NuNwIBATURIYIH
= s 1 A AaAa = Y
lasims matessaailjizeed Wiy AuAg/c las
M sunUNNaNiavad Ag/C a8 Au F1RIUMTLTINU

6 d‘y A A A v A
I%LsﬁﬂﬂL°ITE]L'Wfﬂ\‘iLLﬂﬂLﬂﬂEI%LLB%?JE]E]%LL‘LIUGL"ITﬂa LDBIBaN

laaasd

lag a9. ATYNT B9 TEWaITE

ﬁqmﬂu 2561



Tfunaufl TRG5880131

ol mmﬁ%’mﬂuawfyﬁfﬁ

lasims matessaailiseedl Wi AuAg/c las
AT IUNUNNaINRaTad Ag/C a8 Au F1RIUMTLTINU
6 ds‘v Aa t:!l Aa v A
luirasizaindsuanitfaouuandaauwuwuu infwason

laaasd

7. ATIENT 2191 TEWaITh

UANINIR ! mmiu‘[aﬁmzaawmﬁwmq‘%

] mgﬂ@ ﬂﬁ%ﬁﬁfmmﬂamuaﬁu mgumﬁ'{f PR

UAINLIR ! ymﬂiﬂaﬁmmawmﬁwmﬁ

(ANuARlusuilidureidn
7. uazunInaauinaluladwszasuinarsuy3l

dnudaaiuaiaans k)



ABSTRACT

Project Code : TRG5880131

Project Title : Preparation of AuAg/C electrocatalyst by using the galvanic
displacement of Ag/C by Au for direct glycerol anion exchange membrane fuel
cell application

Investigator : Sarayut Yongprapat, King Mongkut’s University of Technology Thonburi
Project Period : 3 years

The activity and stability of AuAg/C electrocatalysts prepared by a galvanic
displacement between AU and Ag on carbon were investigated. 60 wt% Ag/C was
first prepared by using citrate reduction method in alkaline and used as the sacrificed
material for Au deposition. The AuAg/C catalysts with different Au loading range from
5 to 30 wt% was prepared by mixing the AU with the Ag/C resulting in AuAg/C
catalyst with smaller AuAg nanoparticles. The catalyst was inactive at first and require
an activation from alcohol electrooxidation by the adsorbate-induced surface
segregation in which pull the Au atoms toward the nanoparticle surface. The catalytic
activity depends on the molecular weight of the alcohol. Upon interaction with
glycerol, the catalyst surface became an Au-rich surface, thereby activating the
catalysts. The promotion effects of Ag, such as negative shifts of both an onset
potential and a potential at maximum current density, were observed on the
catalysts with low Au content but not on those with high Au content. The AuAg/C
catalysts with low Au content were more active than the Au/C even though the
much larger size of the metal particles on the AuAg nanoparticle. The most active
catalysts were 5% AuAg/C and 10% AuAg/C, providing the highest mass normalized
current densities in electrolytes containing 0.1 M and 1 M glycerol, respectively. The
final current density of 10% AuAg/C in 1 M glycerol electrolyte was at 445 mA mgAu_1,
which was about 9 times higher than that of Au/C. The stability of AuAg was also
improved by a synergistic effect between Au and Ag. The catalytic activity of AuAg
catalyst can be further improved by the addition of Pd.

Keywords : AuAg/C; galvanic displacement; glycerol electrooxidation; anion exchange

membrane fuel cell
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CHAPTER 1: INTRODUCTION

1.1 Rational

Au-based catalysts has been recently received great attention in academic
research for theirs application as an alcohol electrooxidation in alkaline [1-8]. Au is active
for a number of alcohols i.e. ethanol, ethylene glycol, glycerol and glucose, especially
with glycerol [1, 2, 6]. The electrooxidation reaction rate of glycerol was remarkably high
on Au. In half cell study, the catalytic activity and stability were much greater than that of
the Pt-based catalysts [6]. For fuel cell application, slycerol in KOH aqueous electrolyte
can be fed directly to an anode of an alkaline anion exchange membrane fuel cells
(AAEMFQC) without any pre-reformer step.

The AAEMFC is a new class of fuel cells that has been extensively developed in
recent years [9, 10]. The Nafion membrane used in proton exchange membrane fuel cells
(PEMFCs) is replaced by an anion exchange membrane to transport hydroxide ions from
the cathode to the anode. Thus, the fuel cell reactions are carried out in an alkaline
environment. This alkaline system offers several advantages over the acid environment.
The cathode reaction in alkaline is faster than in acid and materials such as MnO, [11] and
Ag [12, 13] become very active and can be used in place of Pt. The fuel crossover from
anode to cathode is minimized due to the reverse direction of ion transport. Many
cheaper fuel cell materials can be used to fabricate the cells and this will enable the
commercialization of these fuel cells in a future.

Due to sglobal warming, the needs to replace an unsustainable and non-
ecofriendly fossil fuel with an alternative energy source become more significant. At
present, several sustainable energy sources such as biodiesel and bioethanol are utilized.
The annual production rate of these renewable energy sources are significantly increasing.
Along with the main biodiesel product, slycerol is also produced in great amount.
Glycerol was an inevitable co-product from the trans-esterification of vegetable oils. With
no real demand, the glycerol oversupply leads to constantly low price and sometimes

considered as a waste [14]. Finding the techniques to fully utilize glycerol would provide



more sustainable way forward. Fortunately, slycerol possesses many advantages including
non-flammable, non-toxic and non-volatile properties which make it safe and well-
matched for wide scale uses.

In addition to the potential of glycerol used as a fuel based on anion exchange
fuel cell, the selective oxidation of glycerol at anode can also be used to co-generate the
valuable chemicals beside the electricity. A number of chemicals was found as the
products from glycerol electrooxidation on Au such as formic acid, glycolic acid, oxalic
acid, slyceric acid, tartronic acid and mesoxalic acid. Among these chemicals, tartronic and
mesoxalic acid was reported to be synthesized with high selectivity upon the fuel cell
condition [3-4].

The development of Au-based catalysts for alcohol electrooxidation in alkaline
was in early state. Several metals and metal oxides were found to improve the catalytic
properties toward alcohol electrooxidation of Au. An inexpensive Ag was found to be one
of the most suitable promoters of Au. Addition of Ag improves the stability of Au based
catalyst for alcohol and glucose electrooxidation [15-21]. Ag lies directly above Au in the
periodic table in group XI. Both Au and Ag have a face centered cubic (fcc) unit cell with
very close lattice parameter. As a result, Au and Ag were formed as indistinct alloy phases
over the entire composition range. Au or Ag can be easily grown on other particle to form
a core-shell structure due to absence of lattice mismatch between these two materials.
There are 5 possible Au-Ag bimetallic nanoparticle systems, as shown in Fig. 1.1.
Moreover, replacing the core of Au nanoparticle with Ag may also increase the mass
normalized activity of Au.

However, the synthesis of AuAg nanoparticles with controlled composition was
quite difficult due to the precipitation of Ag' in presence of Cl from the most widely used
Au precursor, HAuCl,. Ag was inactive for alcohol electrooxidation in fuel cell operation
potential [15]. Hence, having too much Ag covering Au surface can diminish the catalytic
activity of AuAg-based catalyst. This research aims to prepare the highly active Ag.ge-
Augpe/C (I of Fig. 1.1) or Au-rich shell (V of Fig. 1.1) catalysts via galvanic displacement of
Au” and Ag/C.
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Figure 1.1 A diagram displaying the five different types of bimetallic nanoaparticles that
can form when Au and Ag constituents are combined. Type | = Agcoe—AUgnar, type Il =
AUcore-ASgrel, type lll = Ag-rich core — Au-rish shell, type IV = pure Au-Ag alloy type and
type V = Au-rich core - Ag-rich shell [22].

1.2 Literature review

The electrooxidation of alcohols on Au-based catalysts was faster in alkaline than
in neutral or acid electrolyte [23, 24]. The rate determining step was the adsorption of
alcohol on Au surface. This process was initiated by the adsorption of alkoxide (R-O)
group on alcohol molecule [1] or the induced adsorption of alcohol by the pre-adsorbed
hydroxide on Au surface [23]. The alcohols with lower pK,, normally have a high
molecular weight, tend to react better than the alcohols with high pK,. Thus, slycerol was
the alcohol that shows a remarkably better performance than the other alcohol such as
methanol, ethanol and ethylene glycol [1, 2, 6]. The onset potential displayed for glycerol
electrooxidation was also the lowest.

Recently, we studied the preparation of Au/C catalysts by using the polyvinyl
alcohol (PVA) protection method [6]. In brief, the Au nanoparticles were formed by
reducing of HAuCl, precursor using NaBHg4 in presence of PVA. Next, the carbon support
was added into the resulting Au sol from the prior step to immobilize Au nanoparticles for
3 hour. Finally, the catalyst was washed and dried. The well dispersed Au/C with average

particle size of around 3.8 nm was obtained. The activity and stability of the Au/C were



better than PtRu/C for ethylene glycol and glycerol electrooxidation even though the
reaction on Au heavily involves the C-C bond dissociation.

The general reaction pathway of glycerol electrooxidation on Au/C catalyst was
displayed in Fig. 1.2. The first step of the reaction was the oxidation of glycerol to glyceric
acid. Without C-C bond dissociation, further oxidation produces tartronic or mesoxalic acid
as a final product. Another pathway involves C-C dissociation which results in glycolic
acid, oxalic acid and formic acid as the possible products. The distribution of products can

be controlled by the reaction conditions [3, 4, 7].

Glycolic acd Cuanlic acid
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Figure 1.2 Glycerol electrooxidation pathway on Au/C catalyst [7].

The prolonged electrolysis at controlled potential with low pH and low glycerol
concentration (0.1 M KOH and 0.1 M glycerol) proceeds mainly through the C-C
dissociation route. The main electrooxidation product was formic acid at higher than 60%
selectivity following by slycolic acid at around 20%. The potential applied has only small
effects on the product distribution in this condition [7].

The looped electrolysis study using the AAEMFC single cell at higher glycerol and
KOH concentration (> 1 M) pointed out the more selective oxidation of glycerol into
tartronic [4] and mesoxalic acid [3]. The parameters involve in controlling the type of
products includes type of membrane, glycerol electrolyte flow rate, oxygen flow rate,
KOH concentration and temperature. The controlled reaction with low anode and
cathode flow rate with high KOH concentration provides the highest tartronic selectivity of
69.3 % at glycerol conversion of 89.2 %. The high value product such as lactic acid, which

is an indirect glycerol electrooxidation product from glyceric acid dehydration, was



observed along with glyceric acid, oxalic acid, mesoxalic acid and sglyceric acid [4].
Mesoxalic acid was a deepest electrooxidation product of glycerol. All of the hydroxide
groups on glycerol molecule must be oxidized without C-C bond breaking. This
considerably high selectivity of mesoxalic (46 %) with 22.7 mW cm’ power density can be
achieved by using low anode overpotential. The C-C bond dissociative products including
glycolic acid and oxalic acid become major products at higsher potential [3].

The presence of foreign metal in binary- and ternary- catalyst may change the
glycerol electrooxidation pathway in alkaline. Addition of Ag to Au-based catalysts
increase the ability of the catalysts to break the C-C bond on glycerol molecule [25n].
From the mechanism as shown in Fig. 1.3, AuAg tends to produce mainly 1-carbon atom
product. This is interesting for fuel cell application since it leading to improved electron
yield extracted from glycerol molecule, however, lower the chance of producing a move

valuable products.
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Figure 1.3 Suggested mechanism of the glycerol electrooxidation on Au/C, AuAg/C and
Ag/C catalysts [25].

The electrocatalytic properties of Au towards alcohols electrooxidation were
improved by a number of promoters such as Ce,05 [8], RuO, [7], MnO, [26] and Ag [15].
The addition of metal oxide promoters gives small effects on the activity of Au catalyst [7,
8, 15]. The main benefit of metal oxide was the stability improvement especially in a

reaction heavily involving C-C bond dissociation. The role of metal oxides was to balance



the oxygen-containing species on Au surface. The alcohol electrooxidation activity of Au-
based catalyst can be halted by the strongly adsorbed reaction intermediates and the
formed Au oxide film which occurred at around alcohol electrooxidation potential. By
optimizing the oxide formation on Au surface, the catalyst becomes more stable.
However, the metal oxides do not promote the adsorption of alcohol on Au surface as
the onset potential was similar to that without metal oxide.

Conversely, the onset potential or mass specific current density of glycerol [15] or
glucose [16-21] electrooxidation can be improved by adding Ag. Garcia et al. [15] studied
the preparation of AuAg/C catalyst by a co-reduction of AuCl; and AgNO; employing
glycerol as a reducing agent in presence of polyvinylpyrrolidone (PVP) for glycerol
electrooxidation in alkaline. The synthesized AuAg/C has an average size of around 15 nm.
The Au active surface area of the AuAg/C catalyst was very low because of the
segregation of Ag film at particle surface. They suggested that the Ag-rich shell was due to
the higher adsorption energy of oxygenated species on Ag over Au. Thus, Ag was pulled to
the surface. Another possible explanation was from a slow formation of Ag nanoparticle.
AU was instantly reduced after introducing the reducing agent while Ag+ requires more
time before the reduction can be observed. In the system with AU and Ag+, the Au
nucleus should be formed first then followed by the co-deposition of Au and Ag onto the
formed Au nucleus. The resulting particle of this process was Au-rich core covered by an
Ag-rich shell. The glycerol electrooxidation activity on AuAg/C was much lower than that
of Au/C. However, the onset potential was lowered by 120 mV which indicates the
electronic properties modification of Au by Ag. Their XANES results pointed out the
reduction of the Au 5d band density in presence of Ag which tunes the adsorption
strength of adsorbates on Au surface [15].

The promotion effects of Ag on Au were intensively studied on sglucose
electrooxidation [16-21]. The presence of Ag, even in the form of ad-atom on Au surface
was found to improve the activity toward sugar electrooxidation [20]. A number of metals
including Cu, Co, Ru, Cd, Ir, Ag and Pt, was decorated on Au(111) by using the under
potential deposition (UPD) method. Ag was found to be the best promoter for

electrooxidation of most aldose type monosaccharide and disaccharide on Au(111). The



Ag-decorated catalyst provides higher maximum glucose electrooxidation current density
with around 100 mV lower onset potential than that of Au (111). The role of Ag on
lowering the Au-OH formation potential was proposed to be the possible explanation.

Recently, our group studied the effects of surface Ag on the glucose
electrooxidation of Au/C [16]. The introduction of Ag onto Au nanoparticle surface was
performed by physical mixing of Ag sol with Au/C or vice versa. The introduction of Ag was
occurred via Oswald ripening process. With a short mixing period (15 min), the presence of
Ag should had taken placed only at the Au surface, not deep into Au particles. All of the
Ag-containing catalysts showed lower maximum current density for glucose oxidation than
Au/C. However, the electrooxidation stability of the catalysts was greatly improved.

The AuAg alloy prepared by various methods such as dealloying process [17],
Schiffrin’s two phase synthesis protocol [18] and impregnation using tetra-octyl-
ammonium (TOAB) as a phase transfer agent [21] were used for glucose electrooxidation
and similar finding was reported. The AuAg alloy catalysts showed a higher catalytic
activity with lower onset potential than that on pure Au catalyst. Ag in AuAg alloy
promotes the reaction by facilitating the adsorption of OH onto Au surface.

From all the aforementioned studies regarding the AuAg-based catalysts, Ag plays
an essential role in promoting the alcohol and sugar electrooxidation on Au. However,
since Ag was inactive for alcohol electrooxidation, the amount of Ag on metal
nanoparticle surface should be properly controlled. One of the possible methods to
produce the Au-rich shell catalyst was called galvanic displacement.

Galvanic displacement is an electrochemical process that involves the dissolution
of the solid electrode with the deposition of higher reduction potential ion in an

electrolyte. The overall displacement reaction is given by

M+ M — MM, (1.1)

M is the metal that is oxidized and dissolved into an electrolyte. M, is the metal to be

deposited. The reaction is driven by the potential difference between M, and M,. The



source of electrons for deposition was from the M substrate. The kinetics and the growth
mechanisms of the deposit differ in each system.

For an Au and Ag system, the AuCl, /Au has a standard reduction potential of 0.99
V which is higher than that of Ag/Ag+ at 0.80 V. This implied that AuCl, will be reduced in
presence of metallic Ag. The reaction bath comprising of AuCl, and Ag yields the deposit

Au and the Ag+ as a dissolution product as followed

3Ag + AuCl, — 3Ag + Au + 4Cl (1.2).

This reaction is similar to the corrosion of Ag where Ag is oxidized as the anode reaction.
The electron was moved to particle surface and then Au was reduced and deposited at
cathode. From the equation, 3 moles of Ag was need for 1 mole of Au. As a result, this
process leads to the shrinkage or pore formation of metal particles [27-29].

The first step of displacement reaction was the hole formation on the Ag particles
[27, 28]. The formation of the hole indicates that the dissolution reaction was initiates at
some certain sites on Ag particle. This formed site was the active site for further
dissolution reaction rather than the spontaneous dissolution reaction over the entire
surface. This process occurs along with the deposition of Au onto Ag surface forming a
very thin Au or AuAg alloy phase. The formed Au or AuAg film was more stable than an
intact Ag phase. Thus, the hole continued to act as an active dissolution site and grew
larger while the deposition of Au continued to deposit on the outer surface of particle.

With high enough concentration of Au, the void inside the structure will be
enlarged until the entire structure is filled leaving the shell structure of homogeneous
AuAg alloy phase. Further reaction involves dealloying process in which the residual Ag
leaches from the alloy leaving pure Au particle. Since the total solid volume was reduced
by around 3 fold, the remaining particle will be shrunk. This process may take place along
with the surface reconstruction via Ostwald ripening to reduce its surface energy.

The galvanic displacement process can be controlled by a number of parameters
such as temperature, Au concentration, active Au species and type of substrate. The

effect of temperature was directly on the atomic fraction of Au in the alloy film. The



interdiffusion coefficient which governs the atomic fraction was increased with increasing
temperature. Higher temperature provides higher interdiffusion coefficient which yields
lower concentration of Au near the surface. For the reaction involving AgCl, the higher
solubility of AgCl at higher temperature also offers smoother AuAg nanoparticles as
observed by Transmission electron microscopy (TEM) [27].

The effects of the active Au species were observed by Lee et al. [28]. The species
of Au was controlled by varying the pH of the displacement bath. The AuCl, complex
was changed into various OH substituted complexes at higher pH. The OH forms of Au
precursor have a lower standard potential i.e. ' of AuCl, is + 1.004 V while that of
AUu(OH)4 (pH 10) is + 0.602 V. At pH of 3, the displacement reaction was rapid and causes
a collapse of structure. The yielding particle has a dense structure with very high Au:Ag
atomic ratio at 94.46:5.54. At pH of 7, the porous particles were obtained with lower Au
portion at 73.45:26.55. The use of less active Au forms results in slower displacement
reaction.

The preparation of AuAg/C with small metal particle sizes by using egalvanic
displacement was reported [29]. Firstly, the Ag nanoparticles on multi wall carbon
nanotube (MWCNT) were prepared by using chemical reduction of Ag+ by polyol in
presence of PVP. The Ag nanoparticle on CNT with particle size lower than 10 nm was
formed. After that, the Ag/C was placed into 1 mM AuCl, solution for galvanic
replacement. The short immersion time of 1 to 3 min at 4 °C yielded small AuAg
nanoparticles with average size of around 3 nm, while longer immersion time provided
larger AuAg particles. Unfortunately, the synthesized nanocomposites have not been
tested by any applications; hence, the questions on the activity and stability of such
material were remained.

In order to obtain the well dispersed AuAg/C catalyst, the Ag/C which is used as a
sacrificed material should be properly synthesized. The Ag/C used should have the well
dispersed Ag nanoparticles with narrow size distribution on carbon support. There were
several methods that can be used to prepare the Ag nanoparticle with such a
requirement. Citrate protection is a facile method that was capable in preparation of Ag

nanoparticle with well size distribution [12, 13, 30]. The Ag/C with average particle size
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lower than 10 nm was prepared by reduction of AgNO; by using NaBH, in presence of
citrate to form a Ag sol. Loading of Ag on carbon support can be easily controlled by
adjust the amount of carbon used in an Ag sol immobilization step [12].

Citrate reduction method was another possible method that can be used to
synthesize nanoparticles with controlled particle size. This method was simple. Citrate
was used as both reducing agent and protecting agent. The reduction of metal precursor
was carried out by refluxing the metal precursor in presence of citrate solution until the
Ag sol was formed. The particle size of metal was controlled by varying the concentration
of metal precursor used.

Au-based catalyst was very active for glycerol electrooxidation in alkaline medium.
Along with its high activity, a number of chemicals can also be selective synthesized. Ag
was found to promote the activity of Au-catalyst for glycerol electrooxidation. However,
the composition of bimetallic AuAg/C catalyst must be properly controlled. Galvanic
displacement was selected to be used in this study in order to prepare the highly active

AuAg/C catalyst for glycerol electrooxidation in alkaline medium.

1.3 Objectives

1. To study the effects of preparation parameters of the galvanic displacement of
Ag/C by Au ion on the activity and stability for glycerol electrooxidation of
AuAg/C catalyst.

2. To study the effects of Ag on the catalytic activity and stability of AuAg/C
catalyst.

1.4 Scope of research

1 Au was base catalyst and Ag was used as a promoter.
2 The Ag/C catalysts was prepared by using the citrate reduction or citrate

protection method.
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3 The AuAg/C catalysts was prepared by varying the preparation parameter on

galvanic displacement of Ag.

4 The electrocatalytic activity and stability of prepared catalyst toward glycerol

electrooxidation was measured by cyclic voltammetry and chronoamperometry,

respectively.
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CHAPTER 2: METHODOLOGY

2.1 Catalyst preparation

2.1.1 Ag/C preparation

The 60% wt Ag/C catalyst was prepared by the citrate reduction method. First, the
required amount of AgNOs;, potassium citrate and carbon support (Vulcan XC-72) were
dissolved in Dl-water. After well mixed, KOH solution was added into the above solution
to initiate the reduction reaction. The solution turns olive green as the Ag sol was formed.
The reaction bath was kept stirring for 30 min under stirring to immobilize the Ag

nanoparticle on the support. Finally, the catalyst was filtered, washed and dried.

2.1.2 Galvanic displacement of Au” and Ag/C

The synthesized Ag/C was used as a sacrificed material for deposition of Au via galvanic
displacement. The Ag/C was dispersed in the Dl-water by stirring for 30 min. Then, the
required amount of HAuCl, solution was added into the above solution in one portion
under vigorous stirring. The formation of AuAg nanoparticle occurred along with the
formation of white participate of AgCl. The suspended AuAg/C was filter and then washed
several time with concentrate NaCl to remove the AgCl and Dl-water until Cl was absent
from the filtrate. Finally, the catalyst was dried in vacuum oven at 70 °C. Four AuAg/C
catalysts were prepared by using this method designated as 5%AuAg/C, 10%AuAg/C,
209%AuAg/C and 30%AuAg/C for 5, 10, 20 and 30wt% Au, respectively.

2.1.3 Au/C preparation
Au/C was prepared by using the PVA protection method. HAuCl, was dissolved in
Dl-water in presence of PVA. NaBH4 solution was added drop by drop under vigorous

stirring to form a ruby red sol. After 30 minutes of stirring, Vulcan XC-72 was added to
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immobilize the Au sol. The catalyst was washed with Di-water and ethanol and finally

dried in vacuum oven.

2.1.4 Pd electrodeposition

The role of electrodeposited Pd on the glycerol electrooxidation properties of
AuAg/C was carried out on 10%AuAg/C catalyst. The electrodeposition of Pd was
performed by using a cyclic voltammetric method. First, the catalyst ink of 10%AuAg/C
composed of 10%AuAg/C, nafion ionomer and isopropanol was dropped on the glassy
carbon electrode to yield a very thin film of 50 ug cmszu. After dried in ambient air, the
electrode was dipped into the electrodeposition bath containing PANO5; and supporting
electrolyte. The electrodeposition was performed by cyclic voltammogram mode
between -0.8 V-0.8 V vs. Mercury/Mercury oxide (MMO) reference electrode. The effects of
supporting electrolyte and number of electrodeposition cycle was studied. The

nomenclature of 4 Pd-AuAg/C catalysts presented in this work is shown in Table 2.1.

Table 2.1 Nomenclature of Pd-AuAg/C catalysts and their electrodeposition conditions.

Catalyst Electrodeposition bath Solution  No. of electrodeposition cycle
1Cl-Pd-AuAg/C 1 mM PdNO3; + 0.1 M KCl 1
10CI-Pd-AuAg/C 0.01 mM PdNO3; + 0.1 M KCl 10
IN-Pd-AuAg/C 0.01 mM PdANO3; + 0.1 M KNO4 1
5N-Pd-AuAg/C 0.01 mM PdANO3 + 0.1 M KNO4 5

2.2 Physical characterization

The prepared catalysts including Ag/C and Au/C was subjected to physical
characterization by using the following techniques:

2.2.1 Transmission electron microscope (TEM) images were taken by using the JOEL
JEM 2010 at a voltage of 200 kV. The average particle size was of the catalyst was

calculated from approximately 100 particles.
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2.2.2 The structure and composition were characterized by using an X-ray
diffractometer (XRD) Bruker AXS: D8DISCOVER with Goebel mirror Cu Ka radiation (A =
0.1540 nm) using 40 mA filament current and 40 kV tube voltage.

2.2.3 The energy dispersive spectroscopy (EDX) equipped with scanning electron
microscopy (SEM) was used to estimate the metal loading and Au:Ag ratio. The EDX
mapping and component analysis were performed at a working distance of 8.5 pm with
an aperture of 30 um. The overall composition was analyzed at 200 kV whilst the surface
composition was detected using a lower potential at 10 kV. The average element

composition was calculated from three points of the collected data.
2.3 Electrochemical characterization

The electrochemical study were carried out by using a 3-electrode cells. The
catalyst ink was prepared by mixing a certain amount of catalyst with 5 %wt Nafion
solution in isopropanol and then homogenized by using ultrasonic bath. The well mixed
ink was dropping onto glassy carbon electrode to form a working electrode.
Mercury/mercury oxide (MMO) was used as a reference electrode. A 1 am’ Au gauze was
utilized as a counter electrode. All electrolyte used was pre-purged by using Ar gas for at
least 30 min before any measurement.

Cyclic voltammetry was used to study the glycerol electrooxidation activity of the
catalysts. Chronoamperometry was be used to observe the stability of the catalysts in

glycerol electrooxidation.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Physical characterization

Fig. 3.1 shows the TEM image of the Ag/C catalyst that prepared by using the
citrate reduction method, which used as a sacrificed material in the AuAg/C preparation.
The Ag nanoparticles appeared as the large agglomerates in various shape with a wide
size range. The average particle size of these particle was around 200 nm with most of

the particle have a diameter between 130-275 nm.

=1

Figure 3.1 TEM image of Ag/C.

Upon displacement reaction with Au3+, three moles of metallic Ag on Ag/C were
oxidized into the solution along with deposition of one mole of Au on the nanoparticle

surface. This process leads to shrinkage of Ag particle. As a result, numbers of smaller



16

AuAg fragment were generated depends upon the amount of added Au, as shown in Fig.
3.2 (a) to (d). For the low Au loading catalysts such as 5%AuAg/C and 10%AuAg/C, the
displacement degree was low, then, the formed AuAg nanoparticles were in both form of
large porous particle and smaller fragment. As the displacement degree was higher, as in
20%AuAg/C and 30%AuAg/C, only the small AuAg fragments with the average size around

20 nm were observed.

Figure 3.2 TEM images of (a) 5%AuAg/C, (b) 10%AuAg/C, (c) 20%AuAg/C and (d)
30%AUAG/C.

The TEM image of Au/C is shown in Fig. 3.3. The Au nanoparticle were decorated

uniformly on the carbon, unlike the formed AuAg nanoparticle prepared via the galvanic
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displacement method. The average metal particle size was about 4.12 + 0.98 nm, which is

much smaller than that of the AuAg/C catalysts.

Figure 3.3 TEM image of Au/C prepared by using the PVA method.

Fig. 3.4 presents the XRD patterns of all the prepared catalysts. All the peaks
related to Au and Ag appear at the same 20 value at 38.2, 44.3, 64.5 and 77.6 degrees
(JCPDS NO. 04-0783 for Ag and JCPDS NO. 04-0784), since both Au and Ag have similar
lattice constants. On the Ag/C catalyst, a small amount of Ag,O was observed from the
main peaks at 33.1 degrees (JCPDS NO. 41-1104). Small amount of AgCl formed during the
galvanic displacement was remained on all the AuAg/C catalysts since four additional
peaks corresponding to AgCl (JCPDS NO. 31-1238), were observed.

The deconvoluted XPS spectra of the Ag/C, Au/C, and AuAg/C catalysts in the Au
4f and Ag 3d regions were shown in Fig. 3.5. The peak binding energies of the
deconvoluted peaks are summarized in Table 3.1. In the Au 4f region, as shown in Fig.
3.5(a), the peaks of metallic Au 4f;, and 4dfs, are observed at 84.7 and 88.4 eV,
respectively. The binding energy of the Au peak to lower energy were observed for all the

AuAg/C catalysts.
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Figure 3.4 XRD patterns of (a) 5%AuAg/C, (b) 10%AuAg/C, (c) 20%AuAg/C, (d) 30%AuUAg/C,

and (e) Ag/C marked by the main peak positions of AgCl (®) and Ag,O (M).
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Figure 3.5 The deconvoluted and XPS data of all the synthesized catalysts in (a) 4f spectra

of Au and (b) 3d spectra of Ag region.
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Figure 3.5 Cont. The deconvoluted and XPS data of all the synthesized catalysts in (a) 4f
spectra of Au and (b) 3d spectra of Ag region.

Table 3.1 The peak binding energy of Au and Ag from the deconvoluted XPS results.

Electrocatalysts Binding Energy (eV)
Au Ag

4f7/2 4f5/2 3d5/2 3d 3/2
Au/C 84.8 88.5 - :
5%AuAg/C 84.8 88.4 368.7 374.7
10%AuUAg/C 84.8 88.5 368.8 374.7
20%AuAg/C 84.7 88.4 368.6 374.6
30%AuAg/C 84.7 88.4 368.6 374.6
Ag/C - - 3685 3745

The XPS spectra in the Ag region showed two species of Ag: ionic and metallic. In

3d region of Ag, the peak of ionic Ag appears at lower energy than that of its metallic
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form [19]. The Ag/C catalysts used as a sacrifice material contained only the metallic peak
at the binding energy of 368.5 and 374.5 eV. For AuAg/C catalysts, the peaks of Ag+, from
the remaining AgCl formed during the galvanic displacement were observed at around
373.6 and 367.8 eV. The binding energy of metallic Ag were shifted to higher values,
indicating that the electrons had transferred from Ag to Au to form an AuAg alloy. This
electron transfer is normally observed in an AuAg bimetallic catalyst [15].

The actual Au loading and the calculated Au:Ag weight ratio from the EDX results
of all the AuAg/C catalysts were collected in Table 3.2. The metal loading and the weight
ratio of all the AuAg/C catalysts, except for 5%AuAg/C, were close to the intended ratio.

This indicates the complete displacement reaction under the preparation used.

Table 3.2 The calculated Au and Ag weight ratios from EDX results.

Average Au Au:Ag weight ratio
Catalysts  loading (%wt) Actual Intended
5%AUAg/C 201+ 18 004610043  0.096

10%AuAg/C 9.16 £ 1.72 0.206 +0.154 0.230
20%AuAg/C 18281286  0.841 £ 0.349 0.737
30%AuAg/C 32231528  3.048 £0.233 2.801

3.2 Electrochemical activity

The typical CVs of Ag/C and Au/C in alkaline solution are shown in Fig. 3.6. Both
Ag/C and Au/C exhibit the oxidation and reduction peaks related to oxide formation and
reduction, respectively, on their surfaces. For Ag/C, two oxide formation peaks correspond
to the formation of Ag,O (0.25 V), and the mixed phases of Ag,O and AgO (0.7 V) [31-32].
The oxidation peak in the forward scan of Au/C relates to oxide formation on the Au
surface. In the reverse scan, two states of Au oxide were reduced at two potentials: the

quasi-2D oxide at about 0.3 V and the quasi-3D oxide at about 0.0 V.
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Figure 3.6 CVs of Ag/C and Au/C in 0.1 M KOH at a scan rate of 20 mV 5.

The CVs of the AuAg/C catalysts with different Au loadings are shown in Fig. 3.7.
These CVs were quite similar to that of Ag/C, with a shift in the peak potential even when
the catalyst, such as 30%AuAg/C, had a very low content of Ag. In addition, the onsets of
the oxide formation and reduction peaks of all the AuAg/C catalysts, except for
30%AuAg/C, were similar to those of Ag/C. For 30%AuAg/C, the anodic shift was observed
with all the peaks, indicating higher metal oxide stability.
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Figure 3.7 CVs of AuAg/C catalysts in 0.1 M KOH at a scan rate of 20 mV s
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Both Ag/C and Au/C were active for glycerol electrooxidation under the condition
of the experiment, as shown in Fig. 3.8. By comparing the CVs of the Ag/C catalyst in Figs.
3.6 and 3.8, the glycerol electrooxidation peak occurs at 0.2 V, which is more positive than
the first peak of AgO formation. It is anticipated that the alcohol electrooxidation on Ag
takes place on its oxide surface, which is different from other metals, such as Au and Pt
[33]. This catalytic active surface was not recovered by the cycling of the potential, since

the activity gradually declined as the number of cycles increased.
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Figure 3.8 CVs of Ag/C and Au/C in 0.1 M glycerol and 0.1 M KOH at a scan rate of 20 mV

-1
S .

For Au/C, the glycerol electrooxidation took place on the bare Au surface and was
inhibited by the surface oxide formation. The onset of the reaction was observed at about
-0.2 V. The current density rapidly increased and reached the maximum current density at
0.4 V. After this point, the surface oxide formed and the reaction was inhibited. In the
reverse scan, the oxide was removed from the Au surface at 0.25 V and the catalyst
activity was recovered, resulting once again in the oxidative current of glycerol

electrooxidation.

3.3 Surface activation of the AuAg/C catalyst
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All the AuAg/C catalysts in this work require an activation by cycling the potential
in alcohol-containing electrolyte before they were in an active form, for example for
10%AuUAg/C which were displayed in Fig 3.9(a) and (b). It was noticed that the peak
characteristic and current density of the CVs change as the number of cycles increase.
This means that the structure of AuAg/C catalyst could be change as the reaction with
glycerol proceeded. In the 1 loop (see Fig. 3.9(a)), the CVs of the 10%AuAg/C in 0.1 M
glycerol and 0.1 M KOH was quite similar to that of the Ag/C in 0.1 M KOH but with the
appearance of the sharp peak of glycerol electrooxidation on the recovered gold surface
in the reverse scan. In addition, the oxidation peaks of glycerol on the Au (from -0.2 V to
0.6 V) are very low while the dominant oxidation peak belongs to glycerol
electrooxidation on AgO (from 0.7 V onward). As the number of cycle increased, the peak
of glycerol electrooxidation on the Au was enhanced whereas that on the AgO was
reduced. The Au catalyst activity improved with the advances of the scan and become
steady at the 9" loop, in which the glycerol electrooxidation on Au was more
pronounced than that on AgO. The potential at maximum current density and the onset
of AuO reduction were also shifted closer to those of the Au/C catalyst.

In addition, the surface activation of catalyst surface could be accelerated by
increasing glycerol concentration. At higher glycerol concentration, the activation process
proceeded much faster, as shown in Fig. 3.9 (b). The glycerol electrooxidation on Au
catalyst can be clearly observed and became a main oxidation peak starting since the 1™
scan. The steady CV was achieved after the 6" loop.

This evidence indicates the reconstruction of the AuAg surface. Prior to glycerol
electrooxidation test, the working electrode was activated and cleaned by performing
cyclic scan in KOH solution at the same concentration. This process may bring the Ag
atom to the nanoparticle surface since Ag exhibit a higher affinity to adsorb the oxygenate
species (OH) than Au [34]. The catalyst shows a low glycerol electrooxidation activity in
this state since Ag was inactive for glycerol electrooxidation at low potential. However,
the surface of AuAg nanoparticle was reconstructed and became highly active from the
activation by glycerol. The role of glycerol in this surface reconstruction was clear. The

activation process proceeded much faster at high glycerol concentration. Hence, the
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reconstruction may be led by the strong interaction between surface- or underneath- Au
atoms and glycerol which bring the Au atom to the nanoparticle surface since the Au is

better at adsorption of alcohol than the Ag.
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Figure 3.9 Mass normalized CVs of 10%AuAg/C catalysts in (a) 0.1 M glycerol and 0.1 M
KOH and (b) 1 M glycerol and 2 M KOH at a scan rate of 20 mV s

The surface compositions of the as-prepared 10%AuAg/C and the catalyst
activated by glycerol electrooxidation in 1 M electrolyte at a low EDX potential were
compared. Au and Ag on all the catalysts were non-uniformly distributed all over the
nanoparticles. The Au:Ag ratios of the prepared catalyst and the catalyst cycled in the
KOH electrolyte were similar at 0.145 + 0.017 and 0.142 + 0.066, respectively. However,
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the catalyst surface became an Au-rich surface after scanning in 1 M glycerol electrolyte,
since the Au:Ag ratio increases to 0.366 + 0.050, providing evidence of the adsorbate-
induced surface segregation of the AuAg surface. The surface segregation of a more
reactive component to the adsorbate on the surface of the alloy was well described [35].

Prior to the glycerol electrooxidation test, the working electrode was cleaned by
performing a cyclic scan in a KOH solution at the same concentration. This step may bring
the Ag atom to the nanoparticle surface, since Ag exhibits a higher affinity for adsorbing
the oxygenated species than does the Au atom [34]. The catalyst showed a low glycerol
electrooxidation activity in this state, since Ag was inactive for glycerol electrooxidation at
low potentials. However, the surface of the AuAg nanoparticles was reconstructed and
became highly active after interacting with glycerol. The activation process proceeded
much faster at high glycerol concentration. Hence, the surface segregation may have been
led by a strong interaction between either the surface or underlying Au atoms and the
glycerol, which induced the Au atoms to rise to the nanoparticle surface, since Au is
better than Ag at adsorbing alcohol [25]. In other words, the deactivation of the catalyst
surface is reversible depending on the electrolyte deployed. The catalyst was easily
deactivated by the interaction between Ag and hydroxide ions. The fully activated
catalyst was reversed to its inactive form after cycling the potential in the KOH
electrolyte, as shown in Fig. 3.10 (a) and 3.10 (b) shows the results of the same electrode
as shown in Fig. 3.10 (a) after cycle in 2 M KOH. Even though this electrode was fully
activated in the first experiment, the electrode was deactivated by KOH and was inactive.
Then, after subjected to the electrolyte with glycerol the AuAg surface was reactivated
and the current density raised again. Hence, the surface of AuAg may constantly be

changing as the reaction proceeds in the electrolyte containing both glycerol and OH .
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Figure 3.10 CVs of 30%AuAg/C in 1 M glycerol and 2 M KOH (a) fresh catalyst and (b) the

same electrode after deactivated in 2 M KOH at a scan rate of 20mV 571.

The displacement reaction resulted in Au or AuAg alloy phase [27]. AuAg alloy
phase was formed at the surface of the particle, yielding the Au rich shell at the beginning
of displacement. With the remaining Au3+, the displacement reaction continues and the
AuAg film expanded as the bulk Ag was sacrificed. Finally, at very high Au content, Ag in
AuAg alloy phase was further replaced and yielded an alloy with higher Au content [27].
The large amount of Au at surface or near surface facilitated the process of surface
reconstruction to produce an active catalyst. In contrast, this process may not be possible
for the case of Ag-rich shell since the interaction between Au and deep underlying Au
may not be strong enough. This might be the main difference between catalysts prepared

by co-reduction method of AgNO; and AuCl; and the one fabricated by the galvanic
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displacement method. The co-reduction method mainly yields the Ag-rich shell catalyst
because of the slow reduction rate of Ag+ [15].

The catalysts containing different Au contents show dissimilar behaviors during the
activation process. As shown in Fig. 3.11, two distinct activation types were observed as a
function of Au content in alloyed catalyst. The current density obtained from the low Au
content catalysts, 5% and 10%AuAg/C, was firstly decreased according to the decrease of
double layer charging current. Later, the current density was gently increased and become
rather steady after about 5 minute. The stable or increase of the current density indicates
that the surface activation was continuing in a long time span. For the 20% and
309%AuAg/C, the activation happened in a more acute manner. Owing to a high content of
the near surface Au, the current density was immediately raised within few second. After
that a generated current was dropped. Unlike the others, the current density obtained
from the 30%AuAg/C progressively declined. This indicates a much shorter surface

reconstruction required for this catalyst since its Ag content was very low.
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Fig. 3.11 CAs of AuAg/C catalysts in 1 M glycerol and 2 M KOH at 0.25 V after 10 cycle of
CV activation in 2 M KOH.

The activity of AuAg/C catalysts also depends on type of the alcohol solutions.

Au/C was active for alcohol electrooxidation on most alcohols except methanol.
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However, the AuAg/C catalysts were not active for ethanol electrooxidation even in 1 M
ethanol electrolyte, as shown in Fig. 3.12. This result was quite astonishing since the AuAg

particle of 30%AuAg/C was comprised mainly by Au atoms.
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Figure 3.12 CVs of 10%AuAg/C and 30%AuAg/C in 1 M ethanol and 1 M KOH at a scan rate
-1
of 20mV's .

Fig. 3.13 and 3.14 show the CVs of ethylene glycol electrooxidation on 10%AuAg/C
and 30%AuAg/C in 0.1 M and 1 M ethylene glycol electrolyte in comparison with those of
Au/C. In 0.1 M electrolyte, 10%AuAg/C was inactive in glycerol electrooxidation in Au
region (around -0.1-0.4 V). For 30%AuAg/C, the catalysts was inactive in the first cycle of
scan. However, the activity was gradually increased after cycling the potential. The current
density at steady state was still much lower than that on the Au/C by at least 10 fold.
The main electrooxidation peaks were on Ag,O surface which occur as the 2 sharp peaks
in both forward and reverse scan from about 0.5 V onward.

In 1 M electrolyte, the ethylene glycol electrooxidation activity on both AuAg/C
catalysts were clearly observed, as shown in Fig. 3.14. The electrooxidation on Au surface
arises in the potential range of -0.2-0.4V. The potential at the maximum current density of
AuAg/C was around 0.3 V compared with that at 0.5 V on Au/C, indicate the ease of oxide
formation on the AuAg/C catalyst. The current density in this range was very low in the

first scan and then increased as the course of scan progress. Despite a much higher
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activity at increasing alcohol concentration, the current density was still much lower than
that on Au/C. The 30%AuAg/C catalyst was faster activated than 10AuAg/C. The current
density in Au region reaches half of the maximum current density in the 2" loop while

that on 10AuAg/C was on the 5" loop.

250

200 | 7 Teewees 1st
150 ——— 2nd-Sth
10th
-, Au/C
' u
E
o) 50
<
—_
-50
100
-150
-200
0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1
VIV
40 (b)
30 @ =m=-- 1st
2nd - 9th
20
10th
72 10
[=T1]
< 0
-
— -10

-0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

VIV

Figure 3.13 CVs of (a) 10%AuAg/C and Au/C, and (b) 30%AuAg/C in 0.1 M ethylene glycol
and 0.1 M KOH at a scan rate of 20mV s .
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These results suggested that the surface activation was reversible when the
electrolyte was changed. This indicates that the composition of AuAg/C was electrolyte
dependent. Ag was the metal with the higher affinity to adsorb the oxygenate species
such as hydroxide than Au. However, Ag was inactive toward alcohol electrooxidation in
the region of alcohol electrooxidation on Au. As a consequence, Ag atom may be pulled
toward the catalyst surface by hydroxide and cover the active Au surface. For Au,
however, had better adsorption of alcohol. Since Au was more active for alcohol with
high molecular weight, the surface activation which pulls Au atom to the nanoparticle
surface progressed better with high molecular weight alcohol such as glycerol. For low

molecular weight alcohol such as ethanol and ethylene glycol, however, the AuAg surface
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cannot be activated and became inactive. Moreover, the concentration of alcohol and

the ratio of Au in nanoparticle also affected the activation process.

3.4 Catalytic activity test

Fig. 3.15 shows the steady and fully activated CVs of AuAg/C in a solution of 0.1 M
glycerol and 0.1 M KOH. The glycerol electrooxidation characteristic and activity of the
synthesized AuAg/C catalysts depended strongly on the Au:Ag ratio. For the catalysts with
low Au:Ag ratios, e.g. 5% and 10% AuAg/C, the promotional roles of Ag such as the
negative shifts of both the onset potential and the potential at the maximum current
density can be clearly observed. The lower onset potential was caused by the reduction
of the 5d band density of Au which altered the adsorption capability of the Au surface
[15]. The addition of Ag would also result in a faster self-poisoning by oxide formation.
The potential at maximum current density of both 5% and 10%AuAg/C was at around

0.29 V.
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Figure 3.15 Au mass normalized CVs of Au/C and AuAg/C catalysts in 0.1 M Glycerol and
0.1 M KOH at a scan rate of 20 mV's .
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At high Au contents, e.g. 20% and 30%AuAg/C, the promotion effects of Ag were
almost vanished. The main glycerol electrooxidation peaks on these two catalysts were
similar to that of Au/C. However, the small oxidation peak related to glycerol
electrooxidation on Ag surface and the higher stability of oxide reduction were still
observed.

Apparently, the peak potential was affected by the Au loading [36, 37]. The drop-
off potential was generally increased with increasing Au loading. However, the results
shown here did not follow the regular trend. Thus, it was possible that the effects of Ag
on the glycerol electrooxidation was more prevailing than the effect of the support [36] or
the accumulation of the oxidative species within the catalysts layer [37].

For the electrolyte containing 0.1 M glycerol and 0.1 M KOH, the most active
catalyst was the 5%AuAg/C providing mass normalized current density at about 382 mA
mgAu_1 which was almost 2-fold higher than that of Au/C at 203 mA mgAu—1. This result
contradicted with the Ag-rich shell AuAg/C catalyst prepared by the co-reduction method,
which was quite inactive in low glycerol concentration electrolyte [15]. Despite their large
particle sizes, both 5% and 10%AuAg/C catalysts benefited by the promotion effect of Ag
and the activation of AuAg nanoparticles. The formation of Au-rich shell may compensate
for the low surface area of the large particles. For the high Au loading catalysts, however,
this promotional effect of Ag was diminished according to the lower content of Ag and
the particle size played an important role instead.

Fig. 3.16 depicts the CVs of all the AuAg/C and Auw/C catalysts in high
concentrations electrolyte, 1 M glycerol and 2 M KOH. The electrooxidation characteristic
of Au was obviously dominant in this condition while the reaction on Ag was diminished.
The synergistic effect between Au and Ag was still observed under this condition, i.e. the
negative onset potential shift for the 5% and 10%AuAg/C catalysts which was the same as
in low glycerol and electrolytes concentration. However, no clear trend on the potential
at maximum current density can be concluded, although this potential was related to the

stability of the surface oxide. The AuAg/C catalyst with faster oxide reduction in the
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reverse scan was less deactivated by the oxide formation and tended to oxidize glycerol

at higher potentials.
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Figure 3.16 Au mass normalized CVs of Au/C and AuAg/C catalysts in 1 M Glycerol and 2 M

KOH at a scan rate of 20 mV s .

From Fig. 3.16, it was found that 10%AuAg/C was the most active catalyst yielding
3.04 A mgAu’1 while the Au/C catalyst provided only 2.22 A mgAufl. The activity of 20% and
309%AuAg/C was still low under this condition according to the reasons given in the prior

condition.
3.5 Catalytic stability test

To measure the stability of the AuAg/C catalysts at its fully activated state, the CA
experiments were conducted after the catalyst was activated by 10 cycles of CV scan in
their respective electrolytes. The resulting CA in low and high glycerol concentration
electrolyte are displayed in Fig. 3.17 (a) and 3.17 (b) respectively. After activated by
glycerol, the typical CA shape of the AuAg/C was similar to that of the Au/C.

In the low glycerol concentration electrolyte, see Fig. 3.17 (a), most of the AuAg/C
catalysts exhibit a slower decay of current density than the Au/C during the initial stage

except for the 30%AuAg/C. Unfortunately, the final current density of all the AuAg/C
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catalysts was lower than that of the Au/C except the 5%AuAg/C. The final current density
at 60" minute of 5%AuAg/C was close to that of Au/C. Moreover, the average current
density declined from 20" min to 60" min of 5%AuAg/C and 10%AuAg/C (0.30 and 0.19
mA mgAu_1 min’) was close or lower than that of Au/C at 0.28 mA mgAu_1 min . This
indicated that all the AuAg/C catalysts were subjected to the surface deactivation by the

other cause rather than the poisoning by the reaction intermediates, which was proposed

here as the Ag segregation.
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Figure 3.17 CAs of AuAg/C catalysts in (a) 0.1 M glycerol and 0.1 M KOH at 0.25 V after 10
cycles of CV activation in 0.1 M glycerol and 0.1 M KOH and (b) 1 M glycerol and 2 M KOH
at 0.25 V after 10 cycles of CVin 1 M glycerol and 2 M KOH.
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The use of higher glycerol concentration in electrolyte gave different results. In Fig.
3.17 (b), the current density trend of the CA was similar to that of the CV. The 10%AuAg/C
catalyst was the most active catalyst and more stable than Au/C. The average current
decay rates of the highly active AuAg/C such as 10%AgAu/C and 20%AuAg/C (1.24 and
0.82 mA mgAuf1 min’) were much lower than that of the Au/C (1.94 mA mgAuf1 min’).
Hence, 10%AuAg/C was the best catalyst in this condition.

These results suggested that the activation by using glycerol is an essential step for
the AuAg/C catalysts prepared by galvanic displacement method and a certain glycerol
concentration was required to maintain catalyst activity and stability during the glycerol
electrooxidation reaction since the interaction between glycerol and Au was needed to
keep Au on the catalyst surface. The remaining Ag can supply the oxygenate species to
the Au atom on surface for the glycerol electrooxidation reaction, thereby improving the

stability of the Au catalyst.
3.6 Role of electrodeposited Pd

Fig. 3.18 shows the steady state of glycerol electrooxidation of the AuAg/C and Pd-
AuAg/C catalysts prepared via Pd electrodeposition in KCl electrolyte containing 0.01 mM
and 1 mM PdNO,. All the Pd-AuAg/C catalysts require several cycles of reaction to
activate from their inactive state, similar to the AuAg/C catalysts. The CV of the Pd
electrodeposition process was showed in the insert of Fig. 3.18. The Pd deposition in KCl
electrolyte contains only one pair of redox peak associated with AgCl formation and
reduction without peak related to the Pd deposition. However, the deposition of Pd was
confirmed as the 1Cl-Pd-AuAg/C became a Pd-like surface since the sglycerol
electrooxidation on Pd took place at more anodic potential than on Au-based catalyst, as
shown in Fig. 3.18. The glycerol electrooxidation on Pd surface starts at -0.4 V. After that,
the current density sharply increases until reaches the peak potential at around -0.05 V
and then declines in a narrow potential range. The following oxidation peak from 0.1 V

onward was the glycerol electrooxidation on Au-surface which indicated that Pd was



36

deposited on the AuAg surface and decrease the glycerol electrooxidation activity in this

region.
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Figure 3.18 CVs of glycerol electrooxidation in 1 M Glycerol and 2 M KOH of fresh AuAg,

1Cl-Pd-AuAg/C, and 10CI-Pd-AuAg/C at a scan rate of 20 mV s Insert: CV of AuAg/C in
0.01 M PANO5 and 0.1 M KCL.

The glycerol electrooxidation on AuAg/C begins around -0.3 V where glycerol
adsorption on Au occurred. This onset potential was more anodic than that on Au/C due
to the promotional effect from Ag [15]. After that, the current density increases until it
reaches the maximum current density at around 0.31 V. At this potential, oxide formation
on metal surface occurred which prevented further glycerol adsorption. Hence, the
current density was lowered and normally diminished on Au-based catalysts as the entire
metal surface was covered by the oxide. The two consecutive peaks from 0.45 V onward
are corresponding to glycerol electrooxidation on Ag oxide. In the reversed scan, the
catalytic activity was regained as a very sharp oxidation peak after the surface metal oxide
was reduced at 0.2 V.

For the 10Cl-Pd-AuAg/C, the onset of the glycerol electrooxidation was close to
that of the AuAg/C catalyst. However, the potential at maximum current density was
shifted to a lower potential. In the reversed scan, the small oxide reduction peak can also
be observed at 0.2 V prior to the sharp slycerol electrooxidation peak. These two

occurrences indicate that the oxide formation and reduction on this catalyst takes place
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at lower potentials than that on AuAg/C catalyst. The maximum current density, as shown

in Table 3.3, was higher than that on the AuAg/C catalyst.

Table 3.3 Potential and current density at maximum current density.

Catalyst Potential (V)  Current density (A mgAu{)
AuAg/C 0.31 1.52
1Cl-Pd-AuAg/C 0.00 1.62
10C\-Pd-AuAg/C 0.26 1.74
IN-Pd-AuAg/C 0.34 1.71
5N-Pd-AuAg/C 0.66 2.83

The change in catalytic activity of this catalyst could be raised from 2 possibilities:
the surface modification via the AgCl formation in the electrodeposition process and the
deposited Pd. However, the CVs of glycerol electrooxidation on the AuAg/C catalyst
preconditioned by using on only KCl electrolyte (without PANO3) was similar to that on
fresh AuAg/C catalyst. This means that the modification of the catalytic properties might
be from the deposited Pd.

The CVs of glycerol electrooxidation on 1N-Pd-AuAg/C and 5N-Pd-AuAg/C are
shown in Fig. 3.19. In KNO; electrolyte, the main peaks occurred are corresponding to the
oxide formation on the Au and Ag surface. The current densities of these peaks were
decreased as the number of deposition cycle increased indicating the deposition of Pd on
the AuAg surface.

The behavior of glycerol electrooxidation on both 1N-Pd-AuAg/C and 5N-Pd-
AuAg/C catalysts were more like Au/C more than that of AuAg/C [6]. The potential at
maximum current density and oxide reduction were shifted toward higher potential, as
shown in Table 3.3. The potential shift was larger as the number of electrodeposition
cycle increased. Moreover, the peak related to Ag was almost disappeared in both

catalysts. Despite all these changes, the onset potential was still close to that on the
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AuAg/C catalyst. This indicated that the synergistic effect of Ag on Au remained since the

promotion effects of Ag was based on the electron transfer between Au and Ag [15].
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Figure 3.19 CVs of glycerol electrooxidation in 1 M Glycerol and 2 M KOH at a scan rate of
20 mV sec of IN-Pd-AuAg/C and 5N-Pd-AuAg/C catalysts. Insert: CV of AuAg/C in 0.01 M
PdNO3 and 0.1 M KNOj3.

The maximum current density of both 1N- and 5N-Pd-AuAg/C was increased as the
number of electrodeposition cycle increased, as shown in Table 3.3. The glycerol
electrooxidation on 5N-Pd-AuAg/C yielded almost 2-fold higher than that on AuAg/C. The
higher activity of these two catalysts may be because of the promotional effects of Pd
which increased the portion of Au on the electrocatalyst surface via a stable PdAu alloy.
Theoretically, the PdAu alloy was formed to lower the overall surface energy of the Pd-
AuAg nanoparticles since PdAu was more stable at the surface than PdAg and the
separated Pd-Au form. As a consequence, the surface of AuAg nanoparticles become an
Au-rich surface. Thus, the CVs of these catalysts were shift toward Au/C pattern with a
high current density while still keeping the synergistic of Ag from the underlying Ag core.
However, this finding need further investigation.

The role of supporting electrolyte on the catalytic activity of the electrodeposited
Pd-AuAg/C was clearly observed. The properties of Pd-AuAg/C prepared by using KNO3 as

a supporting electrolyte was much different with those using KCl. While KCl was used, the
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surface of the metal oxide was changed to a stable and non-electron conduct AgCL. This
AgCl-covered surface may make the AuAg surface less active for Pd deposition. Then, only
small amount of Pd was deposited on the catalyst surface or Pd may only deposited on
the site that was not entirely covered with AgCl, eg. Au-rich area. However, NO; ion
cannot form a stable species on AuAg surface. As a consequence, the AuAg surface was
more active in KNO5 than in KCl electrolyte. Larger amount of Pd may possibly deposit on

AuAg surface and then make a greater change on the catalytic activity of the catalyst.



40

CHAPTER 4: CONCLUSIONS

A series of AuAg/C catalysts were prepared by using the galvanic displacement of
Ag on carbon with an AU, The Ag/C used as a sacrifice material prepared by using the
citrate reduction methods appeared as a large particle with size around 200 nm. After
galvanic displacement with Au3+, the morphology of the resulting AuAg nanoparticles
depends upon the Au loading. For low displacement degree catalysts e.g. 5%AuAg/C and
10%AuUAg/C, large porous structure of AuAg/C or large fragments were observed. At higher
Au content, smaller fragment with average size around 15-20 nm were formed. The size of
AuAg nanoparticles on all catalysts was much larger that of the Au/C prepared by the PVA
protection method. The complete galvanic displacement was confirmed as the ratios of
Au:Ag were close to the intended ratio. However, small amount of AgCl was observed
from XPS and XRD results. The electronic modification of AuAg alloy was observed which
alter the activity of the catalysts.

The catalytic performance of the AuAg/C catalysts greatly depends on type and
concentration of alcohol. All the as-prepared AuAg/C catalysts require reaction with
alcohol to change into their active form via the adsorbate induce surface segregation. By
the reaction with alcohol, Au atoms, which has a higher affinity toward alcohol than Ag,
were pulled toward AuAg surface. This process was confirmed by the higher concentration
of Au atoms at the AuAg nanoparticle surface after reaction with glycerol molecule.

This surface activation process require a strong interaction between Au and
alcohol molecule. Au shows a stronger interaction with the alcohol with higher molecular
weight. Hence, AuAg only active for large molecule such as glycerol and ethylene glycol
(at high concentration) but not active for ethanol electrooxidation even though Au/C was
active for all mentioned alcohols.

In their active form, the promotion effects from Ag such as the anodic shift of

onset potential and potential at maximum current density were observed. The oxide
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formation on AuAg/C also occurred at a lower potential than the Au/C because Ag induce
hydroxide species to adsorb on the metal surface. The AuAg/C catalysts were more active
than the Au/C at low Au loading. 5%AuAg/C and 10%AuAg/C were the most active
catalyst in the electrolyte of 0.1 M glycerol and 1 M glycerol, respectively.

The stability of the AuAg/C catalyst was also depends on the electrolyte, the high
interaction between Au and glycerol was essential to keep the Au atoms at the catalyst
surface. As a result, all of the AuAg/C catalysts show a lower stability than Au/C in 0.1 M
glycerol electrolyte, while 10%AuAg/C was much more stable than Au/C in 1 M glycerol
electrolyte. The high glycerol concentration was demanded to keep the Au atoms on the
catalyst surface to maintain the catalytic activity. The reaction was promoted by the small
amount of Ag on the surface to induce the hydroxide species to adsorb on the metal
surface for glycerol electrooxidation, and thus promote the stability of the catalyst.

The activity of 109%AuAg/C can be further improved by the deposition of Pd on its
surface. All of the Pd-electrodeposited AuAg/C catalysts were more active than
10%AuAg/C. For the Pd-AuAg/C prepared in KNO; electrolyte, the activity was improved
as the number of Pd electrodeposition cycle increase. However, the potential at
maximum current density was shift to more positive potential and the CVs of glycerol
electrooxidation was more resemble that on Au/C. This results suggested that that the
role of Pd in this case was to increase the surface Au portion via the stable PdAu alloy on

the catalyst surface. However, this proposed role need further investigation.
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Abstract

The activity and stability of AuAg/C electrocatalysts prepared by a galvanic displacement between Au®* and Ag on carbon
were investigated. First, Ag/C was prepared by citrate reduction in alkaline and used as the displaced material. The addition
of Au* into the Ag/C resulted in smaller fragments of AuAg nanoparticles. These AuAg/C catalysts were prepared at four
Au loadings ranging from 5 to 30%wt Au. Upon interaction with glycerol, the catalyst surface became an Au-rich surface,
thereby activating the catalysts. The promotion effects of Ag, such as negative shifts of both an onset potential and a potential
at maximum current density, were observed on the catalysts with low Au content but not on those with high Au content. The
AuAg/C catalysts with low Au content were more active than the Au/C one despite the very much larger size of the metal
particles on the AuAg/C catalysts. The most active catalysts were 5%AuAg/C and 10%AuAg/C, providing much higher
mass normalized current densities in electrolytes containing 0.1 and 1 M glycerol, respectively. The final current density
of 10%AuAg/C after 60 min in 1 M glycerol electrolyte was 445 mA mg,,”', which was about 9 times higher than that of
Au/C. A synergistic effect between Au and Ag improved the stability of the AuAg/C catalysts.
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1 Introduction

An alkaline anion exchange membrane fuel cell (AAEMFC)
fed with alcohols has received much interest in recent years
due to its several advantages. This low-temperature fuel cell
>4 S. Yongprapat is fed by liquid fuel and is capable of being utilized as an

sarayut.yon @kmutt.ac.th . . .
alternative power source for mobile and portable devices.
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A number of alcohols, such as ethanol, ethylene glycol,
glycerol, and xylitol, can be fed directly to the anode [1-6].
Among these fuels, glycerol has been wildly studied, since
it is a non-toxic, non-flammable, low volatile, and low-cost
fuel that is suitable for large-scale usage. Glycerol can be
produced in large volumes as a byproduct of the trans-ester-
ification of vegetable oils. The current production rate of
glycerol exceeds its demand, so a new approach to utilizing
glycerol is necessary [7].

The potential of using Au as an anode catalyst for direct
glycerol fuel cells has been demonstrated by many studies
[1-3, 8-13]. Au shows a remarkably higher activity in glyc-
erol electrooxidation than do other noble metals, such as
Pt and Pd [1-3]. Moreover, in studies of half cells, Au has
exhibited better stability than a Pt-based catalyst [3]. How-
ever, the electrooxidation potential onset of glycerol on Au
occurs at a considerably high potential, because the oxygen-
ated species is required to form on the surface [1, 2].

The electrocatalytic properties of Au in alcohol electroox-
idation are improved by several promoters, such as Ce,0;
[8], RuO, [9], MnO, [10], and Ag [11]. The addition of
these metal oxides affects the activity slightly [8, 9, 11] and
improves the stability of Au catalysts. However, these metal
oxides do not promote the adsorption of alcohol on the Au
surfaces, since their onset potentials are about the same as
that of the catalysts without the metal oxides.

The onset potential or mass-specific current density of
glycerol [11-13] or glucose [14-18] electrooxidation on
the Au catalyst can be improved by the addition of Ag. For
glucose [14—-17], Au catalysts decorated by Ag generate a
higher maximum current density and have a lower onset
potential than do undecorated ones, possibly due to Ag’s
lowering of the formation potential of Au-OH.

A series of AuAg/C catalysts prepared by the co-reduc-
tion of AuCl; and AgNO; with glycerol as a reducing agent
was tested for glycerol electrooxidation in an alkaline solu-
tion [11-13]. In these studies, the active surface area of Au
on AuAg/C was low because of the segregation of the Ag
film on the catalyst’s surface. The reduction of the Au’*
species proceeded much faster than that of Ag*, yielding an
Au-rich core with an Ag-rich shell. Therefore, the glycerol
electrooxidation activity on AuAg/C was much lower than
that on Au/C. However, the onset potential of glycerol elec-
trooxidation on AuAg/C was lower than that on Au/C, indi-
cating that the electronic properties of Au had been modified
by Ag with the magnification of the adsorption strength of
the adsorbates on the Au surface [11]. Moreover, the pres-
ence of Ag promoted C—C bond cleavage and yielded more
electrons [13].

Glycerol electrooxidation on an AuAg catalyst consists
of several pathways and yields a variety of products ranging
from 3-C to 1-C-atom products. The very first electrooxida-
tion step involves a reaction with the C—O bond to yield the

@ Springer

3-C-atom products, such as dihydroxyacetone, glyceralde-
hyde, and glyceric acid. The C—C bond cleavage takes place
when the glyceric acid is further oxidized to yield glycolic
and oxalic acids (2-C-atom products) along with formic acid
(1-C-atom product) [13].

The synthesis of the AuAg nanoparticles with a spe-
cific controlled composition was quite difficult because
of the uncontrollable precipitation of Ag* in the presence
of CI™ contained in the Au precursor (HAuCl,). Ag was
inactive for alcohol electrooxidation at the normal operat-
ing potential of direct alcohol fuel cells [11]. Hence, too
much Ag covering the Au surface can diminish the cata-
lytic activity of the AuAg-based catalyst. Both Au and Ag
have the same face-centered cubic (fcc) structure with very
similar lattice parameters. As a result, Au and Ag can form
indistinct alloy phases over the entire composition range.
With the absence of a lattice mismatch between Au and Ag,
the crystals can easily grow on top of each other to form a
core—shell structure. Therefore, the aim of this research was
to prepare highly active Ag_. ..—Au_g.,/C-type or Au-rich
shell-type catalysts via the galvanic displacement of Au**
on the prefabricated Ag/C. The catalytic activity of the syn-
thesized AuAg/C catalysts toward glycerol electrooxidation
was measured.

Galvanic displacement is an electrochemical process that
involves the dissolution of less noble metals from a solid
electrode into the solution followed by the deposition of
more noble metals onto the solid electrode. Electrons pro-
duced from the former reaction are used by the latter reac-
tion, which is a reduction reaction. For AuAg, AuCl, /Au
has a standard reduction potential of 0.99 V, which is higher
than that of Ag/Ag* at 0.80 V, implying that AuCl,~ can be
reduced in the presence of metallic Ag. The reaction system,
which is composed of AuCl,” and Ag, yields the deposited
Au and the dissolved Ag*, as described by the following
reaction:

Three moles of Ag were consumed for every mole of Au
deposited, causing the shrinkage or formation of pores inside
the metal particles [19-21].

The first step of the displacement reaction is the dissolu-
tion of Ag, which creates holes on the Ag particles [19, 20].
The dissolution reaction is indicated at certain active sites
for a further dissolution reaction rather than the reaction’s
occurrence over the entire surface. Simultaneously, the Au
ions deposit onto the Au surface and form a very thin Au
film in the AuAg alloy phase.

In this work, a highly active AuAg alloy catalyst sup-
ported on carbon was synthesized by the galvanic displace-
ment of Ag with Au. The Ag/C catalyst was first prepared
by using the citrate reduction method in an alkaline solution.
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After that, Au was deposited onto Ag by the galvanic dis-
placement method to form AuAg/C at various Au loadings.
The electrocatalytic activities and stability of the synthesized
catalysts toward glycerol electrooxidation were studied by
cyclic voltammetry and chronoamperometry, respectively.
The effects of the %Au ratio and electrolyte concentration
on the catalyst’s performance and stability were investigated.
A conceptual diagram of Ag/C before and AuAg/C after
galvanic displacement is shown in Fig. 1. An Au/C catalyst
prepared by the polyvinyl alcohol protection method (PVA
method) [3] was used for comparison.

2 Experimental procedure
2.1 Electrocatalyst preparation

To prepare an AuAg/C catalyst by the galvanic displacement
method, Ag nanoparticles were first deposited onto a carbon
support to obtain Ag/C, which was then used as a sacrificial
substrate for depositing Au to synthesize AuAg/C. 60 wt%
Ag/C was prepared by the citrate reduction method while
AgNO; and tripotassium citrate were dissolved in de-ionized
water at concentrations of 200 pg cm™ and 0.1 M, respec-
tively. A Vulcan XC-72 was added to the above solution,
which was mixed by using a magnetic stirrer for at least
30 min. After that, 2 M KOH solution was added to the
mixture to initiate the reduction reaction, quickly turning the
solution’s color olive green, which indicated the formation
of Ag nanoparticles. The mixture was stirred for another
30 min to immobilize the Ag sol on the carbon support.
Finally, the catalyst was filtered, washed with de-ionized
water and ethanol, and then dried in a vacuum oven at 70 °C.

The AuAg/C catalysts at different Au loadings were pre-
pared by dispersing the 60%Ag/C from the previous step in
de-ionized water for 30 min. Then, the calculated amount
of HAuCl, was added to the mixture under vigorous stir-
ring to obtain an Au** solution at a concentration of 0.1 mg
cm~>. Simultaneously, the white precipitate of AgCl of

the displacement reaction was observed. After stirring for
30 min, the suspended catalyst was filtered, then washed
with an adequate amount of NaCl solution to dissolve and
remove AgCl from the solid residue followed by de-ionized
water and alcohol. Then, the residue was dried in a vacuum
oven at 70 °C. The samples on the Ag/C catalysts were des-
ignated as SAuAg/C, 10AuAg/C, 20AuAg/C, and 30AuAg/C
for 5, 10, 20, and 30 wt% Au, respectively.

20 wt% Au/C prepared by the PVA protection method [3]
with a slight modification was used as a reference catalyst
in the activity and stability tests. In brief, the Au*" precur-
sor at a metal concentration of 200 pug cm™ in the presence
of PVA was reduced by using 0.1 M NaBH, solution. The
dropwise adding of this solution under vigorous stirring
yielded a ruby red Au sol, which was immobilized on the
Vulcan XC-72. Finally, the suspended catalyst was filtered,
washed, and dried.

2.2 Catalyst characterization

The Transmission Electron Microscopy (TEM) images
and electron diffraction rings were taken by a JOEL JEM
2010 at a voltage of 200 kV. The rough average size of the
catalyst was calculated from approximately 100 particles.
The structure and composition of the as-prepared cata-
lysts were characterized by an X-ray diffractometer (XRD)
Bruker AXS: DSDISCOVER with Goebel mirror Cu Ka
radiation (1=0.1540 nm) using 40 mA filament current
and 40 kV tube voltage. Using an AXIS Ultra DLD (Kratos
Analytical) with Al K-alpha monochromatic X-ray radiation
(1486.68 eV) at 150 W, X-ray photoelectron spectroscopy
(XPS) was used to observe the electronic states of Au and
Ag.

Energy dispersive spectroscopy (EDX) equipped with
scanning electron microscopy (SEM) was used to estimate
the Au loading and Au:Ag ratio. The sample was prepared
by dispersing a small amount of the catalyst onto a copper
tape. In addition, the samples of the catalysts activated by
KOH and glycerol were also tested for comparison. These

Fig.1 A proposed conceptual A 3+
tagnmal s Agwd A [ Ag e AuAg/C
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samples were prepared by wiping the dry-well washed
catalyst on the electrode onto the carbon tape. The EDX
mapping and component analysis were performed at a
working distance of 8.5 um with an aperture of 30 pm.
The overall composition was analyzed at 200 kV while
the surface composition was detected using a lower poten-
tial at 10 kV. The average element composition was cal-
culated from three points of the collected data.

All the electrochemical measurements were conducted
by using the Bipotentiostat AFCBP1 (Pine Research
Instruments). The working electrode with a catalyst load-
ing of 50 ug cm~2 was formed by the drop casting of the
well-mixed catalyst ink containing the catalyst, Nafion
solution, and isopropanol onto the glassy carbon elec-
trode. A mercury/mercury oxide (1 M NaOH MMO) elec-
trode (BAS Inc.) was used as a reference electrode. All
the potentials reported in this work were taken versus the
MMO. A 1-cm? Au gauze (Alfa Aesar) was employed as
a counter-electrode. A large volume of the electrolyte was
used to keep the glycerol utilization low.

3 Results and discussion
3.1 Physicochemical characterization

Figure 2a shows a TEM image of the Ag/C that was used
as the material sacrificed to prepare the AuAg/C catalysts.
The Ag particles appeared as many large agglomerates in
various shapes. Most of these particles have diameters in
the range of 130-275 nm with an average particle size of
about 200 nm. Some small particles with diameters lower
than 50 nm were also observed.

By the displacement with Au®*, Ag was oxidized into the
solution. As a result, large numbers of smaller fragments
were produced according to the amount of added Au, as
illustrated in Fig. 2b—e. For the 5 and 10 wt%AuAg/C cata-
lysts, parts of the fragments were still attached together as a
large nano-network along with the smaller separated parti-
cles. These two shapes of the metal particles may be formed
by the same mechanism but with different displacement
degrees. For the 20 and 30%AuAg/C catalysts, as shown
in Fig. 2d—e, a higher amount of Ag was replaced and the
cluster of particles was torn apart, yielding many small frag-
ments of AuAg nanoparticles, of which the average particle

Fig.2 TEM images of (a) Ag/C, (b) 5%AuAg/C, (c) 10%AuAg/C, (d) 20%AuAg/C, (e) 30%AuAg/C, and (f) Au/C
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sizes on all particles were in the range of 15-20 nm. The
AuAg nanoparticles were not decorated uniformly on the
carbon. These AuAg nanoparticles may land simultaneously
after having been detached from the sacrificed Ag nanopar-
ticles, then positioned close to the other particles produced
from the same Ag particle.

The TEM image of Au/C is shown in Fig. 2f. The average
metal particle size was about 4.12 +0.98 nm, which is much
smaller than that of the AuAg/C catalysts.

Figure 3 presents the XRD patterns of all the prepared
catalysts. As both Au and Ag have similar lattice constants,
all the peaks related to Au and Ag appear at the same 20
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Fig.3 XRD patterns of (a) 5%AuAg/C, (b) 10%AuAg/C, (c)
20%AuAg/C, (d) 30%AuAg/C, and (e) Ag/C marked by the main
peak positions of AgCl (e) and Ag,0 (H)
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value at 38.2, 44.3, 64.5, and 77.6 degrees (JCPDS NO.
04-0783 for Ag and JCPDS NO. 04-0784). On the Ag/C
catalyst, a small amount of Ag,0 was observed from the
main peaks at 33.1° (JCPDS NO. 41-1104). For all the
AuAg/C catalysts, four additional peaks corresponding to
AgCl (JCPDS NO. 31-1238), which was formed during the
galvanic displacement method, were observed.

Figure 4 shows the XPS spectra of the Ag/C, Au/C, and
AuAg/C catalysts in the Au 4f and Ag 3d regions. The peak
binding energies of all the deconvoluted peaks are sum-
marized in Table 1. In the Au region, as shown in Fig. 4a,
the metallic Au 4f,, and 4f5;, peaks are visible at 84.7 and
88.4 eV, respectively. The slight shifts of the Au peak bind-
ing energy to a lower energy level were also observed for all
the prepared AuAg/C catalysts.

The deconvoluted XPS spectra in the Ag region showed
two species of Ag: ionic and metallic. The 3d peaks of the

Table 1 The peak binding energy of Au and Ag from the deconvo-
luted XPS results

Electrocatalysts Binding energy (eV)
Au Ag
4'f7/2 4'f5/2 3d5/2 3d3/2
Au/C 84.8 88.5 - -
5%AuAg/C 84.8 88.4 368.7 374.7
10%AuAg/C 84.8 88.5 368.8 374.7
20%AuAg/C 84.7 88.4 368.6 374.6
30%AuAg/C 84.7 88.4 368.6 374.6
Ag/C - - 368.5 374.5
(b)
30%AuAg/C (4x) ﬁ
20%AuAg/C (3x) "
; / ‘y
3 ‘ ‘ A
<
> | 10%AuAg/C (2x)
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Fig.4 The deconvoluted and XPS data of all synthesized catalysts in a 4f spectra of Au region and b 3d spectra of Ag region
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ionic Ag appear at a binding energy lower than that of the
metallic Ag [22]. The as-prepared Ag/C contained only the
metallic Ag with the binding energies of 368.5 and 374.5 eV.
After galvanic displacement, part of the displaced Ag
formed suspended AgCl with the C1™ from the Au precur-
sor and remained in the catalyst, even though most of the
AgCl had been removed during the cleaning process. The
binding energies corresponding to Agt were observed at
around 373.6 and 367.8 eV.

For the AuAg/C catalysts, the binding energy of Ag
shifted to higher values, indicating that the electrons had
transferred from Ag to Au to form an AuAg alloy. This elec-
tron transfer is normally observed in an AuAg bimetallic
catalyst [11].

The actual Au loading and Au:Ag weight ratio from the
EDX results of all the AuAg/C catalysts, along with their
intended weight ratios, are exhibited in Table 2. The Au
loadings on all the catalysts, except for 5%AuAg/C, were
close to the intended Au loadings, indicating a completed
displacement reaction under the conditions of the cata-
lyst preparation employed in this work. For the case of
5%AuAg/C, the actual Au:Ag weight ratio was about half
of the intended value. This result may be attributed to the
non-uniform metal distribution of low Au loading on the cat-
alyst support, as noticed from the high value of the standard
deviation as compared to the average value of Au loading.

3.2 Electrochemical activity

The typical CVs of Ag/C and Au/C in alkaline solution are
shown in Fig. 5. Both Ag/C and Au/C exhibit the oxida-
tion and reduction peaks related to oxide formation and
reduction, respectively, on their surfaces. For Ag/C, two
oxide formation peaks correspond to the formation of Ag,O
(0.25 V), and the mixed phases of Ag,0 and AgO (0.7 V)
[23, 24]. The oxidation peak in the forward scan of Au/C
relates to oxide formation on the Au surface. In the reverse
scan, two states of Au oxide were reduced at two potentials:
the quasi-2D oxide at about 0.3 V and the quasi-3D oxide
at about 0.0 V.

The CVs of the AuAg/C catalysts with different Au load-
ings are shown in Fig. 6. These CVs were quite similar to
that of Ag/C, with a shift in the peak potential even when

Table 2 The calculated Au and Ag weight ratios from EDX results

Catalysts Average Au Au:Ag weight ratio

loading (wt%) Actual Intended
5%AuAg/C 2.01+1.86 0.046+0.043 0.096
10%AuAg/C 9.16+1.72 0.206+0.154 0.230
20%AuAg/C 18.28+2.86 0.841+0.349 0.737
30%AuAg/C 32.23+5.28 3.048+0.233 2.801
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Fig.5 CVs of Ag/C and Au/C in 0.1 M KOH at scan rate of 20 mV

S

the catalyst, such as 30%AuAg/C, had a low content of Ag.
In addition, the onsets of the oxide formation and reduction
peaks of all the AuAg/C catalysts, except for 30%AuAg/C,
were similar to those of Ag/C. For 30%AuAg/C, the anodic
shift was observed with all the peaks, indicating higher sta-
bility for the metal oxide.

Both Ag/C and Au/C were active for glycerol electrooxi-
dation under the condition of the experiment, as shown in
Fig. 7. By comparing the CVs of the Ag/C catalyst in Figs. 5
and 7, the glycerol electrooxidation peak occurs at 0.2V,
which is more positive than the first peak of AgO forma-
tion. It is anticipated that the alcohol electrooxidation on Ag
takes place on its oxide surface, which is different from other
metals, such as Au and Pt [25]. The glycerol electrooxida-
tion peak appeared after the first AgO formation peak. This
catalytic active surface was not recovered by the cycling of
the potential, since the activity gradually declined as the
number of cycles increased.

For Au/C, the glycerol electrooxidation took place on
the bare Au surface and was inhibited by the surface oxide
formation. The onset of the reaction was observed at about
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Fig.6 CVs of AuAg/C catalysts in 0.1 M KOH at scan rate of 20 mV
s~!. (Color figure online)
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Fig.8 Au mass normalized CVs of 10%AuAg/C catalysts in a 0.1 M
glycerol and 0.1 M KOH, and b 1 M glycerol and 2 M KOH at scan
rate of 20 mV s~

—0.2 V. The current density rapidly increased and reached
the maximum current density at 0.4 V. After this point,
the surface oxide formed and the reaction was inhibited.
In the reverse scan, the oxide was removed from the Au
surface at 0.25 V and the catalyst activity was recovered,
resulting once again in the oxidative current of glycerol
electrooxidation.

3.2.1 Surface activation of AuAg/C catalyst

Figure 8a and b displays the CVs of the 10%AuAg/C catalyst
for glycerol electrooxidation at two electrolyte concentra-
tions. It was noticed that the peak characteristics and the
current densities of the CVs changed as the number of cycles
increased, indicating that the structure of the AuAg/C cata-
lyst had changed as the reaction proceeded. In the first loop
(Fig. 8a), the CVs of the 10%AuAg/C in a solution of 0.1 M
glycerol and 0.1 M KOH were quite similar to that of the
Ag/C in 0.1 M KOH, except that the sharp peak of glycerol
electrooxidation on the recovered gold surface appeared in
the reverse scan. In addition, the oxidation peaks of glycerol
on Au (from —0.2 to 0.6 V) were very low while the domi-
nant oxidation peak belonged to the glycerol electrooxida-
tion on AgO (from 0.7 V onward). As the number of cycles
increased, the peak of the glycerol electrooxidation on Au
was enhanced, whereas that on AgO was reduced. The Au
catalyst activity improved as the number of cycles increased
and became steady at the ninth loop, at which the glycerol
electrooxidation on Au was more pronounced than that on
AgO. The potential at the maximum current density and
the onset of AuO reduction had also shifted closer to those
of the Au/C catalyst. The activation of the catalyst surface
was also accelerated by the glycerol concentration. At higher
glycerol concentration, the activation proceeded much faster,
as shown in Fig. 8b. The glycerol electrooxidation on the Au
catalyst was clearly observed and became the main oxidation
peak starting from the first scan. A steady CV was achieved
after the sixth loop.

The surface compositions of the as-prepared 10%AuAg/C
and the catalyst activated by glycerol electrooxidation at a
low EDX potential were compared. Au and Ag on all the
catalysts were non-uniformly distributed all over the nan-
oparticles. The Au:Ag ratios of the prepared catalyst and
the catalyst cycled in the KOH electrolyte were similar at
0.145+0.017 and 0.142 + 0.066, respectively. However, the
catalyst surface became an Au-rich surface after scanning in
1 M glycerol electrolyte, since the Au:Ag ratio increases to
0.366 +0.050, providing evidence of the adsorbate-induced
surface segregation of the AuAg surface. The surface seg-
regation of a more reactive component to the adsorbate on
the surface of the alloy was well described [26]. Prior to
the glycerol electrooxidation test, the working electrode was
cleaned by performing a cyclic scan in a KOH solution at
the same concentration. This step may bring the Ag atom to
the nanoparticle surface, since Ag exhibits a higher affin-
ity for adsorbing the oxygenated species than does the Au
atom [27]. The catalyst showed a low glycerol electrooxida-
tion activity in this state, since Ag was inactive for glycerol
electrooxidation at low potentials. However, the surface
of the AuAg nanoparticles was reconstructed and became
highly active after interacting with glycerol. The activation

@ Springer



324

Journal of Applied Electrochemistry (2018) 48:317-328

process proceeded much faster at high glycerol concentra-
tion. Hence, the surface segregation may have been led by a
strong interaction between either the surface or underlying
Au atoms and the glycerol, which induced the Au atoms to
rise to the nanoparticle surface, since Au is better than Ag
at adsorbing alcohol [13]. In other words, the deactivation
of the catalyst surface is reversible depending on the elec-
trolyte deployed. The catalyst was easily deactivated by the
interaction between Ag and hydroxide ions. The fully acti-
vated catalyst was reversed to its inactive form after cycling
the potential in the KOH electrolyte. To regain its activity,
this deactivated catalyst must be reactivated by cycling the
potential in the electrolyte containing the glycerol. Hence,
the surface of AuAg may constantly be changing as the reac-
tion proceeds in the electrolyte containing both glycerol and
OH".

The displacement method yielded a catalyst in the form
of an Au-rich shell at the beginning of the preparation step.
Therefore, the surface reconstruction of this catalyst was
possible, since most of the Au atoms were either at or near
the surface. In contrast, this process may not have been pos-
sible in the case of the Ag-rich shell because the interaction
between the surface and deeper underlying Au may not have
been strong enough at low glycerol concentrations. This may
be the main difference between the catalysts prepared by the
co-reduction method of AgNO; and AuCl;, and the catalysts
fabricated by the galvanic displacement method.

The catalysts containing different Au content exhibited
dissimilar behaviors during the activation process. As shown
in Fig. 9, two distinct behaviors were observed according to
the Au content. The current density obtained from the low
Au content catalysts, 5 and 10%AuAg/C, firstly decreased
according to the decrease in the double layer charging cur-
rent. Later, the current density gradually increased and
became rather steady after about 5 min. The stable increase
in the current density indicates that the continuation of the
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Fig.9 CAs of AuAg/C catalysts in 1 M glycerol and 2 M KOH at
0.25 V after 10 cycles of activation in 2 M KOH. (Color figure
online)
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surface activation and the surface reconstruction of the low
Au content catalysts required a long time span. For the 20
and 30%AuAg/C, the activation took place in a different
manner. Owing to the high content of the near-surface Au,
the current density immediately rose within a few seconds.
After that, the generated current dropped. Unlike the current
densities of the other catalysts, the current density obtained
from the 30%AuAg/C progressively declined, indicating that
a much shorter surface reconstruction was required, as the
catalyst’s Ag content was very low.

3.2.2 Catalyst activity test

Figure 10 shows the steady and fully activated CVs of
AuAg/C in a solution of 0.1 M glycerol and 0.1 M KOH.
The glycerol electrooxidation characteristics and activities of
the synthesized AuAg/C catalysts depended strongly on the
Au:Ag ratio. For the catalysts with low Au:Ag ratios, e.g., 5
and 10%AuAg/C, the promotional roles of Ag, such as the
negative shifts of both the onset potential and the potential
at the maximum current density, were clearly observed. The
lower onset potential was caused by the reduction of the 5d
band density of Au, which altered the adsorption capability
of the Au surface [11]. The addition of Ag would also result
in faster self-poisoning by oxide formation. The potentials
at the maximum current density of both 5 and 10%AuAg/C
were at about 0.29 V.

At high Au content, e.g., 20 and 30%AuAg/C, the pro-
motion effects of Ag almost vanished. The main glycerol
electrooxidation peaks on these two catalysts were similar
to that of Au/C. However, the small oxidation peak related
to the glycerol electrooxidation on the Ag surface and the
higher stability of the oxide reduction were still observed.
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400

100

i/ mA mgy,™
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Fig. 10 Au mass normalized CVs of Au/C and AuAg/C catalysts in
0.1 M glycerol and 0.1 M KOH at scan rate of 20 mV s~'. (Color
figure online)
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Apparently, the peak potential was affected by the Au
loading [28, 29]. The drop-off potential generally increased
with increased Au loading. However, the results shown here
did not follow the regular trend. Thus, it was possible that
the effects of Ag on the glycerol electrooxidation had pre-
vailed over the effects of the support [28] or the accumula-
tion of the oxidative species within the catalyst layer [29].

For the electrolyte containing 0.1 M glycerol and 0.1 M
KOH, the most active catalyst was the 5%AuAg/C, which
provided a mass normalized current density at about 382 mA
mgAu_l almost twice as high as that of Au/C at 203 mA
mg,,”". This result contradicted that of the Ag-rich shell
AuAg/C catalyst prepared by the co-reduction method,
which was quite inactive in the low glycerol concentration
electrolyte [11]. Despite their large particle sizes, both the 5
and 10%AuAg/C catalysts benefited by the promotion effect
of Ag and the activation of the AuAg nanoparticles. The
formation of an Au-rich shell may compensate for the low
surface area of the large particles. For the high Au loading
catalysts, however, this promotional effect of Ag was dimin-
ished according to the lower content of Ag, so the particle
size played an important role instead.

Figure 11 depicts the CVs of all the AuAg/C and Au/C
catalysts in high concentrations of glycerol and electrolyte,
i.e., 1 M glycerol and 2 M KOH, respectively. The elec-
trooxidation characteristic of Au was obviously dominant
in this condition while the reaction on Ag was diminished.
The synergistic effect between Au and Ag was still observed
under this condition, i.e., the negative onset potential shifts
for the 5 and 10%AuAg/C catalysts were the same as in
the low glycerol and electrolyte concentrations. However,
no clear trend on the potential at maximum current density
could be concluded, although this potential was related to
the stability of the surface oxide. The AuAg/C catalyst with
faster oxide reduction in the reverse scan was less deacti-
vated by the oxide formation and tended to oxidize glycerol
at higher potentials.
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Fig. 11 Au mass normalized CVs of Au/C and AuAg/C catalysts in
1 M glycerol and 2 M KOH at scan rate of 20 mV s~'. (Color figure
online)

Figure 11 shows that 10%AuAg/C was the most active
catalyst, yielding 3.04 A mgAu_1 while the Au/C catalyst
provided only 2.22 A mg,,”'. The activities of 20% and
30%AuAg/C were still low under this condition.

3.2.3 Catalytic stability test

To measure the stability of the AuAg/C catalysts at their
fully activated states, the CA experiments were conducted
after the catalysts had been activated by 10 cycles of CV
scans in their respective electrolytes. The resulting CA in
the low and high glycerol concentration electrolytes are dis-
played in Fig. 12a and b, respectively. After being activated
by the glycerol, the typical CA shape of AuAg/C was similar
to that of Au/C.

In the low glycerol concentration electrolyte, as shown in
Fig. 12a, most of the AuAg/C catalysts exhibited a slower
decay in their current densities than did Au/C, except for
30%AuAg/C, during the initial stage. Unfortunately, the
final current densities of all the AuAg/C catalysts, except for
5%AuAg/C, were lower than that of Au/C. The final current
density at the 60th minute of 5%AuAg/C was close to that
of Au/C. Moreover, the average current densities decaying
from the 20th to 60th min of 5%AuAg/C and 10%AuAg/C
(0.30 and 0.19 mA mg,,”" min~!, respectively) were close
to or lower than that of Au/C at 0.28 mA mg,,”" min™". This
result indicated that all the AuAg/C catalysts had been sub-
jected to surface deactivation by a cause other than poison-
ing by the reaction intermediates, which was proposed here
as the Ag segregation previously mentioned in Sect. 3.2.1.

The use of higher glycerol concentrations in the electro-
lytes gave different results. In Fig. 12b, the current density
trend of the CA is similar to that of the CV. The 10%AuAg/C
catalyst was the most active catalyst and more stable than
Au/C. The average current decay rates of the highly active
AuAg/C, such as 10%AgAu/C and 20%AuAg/C (1.24 and
0.82 mA mg,,~' min~!, respectively), were much lower than
that of Au/C (1.94 mA mg,,~" min™").

The electrooxidation of glycerol and removal of the reac-
tion intermediates on the Au surface required the forma-
tion of the oxygenated species on the catalyst surface. With
Ag, the rates of hydroxide adsorption and oxidation on the
nanoparticle surface were accelerated around the glycerol
electrooxidation potential, as was observed from the Ag,0O
formation starting at 0.25 V in Figs. 5 and 6. As a result, the
catalyst surface was enriched with the oxygenated species
forming on the remaining Ag atoms on the surface. This
extra oxygenated species was supplied to the Au atoms for
the glycerol electrooxidation and removal of the reaction
intermediates, thereby lowering the decay rates of the AuAg
catalysts.

These results suggest that activation by glycerol is an
essential step for preparing the AuAg/C catalysts by the
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Fig. 12 CAs of AuAg/C (a) 120

catalysts in a 0.1 M glycerol ‘

and 0.1 M KOH at 0.25 V after [\
|

8

10 cycles of CV activation in
0.1 M glycerol and 0.1 M KOH,
and b 1 M glycerol and 2 M
KOH at 0.25 V after 10 cycles
of CVin 1 M glycerol and 2 M
KOH. (Color figure online)
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galvanic displacement method, and that a certain glyc-
erol concentration would be required to maintain catalyst
activity and stability during the glycerol electrooxidation
reaction, since the interaction between glycerol and Au
would be needed to keep Au on the catalyst’s surface. The
remaining Ag could supply the oxygenated species to the
Au atoms on the surface for the glycerol electrooxidation
reaction, thereby improving the stability of the Au catalyst.

The catalytic properties of the Au-based catalysts were
influenced by the sizes of the Au nanoparticles [30]. Small
Au particles show higher activity and lower onset potential
than do the large particles on a mass basis. However, on
a real surface area basis, the specific activity increases as
particle size increases because of the higher portion of
the Au(111) surface appearing in the larger particles. In
our present work, although particle size may play some
role in the activities of the catalysts, the results prove that
the AuAg catalyst is highly active in an alloy form. New
strategies, such as the PVP-protected AuAg alloy prepa-
ration method [31, 32] or heat treatment to induce alloy

@ Springer

formation, to prepare small AuAg alloy particles will be
adopted in future works.

4 Conclusions

A series of AuAg/C catalysts were prepared by the gal-
vanic displacement of Ag on carbon with Au®*. The sizes
and shapes of the AuAg nanoparticles deposited on carbon
varied with the Au loading. The sizes of the AuAg nano-
particles were much larger than those of Au/C prepared by
the PVA protection method. However, with the electronic
modification of an AuAg alloy and the presence of Ag on
the nanoparticle surface, the AuAg/C catalysts became more
active than did Au/C at low Au loading. 5%AuAg/C and
10%AuAg/C were the most active catalysts in the electro-
lytes of 0.1 and 1 M glycerol, respectively.

The catalytic performances of the AuAg/C catalysts
greatly depended on the glycerol concentration and their
activities improved after activation with glycerol. In this
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active form, a negative shift of the glycerol electrooxidation
peak was observed. The oxide formation on AuAg/C also
occurred at a lower potential than did Au/C, because Ag
induced the hydroxide species to adsorb on the metal sur-
face. This mechanism improved the stability of the AuAg/C
catalyst in the high glycerol concentration electrolyte.
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Abstract:

The AuAg/C catalysts were prepared by using the galvanic displacement of Ag/C by Au®*. The shape and distribution of
AuAg nanoparticles depended on the displaced degree yielding a large porous for 10AuAg/C or smaller fragments for
30AuUAg/C. The activity of AuAg/C catalysts required an activation from alcohol electrooxidation. The activity was
improved as the number of cyclic voltammogram increased. The catalyst activation depended on type and concentration
of alcohol used. The higher molecular weight alcohol molecule tends to be a better activator. Glycerol was the only
alcohol used in this study that active was at 0.1 M concentration, while ethylene glycol was active at higher
concentrations. For ethanol, even though active on Au/C, it was not oxidized on AuAg/C catalysts. The activation
process was the reversible process, controlled by the electrolyte, which pull Au or Ag towards the nanoparticle surface
by the interaction with alcohol or hydroxide. For the oxidizeable alcohols, the promotion effects of Ag was observed.
The onset potential and the potential at maximum current density was shifted to more anodic. The 10AuAg/C catalyst
was more active than Au/C for glycerol electrooxidation.

Keywords: AuAg/C catalyst; Alcohol electrooxidation; Electrocatalysts; Fuel cell; Galvanic displacement.
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1. Introduction

Au-based catalysts were excellent for glycerol electrooxidation in an alkaline medium. This makes
them capable as an anode catalyst in direct glycerol anion exchange membrane fuel cell. Ag was
found to further improve the catalytic properties of Au by lowering the onset potential of the
reaction, but, with lower activity because of the segregation of Ag on catalyst surface (Garcia et al.,
2014). This work aims to elaborate the effects of Ag on the electrooxidation properties of AuAg/C
on alcohols by using the voltammetric method. The AuAg/C catalysts were prepared by galvanic
displacement of Ag by Au®* according to the reaction:

AU+ 3Ag > Au + Ag** (1).

3 moles of Ag were replaced by one mole of Au which lower the volume of metal nanoparticles and
produces an Alloy AuAg nanoparticles in the process (Sun and Xia, 2004). The result was compared
with the Au/C prepared by PVA method (Yongprapat et al., 2012).

2. Materials and methods

The 60%Ag/C was first prepared by using the citrate reduction in alkaline. AgNO3 and potassium
citrate were dissolved in a dispersed mixture of Vulcan XC-72 in deionized water. The reduction
reaction was initiated by addition of KOH solution. The obtained Ag/C was filtered, washed and
dried. This formed Ag nanoparticles on carbon was then used as a sacrifice material to deposit Au**
onto Ag/C by the galvanic displacement reaction. To prepare the AuAg/C, the calculated amount of
Au®" was added into the dispersed 60%Ag/C in deionized water. The AuAg nanoparticles were
formed as Ag oxidized to Ag” and formed AgCl in the mixture. Finally, the AuAg/C was filtered,
washed and dried. Two AuAg/C catalysts at 10 and 30 %wt Au loading were used in this study
namely 10AuAg/C and 30AuAg/C, respectively. The intended ratios of Au:Ag in 10AuAg/C and
30AUAg/C were at 0.23 and 2.81. The Au/C was prepared by the PVA method described elsewhere
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(Yongprapat et al., 2012). These catalysts were used to form the working electrode by dropping the
well mixed catalyst ink onto a glassy carbon electrode. The cyclicvoltammetry was performed by
using the Bipotentiostat AFCBP1 (Pine Research Instrument).

3. Results and discussion

Fig.1 shows the TEM image of 60%Ag/C, 10AuAg/C and 30AuAg/C. The large particles of Ag was
observed in Fig. 1(a) with the wide particle size of 100-300 nm. After the displacement reaction, the
Ag nanoparticles were corroded and produced a porous or a small AuAg fragment. The average size
of the AuAg nanoparticles of 10%AuAg/C and 30%AuAg/C catalysts was around 20 nm which was
larger than the Au nanoparticles on Au/C with the average size of 3.69 nm (Yongprapat et al., 2012).

TR Y S v
1200 nm 4;?‘ : -
S - [ « &

= i 4 == E ey =
Fig. 1 TEM images of (a) Ag/C, (b) 10AuAg/C and (c) 30AuAg/C.
The activity of AuAg/C catalysts depends on type and concentration of the alcohol solutions. All the
alcohols used in this study which are ethanol, ethylene glycol and glycerol were active on Au/C
catalyst. However, the AuAg/C catalysts were not active for ethanol electrooxidation even in 1 M
ethanol electrolyte (results not shown). This result was quite astonishing since the AuAg particle of
30AUAg/C was comprised mainly by Au atoms.

Figs. 2 and 3 show the cyclic voltammograms of ethylene glycol electrooxidation on 10AuAg/C
and 30AuAg/C in 0.1 M and 1 M ethylene glycol electrolyte in comparison with those of Au/C. At
0.1 M ethylene glycol, only 30AuAg/C shows low alcohol electrooxidation activity in Au region
(around -0.1-0.4 V) while 10AuAg/C was inactive. The 30AuAg/C was inactive in the first scan but
the activity was gradually increased after the number of scan increased.

The ethylene glycol activity on both AuAg/C catalysts was clearly observed in 1 M ethylene glycol
electrolyte as shown in Fig. 3. Ethylene glycol electrooxidation occurred in 2 regions. The first one
was on the active Au surface in the potential range of -0.2-0.4V. The potential at the maximum
current density of AuAg/C was around 0.3 V compared with that at 0.5 V on Au/C. At 0.3 V, the
metal oxide formation began which prevents alcohol adsorption on the metal surface. The current
density in this range was very low in the first scan and then increased as the course of scan progress.
The second region was on the active Ag surface which displays as a sharp peak in the potential
range of 0.4-0.6 V. The current density trend was reverse with that on the active Au region.

The activation of AuAg surface differ by the Au:Ag ratio. 30AuAg/C was faster activated than
10AUAg/C. The current density in Au region reaches half of the maximum current density in the 2™
loop while that on 10AuAg/C was on the 5 loop.

The activation process became faster with glycerol, as shown in Fig. 4(a). 30AuAg/C was almost
inactive in the first cycle. After that, the current density increased drastically up to around 75% of
the maximum current density in the 2™ scan and became stable from the 3" scan onward.
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Fig. 4 CVs of 30%AuAg/C in 1 M glycerol and 2 M KOH (a) fresh catalyst and (b) the same
electrode after deactivated in 2 M KOH at a scan rate of 20mV s™.

Fig. 4(b) shows the results of the electrode as shown in Fig. 4(a) after cycle in 2 M KOH. Even
though this electrode was fully activated in the first experiment, the electrode was deactivated by
KOH and was inactive. Then, after subjected to the electrolyte with glycerol the AuAg surface was

reactivated and the current density raised again.

These results suggested that the surface activation was reversible when the electrolyte was changed.
This indicates that the composition of AuAg/C was electrolyte dependent. Ag was the metal with
the higher affinity to adsorb the oxygenate species such as hydroxide than Au. However, Ag was
inactive toward alcohol electrooxidation in the region of alcohol electrooxidation on Au. As a
consequence, Ag atom may be pulled toward the catalyst surface by hydroxide and cover the active
Au surface. For Au, however, had better adsorption of alcohol. Since Au was more active for
alcohol with high molecular weight, the surface activation which pulls Au atom to the nanoparticle

11
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surface progressed better with high molecular weight alcohol such as glycerol. For low molecular
weight alcohol such as ethanol and ethylene glycol, however, the AuAg surface cannot be activated
and became inactive. Moreover, the concentration of alcohol and the ratio of Au in nanoparticle also
affected the activation process.
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Fig. 5 CVs of fully activated AuAg/C and Au/C catalyst in 0.1 M glycerol and 0.1 M KOH at a scan
rate of 20 mV sec™.

Fig. 5 shows the activity of 10AuAg/C, 30AuAg/C and Au/C in 0.1 M glycerol electrolyte.
10%AuUAg/C catalyst was the most active catalyst in this condition. Ag provided several promotion
effects on the electrooxidation on AuAg/C. The onset potential and the potential at maximum
current density were shifted to more negative potentials. This was due to the higher affinity of
hydroxide to Ag over Au which provides hydroxide to Au for the electrooxidation or AuO formation.

4. Conclusion

The activity of electrooxidation on AuAg/C catalysts strongly relates with the molecular weight of
alcohol. AuAg/C was inactive without a strong interaction with alcohol because of the overlying Ag
atoms on nanoparticle surface. With strong interaction with alcohol, the Au atom was pulled toward
the surface and the catalyst was active for the reaction. This process was reversible depending on
the electrolyte concentration. The promotion effects of Ag were clearly observed.
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ROLES OF ELECTRODEPOSITED Pd ON GLYCEROL
ELECTROOXIDATION ACTIVITY OF AuAg/C CATALYST

Sarayut Yongprapat*', Apichai Therdthianwong', Supaporn Therdthianwong”

! Fuel Cells and Hydrogen Research and Engineering Center,
Pilot Plant, Development and Training Institute (PDTI)
? Department of Chemical Engineering, Faculty of Engineering
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Roles of Pd on the electrooxidation activity of galvanic displaced AuAg/C toward glycerol electrooxidation activity
were investigated. The AuAg/C catalyst was firstly prepared by using the galvanic displacement reaction between
Au’" and Ag on carbon. This type of catalyst was much more active than Au/C catalyst for glycerol electrooxidation
in alkaline medium. The presence of Ag also lowered the onset potential and the potential at maximum current
density. However, the activity of the AuAg/C catalyst depended on the surface composition of Ag and Au on
catalyst surface. The catalyst would be active while the surface was enriched with Au but inactive with Ag. The
surface composition was controlled by the composition of the electrolyte. However, the surface composition
between Au and Ag may be shifted toward Au with the addition with Pd, since Pd tended to segregate on Ag and
formed a stable AuPd alloy. The electrodeposition of Pd was carried out by using cyclic voltammetric method. The
deposition of Pd on AuAg/C catalyst was confirmed since the catalyst became Pd-like surface while using 1 mM
PANO; in 0.1 M KCI. At a lower Pd concentration (0.01 mM PdNO3) the catalytic activity of AuAg/C catalysts was
changed upon the composition of the electrodeposition bath. The catalytic activity of Pd-AuAg/C electrodeposited
by using PANOj; in both KNO; and KCI electrolytes was higher than that on the base AuAg/C catalyst upon 10
cycles of deposition. The glycerol electrooxidation properties of resulting Pd-AuAg/C catalyst carried out in KCl
electrolyte was similar to those of AuAg/C, but with higher activity. However, while KNO; was used as the
supporting electrolyte, the yielding Pd-AuAg/C catalyst tended to be more like Au-rich surface 1. These results
showed that the Pd can be used to promote the glycerol electrooxidation activity of AuAg/C. The addition of
appropriate amount of Pd resulted in Au-like surface which may cause from the higher concentration of surface Au.

Keywords: AuAg catalyst, Pd promoter, Glycerol electrooxidation, Fuel cell, Electrodeposition.

INTRODUCTION

Glycerol was produced in a very large amount as a coproduct from biodiesel production. With a low consumption,
the price of glycerol was lowered for decades and sometimes considered as a waste. Thus, finding the way to utilize
glycerol should provide a lot of benefit. Fortunately, glycerol was electro-oxidized rapidly on Au-based catalyst in
alkaline, which make glycerol a capable fuel for direct glycerol alkaline type fuel cell. Recent study indicated that
the glycerol electrooxidation on Au-based catalyst can be promoted by Ag [1]. The AuAg/C can not only be more
active than Au/C but also shift the onset potential and the potential at maximum current density to more anodic
potential. However, the activity of AuAg/C greatly depends on the concentration of electrolyte and also requires the
activation by the reaction with glycerol. This was due to the surface segregation of both Au and Ag through the
reaction with glycerol and OH’, respectively. The surface segregation was the process that normally occurred to
stabilize the surface energy of the nanoparticles via the interaction between metal and adsorbate [2].

Since this catalyst was only active when the surface was in Au-enriched form, its activity would be further promoted
by shifting the surface composition toward higher Au portion. From a systematic search, Pd was proposed in this
work to help achieving such a cause by two reasons. First, Pd tends to segregate on Ag in bimetallic PdAg [3].
Second, Pd can form a stable PdAu alloy which is more stable than PdAg alloy [4]. In this work, a small amount of
Pd was electrodeposited via potential sweep method onto the prior prepared AuAg/C catalyst. The activity of the
obtained Pd-AuAg/C catalyst toward glycerol electrooxidation was studied via cyclic voltammetric method.
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EXPERIMENTAL

The detail on preparation of AuAg/C catalyst was described elsewhere [1]. The Ag on carbon (60%wtAg/C) which
was used as a secrifice material for Au deposition was prepared by using citrate reduction in alkaline. After that, Au
was deposited onto the Ag/C via galvanic displacement reaction between Au®" and Ag/C. The obtained AuAg/C
with 10% wt of Au (10AuAg/C) was used as an electrodeposit substrate for Pd. This 10AuAg/C contains the AuAg
nanoparticles with the average size of around 20 nm [1]. The electrodeposition of Pd was performed by using a
cyclic voltammetric method. First, the 10AuAg/C catalyst ink composed of 10AuAg/C, nafion ionomer and
isopropanol was dropped on the glassy carbon electrode to yield a very thin film of 50 ug ~ cm™,,. After dried in
ambient air, the electrode was dipped into the electrodeposition bath containing Pd salt and supporting electrolyte.
The electrodeposition was performed in the potential window of -0.8 V-0.8 V vs. Mercury/Mercury oxide (MMO)
reference electrode. The potential program of deposition and glycerol electrooxidation activity test was controlled by
Bipotentiostat AFCBP1 (Pine Research Instrument). The nomenclature of 4 Pd-AuAg/C catalysts presented in this
work is shown in Table 1.

Table 1 Nomenclature of Pd-AuAg/C catalysts and their electrodeposition conditions.

Catalyst Electrodeposition bath Solution No. of electrodeposition cycle
1CI-Pd-AuAg/C 1 mM PdNO; + 0.1 M KCI 1
10C1-Pd-AuAg/C 0.01 mM PdNO; + 0.1 M KC1 10
IN-Pd-AuAg/C 0.01 mM PdNO; + 0.1 M KNO; 1
5N-Pd-AuAg/C 0.01 mM PdNO; + 0.1 M KNO; 5
RESULTS AND DISCUSSION

Fig.l1 shows the glycerol electrooxidation of the AuAg/C and Pd-AuAg/C catalysts prepared via Pd
electrodeposition in KCl1 electrolyte containing 0.01 mM and 1 mM PdNOs;. The glycerol electrooxidation activity of
all the catalysts in this work required several cycles of reaction with glycerol to activate them from their inactive
state, as described elsewhere [1]. The CVs shown in this work were the CV at the steady states, while the surfaces of
electrocatalysts reach their equilibrium states with the glycerol electrolyte used. The CV displayed in the Pd
electrodeposition was showed in the insert of Fig. 1. The CV of Pd deposition in KClI electrolyte contains only one
pair of sharp peak associated with AgCl formation and reduction. The CVs of AuAg/C catalyst with and without
PdANO; in KCI electrolyte were the same. Then, there was no peak related with the Pd deposition appeared in this
condition. However, the deposition of Pd was confirmed as the 1Cl-Pd-AuAg/C became a Pd-like surface since the
glycerol electrooxidation on Pd took place at more anodic potential than on Au-based catalyst, as shown in Fig. 1.
The glycerol electrooxidation on Pd surface starts at -0.4 V. After that, the current density sharply increases and then
declines in a narrow potential window.
&3 e — Frash AuAg/C
- w=  10C1-Pd-AuAg/C

1CI-Pd-AuAg/C

[

Amg,'

V/V

Figure 1. CVs of glycerol electrooxidation in 1 M Glycerol and 2 M KOH of fresh AuAg, 1CI-Pd-
AuAg/C, and 10CI1-Pd-AuAg/C at a scan rate of 20 mV sec™. Insert: CV of AuAg/C in 0.01 M
PdNO; and 0.1 M KCl.
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The glycerol electrooxidation on AuAg/C begins around -0.3 V where glycerol begins to adsorb on the metal
surface. This potential was more anodic than that on Au/C indicating the promotional effect from Ag [1]. After that,
the current density increases until it reaches the maximum current density at around 0.31 V. At this potential, oxide
formation on metal surface occurred which prevented further glycerol adsorption. Hence, the current density was
lowered and normally diminished on Au-based catalysts as the entire metal surface was covered by the oxide. The
two consecutive peaks from 0.45 V onward are corresponding to glycerol electrooxidation on Ag oxide. In the
reversed scan, the catalytic activity of the catalyst was regained as a very sharp oxidation peak after the surface
metal oxide was reduced at 0.2 V.

For the 10Cl-Pd-AuAg/C, the onset of the glycerol electrooxidation was close to that of the AuAg/C catalyst.
However, the potential at maximum current density was shifted to a lower potential. In the reversed scan, the small
oxide reduction peak can also be observed at 0.2 V prior to the sharp glycerol electrooxidation peak. These two
occurrences indicate that the oxide formation and reduction on this catalyst takes place at lower potentials than that
on AuAg/C catalyst. The maximum current density, as shown in Table 2, was higher than that on the AuAg/C
catalyst.

The change in catalytic activity of this catalyst could be raised from 2 possibilities: the surface modification via the
AgCl formation in the electrodeposition process and the deposited Pd. However, the CVs of glycerol
electrooxidation on the AuAg/C catalyst preconditioned by using on only KCI electrolyte (without PANO;) was
similar to that on fresh AuAg/C catalyst (result not shown). This means that the modification of the catalytic
properties was from the deposited Pd.

Table 2 Potential and current density at maximum current density.

Catalyst Potential (V) Current density (A mga,™”)
AuAg/C 0.31 1.52
1CI-Pd-AuAg/C 0.00 1.62
10Cl1-Pd-AuAg/C 0.26 1.74
IN-Pd-AuAg/C 1.71 0.34
SN-Pd-AuAg/C 0.66 2.83

The CVs of glycerol electrooxidation on IN-Pd-AuAg/C and 5N-Pd-AuAg/C are shown in Fig. 2. In KNO;
electrolyte, the main peaks occurred are corresponding to the oxide formation on the Au and Ag surface. The current
densities of these peaks were lowered as the number of deposition cycle increased indicating the deposition of Pd on
the AuAg surface.

The CVs of both 1N-Pd-AuAg/C and 5N-Pd-AuAg/C catalysts resembled the typical CV of Au/C more than than
that of AuAg/C [1]. The potential at maximum current density was shifted toward higher potential, as shown in
Table 2, as well as the oxide reduction potential in the reversed scan. This potential shift was larger as the number of
electrodeposition cycle increased. Moreover, the peak related to Ag was almost disappeared in both catalysts.
Despite all these changes, the onset potential was still close to that on the AuAg/C catalyst. This indicated that the
synergistic effect of Ag on Au remained.

The maximum current density of both 1N- and 5N-Pd-AuAg/C was increased as the number of electrodeposition
cycle increased, as shown in Table 2. The glycerol electrooxidation on SN-Pd-AuAg/C yielded almost 2-fold higher
than that on AuAg/C. The higher activity of these two catalysts may be grounded from the promotional effects of Pd
which increased the portion of Au on the electrocatalyst surface via a stable PdAu alloy. Theoretically, the PdAu
alloy was formed to lower the overall surface energy of the Pd-AuAg nanoparticles since PdAu was more stable at
the surface than PdAg and the separated Pd-Au form. As a consequence, the surface of AuAg nanoparticles become
an Au-rich surface. Thus, the CVs of these catalysts were shift toward Au/C pattern with a high current density
while still keeping the synergistic of Ag from the underlying Ag core.
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Figure 2 CVs of glycerol electrooxidation in 1 M Glycerol and 2 M KOH at a scan rate of 20 mV
sec”' of IN-Pd-AuAg/C and 5N-Pd-AuAg/C catalysts.

The role of supporting electrolyte on the catalytic activity of the electrodeposited Pd-AuAg/C was large. The
properties of Pd-AuAg/C prepared by using KNOj; as a supporting electrolyte was much different with those using
KCI. While KCI1 was used, the surface of the metal oxide was changed to AgCl which is a stable salt. This AgCl-
covered surface may make the AuAg surface less active for Pd deposition. Then, only small amount of Pd was
deposited on the catalyst surface or Pd may only deposited on the site that was not entirely covered with AgCl, eg.
Au-rich area. However, NOj;™ ion cannot form a stable species on AuAg surface. As a consequence, the AuAg
surface was more active in KNO; than in KCI electrolyte. Larger amount of Pd may possibly deposit on AuAg
surface and then make a greater change on the catalytic activity of the catalyst.

CONCLUSIONS

The Pd-AuAg/C catalysts were prepared via electrodeposition of Pd on the AuAg/C substrate. The properties of Pd-
AuAg/C catalysts depend on the type and the concentration of electrodeposition bath. All the Pd-AuAg/C catalysts
were more active than AuAg/C, however, with a different promotional effect. The electrodeposition in KCI
electrolyte yield the catalyst with the properties quite similar to those of AuAg/C with an anodic shift in peak
potential and higher current density. However, while KNOj; electrolyte was used, the change in the catalytic activity
from the AuAg/C was more pronounced than KCl. The CVs of IN-Pd-AuAg/C and 5N-Pd-AuAg/C were quite
similar to that of the Au/C. The surface of these catalysts become Au-rich surface. The proposed Pd role in this case
was to increase the surface Au portion via the stable PdAu alloy. The SN-Pd-AuAg/C catalyst provides around two
fold higher current density than the AuAg/C.
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