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Abstract: Hydrogen is one of the most promising energy carriers for the production of electricity
based on fuel cell hydrogen technology. Recently, hydrogen storage chemicals, such as formic
acid, have been proposed to be part of the long-term solution towards hydrogen economy for the
future of our planet. Herein we report the synthesis of preformed Pd nanoparticles using colloidal
methodology varying a range of specific experimental parameters, such as the amount of the stabiliser
and reducing agent, nature of support and Pd loading of the support. The aforementioned parameters
have shown to affect mean Pd particle size, Pd oxidation, atomic content of Pd on the surface as
well as on the catalytic performance towards formic acid decomposition. Reusability studies were
carried out using the most active monometallic Pd material with a small loss of activity after five uses.
The catalytic performance based on the Au-Pd atomic ratio was evaluated and the optimum catalytic
performance was found to be with the Au/Pd atomic ratio of 1/3, indicating that the presence of a small
amount of Pd is essential to promote significantly Au activity for the liquid phase decomposition
of formic acid. Thorough characterisation has been carried out by means of XPS, SEM-EDX, TEM
and BET. The observed catalytic performance is discussed in terms of the structure/morphology and
composition of the supported Pd and Au-Pd nanoparticles.

Keywords: H; production; formic acid decomposition; green chemistry; renewable feedstock;
Pd nanoparticles

1. Introduction

Hydrogen is considered as one of the most promising energy sources in the near future since
it is globally accepted as a promising energy carrier for producing electricity in a fuel cell using a
sustainable generation pathway, taking into consideration that the only by-product of its reaction
with oxygen is water, therefore a green process [1]. Moreover, hydrogen can be one of the alternative
energy sources for fuel cell vehicles and portable electronic devices [2,3]. However, one of the main
limitations of hydrogen storage technologies is at this moment related to (i) the capacity hydrogen
storage devices and the safety hazards regarding hydrogen storage (transportation and flammability).
To overcome these challenges, a range of technological approaches has been reported. Either physical
or chemical storage of hydrogen is considered as alternative solutions. In the former case, hydrogen is
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preferentially adsorbed into materials with high surface area and porosity, such as carbon materials [4],
metal-organic frameworks [5] or zeolites [6] and in the latter case, a hydrogen-rich material could be
efficiently decomposed via a catalytic chemical process. Examples of these liquid-phase carriers are
alcohols [7], hydrazine [8], ammonia [9] and formic acid (HCOOH) [10].

Formic acid is an important chemical product synthesised by means of biomass process. It has been
reported as a safe and convenient potential storage material of hydrogen under mild conditions due to
the following properties: high volumetric hydrogen content (4.4%), liquid state at room temperature,
high stability, environmental benignity and nontoxicity. The decomposition of formic acid follows two
main pathways, (i) dehydrogenation (HCOOH — CO; + Hy, AG = —48.4 KJmol™) and (ii) dehydration
(HCOOH — CO + H,0, AG = -28.5 kJmol '), being the dehydration pathway promoted by acidity
or heating.

Formic acid decomposition in the liquid phase has been studied using a range of either
homogeneous or heterogeneous catalysts [11]. Homogeneous catalysts have shown promising high
catalytic performance, however, issues such as separation from the reaction mixture and recycling, have
not been overcome yet and therefore, to achieve scaling up for commercial applications. Heterogeneous
catalysts, based on supported metal nanoparticles, such as Pd, Au or Ag and their alloys have been
reported in both the past and recent years [5,12-25]. Several supports have been used for studying the
nature and influence of support, i.e., activated carbon [22-24], TiO, [26], zeolites [25], macroreticular
resin [13], amines [14] and MOFs [5,15,16].

One of the typical methods used widely for the synthesis and deposition of metal nanoparticles is
based on colloidal methods. Immobilisation of metal colloids offers the following advantages: namely,
precise control of nanoparticle size and shape, narrow particle size distribution and the ability to
regulate surface active sites by the choice and nature of the stabiliser/ligand [27-35]. We have shown
previously that by choosing the appropriate ligand, varying the concentration of the precursor, amount
of the ligand, reducing agent, temperature of the colloidal reduction, nature of the ligand and reducing
agent can affect the final morphology and structure of synthesised nanoparticles [36-38]. In the present
work, we report that by varying specific parameters of a typical sol immobilisation method we can
tune the morphology of supported Pd monometallic catalysts and therefore catalytic performance. We
focus on the variation of the following parameters: amount of stabiliser, Pd loading, reducing agent
concentration, choice of support (activated charcoal and TiO,) and Au-Pd atomic ratio. The catalyst
performance was evaluated using liquid phase formic acid decomposition as a model surface sensitive
catalytic reaction for hydrogen production at mild reaction conditions. The characterisation of the
supported catalysts was performed by means of X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), scanning electron microscopy (SEM) with energy dispersive X-ray (EDX)
and BET (Brunauer-Emmett-Teller) surface area.

2. Materials and Methods

2.1. Materials and Chemicals

Formic acid (=95%) was obtained from Sigma Aldrich (Dorset, UK). Succinic acid (99%) from
Sigma Aldrich (Cat. S3674-100G). NaBH, (granular, 99.99% purity) and polyvinyl alcohol (PVA,
w = 9000-10,000, 80% hydrolysed) from Sigma-Aldrich were used for the catalysts preparation.
HAuCly-HpO (99.9% purity) and KoPdCly (99.99% purity) were purchased from Alfa-Aesar and used
as metal precursors. Activated charcoal (Fisher Scientific (Loughborough, UK): C/4010/60) and TiO,
(P25, Aeroxide (Essen, Germany) were used as supports. Deionised water was used as the preferred
reaction solvent.

2.2. Catalyst Preparation

The technique of sol-immobilisation described has been presented in many reports
previously [28,29,39,40]. Either K,PdCly or HAuCly (or a combination with the desired ratio depending
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if our aim is the bimetallic) and freshly prepared PVA solution (1 wt %, PVA/M = 0-1.2 weight ratio)
were added to 400 mL of H,O. After 3 min, a freshly prepared aqueous solution of NaBHy (0.1 M
NaBH4/M = 5-10 molar ratio) as a reducing agent was added to the solution under vigorous magnetic
stirring. The brown Pd’ sol or red for Au® was immediately formed. Within a few minutes from its
generation, the suspension was acidified at pH 2 by sulphuric acid and the support (activated charcoal
or titania) was added under vigorous stirring. The amount of support was calculated to obtain a final
metal loading of 1 wt %. The catalyst was filtered and washed several times with distilled water,
recovered by filtration, and finally dried in an oven for 16 h at 110 °C. Table S1 displays the properties
of the as-synthesised catalysts and parameters used during the sol-immobilisation.

2.3. Catalyst Characterisation

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-alpha*
spectrometer. Samples were analysed using a monochromatic Al X-ray source operating at 72 W
(6 mA x 12 kV), with the signal averaged over an oval-shaped area of approximately 600 microns
x 400 microns. Data was recorded at pass energies of 150 eV for survey scans and 40 eV for high
resolution scan with a 1 eV and 0.1 eV step size respectively. Charge neutralisation of the sample was
achieved using a combination of both low energy electrons and argon ions (less than 1 eV), which gave
a C(1s) binding energy of 284.8 eV. All data were analysed using CasaXPS (v2.3.17 PR1.1) using Scofield
sensitivity factors and an energy exponent of —0.6. Particle size distributions and mean particle size
were obtained by means of transmission electron microscopy (TEM) using a JEOL JEM 2100 TEM
operating at 200 kV. Samples for examination were prepared by dispersing the catalyst in high purity
ethanol. A drop of the suspension was allowed to evaporate on a holey carbon film supported by
a 300-mesh copper TEM grid. Samples were subjected to bright field diffraction contrast imaging
experiments. Mean particle sizes and particle size distributions were determined by measuring the
size of over 200 particles from different selected areas. Scanning electron microscope (SEM) images
were taken on Hitachi TM3030PLUS equipped with a Quantax70 energy-dispersive X-ray spectroscope
(EDX) in order to study the morphology and determine the palladium content of the samples (fresh
and used catalysts). BET surface area was determined from the N, adsorption—desorption at liquid
nitrogen at 77 K using a Quantachrome NOVA 2200e instrument. Samples were outgassed for 3 h
under vacuum at 227 °C. Total surface area was determined using the BET (Brunauer-Emmett-Teller)
equation and the multi-point method.

2.4. Catalytic Decomposition of Formic Acid and Analytical Methods

Liquid-phase formic acid decomposition is performed in batch conditions in a two-necked 100 mL
round bottom flask with a reflux condenser and a magnetic stirrer. Of a 0.5 M HCOOH solution
10 mL was placed into the reactor under vigorous stirring. The screening temperature used was
50 °C. The temperature was monitored and controlled by a thermocouple immersed in an oil bath.
Once it reached the desired temperature, the reaction was initiated by adding the catalyst. Typically,
the reaction is carried out for 4 h. TOF (turnover frequency number: moles of reactant converted per
mole of metal per time) was used for evaluating and comparing the activity of different catalysts.

2.5. Product Analysis

HPLC (high-performance liquid chromatography) was used to analyse the concentration of formic
acid and therefore its conversion during the reaction progress. Liquid samples of the reaction mixture
were withdrawn regularly, diluted with deionised water and analysed by HPLC Agilent 1220 Infinity
LC using a column MetaCarb 87H 250 mm X 4.6 mm, Agilent, at 60 °C and a flow rate of 0.4 mL min~L.
The instrument is equipped with a variable wavelength (VW) detector pre-set at 210 nm. The eluent
was an aqueous solution of phosphoric acid (0.1 wt %). Succinic acid was used as external standard
for the quantification of formic acid. Gas analysis from previous studies and at the same reaction
conditions has verified that the typical ratios for Hy/CO, were from 0.94 to 1.09 and the selectivity
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toward Hj is higher than 99.9%. Therefore, in these studies, we focused on the activity of Pd catalysts
based on formic acid conversion.

2.6. Reusability Tests

The reusability tests were carried out at 50 °C and using an aqueous solution of HCOOH (0.5 M).
After a typical experiment, the reaction was stopped, the catalyst filtered at ambient temperature and
pressure and without further washing, it was used in a new consecutive reaction under the same
experimental conditions. The reaction was started again by initiating the stirring. This cycle was
repeated five times.

3. Results

3.1. Optimisation of the Synthesis of Monometallic Pd Catalysts-Catalyst Characterisation

Table S2 presents elemental chemical composition and surface area analysis of the catalysts studied
during the optimisation of the colloidal preparation method. SEM-EDX analysis was performed
confirming the presence of Pd and quantifying the Pd loading. Pd metal loading of the as-synthesised
Pd catalysts is in good agreement to the nominal value of 1 wt %. Taking into account that the support
materials used, activated charcoal and TiO, (commercial P25), presented a value of surface area of 64
and 63 m?/g respectively, we could conclude that a slight decrease in the surface area for the preformed
Pd colloidal nanoparticles supported on activated charcoal was found, probably due to an obstruction
of the pores (average pore size: 3.7-3.8 nm) since it is similar to the mean Pd particle size as presented
in the next paragraphs. On the other hand, the Pd preformed colloidal nanoparticles supported on
TiO, did not present this decrease since the pore size is approximately 28 nm and the Pd particle size
distribution between 2 and 8 nm (Figure S1). Mean particle size and particle size distributions of
the catalysts were analysed by TEM (Table 1) and representative bright field TEM micrographs are
shown in Figure S1. Variation of the PVA amount used during the synthesis of the catalysts showed a
significant influence in terms of mean Pd particle size, particle size distribution and agglomeration of
Pd particles on the surface. Atthe lowest PVA/Pd weight ratio (PVA/Pd =0, 0.05 and 0.1) agglomeration
of Pd nanoparticles and the presence of larger Pd nanoparticles were observed. Increasing the PVA/Pd
weight ratio to 0.3 a lower degree of Pd particle agglomeration was observed and the mean Pd particle
size was 4.8 nm. Further increase of PVA/Pd weight ratio to 0.65 and 1.2 led to a smaller and similar
mean Pd particle size (3.0 and 3.1 nm, respectively). These results indicate that by using a PVA/Pd
weight ratio of 0.3, the synthesis of small Pd nanoparticles with narrow particle size distribution is
achievable without the necessity to use a higher amount of PVA to further synthesise smaller Pd
nanoparticles. Moreover, a lower amount of PVA used during the synthesis is expected to facilitate
catalytic activity, since a higher amount of Pd free active sites will be accessible due to the lower
amount of PVA that may block Pd active sites, as we have been previously shown [41]. Increasing
NaBH,4/Pd molar ratio from 5 to 10 we observed a narrower particle size distribution for both supports
(Pd/C-h, Pd/TiO,-f, PVA/Pd = 0.65 and NaBH,4/Pd = 10) in the range of 2—6 nm. XPS analysis of the
as-synthesised catalysts was performed to quantify the surface atomic percentage of Pd and identify
Pd electronic states in the catalysts. A representative XPS survey of Pd/C-e (PVA/Pd weight ratio =
0.3) is presented in Figure S2. XPS spectra of Pd(3d) of the as-synthesised catalysts (when varying
NaBH,/Pd molar ratio) are presented in Figure 1. Pd atomic content, percentage of Pd’ and mean
particle size are shown in Table 1. The presence of two peaks corresponding to the Pd 3ds,, and 3d3p,
transitions was observed. Each peak can be deconvoluted into two different peaks according to its
oxidation number. In the following section, we will refer to the Pd 3ds;, components when discussing
peak positions and assignments. The peak at 335 eV approximately was assigned to the presence of
metallic Pd [42] and the peak at approximately 337 eV, to the presence of Pd species, mainly present
as PdO nanoparticles [43].
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Table 1. Palladium atomic content at the surface, % Pd® and mean particle size.

Atomic % of Pd % Pd° Mean Particle

Catalyst PVA/Pd NaBH,/Pd Size (nm)
Weight Ratio Molar Ratio Calculated by XPS Calculated by
TEM
Pd/AC-a 0 5 2.3 62 -
Pd/AC-b 0.05 5 3.1 64 82+3.0
Pd/AC-c 0.1 5 3.8 62 77 +27
Pd/AC-d 0.2 5 5.3 81 69 +22
Pd/AC-e 0.3 5 8.2 56 48+20
Pd/AC-f 0.65 5 3.9 57 3.0£09
Pd/AC-g 1.2 5 2.5 53 31+1.1
Pd/AC-h 0.65 10 43 71 32+09
Pd/TiO,-f 0.65 5 0.7 43 50+20
Pd/TiO;-h 0.65 10 1.0b 65 3.1+09
NaBH /M=5 NaBH,/M=5
g A B
] ru'
Z =
2 2 NaBH /M=10
9 NaBH,/M=10 [
= E
T T T T T T T T T T T 1
346 344 342 340 338 336 334 332 330 346 344 342 340 338 336 334 332 330
Binding energy (eV) Binding Energy (eV)

Figure 1. XPS spectra of (A): Pd/AC-f and Pd/AC-h and (B): Pd/TiO,-f and Pd/TiO,-h.

Table 1 and Figure 1 show the surface atomic percentage of Pd (exposure of Pd on the surface) for
both activated charcoal and titania supported Pd catalysts. It has been shown from previous catalytic
studies that the amount of metal on the surface can significantly influence catalytic performance [44,45].
A volcano plot illustrates how the PVA/Pd weight ratio can influence the exposure of Pd on the surface
(Figure 1, Table 1). An increase of PVA/Pd weight ratio up to 0.3 was accompanied by an increase of
surface Pd content, from 2.3 (for PVA/Pd = 0) to 8.2 (PVA/Pd = 0.3, (Table 1). At a higher PVA/Pd
weight ratio a sequential decrease was observed. It is expected, as it has been shown from previous
studies that the amount of Pd exposure on the surface could be affected by (i) particle size of Pd [46-50],
(if) amount and presence of PVA and (iii) nature of the support [51]. Taking into account the average
pore diameter of the support is around 3.7 nm, smaller Pd nanoparticles than 3.7 nm could lay deeper
in the internal surface of the activated charcoal support, explaining the trend observed when PVA/Pd
ratio was above 0.3. In the case of using a PVA/Pd weight ratio lower than 0.3, the mean Pd particle
size was higher than 4.8 nm and it is expected the main dominant factor for Pd exposure on the surface
to be influenced by particle size effects; a large Pd particle size could lead to lower surface Pd exposure.
It is difficult to quantify the amount of PVA present around the Pd nanoparticles and how it will affect
the deposition of the Pd preformed metal nanoparticles. Nevertheless, it is expected that the presence
of PVA could partially facilitate the increase of the number of Pd nanoparticles on the surface due to
the possibility of blocking pores of the support based on the hydrodynamic radius of the stabiliser.
This observation has an effect on the catalyst activity and it will be discussed in the following sections.

The oxidized Pd species are presented in low content in the samples (19%-38%) and the presence
of oxidized Pd species is mainly due to the facile surface oxidation of metallic Pd with atmospheric O,.
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In general, a decrease in %Pd(0) content was observed with a decrease of Pd particle size (Table 1).
These results are in good agreement with what is reported in the literature, where larger Pd particles
are less prone to react with O, than smaller ones [52]. On TiO,, Pd tends to be immobilised inside the
pores in an equal or a higher degree than on the external surface explaining the low Pd content on the
surface, due to the bigger pore size. Increasing NaBH4/Pd molar ratio from 5 to 10 slightly increases
the amount of metallic Pd due to the presence of a higher amount of adsorbed hydride, regardless of
the support (Table 1).

3.2. Catalytic Activity of the as Synthesised Monometallic Pd Catalysts for the Formic Acid Decomposition

The catalytic performance of the Pd catalysts prepared by sol-immobilisation was evaluated in
the liquid-phase decomposition of formic acid as a model reaction for hydrogen generation. It was
evaluated at 50 °C, 750 rpm, 0.5 M HCOOH, substrate/metal molar ratio of 2000 and 4 h reaction time,
typical reaction conditions we had optimised in previous reports and showing the reaction is taking
place in chemical kinetic regime [10]. Figure 2 illustrates the catalytic performance of the catalysts
prepared by varying the PVA/Pd weight ratio from 0 to 1.2. The highest catalytic performance in
terms of conversion was obtained with the catalyst Pd/C-e (PVA/Pd weight ratio = 0.3). As previously
commented, this catalyst presents the highest atomic content of Pd on the surface, increasing the
probability of formic acid to reach the active sites. Comparing the final conversion achieved and the
Pd content on the surface versus the PVA/Pd weight ratio it is possible to observe the typical volcano
trend (Figure 3).
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Figure 2. Formic acid dehydrogenation reaction. Effect of the stabiliser. Reaction conditions: 0.5 M
HCOOH, substrate/metal molar ratio: 2000:1, 50 °C, 750 rpm, 4 h reaction time.

Regarding particle size influence, the catalyst presenting the higher activity (Pd/C-e) had an mean
particle size of 4.8 nm, while catalysts with smaller mean particle size (approximately 3.0 nm) as
observed in the catalysts with PVA/Pd weight ratio of 0.65 and 1.2 presented a much lower catalyst
activity. For this reason, the influence of particle size in catalyst activity for this series of catalysts was
negligible compared to that of Pd exposure on the surface.
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Figure 3. Effect of Pd sol preparation on the catalytic performance and on the Pd content on the surface
obtained by XPS analysis.

We could conclude that equilibrium must be reached. TEM micrographs presented zones with a
high agglomeration of particles when the stabiliser was not present. On the contrary, when PVA/Pd
is increased above a certain ratio, it probably tends to form a thick layer around the nanoparticle
occupying active sites. Regarding NaBH4/Pd molar ratio, an increment in the catalytic activity was
observed when it increased from 5 to 10 (Figure 4). This change can be explained by both the higher
content of Pd on the surface and the higher percentage of Pd species for the catalysts synthesised
using NaBH,4/Pd molar ratio of 10.

When comparing the activity observing the used support, a slight increment was observed for the
catalysts supported on activated charcoal. As previously explained, activated charcoal has a smaller
pore size than titania. This could prevent nanoparticles from entering into the pores in activated
charcoal, being those preferentially deposited on the external surface of the catalyst. Moreover,
The amount of PVA (stabiliser used during the preparation method), that can block active sites, and
the time requested to be removed from the surface during reaction, since it is soluble in water and
during the progress of the reaction it can be removed from the surface can explain the induction-like
trend observed. Furthermore, typically nanoparticles supported on TiO, are hemispherical due to the
wetting effect of the metal nanoparticle onto metal oxide. Therefore, reducing the active surface area
and decreasing catalyst activity.

3.3. Effect of Pd Loading on Monometallic Pd/AC Catalysts

Five catalysts have been prepared in order to study the effect of Pd loading on the reaction.
Table 2 presents the characterisation data of the as-synthesised samples and the TOF achieved after
4 h of reaction. A loading of 1 wt % produces the highest catalyst activity of this series of catalysts.
The theoretical amount of metal was confirmed experimentally by EDX analyses. The samples have
been also characterised by means of TEM analysis. TEM micrographs and particle size distributions
of these catalysts are presented in Figure S3. As observed, even though the catalyst with the highest
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loading has the lower mean particle size and narrower distribution, the effects of agglomeration are
perceptible (as observed in the EDX mapping presented in Figure S4), explaining the decrease in
activity. XPS analysis reveals the most probable explanation for the behaviour of the observed catalysts
activity. Although the percentage of metallic Pd is similar for the whole series of catalysts, the presence
of Pd on the surface shows as well, a remarkable volcano plot where activity and amount of Pd on the
surface reach the maximum for the 1 wt % loading, providing an explanation for the maximum of
activity produced by this catalyst as shown in Table 2.

60 - Effect of NaBH, on Pd/AC 60 Effect of NaBH, on Pd/TiO,
®— NaBH /M= 5 =—NaBH /M=5
50 4 ® - NaBH /M= 10 50 ® NaBH /M= 10
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Figure 4. Effect of Pd sol preparation in the catalytic decomposition of formic acid as a function of the
NaBH,/Pd molar ratio on AC and TiO;.

Table 2.  Structural and chemical composition of the catalysts studied during effect of
loading investigation.

. Pd Loadin; Mean Particle Surface o o TOF

Loading Pd/C %) Eng Size (am) Area (m?g) % Pd° At. % Pd (h-1)
0.2 wt %-Pd/AC-e 0.20 39+23 71 55 19 278
0.5 wt %-Pd/AC-e 0.48 49+13 60 50 4.6 272
0.7 wt %-Pd/AC-e 0.68 49+14 71 50 438 239
1 wt %-Pd/AC-e 1.07 48+20 50 55 7.9 366
1.2 wt %-Pd/AC-e 1.25 38+11 35 44 6.9 326

3.4. Reusability Tests

Reusability of the Pd/C-e (Figure 5) was studied at 50 °C and 0.5 M formic acid for five subsequent
catalytic cycles. The reusability test was carried out by filtrating the catalyst at ambient temperature
and atmospheric pressure without further washing and using it for a new reaction under the same
reaction conditions. The as-synthesised catalysts exhibited a certain loss in catalytic activity, however
reaching stabilisation after the third run preserving 69% of its initial activity after the fifth use. This
decrease may be attributed to (i) increment in particle size or agglomeration, (ii) decrease of Pd loading
by leaching, (iii) poisoning from CO, (iv) strong adsorption and poisoning of formate species and (v)
formation of the Pd-H species. Representative images of the used catalyst after five runs and particle
size distribution are reported in Figure S5. As previously presented, mean Pd particle size of the fresh
catalyst was 4.8 + 2.0 nm, however, for the catalyst after the fifth run, it increased to 6.9 + 3.1 nm and
the particle size distribution was broader: 50% of the particles were in the range 6-11 nm. Sintering
phenomena were visible from the snapshots. Regarding XPS analysis of the used samples, a decrease of
the metal content on the surface was observed. The fresh catalyst presents a 7.8%, however, it decreased
to 2.3% after the fifth use. Since XPS is surface sensitive, the drop of Pd metal content for the used
catalyst could be partially explained (i) by leaching, (ii) by a migration of the Pd nanoparticles from the
external surface to the pores and (iii) by an increase in Pd mean particle size as previously observed.
This is a possible reason for the decrease in catalytic activity for the reused catalysts, however, there
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could be a sum of factors. For example, adsorption of formate species and formation of Pd-H could be
other factors that could elucidate the observed decrease in terms of catalytic activity. For this purpose,
Density functional theory (DFT) studies could shed some light.
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Figure 5. Reusability of Pd/AC-e. Reaction conditions: substrate/metal molar ratio: 2000:1, 50 °C, 0.5
M HCOOH, 750 rpm.

3.5. Characterisation and Catalytic Performance of AuyPd,/TiO; for Formic Acid Decomposition

In the previous section, we showed the promising catalytic activity of monometallic Pd
nanoparticles supported on activated charcoal and TiO,. In previous studies, many research groups
have reported that the combination of Au and Pd could enhance significantly catalytic activity in a
range of catalytic reactions, including oxidation of alkanes, alcohols and polyols, hydrogenation of
aldehydes and in situ hydrogen peroxide synthesis [53,54]. Therefore, we investigated the catalytic
activity of AuyPdy ratio for TiO,-supported nanoparticles for the liquid phase decomposition of formic
acid. These catalysts have been prepared using the optimised synthesis procedure reported for the
supported monometallic Pd catalysts (PVA/M weight ratio = 0.3 and NaBH4/M molar ratio = 10).
Titania was used as support instead of activated charcoal. The main reason for this choice was that
the catalytic performance of the Pd/TiO, was similar to the analogous Pd/AC catalyst and further
spectroscopic characterisation could be carried out in terms of CO-DRIFTS and FTIR when the choice
of support is TiO,. In Table 3 the theoretical composition and characterisation data of the as-prepared
catalysts are summarised.

Table 3. Theoretical composition and characterisation data of the monometallic-bimetallic studies.

Loading Mean

Sample % mol % mol Pd Loading Au Particle Size Surface Area %

2+ 3+ o, 2 0

[Pd**] [Au*] (wt %) from EDX (wt %) from EDX (am) (m*/g) Pd

Pd-TiO,-i 1 - 0.96 - 3.6+19 51 54
Au;Pd;3-TiO, 0.75 0.25 0.80 0.13 32+22 51 56
Au;Pd;-TiO, 0.50 0.50 0.70 0.40 34+1.1 45 58
AusPd;-TiO, 0.25 0.75 0.30 0.70 3.0+1.0 50 56
Au-TiO, - 1 - 1.00 4.0+09 47 -

All samples were analysed by SEM-EDX mapping to confirm the loading of Pd and provide
information regarding metal dispersion. SEM-EDX mapping (Figure S6) showed that Au-Pd
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nanoparticles were well dispersed in all the as-prepared catalysts, no areas with high nanoparticle
density/agglomeration were evidenced. The calculated metal loading approached the theoretical
values expected within experimental error.

Mean particle size and particle size distribution were calculated by TEM analysis. Figure 6
displays representative TEM images and particle size distribution of the as-synthesised catalysts.
TEM analysis confirmed a good level of dispersion of the supported nanoparticles in agreement with
SEM-EDX mapping. The monometallic Pd/TiO; and Au/TiO; catalysts had slightly larger mean particle
size (3.6-4 nm range; Table 3) compared to the bimetallic counterparts AuyPdy/TiO, (3-3.4 nm range),
suggesting that the co-reduction of Au and Pd facilitates a smaller mean particle size and in agreement
with previous reports. In previous studies, we have shown by using Scanning Transmission Electron
Microscope-High Angle Annular Dark Field Imaging (STEM-HAADF) and EDX analysis of individual
nanoparticles that the simultaneous chemical reduction of Au and Pd in the aforementioned AuxPdy
ratio produced random homogeneous Au-Pd alloys with a face-centred cubic (fcc) structure and with
the smallest nanoparticles to be Au-rich, whereas the largest ones to be Pd-rich [54]. Moreover, in
previous studies, a decrease of Pd or Au/Pd mean particle size has shown a positive catalytic influence
for the effective decomposition of formic acid [55-58].

5 . .l 40 4

a0+
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Particle size (nm)

Figure 6. Cont.
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Particle size (nm)

Figure 6. Bright field TEM micrographs and corresponding histograms of the particle size distributions
of the catalysts. (A): Pd/TiO;, (B): Au;Pds/TiO; (C): Au;Pdy/TiO; (D): AugPd;/TiO; and (E): Au/TiO,.

Regarding XPS analyses, Au(4f) and Au(4d) + Pd(3d) spectra are shown in Figures 7 and 8.
The peaks at 83-84 eV and 87 eV associated with Au4f;, and Audfs;, respectively are related to Au
foil. The shifts observed in the binding energy of the peaks have been previously studied [59]. Table
S3 presents the binding energy shifts when forming the alloy. As demonstrated by Radnik et al. [47],
the relative binding energy of Audfy, shifts at 83.4 eV, thus we concluded that the gold in the as
synthesised catalysts is in the metallic state. In the bimetallic catalysts, there is an overlap of the peak
Au4ds;, with the Pd3ds), peak, therefore, only Pd3ds;, will be used to analyse the binding energy
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shifts [60-62]. As previously presented, XPS gives information about the net electron transfer during
bimetallic alloying however, caution has to be taken due to the complicated combination of initial
and final state effects [63]. Observing Pauling electronegativities of gold (2.54) and palladium (2.20),
it suggests that there may be a slight electron transfer from palladium to gold. Regarding previous
studies [60,64,65], the binding energy of both Pd and Au tends to decrease when forming the alloy.
Furthermore, particle size can have an effect as well on the binding energy of metals [66]. As observed
in Figure 7, for Au, the peaks associated with Audfy, shift to lower energy (83.4 eV for Au monometallic,
and between 83.1 and 83.3 eV for the alloys), in agreement to previous studies. Moreover, we can
explain this shift considering the particle size variation. For pure gold, mean particle size is 4 nm, while,
for the alloys, it decreases to a range between 3 and 3.4 nm. Whilst this is a small decrease in particle
size, the electronic structure of the atoms can be modified to a large extent. The same explanation
applies to Pd (Pd3d3), core level). Observing the data presented in Table 3 and the binding energy
shifts reported in Table S3 and Figure 8, there is a shift to lower binding energies as expected when
forming the alloy (it decreases from 340.46 eV for monometallic Pd, to approximately 340.3 eV) and in
agreement with previous reports [65], but in the case of Au:Pd 3:1, binding energy shifts to a higher
value (340.47 eV), again explained with the decrease of mean particle size to 3 nm for this catalyst.
We could conclude that the Pd3d3/, and the Au4f;), core levels shift to lower binding energies upon
alloying and results were in good agreement with the core level shifts of Au4f;;, and Pd3d3/, reported
in the literature.

Regarding the oxidation state of Pd, a volcano plot was observed when modifying Au content.
Pd? species slightly increased until the ratio Pd/Au was 1 and decreased for higher Au content.
Representative Pd""/Pd® atomic ratio calculated from XPS spectra for the catalysts is shown in Table 3.
The surface area of the support (63 m?/g) decreased approximately 20% when supporting the catalyst
either due to the coverage of PVA or the intrinsic error of the system.

Au(4f)

Intensity (a. u.)

Binding Energy (eV)

Figure 7. Au(4f) spectra for the series of AuxPdy-TiO, catalyst.
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Figure 8. Au(4d) + Pd(3d) spectra for the series of AuxPdy-TiO, catalysts.

The catalytic performance of the AuyxPdy-TiO; catalysts for the formic acid decomposition at 50 °C
is presented in Figure 9. As observed, Au presents very low activity towards the decomposition of
formic acid. On the other hand, a small amount of Pd with Au (AuzPd;-TiO;) produced a synergistic
effect exhibiting a high catalytic activity with a TOF of 627 h™! at 50 °C after 5 min. The observed
catalytic behaviour has been extensively studied before and reported [67,68]. The narrow particle
size distribution of the supported preformed colloidal Au-Pd nanoparticles could be one of the most
plausible reasons for this increment in activity.

60
50
40 -
30 ]

20

Conversion (%)

, ’ . , I . ,
0.0 0.2 0.4 0.6 0.8 1.0
Pd:Au molar ratio

Figure 9. Conversion of formic acid after 4 h as a function of the Pd: Au molar ratio.
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4. Conclusions

A series of preformed Pd colloidal nanoparticles were synthesised by varying the amount of
stabiliser (PVA/Pd weight ratio) and supported on activated charcoal to study the effect of stabiliser in
terms of influencing the final morphology of the supported nanoparticle (Pd particle size, particle size
distribution, Pd oxidation state and surface exposure of Pd). Moreover, the influence of Pd nominal
loading and the choice of support were investigated. In the case of activated charcoal, the general trend
for the mean Pd particle size with the variation of PVA amount was that by increasing the PVA/Pd
weight ratio a progressive decrease in the mean Pd particle size was observed and above the PVA/Pd
weight ratio of 0.65 a plateau was reached. In terms of Pd loading the mean Pd particle size was
in a similar range 3.9—4.8 nm and did not appreciably alter at lower Pd loading. In the case of TiO,
and using the optimised experimental conditions a similar particle size was observed with a higher
percentage of metallic Pd species than the analogous Pd/AC sample. The catalytic performance of
the synthesised catalysts was evaluated for the formic acid decomposition as a model reaction for the
production of hydrogen under mild conditions.

In terms of catalytic activity, a volcano type diagram was found when Pd/PVA ratio was altered.
TEM and XPS analysis showed that the observed catalytic activity could be attributed to (i) the surface
Pd exposure, (ii) Pd sites accessibility (coverage of the active sites) and (iii) mean Pd particle size.
The effect of the Pd loading was investigated from 0.2 to 1.2 wt %, showing the highest activity for the
catalysts with 1 wt % Pd loading. The major cause for the observed trend in terms of catalysis was
attributed to the atomic content of Pd on the surface.

In the case of the nature of support (activated charcoal versus TiO;), activated charcoal-supported
Pd nanoparticles showed higher catalytic performance. This difference was attributed to (i) the higher
surface percentage of metallic Pd for the Pd nanoparticles supported on activated charcoal and (ii) to
the shape of the supported Pd nanoparticles: on activated charcoal Pd nanoparticles were spherical
whereas hemispherical Pd nanoparticles were observed on titania, therefore decreasing the accessible
active surface area exposed and subsequently, the observed catalytic activity. Reusability tests were
performed for the most active monometallic Pd catalyst (Pd/PVA = 0.3 weight ratio) showing a loss of
31% of its initial activity after five uses, probably caused by the growth of Pd nanoparticles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/5/1752/s1,
Figure S1: Bright field TEM micrographs and corresponding histograms of the particle size distributions of
the catalysts. Unless stated, NaBH4/Pd = 5. (A): Pd/AC-a (PVA/Pd = 0), (B): Pd/AC-b (PVA/Pd = 0.05), (C):
Pd/AC-c (PVA/Pd = 0.1), (D): Pd/AC-d (PVA/Pd = 0.2), (E): Pd/AC-e (PVA/Pd = 0.3), (F): Pd/AC-f (PVA/Pd =
0.65), (G): Pd/AC-g (PVA/Pd = 1.2), (H): Pd/AC-h (PVA/Pd = 0.65, NaBH,/Pd = 10), (I): Pd/TiO,-f (PVA/Pd =
0.65) and (J): Pd/TiO,-h (PVA/Pd = 0.65, NaBH,/Pd = 10), Figure S2: Representative XPS survey of Pd/AC-e
(PVA/Pd = 0.3) and quantification of the elements present on the surface. Figure S3: Bright field TEM micrographs
and corresponding histograms of the particle size distributions of the Pd/AC catalysts as a function of Pd
loading. (A): 0.2 wt % Pd/AC-e, (B): 0.5 wt % Pd/AC-e, (C): 0.7 wt % Pd/AC-e and (D): 1.2 wt % Pd/AC-e,
Figure S4: EDX mapping of Pd/AC catalysts as a function of Pd loading. (A): loading 0.2 wt %, (B): loading
0.7 wt %, (C): loading 1 wt %, (D): loading 1.2 wt %, Figure S5: Bright field TEM micrograph and histogram of
the particle size distribution of the Pd/AC-e after 5 cycles of use, Figure S6: SEM-EDX mapping. (1) Pd-TiO,,
(2a) Pd in Au;Pd3-TiO,, (2b) Au in Au;Pd3-TiO,, (3a) Pd in Au;Pd;-TiO;, (3b) Au in Au;Pd;-TiO,, (4a) Pd
in AuszPd;-TiOy, (4b) Au in AuzPd;-TiO,, (5) Au-TiO,, Table S1: Palladium atomic content and % Pd® on the
surface from XPS, Table S2: Pd elemental chemical composition and surface area analysis of the catalysts studied
during optimisation of the sol-immobilisation method, Table S3: Binding energy and binding energy shifts of the
monometallic-bimetallic studies.
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