Available online at www.sciencedirect.com

SGIENGE@DIRECT" JOURNAL OF
CATALYSIS

s

ELSEVIER Journal of Catalysis 231 (2005) 105—114

www.elsevier.com/locate/jcat

Gold on titania catalysts for the oxidation of carbon monoxide:
control of pH during preparation with various gold contents

Francois Moreat), Geoffrey C. Bond, Adrian O. Taylor

Institute for Materials Research, University of Salford, The Crescent Salford, Greater Manchester, M5 4WT, UK

Received 12 November 2004; revised 20 January 2005; accepted 24 January 2005

Abstract

Au/TiO, catalysts have been prepared by deposition-precipitation, with the initial pH of a IjAuGltion raised to various values
between 4 and 11 by the addition of NaOH at room temperature. The optimum pH for high activity proved to be 9; at this pH the main
species in solution were anionic Au complexes, from which most of the chlorine had been removed by hydrolysis. At lower pH, the gold
complexes contained more chlorine, Au particles were larger, and activities were lower. Whereas other workers have used catalysts with more
than 2% gold, we have focused on lower loadings: catalysts containing only 0.05-1.9 wt% gold were prepared, and the pH was kept constant
at 9 throughout the preparation. When their activities for CO oxidation were determined under conditions of kinetic control, all of them had
about the same activation energy and the same high specific activity, suggesting that our method of preparation gave similar distributions
of gold particle sizes at all loadings. Their activities were unchanged by calcination up to 573 K; however, a catalyst prepared at pH 6 lost
activity progressively as the calcination temperature was raised. By withdrawing samples at critical points during the preparation, we have
shown that the adsorbed precursor (the form of which determines the size of the gold particles) is in fairly rapid equilibrium with gold species
in solution. This permits easy control of the gold particle size during the preparation and even allows the poor activity of a dried catalyst
initially prepared at non-optimum pH to be substantially improved.
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1. Introduction shown to be effective for the synthesis of transition-metal
oxide-supported gold catalysts for CO oxidation: (i) the so-

The discovery by Harutfl] and his associates that suit- called deposition-precipitation (DP) method used by Haru-

ably prepared gold catalysts have activity for the oxidation ta’s group and (ii) coprecipitatiof6]; the former has been

of CO that is much higher than that shown by the noble more widely used. Classical methods employing impregna-

metals of Groups 8-10 has stimulated extensive work in ation [7-9], reduction, and ceramic oxide supports have had

number of laboratorief2—4]. The consensus is that high very limited success in this reaction, at least in part because

activity requires the metal particles to be very small, ide- the procedures yield gold particles that are too big to be ef-

ally 2-3 nm: for wet chemical methods of preparation this fective.

seems to be most readily achieved with oxides of certain  The DP method used to date entails, in essence, placing

transition metals. It is pOSSible that the transition-metal ox- the Support in contact with an aqueous solution of H%C|

ide is also able in some way to assist in the reaction, but it the pH of which has been raised by the addition of a base,

silica-supported gold (prepared by chemical vapour deposi- g pport, This seemingly simple procedure is capable of nu-
tion) [5]. Two preparative methods in particular have been erous variations, some of which have been described in
the literature, but all too often the published accounts omit
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variety of procedures used is responsible for the considerable [AUCIa]™ + H20 = AuCla(H20) + CI”

range of activities reported and for the degree of importance AuCI3(H20) = [AUCI3(OH)]~ + HT
attached to certain of the steps. Of these, calcination stands [AUCI3(OH)]™ + H20 = AUCIo(Ha0)(OH) + Ht + CI—
out as being of uncertain value. Some consider it to be es-
sential[10-12] others think it is detrimentdL3]. AUCI(HZ0)(OH) = [AUCIZ(OH),] ™ + H™

Louis et al.[10] have shown by TEM that at 473 K gold [AUCI2(OH)2] ™~ + H20 = [AuCI(OH)3] ~ + H* + CI~
particles present small facets with rounded edges and a large [AUCI(OH)3]~ + Hy = [AU(OH)4]~ + Ht + CI~
proportion of low coordinated sites, and that the negative ef-
fect of calcination above 573 K, which is generally admitted scpeme 1. progress of the hydrolysis of the AiCion as the pH is raised.
[11,12] can be explained by a change in morphology, par-
ticularly a smoothing of the surface.

The literature therefore presents a very unsatisfactory pic- 1.0 —Aucls Auon.
ture of the optimum procedure that should be adopted to c AuCI(OH)s
secure high activity for carbon monoxide oxidation and is % 0.8 T
largely silent on the chemistry that takes place during the E
preparation. Furthermore, the influence of metal loading is g06 T AuCI;(OH
unclear. § y uCl(H0
The DP method of preparing Au/Tiatalysts includes E04T L cuony
the control of the following variable parameters: (i) the con- 5
centration of the HAuGl solution; (i) the ratio of its volume 027
and concentration to the mass of support; (iii) the type of 0.0 -

TiO, (Degussa P-25 is the most commonly chosen); (iv) the 0 > 4 6 8 10
base chosen to neutralise the HAwGblution; (v) the tem- pH
peratgre -at which this is done; (vi) the pH' bOth atthe time Fig. 1. Relative equilibrium concentration of gold complexg8l—] =
the TiG; is added and SUbsequemly;, (vii) the time and the 2.5 x 1073 M) as a function of the pH of the solution, calculated with
temperature allowed for the deposition to occur; (viii) the equilibrium constants reported by Nechayev efE5].
method of filtration, washing, and drying; (ix) the conditions
for calcination if performed; and (x) the apparent sensitivity
of the precursor to light (some therefore recommend that all Nechayev and Nikolenkf21] as a basis for discussion; they
manipulations be performed in the ddd]). Very careful ~lead to the results shown fig. 1 The neutral AuQ - H0
selection and control of all of the variable parameters are is the major species at about pH 3—4, and at pH 7, which
therefore necessary if reproducible products are to be ob-is most often selected in the DP method of catalyst prepa-
tained, and an understanding of the chemical basis for thisration, AUCKOH)3™ is probably prevalent. At pH 10 and
is essential for total control over the outcome. A further dis- above, the AtOH)4™ anion is the dominant species. The
turbing feature of the DP method is that the conditions used isoelectric point of P-25 Ti@is reported to be in the range of
most often lead to incomplete transport of the gold to the 4.5-6.3[22], so that anionic species should adsorb by elec-
support, with the degree of recovery (i.e., the actual gold trostatic attraction at lower pH; neutral species, of course,
loading obtained) varying widely, although the best specific Will not adsorb in this manner.
activity is often found when the recovery is far from com-  Given the several hundred papers and patents now pub-
plete. This is clearly not ideal for the scaling up of the proce- lished on catalysis by gold, itis curious that so little attention
dure as required for industrial or environmental applications; has been given to gold catalysts containing less than 1%
the recovery of gold from the filtrate adds to the production gold. In contrast, the use of low loadings is common for sup-
costs. ported metals of Group 10 when they are used for petroleum
We may expect that a critical factor will be the nature reforming and environmental control. Catalysts with 0.01—
of the gold species in solution at the time the support is 0.5% gold on various supports (SiAI,03, MgO, COs,
introduced, so it is important to know how their concen- Fe&Os, TiO2) have been used for the reduction of NGON
trations vary with pH. Three kinds of processes appear to decomposition, alkene hydrogenation, and propene epoxi-
occur as the pH is raise®¢heme } (i) displacement of  dation [23-28] The few studies of low-loading supported
CI~ from a complex anion by water, giving a neutral species gold catalysts that concern CO oxidation are listeddn
(steps 1 and 3); (ii) loss of a proton from a neutral hydrated ble 1, however, the use of different test conditions (tempera-
ion (steps 2 and 4); and (iii) hydrolysis by replacement of ture, contact time, CO/£ratio, time on stream, etc.) makes
Cl~ by OH™ (steps 5 and 6]15]. There are several re- comparison difficulf28-34] The only paper reporting on
ports in the literaturg16—21] concerning the progress of a range of gold contents (0.5-3.1%) showed that specific
the hydrolysis of the AuGI™ ion as the pH is raised, and activity (i.e., rate per unit mass of gold) decreased signifi-
they are not all in good agreement (particularly at high pH). cantly, albeit somewhat irregularly, as the gold loading was
We choose to use the equilibrium constants measured bylowered[34].
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