ., is the weight percent of
gold in the catalytic membrane, %. D is the gold dispersion (Ausurface/AUtotal) calculated from the average size of gold nano-

particles das (nm) according to D = 1.168/dau, %.
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2. Supporting Notes

Figure S1
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Figure S1. (a) Particle size distributions of the ZrO: seeds before and after ball-milling treatment; SEM images: (b) Surface of
ball-milled ZrO: seeded support; (c) Surface and (d) cross section of ZrO> membrane.

© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



Figure S2
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Figure S2. N2 adsorption isotherms of (a) ZrO2 membrane and (b) Au@ZrO: membrane.
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Figure S3
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Figure S3. O2 selectivity profiles vs. temperature of AZM, AZM-G and AZP. Reaction conditions: CO 0.67%, 02 1.33%, H>
32.67%, He balance (vol. %). GHSV = 18,000 h™!
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Figure S4
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Figure S4. Long term stability tests for CO-PROX conversion over AZM and AZP. Reaction conditions: CO 0.67%, 02 1.33%, H»
32.67%, He balance (vol. %). GHSV = 18,000 hl
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Figure S5
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Figure S5. HAADF-STEM images of the AZM (a) before and (b) after reaction; TEM images of (c) AZM and (d) AZP after reac-
tion.
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Figure S6
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Figure S6. XPS C1s spectras for AZM a) before b) after reaction and AZP c) before d) after reaction.
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Table S1. Comparison of TOFs for CO oxidation over AZM, AZM-G, AZP and literature data.

Reaction system Particle Size (nm) Au loading (wt%) TOF/s! Reference
AZM 3.3 0.37 4.73 This work
AZM-G 3.3 0.37 1.62 This work
AZP 3.9 2.61 2.06 This work
Au/TiO> 3.7 1.4 28 (1)
Au/o-Fe,03 3.1 1.1 23 2)
Au/CeO: 22 2.24 1.4 2)
Au/TiO> 2.4 1.77 2.0 2)
Au/CeO: 1.3 3 0.36 (3)
Au/Mn203 22 2.9 0.55 (4)
Au/Fe;0s 3.6 0.66 0.086 (5)
Au/Co304 ~2 1.2 0.48 (5)
Au/TiO> 3 33 0.32 (5)
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