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Abstract Three-dimensional multi-layered films (on glassy
carbon) composed of networks of polyoxometallate
(PMo12O40

3−)-modified gold nanoparticles linked together
through the alternately deposited ultra-thin layers of polypyr-
role have served as active supports for Co-porphyrin catalytic
centers. The hybrid organic-inorganic films (supports) have
been prepared by using the layer-by-layer approach. The fact
that polyanionic (phosphomolybdate) adsorbates on gold
nanoparticles are attracted by positively charged sites of
conducting polymer (polypyrrole) structures leads to the sta-
bilizing effect and facilitates distribution of Au nanostructures.
The systems have been characterized using scanning electron
microscopy, as well as with chronoamperometric and
voltammetric techniques. By supporting Co-porphyrin centers
o n t o t h e h y b r i d f i lm o f t h e p o l ym e r - l i n k e d
phosphomolybdate-stabilized gold nanoparticles, significant
electrocatalytic enhancement effects (namely voltammetric
current increases) have been observed during the
electroreduction of oxygen in acid medium relative to a stan-
dard response of the simple porphyrin deposit on glassy car-
bon measured under analogous conditions. Among important
issues is the high activity of the hybrid film (support) itself
toward the reductive decomposition of hydrogen peroxide to
water. When it comes to performance of the Co-porphyrin-
containing system, it is reasonable to expect that the O2 reduc-
tion process is initiated at Co-porphyrin catalytic sites (two-

electron reduction to H2O2) and continued (two-electron re-
duction to H2O) at the hybrid film containing gold nanoparti-
cles dispersed within the highly porous cauliflower-like struc-
tures of polypyrrole multi-layers. While the gold networks
facilitate charge distribution within the hybrid electrocatalytic
film, non-covalent π-π interactions of porphyrin rings with
polypyrrole interlayers and charge transfers between negative-
ly charged (PMo12O40

3− modified) gold nanoparticles and
positively charged nitrogen sites of polypyrrole could also
cause synergism.
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nanoparticles . Electrocatalysis . Oxygen reduction .

Hydrogen peroxide

Introduction

There has been growing interest in preparation of the
platinum-free electrocatalysts for oxygen reduction, particu-
larly with respect to potential applications in sensors and fuel
cells. Among representative systems, nitrogen-coordinated
macrocyclic complexes of transition metals, such as iron or
cobalt, were demonstrated to act as promising catalysts for
oxygen reduction [1–5]. It was also established that most of
the monomeric cobalt porphyrins reduce oxygen via the two-
electron pathway suffering from the formation of hydrogen
peroxide as the undesirable intermediate product [6, 7]. To
overcome this obstacle, chelate complex catalysts were intro-
duced onto porous carbon supports and subjected to heat-
treatment (pyrolysis) [8, 9]. Other studies showed that carbon
nanoparticles modified with a cobalt ions and supported with-
in conducting polymer film of polypyrrole, polyaniline or
poly-(3-methylthiophene) fi lms behaved as good
electrocatalysts for the reduction of O2 [10]. Moreover, the

Dedicated to Professor Jose Zagal on occasion of his 65th birthday.

* Pawel J. Kulesza
pkulesza@chem.uw.edu.pl

1 Faculty of Chemistry, University of Warsaw, Pasteura 1,
PL-02-093 Warsaw, Poland

J Solid State Electrochem (2016) 20:1199–1208
DOI 10.1007/s10008-016-3135-5

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/191347039?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3135-5&domain=pdf


cobalt porphine, protoporphyrin IX and 5,10,15,20-
tetramethylporphyrin, were successfully employed to drive
efficiently the reduction of oxygen [5, 11]. Some reports pos-
tulated high catalytic activity of face-to-face porphyrins to-
ward the oxygen reduction reaction to water [12]. Another
possible approach to achieve high activity was to utilize por-
phyrin catalysts distributed within matrices of carbon nano-
tubes (CNTs) and to explore formation of conjugative struc-
tures and the existence of π-π electronic and hydrophobic
interactions [13]. It was also postulated that the coexistence
of cobalt porphyrin and tungsten oxide together with dis-
persed carbon nanotubes led to the enhancement effect pro-
moting the efficient oxygen reduction. This phenomenon was
attributed to the formation of highly conductive hydrogen
tungsten oxide bronzes capable of inducing the reduction of
hydrogen peroxide intermediate [13]. In addition, the presence
of monolayer-type films of polytungstates at the electrocata-
lytic interface led to the improvement of the systems’ catalytic
activities. For example, chemisorption of polyoxometalates of
molybdenum and tungsten on platinum catalysts resulted in
the enhancement effect without blocking appreciably the ac-
tive sites of Pt [14]. Another promising approach involved
admixing Pt nanoparticles with the phosphododecamolybdate
or phosphododecatungstate cesium salt which acted as co-cat-
alyst, providing a proton-rich environment in the vicinity of
the Pt centers [15, 16]. Fabrication of three-dimensional (lay-
er-by-layer) arrangements composed sequentially of ultra-thin
layers of phosphotungstate-protected platinum nanoparticles
and polyaniline to produce highly reactive catalysts toward
oxygen reduction [17] should also be mentioned here.

In the present work, we propose and utilize hybrid organic-
inorganic support (for Co-porphyrin catalytic over-layer) in a
form of the multi-layered film of three-dimensionally distrib-
uted of phosphomolybdate-modified gold nanoparticles
linked with polypyrrole ultra-thin interlayers. The resulting
electrocatalytic system (when fabricated on the inert glassy
carbon electrode substrate) shows an improved performance
for oxygen reduction relative to the simple Co-porphyrin de-
posit on glassy carbon. The fact that negatively charged
polyoxometallate-modified gold nanostructures are attracted
electrostatically by positively charged domains of the polypyr-
role ultra-thin layers seems to have stabilizing effect and fa-
cilitate distribution of gold nanostructures. On mechanistic
grounds, the initial two-electron oxygen reduction of oxygen
to hydrogen peroxide is expected to be catalyzed by Co-
porphyrin sites; further reaction of the reductive decomposi-
tion of undesirable H2O2 is induced at the hybrid organic-
inorganic active support, namely, network multi-layered film
of gold nanoparticles linked by porous polypyrrole interlayers.
Improvement of the overall conductivity at the electrocatalytic
interface can also be postulated due to the presence of nano-
structured gold. Keggin-type phosphomolybdate adsorbates
(on gold) are believed to provide fast electron transfer

(mediating) capabilities as well as exhibit acid properties lead-
ing to the increased availability and mobility of interfacial
protons crucial during the effective oxygen and hydrogen per-
oxide reductions [18–20]. Furthermore, the Bcapping layers^
of Keggin-type phosphomolybdates are known to undergo
fast stepwise multi-electron redox processes. Having in mind
the ability of interfacial Keggin units to form highly reactive
H3[H4P(MoV)4(MoVI)8O40] heteropoly blue units which com-
bined with the specific reactivity of Au facilitating decompo-
s i t i o n o f h yd r og e n p e r ox i d e , we exp e c t t h a t
phosphomolybdate-protected gold nanoparticles promote a
bifunctional electrocatalytic mechanism in the vicinity of Co
sites. The presence of conducting polymer provides the whole
hybrid with environmental stability and highly porous struc-
ture. In addition, the non-covalent π-stacking interactions of
Co-porphyrin with polypyrrole layers as well as charge trans-
fers between gold particles and the polypyrrole cannot be
excluded as factors effecting oxygen reduction process.

Experimental

All chemicals were commercial materials of the highest avail-
able purity, and they were used as received. Hydrogen
tetrachloroaurate(III) trihydrate, HAuCl4·3H2O (>99.9%); so-
dium borohydride (powder, 98%), NaBH4; phosphomolybdic
acid hydrate, H3PMo12O40·nH2O (PMo12) (ACS reagent);
pyrrole; and 5 wt% Nafion® solution were purchased from
Sigma-Aldrich, and Co(III) protoporphyrin IX chloride
(Frontier) was used without any further purification. The so-
lutions were prepared from triply distilled subsequently deion-
ized water that had been treated with a Milli-Q water purifi-
cation system.

The electrochemical measurements were carried using CH
Instruments (Austin, TX, USA) model 660B workstation in a
conventional three-electrode cell configuration. Mercury/
mercury sulfate electrode (Hg/Hg2SO4), with a potential of
approximately 670 mV relative to a reversible hydrogen elec-
trode (RHE), was used as a reference electrode. The counter
electrode was a carbon wire. Rotating glassy carbon disk elec-
trode of 0.1256 cm2 surface area and glassy carbon electrode
(geometric area 0.071 cm2) were employed as working elec-
trodes after modification with appropriate composite film. Prior
to modification, the glassy carbon electrodes were activated by
polishing on a cloth wetted with successive finer grade aqueous
alumina slurries (grain size, 5–0.5μm). All measurements were
carried out at room temperature 22 ± 2 °C. Oxygen and hydro-
gen peroxide reduction experiments were done in 0.5 mol dm−3

H2SO4 as electrolyte solution.
Scanning electron microscopic (SEM) examinations were

performed with JEOL 5200 (Japan) microscope.
The one-step-synthesis of gold nanoparticles stabilized by

ul t ra - th in se l f -assembled f i lms of Keggin- type
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phosphomolybdates, which was based on the reaction be-
tween partially reduced phosphomolybdate heteropoly blue
and the gold precursor (HAuCl4), was described in our previ-
ous reports [21–23]. Namely, 30 cm3 of 2.56 mmol dm−3

phosphododecamolybdic acid (H3PMo12O40) water solution
was deoxygenated by bubbling with ultra-high purified argon.
Then stoichiometric quantity of 0.016 mol dm−3 freshly pre-
pared solution of sodium tetrahydridoborate (NaBH4) was
added in order to create H3[H4P(MoV)4(MoVI)8O40]
heteropoly blue under vigorous stirring. After 5 min, the
equivalent volume of aqueous 7.5 mmol dm−3 chloroauric
acid (HAuCl4) solution was added to the water phase contain-
ing partially reduced phosphomolybdate heteropolyanions.
The solution was mixed for 8 h at room temperature to ensure
the reaction completeness. Excessive amounts of
phosphomolybdate anions were removed by multiple
centrifuging and exchanging supernatant solutions with water;
the latter step was repeated at least three times until a clear and
colorless supernatant solution was obtained. The final solution
of the water-dispersed phosphomolybdate-stabilized gold
nanoparticles had a volume of 0.5 cm3.

Three-dimensional multilayer films composed of six layers
of PMo12-stabilized gold nanostructures and five ultra-thin
layers polypyrrole (6PMo12-Au NPs/5PPy) were fabricated
using the layer-by-layer method according to the procedure
described earlier [17, 24, 25]. First, the glassy carbon elec-
trode was exposed to the colloidal solution of PMo12-
protected gold (Au-PMo12) particles for 30 min followed by
rinsing with water. The pyrrole monomer was introduced onto
the layer of PMo12-modified gold nanoparticles by exposing
the PMo12-modified Au electrode to a 0.07 mol dm−3 solution
of pyr ro l e in 0 .5 mol dm− 3 H2SO4 fo r 3 min .
Electropolymerization of the attached monomer was achieved
by voltammetric potential cycling (at 50 mV s−1) from 0.1 to
1 V in 0.5 mol dm−3 H2SO4. Eight voltammetric cycles were
applied in each case to complete polymerization and to pro-
duce ultra-thin conducting polymer layer. After each treat-
ment, the electrode was thoroughly rinsed with water. By
performing additional alternate immersions in the respective
solutions, three-dimensional hybrid films containing PMo12-
modified Au and polypyrrole were produced.

For comparison, the conventional polypyrrole layers
were electrodeposited on glassy carbon electrodes by
application of two voltammetric cycles within the limits
from 0.1 to 1 V in 0.5 mol dm−3 H2SO4 containing
0.07 mol dm−3 solution of pyrrole.

The ink of phosphomolybdate-protected gold nano-
structures (Au-PMo12 NPs) was prepared according to
the following procedure. First, 200 μl of the colloidal
suspension of Au-PMo12 NPs was dispersed in 600 μl
of ethanol (>99.9 %) and subsequently subjected to
mixing using the magnetic stirrer for 6 h. Second,
5 μl of 5 % Nafion (from Aldrich) was added to the

received suspension, and the resulting mixture was
stirred for 12 h.

The ink containing bare phosphomolybdic acid hydrate
was prepared according to analogous procedure but, instead
of Au-PMo12 NPs, bare H3PMo12O40 solid was used.
Appropriate amount (30 mg) of H3PMo12O40 heteropolyacid
was subjected (together with 1600 μl of ethanol) to magnetic
stirring for 8 h. Later, 100 μl of 5 % alcoholic Nafion solution
was added to the solution containing phosphomolybdates, and
stirring was continued for another 12 h.

To perform diagnostic experiments, appropriate inks were
dropped onto the surface of glassy carbon electrode and sub-
jected to drying in air at room temperature for 60 min. Later,
the alcoholic solution of Co(III) protoporphyrin IX chloride
(CoPPIX) was placed onto the modified glassy carbon elec-
trode. In all cases, the CoPPIX loading was equal to
40 μg cm−2. For the sake of comparison, the catalytic films
of protoporphyrin-covered polypyrrole and cobalt porphyrin
within polymer-interconnected phosphomolybdate-stabilized
gold were also subjected to voltammetric characterization.
As a rule, the catalytic films were activated by performing
20 full voltammetric potential cycles in the range from 0.1 to
1 V vs. RHE (at 50 mV s−1) until steady-state currents were
observed. Prior to each experiment, the electrolyte solution
was bubbled for 30 min with O2 or N2, respectively. A con-
stant nitrogen (or oxygen) flow over the solution was main-
tained during all measurements. Experiments were performed
at room temperature (22 ± 2 °C).

Results and discussion

The layer-by-layer preparation of hybrid films (supports) in-
volved formation of ultra-thin (two-dimensional like) layers of
PMo12-stabilized gold nanoparticles and polypyrrole inter-
layers. The regular growth of voltammetric peak currents
(Fig. 1a) was based on alternate immersions in the PMo12-
stabilized colloidal-gold suspension followed by exposure to
PPy solution (the latter step was combined with the interfacial
electropolymerization of PPy as described in BExperimental^
section). The procedure was consistent with the view that
controlled amounts of phosphomolybdate-stabilized gold
nanoparticles were introduced during alternate immersions.

In view of the literature reports [20–27], three sets of highly
reversible peaks (Fig. 1a) shall be interpreted in terms of the
consecutive two-electron reactions leading to the formation of
partially reduced heteropoly blue phosphomolybdates accord-
ing to the Eq. 1:

PMoVI12O
3−
40 þ ne− þ nHþ⇔HnPMoVnMoVI12−nO

3−
40 ð1Þ

where n is equal to 2, 4, or 6. Indeed, the voltammetric char-
acteristics of the multilayer containing gold nanoparticles and
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polypyrrole become dominated by the redox reactions mixed-
valent Mo (VI, V) heteropoly blue structures following incor-
poration of anionic Au-PMo12 NPs. On the other hand, the
conducting polymer (polypyrrole) interlayers tend to contribute
to the double-layer charging (increased background currents).
For comparison, a typical response of the conventional poly-
pyrrole film is illustrated in Fig. 1b. Here, it is noteworthy that
sizeable increases of voltammetric currents are observed at

potentials higher than 0.85 V, i.e., outside of the potential range
where the hybrid multi-layered film is studied (Fig. 1a). The
systematic formation of the multi-layered film has also been
apparent from the linear dependence (Fig. 1c) of film loadings,
expressed in terms of the actual surface coverages (Γ) of
polyoxometallate-stabilized Au nanoparticles (calculated from
the charge under the second reduction peak at about 0.4 V in
Fig. 1a) [28] on a number of the alternate immersion cycles.

The hybrid polypyrrole-linked gold networks are not ex-
pected to exhibit appreciable electrocatalytic activity toward
oxygen reduction but possibly during electroreduction of hy-
drogen peroxide (the undesirable O2-reduction intermediate).
The data in Fig, 2a, b refer to electrocatalytic activities (toward
H2O2) of the hybrid films of various loadings of
phosphomolybdate-protected gold nanoparticles and polypyr-
role interlayers on glassy carbon electrode. The question arises
whether immobilization of polypyrrole interlayers on
phosphomolybdate-protected gold nanoparticles blocks or en-
hances their activities. To comment on the influence of poly-
pyrrole interfacial electropolymerization on the electrocatalyt-
ic activity of gold, we have recorded linear sweep voltammo-
grams in the presence of 10mmol dm−3 H2O2 in 0.5 mol dm−3

H2SO4 following the application of alternate treatments in the
colloidal solution of PMo12-protected gold nanoparticles and
the cationic pyrrole solution (coupled with its interfacial
electropolymerization). Figure 2b illustrates the dependencies
of the hydrogen peroxide reduction currents on the number of
the alternate immersion cycles (1–6). The increases of the
H2O2 peak reduction currents, combined with the positive
shifts of onset potentials for H2O2 reduction, have been ob-
served (Fig. 2a) during systematic growth of the hybrid film
through alternate treatments described above. Furthermore, by
plotting the current densities characteristic of the hydrogen
peroxide reduction against the number of PMo12-Au NP/
polypyrrole bilayers, linear dependencies have been obtained
(using the data obtained at distinct potentials in the range from
0.1 to 0.5 V). This result can be rationalized in terms of the
lack of blocking of surfaces of phosphomolybdate-protected
AuNPs; furthermore, polypyrrole interlayers seem to enhance
electrocatalytic phenomena. On the whole, the interfacial
modifications of gold nanoparticles by PMo12O40

3−

polyanions provide platforms for self-assembling, and they
permit buildup of three-dimensional hybrid organic-
inorganic catalytic architectures.

Add i t i ona l d i agnos t i c expe r imen t s invo lved
chronoamperometric monitoring of current increases (Fig. 3a)
upon consecutive additions of 0.05 mmol dm−3 hydrogen
peroxide and application of the working potential of 0.15 V
(vs. RHE). The steady-state signals were produced fairly
rapidly, namely, within less than 3 s, and the established
current responses were stable and reproducible within 3 %
(based on at least 10 independent experiments). Figure 3b
illustrates the dependence (calibration curve) of the steady-

Fig. 1 a Cyclic voltammograms of the hybrid organic-inorganic multi-
layered films recorded after processing up to 6 cycles of alternate treat-
ments in phosphomolybdate-modified gold nanoparticles and
0.07 mol dm−3 pyrrole (in H2SO4 electrolyte). Each exposure in pyrrole
solution was followed by external electropolymerization in the electro-
lyte. b Cyclic voltammetric response recorded following electrodeposi-
tion of polypyrrole. c Dependence of the loading of phosphomolybdates
(adsorbed on gold) on a number of the alternate immersion cycles (n).
Electrolyte nitrogen-saturated 0.5 mol dm−3 H2SO4. Scan rate 50 mV s−1
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state chronoamperometric current on the hydrogen peroxide
concentration. The linear range of response was operative
up to at least 1 mmol dm−3; i.e., no current leveling
(saturation) was found in the investigated range of H2O2

concentrations. The response was characterized by sensitiv-
ity equal to 1.14 mA cm−2 mmol−1 dm3 and the high
correlation coefficients, >0.996. Figure 3c illustrates a linear
plot of the reciprocals of current densities on the reciprocals
of concentrations with effectively zero intercept. By refer-
ring to the well-known Michaelis-Menten kinetics analysis
(proposed together with the Lineweaver-Burk equation for
enzymatic kinetics in bioelectrochemistry [29, 30]), extrap-
olation to the infinitely high concentration would not permit
determination of the maximized electrocatalytic current den-
sity (kinetic parameter) because, in the range of concentra-
tions studied, it would become infinitely high. In other
words, the electrocatalytic system is well-behaved, and the
linear concentration dependence implies the uncomplicated
pseudo-first-order-type kinetic mechanism. Thus, it can be con-
cluded that the hybrid organic-inorganic multi-layered film
composed of polyoxometallate-modified gold nanoparticles
and polypyrrole interlayers exhibit high catalytic activity toward
electroreduction of hydrogen peroxide in acid medium.

Figure 4 illustrates scanning electron microscopy (SEM)
images of phosphomolybdate-modified Au nanoparticles (a),
as well as submicrostructured polypyrrole films with (b), and
without (c) the gold nanoparticles. It is noteworthy that our
gold nanoparticles have comparable sizes, namely, diameters
on the level 30–40 nm (Fig. 4a). Their presence in the hybrid
film is evident from the data of Fig. 4b. Furthermore, the
granular morphology of the polypyrrole deposits is clearly
evident from the micrographs of Fig. 4b, c. While polypyrrole
has been fabricated using the layer-by-layer approach in the
case of Fig. 4b, the polymer has been conventionally electro-
deposited for Fig. 4c. The polypyrrole granules of cauliflower-
like shapes having sizes ranging typically from 200 to 400 nm
can be easily distinguished in both cases. On the whole, the
polypyrrole matrix seems to be largely porous. What is even
more important, polypyrrole does exist as a component of the
multi-layered film (compare micrographs of Fig. 4). Upon
incorporation of phosphomolybdate-modified Au nanoparti-
cles into the multi-layered hybrid film (Fig. 4b), most of Au
nanoparticles seem to be well dispersed. Most likely, the neg-
atively charged phosphomolybdate polyanions (adsorbates on
Au) are attracted by positively charged structures of the
conducting polymer (polypyrrole).

To comment on the influence of polypyrrole on the elec-
trochemical identity of Co-porphyrin, the following series of
voltammetric experiments have been performed. Figure 5a
illustrates the cyclic voltammetric responses of (a) Co-
porphyrin deposited on bare glassy carbon electrode (dashed
line), (b) conventional (electrodeposited) polypyrrole film on
glassy carbon (dotted line), and (c) Co-porphyrin introduced

Fig. 2 a Linear sweep voltammograms for the electrocatalytic reduction
of hydrogen peroxide (10 mmol dm−3) at the hybrid organic-inorganic
film composed of different numbers of Au-PMo12/polypyrrole bilayers
following application of one (1), two (2), three (3), four (4), five (5), and
six (6) cycles of alternate treatments in the colloidal solution of PMo12-
modified Au NPs and 0.07 mol dm−3 pyrrole (in 0.5 mol dm−3 H2SO4). b
Dependencies of the hydrogen peroxide reduction currents on a number
(n) of the alternate immersion cycles (1–6), recorded at different poten-
tials: 0.1, 0.2, 0.3, 0.4, and 0.5 V (vs. RHE). Electrolyte de-aerated
0.5 mol dm−3 H2SO4. Scan rate 10 mV s−1

Fig. 3 Chronoamperometric results for the reduction of hydrogen
peroxide obtained at the rotating disk glassy carbon electrode covered
with the mult i- layered hybrid fi lm of polypyrrole-l inked
phosphomolybdate-modified gold nanoparticles upon application of
0.15 V (vs RHE). (A) Responses recorded upon sequential additions of
0.05 mmol dm−3 hydrogen peroxide. (B) Calibration curve plotting the
catalytic current densities versus the hydrogen peroxide concentrations.
(C) The double reciprocal dependence plotted using the data of the cali-
bration curve. Electrolyte de-aerated 0.5 mol dm−3 H2SO4. Rotation rate
2000 rpm
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on top of the conventional polypyrrole film (on glassy car-
bon). While the presence of Co-porphyrin is fairly obvious
from the data of curve a, the introduction of the polypyrrole
underlayer (characterized by fairly large double-layer charg-
ing currents) tends to suppress the peaks originating from Co-
porphyrin. It is not clear to what extent the well-known stabi-
lizing interactions between the π-electron-conjugated system
of cobalt porphyrin and polypyrrole [31] affect the

voltammetric characteristics of curve b. When it comes to
the reduction of oxygen at Co-porphyrin catalysts supported
onto porous polypyrrole film, higher electrocatalytic currents
and the positive shift of the peak position from 0.42 to 0.45 V
have been observed (compare curves a’ and c’ in Fig. 5b).

The explanation of these phenomena should take into ac-
count the possibility of better distribution of Co-porphyrin
sites upon deposition onto the polypyrrole film, improved
charge distribution at the conducting-polymer-containing in-
terface, or activating interactions between the π electron-
conjugated system of Co-porphyrin and polypyrrole [32]. It
is noteworthy that polypyrrole alone does not exhibit appre-
ciable catalytic activity toward the oxygen electroreduction
(curve b’ in Fig. 5b).

To address the influence of the phosphomolybdate-
modified gold nanoparticles on the catalytic activity of Co-
porphyrin, additional diagnostic voltammetric experiments
have been performed. Three sets of peaks referring to the
redox transitions of phosphomolybdate anions are clearly vis-
ible in the voltammetric responses of catalytic systems

Fig. 4 SEM images of a phosphomolybdate-modified gold nanoparticles
(deposited on glassy carbon); b hybrid multi-layered film of polypyrrole-
linked phosphomolybdate-modified Au nanoparticles; c electrodeposited
layer of polypyrrole

Fig. 5 a Cyclic voltammetric responses of a cobalt porphyrin deposited
on the bare glassy carbon substrate (dashed line), b conventional
electrodeposited film of polypyrrole (dotted line), and c cobalt
porphyrin introduced onto the electrodeposited layer of polypyrrole
(solid line). b Background-subtracted oxygen reduction voltammetric re-
sponses recorded at the following systems: a’ bare cobalt porphyrin
(dashed line), b’ electrodeposited polypyrrole film (dotted line), and c’
cobalt porphyrin existing on the electrodeposited polypyrrole (solid line).
Electrolyte nitrogen-saturated (for a) and oxygen-saturated (for b)
0.5 mol dm−3 H2SO4. Scan rate 10 mV s−1
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utilizing Co-porphyrin immobilized onto (a) PMo12-Au NPs
(Fig. 6, dotted line) and (b) the hybrid multi-layered film com-
posed of three-dimensionally-distributed PMo12-Au NPs
within polypyrrole (Fig. 6, solid line). For comparison, the
voltammetric pattern (c) of Co-porphyrin introduced to the
Bink^ of H3PMo12O40 suspended in Nafion (Fig. 6, dashed
line) is provided. Here, phosphomolybdate voltammetric
peaks tend to appear at potentials less negative in comparison
to the analogous responses of phosphomolybdates illustrated
in Fig. 6 (curves a and b). This behavior may reflect the exis-
tence of electrostatic repulsive interactions between the nega-
tively charged heteropolyanion and Nafion structural units.
F u r t h e rmo r e , t h e v o l t amme t r i c r e s p o n s e o f
phosphomolybdates (PMo12) on gold (Curve a) may also be
affected by the strong adsorption phenomenon. In addition,
the electrostatic attractive interactions between anionic
PMo12 units (adsorbed on Au NPs) and positively charged
polypyrrole units should also be taken into account (Curve b).

The electrocatalytic performance of the systems considered
above has been examined in the oxygen-saturated solutions.
First, it should be noted that upon comparison of the
voltammetric responses of the systems utilizing Co-
porphyrin catalyst deposited onto (a) phosphomolybdate-
modified gold nanoparticles (Fig. 7, dotted line) and (c) the
phosphomolybdate-based layer with Nafion (Fig. 7, dashed
line), immobilization of phosphomolybdate on gold results
in the enhancement effect understood in terms of the higher
oxygen reduction currents and the peak potential shift toward
more positive values. The appearance of the molybdate
(PMo12) redox transitions at more positive potentials relative
to those characteristic of the Co(II)/(III) redox couple may
explain higher activity toward oxygen reduction of the sys-
tems containing PMo12O40

3− together with cobalt porphyrin
in comparison to pure CoPPIX [33]. The similar electrocata-
lytic enhancement effect has been postulated for the pyrolyzed
FeNx catalyst co-existing with metallic centers characterized
by redox processes existing at the relatively more positive
potentials [34]. Furthermore, it is reasonable to expect that
gold nanostructures acting as the powerful hydrogen peroxide
reduction catalyst induce the second step in the oxygen reduc-
tion mechanism: reductive decomposition of hydrogen perox-
ide. The mediating (fast electron transfer) capabilities of
phosphomolybdate adsorbates (also with respect to the CoIII/
CoII porphyrin redox transitions) should contribute to the
overall enhancement effect. Because of certain analogies be-
tween Keggin-type anions and tungsten oxide, it is also likely
that the par t ia l ly reduced polymolybdates (e .g .
H3[H4P(MoV)4(MoVI)8O40]) provide monoatomic hydrogen
adatoms (active sites) in similar way to hydrogen tungsten
oxide bronzes (HxWO3) being able to facilitate decomposition
of the undesirable hydrogen peroxide intermediate [14, 17, 19,
31, 35]. The above properties should promote the bifunctional
electrocatalytic mechanism for the oxygen reduction in which

Co-porphyrin sites induce the two-electron pathway yielding
predominantly H2O2, while H3[H4P(MoV)4(MoVI)8O40] to-
gether with gold nanoparticles facilitates reductive decompo-
sition of the H2O2 intermediate to H2O. In view of the previ-
ous important observations [36], immobilization of cobalt por-
phyrin sites within close vicinity of gold nanoparticles may
facilitate transfer of free electrons from gold to central cobalt
ions thus affecting electronic properties of the organic–metal
interface and enhancing the oxygen reduction. Incorporation

Fig. 6 Cyclic voltammetric responses of cobalt porphyrin deposited on
the following supports: a layer of phosphomolybdate-modified gold
nanoparticles (dotted line), b hybrid multi-layered film composed of
PMo12-modified gold nanoparticles and ultra-thin layers of PPy (solid
line), and c layer of H3PMo12O40 admixed with Nafion (dashed line).
Electrolyte nitrogen-saturated 0.5 mol dm−3 H2SO4. Scan rate 50 mV s−1

Fig. 7 Background-subtracted voltammetric responses for the reduction
of oxygen recorded at the following layers: a Co-porphyrin supported
onto phosphomolybdate-modified Au nanoparticles (dotted line), b Co-
porphyrin deposited at the multi-layered hybrid film composed of
polypyrrole-linked three-dimensionally distributed phosphomolybdate-
modified Au nanoparticles, and c Co-porphyrin introduced onto the de-
posit H3PMo12O40 with Nafion (dashed line). Electrolyte O2-saturated
0.5 mol dm−3 H2SO4. Scan rate 10 mV s−1. Upper inset illustrates
background-subtracted voltammetric responses recorded in
2 mmol dm−3 solutions of H2O2 at glassy carbon electrode modified with
(i) bare cobalt porphyrin (dashed line) and (ii) cobalt porphyrin
immobilized onto the multi-layered hybrid film (solid line). Electrolyte
de-aerated 0.5 mol dm−3 H2SO4. Scan rate 10 mV s−1. Lower inset shows
the background-subtracted voltammetric response (iii) for the reduction
of oxygen recorded at the multi-layered hybrid film composed of
polypyrrole-linked three-dimensionally distributed phosphomolybdate-
modified Au nanoparticles (dashed-dotted line)
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of the porous conducting polymer structures to the support (as
components of the hybrid organic-inorganic multi-layered
film containing phosphomolybdate-modified Au nanoparti-
cles) should lead to the increase of the electrochemically ac-
tive surface area. Indeed, this step has resulted in the highest
catalytic activity toward electroreduction of oxygen (Fig. 7,
solid line) in terms of both shifting the potential to more pos-
itive values and increasing the reduction currents (compare
curve b wi th curves a and c) . The ne twork of
phosphomolybdate-modified gold nanoparticles and polypyr-
role alone (i.e. without Co-porphyrin sites) would exhibit rath-
er poor catalytic activity toward oxygen electroreduction
(curve (iii)–dashed-dotted line in inset of Fig. 7). The positive
role of polypyrrole interlayers (in the hybrid support for Co-
porphyrin) concerns their high degree of porosity (facilitating
dispersion of phosphomolybdate-modified Au nanoparticles)
as well as possible interactions with the catalyst (Co-
porphyrin) itself. In view of the strong electron-withdrawing
ability of nitrogen atoms and the electron-rich identity of gold,
it cannot be excluded that the N atoms of polypyrrole attract
electrons from gold. Indeed, the nitrogen–gold interactions
and a negative shift in the N 1s binding energy has been
postulated on basis of the XPS measurements [37].

When returning to the feasibility of the bifunctional oxygen
reduction mechanism, it should be emphasized that the system
utilizing the hybrid organic–inorganic support (as for Curve b
in Fig. 7) exhibits very high catalytic activity toward the hy-
drogen peroxide electroreduction (refer to Figs. 2 and 3). The
simple comparison of the respective responses obtained at
Bbare^ Co-porphyrin deposit and at Co-porphyrin over-coat-
ing the hybrid support (compare curves (i) and (ii) in inset of
Fig. 7) works strongly in favor the system utilizing the
polypyrrole-linked gold nanostructures.

Finally, it is noteworthy that three-dimensional multi-lay-
ered hybrid films were stable during electrocatalytic experi-
ments performed several (at least 10) times within 5–10 days
(in the meantime, the electrodes were stored in the electrolyte
under open-circuit conditions). After that period of time, the
catalytic films were physically removed. The stability and
durability of the modified electrodes significantly improved
upon fabrication of multi-layered polypyrrole containing films
with networks of phosphomolybdate-modified Au
nanoparticles.

Conclusions

By using a model catalyst, Co-porphyrin, which is capable of
inducing the less-efficient two-electron (rather than more
efficient four-electron) electroreduction of oxygen (in acid
medium, 0.5 mol dm−3 H2SO4), we have been able to address
the importance of a support with respect to the possible en-
hancement effect. The combination of the polypyrrole

structures within the network of three-dimensionally distrib-
uted gold (polyoxometallate-modified) nanoparticles has pro-
duced hybrid multi-layered film (support) exhibiting high ac-
tivity toward electroreduction of hydrogen peroxide. Among
the important features are the high reactivity of nanostructured
gold, high degree of its dispersion on porous polypyrrole in-
terlayers, good mediating (electron transfer) capabilities of
phosphomolybdate adsorbates, and attractive interactions be-
tween polyanionic adsorbates and positively charged units of
the conducting polymer. The observed synergism may also be
influenced by non-covalent π-π interactions between porphy-
rins rings and polypyrrole units thus affecting electron densi-
ties and in the vicinity of cobalt ions and the dynamics of their
redox transitions center, leading to the improved oxygen
electroreduction process. On the whole, our results imply that
all the components (nanostructured gold, polypyrrole and
polyoxometalates), alone or in combination, exhibit a positive
effect on the activity of Co-porphyrin catalyst. Similar effects
have been observed for iron phthalocyanine electrocatalysts
with axial (pyridyl group) ligands anchored to multi-walled
carbon nanotube carriers [38].

The enhancement effect in the oxygen reduction reaction
upon utilization of the hybrid multi-layered organic-inorganic
film as support for Co-porphyrin catalytic sites is fairly size-
able. This observation results most likely from the sufficiently
fast kinetics of H2O2 reduction at the hybrid film containing
both Au nanoparticles and polypyrrole (as shown in Figs. 3
and 7). By referring to the classical concepts of multi-step
electrode reactions [39, 40], the second step (decomposition
or reduction of H2O2) should be characterized by relatively
high rate constant to observe sizeable current increases or
positive potential shifts (oxygen reduction). Apparently, this
is a case here but further research is needed along this line.
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