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a  b  s  t  r  a  c  t

Herein  we  present  a simple  one-step  method  to produce  polyelectrolyte-capped  Pt  nanoparticles  able  to
be  assembled  into  layer-by-layer  arrays  with a linear  dependence  of  the amount  of  deposited  material
on  the  number  of  dipping  cycles.  The  resulting  supramolecular  films  where  fully  characterized  by  AFM,
XPS  and ATR-FTIR.  The  electrochemical  evaluation  by cyclic  voltammetry  showed  good  electrochemi-
cal  connection  between  the  nanoparticles  in  both  acidic  and neutral  solutions.  The  films  assembled  on
eywords:
ayer-by-layer
ydrogen evolution
latinum nanoparticles
lectrochemistry
lectrocatalysis
lectroactive coatings

graphite  electrodes  showed  catalysis  of  the H2 production  and  the  interconnection  between  nanoparti-
cles  proved  to be  effective  up  to  20 bilayers.  Results  presented  here  reveal  an  easy  procedure  to  obtain
stable  arrays  of  well-dispersed  electroactive  2 nm-diameter  Pt  nanoparticles  on a  variety  of  substrates
with  direct  potential  applications  in energy  conversion  devices.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Platinum is metal with exceptional catalytic properties that
ave made it widely useful in a variety of technological processes

rom cracking of petroleum and nitric oxide production to fuel
ells [1–3]. Platinum catalyzes extremely important electrochemi-
al reactions in energy production and conversion devices such as
hose involving the H2 and O2 reduction and evolution [4]. How-
ver, its elevated cost is a serious disadvantage and there is an
rgent interest in replacing Pt or reducing the mass of Pt in the
lectrochemical applications. Metal nanoparticles (NPs) become a
emarkable alternative as they offer large surface areas even for low

etal load, keeping (or even enhancing) the electrocatalytic prop-

rties of the metal [5,6]. For its usage in electrochemical devices,
Ps need to be supported on the electrode surface and even there,

nstability against dissolution and ripening can be a severe problem

∗ Corresponding author.
E-mail address: wmarmi@inifta.unlp.edu.ar (W.A. Marmisollé).

ttp://dx.doi.org/10.1016/j.apsusc.2017.04.086
169-4332/© 2017 Elsevier B.V. All rights reserved.
[7]. Capping NPs by polyelectrolytes has become a worthy strat-
egy to deal with this, as polyelectrolytes can stabilize the NPs by
suppression of aggregation or dissolution and they also confer alter-
native mechanisms to incorporate them in functional interfaces [8].
The control of composition and morphology of the electrochemi-
cal interfaces is an essential aspect of the design of electrochemical
devices [9,10].

In the last decades, the manipulation of building blocks at the
molecular level to generate organized materials at the nanoscale,
often referred to as ‘nanoarchitectonic’ [11–14], has propelled the
emergence of new hybrid functional coatings by combination of
complementary components. Within the nanoarchitectonics, one
of the simplest procedures to create hybrid interfaces consists of
using layer-by-layer (LbL) assembly to integrate nanomaterials into
films with nanometer-scale order [15]. This technique is based on
the alternate deposition of multiply charged species to form mul-

tilayers in a controlled manner [16]. Although it was  originally
developed for polyelectrolytes, nowadays it has been extended to
the incorporation of diverse nanostructures on a variety of surfaces
[17,18]. In the case of electrochemical devices, such conjugation of

dx.doi.org/10.1016/j.apsusc.2017.04.086
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.04.086&domain=pdf
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uilding blocks aims the improvement of both their performance
nd chemical/mechanical stability.

Poly(diallyldimethylammonium chloride) (PDDA) is a non-
lectroactive cationic polyelectrolyte widely employed as robust
uilding block in the construction of LbL arrays mainly due to
he fact that its quaternary ammonium groups confer a high pH-
ndependent positive charge [19,20]. In this sense, PDDA has been
mployed as counterpart in the construction of electroactive LbL
rrays with several polymer-capped Pt NPs. Halaoui et al. stud-
ed the electrochemical behavior of polyacrylic acid-capped Pt NPs
Pt@PAA) assembled into LbL films employing PDDA as counter-
art. The NPs showed electrocatalysis of the oxygen reduction
eaction (ORR) and the hydrogen under potential deposition (UPD)
eaks were clearly observed at low scan rates [21,22]. They also
tudied the hydrogen peroxide sensing by Pt@PAA assembled on
DDA. In this case, lower amounts of adsorbed NPs let to higher

ntrinsic sensitivities due to the overlapping of the diffusional
rofiles for denser NPs packings [23]. Halaloui has also shown
hat the polyvinylpyrrolidone (PVP)-capped 3–4 nm Pt NPs can be
ssembled in LbL arrays with PDDA [24]. The films showed electro-
atalysis of the hydrogen evolution reaction and ORR and resulted
o be stable to the oxidative potential cycling. A linear increase of
he voltammetric charge of hydrogen UPD up to 10 bilayers was
btained for these assemblies. The capping of PVP has been also
roved to be responsible for an enhancement of the electrocat-
lytic performance toward the formic acid and methanol oxidation
eactions by inducing additional reaction pathways [25].

However, PDDA can be also employed as capping element on
etal NPs. In this sense, PDDA has been showed to acts as stabi-

izer of Ag NPs [26] and as both reducing and capping agent in the
ynthesis of Au NPs by heat treatment of the aqueous solution of
he precursors [27]. Even Jiang et al. have shown that Pt NPs syn-
hesized by reductive heating in the presence of PDDA efficiently
dsorb on negative Nafion membranes reducing the methanol
rossover in fuel cells [28]. Furthermore, these NPs adsorbed on
arbon black ink-coated electrodes showed electrocatalysis of the
ethanol oxidation reaction whose performance was dependent

n the PDDA proportion [29]. PDDA-capped Pt NPs also showed
igher catalytic currents for the oxygen reduction reaction (ORR)
han NPs synthesized in the presence of other polyelectrolytes
hen assembled on Nafion-doped carbon ink-modified electrodes

30]. In a different approach, Pt NPs were synthesized inside LbL
DDA/PSS films by immersion in H2PtCl6 solution and subsequent
hemical reduction of the exchanged complex anions. These arrays
f NPs showed electrocatalysis of the methanol oxidation, with
nhanced stability [31]. In other approach the electrostatic interac-
ion between PDDA and PtCl6

2− was used for the preconcentration
f Pt complexes and posterior reduction on PDDA-functionalized
lectrode surfaces [32]. The Pt nanostructures formed were elec-
rocatalyzers of the hydrogen peroxide oxidation. More recently, a
imilar preconcentration step of the complex anions by PDDA has
een employed in the decoration of graphene plates with Pt NPs for
pplications in electrocatalysis of the ORR [33,34] and methanol
xidation reaction [35,36]. Furthermore, it has been showed that
DDA can act as a modulator of shape and size of Pt nanocrys-
als (17–50 nm)  grown from Pt NPs [37]. Nanocrystals showed
nhanced stability and electrocatalytic activity toward the ORR,
hich were attributed to mitigation the Pt electro-oxidation and

he modulation the electronic density on the nanocrystals by the
DDA respectively.

Undoubtedly, simplicity and low cost are desired characteris-
ics of any method of production and assembly of NPs designed

o be employed in technological applications. Here, we present

 simple one-step method for preparing Pt NPs capped with
oly(diallyldimethylammonium chloride) (Pt@PDDA NPs) yielding
table dispersions that can be directly employed for the construc-
 Science 416 (2017) 24–32 25

tion of electrostatic LbL assemblies. As far as we are concerned,
although some works on Pt@PDDA NPs were published, this is the
first report on its LbL assembly and electrochemical characteriza-
tion. Our results show that it is possible to produce a linear growing
up of the films with a high level of electrochemical connection
among the NPs within them, creating stable easily-made electroac-
tive coatings with electrocatalytic activity toward the hydrogen
evolution reaction.

2. Experimental

2.1. Chemicals

Poly(sodium 4-styrenesulfonate) (Mw  70 kDa) (PSS),
poly(diallyldimethylammonium chloride) (20 wt% in H2O, Mw
100–200 kDa) (PDDA) and polyethylenimine (Mw 10 kDa) (PEI)
were purchased from Sigma–Aldrich.

Hydrogen hexachloroplatinate (IV) (8% in H2O) was purchased
from Sigma–Aldrich. Sodium borohydride was purchased from Lan-
caster. Potassium hexacyanoferrate (II) trihydrate was  purchased
from Biopack, potassium hexacyanoferrate (III) was purchased
from Anedra. 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) was purchased from Sigma–Aldrich. Potassium hydroxide,
potassium chloride and sulfuric acid were purchased from Anedra.

All chemicals were employed as received without further
purification. All solutions were prepared with Milli-Q water
(18.2 M� cm).

2.2. Instrumentation

Surface plasmon resonance (SPR) experiments were carried out
by using a SPR Navi 210A instrument (BioNavis Ltd, Tampere,
Finland). An electrochemistry cell (SPR321-EC, BioNavis Ltd.) was
employed for all measurements. Gold sensors (BioNavis Ltd) were
employed for SPR measurements were cleaned by immersion in
boiling NH4OH (28%)/H2O2 (100 vol) 1:1 for 15 min  and then rinsed
with water and ethanol. Injection was  performed manually and SPR
angular scans (785 nm laser) were recorded with no flow in the cell.
Temperature was kept at 20 ◦C. All SPR experiments were processed
using the BioNavis Data viewer software.

Dynamic light scattering (DLS) measurements were performed
with a Zetasizer Nano (Nano ZSizer-ZEN3600, Malvern, U.K.) in
water at 25 ◦C. The TEM and HRTEM observations were carried out
in a cm200 UT FEI instrument operating at 200 keV. The �-potential
was determined from the electrophoretic mobility measured by
Laser Doppler Velocimetry with a Zetasizer Nano. The Smolu-
chowski approximation of the Henry equation was  employed for
calculations. Measurements were performed in triplicate using dis-
posable capillary cells (DTS 1061 1070, Malvern) at 25 ◦C with a
drive cell voltage of 30 V and employing the monomodal analysis
method.

Atomic force microscopy (AFM) was performed with a Veeco
Multimode AFM connected to a Nanoscope V controller was  used
to image the substrate. AFM measurements were performed in tap-
ping mode in air using a TESP-V2 (Bruker, K = 42 N m−1) cantilever.
AFM images were analyzed with the software WSxM 4.0 beta 8.2
[38].

X-ray photoelectron spectroscopy (XPS) was  performed using
a SPECS SAGE HR 100 system spectrometer. A Mg  K� (1253.6 eV)
X-ray source was  employed operating at 12.5 kV and 10 mA.  Sur-
vey spectra were obtained with pass energy of 30 eV whereas 15 eV

was employed for detailed spectra of C1s, N1s, and S2p regions. The
take-off angle was  90◦ and operating pressure was 8 × 10−8 mbar.
Quantitative analysis of spectra was carried out by using the Casa
XPS 2.3. 16 PR 1.6 software, employing Shirley baselines and



26 G.E. Fenoy et al. / Applied Surface Science 416 (2017) 24–32

Fig. 1. (A) UV–visible spectra of Pt@PDDA NPs solution at different stages of the synthesis. (B) Volume distribution of the Pt@PDDA NPs in the synthesis solution by DLS. (C)
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EM  (scale bar 20 nm)  and HRTEM (scale bar 1 nm)  images of the NPs and histogram

aussian\Lorentzian (30%) product functions. Surface-charging
ffects were corrected by setting the binding energy (BE) of the
ain component of the core level C1s at 284.5 eV. The full width at

alf maximum (fwhm) values were kept fixed for different compo-
ents of a given element.

UV–visible spectroscopy was performed with a UV–VIS Agi-
ent 8453E spectrometer employing quartz cells. Fourier transform
nfrared spectroscopy in the attenuated total reflection mode
ATR-FTIR) was performed using a Varian 600 FTIR spectrometer
quipped with a ZnSe ATR crystal with a resolution of 4 cm−1.
ackground-subtracted spectra were corrected for ATR acquisition
y assuming a refractive index of 1.45 for all of the samples.

Cyclic voltammetry (CV) was performed using a Gamry REF600
otentiostat in a conventional three electrodes electrochemical
ell. The counter electrode was a Pt wire and a Ag/AgCl (3 M NaCl)
lectrode was employed as reference. Potentials reported here are
eferred to this electrode. Electrodes were prepared by cutting
raphite rods (Sigma–Aldrich, diameter = 3 mm,  length = 150 mm)
nd then were polished with paper. In order to measure the electro-
hemically active surface area of the electrodes, we  performed CV
xperiments with the Ferri/Ferro-cyanide couple. The mean elec-
roactive area of the electrodes was 0.08 cm2.

. Results and discussion

.1. Pt NPs synthesis and characterization

Pt@PDDA NPs were synthesized as follows. First, 125 �L of hex-
chloroplatinic acid solution was added into 250 mL  of Milli-Q
ater. After stirring for 5 min, 66.5 mg  of PDDA solution was  added

o obtain a molar ratio of 3:1 polyelectrolyte:Pt, followed by vig-
rous stirring for 80 min. Then, freshly prepared NaBH4 solution
19.5 mg  NaBH4 dissolved in 2.5 mL  H2O) was added all at once. The
olor of solution slowly changed from pale yellow to dark brown,
ndicating the reduction of Pt ions and the formation of metallic Pt
anoparticles. The solution was stirred for 24 h.

The formation of the polyelectrolyte-stabilized Pt NPs was mon-
tored by UV–vis spectrometry. Fig. 1(A) shows UV–vis spectra
f samples taken at different times of the synthesis and a solu-
ion containing 0.164 mg  mL−1 PDDA. The UV–vis spectrum of the
DDA solution only shows intense absorption bellow 200 nm.  For
he H2PtCl6 solution, there were two peaks at about 212 nm and
67 nm,  characteristic absorbance of platinum complex of PtCl4

−2

nd PtCl6
−2, respectively. The peak at 267 nm is the result of the

igand-to-metal charge-transfer transition in the PtCl6
−2 ions [29].
fter the addition of PDDA, there is a decrease in the peaks of
2PtCl6. The absorbance peak at 267 nm shifted to 269 nm,  indi-

ating the coordination of N atom in PDDA to Pt+4 ions (i.e. PtCl6
−2

ons) [29]. After the reduction both peaks disappear and the inten-
e particle size distribution.

sity of scattering increased, suggesting that PtCl6
−2 ions were

reduced by NaBH4 yielding particles. The UV–visible spectrum of
the dark brownish final solution presents a typical scattering back-
ground (Fig. 1(A)).

3.2. Size and charge: DLS – TEM and �-potential

The synthesis solution was filtered (0.22 �m filter) and ana-
lyzed by DLS. Fig. 1(B) shows the volume distribution determined
for the Pt@PDDA NPs. The volume size distribution has a mean
value of 11 nm.  TEM results of diluted Pt@PDDA NPs dispersion
deposited by drop-casting on a TEM grid are also presented in
Fig. 1(C). A bright field image of the Pt@PDDA NPs can be observed
in this figure. The inset shows a HRTEM image of a FCC structure
in [110] zone axis. The structure is compatible with the presence
of Pt in the particles. The average diameter was determined to be
2.6 ± 0.6 nm for the metallic cores from the statistical analysis of
the TEM images. Additional HRTEM results are presented in the
SI file. Differences between DLS distribution and TEM histograms
are caused by the fact that equivalent hydrodynamic diameters of
the entire polyelectrolyte-capped NPs are determined in the DLS
experiment.

The �-potential was determined in 0.1 M KCl (0.8 mL  synthesis
solution + 0.2 mL 0.5 M KCl). Values calculated from the elec-
trophoretic mobility by employing the Smoluchowski’s model for
PSS, PDDA and Pt@PDDA NPs were −30, 46 and 19 mV  respectively.
Owing to the elevated surface charge dispersions of the Pt@PDDA
NPs were bluntly stable, and no aggregation was  observed even
after several months of storage. Such stability and the positive sur-
face charge of the Pt@PDDA NPs allow its direct LbL electrostatic
assembly employing PSS as counter-polyelectrolyte. The construc-
tion of LbL assemblies of Pt@PDDA NPs from the synthesis solution
on Au substrates is described in the next section.

3.3. LbL assembly

The LbL self-assembly on SPR gold sensors was  initiated by
injecting a positively charged PEI dispersion (1 mg  mL−1) to pro-
mote adhesion onto the substrate, giving an initial positive surface
charge. This polyelectrolyte was selected for the initial functional-
ization because it also tightly bounds to other substrates, such as
graphite or indium tin oxide (ITO). So, SPR results on Au could pro-
vide valuable information about the adsorption times required for
the LbL construction of the assemblies on less expensive electrode

materials. After the PEI step, negatively charged PSS dispersions
(1 mg  mL−1) and positively charged Pt@PDDA NPs dispersions were
alternately injected to form the LbL assembly on the gold sur-
face. The synthesis solution was directly employed in the case of
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Fig. 2. Change in the minimum reflectivity angle of the SPR scan (measured at
785 nm)  during the LbL formation of the supramolecular assemblies of Pt@PDDA
with PSS on Au/PEI substrates. The inset shows the dependence of ��  on the number
of  deposition cycles.

Fig. 3. AFM images (8 �m × 8 �m)  of assemblies with different number of bilayers.
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Fig. 4. ATR-FTIR spectra of assemblies of PSS and Pt@PDDA nanoparticles on Au.

Table 1
Components and relative composition determined from the fittings of the XPS
results of the LbL assemblies.

Pt4f N1s S2p N1s/S2p

Pt (0) Pt(II/�+) −NH− +NR4 −SO3

BE/eV 71.2 73.5 399.5 402.2 167.1
u/PEI/(PSS/Pt@PDDA)n; for n = 5, 10 and 20. Thickness determined by AFM for each
ssembly is presented together with the RMS  roughness (in brackets).

he Pt@PDDA NPs, without further purification steps. Pure water
as injected after every layer to remove the excess of material.

ach injection was successively introduced only after the signal
f the previously injected component was stabilized (typically,
0–15 min). The minimum reflectivity angle is plotted as a function
f time in Fig. 2. Although exact computation of the film thickness is
ot possible by SPR as metal nanoparticles within the film produce
ome scattering, changes in the reflectivity still allow monitoring
he film growing up [39]. The adsorption seems to take place in
ne quick step, and no desorption process occurs when the system

s flushed with water. The angle change for successive deposition
teps suggests a linear dependence of the amount of deposited
aterial on the number of deposition cycles (Fig. 2).

.4. Characterization of the LbL assemblies

From the SPR results, the conditions for the LbL assembly were
etermined. LbL assemblies were also built onto Au-sputtered glass
lates by dip-coating, soaking the electrodes alternately into the
olyelectrolyte (PEI or PSS, 10 min) and Pt@PDDA NPs (20 min)
ispersions, with water washing steps (5 min) between them
Scheme 1). After a desired number of deposition steps, the elec-

rodes were dried with N2. Topographic imaging by atomic force

icroscopy (AFM) indicated that the films are mainly homogenous
ith similar characteristics for assemblies with 5, 10 and 20 bilay-

rs (Fig. 3). The root-mean-square surface roughness values are
5  bl 70% 30% 25% 75% 100% 1.22
10  bl 65% 35% 21% 79% 100% 1.13
20  bl 78% 22% 15% 85% 100% 1.28

about 6–10 nm for all samples. The thickness of the dried films was
estimated by scratching the surface with a wood stick and measur-
ing the height of the step in the AFM (Fig. 3) (see Fig. SI 1). These
results confirm the continuous growing of the LbL arrays even up
to 20 deposition cycles, with similar structural characteristics. TEM
and HRTEM images of the LbL assemblies are presented in the SI
file. The TEM image for a 3-bilayers assembly does not show the
presence of NPs aggregates which is consistent with a non-globular
deposition of the metallic component.

Further chemical characterization of the films was performed by
vibrational spectroscopy. The ATR-FTIR spectra of the LbL assem-
blies for different number of deposition cycles are presented in
Fig. 4. The spectrum of PSS in this region is dominated by the
typical sulfonate bands: a doublet at about 1126 and 1179 cm−1

assigned to the asymmetric stretching of the sulfonate group [40]
and a band at 1039 cm−1 assigned to a symmetric stretching of the
same group [40,41]. There is also a band at about 1009 cm−1 that
has been assigned to in-place aromatic CH bending [40,42]. Finally,
the band at 831 cm−1 has been assigned to the out-of-plane aro-
matic CH deformation [41]. In the case of the assemblies, the FTIR
spectra confirm the presence of the sulfonate chemical moieties.
The position of the sulfonate bands is basically the same, which
shows that they remain in the salt form. Water of hydration mani-
fests as a broad band at about 1400–1800 cm−1. Higher signals are
obtained for thicker films, but the relative intensities of the peaks
remains the same which indicates that the chemical composition
is preserved.

To gain additional information about the composition and
chemical states within the films, XPS was performed. Represen-
tative results for an assembled film of 20 bilayers are presents in
Fig. 5. Similar results for 5 and 10 bilayers are presented in the SI
(Fig. SI 2–4). The XPS region of Pt4f core level can be fitted by two
set of peaks as reported in Table 1. Owing to the spin–orbit cou-
pling, the 4f core level shows a doublet coming from the different
energy levels with J = 7/2 and J = 5/2. According to the degeneracy of

these levels (2J  + 1), the area ratio 4f7/2: 4f5/2 is expected to be 4:3,
so this ratio was  fixed for fitting the results of the doublet. The sep-
aration between both peaks in the doublet was fitted to 3.3 eV. The
first doublet has a BE of about 71.2 eV (4f7/2) and can be assigned
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Scheme 1. Illustration of the layer
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LbL modified electrodes was  employed as a probe for testing the
ig. 5. XPS spectra and fittings for the Pt4f, S2p and N1s core level regions of a 20 bl
ssembly.

o metallic Pt (Pt(0)) [43,44]. Herein, it represents about the 70%
f the Pt atoms. The other doublet appears at 73.5 eV (4f7/2). The
E shift is consistent with Pt atoms having a loss of electron den-
ity (Pt �+). The BE separation between this components and that
f Pt(0) (2.3 eV) is not so high as that measured for Pt(IV) species
uch as PtO2 or Pt(OH)4 (>3 eV) [44]. It has been reported that the
resence of positive charges in the capping can shift the BE of Pt to

igher energies [45], which indicates a strong interaction between
he NPs surface and the capping. It could also be due to the forma-
ion of some Pt(II) species, as PtO, in the surface of the NPs [46].
-by-layer assembly process.

The proportion of this additional component suggests that there is
a high fraction of surface atoms in the NPs.

The XPS N1s core region can be fitted to with two  components, as
summarized in Table 1. The main component is that corresponding
to the quaternary ammonium, which is the only species expected
for the unmodified PDDA [35,45]. In the present case, there is
an additional component at lower BE, which can be assigned to
reduced nitrogen species (amine/imine) [47,48]. The presence of
imine nitrogen species in PDDA has been also observed after the
formation of Au NPs by heat treatment of AuCl4

− in basic solu-
tion [27], so it may  be produced during the synthesis of the NPs
with the NaBH4. However, it has been also observed in similar sys-
tems even when no reducing treatment was  performed, and it has
been attributed to some remaining imine groups in the commercial
PDDA [49]. XPS results of PDDA deposited on gold by drop-casting
also present this imine component (Fig. SI 5), so we conclude that
this contribution comes from some remaining groups in the poly-
electrolyte.

Finally, the sulfur signal (S2p) appears at about 169 eV and can
be fitted to a set of two bands at 167.1 and 168.3 eV, assigned to
S2p3/2 and S2p1/2 respectively, with an integrated area ratio of 0.5
which takes into account the degeneration of these levels. Quantita-
tive determination of the nitrogen to sulfur (N/S) atomic ratios was
performed from the integrated intensity of the N1s and S2p signals.
The effective relative cross-section was  determined by measuring
a sample of (NH4)2S2O8 powder in the same conditions as standard
reference. Results presented in Table 1 indicate that the composi-
tion of the samples does not vary as further layers are deposited and
it is consistent with a linear increment of the film thickness. Addi-
tionally, as the amount of sulfonate groups does practically coincide
with the amount of positively charged quaternary ammonium, XPS
results suggest that charge compensation is entirely carried out
by the polyelectrolytes and there are not co-ions required within
the films. The solutions for the dip-coating assembly were prepared
without added salt to avoid the supra-linear film growing-up which
generally deposits higher amounts of material in each LbL cycle
with higher degree of stratification [50]. The more intimate con-
tact between the counter-polyelectrolyte components might also
allow higher degree of interdigitation, increasing the chances of
connection between NPs deposited in successive cycles.

3.5. Electrochemical evaluation

The electrochemical oxidation of ascorbic acid (AA) has been
extensively studied owing to the biochemical and industrial impor-
tance of AA and nowadays it has become a well-stablished redox
system [51]. In this work, the electro-oxidation of AA onto the
ability of the supramolecular assemblies to interact with biologi-
cally relevant species and electrochemically connect the electron
transfer to the base electrode in neutral solution. On  electroactive
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Fig. 6. Concentration dependence of the voltammetric response of an LbL-modified
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Fig. 7. Hydrogen evolution currents for graphite/PEI/PSS/(Pt@PDDA/PSS)n elec-

Remarkably, the voltammetric integrated charge of these peaks
is a measure of the real surface area available for the UPD pro-
lectrode in the presence of ascorbic acid.

urfaces, the ascorbate anion is oxidized to dehydroascorbic acid
DHA) by an irreversible 2-electrons process [51]. However, when
lm-modified electrodes are employed, several mechanisms could
e operative depending on the ability of the film components to
ediate or catalyze the electron transfer and allow the electronic

nd ionic transport [52–54]. Voltammograms of the LbL modified
lectrodes show the typical dependence of diffusion-controlled
rreversible electrochemical reactions [55]; i.e. the peak current
epends linearly on the square root of the sweep rate, whereas the
eak potential shifts linearly on the logarithm of the scan rate (Fig.
I 8). Higher bulk concentrations of AA lead to higher anodic cur-
ents (Fig. 6) as more molecules arrive to the surface by diffusion.
owever, as the bulk concentration increases, other steps rather

han diffusion (electron transfer, charge transport within the film)
ould become rate limiting, which explains the non-linear depen-
ence in Fig. 6(B) [52–54]. Charge transport could also become
ate limiting for thicker films. Interestingly, in the case of these
upramolecular films of Pt NPs, the voltammetric currents also
ncrease with the number of assembled layers (Fig. 6). This indi-
ates that the LbL assembly does not block the ionic transport
or the electronic transport to the surface as it usually occurs for
hicker assembled films. Contrarily, the increase of the film thick-
ess yields higher currents in the present case. Furthermore, the
eak potential of the voltammograms is almost the same as in a
lank electrode (graphite/PEI/PSS, see SI, Fig. SI 9) which indicates
hat the Pt@PDDA NPs do not add any catalytic effect toward the
A oxidation. Therefore, the higher currents may  be assigned to a
igher electroactive effective surface area caused by the deposition
f highly connected metal nanoparticles onto the polyelectrolyte-

unctionalized graphite that increases the conductive pathways to
he electrode.
trodes.

Some kinetic effect could also be present. Similar increases in
the diffusion-controlled voltammetric currents of reversible redox
probes have been observed for other assemblies of metal NPs [56]
or metal NPs and graphene sheets [57] in LbL films. In the latter
case, it was  assigned to synergic promotion of the electron transfer.
Here, the relative increment in the peak current is higher for lower
AA concentrations (see Fig. SI 10), where the diffusion-limitation is
supposed to be more important. The current increases about 5% per
assembled bilayer when AA concentration is 0.5 mM and less than
2% per bilayer for 2 mM.  This suggests that the increase in the effec-
tive surface area electronically connected to the electrode would be
the main factor. Nevertheless, beyond the operating mechanism,
the supramolecular incorporation of additional layers of the Pt NPs
on the electrode enhances its sensibility to AA as it yields higher
oxidation currents.

3.6. Hydrogen evolution reaction and UPD

The H2 evolution was  studied by CV in N2-bubbled 1 M H2SO4.
As shown in Fig. 7, the presence of Pt NPs clearly induces the H2
evolution as compared with the graphite electrode. Moreover, the
currents remained the same after continuous potential sweeping,
which indicates that the supramolecular assemblies were stable
in these severe experimental conditions. The H2 reduction and
re-oxidation currents increase with the number of assembled lay-
ers, which indicates a good electrochemical connection between
NPs in the succeeding layers. In the pseudo-polarization curves
at 0.01 V s−1, both the electrocatalysis and the effect of adding Pt
NPs-containing layers are clearly observed.

The H under potential deposition (UPD) peaks were more
noticeable after cycling the potential to high oxidative values.
This procedure has been also reported for similar systems with
PVP-capped Pt NPs, where the scan to higher positive potentials
enhanced the hydrogen UPD peaks without changes in the peak
position [24]. Fig. 8(A), shows the voltammograms on at 500 mV s−1

of graphite electrodes modified with different layers of assembly.
Hydrogen UPD peaks are observed at this sweep rate. There are two
peaks prior to the hydrogen evolution in the negative scan that are
assigned to the reductive adsorption of H atoms in different atomic
environments, sometimes referred to as strong (HS) and weak (HW)
adsorption hydrogen [24]. On the other hand, after the molecular
H2 re-oxidation, there is a broad peak in the positive scan that is
attributed to the oxidative desorption of H ad-atoms.
cess in such a given condition. The voltammetric integrated charges
of the hydrogen UPD for increasing number of Pt NPs deposition
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ig. 8. (A) Hydrogen UPD peaks for graphite/PEI/PSS/(Pt@PDDA/PSS)n electrodes. (
t  NPs in graphite/PEI/PSS/(Pt@PDDA/PSS)n electrodes. Results for 3 different electr

ycles are shown in Fig. 8(B). Results for three different electrodes
re presented. The linear increase in these charges proves that
ractically the same amount of electrically connected electroactive
t NPs are incorporated in each LbL cycle. Results for assemblies
p to 20 bilayers show the same linear behavior (see Fig. SI 11).
he hydrogen adsorption/desorption process on the assembled
t NPs requires transport of protons and counterions within the
lms across the polyelectrolyte domains and electronic hopping
etween the metallic domains. Voltammetric results in Fig. 8(A)
how that mass and charge transport are feasible even at this high
weep rate. Furthermore, the increase in the hydrogen UPD peaks
ccurs without alteration of the peak potentials which means that
ransport is not blocked or hindered by the assembly of additional
ayers on the supramolecular films.

Repetitive potential cycling does not modify the UPD peaks,
hich means that the assemblies remain stable even when high

ositive potentials are attained. Compared with a clean polycrys-
alline Pt electrode, O2 evolution is inhibited in the supramolecular
ssemblies (Fig. SI 12). Oxide peaks are also markedly shifts to
ore positive values, indicating that Pt NPs are more stable toward

xidation. Nevertheless, the oxide formation (or OH adsorption)
oltammetric charge could also be employed as a measure of the
mount of Pt within the assemblies. As it occurs for the hydro-
en adsorption, there is a linear increment of the oxide formation
oltammetric charge with the amount of assembled Pt NPs (see Fig.
I 13).

To gain some insight into the effect of the capping on the Pt
lectrochemistry, we also studied the voltammetric response of
olycrystalline Pt before and after incubation in a 1 mg  mL−1 PDDA
olution for 30 min  (see Fig. SI 14). The voltammetric response after
DDA adsorption shows a decrease and broadening of the hydrogen
PD peaks and oxide reduction as a consequence of the blockage
f the surface. The peaks of clean Pt are just partially recovered by
ontinuous potential cycling to the oxide formation region, which
ndicates a strong interaction with the metal surface. The pres-
nce of the PDDA also induces a shift of the Pt oxide formation
o higher potential values. This stability against oxidation could be
elated to an electrostatic effect caused by the positive polyelec-
rolyte that hinders the formation of positive surface Pt species. This

echanism could be also operating on the Pt NPs arrays in the LbL-
oated electrodes and could be the responsible for the enhanced
tability toward oxidation. However, going to higher potentials also
mproves the observation of the hydrogen UPD peaks. This could
e related to some reversible detachment of the capping positive
roups by oxidation of the Pt NPs which would liberate sites for H

dsorption. The fact that UPD peaks are less marked for low sweep
ates could be then explained by the re-adsorption of the capping
roups during the time elapsed between the oxide reduction and

 adsorption. Some kind of capping restructuration accompanying
rogen UPD integrated charges as a function of the number of deposition cycles of
re presented.

the Pt oxide formation has been also hypothesized to occur in the
case of PVP-capped Pt NPs in order to explain the enhancement of
the UPD peaks with the increase in the anodic scan limit [24].

Although the observation of the hydrogen UPD peaks seems
to be dependent on capping dynamics, hydrogen evolution is not
affected. As shown in Fig. 7, cathodic currents are stable even
at nearly steady-state conditions without the necessity of per-
forming oxidation of the Pt NPs to induce electroactivity. Both
the mechanical stability and the robust electroactivity toward
the hydrogen evolution reaction become central aspects in the
prospective implementation of the LbL supramolecular assemblies
of Pt NPs in real energy conversion devices.

4. Conclusions

We  have presented a simple one-step procedure for the syn-
thesis of polyelectrolyte-capped Pt NPs. These NPs can be then
assembled by LbL deposition yielding stable supramolecular films.
The assembly results in a linear increase of the film thickness with
the number of deposition cycles. The amount of NPs also increases
linearly, which indicates a reproducible charge reversion after each
cycle. The spectroscopic studies also indicate that the film grow-
ing up is homogenous and almost complete charge neutralization
is probable to occur between the polyelectrolyte components due
to the low ionic strength of the solutions employed for assembly.
This allows an interdigitation of the assembled layers that produces
an intimate contact of the metallic nanoparticles across the film.
Henceforth, the Pt NPs present a high electrical connection that
allows its implementation in electrochemical devices. The electro-
chemical evaluation of the supramolecular coatings also shows that
effective mass and charge transport occur in the thickness of the
films up to 20 bilayers of assembly. Both, the hydrogen UPD voltam-
metric charges and the AA electro-oxidation currents show that
the electroactive area increases linearly on the number of bilayers.
Moreover, the supramolecular films showed electrocatalysis of the
H2 evolution/oxidation reactions which are of great importance in
energy conversion applications.
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