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Highlights

¢ Pt ion exchange with Y type zeolite and calcination and reduction.

 H" spillover at electrode and solution interface and through zeolite framework.
¢ Pt particle size measurement by EXAFS.

¢ Pt electrocatalytic performance by CV measurement.

¢ Electro-oxidation of small organic species on Pt surface.

Abstract: Zeolite supported Pt electrocatalysts, made by ion exchange method using Pt/Y type
zeolite, have been investigated to determine Pt electrochemical activity of HCOOH and CH3;OH
oxidation using the cyclic voltammetry (CV) and the extended X-ray adsorption fine structure
(EXAFS) techniques. The study reveals that the introduction of excess H" ions during electrocatalyst
pre-treatment could enhance electrochemical reaction on Pt surface due to higher Pt dispersion,
regardless of zeolite being a direct current electronic conducting insulator. Two possible conduction
pathways might contribute to the electrocatalytic reaction on Pt surface with Pt particle size and
loading: (1) hydrogen atoms/H" ions spillover through zeolite framework and at the electrode and
solution interface; (2) surface mobility of adsorbed species on electrode surface. The water may act
as a carrier in assisting the migration of the H' ions throughout zeolite channels to facilitate the
charger and electron transfer in such an electrical system.

Keywords: Pt on Y zeolite, H" spillover species surface mobility, HCOOH and CH;OH oxidation, CV,
EXAFS.

1. Introduction

Carbon supported platinum (Pt/C) as a common type of electrocatalyst has been widely used in
direct methanol fuel cell (DMFC) applications with Pt loading on carbon normally in a range of 20% -
40%, which is prohibitively expensive. Furthermore, the Pt/C electrocatalysts can contain large-size
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Pt particles that may decrease the electrocatalytic activity. Previous study by Min et al. [1] revealed
the increase of specific activities with the decrease of the surface area for carbon supported Pt
electrocatalyst, in which the oxygen reduction on Pt surface was a structure-sensitive reaction
associated with the adsorption strength of oxygen intermediate on the Pt surface. Hence,
considerable research efforts have been made in the past decades by developing a highly dispersed
nanostructured Pt electrocatalyst to improve fuel cell efficiency and economic viability for energy
applications.

Zeolite can provide an environment to produce highly dispersed Pt metal particle, owing to its high
selectivity and great capacity of absorbing and retaining water by the creation of zeolite proton
conducting membranes for solution like ionic conduction through interconnecting channels without
damaging the zeolite crystalline lattice structure [2-4]. The growth of Pt particle on zeolite is mainly
controlled by O, calcination step in gas phase and high dispersion of Pt can be achieved by further H,
reduction step [5]. A slow heating process at a high O, flowrate would be preferable to avoid Pt non-
uniform distribution on zeolite introduced by auto-reduction [6] that may produce large Pt metal
particles during the removal of ammonia ligands at 300 °C [7-9]. Pt is also found favourable to
remain in the zeolite supercage at 350 °C in O, and 400 °C in H,, respectively, resulting in a particle
size of 0.6 — 1.3 nm, which is much smaller than that of graphene based materials with Pt particle
size growing up to 1.5 -19 nm [10].

Pt was more stable at zeolite sodalite cage, mainly due to its strong polarization nature of the Pt-d
bond electron configuration [11]. A high degree of Pt dispersion was reported in the presence of H*
ions by forming Pt—H adduct in zeolite structure. H" ions can act as a chemical anchor to diminish the
sintering of Pt particles at 400 °C in H,. The polarization of Pt particles by the nearby cations, i.e. H",
might result in the electron deficiency of Pt, leading to the change of Pt catalytic activity and
spectroscopic properties [12, 13]. Moreover, the charge transfer between Pt and nearby
neighbouring zeolite support oxygen atoms can play an important role during this process [14, 15].

The disorder of Pt particle on zeolite framework has had a dramatic effect on the Pt electronic
structure by the extended X-ray adsorption fine structure (EXAFS) [16, 17]. The Pt-Pt bond distance
was shortened to less than 2.75 A than that of Pt bulk metal in the presence of strong charger
transfer between Pt clusters with the increase of the Pt-Pt binding energy due to Pt electron
deficiency [18], compared to Pt in a non-zeolite supported system, i.e. Pt/SiO,. Vaarkamp et al. [19]
predicted an average Pt particle size consisting of approximately 15 atoms with the first shell
coordination number and Pt-Pt distance of 5.5 and 2.75 A, respectively.

The electrochemical activity of Pt nanostructure on zeolite was previously investigated by Rolison et
al. [4]. The Pt was found to exhibit particular chemical and physical characteristics that could
enhance the electrochemical reaction, owing to high ionic strength between electrodes. Liu et al.
[20] suggested that hydrogen spillover is an important process to promote Pt electrocatalysis for
Pt/C electrode. The H" ions adsorbed on the Pt active surface could spillover and diffuse into the
surface of the inert support to form acidic surface oxides for an interfacial reaction of
electrocatalytic process being taken place on Pt surface. The spillover of hydrogen has been
discovered in both Pt/Al,O; and Pt/SiO, catalyst systems to promote the transport of an active
species between catalyst active sites. Zhang et al. [21] also observed hydrogen spillover from Pt to
zeolite Brgnsted and Lewis acidic sites in gas phase.
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Pt appears to be one of the best catalysts for dissociating the C-H bound at a relatively low potential
[22], which is favourable to oxidise small organic species, such as, methanol (CH30H) and formic acid
(HCOOH). However, past studies showed that the high electrocatalytic activity of Pt for methanol
oxidation can be attributed by both high dispersion of redox-active Pt nanocrystal and active sites in
high surface area of catalyst support, i.e. ZSM-5 zeolite [23]. Hsieh et al. [24] also discovered that Pt
catalyst supported by material containing oxygen function groups, e.g. graphene oxides, is much
more favourable for HCOOH oxidation, owing to strong interactions between metal ions and
oxidised substrates, thus limiting the CO poison on Pt surface. EI-Nagar and Mohammed [25] has
drawn a similar conclusion about an oxygen atmosphere being important to facilitate CO oxidation
at a low potential level.

Zeolite can offer high active sites interconnected by oxygen atom to enhance Pt dispersion and
nucleation. However, the electrochemical oxidation and the reduction of CH;0OH and HCOOH species
on zeolite supported Pt with regard to hydrogen spillover process at the Pt/Y zeolite electrode and
solution interface have not yet been fully investigated, since zeolite lacks the direct current (DC)
electronic conduction, and the electro-organic reaction on Pt surface is generally a slow process due
to the restriction of high current density generation [26].

In this study, laboratory made 1.5 wt% and 5 wt% loading Pt electrocatalysts with or without excess
H* ions, introduced into zeolite structure by ion exchange method, will be investigated to determine
the Pt electrochemical activity to oxidise CH;OH and HCOOH species by cyclic voltammetry (CV). The
Pt particle size and dispersion on zeolite will be characterised by EXAFS using a Nafion® bound
electrode, fabricated by Pt/zeolite and carbon powder mixed with Nafion® to form ultra-thin film
and membrane on electrode surface [2, 3]. The charger/electron transfer at electrode and solution
interface will be investigated to understand Pt and zeolite conducting pathway, especially in the
presence of excess H' ion on zeolite.

2. Experimental
2.1. Pt/Y zeolite electrocatalysts ion exchanged using Pt(NH3),(NOs), or Pt(NH;),(NOs),/NH,NO; salts

The 1.5 wt% and 5 wt% Pt loading on Y zeolite electrocatalysts was made by ion exchange method
[17, 18] using Pt(NHs)4(NOs), salt (denoted as 15Ptancr4 for 1.5 wt% Pt loading and 5Ptancr4 for 5
wt% Pt loading on Y zeolite thereafter) or Pt(NH3)4(NO3),/NH,NO; salt (denoted as 15Ptanxcr4 for 1.5
wt% Pt loading and 5Ptanxcr4 for 5 wt% Pt loading on Y zeolite thereafter) in neutral solution,
respectively.

An appropriate quantity of Pt(NH;3)s(NOs), was thoroughly dissolved in 200 m/ of triply distilled
water. The ion exchange process was then taken place in water-jacketed reactor, where the sodium
Y zeolite powder was dispersed at a concentration of 1 g per 100 m/. The Pt ion was slowly added by
pumping Pt(NH;),(NO;), salt solution into the reactor. The sample was then washed with triply
distilled water until no [Pt(NHs),]** complex detected by Ultraviolet (UV) [27]. After washing, sample
was later dried overnight in an oven.
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In case of the excess nitrate ion exchange method using Pt(NH;3)4s(NOs),/NH,NO;, the NH,NO; was
added firstly into the suspended zeolite using stoichiometric titration method to provide a NH;NO;
concentration of 0.063 mol dm prior to the adding of the Pt(NHs),(NOs), salt.

2.2. Calcination and Reduction

The synthesis of Pt nanostructures on Y zeolite was carried out by applying the calcination and
reduction procedure to remove the Pt co-ordinate ligand, i.e. a crucial chemical step associated to
the formation of Pt nano-particle dispersion on zeolite substrate [8].

Pt(NH3)4(NOs), salt Y zeolite samples were purged with argon at a moderate temperature in a
fluidized bed reactor to dry out the water moisture. This will avoid the growth of large-size Pt
particles [9]. After cooling, O, gas was introduced into the reactor to re-heat samples up to 350 °C.
Then, samples were chemically reduced at a temperature of 400 °C by purging with 5% H, and 95%
N, gas mixture to produce a fine Pt distribution on zeolite. The following equations present the Pt
oxidation and reduction reactions [8]:

Oxidation [Pt(NH;)4]*" = NH; (gas) + Pt (1)
0, (gas) + 2Pt*" = 2PtO (2)
Reduction: PtO + H, (gas) = H,0 + Pt (3)

For sample ion exchanged with NH,;NO; salt (prior to the adding of the Pt(NH;),(NOs), salt), the
sample was heated at 300 °C in argon to produce a fine distribution of the excess H" ions on zeolite
framework using the reaction in equation (4) below. The Pt oxidation and reduction reactions after
the introducing of [Pt(NH;),]*" ions were followed by the same procedure presented in equations (1)

-(3).

NH," = H" + NH; 4 (4)

2.3. Electrochemical Cell and Cyclic Voltammetry

The electrode was made of electrocatalyst with 1.5 wt% and 5 wt% Pt loading on zeolite and
(untreated) XC-72R carbon powder mixture mixed with 15 wt% Nafion® solution (i.e. 5 wt% solution
in Aliphatic Alcohols and H,0 from Aldrich) as a binder. The resultant paste was then hot pressed on
a sheet of 9 cm?” carbon paper (E-TEK TGHP-90) for solidification. A disc of 2.5 cm” diameter of
electrodes was then trimmed for CV measurement and a disc of 1.3 cm” for in-situ EXAFS
measurement.

The charge separation on electrode was investigated in a glass-jacketed electrochemical cell,
consisting of working electrode, Hg/Hg,SO, Mercury/Mercuries Sulphate (MMS) reference electrode
and a Pt gauze counter electrode. The in-situ EXAFS measurement was carried out in an
electrochemical cell formed by two acrylic discs with two Kapton windows cut in the middle,
accomplished by a working electrode connected with a gold wire current collector to reinforce the
contact in the cell system via Pt gauze count electrode. The Hg/Hg,SO, MMS reference electrode
was then connected to the electrochemical cell using a salt bridge, re-assembled to produce a
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sufficiently large absorption edge. The electrolyte was 2.5 mol dm™ sulphuric acid (H,50,) solution
for the standard CV measurement and 1 mol dm™ for the in-situ EXAFS measurement at a scan rate
of 1 mV s in a potential region of -0.65 V to 0.5 V, respectively, in which no solvent and electrolyte
decomposition were detected [28].

For electro-oxidation reaction of HCOOH and CH3;OH species on Pt surface, the CV measurement was
taken at 1 mV s in an electrochemical cell containing 2.5 mol dm’ sulphuric acid (H,S0,) and 1 mol
dm™ methanol or formic acid solution, until a clear and stable CV curve obtained.

2.4. The Extended X-ray Adsorption Fine Structure Measurement

EXAFS measurements were performed using a Synchrotron Radiation Source (SRS) at STFC Daresbury
Laboratory, UK. The wiggler beam line was operated at conditions of 2 GeV and 100 mA. High-order
harmonics that might affect the amplitude of EXAFS were removed using a double-crystal Si220
monochromator. The 50% detuning of harmonic beam using gas ion chambers filled with Ar, Xe or Kr
and He was used to locate the Pt L, absorption edge. A Pt foil was used as a reference sample for
EXAFS data collection.

Data analysis was carried out using in-house software EXCURV 98. The inter-atomic distance, atom
number and the type of backscattering neighbours were determined using a method proposed by
Abruna [29].

3. Results and Discussion
3.1. Zeolite Brunauer-Emmett-Teller (BET) surface area measurement

Figure 1 depicts the zeolite BET surface area measurement to investigate zeolite structure change,
owing to the calcination (O,) and reduction (H,) processes. The maximum 10% measurement
uncertainty given by sample 15Ptancr4 (i.e. at 168 m’°g™”) (see in table 1) is mainly due to the
significant loss of zeolite crystal structure with merely 26.97% zeolite surface area preserved. The
plain zeolite sample has shown the highest surface area measured at 623 m’g™’. By comparing to
plain zeolite, it was found that about 86.52% of zeolite surface area was preserved by sample
15Ptanxcr4 (i.e. at 539 m°g™), 90.37% and 88.76% by samples 5Ptanxcr4 (i.e. at 563 m’g™) and
5Ptancr4 (i.e. at 553 m’g™), respectively [30]. These data indicate that zeolite crystal structure is able
to be well-preserved in the presence of excess H* ions (e.g. sample 15Ptanxcr4 or 5Ptanxcr4) during
the calcination and reduction processes. The collapse of crystallized zeolite structure is found
predominant for 1.5% Pt loading sample 15Ptancr4 without H* ion presence, possibly owing to the
blockage of zeolite opening pores in small channels.

The surface area measured for XC-72R carbon powder is about 32.1% (i.e. at 200 m°g™) compared to
that of plain zeolite, slightly higher than the value given by sample 15Ptancr4. The carbon powder is
only used as electrode binding paste in assisting to mix the Pt zeolite catalyst and Nafion® polymer
solution.
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Fig. 1. Volumetric uptake of Nitrogen at a temperature of 77 Kelvin with adsorption in black solid
lines and desorption in dotted symbols. All samples were made by calcination at 350 °C and
reduction at 400 °C, respectively.

Table 1 BET Surface area measurement.

Sample Plain zeolite | XC-72R 15Ptancr4 15Ptanxcr4 | 5Ptancrd 5Ptanxcrd
Surface 623.2+0.1% | 200+ 0.1% | 168 +10% 539+1.0% |553+1.0% |563+1.5%
area (m’g™)

Surface 100% 32.10% 26.97% 86.52% 88.76% 90.37%
area

preserved

3.2. Cyclic Voltammetry measurement in H,SO, electrolyte solution

CV measurement was performed to determine the electro-activity of chemical species in the
electrolyte solution on Pt surface by monitoring the current change against the potential. Figure 2
depicts a comparison of electrochemical activity between -0.65 V and 0.5 V for samples 15Ptancr4,
15Ptanxcrd, 5Ptancr4 or 5Ptanxcrd4 Pt/Y zeolite | Nafion® bound working electrodes made by
electrocatalyst with extra carbon powder mixture, respectively. The observed CV profile consists of
very similar electrochemical behaviour with two distinguished hydrogen adsorption (HSP) and
hydrogen reduction (HR) regions associated with the hydrogen adsorption peak (peak ‘A’), hydrogen
evaluation peak (peak ‘B’), the re-oxidation peak (peak ‘C’) and desorption peak (peak ‘D’),

respectively.

A double layer (DL) current was measured at a potential range of -0.22 V to -0.40 V and -0.5 V to -
0.33 V, during both cathodic and anodic sweeps. The current change in the hydride region provided
by the electrode 15Ptanxcr4 has seen significantly larger in terms of magnitude, with a well-resolved
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hydrogen oxidation peak captured at -0.64 V. The electrode 15Ptancrd predicted a hydrogen
adsorption peak being further shifted towards a positive potential direction at -0.58 V, compared to -
0.62 V and -0.61 V determined by those of 5Ptancr4 and 5Ptanxcr4, respectively. This indicated that
the energy level of hydrogen adsorption on Pt active sites for the electrode 15Ptanxcr4 was
relatively high. No visible feature of hydrogen desorption peak ‘D’ was observed by the electrode
15Ptancrd, possibly due to very similar energy levels of these two sites, leading to insignificant
oxidation and reduction redox surface group presence. The increase of hydrogen oxidation peak
current was found to follow the order of samples as 15Ptanxcr4 -> 5Ptanxcr4 -> 5Ptancr4 ->
15Ptancrd. There was a weak hydrogen desorption peak captured in the anodic sweep by the
electrodes 5Ptanxcr4 and 5Ptancr4, consistent to that shown by the electrode 15Ptanxcr4.

The presence of electron transfer at the electrode and solution interface was evidenced by the
hydrogen adsorption, evolution and desorption peaks in hydride region. It was known that Pt
electrocatalytic performance was closely associated with Pt particle sizes and their distributions on
zeolite [14], due to the polarization of Pt particles by neighbouring cations, i.e. H', resulting in Pt
electron deficiency. The significant hydrogen adsorption and evolution current change given by the
electrode 15Ptanxcr4 has indicated the presence of high Pt distribution on zeolite.

Following equations describe an oxidation/reduction process on Pt surface:

Pt+H,0 =OHPt+H" +¢ (5)
OHPt=PtO+H + ¢’ (6)
PtO +H* = Pt + OH’ (7)
PtO+2 H'=Pt+H,0 (8)
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Fig. 2. The CV measurement in 1.0 mol dm™ H,S0, solution for a potential range of -0.65 Vto 0.5 V vs
MMS reference electrode by the electrodes 15Ptanxcr4, 5Ptanxcr4, 15Ptancr4 and 5Ptancrd4,
respectively.
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A dramatic arising of electrochemical activity was not observed by increasing Pt loading up to 5 wt%.
The current change at the hydride region for the electrode 15Ptanxcr4 is about 5.1 mA, compared to
that of 3 mA measured for the electrodes 15Ptancr4 and 5Ptancrd or 5Ptanxcrd. The discrepancy
may be due to following two reasons given by the electrode 15Ptanxcré4: (1) the Pt distributions on
zeolite may have been increased; and (2) the Pt particle size is relatively small, resulting in an
increase of Pt surface area thus promoting Pt active sites [8, 11]. The formation of the Pt-H adduct in
zeolite structure can assist to diminish the sintering of Pt particle during calcinations process, due to
the increase of the Pt charge density. The hydrogen adsorption and desorption was found to take
place on Pt active sites via hydrogen ‘spillover’ pathway using carbon made Pt electrode [31], where
Pt not in direct contact with Nafion® membrane has been involved in an interfacial process through
surface conductance and surface diffusion process [20]. The H" ions were able to form an OH group
with carbon acidic surface oxides. The electrochemical conductivity in the Pt/Y zeolite carbon
powder mixed | Nafion® electrode system might adopt a similar process of either the surface
mobility of adsorbed species or the hydrogen adatoms/H" ions ‘spillover’ through the electrode
surface via ionic conduction of solution [3, 20]. Zeolite can act as an electron bank to donate or
receive electrons, resulting in a ‘flow’ of protons along acidic sites [32] for H" ions being transmitted
between Pt active sites on zeolite.

The water was also found to have played a significant role in electrochemical reaction to migrate
hydrogen between Pt on zeolite framework by creating zeolite proton conducting membrane
strengthening electrode surface conductivity [3, 33]. The electrochemical reaction might involve a
charge/electron transfer at the electrode and solution interface in the presence of H" and H;0 free
species, where ions are transferred by hitching a ride on water during their migration through zeolite
channels [3].

3.3. In-situ EXAFS study for 1.5 wt% and 5 wt% Pt/Y zeolite electrocatalysts

The in-situ EXAFS data was collected at the Pt L, edge at room temperature under a potential
deposition of -0.65 V vs MMS reference electrode in 1.0 mol dm? H,S0, solution. The data was then
fitted in R-space by k*> weighting and the EXAFS spectra were dominated by high Z-value neighbours
with phase correction using a computer code EXCURV 98 developed at Daresbury Laboratory, UK.

3.3.1. Pt particle analysis for Pt/Y zeolite electrocatalyst without excess H* incorporated in zeolite
structure

Figure 3a illustrates the data fitting of the raw EXAFS Chi spectrum (kK>y(k) vs k/A) for electrode
15Ptancrd and their fitted results being presented in table 2. Some data scatterings were observed
in Chi spectrum at a slightly high noise level [30]. EXAFS data was subsequently fitted up to 3 shells
with a data fitting quality parameter called goodness fitting value (R..) of 58% approximately. The
curve fitting (in dotted symbols) matches well against the raw data (in solid lines), with shells 1 and 2
Pt-Pt coordination numbers predicted at 7.45 and 2.0, respectively. The data fitting quality was
improved by adding a Pt-O shell. This might be attributed by Pt in direct contact with the zeolite
support oxygen. The Pt-Pt binding distance is determined at 2.77 A, longer than a standard Pt-Pt
binding distance of 2.75 A. This might be introduced by the re-oxidation of OH ions on the Pt active
sites, where the energy level is coherent to that required for the re-oxidation of OH" ions.
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Figure 3b depicts the EXAFS spectra fitted for electrode 5Ptancrd. Up to four Pt shells were predicted
with Pt coordination numbers of 6.78 at shell 1, 1.29 at shell 2, 3.10 at shell 3 and 6.3 at shell 4,
respectively. The Pt-Pt binding distance is fitted at 2.76 A. The increase of a Pt bond distance by 0.1
A is possibly due to the H adsorption on the Pt surface and hydrogen evaluation. It might also be
associated with the interference of the negative charged zeolite support oxygen atom and Pt
particles. No Pt neighbouring oxygen atom was detected; implying Pt particle is fully reduced at -
0.65 V. The Pt particle size is estimated larger for 5 wt% Pt loading sample than those of 1.5 wt% Pt
loading electrocatalysts predicted by Benfield theory [34] using icosahedrons or cubo-octahedron
model.
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Fig. 3. EXAFS data fitted at the Pt L,, edge with phase correction. The experimental data and their
fitting results are presented in solid lines and dotted symbols, respectively. Data were collected
under a potential disposition at -0.65 V vs MMS reference electrode in 1.0 mol dm? H,S0, solution.
Samples: (a) 15Ptancr4; (b) 5Ptancr4, both without excess H' ions.

3.3.2. Pt particle analysis for Pt/Y zeolite electrocatalyst with excess H* ions incorporated in zeolite
structure
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Figure 4 shows EXAFS spectra fitting for electrocatalysts 15Ptanxcr4 and 5Ptanxcr4 decorated with
excess H' ions on Y zeolite. A high noise level was shown in raw data of Chi spectrum by sample
15Ptanxcr4, resulted in a slightly poor data quality [30]. The fitting results have been improved by
adding the Pt-Pt third shell. This can be confirmed by the reduction of R..: value to 44.99%
approximately. The Pt-Pt first shell coordination number is fitted at 6.38, and that of shells 2 & 3 are
predicted at 1.48 and 5.15, respectively. The Pt-Pt binding distance is predicted at 2.77 A, greater
than 2.75 A of sample 5Ptanxcr4, possibly attributed by the adsorption of hydrogen (H) on Pt surface
or hydrogen evolution. No Pt-O shell was determined around Pt centre atom.

The goodness fitting value of R for sample 5Ptanxcr4d was predicted at 32.24%, approximately. Up
to the fourth Pt-Pt shell was fitted with shell 1 Pt-Pt coordination number of 6.78, shell 2 at 1.29,
shell 3 at 3.10 and shell 4 at 6.3, respectively. The Pt-Pt binding distance is 2.75 A, indicating that Pt
particle is metallic in nature to preserve the bulk Pt property.
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Fig. 4. EXAFS data fitted at the Pt L, edge with phase correction. The experimental data and their
fitting results are presented in solid lines and dotted symbols, respectively. Data were collected
under a potential deposition at -0.65 V vs MMS reference electrode in 1.0 mol dm™ H,S0, solution.
Samples: (a) 15Ptanxcré4; (b) 5Ptanxcr4, both with excess H* ions.
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Table 2 EXAFS data fitting results for 1.5 wt% and 5 wt% Pt loading Pt/Y zeolite electrocatalyst
without excess H" ions (i.e. 15Ptancr4, 5Ptancr4) or with excess H* ions (i.e. 15Ptanxcr4, 5Ptanxcr4)
in presence. The EXAFS data were collected under a potential deposition at -0.65 V in 1.0 mol dm>
H,SO, solution at room temperature, respectively.

Samples Shell1-0 Shell 2 - Pt Shell 3 - Pt Shell 4 — Pt Shell 5 — Pt
15Ptancr4 | N 0.75 7.45 2.05
R(A) 2.19 2.77 3.85
5Ptancr4 N 6.78 1.29 3.10 6.30
R(A) 2.76 3.89 4.78 5.43
15Ptanxcrd | N 6.38 1.48 5.15
R(A) 2.77 3.90 4.80
5Ptanxcr4 | N 5.71 1.50 4.07 5.40
R(A) 2.75 3.87 4.77 5.40

3.3.3. The ex-situ EXAFS measurement

Although no additional Pt-Pt third shell is predicted for the electrode 15Ptancr4 by in-situ EXAFS
measurement, this does not indicate that an average size of Pt is small owing to the presence of O
neighbouring atom around the centre of Pt. This has been confirmed by the deterioration of the
goodness fitting value of R,y at 58.87%, compared to that of 44.99% (R..ys) determined for the
electrode 15Ptanxcrd. Subsequently, the ex-situ EXAFS analysis was carried out for a further
investigation of Pt particle sizes and their distributions on zeolite.

Table 3 presents the fitting results of EXAFS data measured in H, gas cell using a mixture of 1.5 wt%
or 5 wt% Pt/Y zeolite and boron nitride powder placed between two pieces of plastic film. There is
no ‘O’ atom being predicted for 1.5 wt% Pt sample, indicating Pt might be fully reduced by H, gas. A
Pt-Pt binding distance was measured to be 2.75 A. The Pt fitting results for sample 15Ptancr4 are in
good agreement with that given by Tzou et al. [35]. An average of Pt particle size consists of 17 Pt
atoms, significantly higher than the value determined by in-situ measurement.

The number of Pt atoms determined by sample 15Ptanxcr4 in H, gas cell consists of 13 atoms in a Pt
particle, less than that in sample 15Ptancrd under electrochemical reaction. This is possibly
associated with the reduction of Pt thermal disorder in zeolite system with the increase of Pt binding
energy by forming Pt metal proton adduct on zeolite acidic sites during the precursor thermal
treatment process [36].
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For 5 wt% Pt loading samples (i.e. 5Ptancr4 and 5Ptanxcrd) in H, gas phase, the Pt particle size is
predicted slightly higher than those determined in electrolyte solution. The data fitting has shown an
oxidation of sample 5Ptanxcr4 with O atom detected around the centre of Pt atoms. The Pt-O
binding distance is significantly shortened from 2.2 A to 1.93 A, indicating the increase of an average
Pt d-orbital binding energy with the increase of charge density on the zeolite support oxygen
brought by charge compensation cations of H" ions [14]. The Pt-Pt binding distance is determined at
2.75 A, again reflecting the metallic nature of Pt cluster.

Conclusively, a high level of Pt distributions on zeolite is acquired by samples, i.e. 15Ptanxct4 and
5Ptanxcrd with excess H' ions presence. This has been demonstrated by hydrogen adsorption and
desorption in hydride region.

Table 3 Data fitting results for 1.5 wt% and 5 wt% Pt/zeolite samples in H, gas at room temperature.

Samples Shell1-0 Shell 1 - Pt Shell 2 — Pt Shell 3 - Pt Shell 4 — Pt
15Ptancr4 | N 6.33 0.88 3.34 6.40
R(A) 2.75 3.91 4.78 5.42
5Ptancr4 N 7.47 0.47 4.53 6.57
R(A) 2.75 3.88 4.79 5.45
15Ptanxcr4 | N 6.00 1.59
R(A) 2.75 3.90
5Ptanxcr4 | N 0.56 6.02 1.81 4.33 5.93
R(A) 1.93 2.75 3.89 4.78 5.42

3.4. Electrochemical oxidation of small organic species

The oxidation behaviour of Pt/Y zeolite catalysts was determined by examining the electrooxidation
of small organic species, i.e. CH;0H and HCOOH, as Pt is considered to be the most suitable catalyst
for electrooxidation of these small organic molecules [22, 37]. The accompanied by-product of
carbon monoxide (CO) to poison Pt surface is examined by CV measurement in a mixture solution of
2.5 mol dm? sulphuric acid (H,SO,) and 1 mol dm™ of CH;OH or HCOOH acid. The potential was
cycled between -0.65 V and 0.5 V at a scan rate of 1 mV s, until a clear and stable CV being
obtained. The tendency of CV measurement for CH;0H or HCOOH oxidation is generally in good
agreement with that described in literatures [38-40].

Figure 5 displays the CV curves of HCOOH and CH;OH oxidation on 1.5 wt% and 5 wt% Pt loading
zeolite electrocatalysts, presenting a typical current change profile characteristics, which are found
consistent to those provided by a commercial Pt/C electrocatalyst (i.e. Johnson Matthey) with a
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particle size of 2.5 nm [38]. The HCOOH oxidation starts at a much negative potential region
immediately after hydrogen desorption (see, e.g. figure 5a), compared to that determined in CH;OH
(see, e.g. figure 5b), indicating Pt surface is more favourable for HCOOH oxidation than that of
CH3O0H. In general, the electrode made by sample 5Ptanxcr4 has shown a better performance to
oxidise  HCOOH and CH;OH species. This was evidenced by a dramatic increase of
oxidation/reduction current in both the cathodic and anodic sweeps, indicating that most of Pt
active surface areas are free from CO occupation and thus available for electrochemical re-oxidation
of HCOOH or CH;0OH [38, 39]. A more consistent CH;OH oxidation/reduction current change was
predicted by the electrodes of 15Ptancrd or 15Ptanxcr4 and 5Ptancr4, respectively, whilst a small
discrepancy of current change was determined by an oxidation of HCOOH. Their electrochemical
activity follows a decreasing order of 5Ptanxcr4>5Ptancr4 > 15Ptanxcrd > 15Ptancr5, respectively.
The high electrocatalytic activity given by sample 5Ptanxcr4 may be associated with Pt oxidation (Pt-
O) state on zeolite due to the interference of Pt with zeolite neighbouring active site, such as
Brgnsted site (see, e.g. descriptions in sections 3.3.2 and 3.3.3). Present study has shown the
increase of Pt loading, i.e. from 1 wt% to 5 wt%, can promote the oxidation of HCOOH or CH3;0H, as
seen in high current change, compared to that determined by a commercial Pt/C electrocatalyst at
same scan rate of 1 mV s [38]. Kaur et al. [23] also observed a similar trend using Ce decorated
ZSM-5 zeolite as support. This may be due to the attribution given by the interference of metal
nanocrystal oxide and zeolite Brgnsted acidity of high surface area zeolite, resulting in high stability
of catalyst and high electrocatalytic activity [23]. The oxidation mechanism of HCOOH and CH;OH on
Pt electrodes was investigated by various research groups [23, 38-40] with similar conclusions. The
final by-products given by electrochemical reaction were CO, and H,0, accompanied by intermediate
species of HCO and CO. The overall reactions for formic acid and methanol are presented below,
respectively:

HCOOH + H,0 —» 3H"+CO, + OH +4e (9)
CH;OH + H,0 —p 6H"+CO, + 6e (10)

CO was found to be the main poison species involved in the oxidation of methanol and formic acid,
resulting in the slowdown of the electrochemical reaction [38-41]. This has been reflected by
inhibition of hydrogen adsorption/desorption region. In general, the formation of CO, by formic acid
(HCOOH) oxidation is much more efficient than that determined for methanol (CH30H) [39, 42, 43],
as evidenced by a high current yield between -0.3 V and 0.5 V (see, e.g. figure 5a). The present study
indicates that both surface oxides and the available solution phase of OH  ions could be the source of
oxygen for the oxidation of CO, in agreement with those published findings [39, 44]. The overall fuel
cell efficiency can be subsequently improved in formic acid, where the fuel crossover is much lower
than that in methanol, owing to the repulsive interaction among the membrane sulfonic groups and
anions [39]. The oxidation of small organic species appears to be a surface process, involving in Pt
surface conducting and H' ion diffusion and spillover along Pt on zeolite. This is particularly
appealing to eletcro-oxidation process of methanol, where a more visible H* evaluation/re-oxidation
peak was captured by electrode 15Ptanxcr4. The CO oxidation/reduction current due to the
disassociation of CH;OH is generally lower than that predicted by HCOOH, attributed by higher
energy density of methanol than that of formic acid. Nevertheless, the low theoretical open circuit
potential of methanol can lead to poison Pt surface much easier than that presented in formic acid
[38, 44].
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Fig. 5. The steady-state cyclic voltammetry of electrochemical oxidation of HCOOH and CH3;OH on
Pt/Y Zeolite catalysts in a mixture solution of 2.5 mol dm’ sulphuric acid (H,S0O,4) and 1 mol dm? of
HCOOH or CH30H, respectively. CV measurement was taken until a clear stable CV curve obtained.
(a) HCOOH oxidation; (b) CH;OH oxidation.

4. Pt distribution on Y zeolite
4.1. Estimation of Pt particle size and Pt distribution

The Pt particle size and its geometry were estimated by using the mean value of the first nearest
neighbouring coordination number of Pt atoms as a function of Pt cluster edge length [34].

The ex-situ EXAFS measurement data was adopted to estimate the Pt particle, as seen in tables 2
and 3. This is mainly attributed by the following reasons: (1) the low goodness fitting value
determined by the ex-situ data fitting, compared to those using in-situ EXAFS data; (2) Pt particles
were fully reduced on zeolite in H, gas, along with well-preserved zeolite structure (i.e. BET surface
area at 539 m’g™ or for 563 m°g™* for 15anxcr4 or Sanxcr4, respectively); and (3) Pt particles might
not follow icosahedral model under a potential deposition for in-situ measurement. The diameter of
average Pt particle size is likely to increase in an acidic solution [46], particularly under potential
deposition in hydride region. Table 4 illustrates the number of Pt atoms and their distributions in a
Pt cluster. The Pt particle size is estimated around 1.0 - 1.1 nm in diameter with 147 atoms in a Pt
cluster for sample 15Ptancr4 without excess H* ions on zeolite and 5 wt% Pt loading samples (i.e.
5Ptanxcr4 and 5Ptancrd4). However, a significant decrease of Pt particle size down to about 0.55 -
0.82 nm is determined for sample 15Ptanxcr4 in the presence of excess H" ions in zeolite structure,
consisting of merely 13 to 55 atoms in a Pt cluster. The presence of H" ions on zeolite surface may
facilitate the change of the charge density of zeolite support oxygen, resulting in a large reduction of
Pt particle size.
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Table 4 The average first nearest neighbouring coordination number of Pt atoms and the number of
Pt atoms in a Pt cluster.

Acronym name 15Ptancr4d 15Ptanxcr4 5Ptancr4 5Ptanxcr4®
N, 6.33 6.00 7.47 6.02
from refinement - Pt

Total atom in a Pt cluster 147 13,55 147 147
Particle size (nm) 1.0-11 0.55-0.82 1.0-1.1 1.0-1.1

®Oxygen neighbours present in the first Pt—0 coordination shell.

4.2. Pt active surface area and distribution on zeolite

The actual Pt loading was calculated using an edge jump from EXAFS subtraction [29].
The surface area of Pt particle was determined via hydrogen adsorption and desorption peaks
captured by cyclic voltammetry measurement in H,SO, solution. Table 5 illustrates a comparison of
Pt distributions on zeolite for 1.5 wt% and 5 wt% Pt loading samples.

A significant high Pt surface area was determined for sample 15Ptanxcr4. The actual Pt loadings on
zeolite for samples 15Ptanxcrd and 15Ptancrd are 0.77 wt% and 1.52 wt% respectively, in consistent
to Pt active surface areas of 103.57 m’g " and 51.59 m’g™. The Pt surface area is found generally low
for the samples of 5Ptanxcr4 and SPtancrd, estimated at 32.61 m’g” and 21.47 m’g”, with
correspondent to Pt loadings of 4.71 wt% and 7.76 wt%, respectively. The prepared Pt loading on
zeolite for samples 15Ptancr4 and 5Ptanxcr4 is found consistent with the measured values for 1.5
wt% and 5 wt% Pt loading on Y zeolite, whilst either a significant low or a significant high value is
determined for samples 15Ptanxcr4 and 5Ptancr4, respectively.

The net Pt atoms per cm? (N;) predicted for samples 5Ptancr4, 5Ptanxcr4, 15Ptancrd and 15Ptanxcr4
were followed an order of 26.42 x 10" > 16.16 x 10"/ > 5.21 x 10" > 2.64 x 10" per cm?, respectively.
This tendency of net Pt atom distribution per cm” is well reflected by Pt loading on Y zeolite. The
associated Pt surface atoms per cm? on zeolite (Ns) were determined to be 13.11 x 10" (for sample
5Ptancrd) > 15.11 x 10" (for sample S5Ptanxcrd) > 7.64 x 10* (for sample 15Ptancrd) > 7.77 x 10'®
(for sample 15Ptanxcr4), respectively. This has provided a high level of Pt surface atom dispersions
(defined as Ns/Nt x 100%) of 29.44% for sample 15Ptanxcr4, compared with the values of 14.66%,
9.35% and 4.93% for samples 15Ptancrd4, 5Ptanxcr4 and 5Ptancr4, respectively. In general, the
excess H' ions incorporated with Pt/Y zeolite electrocatalyst will result in a better Pt surface atom
dispersion, compared to samples with Pt loading at same level without excessive H" ion presence.
The increase of Pt loading on zeolite from 1.5 wt% to 5 wt% loading does not provide a higher Pt
surface dispersion.

The present study has shown that H* ions enable to achieve high Pt distribution on zeolite, owing to
the change of Pt d bond energy state. The high Pt surface area can contribute to improve the Pt
electrocatalytic activity using Nafion® bound Pt electrode, i.e. 15Ptanxcr4 or 5Ptanxcrd. This has
been clearly reflected by the electrochemical reactions on Pt surface as (1) hydrogen
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oxidation/reduction in hydride region in 2.5 mol dm? H,S0, solutions, and (2) the oxidation of small
organic species, i.e. HCOOH and CH;OH species, in a 2.5 mol dm? H,S0, electrolyte solution
containing 1 mol dm™ HCOOH or CH;OH species. The increase of Pt loading on zeolite is able to
facilitate the oxidation of HCOOH or CH3;0H species, which supports the evidence found by Kaur et
al. [23].

For electrocatalysts, i.e. 15Ptanxcr4 and 5Ptanxcr4, H' ions act in a very similar way as other ions
such as K*, Ca®* and Fe* to promote a better Pt particle distribution by anchoring Pt on the zeolite
surface and supercage wall to restrain Pt migration. Present CV measurement implies that the Pt
particle sizes and their distributions on zeolite are indeed one of major contributors to determine
the Pt oxidation and reduction performance.

Table 5 The comparison of Pt distributions on zeolite for 1.5 wt% and 5 wt% Pt loading samples.

Electrocatalyst 15Ptancr4  15Ptanxcrd 5Ptancrd 5Ptanxcr4®
Pt active surface area m°g™ 51.29 103.57 21.47 32.61
Calculated mass quantity in wt % 1.52 0.77 7.76 4.71

N; Pt net atoms per cm? (x 10") 5.21 2.64 26.62 16.16

Ns Pt surface atoms per cm” (x 10™°) 7.64 7.77 13.11 15.11
Dispersion Ns/Nt (%) 14.66 29.44 493 9.35

Note: Ny is Pt total atoms per cm?; and Ns is obtained from Benfield theory.

5. Conclusion

This paper has presented the characteristics of zeolite supported Pt nano-particle and their
electrocatalytic performances by EXAFS analysis and CV measurements. The resultant data analysis
indicates that H" ions were able to restrain the mobility of Pt on zeolite during precursor thermal
treatments by anchoring Pt on zeolite cage wall, leading to a high dispersion of Pt on zeolite and a
better electrocatalytic performance, i.e. 15Ptanxcr4 and 5Ptanxcr4, compared to samples without
the excess H* on zeolite, i.e. 15Ptancr4 and 5Ptancr4.

The Pt-Pt binding distance was measured between 2.75 A and 2.77 4, indicating the metallic nature
of Pt. The 0.1 A or 0.2 A increase of Pt-Pt binding distance over a standard value of 2.75 A could be
attributed by either electrochemical adsorption of H atom on Pt active surface forming a Pt-H bond
or the interference of zeolite support oxygen as a result of increasing oxygen charge density. This
can facilitate the oxidation of CH;0H and HCOOH species, as evidenced by CV measurement using
sample such as 5Ptanxcr4.

The hydrogen spillover pathway was explored by depicting the charger/electron transfer at Pt
electrode and solution interface by either the direct charger transfer or the mobility of H,q/H"
species on zeolite, which is a DC electrical insulator. The H" ions were found able to transmit along
the zeolite surface to increase the surface conductivity of catalyst. The H" and H;0" ions may also
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lead to ionic conduction via free species by hitching a ride on water to increase the electrode surface
conductivity. In general, HCOOH has shown a better oxidation performance than that of CH;OH.
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