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The layer-by-layer (LbL) self-assembly technique is a simple and versatile tool for the controlled chemical con-
version of metal ions into nanoparticles. In this work, we prepared LbL thin films containing Pt nanoparticles
electroactive towards electro-oxidation of methanol by a two-step process, involving the exchange of different
Pt precursor ions into the film, followed by their chemical reduction. We addressed the influence of the Pt pre-
cursor (Pt(NH3)42+ and PtCl62−) and polyelectrolyte-pairs (poly(diallyldimethylammonium chloride) (PDDA)/
Nafion and poly(allylamine hydrochloride) (PAH)/poly(acrylic acid) (PAA)) on the properties and electrocat-
alytic activity of the nanoparticles. NPs synthesized from Pt(NH3)4

2+ outperformed those growth from PtCl6
2−,

the precursor used in previous works to prepared Pt NPs within LbL films. The combination of Pt(NH3)42+ and
PDDA/Nafion films produced the best electrocatalytical performance with a specific activity of 0.8 mA.cm−2

Pt .
By varying the number of exchange/reduction cycles (n) between 1 and 5, a marked increase in the catalytic activ-
ity was observed for the first 2 cycles, followed by a saturation regime. The peak potential of the Pt/Pt oxide peak
also increases in the first cycles and approaches a constant value close to that of a bulk Pt electrode coated with
PDDA/Nafion. These behaviors are explained in terms of a strong polymer-Pt surface interaction that decreases
with increasing n and stabilizes for n > 2.
1. Introduction

The chemical conversion of precursor ions confined in polyelec-
trolyte multilayer films is a promising and flexible route to modify
almost any surface with functional nanoparticles (NPs) [1–10]. This
nanoreactor strategy was pioneered by Rubner’s and Cohen’s groups,
who confined metal ions in preformed nanoreactor polyelectrolyte
films and transformed them into NPs by chemical reduction or precip-
itation [1]. In this method, the exchange/reduction cycle can be
repeated to increase NP loading [1,2]. Bruening and coworkers dis-
closed an alternative procedure involving co-assembly of metal ions
and polyelectrolytes and subsequent formation of NPs [3]. In both pro-
cedures, the layer-by-layer (LbL) processing offers a great design flex-
ibility given by the choice of the type and number of layers, the
assembly pH and ionic strength, the charge of the topmost layer, etc.
This wide spectrum of variables allows control over the properties of
the film and the NPs. For instance, the NP size can be tuned by adjust-
ing the number of exchange/reduction cycles [2], the assembly pH
[2,4], the exchange and reduction conditions, and the metal ion con-
centration [8].
In order to obtain metal NPs using an LbL film as nanoreactor, tran-
sition metal ions must be first integrated in the supramolecular struc-
ture of the multilayer. Among the different strategies available, the use
of metallo-polyelectrolytes [11–13] and post-complexation of transi-
tion metals by ion exchange [1–4] are the most reliable techniques.
The latter case is a simple and versatile method that relies on two main
interactions: i) exchange of the original ligands that complex the metal
ion in solution with available ligands (Lewis bases) covalently bound
to the polymers, and/or ii) electrostatic binding between charged poly-
electrolytes and oppositely charged metal ions [14]. For this reason,
the loading of metal ions into the LbL film depends both on the nature
of the polyelectrolyte and the transition metal complexes used in the
loading stage. For example, Mentbayeva and coworkers studied the
incorporation of Co2+ and Cu2+ into films made of different polyelec-
trolyte-pairs using branched polyethyleneimine (PEI) or quaternized
poly-4-vinylpyridines (QPVPs) as polycations and poly(acrylic acid)
(PAA) or poly(styrene sulfonate) (PSS) as polyanions, and showed that
the amount of metal ions loaded into the film strongly depended on
the type of polyelectrolyte, the assembly pH, and the fraction of charge
of the polymer [15].
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The applications of metallic NPs grown within LbL nanoreactors
are numerous: Ag NPs were studied for biocide surfaces [3,5,16],
Au, Pd and Pt for O2 reduction reaction and methanol oxidation reac-
tion (MOR) [3,17–19], Pd NPs for catalytic and electrocatalytic hydro-
genations [7–9,20], and bimetallic NPs for catalysis [21–23]. Zhang
et al. reported the preparation of Pt NPs by ion exchange of PtCl62−

in PSS/poly(diallyldimethylammonium chloride) (PDDA) films sup-
ported on indium tin oxide, followed by in situ chemical reduction with
NaBH4 [24]. These Pt NPs showed a promising electrocatalytic activity
towards MOR and an increase of the oxidation current with increasing
number of exchange/reduction cycles. Wang et al., on the other hand,
studied the impact of different synthesis parameter (salt concentration,
reduction time and temperature) on the size of Pt clusters made from
PSS/PDDA films and PtCl62− [25]. More recently, by using polyelec-
trolyte-coated titanium carbide (Ti3C2Tx) MXene nanosheets, Huajie
Huang et al. reported the formation of electroactive Pd nanoworms
[26], Pt nanowires [27], and Pt-on-Pd nanodendrites [28]. Here, metal
precursors were first loaded into the interface of MXene nanosheets by
interaction with polyelectrolytes and then were reduced to form metal
NPs. All MXene-based electrocatalysts displayed superior electrocat-
alytic activity towards MOR with enhanced long-term stability. More-
over, MXene nanosheets were shown to be highly versatile materials to
act as nanoreactors for the synthesis of different MOR-active metal
nanoparticles [27,29].

The interest in the nanoreactor scheme for the preparation of Pt
NPs resides in its ability to control NP size, dispersion and activity,
characteristics not always present in standard preparation routes such
as electrodeposition, impregnation-reduction and NP synthesis in solu-
tion [30]. As discussed above, the role of the polyelectrolyte film in
confining the metal-complex precursors –either by electrostatic inter-
actions or ligand-exchange reactions– is well recognized. Much less
is known about the effect of the polyelectrolyte matrix on the catalytic
performance of embedded NPs. In this work, we studied the prepara-
tion of Pt NPs within two different types of LbL films and using two
different Pt precursors. We show that, when Pt NPs are prepared using
Pt(NH3)42+, the specific electrocatalytic activity for MOR outperforms
that of NPs prepared from PtCl62− (which was the precursor used in
the previous works of Zhang et al. and Wang et al.) [24,25] This effect
is ascribed to the detrimental effect of chloride ions on the perfor-
mance of the reaction. We also show that NPs prepared within poly(al-
lylamine hydrochloride) (PAH)/(PAA) films have a smaller specific
electrocatalytical activity than NPs prepared within PDDA/Nafion
multilayers, which in turn have smaller specific activity than a bare
Pt electrode. We explain this result as a negative effect of the poly-
mer-NP interactions on MOR. Noteworthy, this deleterious effect is
mitigated when increasing the number of exchange/reduction cycles,
which increases the specific electrocatalytic activity of the NPs.
2. Experimental

2.1. Materials

The following chemicals were used without further purification:
Poly(acrylic acid) (PAA) (35 wt% in H2O, Mw ∼ 100000, Aldrich);
poly(diallyldimethylammonium chloride) (PDDA) (20 wt% in H2O,
Mw ∼ 150000, Aldrich), poly(allylamine hydrochloride) (PAH)
(Mw 56000, Aldrich), Nafion (purum, ∼5 wt% in lower aliphatic
alcohols and water, Aldrich), chloroplatinic acid hexahydrate H2-
PtCl6�6H2O (Aldrich), tetraammineplatinum(II) nitrate Pt(NH3)4(-
NO3)2 (Aldrich), sodium borohydride NaBH4 (Aldrich), H2SO4

(Cicarelli), MeOH (HPLC, J. T. Baker). The polyelectrolytes solution
concentration was 20 mM for PAH, PDDA and PAA, and 1 mg ml−1

for Nafion, without added salt except for the HCl or NaOH required
to bring the solutions to the final pH (7 for Nafion, 8 for PAH, 4 for
PAA and 7 for PDDA). All solutions were prepared with 18 MΩ
2

Milli-Q® (Millipore) water. Nafion solution was prepared using a
1:1 vol mixture of H2O/EtOH.

2.2. Multilayer assembly and nanoparticle synthesis

Compact Graphite Plates (AXF-5QCF, POCO Graphites) were used
as supports for multilayer assembly. The substrate was cut into pieces
of 20 mm × 10 mm, sequentially polished with 1, 0.3 and 0.05 μm
alumina powder, sonicated in isopropyl alcohol for 10 min and rinsed
with Milli-Q water. Multilayer assembly was performed by alternate
immersion in continuously stirred polyelectrolyte solutions (10 mM,
monomer concentration), starting from the positively charged poly-
mer. Between adsorption steps, graphite substrates were washed twice
in Milli-Q water with mechanical stirring for 15 min. The capping
layer of the multilayers films was chosen to bear a charge of opposite
sign to that of the Pt precursor (i.e. LbL films were terminated in the
polycation for PtCl62− and in the polyanion for Pt(NH3)42+).

Pt NPs were synthesized by immersing the sample into a 10 mM
solution of the Pt precursor for 24 h, thoroughly rinsed with water
and reduced with NaBH4 100 mM at 80 ̊C for 5 min. This process
was repeated the desired number of times.

2.3. Electrochemical experiments

Electrochemical measurements were carried out at room tempera-
ture with an Autolab PGSTAT 30 potentiostat (Autolab, Ecochemie)
in a purpose built three electrode Teflon cell with an exposed area
of 0.19 cm2 delimited by an inert O-ring. The Ag/AgCl; 3 M KCl
(0.210 V vs. NHE) reference electrode was placed in a glass tube con-
taining the same solution as the cell and connected to it by a glass frit
in order to avoid chloride contamination. All electrode potentials were
quoted with respect to this reference electrode. A platinum gauze aux-
iliary electrode of large area was employed. All measuring solutions
were purged with argon for a minimum of 20 min before each exper-
iment and the measurements were carried out under that atmosphere.
The electrochemically active Pt surface areas (ECSA) were estimated
by hydrogen underpotential deposition using a relationship of 210
μC.cm−2 [31,32].

2.4. X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy measurements (XPS) were per-
formed under UHV conditions (base pressure < 5 10−10 mbar) in a
SPECS UHV spectrometer system equipped with a 150 mm mean
radius hemispherical electron energy analyzer and a nine channeltron
detector. XPS spectra were acquired at a constant pass energy of 20 eV
using an un-monochromated MgKα (1253.6 eV) source operated at
12.5 kV and 20 mA and a detection angle of 30̊with respect to the sam-
ple normal. Quoted binding energies are referred to the Au 4f7/2 emis-
sion at 84 eV. Atomic ratios were calculated from the integrated
intensities of core levels after instrumental and photoionization
cross-section corrections.

2.5. Scanning electron microscopy

Images were acquired with a FEG-SEM (Zeiss DSM 982 GEMINI,
Carl Zeiss, Oberkochen, Germany) operating at 10 kV. An in-lens SE
detector was used.

2.6. Ellipsometry

Film thickness for the Nafion/PDDA system was estimated from
ellipsometric experiments performed on a HOPG substrate using a Sen-
tech SE400 equipped with a 632.8 nm laser as polarized light source.
After each adsorption step, the sample was rinsed with Milli-Q water
and dried with N2. Then, the ellipsometric parameters, ψ and Δ were



Fig. 1. Chemical structures of the strong polyelectrolytes PDDA and Nafion (a), the weak polyelectrolytes PAH and PAA (b), and the Pt complexes PtCl62− and Pt
(NH3)42+ (c) used for the construction of Pt NP-containing polyelectrolyte multilayer (d).
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collected for an incidence angle of 70̊. The experimental data was fit-
ted as described previously [33].
Fig. 2. SEM images for Pt NP-modified graphite electrodes based on different
LbL films. The scale bar is the same for all images.
3. Results and discussion

3.1. Effect of the polyelectrolyte system and Pt precursor

We prepared Pt NPs from Pt(NH3)42+ or PtCl62− in two model poly-
electrolyte multilayer systems: PAH/PAA and PDDA/Nafion films. The
chemical structures of the polyelectrolytes and the platinum com-
plexes are depicted in Fig. 1. The first system (PAH/PAA) was chosen
because it has been widely studied both from the fundamental point of
view and as a NP nanoreactor [1,2,4]. The PDDA/Nafion is interesting
because the known proton conductivity and chemical stability of
Nafion. Moreover, direct methanol fuel cells use Nafion as a proton-
conducting polymer, which is in intimate contact with the Pt catalyst
during fuel cell operation, therefore it is interesting to test the compat-
ibility of the nanoreactor scheme with this polyelectrolyte. Finally,
both PDDA and Nafion are strong polyelectrolytes, while PAH and
PAA are both weak polyelectrolytes and therefore their multilayer
films can present unpaired amino and/or carboxylic groups [34].
The NH2 and COO– groups in PAH and PAA, respectively, are better
bases and, thus, stronger ligands [35], than the NR4

+ and SO3
− in PDDA

and Nafion.
The LbL films were constructed starting from the positive polyelec-

trolyte because graphite surfaces have acidic isoelectric points due to
the presence of surface carboxylate groups [36]. The last adsorbed
layer was chosen to have a charge of opposite sign to that of the Pt pre-
cursor in order to favor loading (Fig. 1d). We will follow in this work
the nomenclature introduced by Rubner: [1] i.e. a film bear-
ing × PDDA/Nafion bilayers and exposed to n exchange/reduction
cycles with Pt(NH3)42+ is denoted (PDDA/Nafion)x + n Pt(NH3)42+.
Considering that transmission electron microscopy is difficult to per-
form over ultrathin organic films deposited on bulk carbon electrodes,
we decided to use scanning electron microscopy (SEM) to determine
the rough size of the PtNPs. Fig. 2 shows top-view FE-SEM images of
Pt-loaded films. Images show the presence of well-distributed NPs of
relatively low size polydispersity for all the systems under study. PtNPs
3
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do not form aggregates and cover the surface of the electrode evenly.
The surface density of particles is greater for the case of using PAH/
PAA multilayers, and the sizes are about two times larger when using
Pt(NH3)42+ in comparison with PtCl62−.
Fig. 3. a. Cyclic voltammograms measured in Ar-purged H2SO4 0.5 M for Pt-
NP modified graphite electrodes based on different LbL films. The curves are
normalized to the electrode geometric area. Scan rate: 0.1 V/s. b. MOR
current–potential waves for Pt-NP modified graphite electrodes based on
different LbL films. The curves correspond to the difference between the cyclic
voltammograms in Ar-purged H2SO4 0.5 M + 1 M MeOH and the blank CV
measured in Ar-purged H2SO4 0.5 M and are normalized by the Pt ECSA (APt)
determined from Hupd. Scan rate: 0.2 V/s.

4

Fig. 3a shows that the electrochemical behaviour of all systems
under investigation is consistent with the presence of Pt. These voltam-
mograms differ from that of a bare bulk polycrystalline Pt in the posi-
tion of the platinum oxide reduction peak (EPtOx=Pt) that is slightly
shifted to cathodic potentials (i.e., the Pt oxide becomes more stable),
see Fig. 4 and Table 1. This effect has been attributed in the literature
to the decreasing in NP size [32,37], but we also observed a shift in the
same direction upon polyelectrolyte adsorption on a bare Pt surface
(see Fig. 4a and Table 1).

For each modified surface, we calculated the electrochemically
active Pt surface area (ECSA, APt) by hydrogen underpotential deposi-
tion (Hupd) assuming a specific charge of 210 µC.cm−2

Pt (Table 1)
[38,39]. According to Xu and Shao-Horn, Hupd provides only an approx-
imation of the ECSA [40], however, the aim of this work is to determine
the effect of the multilayer identity on the electrochemical performance
rather than comparing absolute values with related systems in literature.
Then, Hupd gives a good estimation of the ECSA that allow us to compare
between different polyelectrolyte systems. The fact that Pt NPs in PAH/
PAA films have higher ECSAs than PDDA/Nafion ones (Table 1) is attrib-
uted to the fact that the film thickness of PAH/PAA (∼8–10 nm/bilayer
for the pH combination used in this work, see Fig. S1) is higher than that
of PDDA/Nafion (3.2 nm/bilayer, see Fig. S2). This conclusion is sup-
ported by previous studies that report a negative correlation between
the permanent charge density of the polyelectrolytes and their film
thickness [41]. Therefore, for a fixed number of bilayers, the total Pt
content of PAH/PAA films is higher than that of PDDA/PAA due to
the different film thicknesses. An additional factor favoring NP loading
in PAH/PAA films could be the presence of unpaired amine or carboxylic
groups which, in principle, can bind the Pt precursor via ligand
exchange. To decouple these two factors, we normalized the ECSA of
each system by the film volume (Table 1). We observe that the vol-
ume-normalized ECSA is insensitive to the choice of the polyelectrolyte
pair, which suggests that the composition of the film does not strongly
affect the loading into the film of the precursor and its conversion to
Pt NPs. Interestingly, when Pt(NH3)42+ was used in the loading proce-
dure, the volume-normalized ECSA was 40 to 50% higher than in exper-
iments using PtCl62−.

The ratios of Pt ECSA to the geometric area of the electrode in
Table 1 are higher than one, which seems to contrast with the sparse
distribution of Pt NP in the SEM images of Fig. 2. This difference
can be originated in i) the high roughness of the graphite substrate
ii) the presence of Pt NP below the resolution limit and iii) the inability
of SEM of imaging Pt NP far beneath film surface [9]. The feasibility of
the latter explanation was demonstrated by the fact that increasing the
number of Nafion/PDDA bilayers did not increase the density of Pt NP
observed by SEM (for a constant number of exchange/reduction
cycles). This result suggests that NPs inside the film are not detected
by SEM, which is in agreement with previous SEM and XPS experi-
ments for Pd NPs electrodeposited in LbL films from confined precur-
sors [9], although in that case, NPs grew in the electrode/film
interface and thus were only detectable by SEM for very thin polyelec-
trolyte films or after film delamination.

The current–potential waves in Fig. 3b show that all films under
study are electrocatalytically active towards MOR in H2SO4 media.
In order to allow comparison between the different systems, the cur-
rents in Fig. 3b are normalized by the ECSA. According to Manoharan
and Goodenough, while the forward scan peak (E≈0.68 VAg/AgCl vs
Ag/AgCl) is considered to be the main peak of the MOR, the back-
wards scan peak (E≈0.48 VAg/AgCl vs Ag/AgCl) corresponds to the oxi-
dation of residual intermediates that were generated after methanol
oxidation [42]. Also, Manoharan and Goodenough proposed that the
ratio between the forward and the backward peak currents is somehow
related with the level of CO-poisoning. In most recent reports, how-
ever, it was demonstrated that while indeed the forward scan peak cur-
rent correspond to the oxidation of adsorbed methanol, the backwards



Fig. 4. a. cyclic voltammograms of a bare pt bulk electrode and pt bulk electrodes modified by pdda/nafion and pah/paa lbl film in ar-purged H2SO4 0.5 M. The
curves are normalized to the electrode geometric area. Scan rate: 0.1 V/s. b. MOR current–potential waves for the electrodes in a. The curves correspond to the
difference between the cyclic voltammograms in Ar-purged H2SO4 0.5 M + 1 M MeOH and the blank CV measured in Ar-purged H2SO4 0.5 M and are normalized
to the Pt ECSA (APt) determined from Hupd. Scan rate: 0.2 V/s.

Table 1
Electrochemical data for different Pt NP-modified graphite surfaces obtained from the cyclic voltammetry analysis in Ar-saturated H2SO4 0.5 M with and without
1 M M MeOH (MOR and Pt cyclic voltammetry, respectively). Results for a clean and a (PDDA/Nafion)3-modified Pt bulk electrodes are also shown for comparison.
*See CV in Fig. S3.

System Pt cyclic voltammetry Methanol electro-oxidation

EPtOx=Pt (VAg/AgCl) APt

Ageom
APt

Vol(nm
−1) I

APt at 0.68 VAg/AgCl (mA.cm−2)

(PAH/PAA)3 + 3Pt(NH3)42+ 0.474 7.3 0.27 0.77
(PAH/PAA)2PAH + 3 PtCl62− 0.461 4.5 0.20 0.28
(PDDA/Nafion)3 + 3Pt(NH3)42+ 0.493 2.7 0.33 0.79
(PDDA/Nafion)2PDDA + 3 PtCl62− 0.384 1.1 0.22 0.70
Pt bulk 0.510 1.18 1.34
Pt bulk + (PDDA/Nafion)3 0.512, 0.416 (shoulder)* 0.79 0.82
Pt bulk + (PAH/PAA)3 0.434 0.93 0.47
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scan peak current is not related to the residual intermediate CO but to
the surface coverage of free Pt that is available for methanol reaction
[43,44]. For this reason, we will measure the potentiality of the films
as electrocatalysts by registering the MOR forward scan peak currents
at 0.68 VAg/AgCl. Fig. 3b clearly shows that the specific activities for the
electrodes prepared with Pt(NH3)42+ are higher than those of elec-
trodes prepared from PtCl62−, regardless of the multilayer architecture.
This result has a probable cause in the inhibitory effect of chloride
anions on MOR that is well known in the literature [45]. In line with
this hypothesis, Cl was detected by XPS on the catalysts prepared from
PtCl62−, although it is unknown whether this signal is originated from
Cl− adsorbed on the Pt NPs or from Pt complexes that failed to react
during the chemical reduction step. The sample (PDDA/Nafion)3 + 3-
5

Pt(NH3)42+ had the highest specific activity for the MOR (see Table 1).
The specific activity of this sample was smaller than that of a bulk Pt
electrode, but similar to that of a bulk Pt electrode modified by a
PDDA/Nafion multilayer film (see Table 1). This result indicates that
the polymer/Pt interaction is detrimental to the activity of the cata-
lysts prepared within the nanoreactors. Note, however, that due to
the high surface-to-volume ratio of the NPs, the catalytic current nor-
malized by the geometric area is still higher for the (PDDA/
Nafion)3 + 3Pt(NH3)42+ film (2.4 mA.cm−2) than for the bulk Pt elec-
trode (1.7 mA.cm−2). Moreover, in real fuel cell applications, Nafion is
mixed with Pt on carbon catalyst in order to provide proton conductiv-
ity and therefore even uncoated Pt NPs are exposed to the effect of this
polymer.
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3.2. Effect of the number of exchange/reduction cycles

We chose the (PDDA/Nafion)3 + n Pt(NH3)42+ system for a detailed
study of the effect of the number of exchange/reduction steps because
it showed the highest specific activity for MOR. Fig. 5 shows SEM
images for an increasing number of exchange/reduction cycles. The
density of particles for n = 3 (i.e., three exchange/reduction cycles)
is higher than that for n = 1, but the average particle size does not
increase significantly (see Fig. S4). This suggests that during the first
3 exchange/reduction cycles, the nucleation of Pt NPs dominates over
growing. For n = 5, both the number and size of NPs were larger than
for n = 3 (see histograms in Fig. 5 and Fig. S4). This result contrasts
with a previous report of Ag-loaded PAH/PAA films in which increas-
ing the number of adsorption/reduction steps produced an increase in
the size of NPs but not in their number [2]. In that case, it was pro-
posed that the Ag NPs formed in the first cycle acted as seeds during
the following reduction reactions. Our results can be put in line with
this report if a large number of Pt seeds are formed during the first
three cycles, followed by growing in the next cycles. Another possible
explanation is that our (PDDA/Nafion)3 + n Pt(NH3)42+ films present a
much lower NP content than the (PAA/PAH)x + n Ag films of Ref 2
Fig. 5. SEM images acquired for (PDDA/Nafion)3 + n Pt(NH3)42+ films. The
size histograms result from the analysis of three images taken from different
regions of the sample, for each n.

6

and, therefore, the nucleation of confined Pt(NH3)42+ ions is favored
over their lateral diffusion through the film and deposition on preexis-
tent Pt NPs in the early stages of Pt NP formation.

The surface composition of (PDDA/Nafion)3 + n Pt(NH3)42+ films
was analyzed with XPS. In all cases, we analyzed the S2p and F1s sig-
nals at 688.6 and 169.1 eV (from Nafion) and the N1s peak at 400.4 eV
(from PDDA). For n > 0 we also analyzed the Pt4f region that was fit-
ted using two components located at 71.1 and 72.1 eV (position of
Pt4f 5=2), assigned to metallic Pt(0) and Pt(II) respectively [46]. Table 2
shows that the total amount of Pt (given by the (Pt(0) + Pt(II))/S
ratio) increases with n, as expected, and that the fraction of Pt(0) is
in the range 0.64–0.79 indicating that either some Pt ions were not
reduced by BH4

− or that Pt NPs suffer oxidation in air. A similar reduc-
tion efficiency has been observed for Pd NPs prepared in LbL films by
NaBH4 reduction [20]. Interestingly, the fraction of Pt(0) decrease
with increasing n. Within each exchange/reduction cycle, the sample
is immersed in a Pt precursor solution for 24 h followed by NaBH4

reduction. As n becomes bigger, it seems like the reduction step
becomes more and more ineffective. This effect may be due to an accu-
mulation of Pt(II) ions that are inaccessible to BH4

− ions. From the Pt/
S, N/S and F/S relationships it is possible to roughly estimate the vol-
ume fraction of Pt in the film (assuming that XPS is probing all the
atoms in the film with the same sensitivity and a density for the poly-
mers of 1.5 g/cm3). The as-calculate volume fractions ranged from 0.4
% (for n=1) to 3 % (for n=5) which is in qualitative agreement with
the low coverage observed in the SEM images. With this data we can
roughly estimate the Pt loading mass within the LbL which will be
around 0.5 pg/cm2 for n = 5.

Fig. 6a shows the cyclic voltammetry of the films under study in
methanol-free H2SO4. Upon increasing the number of exchange/reduc-
tion cycles, the CV develops features in the hydrogen and Pt oxide
regions that are typically observed for Pt bulk electrodes. Fig. 6b
shows the normalized Pt ECSA for increasing exchange/reduction
cycles. In concordance with the trend observed for the number of Pt
NPs observed by SEM, the Pt ECSA increases monotonically with the
number of exchange/reduction cycles. Fig. 6 also shows that the posi-
tion of EPtOx=Pt shifts toward positive potentials as the number of
exchange/reduction cycles increases and reaches a constant value
of ∼ 0.5 VAg/AgCl for n ≥ 3 (Fig. 6c). This value is close to the position
of the EPtOx=Pt peak in the cyclic voltammetry of clean Pt bulk electrode
(dashed line in Fig. 6c). The shift of the EPtOx=Pt peak with n may result
from changes in particle size [37]; however this effect cannot fully
explain the observation because the particle size increases with n for
n > 3 (inset in Fig. 5), while EPtOx=Pt reaches a constant value in those
conditions (Fig. 6c).

An alternative explanation for the effect of n on the position of
EPtOx=Pt could be the presence of polymer-Pt interactions. The reduction
of Pt oxide for (PDDA/Nafion)3-coated Pt bulk electrode (see Fig. S3)
results in a peak at ∼ 0.5 VAg/AgCl (i.e., the same potential as for a bare
Pt electrode) with a shoulder at ∼ 0.42 VAg/AgCl, which can be attribu-
ted to surface sites interacting with the polymers [47]. We believe that
the polymer-NP interaction may play a similar effect in the case of the
Pt NPs, shifting the position of EPtOx=Pt towards negative potentials. In
Table 2
XPS atomic ratios for a (PDDA/Nafion)3 + n Pt(NH3)42+ modified graphite
electrode.

Atomic ratio n = 0 n = 1 n = 3 n = 5

F/S 21.70 24.41 29.01 26.14
N(PDDA)/S 0.39 2.27 0.98 0.73
N(total)/S 1.14 2.75 2.35 1.58
Pt/S 0 0.32 0.56 1.90
Pt (0)/Pt(total) – 0.79 0.76 0.64
F/C (Nafion) 2.72 2.55 2.06 2.15



Fig. 6. a. Cyclic voltammograms normalized to the electrode geometric area for (pdda/nafion)3 + n Pt(NH3)42+ (with n the number of exchange/reduction cycles)
in Ar-purged H2SO4 0.5 M. b. Pt ECSA (APt) determined by Hupd normalized to the electrode geometric area as a function of the exchange/reduction cycles. c.
Position of the EPtOx=Pt peak as a function of the number of exchange/reduction cycles. The dashed line shows the potential for a bare bulk Pt electrode. In panels b
and c, each point corresponds to measurements on 3 independent electrodes; the error bars show one standard deviation.
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that scenario, the fact that EPtOx=Pt gets close to the value of a bare Pt
bulk with increasing n indicates that the fraction of Pt sites interacting
with the polymer in the NPs decreases with increasing number of
exchange/reduction cycles.

Fig. 7a shows that the MOR current increases with the number of
adsorption/reduction cycles. The anodic peak current at 0.68 VAg/AgCl

linearly increases with the number of exchange/reduction cycles
(Fig. 7b). This linear increase is in concordance with the observed evo-
lution of particle size and density (Fig. 5).

However, after normalization by the Pt ECSA (Fig. 8), an interest-
ing behavior is observed: the catalytic activity increases with the num-
ber of exchange/reduction cycles up to n = 2 and then reaches a
constant value that is close to that measured for a (PDDA/Nafion)3-
coated Pt bulk electrode (see Table 1). This behavior is very similar
to that observed in Fig. 6c, which was ascribed to the effect of poly-
mer-surface interactions. Interestingly, assembling a (PDDA/Nafion)3
film on top of a Pt electrode reduces its specific activity toward
MOR to around a half of that of the bare Pt surface (Fig. 4b and
Table 1).

Considered together, these results suggest that the specific activity
in the multilayer-embedded Pt NPs is mainly modulated by the poly-
mer-surface interactions. For n ≤ 2, the specific activity and EPtOx=Pt

(Fig. 6c) increase with n because there is a decrease in the strength
and/or extent of the polymer-NPs interactions. For n > 2, both the
7

specific activity (Fig. 8b) and EPtOx=Pt (Fig. 6c) become independent
of the number of adsorption/reduction cycles. Note, that in this
regime, the loading of Pt NPs still increases with n and, therefore,
the activity per geometric area of electrode increases linearly with
the number of exchange/reduction cycles (Fig. 7). Therefore, in order
to obtain the maximum catalytic activity, the surface must be exposed
to a at least 2 exchange/reduction cycles.

In summary, we observed that the nature of the polymers in the
multilayer (i.e., PDDA/Nafion vs PAH/PAA films) has little effect on
the electroactive area of Pt, once the different thicknesses of the two
different polyelectrolyte systems were considered. Therefore, the free
carboxylates and amino groups in PAH/PAA film do not appear to
strongly contribute to complex uptake, which suggests that the main
driving force for the incorporation of Pt complexes into the film is
the electrostatic interaction between the charged polymer residues
and Pt precursors. On the other hand, for the same polyelectrolyte-
pair, Pt NPs prepared from Pt(NH3)42+ showed higher electroactive
area and higher specific activity for MOR than NPs prepared with PtCl62
−. These results may be explained by the strong adsorption of chloride
ions on Pt surfaces [45]. Notably, all previous work using LbL nanore-
actors to grow Pt NPs used the less effective precursors, PtCl62−

[24,25]. For the system (PDDA/Nafion)3 + n Pt(NH3)42+ we observed
that the MOR current normalized by the Pt ECSA increased linearly
with n for n ≤ 2. Under those conditions, the potential of the Pt reduc-



Fig. 7. a. MOR current–potential waves for (PDDA/Nafion)3 + n Pt(NH3)42+ electrodes (blank subtracted) normalized to the geometrical area of the electrode in
Ar-purged H2SO4 0.5 M + 1 M MeOH. b. MOR current at E = 0.68 VAg/AgCl normalized to the electrode geometrical area as a function of the exchange/reduction
cycles. Each point corresponds to measurements on 3 independent electrodes; the error bars show one standard deviation.

Fig. 8. a. MOR current–potential waves for (PDDA/Nafion)3 + n Pt(NH3)42+ electrodes (blank subtracted) normalized to the geometrical electrode area in Ar-
purged H2SO4 0.5 M + 1 M MeOH. b. MOR current at E = 0.68 VAg/AgCl as a function of n normalized to the Pt ECSA (APt) determined by Hupd. The current value
for each point corresponds to measurements on 3 independent electrodes.
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tion peak in the voltammetry shifts towards anodic potentials. For
n > 2, both parameters reached a stable value and the reduction
potential of Pt oxide approaches that of a bare Pt bulk electrode. More-
over, assembling a PDDA/Nafion film on top of the bare Pt electrode
results both in a decrease of the specific activity for MOR and a shift
of the potential of Pt oxide reduction. Taken together, these results
suggest that there is a strong polymer-surface interaction which
decreases with increasing n and stabilizes for n > 2. It is difficult to
establish a definitive mechanism by which successive exchange/reduc-
tion cycles decrease the polymer/surface interaction in the system. We
propose that small particles may exhibit a larger density of surface
defects than large ones and, therefore, be more prone to interact with
8

the polymers. Alternatively, the mechanical stresses that should arise
during the growth of NPs might detach the polymer chains from the
surface.
4. Conclusions

In the present work we systematically investigated the effect of the
type of multilayer film, Pt precursor complex and number of
exchange/reduction cycles in the construction and electrocatalytic
performance towards MOR of Pt NP-containing polyelectrolyte films
supported on graphite. Employing the LbL methodology followed by
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successive exchange/reduction cycles we obtained Pt NPs with aver-
age sizes between 3 and 4 nm and excellent catalytic activity.

The Pt precursors and polyelectrolyte-pairs used in this work can be
extended to different carbonaceous materials such as carbon Vulcan,
graphene and carbon nanotubes for the construction of new direct
methanol fuel cells. We demonstrated that polymer-NP interactions
have an inhibitory effect on the electrocatalytical activity. This delete-
rious effect can be decreased by a proper choice of the polyelectrolyte
pair and by increasing the number of exchange/reduction cycles.
These results put in evidence that the modification of the catalytic
activity of embedded NPs by the polyelectrolyte matrix is a ubiquitous,
although seldom discussed, characteristic of the nanoreactor strategy.
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