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Source of hydrogen energy is an alternative energy for fuel cell to produce
electrical power. Unfortunately, limitation of fuel cell application is deactivation of
catalysts when containing carbon monoxide in hydrogen stream. Preferential CO
oxidation is a reaction to remove carbon monoxide. Therefore, preferential CO
oxidation by Au/CeO, calalysts prepared Dy deposition-precipitation was
investigated in this work. The effects of base-type and pH conditions on catalystic
performance were studied. From the experimental results, it was found that form of
gold in the catalyst was Au’ and Au”” which was detected by TPR, FT-Raman and
UV-vis techniques. Size of Au/CeO, prepared by NaOH at either pH 7 or 9 was less
than the one prepared by Na,CO,. From catalysts activity, complete CO oxidation
(51% selectivity) was obtained when reaction temperature was kept at 40 °C. When
using Au/CeO, catalysts prepared by Na,CO, at pH 7, 98.5% CO conversion (54%
selectivity) at 40 °C was achieved. Only 96.5% CO conversion(53% selectivity) was
received when using Au/CeO, catalysts prepared by Na,CO, at pH 9. Furthermore,
reducing oxygen in feed stream led to decrease in. CO ‘conversion. On the other
hand, CO seleclivity increases when reducing O, in feed stream. When adding co,

and H,0 in the feed stream, catalytic performance was decreased.
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Motes:

1. Available Energy = Chalga in Gibbs Free Energy = A{(H = TS)
2. Products are gassous CO, and H,O

3. Volumetric basis values are approximate, at 25°C and 135 atm
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gﬂ‘l/l 2.2 LLN‘HI‘[’]‘WLL@@Qﬂ?tU’]Mﬂ’]?VI’NL‘dﬁﬂLW@Q (Fuel Processor)

(www.pnl.gov/microcats/fullmenu/compfuelproc)
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CyHy +50;, >NCO+ZH, (2.2)

2.2.2 5B uagun (Water gas shift)
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2.3
CO+H,0->CO, +H, (2.3)
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1) ﬂﬁﬁ?ﬂ'\‘?ﬂﬂ‘ﬂﬂauﬁﬁ’qmugﬁgﬁ (High temperature water gas shift)
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2) ﬂﬁﬁ‘a‘ﬂ'\%ﬂﬁ‘ﬂmﬂﬁﬁﬂqmwgum (Low temperature water gas shift)
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2.2.3 Ujnse1aandiadu (Preferential Oxidation)
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2C0O + 0, - 2CO, (2.4)
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2H, +0, — 2H,0 (2.5)
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CH,CO,CH,(aq) + H,0(l) <» CH,CO,H (aq) + CH,OH (aq) with H' catalyst (2.4)
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Activated complex,
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L
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= \
A A"

Adsorbed
reactants

Adsorb=d
products

Reaction path —=

519 2.4 namiuananaaulunisiindfnse el isendiawug

(Charles N. Satterfield, 1991)
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3H,(9) + N,(9) <> 2NH,(g) - catalyzed by Fe(s) (2.5)
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2.4 1ATR9NDIATITRANBUZARIANTIUHAFEN (annT Loy i, 2547)
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fluorescence spectrometry, XRF)
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Why is Au Found in Nature in the Metallic Form and not as an Oxide?

2 1

pELBIe Suzanne C. Schwitalla
I. Introduction

Gold does not combine directly with oxygen and is found in its pure metallic state in
nature. For Au to exist as an oxide in nature, it must be able to combine with oxygen as
a stable compound under environmental conditions. Amorphous Au,O, compounds
have been produced under standard temperature and pressure but decomposed to

metallic gold. [4]

The purpose of this report is to examine the reasons why Au is found in nature in the
pure metal form and not as an oxide. This analysis will examine the topic by considering
the morphology of Au and the thermodynamics of the Au/O reduction-oxidation

reactions.

A review of the literature indicated a scarcity of research on the reactivity of Au with

oxygen.
Il. Discussion
A. General

Of all the metals, gold, chemical symbol Au, has the lowest tendency to react with air to
form oxides. Gold is termed a noble metal and is stable in the presence of water and
moist or dry air, even when heated. [9] It is a soft, yellow metal with the highest ductility
and malleability of all the elements. Gold has the electron configuration [Xe] 4f14 5d10
6s1 and belongs to group 1B of the periodic table along with copper and silver. The
atomic weight is 196.967 amu and the density at 20°C is 19.32 g/cms. Gold melts at

1,063°C and boils at 2,966°C. The metal crystallizes in the face-centered cubic lattice
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and the closest metallic inter-nuclear distance is 288.4 pm. In the gas phase, gold exists
as a mixture of atoms and diatomic molecules, the dissociation energy of Au2 being 221

+ kd/mol with an Au-Au bond length of 250 pm. [5,7,9]

Gold oxides are unstable compounds and are usually formed by indirect methods.
Gold(l) oxide, Au,0, is a covalent compound and is formed by heating AuOH to 200°C.
Gold(l) oxide easily reduces to the gold metal. Gold () hydroxide, AuOH, is prepared
from a Au(l) solution by the addition of potassium hydroxide solution. AuOH dissolves in
excess alkali to form aurates, i.e. KAu(OH),. Gold(lll) oxide, Au,O,, is formed by heating
Au(OH), at 100°C in the presence of a dehydrating agent. Au,0, also is easily reduced
to the metal and dissolves in excess of alkali hydroxide, forming an aurate with the ion

[Au(OH),]. Gold (lll) hydroxide, Au(OH),, is precipitated by the addition of potassium

37
hydroxide solution in equivalent amount, to a solution of chloroauric acid. Au(OH), is
insoluble in water, gives many of the reactions of Au,0,, and may be a hydrous form of

that compound. Gold(Il) oxide is believed to consist of gold(l) and gold(ll1).[5,9]

Structurally, Au,O,, the most stable Au oxide, exists as a square planar compound,
exhibiting distorted octahedral geometry coordination on the AU’ ion and a tetrahedral
coordination on the O ion. The distorted geometry occurs as a result of d8 orbital
splotting, the Jahn-Teller effect. Additionally, radius ratio rules support a distorted
octahedral geometry by predicting an octahedral coordination for AU (r=0.85A) and
a tetrahedral coordination for O (r = 1.32 A). [3,5,7] Despite its observed geometry,
Au,0, and other Au,O, compounds exist in an amorphous state. Attempts were made
to crystallize Au,O, by heating the amorphous powder in air but the oxide decomposed

into metallic Au.-[4]
B. Thermodynamic Considerations

The tendency for Au to react with oxygen is indicated by the free energy change
accompanying the formation of its oxide. While most metals show a negative free energy
of oxide formation and react with oxygen, Au has a positive free energy (10.5 kcal per O

atom at 227°C) and is stable when exposed to air. [8]
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Buehrer and Roseveare [8] investigated the free energy of formation of auric oxide,
Au,O,. They used direct measurements of the potential of the auric oxide electrode
against a hydrogen electrode at 25°C. The following reported results combined the free
energy of the reaction taking place with the free energy of formation of one mole of liquid

water from its elements:

(1) 3H,(g) + Au,0,(s) = 3H,0(l) + 2Au(s)
F (free energy) = -NEF = -188,800 cal/mol
(2) 3H,0(qg) + 3/20,(g) = 3H,0(l)

F =-169,700 cal/mol

Subtracting (2) from (1) to obtain:

(3) 2Au(s) + 3/20,(g) = Au,0,(s)

0

F s = 119,100 cal/mol

This high positive free energy of formation of the auric oxide indicates a very unstable
compound. Buehrer and Roseveare end their discussion with a warning that the auric
oxide involved in the above equations is very probably not Au,O,, but a hydrated form

of the oxide.

In addition to free energy calculations, the stability of Au/O compounds in the presence
of either gasous O, or water can be considered through high pressure oxidation

reactions under increasing temperature-and predominance area (Pourbaix) diagrams.

A study by Muller et al. [4] on crystalline Au oxides included heating. Au(OH),, Aul,
AuO(OH), and Au,O. at high oxygen pressures. None of the starting compounds,
except for'AuO(OH), yielded crystalline oxide before dissociating to the metal. Muller
states that AuO(OH) heating resulted in a "very poorly crystallized" product. Results from
runs using Au,O, as the starting material are shown in Fig. 2. The Au,O, dissociated
under pressures of approximately 250 to 2500 atm. and temperatures of 125°C to 225°C
into AuO, and AuO, compounds. Under same pressures with increasing temperature,

the Au,O, dissociated into the Au metal.
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These results do not appear to support the premise that the Au oxide compounds have
greater stability than the Au metal. Two points concerning this diagram should be noted:
1) the data does not capture reactions occurring below O, pressures of 100 atm and 2)
the number of data points below 1000 atm O, pressure does not yield a good
confidence level. One hypothesis that could be made for lower pressure / lower
temperature reactions is that the positive slope of the near verticle phase boundary for
the stability of the Au metal would decrease to the point that the area of stability of the
Au metal would be dominant. By regraphing the data on a In Py, vs T plot, a linear
relationship would probably be seen with the Au metal area of stability located at the

pressure and temperature ranges existing in nature.

To illustrate the stability of gold and its oxides at equilibrium in the presence of water at
25°C, the Pourbaix diagram in Figure 1 plots the potentials of Au/O compounds as a
function of pH. [5,6,9] This data indicates that the Au metal would be more stable than
both the Au oxide compounds and ionized Au atoms under the conditions for stability of
H,O. Since the Au metal has no coexistence boundaries with the Au oxides within the
H,O boundaries (signified by the dotted lines a and b), the oxides would not be
produced directly from the metal by oxidation in the presence of water. Above a pH of 9,
the limiting boundaries of relative predominance of dissolved Au’, HZAuOS', and HAUO™

enter the area of H,O stability.
[1l. Conclusions

In the presence of oxygen both in the gaseous form and as water,”Au metal will remain
stable to oxidation under standard environmental conditions. When formed, the oxide
compounds are amorphous and decompose to the metal and gasous O.,.
Thermodynamic free energy calculations show a driving force towards decomposition of
Au,O, compounds to the pure metal and O, in the presence of water. Gold oxide
reactions under high O, pressure result in the formation of Au O, compounds only at
greater than 1000 atm. Predominance area (Pourbaix) analysis under 25°C, in the
presence of water, show Au metal stability under a wide pH range (0-9). Only under

conditions of a pH > 9 does the Au metal show solubility in H,O. Further experiments
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examining the kinetics of Au/O oxidation reactions would be useful in addressing this

problem.
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