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ABSTRACT: Oxygen reduction reaction (ORR), essential in Metal-Organic Framework O H

many energy conversion devices, takes particular relevance in 2

facing the increasing global demand for clean energy sources Q) O

and vectors. In this context, desirable features for ORR-based Q R Q

electrochemical cells are operability under environmentally

friendly conditions, such as pH 7 biocompatible electrolytes, ORR
Conducting Polymer-embedded

Pt Nanoparticles

,0
Q

and the usage of relatively low electrocatalyst loadings. On the
other hand, the improvement of the cathode performance in
neutral solutions is commonly focused on the development of
electrocatalyzers for reducing the ORR overpotential. In this
work, we took advantage of the possibilities brought by a novel strategy toward construction of complex interfacial architectures,
the so-called “nanoarchitectonics” approach. In order to achieve enhanced ORR currents and reduced overpotentials, we
combined three different building blocks with defined functionalities: a conducting polymer (CP) nanofilm (the connecting
electroactive matrix), well dispersed Pt-nanoparticles (the electrocatalyzer), and a layer of a Zn-based metal—organic framework
(MOF) nanocrystals (the in situ oxygen reservoir). The sequential synthetic procedure includes the electrosynthesis of a
polyaniline-like electroactive film, the synthesis of Pt nanoparticles within this film, and the deposition of a layer of MOF
nanocrystals, which adds micro/mesoporosity to the assembly. The incorporation of the MOF nanocrystals layer incorporates
two fundamental aspects: it allows for the ionic transport through its interparticle interstices, and also selectively promotes the
O, preconcentration, which is then available for the ORR on the embedded catalytically active metallic nanoparticles. The
rational integration of these blocks yields a functional interfacial architecture for enhanced ORR currents in eco-friendly neutral
pH KCl solutions.

KEYWORDS: oxygen reduction reaction, conducting polymers, Pt nanoparticles, metal—organic frameworks, polyaniline,
electrocatalysis, nanoarchitectonics

Au substrate

Bl INTRODUCTION processes economically and technologically feasible.” Desirable

The increasing global demand for energy is only expected to features of such catalysts would also include the possibility of

accelerate in the next decades, pushing forward research efforts
focused on the quest for renewable energy sources and its

long-term operation under environmentally friendly condi-
tions, and the synthesis from relatively inexpensive precursors.

coupling to electrochemical conversion devices.' Electro- Platinum is the single most employed (and efficient) cathode
chemical energy conversion and storage (e.g., using metal-air material for the catalyzed electrochemical ORR, with
batteries, or fuel cells) uses a water splitting reaction, which significant drawbacks being its low availability, high price,
involves the hydrogen evolution reaction (HER), the oxygen and relatively concentrated market. Advances have been
evolution reaction (OER), and the oxygen reduction reaction
(ORR). Technologies relying on the above reactions depend Received: June 25, 2018
on the availability of catalytic materials for reducing the Accepted: September 10, 2018
existing overpotentials, and thus rendering the overall Published: September 10, 2018
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achieved by introducing the use of various different porous
supports which reduce diffusional constraints, and by reducing
the Pt loadings needed for operation with the introduction of
dispersed (and more active) Pt nanoparticles (Pt-NPs).’~>
Recently, conducting polymer-supported Pt-NPs have at-
tracted much attention due to the presence of tunable
chemical structures through redox reactions, and different
moieties in the main polymeric chains. Among CPs, polyani-
line (Pani) appears as one of the most explored options due to
the presence of an amine moiety on its polymeric backbone
and its high reduction potential, both features which yield great
chemical versatility and allow for the growth of Pt NPs, even
under mild conditions.””” An interesting approach to the
positioning of metal NPs on CPs for their use as composite
electrocatalysts, consists of taking advantage of the available
redox states in order to perform an in situ reduction of loaded
Pt precursors, thus avoiding the use of harsher conditions (e.g.,
high temperatures or hazardous reducing agent).10 Pani/Pt-
NPs films produced by this method were shown to be uniform,
with high areal Pt loading, and featured high current densities,
good durability for the methanol oxidation reaction, and
excellent carbon monoxide tolerance.”*

Traditionally, inorganic porous materials (e.g, carbon
based) have been used as supports for electroactive materials
such as Pt or CPs, due to their high stability and surface area,
which makes possible the storage of energy carriers while also
allowing for efficient mass and charge transport. Another
promising use has become available, with the appearance of a
relatively new class of porous coordination materials,
consisting of infinite noncovalently linked nets of metal (or
metal cluster) nodes and organic multidentate linkers, the so-
called metal organic frameworks (MOFs).'""?

Among the many advantages that cause MOFs to outper-
form traditional porous materials for diverse applications, the
following can be highlighted: very high surface areas, well-
ordered pore structures with tunable sizes and topologies, and
the possibility of carefully selecting pore wall chemistry (either
using predefined construction blocks or via post-synthetic
modification).'*™'® Naturally, these interesting features have
triggered the appearance of multiple studies reporting the use
of MOFs for various applications such as solar cells for
photoelectric energy conversion,”'® adsorption of energeti-
cally and environmentally relevant gases,' cathode materials
for Li—0, cells,’® CO, capture, and photocatalytic con-
version,””* and composite catalyst synthesis via different
approaches (e.g, encapsulation of metallo-porphyrins,*
enzymes,””>* metal—organic polyhedrals,”® or metal nano-
particles®”). Although most MOFs are mainly insulating (i.e.,
its use as electrodes or semiconductive surfaces needs careful
thickness control’® or previous steps aimed to increase the
conductivity, such as integration with graphene oxide,””’
metal nanoparticles,”’ or partial/total carbonization®”), there
are few recent examples of conductive MOFs*® with redox
active sites, e.g., for the electrochemical ORR.**

On the other hand, although ORR has been extensively
studied in H,SO, or KOH solutions,* the improvement of this
reaction in neutral media also results in major practical
importance for devices such as biofuel cells*® or microbial fuel
cells,””** which are supposed to work in biocompatible
conditions. However, the performance of this reaction at pH
7 presents additional challenges arising from the low
concentrations of H* and OH~, which are involved in the
ORR mechanism. Hence, the development of strategies to

improve the efficiency of this electrochemical reaction at
neutral pH has both basic and technological significance.

Inspired by different composite materials exploiting MOFs
selective gas adsorption for reaction enhancement (e.g,
reduction reactions enhanced by incremented H, storage,””"’
or catalyzed carbon dioxide reduction reaction enhance-
ment*' ~*) we have recently showed that the deposition of a
ZIF-8 (an archetypal member of the zeolitic imidazolate
subclass, composed of tetrahedrally coordinated Zn>* ions with
2-methylimidazole bidentate linkers*”) coating on top of a
conducting polymer-modified electrode, yielded an enhance-
ment of the ORR via augmented O, availability.** On the
other hand, we have also reported the growth of mechanically
robust MOF films over conductive substrates at neutral
4546

Based on these previous results, herein we studied the
incorporation of metallic nanoparticles into the hybrid
conducting polymer/MOF nano-organized coatings and ex-
plored the possible synergy between these three components
aiming to obtain superior performances for the electrocatalized
ORR in neutral solution. Although the integration of CPs and
MOFs has been recently reported for different applications
related to the production of supercapacitors and electro-
catalysts, "™ to the best of our knowledge, this constitutes the
first report on a successful combination of the three
components in a composite electrocatalyst for the ORR at
neutral pH.

B MATERIALS AND INSTRUMENTATION

Reagents. Hydrogen hexachloroplatinate (IV), aniline (ANI), 3-
aminobenzylamine (ABA), 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), Zn(NO;),-6H,0, and 2-methyl-imidazole (2m-
Im) were purchased from Sigma-Aldrich. Sulfuric acid and KCl were
obtained from Anedra. Methanol was obtained from Dorwil. All
chemicals were used as received without further purification except for
aniline that was vacuum distilled. All aqueous solutions were prepared
with Milli-Q water.

Instrumentation. Transmission electron microscopy (TEM)
characterization was performed using a Tecnai FEI G2 F20 (FEG)
microscope operated at 200 kV with a double tilt analytical holder.
Samples were placed onto a copper grid as is described next for each
case. Energy dispersive X-ray spectroscopy (EDS) were performed for
chemical characterization over the sample.

Calculated X-ray diffraction patterns were obtained from Cam-
bridge Crystallographic Data Base (CCDB) and reported ZIF-8 files
using Mercury software. Experimental XRD patterns corresponding to
the synthesized films were collected at room temperature under
ambient conditions on a Phillips X'Pert apparatus.

X-ray photoelectron spectroscopy (XPS) was performed using a
SPECS SAGE HR 100 system spectrometer. A Mg Ka (1253.6 eV) X-
ray source was employed operating at 12.5 kV and 10 mA. Survey
spectra were obtained with pass energy of 30 eV whereas 15 eV was
employed for detailed spectra. The takeoff angle was 90°. Quantitative
analysis of spectra was carried out with Casa XPS 2.3.16 PR 1.6
software, employing Shirley baselines and Gaussian/Lorentzian (30%)
product functions. Surface-charging effects were corrected by setting
the binding energy (BE) of the main component of the core level C 1s
at 284.5 eV.

FTIR spectra were acquired in ATR mode (MIRacle Single
Reflection accessory equipped with a diamond prism) using a FTIR
Nicolet 480 spectrometer. 128 scans were taken between 500 and
4000 cm™' with a resolution of 4 cm™'. Spectra processing was
performed using the software EZ Omnic.

Electrochemical measurements were carried out in a Gamry
Reference 600 potentiostat. The experimental setup consisted of a
three-electrode Teflon-lined cell with 2 mL volume capacity. The
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Scheme 1. Schematic Representation of the Successive Substrate Modification Stages
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Figure 1. Cyclic voltammograms (v = 50 mV s™") of PABA electropolymerization (A). Cyclic voltammograms for PABA in H,SO, 0.5 M (left) and
HEPES 5 mM, 0.1 M KCI (pH 7) (right) at different scan rates (B). Frequency and mass changes upon PABA electropolymerization onto a QCM

sensor (C). N 1s XPS spectrum of PABA film (fwhm = 1.5 eV) (D).

counter electrode used was a Pt wire, and Ag/AgCl (3 M NaCl) was
used as reference. All the reported potentials are referred to this
electrode. Gold electrodes were prepared by Au sputtering on a glass
plate. A thin layer of Ti was previously deposited on glass substrates in
order to improve the adhesion. The electrodes were cleaned with soft
basic piranha solution (1:1:7) of (NH,OH:H,0,:H,0) prior to the
electrochemical experiments. Before the electrosynthesis of the
conducting copolymer, Au electrodes were cycled in 0.5 M H,SO,
between —0.2 and 1.5 V to obtain a clean surface for reproducible
electropolymerization conditions. Oxygen reduction tests were
performed in HEPES S mM 0.1 M KCI solution (pH 7). Oxygen
saturated solution was obtained by bubbling pure gas for 30 min
before and also during the electrochemistry experiments.

Quartz crystal microbalance (QCM) measurements were per-
formed with a QCM200 setup (Stanford Research Systems) using
gold-coated quartz sensors (QCM25 5 MHz, sensitivity factor: 56.6
Hz cm? pg™"). Experiments were performed with quiescent solutions
in a Teflon cell at room temperature. Electrochemical-QCM
experiments were performed with a Gamry ref. 600 potentiostat
using a three-electrode Teflon cell. The counter electrode was a Pt
wire, and Ag/AgCl was employed as reference.

Substrate Modification. The electrosynthesis of poly(3-amino-
benzylamine-co-aniline) (PABA) films was performed by cyclic
voltammetry in acidic solution as described previously.”"** Briefly,
the voltammetric electropolymerization was performed by potential
cycling in the presence of 0.07 M ABA and 0.03 M ANI in 0.5 M
H,SO0, solution from —0.15 to 0.95 V (vs Ag/AgCl) at 50 mV s™" up
to 20 voltammetric cycles. By employing this feed ratio, a film
composition of approximately 30% in ABA is obtained.’"*

For the incorporation of Pt nanoparticles, PABA-modified Au
electrodes were dipped in a 2 mM H,PtClg solution. After 1 h, the
electrodes were rinsed with Milli-Q water.

For the ZIF-8 deposition, the cell was filled with a fresh mixture of
Zn(NO;),'6H,0 (25 mM) + 2-methyl-imidazole (50 mM) stock
methanolic solutions at room temperature. The frequency change was
used to follow ZIF-8 deposition until a plateau was reached (typically
after 40 min). The electrode was then rinsed with fresh methanol and
dried under N, prior to the next cycle. This procedure was repeated
until a suitable MOF film thickness was obtained (the films obtained
after successive depositions will be referred as nx-ZIF-8, where n is the
number growth cycles carried).**

TEM Sample Preparation. PABA films were electrosynthesized
onto ITO plates (R, = S—15 Q cm, Delta Technologies). The plates
were previously cleaned with ethanol and Milli-Q water. The
electrosynthesis was carried out by cycling the potential at S0 mV
s™' between —0.15 and 1.05 V vs SCE (see Figure S1). The
electropolymerization solution was 0.03 M ANI + 0.07 M ABA in 0.5
M H,SO,. The area of the working electrode was 1.0 cm? After the
synthesis, films were cycled in 3.7 M H,SO, solution for a few
minutes and then detached from the ITO plates by applying a
potential of —1 V vs SCE. The free-standing films were rinsed with
Milli-Q water and then incubated in 2 mM hexachloroplatinic acid
solution for 1 h. Finally, they were rinsed several times with water and
placed onto a TEM grid.

B RESULTS AND DISCUSSION

In this work we describe the effective modification of an
electroactive polymer film with two different materials for
improving the electrochemical ORR performance at neutral
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Figure 2. Change in frequency and mass measured by QCM after adding H,PtCl, onto the PABA-modified sensor (A). Bright field image of
PABA-Pt NPs film. The inset shows the Pt 4f XPS spectrum of the film (B). HRTEM image of several Pt NPs (C). HRTEM image of a single Pt
Nanoparticle and FFT showing that Pt NPs are oriented in the [110] zone axis (D).

pH range. After conducting copolymer electrosynthesis onto
the Au substrates, the inclusion of Pt NPs and ZIF-8 was
carried in two steps, depicted schematically in Scheme 1. The
different modification stages were monitored by AFM and
SEM microscopies. These results are presented as Supporting
Information as a matter of length (see section 4).

PABA Electropolymerization. It is well-known that PANI
electroactivity decreases as pH increases; therefore, the
incorporation of PABA constitutes a suitable strategy when
an electroactive platform capable of electrocatalysis for the
ORR at neutral pH is desired. With this fact in mind, PABA
films were first electropolymerized onto Au substrates, and
then characterized via E-QCM and XPS techniques.

The voltammograms for the PABA copolymer electro-
polymerization can be seen in Figure 1A. The PABA-
electropolymerization features were previously reported in
the literature.”"”” Briefly, the peak appearing at about 0.45 V is
ascribed as the convolution of the pure poly(3-aminobenzyl-
amine) (0.5 V)* and the so-called “middle peak” of PANL>"
The peaks placed around 0.7 V correspond to the emeraldine
to pernigraniline transitions in Pani. Finally, the peaks
observed at 0.22 V are designated as an overlap of the first
redox couple for pure poly(3-aminobenzylamine) and PANI
(leucoemeraldine to emeraldine transition). The oxidative
electropolymerization accounts for the high anodic current
values at about 0.9 V.

Further cyclic voltammetry measurements of the conducting
copolymer PABA at acidic and neutral pH are presented in
Figure 1B. The cyclic voltammetry performance confirms the
electroactivity in neutral solutions. The voltammetric response
in neutral media presents only one anodic peak because of the
overlap of both couples present in acidic medium. In pH 7
buffer the peaks are wider, probably due to the lower electron
transfer rate. Moreover, it can be observed a linear change in

the peak current while increasing the sweep rate, which
indicates the behavior of a confined reversible redox couple.

Figure 1C shows the frequency and mass changes while
performing the PABA electropolymerization onto the QCM
sensor. The deposited mass obtained after 20 voltammetry
cycles was 0.7 + 0.1 ug cm™ (three different runs were
performed). Taking into account this value and using the
previously reported density for PANI (1.33 g cm™),” we
obtained an estimated thickness for the conducting polymer
layer of ~6 nm.

Additional characterization of the conducting copolymer
film was performed by XPS. In Figure 1C, the PABA N 1s
spectrum is shown. It can be fitted with five components, as
reported before (Table S1).°"* The precise determination of
the conducting copolymer composition becomes difficult due
to the many nitrogen species present. Nevertheless, previous
experiments using different monomer feed ratios, and the same
electropolymerization conditions, allow for an estimation of
30% molar composition of ABA.>">

Incorporation of Pt Nanoparticles (Pt NPs). In order to
increase the ORR activity of the PABA-modified electrode, Pt
loading was explored. The first step of the loading procedure
was direct dipping in 2 mM H,PtClg metal precursor solution
for 1 h. The reaction-diffusion approach was explored for Pt
reduction; however, dipping the electrode in NaBH, reducing
agent solution did not yield a detectable improvement of the
ORR performance. We hypothesize that using such reducing
agent might also compromise polymer film integrity thus
affecting its electroactivity. As an alternative and milder
procedure to obtain Pt NPs, the substrates were directly
washed with water after soaking in metal precursor solution.
The incorporation of Pt NPs was therefore achieved by using
the conducting polymer film itself as a reducing agent. It has
been reported that the driving force for NPs formation is that
the conducting polymer, in its oxidized state, can act as an
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Figure 3. Mass changes measured by QCM of 10 successive ZIF-8 deposition cycles onto a PABA-Pt NPs substrate. The inset shows the time
evolution of the mass increment for a given modification step (A). ATR-FTIR spectra of PABA-Pt NPs, PABA-Pt NPs-1xZIF-8, and PABA-Pt NPs-
10xZIF-8 modified Au substrates (C). XRD pattern of a PABA-Pt NPs-10xZIF-8 modified substrate (B).

electron donor and the platinum salt as an electron acceptor.
Moreover, in acidic media, the oxidized form of the PANI-like
polymer may undergo the reduction back to the emeraldine
form, thereby promoting further reduction sites.”**

In order to determine the mass increase occurring when
depositing the Pt NPs onto the conducting copolymer, we
performed QCM measurements. From 3 different deposition
assays, the mass loading obtained was 0.6 + 0.2 ug cm™
(Figure 2A). After potential cycling in buffer solution to
eliminate the excess of precursors within the films, washing
with pure water and drying with N,, the mass increment due to
Pt deposition was determined to be 0.46 + 0.15 yg cm™2.

The formation of Pt NPs was characterized by TEM. In this
case, the TEM sample was prepared using free-standing PABA
films, which were immersed in the precursor solution for 1 h,
and then washed with water. Figure 2B shows a bright field
image of this film. The presence of metallic NPs is directly
observed, meaning that Pt NPs can be readily formed by the
direct contact of the electroactive film with PtCl>>™.

It is well-known that electron beams can reduce metal
compounds producing metallic NPs by irradiation damage;***°
therefore, this effect must be carefully considered in order to
obtain information on the as-synthesized film. In each case,
images were acquired with different electron beam exposure
time (radiation doses), and information was used only after
confirming no size increase and no appearance of new
nanoparticles (see SI).

The inset in Figure 2B shows the XPS Pt 4f core level
spectrum of PABA-Pt NPs film. The XPS data could be fitted
with two components ascribed as metallic Pt at about 71.2 eV
and other oxidized component at about 73.5 eV, assigned to Pt
atoms having loss of electron density.” HRTEM images show
Pt nanoparticles with size up to 10 nm (Figure 2C). Figure 2D
shows that the atomic planes can be indexed as families {111}
and {200} of fcc structure of metallic Pt (see also Supporting
Information, Figure S2). Therefore, in agreement with the XPS
measurements, the TEM characterization clearly shows the
presence of metallic Pt NPs.

ZIF-8 Anchoring. It was shown that ZIF-8 can selectively
take up O, from buffer solutions, thus increasing the overall
ORR composite performance.** By making use of this strategy,
the last step of the substrate modification consisted of the
deposition via 1 to 10 sequential growth cycles ZIF-8 MOF
from methanolic precursor solutions onto the PABA-Pt NPs
film, according to previously reported procedures.””*® After
the modification with Pt NPs, the growth of a ZIF-8 film on
top of the substrates was performed for about 40 min for each
cycle (nx-ZIF-8). The deposition was monitored in situ with

QCM. After deposition, the precursor’s solution was dis-
charged and the substrate was washed with pure methanol and
dried by N, flux before performing further characterization
measurements or electrochemical tests.

In Figure 3A, the change in mass measured by QCM for 10
successive ZIF-8 growth cycles onto PABA-Pt NPs is shown.
The inset shows time evolution of mass increment for one
growth cycle. It can be noted that the mass change for every
deposition step is homogeneous in the 10 cycles performed.

An estimation of the thickness of the MOF films can be
carried out as follows. From the mass changes during the MOF
deposition in solution (Am,) and the mass determined for the
corresponding dried MOF layer (my0p), 2 correlation of myqp
= 0.35 Amyg, was obtained. Moreover, the AFM determination
of the thickness for a dried MOF mass of 2.4 ug cm ™ yielded
28 nm (Figure S6), meaning a film mean density of 0.86 g
cm ™. Thus, using this density, approximate thickness values of
43 and 450 nm were computed for 1x- and 10x-ZIF-8 coatings
in Figure 3A, respectively.

In order to confirm the presence of the MOF deposited onto
the already Pt-modified polymer layer, we performed FTIR
measurements. Figure 3B shows the ATR-mode FTIR spectra
of PABA-Pt NPs, PABA-Pt NPs-1xZIF-8, and PABA-Pt NPs-
10xZIF-8 substrates. The PABA-Pt spectrum shows very weak
bands (due to the small mass of polymer electrosynthesized
onto the Au substrate) in the zone ranging from 1100 to 1750
cm™, ascribed as C—N and C—C stretching modes of quinoid
and benzenic rings present in the polyaniline-like structure.*”*’
After 1 cycle of MOF deposition, the spectrum shows typical
features of ZIF-8, most of them corresponding to imidazole
ring vibrations. The peak appearing at 1585 cm™" is assigned as
C=N stretching, while the intense band in the zone between
1350 and 1500 cm™" is ascribed to the entire imidazole ring
stretching mode. The bands in the 900—1350 cm ™" region can
be identified as in-plane ring bending, while those appearing
below 800 cm™" correspond to out-of-plane bending.®"** After
10 MOF growth cycles, the bands become stronger and
acquire a better definition, accounting for the higher amount of
material on the film.

Figure 3C shows the XRD pattern of a PABA-Pt NPs-
10xZIF-8 modified electrode together with the calculated
pattern for ZIF-8. In this case, a 10xZIF-8 modification was
needed onto the PABA-Pt substrate in order to acquire the
necessary thickness for the diffraction peaks to be observed.
The peaks belonging to (110), (200), (211), and (222) Miller
indices, appearing at 20 values of 7.3°, 10.2°, 12.6°, and 17.8°,
respectively,*’ can be clearly observed in the PABA-Pt-10xZIF-
8 modified substrate. These results confirm the effective
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Figure 4. Change in mass measured by QCM upon switching from N,-saturated to O,-saturated solutions for a PABA-Pt NPs-10xZIF-8 modified
substrate (A). Cyclic voltammograms for PABA, PABA-Pt NPs, and PABA-Pt NPs-1xZIF-8 (left); and for PABA-Pt NPs-nxZIF-8 (right) in air-
saturated HEPES S mM 0.1 M KCl solution; v = 10 mV s™! (B). Cyclic voltammograms for PABA, PABA-Pt NPs, and PABA-Pt NPs-1xZIF-8 in
air- and O,-saturated HEPES 5 mM 0.1 M KCl solution; v = 10 mV s™' (C). Relative and total mass change upon 15 consecutive voltammetric

cycles for a PABA-Pt-1xZIF-8 modified electrode, in air-saturated HEPES S mM 0.1 M KCI solution; v

representation of the modified substrate for ORR (E).

100 mV s' (D). Schematic

anchoring and, more importantly, the crystalline structure of
the deposited ZIF-8 film onto the PABA-Pt NPs layer.

To evaluate the MOF layer preferential uptake of O, over
N, from aqueous solutions, QCM measurements were
performed by flowing N, and O,-saturated bufter solutions
through the QCM cell using a PABA-Pt NPs-10xZIF-8
modified substrate under atmospheric pressure at room
temperature. Ten cycles of MOF deposition were employed
for achieving more sensibility in the QCM experiment, as the
mass change caused by the differential adsorption of molecular
oxygen is proportional to the amount of MOF present.**

For the determination of the differential oxygen uptake from
aqueous solution, the MOF-modified QCM sensor was first
equilibrated in a N,-saturated S mM HEPES in 0.1 M KCI (pH
7) solution by continuous flux for 1 h. Then, this buffer was
replaced by O,-saturated buffer, which continued flowing for 1
h. The mass change was computed from the difference of the
average resonance frequency in equilibrium at each condition
(Figure 4A). An increment of ~1.5 ug cm™> was obtained for
the change from N,-saturated to O,-saturated buffer. This mass
increment reinforces the idea of a preferential uptake of O,
within the MOF, which increases the amount of reagent
available for the electrochemical reaction, causing a preconcen-
tration effect.

Electrochemistry Performance. The voltammetric re-
sponses of the Oxygen Reduction Reaction, PABA, PABA-Pt
NPs, and PABA-Pt NPs-1xZIF-8 electrodes in air-bubbled pH
7 buffer are shown in Figure 4B left. For the PABA-modified
electrode, the voltammetric wave at approximately —0.27 V
corresponds to the ORR on this electrode at neutral pH. The
activity of PABA toward the ORR was previously reported and
it is believed to occur by a two-electron reduction with H,O,
as product.”*

As can be noted in Figure 4B (left), after the deposition of
the Pt NPs, the voltammetric O, reduction wave of the

modified electrode is clearly increased. Moreover, it can be
seen that the ORR wave onset potential is shifted in
approximately 70 mV toward positive potentials (from —0.27
to —0.2 V approximately) due to electrocatalytic effect of the
Pt NPs. These results also confirm the effective incorporation
of the Pt NPs onto the conducting polymer and its
enhancement of the ORR.

Furthermore, after the deposition of a ZIF-8 layer onto the
modified electrode, the voltammetric O, reduction wave was
also notoriously increased. In this case, no shift is observed in
the voltammetric peak potential compared with uncovered
PABA-Pt electrode, which indicates that there is no additional
electrocatalytic activity of the composite electrode material, as
previously reported. This means that the MOF shows no
electroactivity, but rather acts as a high surface area oxygen
reservoir in close contact with electroactive centers on the film
without blocking the arrival of O, molecules. It should be
noted that no enhancement was observed after treatment of
the PABA-modified electrode with methanol for 40 min (see
Figure SS). This blank experiment confirms that the enhanced
activity cannot be assigned to chemical effects introduced in
the polymer layer due to a solvent effect.

By the comparison of the integrated charge obtained from
the ORR waves for the electrode after each modification step,
it is possible to conclude that the enhancement produced by
the incorporation of the MOF layer reaches the 66% of the
increment due to the addition of the electrocatalytic Pt-NPs
(see SI). The enhancement observed is very remarkable taking
into account that ZIF-8 MOF is electrochemically inactive, and
nonconductive, which could cause additional blocking effects
on the electrode surface.>®

The effect of a MOF layer thickness increase in the ORR
performance was also explored by cyclic voltammetry. Figure
4B (right) shows the voltammetric response of PABA-Pt NPs
electrodes after successive ZIF-8 deposition cycles. As can be
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seen from the cathodic peak of the voltammograms, there is no
further enhancement after performing additional growth cycles.
The peak current diminishes for 2x-, 3x-, and Sx-ZIF-8 layers.
This fact can be ascribed to either a loss in O, transport
efficiency from bulk solution toward the electroactive material
through the MOF layer porosity, and/or slower transport of
ions and solvent in the film as it becomes thicker.

Interestingly, the enhancement of the ORR current by the
MOF layer is yet appreciable in O,-saturated solutions (Figure
4C). Although the relative enhancement is lower than in air
saturation conditions, it has still a remarkable value, reaching
the 43% of the increment produced by the Pt-NPs (Figure
$10).

The stability of the assembled composite material was
further assessed by means of E-QCM experiments. An E-QCM
setup was used in order to establish whether mass loss of the
composite PABA-Pt-1xZIF-8 electrode occurs during the
potential cycling. Figure 4D shows the mass changes upon
ORR conditions cycling at a relatively high sweep rate (100
mV s7'). The inset shows both voltammetric curves for the
first and the 15th cycles. It can be stated that performance is
maintained during the high-rate ORR cycling. Although there
are mass variations during the potential cycling probably
caused by the oxidation/reduction processes in the electro-
active polymer, the net change after the cycling is negligible
(—0.1%), pointing thus to a structural stability of film
architecture under the experimental conditions explored.
Additional voltammetric studies showing the good mechanical
stability of the MOF coating are presented in the SI file.

B CONCLUSIONS

We presented the rational integration of three different
building blocks into a functional interfacial architecture by a
simple sequential procedure. We first electrosynthesized Pani-
like electroactive polymer films. Then, the incorporation of
metallic nanoparticles on these films was achieved by simple
immersion in the precursor solution by employing the redox
centers in the electroactive polymer as reducing agents. The
formation of metallic Pt nanoparticles within the electroactive
films was proved by XPS and TEM analysis. Finally, a stable
layer of a micro/mesoporous metal—organic material was
added over the electroactive blocks by using the amine
moieties as anchoring sites for the ZIF-8 MOF growth.

The increased electroactivity of PABA compared to Pani in
neutral solutions allows the effective electrical connectivity of
the Pt NPs dispersed within the polymeric matrix, which is an
essential requirement for their actuation as electrocatalyzers.
The electrocatalytic effect of adding the NPs on the ORR was
observed as an increase in the cathodic current and a shift of
the onset potential.

Moreover, the ZIF-8 MOF coating results to be chemical
and mechanically stable in neutral buffer solution and its
integration on top of the electroactive material yields an
enhancement of the ORR at pH 7. As proved by QCM and
voltammetric experiments, the incorporation of ZIF-8 nano-
crystals as an external coating does not only allow the ionic
transport within its interparticle interstices but also selectively
preconcentrates O, from solution. Thus, the MOF coating
increases the amount of O, available for the electrochemical
reaction on the metallic nanoparticles immersed in the
electroactive film, yielding enhanced ORR currents.

The present work constitutes a step forward in the
construction of complex interfaces by incorporating electro-

catalytic nanomaterials to a previously reiported conducting
polymer-MOF hybrid modified electrode.”* Results presented
here indicate that the enhancement of the ORR current
produced by the integration of the O,-preconcentrating MOF
can be additively conjugated with the electrocatalytic effect of a
third component. In principle, this proof-of-concept could be
extended to other electrocatalytic materials and even other
type of MOFs, provided that two basic conditions are met: the
MOF can be effectively anchored to the base material (to
guarantee the electrochemical stability), and the MOF coating
is able to allow the ionic transport within its mesoporosity.
Finally, the synthetic approach presented here illustrates
how the rational integration of diverse building blocks having
particular properties (electroactivity, catalytic activity, gas-
selective adsorption) into multifunctional electroactive archi-
tectures can push the boundaries of nanoarchitectonics for the
production of more efficient electrochemical systems.*>**
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