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Synthesis and electrocatalytic properties of H,SO4-induced (100)
Pt nanoparticles prepared in water-in-oil microemulsion

Roberto A. Martinez-Rodriguez®, Francisco J. Vidal-Iglesias®, José Solla-Gullén?, Carlos R. Cabrera®,

and Juan M. Feliu*?

The increasing number of applications for shape-controlled metal
nanoparticles leads to the need of easy, cheap and scalable
methodologies. In this communication we report, the synthesis of
(100) preferentially oriented platinum (Pt) nanoparticles with 9 nm
particle size using a water-in-oil microemulsion method. The
specific surface structure of the nanoparticles is induced by the
presence of H,SO, in the water phase of the microemulsion.
Interestingly, the results here reported will show how increasing
amounts of H,SO, lead to the formation of Pt nanoparticles
containing a higher amount of (100) sites on their surface. This
preferential ~ surface  orientation has been  confirmed
electrochemically by using the  so-called hydrogen
adsorption/desorption process. In addition, TEM measurements
have confirmed the presence of cubic-like Pt nanoparticles. Finally,
the electrocatalytic properties of the Pt nanoparticles have been
evaluated towards ammonia and CO electro-oxidations as (100)
structure sensitive reactions.

Several methodologies for shape control of metal
nanoparticles have been developed in the past decade with the
main objective of controlling the specific arrangements of the
atoms at their surface, that is, their surface structure.™ In this
way, as widely demonstrated with metal single crystals as
model electrodes, the catalytic properties of the metal
nanostructures can be tuned and optimised for a particular
reaction. Among others, and due to its unique catalytic
properties, Pt nanoparticles have been the focus of numerous
studies from which their remarkable surface structure
sensitivity has been illustrated and discussed for several
reactions of interest.!*:®

On the other hand, from a more applied point of view, it
would be desirable to have a simple, fast and economically
viable methodology for the preparation of such shape-
controlled metal nanoparticles to be then scalable for large
scale applications. However, most of the developed synthetic
routes do not fulfil with these requirements and consequently,
the scalability still remains a challenge. In this regard, in a very
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recent publication, we have extended the use of water-in-oil
microemulsions, traditionally employed for the preparation of
metal nanoparticles with controlled atomic composition and
size, for the preparation of shape-controlled Pt nanoparticles.
In particular, we have reported that the addition of determined
amounts of HCI in the water phase of the microemulsion led to
the formation of Pt nanoparticles with a bell-shaped
preferential (100) surface structure with a maximum of the
(100) character at about 25% of HCL!® This approach opens
new possibilities in terms of scalability because the handling of
the water-in-oil microemulsions is easy, fast, economic and
frequently performed at room temperature. In this
communication, we will show that H,SO4 can be also used as
effective (100) surface modifier during the preparation of Pt
nanoparticles in microemulsion (see experimental section for
details). The resulting Pt nanoparticles will be
electrochemically characterized and their electrocatalytic
properties evaluated towards carbon monoxide and ammonia
electro-oxidation as (100) structure sensitive reactions.

Figure 1 shows the positive-going sweep voltammetric
profiles for the nanoparticles prepared in the absence and
presence of increasing amounts of H,SO4 (6.25%, 12.5% and
25%) in 0.5 H,SO4. These voltammetric profiles show the
hydrogen and anion adsorption/desorption region, which is well
established to reveal the actual nanoparticles’ surface
orientation at an atomic level.l’? Very briefly, in a typical
voltammogram, there are four main peaks located at 0.12, 0.27,
0.37 and 0.53 V vs RHE, which are related to the presence of
(110) sites, (100) steps and terrace borders, (100) terraces or
wide domains and (111) terraces, respectively. As it is clearly
observed, when increasing the amount of H,SOu, the features
assigned to the (100) surface sites, both steps (0.27 V) and
terraces (0.37 V), increase. On the contrary, the contribution
related to the presence of (110) sites on the surface of the Pt
nanoparticles diminishes thus counterbalancing the (100)
contributions. This counterbalance between the (110) and
(100) sites with the addition of H,SO4 can be easily followed
by analysing the current density ratio of the signal at 0.12 and
0.27 V, respectively, as a function of the % of H,SO,4. The
evolution of both contributions leads to the conclusion that the
higher the amount of H,SO,, the higher the amount of (100)
sites is. Unfortunately, the maximum amount of H,SO, used
had to be limited to 25% because of instability problems of the
water-in-oil microemulsion for higher concentrations. Finally, a
similar trend, i.e. decrease for increasing amounts of H,SOg, is
also observed for the (111)-related peak, although this signal is
less visible due to the low (111) character of these Pt
nanoparticles.
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Figure 1. Voltammetric profiles for Pt nanoparticles prepared by water-in-oil
microemulsion in the absence (A) and presence of different amounts of
H,SO, (6.25% (B), 12.5% (C) and 25% (D)). Test solution: 0.5 M H,SO,.
Scan rate: 50 mvs™,

The voltammetric profiles reported here as a consequence
of the presence of H,SO, in the synthesis step are
qualitatively similar to those obtained with Pt nanoparticles
prepared in similar water-in-oil microemulsions but in the
presence of HCI®! and with Pt nanoparticles prepared with
different capping materials (sodium polyacrylate (NaPa),®"
tetradecyltrimethylammonium bromide (TTAB),H
poly(vinylpyrrolidone) (PVP)™ *® or oleic acid/oleylamine™) by
means of various colloidal routes, in all of which cubic Pt
nanoparticles were synthesised. In this regard, it is important to
recall that, by simple analogy with the unit stereographic
triangle of a fcc metal, a stereographic triangle with shaped fcc
metal nanoparticles can be made in which the three apexes
represent the coordinates of polyhedral nanocrystals bounded
by basal facets (a cube, octahedron and rhombic
dodecahedron enclosed by (100), (111) and (110) faces,
respectively).!®*® Thus, a preferential (100) surface structure
is the expected orientation from cubic Pt nanoparticles. Figure
2 shows representative TEM images of the nanoparticles
prepared in the presence of different amounts of H,SO,.
These TEM images were obtained by placing a drop of a
diluted water suspension of the clean nanoparticles onto a
Formvar-covered copper grid to avoid a serious damage of the
carbon film by the H>SO,. However, this resulted in an
important agglomeration of the samples. In any case, as
shown in figure 2, nanoparticles tend to have a cubic-like
shape, especially those prepared with the highest H,SO4
percentage (Figure 2C and 2D). The particle size is quite
similar for the three different amounts of H,SO, (9.2 + 1.8, 8.4
+ 1.8 and 9.0 £ 1.7 nm for the 6.25, 12.5 and 25% H,SOy,
respectively). Interestingly, this particle size is smaller than
those prepared in a similar microemulsion but in the presence
of HCI where the particle size of the Pt nanoparticles with the
highest amount of (100) sites was found to be about 13 nm.!
This fact is very relevant from an applied point of view where
the electrocatalytic activity is frequently expressed in terms of

mass activity (mA mge). Thus, in a cubic Pt nanoparticle
model, a 4 nm particle size decrease represents a 66%
decrease in Pt mass which remarkably reduces the cost of the
process. The Pt nanoparticles prepared in microemulsion in
the absence of H,SO, have been widely studied in some of
our previous contributions and are characterized by a particle
size of about 5 nm and a polyoriented surface structure!” * as

illustrated in figure 1A.

Figure 2. TEM image of platinum nanoparticles prepared by water-in-oil
microemulsion in the presence of 6.25 (A), 12.5 (B) and 25% (C and D)
H,S0, in the aqueous phase.

Furthermore, to quantitatively estimate of the amount of
(100) sites at the surface of the different Pt nanoparticles, the
voltammetric profiles reported in figure 1 were subjected to a
deconvolution process following a similar approach to that
reported in previous contributions.”® ™ The results obtained are
shown in figure 3 (solid black squares). This analysis allows us
to determine the total fraction of (100) surface sites, that is,
both step and terrace contributions, to be properly estimated.
Thus, as expected from the voltammetric responses, the total
amount of (100) surface sites clearly increases and reaches a
maximum value close to a 50% of the surface. However, from
a fundamental point of view, it is of great importance to
discriminate between (100) surface steps and terraces.
Previous knowledge from Pt stepped surfaces evidenced that
the electrochemical reactivity on steps and terraces can be
markedly different.?>% In previous contributions, we reported
that the adsorption-desorption of Ge of Pt surfaces, both model
and nanoparticulated electrodes, can be used to determine the
amount of (100) terrace domains with a width > 4 Pt atoms
(each Ge atom requires four platinum atoms to be adsorbed).™
24231 Eigure 3 (open red circles) shows the percentage of (100)
surface domains obtained for the Pt nanoparticles prepared
with different amounts of H,SO,4. A simple inspection of the
results obtained with the different approaches allows us
estimating the (100) terraces to total (100) sites ratio on each
Pt sample which ranges from a 50% to a maximum value of
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65% for those Pt nanoparticles prepared in the presence of a
25% of H2504.

Finally, the electrocatalytic properties of the Pt
nanoparticles were evaluated using two different (100)
structure sensitive electrochemical reactions: ammonia electro-
oxidation on alkaline solution and CO stripping in acidic
solution. Ammonia electro-oxidation is well-known to be
extremely sensitive to the Pt surface structure, taking place
almost exclusively on (100) sites and in particular on (100) two-
dimensional domains.?® This surface structure sensitivity has
been illustrated not only on model Pt single crystal surfaces,
both with stepped and basal orientations, but also in an
important number of (100) oriented Pt nanostructures prepared
by different methodologies.’® & 2% |n all cases, the use of
(100) oriented Pt nanoparticles resulted in enhanced
electrocatalytic activities towards ammonia oxidation in
comparison with polyoriented Pt nanopatrticles.
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Figure 3. Amount of (100) sites measured by hydrogen

adsorption/desorption deconvolution (solid black squares) and by Ge
irreversible adsorption (open red circles) for different H,SO4,% in the
microemulsion.

Figure 4A shows the electrocatalytic activity toward
ammonia oxidation of the nanoparticles prepared in the
absence and presence of 6.25, 12.5 and 25% H,SO, in the
water phase of the microemulsion. In full agreement with the
results shown in figures 1 and 3, those Pt nanoparticles
containing a higher fraction of (100) surface sites display the
best catalytic activity. This maximum activity is more than 3-
times higher than that obtained with the polyoriented Pt
nanoparticles. Interestingly, as evidenced in figures 4B and 4C,
the ammonia oxidation activity (peak current density) is in
excellent correlation with the amount of (100) terraces
estimated from Ge analysis while this correlation is not so good
if the total amount of (100) surface sites is estimated from the
deconvolution analysis, in which all (100) surface sites are
taken into account. This experimental feature again points out
the extremely sensitivity of the ammonia oxidation reaction to
the surface domains with a (100) symmetry.
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Figure 4. (A) Voltammetric profiles for ammonia oxidation with platinum
nanoparticles prepared by water-in-oil microemulsion in the absence and
presence of different amounts of H2SO4. Test solution: 0.2 M NaOH + 0.1 M
NHs. Scan rate: 10 mVs™. Linear fitting between the peak current density
and (B) total amount of (100) surface sites and (C) amount of (100) surface
domains.

Irreversible  CO monolayer oxidation, also called CO
stripping, is one of the most studied reactions in
Electrocatalysis, not only because CO is a common poisoning
intermediate in most of the C1 and C2 molecule organic
oxidations, but also because it has been widely used as a
surface probe molecule in fundamental studies.®**! CO
monolayer oxidation is also known to be structure sensitive on
Pt surfaces but with a minor structural sensitivity than ammonia
electro-oxidation.?? 3! |n fact, in case of Pt nanoparticles, all
surface sites contribute to the reaction although the CO
oxidation peak coming from the (100) terraces is relatively well-
separated from the others and appears at a higher potential
value.™ %3 Figure 5 shows the CO stripping voltammograms
obtained with the different Pt nanoparticles. The response of
the polyoriented Pt nanoparticles, black line, shows a single
and broad oxidation peak centred at 0.72 V, while those
prepared in the presence of H,SO,4 show two different peaks
located at 0.70 and 0.75 V. From previous contributions with
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shaped Pt nanopatrticles, it was established that the second of
these two peaks is ascribed to the presence of (100) surface
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domains."* 3" Thus, as figure 5 shows, the increasing amount
of (100) surface domains sites with the amount of H,SO4
results in a clear intensification of this second contribution in
relation to the first one.

Figure 5. CO monolayer voltammograms obtained with platinum
nanoparticles prepared in water-in-oil microemulsion in the absence and
presence of different amounts of H,SO4. Test solution: 0.5 M H,SO,. Scan
rate: 20 mvs™.

In conclusion, this communication shows a simple, fast,
economical and scalable route for the synthesis of Pt
nanoparticles with a preferential (100) surface structure and a
particle size about 9 nm. The methodology is based on the
chemical reduction of a platinum precursor by NaBH, in a
water-in-oil microemulsion in the presence of H,SO, in the
water phase of the microemulsion. It has been found that the
(100) character of the samples increases with the amount of
H2S0O,4. The maximum amount of H,SO4 that can be used
without altering the stability of the microemulsion is 25%. The
resulting Pt nanoparticles approximately contain a 50% of
(100) surface sites, 35% of which are wide surface domains
with width > 4 Pt atoms. The preferential surface structure of
the different nanoparticles has been electrochemically
characterized by means of some structure sensitive reactions
such as hydrogen and anion adsorption/desorption process
and Ge adsoption desorption. Finally, the electrocatalytic
properties of the samples have been evaluated towards
ammonia and carbon monoxide electro-oxidations.

Experimental Section

Pt nanoparticles were synthesized by reducing H.PtCls with
sodium borohydride (NaBH,4) using a water-in-oil (w/0)
microemulsion of water (3%)/polyethylene glycol dodecyl ether
(BRIJ®30) (16.5%)/n-heptane  (80.5%) as previously
reported.'® Values in brackets represent the volume
percentage of each compound. The concentration of the
H2PtCle solutions was always 0.1 M although, to evaluate the
effect of the presence of H,SO,4, these were prepared using
agueous solutions containing a certain percentage of this acid.

The percentages studied were 0% (absence of H,SO4), 6.25%,
12.5% and 25% H,SO.,). For higher concentrations of the acid,
the microemulsion system became unstable. The reduction of
platinum was achieved by adding solid NaBH, to the water-in-
oil microemulsion solution. The amount of NaBH4 added was
that to have a 1 M concentration solution in the water phase
(NaBH4/Pt molar ratio of 10). After complete reduction, which
takes place in few minutes, acetone was added to the solution
to cause phase separation. Afterwards, the Pt nanoparticles
were cleaned with successive acetone, acetone-water mixtures
and water washes to finally achieve a water suspension with
clean nanoparticles. Finally the nanoparticles were stored in
ultrapure water as a suspension.

The electrochemical experiments were performed in a three-
electrode electrochemical cell using a VMP3 multichannel
potentiostat (BioLogic) working with a NStat configuration (1
counter electrode, 1 reference electrode and N working
electrodes working simultaneously). The counter electrode was
a platinum wire. Potentials were measured against a reversible
hydrogen electrode (RHE) connected to the cell through a
Luggin capillary. Before each experiment, the gold collector
electrodes used to deposit the Pt NPs over were mechanically
polished with alumina and rinsed with ultra-pure water to
eliminate NPs from previous experiments. The active surface
area of the Pt NPs was determined by the charge involved in
the so-called hydrogen UPD region (between 0.06 V and 0.6
V) after the subtraction of the double layer charging
contribution and assuming the calibration ratio (UPD

charge)/(Pt surface area) as 0.23 mC cm2.®
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