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Abstract:

 Low energy X-ray fluorescence (XRF) and soft X-ray absorption (XAS) microspectroscopies at high space-resolution are employed for the investigation of the coelectrodeposition of composites consisting of a polypyrrole(PPy)-matrix and Mn-based ternary dispersoids, that have been proposed as promising electrocatalysts for oxygen-reduction electrodes. Specifically, we studied Mn–Co–Cu/PP, Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy co-electrodeposits. The Mn–Co–Cu system features the best ORR electrocatalytic activity in terms of electron transfer number, onset potential, half-wave potential and current density. XRF maps and micro-XAS spectra yield compositional and chemical state distributions, contributing unique molecular-level information on the pulse-plating processes. Mn, Ni, Co and Mg exhibit a bimodal distribution consisting of mesoscopic aggregates of micrometric globuli, separated by polymer-rich ridges. Within this common qualitative scenario, the individual systems exhibit quantitatively different chemical distribution patterns, resulting from specific electrokinetic and electrosorption properties of the single components. The electrodeposits consist of Mn3+,4+-oxide particles, accompanied by combinations of Co0/Co2+, Ni0/Ni2+ and Cu0,+/Cu2+ resulting from the alternance of cathodic and anodic pulses. The formation of highly electroactive Mn3+,4+ in the as-fabricated material is a specific feature of the ternary systems, deriving from synergistic stabilisation brought about by two types of bivalent dopants as well as by galvanic contact to elemental metal; this result represents a considerable improvement in material quality with respect to previously studied Mn/PPy and Mn-based/PPy binaries.
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1. Introduction

The synthesis of nanoparticulate polymer-matrix composites has been the object of active investigation for over two decades and several diverse applications are being proposed, among which electrocatalysis (e.g., [1]) and batteries (e.g., [2]) are prominent fields. Electrochemical methods offer the possibility of performing this type of composite synthesis in a variety of modes, also allowing template-free nanostructuring and surfactantless, in situ nanoparticle synthesis. Moreover, the possibility of growing films rather than powders, as in the chemical polymerization approach, allows better morphological and chemical control, with the possibility of producing high-purity materials. In particular, metal/conductive polymer (M/CP) nanocomposites can be electrodeposited by three main approaches: (i) polymer electrodeposition from a bath containing both monomer and metal ions; (ii) electrodeposition of the pure polymer, followed by metal electroplating; (iii) incorporation of independently synthesized nanoparticles during electropolymerization.

In this work, we shall concentrate on the first approach—that for simplicity we shall denominate coelectrodeposition (CECD), giving rise either to the direct deposition of the metal particles onto the growing polymer layer (a typical example is e.g., [3]) or to the entrapment of—typically anionic, (exclusively anionic in the case of pure PPy)—metal complexes that yield metal particles during a subsequent reduction step (e.g., [4]). It has been recently demonstrated that suitable co-polymers of PPy, such as PPy-PSS (Polystyrene sulphonate), can capture cations [5]. Both variants of CECD are expected to result in a 3D, ideally homogeneous, dispersion of metal particles in the polymeric matrix. It should be noted that the electroreduction of metal ions does not exclusively result in crystallization, but can also yield the chemical stabilization of metal species within the polymer layer [6,7], such as the interaction of partially reduced metal ions, e.g., Cuδ+ or Auδ+, to specific (typically N or S) sites of the polymer chains, giving rise to the formation of metal/polymer complexes. It is also worth noting that recently, exclusively cathodic processes have been demonstrated for the CECD of metal/polypyrrole (M/PPy) systems (Sn/PPy [8], Ni(OH)2/PPy [9]). In fact, it is possible to generate cathodically compounds that are able to polymerize pyrrole; specifically, cathodic polymerization of PPy has been used to grow pure polymer nanowire films [10], opening up new opportunities for nanostructuring [2,11].

Key mechnicistic aspects of coelectrodeposition: The doping/dedoping transition—A crucial aspect of composite plating of metals and CPs is that the latter materials are generally doped and conducting under anodic conditions (both during electropolymerization and in contact with electrolytes containing doping anions), while under the cathodic polarization typical of metal electrodeposition they de-dope and become insulating. This metal-to-insulator transition is commonly explained in terms of percolation between electronically conducting islands embedded in an amorphous non-conducting matrix. Such a transition depends on polymer properties, among which the most significant ones seem to be: type of counter-ion, doping level and degree of structural disorder. These processes can be rationalized effectively within the semi-empirical framework of the Electrochemically Stimulated Conformational Relaxation (ESCR) model proposed in [12] and references therein; briefly: anodic polarization of a PPy film generates localized radical cations along the polymeric chains, resulting in electrostatically driven conformational changes associated with an increase of free volume. In order to ensure electroneutrality, anions are attracted into the polymeric network and their penetration is favored by the matrix expansion. When, instead, a cathodic polarization is applied, the polymer expels the anions and the film shrinks, eventually becoming closed and trapping the counterions that stabilize the charge carriers of the polymer backbone. Of course, de-doping kinetics depends on the instantaneous diffusion coefficient that, in turn, depends on the instantaneous degree of shrinking. According to this mechanism, in principle, the choice of appropriate cathodic conditions and accurate consideration of the capacitive transients, allow to apply the reducing conditions in such a way that the required amount of metal can be plated before the de-doping transient is completed. Moreover, the progressive change of CP electronic conductivity taking place during transient de-doping can be exploited to control the relative nucleation and growth processes, offering an additional handle for particle morphology tailoring [13]. Moreover, it has been shown that deep reduction of PPy can result in the stabilization of the conductivity, probably owing to enhanced trapping of counterions by structural shrinking and closure [14]: this finding has been used for the metallization of such deeply reduced PPy substrates, but in principle it could also find applications in CECD.

Since non-noble metals of technological interest, such as: Co, Ni, Fe, Cu, and Zn tend to become oxidized during the polymerization period, metal oxidation during the anodic processing step—in dependence on the details of electrochemical program and electrolyte chemistry—can have either beneficial or detrimental effects. The former case corresponds generally to the growth of oxides of potential functional interest, e.g., in catalysis [13,15] or corrosion protection, the latter instead to the redissolution of the metal or to the formation of inactive solid species such as hydroxides or basic salts.

Effect of PPy conductivity on metal electroreduction/metal structure and morphology—So far we have highlighted the impact of CP electronic conductivity on the CECD of M/CPs, this aspect is, however, only one of the CP characteristics that is important for metal particle deposition. In fact, in the case of a highly electronically conductive, oxidized and pinhole-free CP layer, metal electrodeposition preferentially occurs at the polymer surface. Nevertheless, in the case of a partially de-doped polymer layer, the CP porous structure and geometrical defectivity, determining ion transport into the bulk of the polymer layer down to the underlying metal electrode surface, will control the metal electrodeposition step, as clearly pinpointed in [16]. In fact, the structure of electrodeposited M/CP composites—and in particular the morphology and space distribution of the metallic components—is the result of the competition between the reduction of metal ions on the surface or inside the polymer layer, on the one hand, and on the underlying metal surface on the other hand.

Electrical parameters of coelectrodeposition—As hinted at above, typically, polymer electrodeposition is performed under anodic conditions and metal deposition under cathodic ones. In the case of metal oxide electrodeposition, in principle the process can be carried out under either cathodic or anodic conditions. In the most general case, however, M/PC CECD implies the alternation of anodic and cathodic periods that can be applied by several methods, the most straightforward of which are cyclic voltammetry (CV) and reverse pulse-plating (RPP). The CV method is less flexible in the choice of operating parameters, being constrained by sequential access to a range of potentials defined by fixing the terminal ones—typically dictated by the stability of the composite components; once these values have been chosen, the scan rate is the only residual variable. The RPP method, instead, offers a broader range of free deposition parameters and allows the selection of individual potentials or current densities, in combination with fast switching between couples of different, independently optimized plating conditions; in particular RPP gives the possibility of tuning separately the amounts of polymer and metal deposited at each cycle. Moreover, better control over mass-transport conditions is possible thanks to the possibility of defining a pulsating compositional double layer and of relaxing the double layer with zero-current periods. It is worth noting that, in the limit of long deposition periods at a given potential, multilayer M/PPy can be deposited [17]. For an insightful understanding of RPP in M/CP CECD, one should take into account that the current associated with each potential step contains both capacitive and faradaic contributions. At the beginning of the CECD process, the capacitive contribution is exclusively related to the electric double layer charging at the bare electrode surface. However, during the growth of the electroactive composite, a time-dependent pseudocapacitive component develops, due to the variation of the oxidation level of both the polymeric and oxidized metallic materials. As far as the choice of electrical control is concerned, potentiostatic experiments (under the simplifying hypothesis of a constant electroactive area) run at constant overvoltage, facilitating secondary nucleation and typically resulting in tendentially monodisperse metal particles of a single morphology. To the contrary, galvanostatic control intrinsically implies a varying local overvoltage, generally giving rise to a variety of particle sizes and growth shapes.

Experimental methods used for the study of CECD processes and co-electrodeposited materials—A host of analytical methods can be used for the investigation of coelectrodeposited composites, in the following we list them for reference and comparison with the approach proposed in the present paper. In this section we omit details on classical morphological (SEM, TEM), structural (XRD, SAED) and electrochemical (CV, LSV, chronocoulometry) methods as well as on dedicated functional characterizations and rather concentrate on methods that have been chosen specifically for the study of the intrinsic properties of pure PPy films and PPy-matrix composites. (i) AES with depth profiling for the assessment of particle localization within the CP matrix [18]; (ii) AFM for the quantification of homogeneity, grain size and surface roughness (in situ Au/PPy [19]); (iii) DTA and TGA for thermal stability analyses [20]; (iv) EPR for studies of polaronic conduction mechanisms [21] and electronic interactions bewteen PPy matrix and oxide dispersoids [22]; (v) EQCM for the in situ monitoring of electropolymerization and composite electrodeposition processes [23] and for the study of ion fluxes into and out of electropolymerized films [5,24,25]; (vi) ERS [26,27] and spectroellipsometry [28] for the definition of charge-transfer processes during both electropolymerization and electrocatalysis; (vii) FTIR and Raman, for the investigation of the interaction between PPy matrix and oxide particles (FTIR Fe2O3 [20], FTIR TiO2 [29], FTIR Fe–Co/PPy [30], ATR-IR Cu basic salts [5], Raman Fe3O4 [31], Raman SnO2 [2]); (viii) ICP-AES for the analysis of the metal content in PPy-matrix composites (Sn [2]); (ix) NEXAFS [32] for a detailed study of charge transfer between Co and PPy; (x) Solid state electrochemical impedance for the differential evaluation of the electrical resistance of films [31]; (xi) UV spectroscopy was used for the study of the electronic structure of PPy and of the way the presence of particles modifies it [33]; (xii) XPS with depth profiling revealed the chemical state of inorganic dispersoid (Fe in prussian blue/PPy CECD [34], Sn in SnO2/PPy [10], Cu and S in Cux(OH)y(SO4)z [5], Cu and N in SO4–Cu/PPy [35], Pt and Ru [4]) and allowed the assessment of the chemical interaction of the dispersoid with the matrix (chiefly by N 1s spectroscopy [5,10,35]).

Literature on coelectrodeposition—In the otherwise vast literature on the electrodeposition of M/CP composites, only a comparatively limited number of papers deals with CECD in the strict sense. M/CP CECD can be classified into two main categories, according to the nature and chemical state of the metal component: (i) noble metals; (ii) reactive metals and oxides. In the following, we shall briefly review the M/PPy systems that are directly relevant to the present work. We emphasize that the specific focus of the present paper is on type (ii) systems, since our aim is to coelectrodeposit reactive metals, that either in their elemental or oxide forms are expected to be efficient ORR electrocatalysis in alkaline environments. Thus, below, we report a list of M/PPy composites grown by CECD. (i) Noble metals—(i.a) Au/PPy: a peculiar RPP waveform was proposed in [3], combining the effects of pulse-plating with deposition interruption and polarization reversal for CECD. In fact, CECD leads to improved layer smoothness and homogeneity as well as finer Au grains in comparison with DC plating of similar materials. (i.b) Pt/PPy: sandwich composites, consisting of multiple electrodeposited PPy and Pt layers have been studied in [17]. (i.c) The growth of Ir, Pd, Pt and Ru/PPy composites has been described in [4], as obtained by polymerization in the presence of anionic Pt-group complexes that were reduced in a post-treatment, applied after completion of the polymer growth phase. This approach is not strictly CECD in the sense defined above, but it is closely related to it in that a single bath containing both pyrrole and a metal salt was employed. (ii) Reactive metals—(ii.a) Co/PPy: the synthesis from a single Co-pyrrole bath by two-step anodic-cathodic polarization is reported in [32]; CECD from an acetonitrile bath for the fabrication of ORR electrocatalysis is expounded in [36]; in [37] the same system has been studied by applying a complex anodic-cathodic pulse sequence: this work is chiefly focused on Co/PPy composites, but some results are also reported on Mn/PPy and Fe/PPy; (ii.b) PPy/SO4–Cu [35] CECD has also been regarded as an improvement of two-step processes, able to yield finer dispersions of Cu without pore-clogging. (ii.c) Fe/PPy: grown by potentiostatic RPP has been shown to allow the combination of the peculiar magnetic properties of matrix and dispersoid [38]. (ii.d) Ni/PPy: RPP, with a detailed analysis of the impact of pulse parameters on composite film properties, has been studied in [39]. To the best of the authors’ knowledge, the only papers published so far on alloy/PPy CECD are [30,40,41]. In [30] CECD of Fe–Co/PPy is reported as a fabrication route for composite coaxial nanowires; these materials, that exhibit interesting magnetic properties, have been electrodeposited from an aqueous sulphate solution into appropriate templates, by employing sinusoidal AC at 50 Hz with an amplitude 13.3 V. From the point of view of the CECD mechanism, the authors claim that the coaxial structure is the result of enhanced PPy nucleation at the template surface. CECD of Mn–Co/PPy, in conjunction with in situ by XRF mapping and micro-XAS spectroscopy, is described in [40]. A detailed space-resolved XRF study of Mn–Cu–Mg/PPy composites is illustrated in [41], accompanied by mathematical modelling of the experimentally observed electrodeposition patterns. By inspection of the relevant literature, one can conclude that—not only in the specific field of CECD, but more in general in M/CP electrodeposition—despite numerous studies and persistent research interest, most of the works describe the relevant process with a multiplicity of phenomenological approaches often with ill-specified characteristics, thus providing a poor basis for comparison among the results of different investigations. It is the authors’ opinion that it is currently difficult to gain a general understanding and consequently of controlling the characteristics of the composites, especially in terms of composition, chemical state, number, size, and spatial distribution of the electrodeposited metal crystals. We therefore reckon that the systematic use of complementary multitechnique ex situ [41], quasi in situ [15] and in situ [42] microspectroscopic tools is required for next generation studies of these systems.

In the present paper, we have concentrated on electrochemical fabrication of ternary, Mn-based composites for alkaline ORR electrocatalysts. The background to this study is the replacement of expensive and scarce platinum by non-noble metals for the catalysis of the oxygen reduction reaction (ORR). ORR in alkaline media is a fundamental cathodic reaction in polymer membrane electrolyte fuel cells and metal–air batteries [43]. Among the different materials proposed, a highly attractive class of electrocatalysts is the non-precious metal/polypyrrole system (e.g., [15,41,42,44,45] and references therein). Polypyrrole is an excellent matrix for ORR catalysts for several reasons: (i) its relatively high nitrogen content, that allows the formation of ORR active Me-N sites within the intact polymer structure; (ii) reasonable environmental stability and relatively good robustness with respect to peroxide attack; (iii) high electrical conductivity [46]; (iv) optimal adhesion of catalyitic oxides [47]. These aspects are key to ensuring ORR-active and stable triple phase boundaries with optimal electrical contact to the electronically nonconductive metal oxide catalyst particles. Moreover, polypyrrole offers the advantage of an easy chemical [48] or electrochemical [49] synthesis. We selected Mn-based materials because of their well-known properties as an ORR electrocatalyst for alkaline systems [50,51,52]: high catalytic activity with the capability to decomposing hydrogen peroxide, environmental compatibility and low cost. Our choice of ternary systems intends to address two mechanisms of electrocatalytic enhancement: (i) stabilization of the Mn-based oxygen mediator species by doping with Co, Mg, and Ni; (ii) achievement of dual-function behavior by dispersing metallic nanoparticles. Doping with low-valent elements such as Co, Mg, and Ni has been reported to enhance the catalytic activity of MnOx toward ORR [53,54]. On the one hand, Mn4+ and Mn3+ species are regarded as oxygen mediators for oxygen reduction in the 4-electron pathway and their coexistence—that has been shown to be favored by doping with divalent cations—is believed to assist the charge transfer to molecular oxygen and thus facilitate the ORR [54]. On the other hand, combining metal nanoparticles with MnO2 has been reported to favor the 4-electron pathway as well as the peroxide scavenging action [55].

The synthesis of Mn–Co–Cu/PPy, Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy composites was performed by anodic-cathodic pulse-plating from an acetonitrile bath. During the anodic pulse the electropolymerization takes place together with the insertion of Mn2+ coordinated by pyrrolic nitrogen and the anodic oxidative deposition of Mn3+, Mn4+ oxide, while the cathodic pulse potentially precipitates metallic and colloidal manganese hydroxide nanoparticles onto the undoped polymer. The morphochemical properties of the composite electrocatalyst resulting from electrochemical deposition were assessed by soft X-ray fluorescence and absorption microspectroscopy.



2. Results and Discussion

The three investigated types of composites exhibit characteristic STXM morphologies (Figure 1), resulting from the electrokinetic details of the single electrodeposition systems (see, e.g., [40,41]), an insightful determination of which is beyond the scope of the present paper. STXM images bear absorption contrast information from the whole thickness of the sample, convolving—according to the Beer-Lambert law—local optical path and compositional information. From soft X-ray absorption it is possible to estimate that the thicknesses of our samples vary in the range 100 ÷ 400 nm. Mn–Co–Cu/PPy (Panel A) exhibits a homogeneous surface with mesoscopic globuli; Mn–Co–Mg/PPy (Panel B) shows a combination of micrometric polymer flakes with micrometric globular structures and Mn–Ni–Mg/PPy (Panel C) features mesoscopic patches. All the investigated materials consist of approximately monodisperse isolated polymer-rich islands, the dimensions of which are smallest in Mn–Co–Mn/PPy (ca. 3 μm), intermediate in Mn–Co–Cu/PPy (ca. 7 μm) and largest in Mn–Ni–Mg/PPy (ca. 10 μm).

Figure 1. STXM images of electrodeposited Mn-based/PPy composites: (A) Mn–Co–Cu/PPy (energy: 1 keV, step size: top 1 μm, bottom 0.3 μm); (B) Mn–Co–Mg/PPy (energy: 1.4 keV, step size: top 1 μm, bottom 0.3 μm); (C) Mn–Ni–Mg/PPy (energy: 1.4 keV, step size: top 1 μm, bottom 0.3 μm).
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2.1. ORR Electrocatalytic Activity

The electrocatalytic activity towards ORR of Mn–Co–Cu/PPy, Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy electrodeposited composites was investigated by determining the quasi-steady-state voltammograms at a scanning rate of 5 mV s−1 in O2-saturated 0.1 KOH aqueous solutions at different RDE rotation speeds (Panels A, B and C of Figure 2). The apparent key electrocatalytic parameters (ORR current density, onset potential and half-wave potential) are reported in Table 1.

Figure 2. (A,B,C) RDE voltammograms recorded with Mn–Co–Cu/PPy, Mn–Ni–Mg/PPy and Mn–Co–Mg/PPy electrocatalysts in N2- and O2-saturated 0.1 KOH solution at 5 mV s−1 and different RDE rotation rates (see Panel A). (D,E,F) Corresponding Koutecky-Levich plots at the indicated electrode potentials. (G,H,I) Tafel plots from ORR cyclovoltammetric curves recorded at 1400 rpm.
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Table 1. ORR electrocatalytic parameters for Mn–X–Y/PPy composites from voltammograms recorded in 0.1 M KOH with an RDE at 1400 rpm.


	Electrocatalyst
	E1/2/V
	Eonset/V
	J at 0.3 V/mA cm−2
	JL/mA cm−2





	Mn–Co–Cu/PPy
	−0.22
	−0.122
	−2.23
	−2.87



	Mn–Ni–Mg/PPy
	−0.34
	−0.237
	−0.213
	−0.74



	Mn–Co–Mg/PPy
	−0.28
	−0.148
	−0.75
	−1.2












The electrocatalytic parameters are optimal for the Mn–Co–Cu/PPy electrodes, while they drastically decrease when cobalt is not present in the catalyst (Mn–Ni–Mg/PPy).

The electron transfer number (n) was determined by using the Koutecky-Levich equations [56]:
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(1)
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(2)




where JK is the kinetic current density, JL the diffusion-limiting current density, J the measured current density, B the reciprocal of the slope, ϖ the angular velocity of the disk (ϖ = 2πN with N the linear rotation speed), F the Faraday constant, Co the saturated concentration of O2 in 0.1 M KOH at room temperature (1.2 × 10−6 mol cm−3), Do the diffusion coefficient of oxygen in water (1.73 × 10−5 cm2 s−1) and ν the kinematic viscosity of the solution at room temperature (0.01 cm2 s−1) [57].
The Koutecky-Levich plots for the Mn–Co–Cu/PPy, Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy electrocatalysts are reported in Panels D, E, and F of Figure 2, respectively. The slopes of their semilogarithmic fit lines were used to estimate the number of electrons transferred (n) according to Equation (2), at different electrode potentials. The value of n gradually increases with the increase of the cathodic potential, indicating that the fraction of HO2− produced at low overpotentials subsequently reduces to OH− at more negative potentials. The Mn–Co–Cu/PPy sample favours the 4e− oxygen reduction process (O2 is directly reduced to OH−) in agreement with literature on Mn–Co–Cu oxides [58] and similarly to commercial Pt/C catalyst in the same 0.1M KOH electrolyte [59]. On Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy samples, instead, the O2 reduction follows a combination of 2e− (reduction of O2 to HO2−) and 4e− reactions. The comparison in terms of charge-transfer kinetics is better highlighted in the mass-transport corrected Tafel plots of Figure 2 Panels G, H and I, where kinetic current JK is estimated according to 1/J = 1/JL + 1/JK. For the Mn–Co–Cu/PPy sample, two Tafel regions with slopes of 95.6 and 149.7 mV dec−1 can be observed at low and high overpotentials, respectively. This slope variation is generally attributed to the modifications in the surface coverage with adsorbed oxygen [60,61]. According to these results, the combination of Mn, Co and Cu dispersoids into PPy using the electrodeposition protocol described in this paper, results in the best electrocatalytic activity towards ORR. Of course the ORR efficiency depends not only on the nature of the metals, but it is a system property [58]. Since as-formed PPy is ORR inactive [37], the knowledge of the metal chemical state inside the polymeric matrix and its correlation with the electrodeposition parameters is key to optimising the synthesis process towards more efficient electrocatalysts.



2.2. Characterization of Ternary Mn-Based/PPy Electrodeposited Composites by Low Energy X-ray Fluorescence Microspectroscopy

We recorded XRF maps of electrodeposited Mn–Co–Cu/PPy, Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy composites (Figure 3, Figure 4 and Figure 5) in representative positions, i.e., in locations of the samples that exhibit a class of morphochemistries that has been assessed to be typical on the basis of series of STXM micrographs acquired at different energies across the relevant absorption edges as well as XRF maps. Moreover, we have selected two magnifications that allow to capture effectively: (i) the microscopic patterns that are typical of pristine conditions (with a spot size of 1 μm in diameter) and (ii) the mesoscopic morphochemical features that develop as a result of ageing (with a spot size of 300 nm in diameter, a good compromise between spatial resolution and significant XRF signal).

Figure 3. XRF maps of electrodeposited Mn–Co–Cu/PPy composites (energy: 1 keV, step size: top 1 μm, bottom 0.3 μm): (A) Mn; (B) Co; (C) Cu.
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Figure 4. XRF maps of electrodeposited Mn–Co–Mg/PPy composites (energy: 1.4 keV, step size: top 1 μm, bottom 0.3 μm): (A) Mn; (B) Co; (C) Mg.
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Figure 5. XRF maps of electrodeposited Mn–Ni–Mg/PPy composites (energy: 1.4 keV, step size: top 1 μm, bottom 0.3 μm): (A) Mn; (B) Ni; (C) Mg.
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All the investigated materials exhibit common qualitative aspects: (i) the elemental distribution is approximately bimodal, characterized by mesoscopic clusters of micrometric granuli, separated by polymer ridges (showing higher absorption in STXM images in conjunction with lower metal content in XRF maps); (ii) the elements are co-localized in our electrochemically grown composites with the exception of Cu. In fact, Cu is the most electroactive species in our electrodeposition baths and deposits predominantly in a reduced form (see Section 2.3), exhibiting a codeposition behavior that is less coupled to that of the other metallic elements. Besides these common features, the individual materials are characterized by typical subpatterns consisting of aligned assemblies of micrometric grains. These patterns, as well as the morphochemically decoupled behavior of Cu, can be interpreted in terms of a dynamical electrodeposition model, recently developed by some of the authors [62,63] and validated experimentally with XRF maps [41]: a systematic analysis of this topic will be the object of a dedicated paper, but we can anticipate that it is possible to find a set of parameters within the Turing-Hopf region in which the observed patterns can be reconstructed theoretically.



2.3. Characterization of Ternary Mn-based/PPy Electrodeposited Composites by Soft X-ray Micro-XAS Spectroscopy

We measured micro-XAS spectra at the Mn L-edge (Figure 6) as well as at the Co, Cu and Ni L-edges (Figure 7) from Mn–Co–Cu/PPy, Mn–Co–Mg/PPy and Mn–Ni–Mg/PPy electrodeposits in sets of representative positions within the areas of the XRF maps reported in Figure 3, Figure 4 and Figure 5and expounded in Section 2.2. Unfortunately, the C absorption edge is not accessible at TwinMic while the quality of XAS spectra at Mg K-edge was not good enough to provide useful spectroscopic information. This is due to the fact that, in order to have a suitable energy resolution, small exit slits are needed, that end up reducing the flux of the beam by two orders of magnitude and therefore strongly degrade the signal to noise ratio of the absorption spectra. Unless otherwise stated, the reported micro-XAS are the result of averaging five to eight normalized spectra, recorded in different positions with a spot size of around 1 μm. Apart from peculiar cases, that will be pointed out explicitly, in the different sample locations we examined, the spectra turned out to be identical in shape even though different in intensity, of course owing to the presence of different amounts of material as a result of electrochemical pattern formation. Mn spectra (Figure 6) show that the three composites contain Mn essentially in the same chemical form: Mn3+ is the dominating species, while variable amounts of Mn4+ are found in the single ternary systems and occasionally (see below) in different points of their surface. In particular, the Mg-containing materials (Spectra B and C) feature a homogeneous chemical state content with the same amount of Mn4+, while Mn–Co–Cu exhibits the presence of two types of sites: Cu-richer areas correlate with higher amounts of Mn4+ (A, red curve), probably because galvanic coupling to reduced Cu favors the more oxidized form of Mn. Thus, the main differences in ORR activities observed in Section 2.1 can be related to the chemical nature and distribution of the other metals (Co, Ni, Mg) in the Mn/PPy composite.

Figure 6. Micro-XAS at the Mn L-edge of electrodeposited Mn-based/PPy composites: (A) Mn–Co–Cu/PPy (red plot: high-Cu zones); (B) Mn–Co–Mg/PPy; (C) Mn–Ni–Mg/PPy.
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Figure 7. Micro-XAS of electrodeposited Mn-based/PPy composites: (A) Co L-edge (black plot: Mn–Co–Cu/PPy, red plot: Mn–Co–Mg/PPy); (B) Ni L-edge (Mn–Ni–Mg/PPy. Red plot: high-Ni zones); (C) Cu L-edge (Mn–Co–Cu/PPy).
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The predominance of Mn3+ and Mn4+ in the materials grown in this study is a notable result, because in the ternary systems the CECD process yields directly Mn in its most electrocatalytically active form, while in Mn/PPy and binary Mn-based/PPy materials, non-electrocatalytic forms dominate—Mn0/Mn2+in situ and Mn2+ after exposure to ambient air [40]—and can be converted to a mixture of Mn3+ and Mn4+ only by thermal or electrochemical post-treatments. The stabilization of higher-valent Mn by doping with two-valent cations is expected on the basis of [53,54] and results to be more effective in the case of co-doping in ternary systems rather than by simple doping with a single species; moreover, galvanic coupling provided by Cu0 turns out to be even more effective in stabilizing the 4-valent form [55].



Panel A of Figure 7 reports the Co L-edge spectra obtained by averaging several micro-XAS measured in a range of locations of the surface of Mn–Co–Cu/PPy and Mn–Co–Mg/PPy electrodeposits, and shows that a mixture of Co0 and Co2+ forms, coherently with our results on Co/PPy [15,42] and Mn–Co/PPy [40]. The presence of both valences results from the fact that this element is incorporated into the composite by both electrodeposition and electroprecipitation processes taking place during the cathodic and anodic pulse-plating branches, respectively. Similarly to the Co-containing electrodeposits, Mn–Ni–Mg/PPy shows a mixture of Ni0 and Ni2+ (Figure 7, Panel B). Instead, at variance with Co—the chemical state distribution of which is more homogeneous—micro-XAS at the Ni L-edge shows that the sites exhibiting a higher Ni content also tend to have a higher amount of Ni0, coherently with the correlation between chemical state and amount of the electrodeposited metallic component pinpointed in [42]. As far as Cu is concerned (Figure 7, Panel C), in the Mn–Co–Cu/PPy composite two states are found: the one at lower photon energy (ca. 931.1 eV) can be unambiguously attributed to Cu2+ while that at higher energy (ca. 934.3 eV) corresponds to a reduced form, either Cu0 or Cu+: we can thus conclude that Cu is incorporated in our electrodeposits both as a two-valent dopant and in an electroreduced form generated during the cathodic pulse. By considering that Co L-edge spectra (Figure 7) in several areas of the electrodes show the same chemical distribution in Mn–Co–Cu/PPy and Mn–Co–Mg/PPy, the best ORR activity observed of Mn–Co–Cu/PPy can be correlated to the presence of copper instead of magnesium. It was recently reported that excellent ORR performance in Cu2+-containing catalyst can be related to the imperfections in Cu2+ active site configuration induced by adjacent Cu0/Cu+ and nitrogen ligands that provide an optimal environment for electronic bonding of O2 to Cu2+ ions [64].




3. Experimental Section


3.1. Materials and Electrodes

Acetonitrile, MnCl2·6H2O, CoCl2·6H2O, NiCl2·6H2O, CuCl2·2H2O, MgCl2·6H2O and pyrrole were supplied by Aldrich (Sigma Aldrich S.R.L., Milano, Italy). Before each PPy electrodeposition experiment, the pyrrole monomer was distilled under rotary pump vacuum several times (typically three) until it became colorless. All the solutions were prepared with ultrapure water from a MilliQ system (Millipore, Vimodrone (MI), Italy), exhibiting a resistivity of 18.2 MΩ cm. Electrodeposition and electrochemical measurements were performed using a classical three-electrode cell, with the working electrode held in a hanging-meniscus configuration, a Pt wire spiral (5 cm2) as counter electrode (CE) and an aqueous silver/silver chloride (Ag/AgCl/3M: 0.209 V/NHE) as reference electrode (RE), connected to the solution by a salt bridge. In electrochemical measurements involving the acetonitrile bath, the liquid junction potential between aqueous and non-aqueous solutions has been checked to be negligible. Nitrogen (SIAD 0.6, SIAD, Bergamo, Italy) was bubbled for 20 min into the solution before every electrochemical measurement. Electrodeposition was performed under a N2 blanket. Au TEM grids (Assing, Monterotondo (Roma), Italy) have been used as support to investigate in detail the electrochemistry and composition of the electrodeposited material by Soft X-ray absorption spectroscopy (XAS) and X-ray Fluorescence (XRF) mapping.



3.2. Coelectrodeposition (CECD) Process

The CECD of Mn–Co–Cu, Mn–Co–Mg and Mn–Ni–Mg with PPy has been performed in de-aerated acetonitrile solutions containing 0.1 M pyrrole, 1% v/v H2O, 0.1 M Tetra-Butyl Ammonium Perchlorate supporting electrolyte, 0.017 M MnCl2 and the appropriate combinations of 0.017 M XCl2 (X = Co or Ni) and 0.017 M YCl2 (Y = Mg, Cu). The electrodeposition protocol was a modification of the step pulsed potential method originally proposed in [37] and revised in [15,44], consisting in an initial step at 0 V for 1 s (#1), a subsequent anodic pulse at +1.2 V for 0.5 s (#2), a cathodic step at −1.8 V for 0.5 s (#3) and a final anodic step at +1.2 V for 0.2 s (#4). The potential values have been selected according to the approach discussed in [40,41]. The rationale of this type of cycles is: (i) to grow a composite consisting in principle of two constituents that are formed anodically (PPy, Mn3+,4+) and cathodically (M0) and (ii) to avoid the build-up of large monomer concentration gradients at the electrode/electrolyte interface during electropolymerization on the one hand and to reduce the stripping of metal particles during the anodic pulses on the other hand. The initial step #1 does not lead to faradaic reactions, but it is required to relax the compositional double-layer. After this relaxation step, an anodic layer of Mn3+,4+/PPy is electrodeposited during the first anodic pulse #2. As a result of the subsequent cathodic pulse #3, reduced metal species can in principle be incorporated into PPy and in the final anodic step of each cycle #4, another layer of Mn3+,4+/PPy is expected to be deposited. The metal EDS compositions, averaged over areas of 100 × 100 μm2, are: (i) Mn–Co–Cu/PPy, Co 24 ± 3 at. %, Cu 14 ± 5 at. % (balance Mn); (ii) Mn–Co–Mg/PPy, Co 31 ± 5 at. %, Mg 12 ± 4 at. % (balance Mn); (iii) Mn–Ni–Mg/PPy, Co 26 ± 3 at. %, Mg 16 ± 3 at. % (balance Mn).



3.3. ORR Electrocatalytic Activity Evaluation

The electrocatalytic activity of Mn–X–Y/PPy (X = Co, Ni; Y = Mg, Cu) catalysts towards ORR was evaluated by linear sweep voltammetric measurements in O2-saturated (SIAD 6.0) 0.1 M KOH electrolyte under quasi-steady-state conditions (5 mV s−1) at different disc electrode (RDE) rotation speeds. Glassy carbon electrodes with Mn–X–Y/PPy electrodeposit (for details on electrodeposition see Section 3.2) were mounted in a Rotating Disk Electrode System (Parstat Model 2273, Photo Analytical S.R.L., Settala (MI), Italy). The same electrochemical experiments were duplicated with solutions that had been de-oxygenated by N2 saturation. O2 was bubbled for 20 min into the solution before the measurements and an O2 blanket was maintained above the electrolyte during voltammetry. The current density values were depurated from the N2 current contribution before the estimation of electron transfer numbers and Tafel slopes.



3.4. Soft X-ray Absorption and Fluorescence Mapping

Soft X-ray transmission microscopy (STXM), coupled with micro-spot X-ray absorption spectroscopy and X-ray Fluorescence elemental mapping experiments were performed at the TwinMic beamline of Elettra synchrotron facility (Trieste, Italy) [65,66,67]. The STXM images and the XRF maps were acquired with the beam energy set at 1 keV, except for Mg containing samples, where maps were acquired at 1.4 keV to be able to excite Mg as well. The micro-XAS spectra were calibrated with Mn2+, Mn4+, Cu0, Co0 and Ni0 reference samples.




4. Conclusions

In this paper we studied the coelectrodeposition (CECD) of ternary Mn-based/polypyrrole (PPy) composites (Mn–Co–Cu/PPy, Mn–Co–Mg/PPy, Mn–Ni–Mg/PPy) for ORR electrocatalysis in alkaline aqueous ambients. The Mn–Co–Cu/PPy catalyst possess better electrocatalytic activity for 4e− reduction of O2 resulting more appealing for air cathode applications. The investigated electrodeposition conditions give rise to the growth of materials with morphology and elemental distribution that are homogeneous at the mesoscopic scale. The peculiar space patterns corresponding to the individual ternary systems are the result of the specific morphochemical couplings typical of the single chemistries and fit the scenarios found by analysis of a dynamic electrodeposition model recently developed in our group [41]. Micro-XAS at the Mn L-edge shows that the dominating species is Mn3+, with smaller amounts of Mn4+. As far as the chemical state of Mn is concerned, the systems studied in this paper are a notable improvement with respect to our previous studies on Mn/PPy and binary Mn–X/PPy electrodeposits, since with ternary materials the most active forms of Mn can be obtained directly in the as-prepared material. Co and Ni are present as a mixture of elemental and two-valent forms, resulting from the alternation of anodic and cathodic pulses in the CECD protocol and, for the same reason, Cu is found in both Cu0,+ and Cu2+ forms. In conclusion, we can state that, thanks to the use of high-resolution XRF and XAS techniques, we achieved an insightful understanding of the chemical state and its space distribution in Mn-based ternary electrodeposited composites with PPy matrix and molecular aspects of the role of doping elements in electrocatalyst fabrication become accessible, contributing to knowledge-based material design and optimization.
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