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ABSTRACT

In this work we explore a nanoarchitectonics approach to construct functional composite nanomaterials 

with enhanced electrocatalytic properties. The functional electrodes were designed in order to combine 

two key elements: high surface area and porosity with electroactivity, thus enabling its application to 

the enhancement of the electrochemical oxygen reduction reaction (ORR). We propose a simple, yet 

unexplored, layer-by-layer (LbL) method which makes use of sequential assembly of colloidal 

suspensions of polyaniline/polystyrene sulfonate (Pani-PSS), and polyallylamine hydrochloride-coated 

ZIF-8 metal organic framework nanocrystals (PAH-ZIF-8). The Pani-PSS/PAH-ZIF-8 nanoarchitecture 

thus obtained benefits from the synergy between the electroactivity provided by negatively charged 

conducting polymer component (Pani-PSS), and the high-surface area porous environment provided by 

the positively charged MOF counterpart (PAH-ZIF-8). LbL-assembled films were found to be 

electrically connected and feature promising increases in the electrocatalytic currents obtained for the 

ORR in neutral pH aqueous environments.
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INTRODUCTION

Nanoarchitectures featuring the integration of different materials into structurally stable functional 

composites has become recently the focus of a multitude of research projects which tackled the 

problem from diverse perspectives due to the foreseen applications in diverse fields such as; e.g., 

energy storage and conversion, bio-nanotechnology, catalysis, and sensor technologies.1–4 It is required 

for the feasibility of such practical applications that the actual assembly procedure does not present 

excessive complications, thus allowing for a reasonable trade-off between the degree of complexity and 

the enhanced functional properties obtained. This explains why it is so important to keep exploring 

methods and technologies for integrating molecular building blocks into well-defined organized 

assemblies. Research efforts on this matter are often referred to as "nanoarchitectonics", a term 

popularized by Ariga and co-workers.1-4

Poly-aniline (Pani) has been known for quite a long time, to be a cost-effective and very versatile 

conducting polymeric material.5–7 Its integration into composites aiming to confer differential 

properties suitable for applications in electrocatalysis and energy has gained increasing attention from 

the scientific community.8,9 In particular, integration of high-surface area porous materials such as 

Metal Organic Frameworks (MOFs) into the above mentioned composites offers the opportunity of 

creating suitable materials with an expanded range of possible uses.10–12 MOFs are a relatively new 

family of microporous materials constituted by metal centers or metal clusters non-covalently bonded 

with organic multidentate linkers. Among its main features, MOFs present high surface areas, highly 

tailorable pore-wall chemistry, and the possibility of synthesis in relatively mild conditions to form 

either films or controlled size/shape nanostructures.13–17 MOFs can endow films with ideal 

characteristics for electrochemical reactions (e.g., water splitting, CO2 electroreduction), allowing for 

the coexistence of both, hydrophilic channels for the diffusion of charged species, and hydrophobic 

porosity needed for gas adsorption.18–24

In the last decade the concept of including MOFs into composites, or its use as precursors for the 

synthesis of electroactive materials for the Oxygen Reduction Reaction (ORR) was extensively 

explored, and many different strategies were followed.25–29 Although it suffers from poor control over 

the morphologies obtained, calcination remains a popular approach; and the use of MOFs as templates 

for heteroatom-doped micro/mesoporous carbon features electrochemical promotion.30–34 However, 

until very recently, conductive MOFs were not available and its integration into electrochemical 

platforms was conditioned to the presence of another component which will provide this fundamental 
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characteristic.35–38 This view was radically changed by the recent work of Dincǎ et al.,39–41 who 

introduced conductive MOFs, thus widening the palette of possible architectures and mechanisms for 

their use in electrocatalysis. Following these new paradigm MOF-nanosheets where showed to present 

considerable enhancement of the ORR.42–44 

An alternative appealing approach for building functional nanomaterials is the use of layer-by-layer 

(LbL) technique, as it offers the possibility of self-limited and self-oriented growth. For this assembly 

to be feasible, it should include components capable of interact via either coulombic, van der Waals, 

Hydrogen bonding, or hydrophilic/hydrophobic interactions.45–47 Although a vast majority of the LbL 

assemblies make use of polyelectrolytes,48,49 there are examples in which layers were constructed using 

different nano-objects in order to create soft nanoarchitectures with tailored functional properties.50,51 

Hereby we explore a new design concept; i.e., the synthesis of LbL nanoarchitectures for the 

integration of high-surface area porous materials capable of incremented gas adsorption, embedded into 

a conductive electroactive matrix. In order to achieve this end, we first synthesized colloidal 

suspensions of both, Pani-PSS negatively charged electroactive polymer, and PAH-stabilized 

(Polyallylamine hydrochloride) positively charged colloidal suspensions of ZIF-8 MOF (a Zn-based 

archetypal Zeolitic Imidazolate microporous material, which was already shown to act as ORR 

enhancer).20,52 ZIF-8 can be described as an infinite network of Zn2+ ions tetrahedrally coordinated with 

2-methylimidazolate N-bidentate organic linkers, featuring high BET surface area (≈ 1500-1800 m2 g-

1), and good resistance towards hydrolysis in moderate pH aqueous environments and ionic 

strengths.53,54 We show for the first time that a LbL architecture is achievable using these pre-

synthesized nanostructures; and moreover, that these films feature electrochemical activity and can act 

as enhancers of the neutral pH electrochemical ORR due to a synergetic effect between high surface-

area porous material and electroactive conductive polymer, offering thus a cost-effective alternative to 

precious metal catalysts usually employed in energy conversion devices.  

Experimental

Chemicals

Aniline, Ammonium Persulfate (APS), Poly (sodium 4-styrene sulfonate) (PSS) (Mw≈70kDa), 

Polyallylamine hydrochloride (PAH) (ca. 17.5 kDa), Polyethylenimine (PEI) (50% in H2O, Mw ≈ 

750kDa), Zn(NO3)2.6H2O, and 2-methyl-imidazole (2m-Im) were purchased from Sigma-Aldrich. 

Methanol was obtained from Dorwil. Hydrochloric Acid and Potassium Chloride were purchased from 

Anedra. All solutions were prepared with Milli-Q water (18.2 MΩ cm).
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FTIR Spectroscopy. Fourier transform infrared spectroscopy was performed using a using a FTIR 

Nicolet 480 spectrometer with a resolution of 1 cm-1.

UV-Vis spectroscopy. The LbL assembly was built up on glass substrates for UV-visible 

measurements. Spectra were taken with an Agilent model 8453E diode array spectrophotometer.

DLS and Zeta Potential. Dynamic light scattering (DLS) measurements were carried out with a 

ZetaSizer Nano (Nano ZSizer-ZEN3600, Malvern, U.K.) at 25°C. The zeta potential was determined 

from the electrophoretic mobility measured by laser Doppler velocimetry using disposable capillary 

cells (DTS 1061 1070, Malvern) at 25°C with a drive cell voltage of 30 V and employing the 

monomodal analysis method.

Electrochemical measurements. Cyclic voltammetry was carried out with a Gamry Reference 600 

potentiostat. A three-electrode Teflon-lined cell was used. The counter electrode used was a Pt wire 

and the reference electrode used was Ag/AgCl (3M NaCl) electrode. Gold electrodes were prepared by 

sputtering on glass plates.55

X-ray diffraction (XRD). Calculated X-ray diffraction patterns were obtained from Cambridge 

Crystallographic Data Base (CCDB) ZIF-8 files using Mercury® software.56 Diffraction experiments 

on the synthesized materials were recorded at room temperature under ambient conditions on a Phillips 

X’Pert-1 apparatus. 

Electron Microscopy. Transmission Electron Microscopy (TEM) images were obtained with a JEM 

1200 EX II (JEOL Ltd.) equipped with a digital camera Erlangshen ES1000W, model 785 (Gatan Inc.). 

The samples were observed under an accelerating voltage of 100 kV.

Pani-PSS synthesis

Firstly, a 5 mM aniline in 5 mM (in monomer units) PSS solution in 0.5 M HCl was stirred for 15 

minutes. Then, solid APS was added to reach a 5 mM concentration and the solution was stirred 

overnight at room temperature, yielding a dark green suspension. After synthesis, the solution was 

neutralized by adding 10% KOH up to pH 7. This stock colloidal dispersion remained stable for 

months. 

Synthesis of ZIF-8 colloidal suspensions and modification with PAH

Stock ZIF-8 dispersions were obtained by mixing equal volumes of 50 mM Zn(NO3)2.6H2O and 25 

mM 2m-Im methanolic solutions at room temperature, to yield a stoichiometric final molar ratio. After 
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40 minutes reaction time, a cloudy colloidal dispersion of ZIF-8 was obtained. The procedure to obtain 

colloidal dispersions later used for the LbL assembly was the following; 15 mL of the methanolic stock 

ZIF-8 colloidal suspensions were added to 135 mL of 0.022 mg mL-1 PAH 5 mM KCl aqueous solution. 

The final concentration results in 2.5 mM Zn2+ and 0.02 mg mL-1 PAH with (methanol: water) volume 

ratio equal to (1:9).  This colloidal dispersion was characterized by DLS and employed for the LbL 

assembly (see below). 
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Results and Discussion

Pani-PSS complexes were characterized by DLS, showing a single size distribution with a maximum at 

25 nm (volume distribution), whereas the zeta potential determined in the as-synthesized pH 7 stock 

solution was -25 mV (Fig. 1). ZIF-8 and PAH-ZIF-8 colloidal suspensions were characterized using 

DLS and TEM. Although freshly prepared ZIF-8 suspensions were found to have already a positive Z-

potential (Fig. 1), colloidal modified with PAH coating showed a marked Z-potential increase with no 

significant size modification.

Figure 1. Volume averaged DLS and Z-potential determinations of the colloidal suspensions used for the LbL 
assembly.

Formation of Aggregates

After the colloidal characterization of the individual building blocks, the possibility of electrostatically-

driven assembly was explored by directly producing aggregates from the stable aqueous suspensions. 

Pani-PSS/PAH-ZIF-8 aggregates were prepared by adding 2 mL of Pani-PSS stock colloidal 

suspension to a 100 mL volume of PAH-ZIF-8 fresh colloid. The solution immediately became blue 

and flocks appeared. This dispersion was kept under magnetic stirring for 2 hours. Then, the flocks 

were collected by centrifuging at 6500 rpm for 10 minutes. Finally, the solid was dried overnight at 

60°C. This powder was then characterized by FTIR and XRD. 
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Vibrational spectroscopy characterization of the building blocks and the aggregates was performed by 

FTIR in the transmission mode by dispersing the solid components into KBr pellets (Fig. 2). The 

spectrum of the aggregates of Pani-PSS/PAH-ZIF-8 reveals its composite nature as several bands of the 

individual components can be clearly assigned. The presence of the PSS can be shown by a band at 825 

cm-1, assigned to the out-of-plane aromatic CH deformation, and a band at 1007 cm-1 that has been 

assigned to in-place aromatic CH bending.57,58 Moreover, the presence of the sulfonate group is 

revealed by a band at 1035 cm-1 assigned to a symmetric stretching57,59 and doublet at about 1121 and 

1171 cm-1, assigned to the asymmetric stretching of the –SO3
- group.57 On the other hand, many of the 

main bands of ZIF-8 are also present in the aggregates.60,61 Particularly, the band at 1420 cm-1 can be 

attributed to the imidazole ring stretching mode, whereas the bands at 1179, 1146 and 995 cm-1 are 

associated to in-plane ring bending and those appearing at 1310, 950 and 760 cm-1 correspond to out-

of-plane imidazole bending modes.

Figure 2. FTIR spectra of ZIF-8, PSS, and Pani-PSS/PAH-ZIF-8 aggregates.

Structural determination of films was carried via X-ray diffraction indirectly on the aggregates formed 

under identical conditions in order to obtain films with a thickness enough for detection. As can be 

observed in Fig. 3, there is a good agreement between the calculated diffractogram using reported ZIF-

8 structure and the obtained results for the aggregates. 
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Figure 3. Comparison of calculated ZIF-8, and Pani-PSS/PAH-ZIF-8 aggregates.

Layer-by-layer assembly

The LbL assembly was started by immersing the substrates in a 1 mg mL-1 PEI solution for 10 

minutes.52 After that, the substrates were washed with DI water for 5 minutes. Then, the substrates 

were alternatively dipped in a Pani-PSS and PAH-ZIF-8 (or PAH) colloidal suspensions for 15 minutes 

with a washing step in DI water before the next growth step (Scheme 1). Fig. 4 shows the absorbance 

at 680 nm of LbL-modified glass substrates after different number of deposition cycles. The increment 

of the absorbance indicates the effective growing up of the composite film, which is probably driven by 

the electrostatic interactions between the charged building blocks. Integration of Pani-PSS and PAH-

ZIF-8 building blocks in the LbL assembly was confirmed by XPS (see ESI). The spectrum of 1-

bilayer-modified gold electrode presents peaks consistent with the presence of both Pani-PSS and 

PAH-ZIF-8, as revealed by comparison with the XPS spectra of the individual blocks.  

The successful electrostatic assembly was further confirmed by QCM experiments in which the mass 

increment due to each LbL step was determined together with its mass composition ratio r = m(Pani-

PSS)/m(ZIF-8-PAH)=0.81 (see ESI.).   
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Scheme 1. Cartoon describing the hybrid electrocatalytic interface constituted of LbL-assembled Pani-PSS and 

PAH-ZIF-8. 

Figure 4. Absorbance at 680 nm of LbL-modified glass substrates as a function of the number of deposition 

cycles.  Inset: digital images of the glass plate before and after 5 cycles of deposition. 

TEM characterization of ZIF-8 MOF obtained from methanolic synthesis and after functionalization 

with PAH and combination with Pani-PSS can be observed in Fig. 5. LbL assemblies were grown on 

TEM grids in order to obtain in-situ imaging of conducting polymer-embedded MOF nanocrystals.  
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Figure 5. TEM images showing the as-synthesized ZIF-8 nanocrystals used as building blocks, and (right) two 

different fields of view in which the LbL assembly was carried over PEI-modified TEM copper grids. 

Electrochemical behavior of the LbL assemblies

The electrochemical response of the LbL assembled films deposited on Au electrodes previously 

functionalized with PEI was studied by cyclic voltammetry in neutral solutions. Although Pani in not 

electroactive at neutral aqueous electrolytes, the Pani-PSS complex is expected to retain the 

electroactivity when increasing the pH owing to the doping effect of the negatively charged sulfonate 

groups.62,63 As shown in Fig. 6, the voltammetric response of the Pani-PSS containing films show a 

pair of peaks at about 0.1V corresponding to the first redox transition in Pani from the completely 

reduced state (leucoemeraldine) to the oxidized (emeraldine).64 In acidic conditions this redox couple 

appears as higher potentials, with more defined shapes; but as the pH increases, this couple shifts to 

lower potentials and the voltammetric peaks become broader. In the case of Pani films, a loss of 

conductivity and electroactivity is observed when pH is increased above ca. 4, leading to the 

degradation of the electrochemical degradation of the polymer.65 In the present case, the response was 
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stable and no degradation effects were observed after continuous cycling in this solution, proving the 

increased electroactivity by the PSS effect.  

Moreover, the increment of the integrated voltammetric charge of these pair of peaks is indicative of 

the amount of electrochemically active material deposited after each functionalization cycle. A linear 

dependence of this charge on the number of functionalization cycles was obtained (inset in Fig. 6). This 

correlation indicates that the electroactive component integrated in the LbL assembly is 

electrochemically connected within the films, which is not necessarily valid for all the LbL assemblies 

with non-electroactive counterparts.55 Thus, it is possible the functional integration of the electroactive 

block in the composite films by this simple nanoarchitectonic approach. 

Figure 6. Voltammetric response of the LbL assemblies of Au/PEI/Pani-PSS/(PAH-ZIF-8/Pani-PSS)n 
(n=0 red, n=1 green, n=2 blue), at v=0.2 Vs-1 in 0.1 M KCl. Integrated voltammetric charges of the 
cathodic peak of the conducting polymer at about 0.1 V as a function of the number of Pani-PSS layers 
is depicted in the inset. 

Then, the evaluation was focus on the functional response of the MOFs integrated within the films. As 

previously demonstrated, the integration of ZIF-8 on electrosynthesized conducting polymers yields an 

increment of the ORR current as a consequence on the local preconcentration of O2 in the MOF 

material. Thus, to evaluate the enhancement of the ORR current by the presence of the ZIF-8 

nanocrystals, cyclic voltammetry in air-saturated solutions after different functionalization steps was 

performed between 0.5 and -0.6V (Fig. 7). For comparison, the voltammetric results for the assembly 

with PAH without ZIF-8 was also carried out. By analysing the cathodic current after different 
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deposition steps for both assemblies, it is possible to conclude that the incorporation of ZIF-8 

nanocrystals leads to an enhancement of the ORR, whereas it is reduced in the assembly without the 

MOF. In order to quantify this effect, the integrated charge of the ORR voltammetric wave was 

computed as a function of the functionalization steps. These values are presented in Fig. 8, where an 

increment of the ORR after depositing any ZIF-8 containing layer is observed. Moreover, the charge 

due to the ORR increases as the amount of the deposited material increases. These results prove the 

functional integration of the ZIF-8 nanocrystals by the LbL approach. In contrast, control experiments 

performed on  the films produced by bulk casting of the aggregates formed by direct mixture of Pani-

PSS and PAH-ZIF-8 dispersions a less efficient electrocatalytic behaviour in terms of the ORR 

performance (see ESI), thus suggesting that the LbL integration approach becomes essential for 

optimizing the functional properties of the nanocomposite material in terms of the electrocatalytic 

response.  

Figure 7. Cyclic voltammograms at 10 mV s-1 in the ORR region in air-saturated 0.1 M KCl solution of 
Au electrodes after different stages of functionalization of the LbL assemblies: (a) Pani-PSS (-) / PAH-
ZIF-8 (+); (b) Pani-PSS (-) / PAH (+). 

A direct comparison between our results and previous results from the literature is not trivial. The main 

reason is that most of previous results on the oxygen reduction reaction on conducting polymer 

electrodes were performed in either acidic or alkaline media, whereas our experiments were performed 

in neutral conditions. In this regard, Kumar and Chen66 reported the electrocatalytic reduction of 

oxygen at conducting polymer-modified glassy carbon electrodes under neutral conditions. These 

authors reported an oxygen electroreduction current density of 28 A/cm2 at 0.6 V. Taking as a 

reference point these results from Kumar and Ashok, we observe that our LbL nanoarchitected 
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electrodes exhibit a better electrocatalytic efficiency provided that under the same polarization 

conditions they reach values display larger electrocatalytic currents, 100 A/cm2.

Figure 8. Integrated charge of the cathodic waves for different functionalization stages in Fig. 7.

Conclusions

The spontaneous, layer-by-layer self-assembly of conducting polymer-MOF particle nanostructured 

films, reported here, exemplifies well our proposed nanoarchitectonic approach to advanced 

electrocatalytic electrodes surfaces. This work demonstrates the viability to fabricate Pani-PSS)/ ZIF-8 

MOF nanocrystals (PAH-ZIF-8) composite thin films via layer-by-layer assembly for ORR 

electrocatalysis. The purpose of this study was to demonstrate that the synergy between the 

electroactivity provided by Pani and the high surface area and porosity of ZIF-8 MOF nanocrystals is a 

key element to obtain nanocomposite electrode surfaces with enhanced ORR characteristics. 

Considering the simplicity of our approach, combined with the electrocatalytic properties found for 

LbL electrodes, we believe we have demonstrated a potent alternative in fabricating MOF-based 

electrocatalytic surfaces. Currently, we are exploring and fine-tuning critical features, such as improved 

electron transfer properties and optimized MOF loading, within LbL nanoconstructs.
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