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Porous hybrid multilayer films composed of cationic poly(allylamine hydrochloride) (PAH)- and
anionic poly(acrylic acid) (PAA)-stabilized gold nanoparticles (Auyps) (i.e., PAH-Aunps and PAA-
Aunps) were prepared on indium tin oxide (ITO) electrodes using pH-controlled layer-by-layer (LbL)
assembly method with subsequent acid treatment. The exponential growth of Aunp deposition layers
was caused by the “in-and-out” diffusion of PAH and PAA chains not bound to Aunps. Immersion of
the films in an acidic solution (pH 2.4) converted the nonporous films to porous films via the disruption
of ionic bonds and the rearrangement of free PE chains. In this case, the pH-induced porous films
showed high electrochemical activity. Nonporous/dense films were found to prevent direct contact
between probe molecules in solution and the catalytic components immobilized on an electrode.
Electrodes coated with porous films, however, exhibited higher electrocatalytic activity toward nitric

oxide oxidation compared with electrodes coated with nonporous films, despite the same levels of Aunp

loading. This work demonstrates that structural transformations via a facile pH treatment can

significantly improve electrode sensitivity without the aid of porous supports or additional catalytic

components.

Introduction

Metal nanoparticles have attracted considerable attention due to
their unique optical, electrical, and catalytic properties. Gold
nanoparticles (Aunp) in particular are one of the most widely
used metal nanoparticles for the preparation of electrochemical
or biological devices.! For example, nanometre-sized gold
nanoparticles display excellent catalytic behavior due to their
relatively high surface area-to-volume ratio and their reactive
interface properties, which differ notably from their bulk
form.'®? However, the effective use of nanoparticles in devices,
such as electrochemical sensors, requires that they are immobi-
lized and well-dispersed throughout the film matrix. The prepa-
ration of nanocomposite films with a high density of catalytic
Aunps may improve the electrocatalytic properties of the elec-
trode. Other uses of Aunp involve their adsorption onto porous
templates or the use of porous Auyps to increase the reactive
surface areas of a catalyst. Zhou et al. reported that high sensi-
tivity of glucose electrochemical biosensing could be achieved by
depositing Aunps onto porous template nanotube supports.?
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Porous gold particles with large surface areas may also be formed
by etching the silica from a silica—gold nanocomposite.*
Recently, relatively thick electrocatalytic membrane films have
been prepared for use in the fabrication of devices, such as fuel
cells.> A variety of factors, such as the loading level, reactive
surface area of the metal catalysts, facile control of film thick-
ness, and ease of manufacturing must be considered for the
preparation of electrochemically active films.

Layer-by-Layer (LbL) assembly methods may be tuned to
prepare a diversity of nanocomposite hybrid films with electro-
chemical properties. An important advantage of this method is
that it enables the preparation of films with tailored film thick-
ness, composition, and functionality on substrates of different
size and shape.® Additionally, various hydrophilic materials,
from organic components to metal nanoparticles, can be
embedded within LbL films and stabilized through, for example,
electrostatic, hydrogen-bonding, or covalent interactions. Aimin
et al. reported that highly efficient electrochemical sensors could
be prepared from polyelectrolyte (PE)/Aunp hybrid films by
embedding  4-(dimethylamino)pyridine  (DMAP)-stabilized
Aunps in PE multilayers pre-assembled on indium tin oxide
(ITO) electrodes.' LbL assembly is advantageous for the fabri-
cation of highly porous thick film templates. For example,
Rubner et al. reported that weak PE multilayers (i.e., PE with
a pH-dependent charge density) that adsorb large quantities of
PE chains under specific pH conditions may be converted into
porous films by acid treatment.” Specifically, multilayers
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composed of poly(allylamine hydrochloride) (PAH) with
cationic amine groups (-NH3*) and poly(acrylic acid) (PAA)
with anionic carboxylic acid groups (-COO™), which deposit to
form thick films at pH 7.5 for PAH and pH 3.5 for PAA, are
highly porous after exposure to acidic conditions (pH = 2.5) due
to the dissociation of electrostatic bonds and the rearrangement
of the PE chains. As another example, Caruso et al. reported that
porous PAH/PAA films could be obtained by exposing multi-
layers initially prepared from salt-containing PE solutions to
pure water.®

Here, we report the preparation of highly sensitive electro-
chemical sensors composed of porous multilayers containing
weak PE-encapsulated Aupnps. Our motivation was to use the
porous nanocomposite films containing Auyp to increase the
contact area between the probe materials and the catalytic Aunp;
to enhance the electrochemical properties. For this study,
cationic and anionic Auynps were synthesized directly in, respec-
tively, PAH and PAA aqueous solution (i.e., PAH-Auynps and
PAA-Auyps). The amine groups of PAH and the carboxylic acid
groups of PAA had a high affinity toward and effectively stabi-
lized the Aunps. As a result, the quantity of PE-encapsulated
nanoparticles weakly adsorbed onto the substrate could be
significantly enhanced by optimizing the solution pH, as in the
case of pure weak PEs. Although Dotzauer et al. reported that
catalytic membranes could be prepared from the LbL adsorption
of PEs and Auynps within porous alumina supports,® our
approach differs wholly from previous approaches in that the
highly sensitive sensors were obtained from pH-induced porous
multilayers composed of PAH-Aunps and PAA-Auynps without
the aid of porous supports. That is, porous nanocomposite films
prepared via pH treatment displayed significantly higher elec-
trocatalytic activity toward the oxidation of nitric oxide (NO) as
well as increased electronic transfer between electrode and probe
components (i.e., Fe(CN)g*~ and Fe(CN)g*") than was observed
for nonporous films despite identical loading levels of the cata-
lytic nanoparticles. pH-controlled LbL assembly based on weak
PE-stabilized metal catalysts is advantageous for the preparation
of a variety of electrocatalytic membranes that require high
performance thick films with speedy manufacturing.

Experimental
Materials

Cationic poly(allylamine hydrochloride) (PAH) (M,, = 70 000),
anionic poly(acrylic acid) (PAA) (M, = 70000) and gold
precursor (HAuCl,-3H,O) were purchased from Aldrich. PAH-
encapsulated Au nanoparticles (PAH-Aunp) were synthesized as
follows: 0.85 mM HAuCly-3H,0 (33.4 mg) in 100 mL of a 1 mg
mL~' PAH aqueous solution were maintained at room temper-
ature with vigorous stirring. The initial solution pH was adjusted
to 9. In this case, the subsequent addition (2 mL) of 74 mM
NaBH, resulted in a color change from pale yellow to red. The
PAH-Auyp solution was adjusted to pH 7.5 by addition of 0.1 M
NaOH. The quantity of excess PAH chains not bound to Auyps
was measured to be 91 mg total (i.e., 0.91 mg mL™") using the
separation method described below. The diameters of PAH-
Aunps were measured by TEM imaging and found to be 15 +
3.4 nm (50 particles sampled). Similarly, PAA-encapsulated Au

nanoparticles (PAA-Auynp), 18 + 4.2 nm in diameter, were
synthesized using 0.85 mM HAuCly in 100 mL of a | mg mL™!
PAA aqueous solution with subsequent addition (1 mL) of
74 mM NaBH,. The PAA-Auyp solution was adjusted to pH 3.5
by the addition of 0.1 M HCL.

Analysis of the quantity of PE bound and not bound to Aunps

PAH- and PAA-Aunp powders were obtained by centrifugation
at 13 000 rpm. After centrifugation, residual water containing
excess PAH or PAA chains was removed, and deionized water
was subsequently added to sediment the powder. The excess PE
(i.e., PAH or PAA) not bound to Auyps was removed by three
centrifugation/washing cycles. The amount of PE bound to
Aupnps was measured by annealing the powder at temperatures
up to 700 °C at a heating rate of 5 °C min~!. After thermal
treatment, the quantity of PAH and PAA that had thermally
decomposed was 36% and 28%, respectively. The total mass of
pure metallic Aunps formed upon exposure to the reducing
agents was calculated to be 16.74 mg in 100 mL aqueous solu-
tion. Therefore, the amount of PAH and PAA bound to Aupnps
was, respectively, 9.4 and 6.5 mg in 100 mL solution. The excess
PAH and PAA was measured to be, respectively, 91 and
92.75 mg.

Preparation of LbL multilayer films

Si substrates with anionic surfaces were prepared by heating at
65 °C for 5sina 5:1:1 vol% solution of water, hydrogen
peroxide, and 29% ammonia (RCA solution). Gold electrode
substrates, for use in quartz crystal microbalances (QCMs), were
irradiated with intense UV light (254 nm) instead of applying the
RCA solution treatment. (PAH-Aunp/PAA-Auyp), multilayers
were prepared by dipping the substrates for 10 min in a cationic
PAH-Auyp solution (pH 7.5), washing the substrates by dipping
in a pH 7.5 solution for 1 min, then rewashing the substrates by
dipping in a pH 3.5 solution for 1 min. Anionic PAA-Aunps (pH
3.5) were subsequently deposited onto the PAH-Auyp-coated
substrates using the adsorption and washing conditions
described above. The substrates were then rewashed by dipping
in a pH 7.5 solution for 1 min. These processes were repeated
until the desired number of layers was deposited. Porous nano-
composite multilayers were prepared by exposing the (PAH-
Aunp/PAA-Auyp), multilayer films to an acidic solution (pH
2.3) for 1 min, followed by drying in a nitrogen stream.

Quartz crystal microbalance measurements

A QCM device (Model: QCM200, SRS) was used to investigate
the mass of material deposited after each adsorption step. The
resonance frequencies of the QCM electrodes were ca. 5 MHz.
The mass of adsorbed PAH-Auxp and PAA-Auynp, Am, could be
calculated from the change in QCM frequency, AF, according to
the Sauerbrey equation AF (Hz) = —56.6 x Am,, where Am,, is
the mass change per quartz crystal unit area, in pg cm=2.

Size of PE-Aunp and surface morphology of multilayers

The size of the synthesized PE-Aunps Was investigated by HR-
TEM (model: JEM-3010, JEOL). The surface morphology of

This journal is © The Royal Society of Chemistry 2011

J. Mater. Chem., 2011, 21, 8008-8013 | 8009


http://dx.doi.org/10.1039/c1jm10560d

Downloaded by Korea University on 27 June 2011
Published on 26 April 2011 on http://pubs.rsc.org | doi:10.1039/C1JM 10560D

View Online

(PAH-Aunp/PAA-Aunp) multilayers adsorbed onto  Si
substrates was measured by FE-SEM (model: JSM-7401F,
JEOL).

Cyclic voltammetry measurements

The electrochemical activities of multilayers adsorbed onto
QCM Au electrodes were investigated by cyclic voltammetry
(CV) (model: compactstat, IVIUM). NO sensing was performed
using NaNO, stock solutions. NaNO, can generate free NO
according to the following reaction,'

3HNOO — H" + NO5;~ + 2NO + H,0O

Results and discussion

Amine and carboxylic acid groups may be used as stabilizing
functionalities during the synthesis of Aunps due to their high
affinity for gold.’ Considering that the charge density of these
groups is pH-dependent, as is characteristic of weak electro-
lytes, cationic PAH (containing amine groups) and anionic
PAA (containing carboxylic acid groups) may be used to
prepare Aunps with pH-dependent characteristics. As shown in
Fig. 1, this approach yielded PAH-stabilized Aunps (i.e., PAH-
Aunps) with diameters of 15 nm and PAA-stabilized Aunps
(i.e., PAA-Auyps), 18 nm in diameter, in aqueous media. The
peak maxima in the plasmon absorption spectra of PAH-Auyps
and PAA-Aunps were 532 and 543 nm, respectively. Although
the red shift in the absorption spectra may have arisen from
a variety of factors, such as a smaller nanoparticle-nanoparticle
distance, a change in the refractive index of the solvent
medium, or a change in the particle size, the absorption shift
observed for PAA-Aunps was due mainly to the increase in
Aunp size 2212

(PAH-Aunp/PAA-Aupnp), multilayers were prepared by
depositing PAH-Auynp and PAA-Auyp solutions adjusted to pH
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Fig. 1 TEM images and UV-visible spectra of (a) PAH-AuNPs and (b)
PAA-AuNPs. The size of PAH-AuNPs and PAA-AulNPs were measured
to be about 15 + 3.4 and 18 + 4.2 nm, respectively.

7.5 and 3.5, respectively. The PAH and PAA chains not bound to
Aunps remained in the deposition solutions. The concentrations
of excess PAH and PAA were measured to be about 0.91 and
0.94 mg mL " in 100 mL deposition solution, and the percentages
of PAH and PAA bound to Aunps were 9.4% and 6.5%,
respectively (see the Experimental and ESIt, Fig. S1). The degree
of ionization of PAH at pH 7.5 and PAA at pH 3.5 was measured
to be about 80% and 7%, respectively.'* As shown in quartz
crystal microbalance (QCM) data of Fig. 2, the build-up of
(PAH-Aunp/PAA-Auynp), multilayers followed a typical expo-
nential growth pattern that could be explained by an “in-and-out
diffusion” mechanism of excess PE chains during deposition (i.e.,
polycations diffuse into the film during deposition, then out of
the film during rinsing, and further out during polyanion depo-
sition)."* This trend is very similar with QCM data shown in the
build-up of (pH 7.5 PAH/pH 3.5 PAA), multilayers (see the
ESIfY, Fig. S2).

The quantities of adsorbed out-diffusing PEs and incoming
oppositely charged PEs not bound to Aunps were proportional to
the quantity of PE chains that diffused out of the film. Therefore,
the amount of unbound or non-ionized PEs in coil, loop, or
entangled structures within the multilayers significantly affected
the exponential growth of the multilayers. PEs not bound to
Aunps easily diffused out of the film surface. The plasmon
absorption spectra of the Aunps showed an absorbance at
540 nm that increased linearly as the number of bilayers
increased. No exponential growth or notable red shifts were
observed. The same trend was observed in the linear increase in
the adsorbed amounts during the electrostatic LbL assembly of
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Fig. 2 (a) QCM data (i.e., frequency and mass changes) of PAH-Auyp/
PAA-Auynp multilayers as a function of layer number. The even and odd
layer numbers in QCM data indicate PAA-Aunp and PAH-Auyp,
respectively. (b) UV-visible spectra of PAH-Aunp/PAA-Aunp multi-
layers measured with increasing bilayer number.
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PAH-Aunps and PAA-Aupnps without excess PAH or PAA
chains (see ESIf, Fig. S3).

Recently, Podsiadlo ef al. reported that hybrid nanocomposite
multilayers composed of weak PE and inorganic sheets (i.e.,
(poly(ethyleneimine)/PAA/clay),) displayed exponential layer
growth vig fast diffusion/reptation of weak PEs through the
openings between clay sheets, although the inserted clay sheet
layers functioned as effective barriers for the diffusion of
adsorbing PEs into the multilayers.’* Therefore, it is reasonable
to conclude that PAH and PAA chains not bound to Aunp
induced the exponential growth of PAH-Aunp/PAA-Aunp
multilayers. Porous hybrid films were prepared by exposing (pH
7.5 PAH-Aunp/pH 3.5 PAA-Aunp)io films to an acidic solution
of pH 2.4, followed by washing with a pH 7 solution (Fig. 3). The
film thickness increased from 370 to 410 nm, and the highly
porous films formed after immersion in acidic solution mainly
resulted from chain rearrangements and the phase separation
associated with the partial breaking of ionic interchain pairs
formed during the initial LbL assembly process. It was also
reported by Mendelsohn et al. that pH 7.5 PAH/pH 3.5 PAA
multilayer films are stable over extended immersion in water over
a wide range of pH conditions from 3 < pH = 9, and however
these films exposed to acidic water (pH = 2.5) undergo
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Fig. 3 (a) Top-view and cross-sectional SEM images of surface of (pH
7.5 PAH-Aunp/pH 3.5 PAA-Aunp),o multilayer films (a) before and (b)
after immersion in an aqueous bath of pH 2.4. (c) Schematics for struc-
tural change of PAH-Aunp/PAA-Aunp multilayers after acid treatment
at pH 2.4.

a significant structural change yielding interconnected porosity
and film swelling.” They also suggested that the pore volume in
porous multilayer films is defined as 100[(H — H,)/H], where H,
and H are the film thickness before and after the pH trans-
formation. Based on this definition, the pore volume in (PAH-
Aunp/PAA-Auyp), multilayers was calculated to be about 10%.

Pore formation was investigated in greater detail by measuring
the electrochemical permeability of multilayer films using 10 mM
Fe(CN)g*~ and Fe(CN)g*~ as probe components on ITO elec-
trodes coated with (PAH-Aunp/PAA-Auynp), multilayers in a pH
7.0 phosphate buffer solution (PBS) (Fig. 4a). Generally, K;Fe
[CN]¢/K4Fe[CN]s undergoes reversible electrochemical reactions
at a variety of electrodes.®*'

As the bilayer number (n) increased from 1 to 10, the peak
current decreased and the peak separation (AE,, the potential
difference between the oxidation and reduction peak potentials,
which is inversely proportional to the electron transfer rate)
increased from 400 to 900 mV (i.e., AE, = 400 mV for n =1, 535
mV for n = 3, 725 mV for n = 5, and 900 mV for n = 10). The
electrode coated with 2-bilayered PAH/PAA multilayers without
Aunps did not display a current response to K;Fe[CN]¢/K4Fe
[CN]¢. Therefore, the nearly reversible electrochemical response
observed in S5-bilayered PAH-Aunp/PAA-Aunp multilayers
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Fig. 4 (a) Cyclic voltammograms of 10 mM K;Fe[CN]¢/K4Fe[CN]g in
pH 7.0 PBS at (a) (PAH-Aunp/PAA-Aunp), — 135 and 10 multilayer-
coated electrodes with scan rate of 50 mV S~' and (b) porous (PAH-
Aunp//PAA-Aunp);o film-coated electrodes as a function of scan rate.
Porous films composed of 10 bilayers were prepared after immersion in
an aqueous bath of pH 2.4.
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indicated that Aunps in the multilayers improved the electron
transfer between K;3;Fe[CN]s/K4Fe[CN]s and the electrode. On
the other hand, 10 bilayers did not display visible current
responses for K3Fe[CN]¢/K4Fe[CN]gs due to the poor electron
transfer kinetics within the relatively thick PAH-Aunp/PAA-
Aupnp multilayers. The insulating PE chains not bound to Aunp
induced the exponential growth of multilayers with increasing
bilayer number, via the in-and-out diffusion mechanism. There-
fore, the thickly adsorbed PE chains effectively screened electron
transfer between electrodes and probe components. However,
exposure to acidic water at pH 2.4 increased the reversible anodic
and cathodic currents significantly (55-fold and 25-fold increases
for the cathodic and anodic currents, respectively), with a peak
separation of 285 mV. Note that the redox properties were
measured at a fixed scan rate of 50 mV S~'. Increasing the scan
rate results in higher intensity of redox peaks, as shown in
Fig. 4b.'® Additionally, this reversible electrochemical response
can be also observed in the electrode coated with porous (PAH/
PAA);(, multilayers without Auynps (see ESIT, Fig. S4).

Fig. 5 shows the electrochemical activity of PAH-Aunp/PAA-
Aupnp multilayers in pH 7.0 PBS as a function of bilayer number.
In the potential region from 0 to 1.2 V, an oxidation peak was
observed at 1.1 V and a reduction peak at 0.5 V. Bare ITO
electrodes and PAH/PAA multilayer-coated electrodes displayed
no current response within this potential region. Therefore, the
redox peaks resulted from the oxidation and subsequent reduc-
tion of gold oxide (AuO,) on the surfaces of Aunps as a result of
positive potential polarization.'”! Therefore, redox peak current
intensities due to Auyp increased with increasing bilayer number
(i.e., the quantity of adsorbed gold nanoparticles increased). The
redox currents of electrodes coated with porous multilayers,
(PAH-Aunp/PAA-Aunp)io, Were significantly higher than those
of nonporous multilayer-coated electrodes despite having equal
quantities of Aunps. These observations indicated that the
chemical reversibility of the surface reactions on the Auxps was
facilitated by the conversion from a nonporous structure with
Aunps buried under the PE chains to a porous structure with
a relatively large amount of externally exposed Aunps.

400 F
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Fig.5 Cyclic voltammograms of a bare ITO electrode and (PAH-Aunp/
PAA-Auyp), multilayer-modified electrodes in pH 7.0 PBS with scan rate
of 50 mV S-'. In this case, microporous films were prepared after
immersion in an aqueous bath of pH 2.4.

NO synthesized by mammalian cells can act as a cytotoxic
agent and may further react with oxygen to form a variety of
reactive intermediates that are detrimental to the organic
body.'"*® In solution, NO loses an electron to form NO*, and this
process is aided by Auyps.'”*” The NO* ion may then be further
oxidized to form other more stable nitrogen products. Hybrid
electrochemical sensors composed of porous (PAH-Aunp/PAA-
Aunp)io multilayers were designed for the detection and
measurement of NO. Here, sodium nitrite (NaNO,), which can
generate free NO in acidic solution (pH < 4) was used as
a precursor to measure the electrocatalytic activity of Auyps in
the hybrid multilayers (see the Experimental). As shown in Fig. 6,
the electrodes modified with Auynp-based multilayers generated
strong oxidation peaks around 1.23 V. The peak current
increased with increasing NO concentration, implying that
Aunps were catalytic toward the oxidation of NO. However, the
electrodes coated with porous or nonporous PAH/PAA multi-
layer films without Aunps did not show such oxidation peak (see
ESIf, Fig. S5).

The most important observation was that Auyp-based multi-
layers with porous structures displayed higher electrosensitive
activity than nonporous multilayers at the same nitrite concen-
tration. As mentioned above, the formation of porous structures
that exposed large quantities of Auynps to the solution signifi-
cantly increased the contact area between NO and the reactive
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Fig. 6 (a) Cyclic voltammograms and (b) calibration curves of the
amperometric responses of a bare ITO electrode and (PAH-Aunp//PAA-
Aunp);o multilayer-coated electrodes in pH 3.0 PBS containing 1, 5, 10,
15 and 20 mM NaNO, with scan rate of 50 mV S~'. Porous film
composed of 10 bilayers were prepared after immersion in an aqueous
bath of pH 2.4.
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Aupnp surfaces. As a result, the oxidation peak current corre-
sponding to the electrochemical activity increased dramatically.
These results suggest that electrochemical sensors based on
catalytic metal nanoparticles can maximize electrochemical
sensitivity through a facile structural transformation as well as
the catalyst loading levels.

Conclusion

We have demonstrated that the electrochemical properties of
PAH-Aunp/PAA-Aunp multilayers can  be  dramatically
improved by the formation of pH-induced porous structures
without increasing the Auynp loading levels. The high electro-
chemical activities achieved in porous multilayers could be
explained by the increased contact area between Auyps and the
sensing components as well as the permeability of the sensing
components into the multilayers. The exponential growth of
deposited layers and the formation of porous structures after
exposure to acidic solution resulted from the “in-and-out”
diffusion of weak PE chains not bound to Aunps. A variety of
catalytic nanoparticles, such as Pt, Pd, or TiO,, in addition to
Au, may be incorporated into PE multilayers using weak PE
stabilizers. Therefore, our approach based on pH-induced
porous hybrid multilayers provides a basis for the preparation of
various catalytic membrane films requiring high performance
and the fast manufacturing of layered nanocomposites.
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