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Abstract

:

Coatings consisting of cobalt, nickel and iron (Co-Ni-Fe) oxides were electrophoretically deposited on AISI 304-type stainless steel using aqueous suspensions without any binder. The synthesis of Co-Ni-Fe oxides was carried out by the thermal decomposition of metal nitrates with various molar ratios at 673 K. Structural and morphological analysis confirmed that the deposited coatings were mainly composed of spinel-type oxides with predominantly round-shaped particles. The prepared electrodes were examined for their electrocatalytic performance in oxygen generation under alkaline conditions. Various electrochemical techniques indicated the influence of iron content on the electrochemical activity of Co-Ni-Fe oxides, with the calculated values of the Tafel constant being in the range of 52–59 mV dec−1. Long-term oxygen generation for 24 h at 1.0 V revealed very good mechanical and electrocatalytic stability of the prepared electrodes, since they were able to maintain up to 98% of their initial activity.
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1. Introduction


During the last century, a steady increase in the human population has led to a rapid depletion of fossil fuel reserves and an exponential increase in carbon dioxide emissions [1]. In recent decades, advances in renewable energy technologies have decreased humanity’s dependence on carbon-based energy sources. However, this progress has not been fast enough to avoid global consequences, such as a considerable rise in average global temperatures, health problems due to air pollution, and the distinction of various living species due to changing climate conditions [2,3]. In this context, hydrogen energy is considered as a great alternative to fossil fuels due to its high mass energy density and environmentally friendly combustion product: water [4]. Unfortunately, conventional hydrogen production including the steam reformation of natural gas or coal gasification discharges enormous amounts of CO2 as a side product [5]. This circumstance hinders the wider application of hydrogen in polluted areas such as the transport sector, or in energy-intensive industrial production. Considering the zero carbon emission method for H2 synthesis, electrochemical water splitting has become one of the most attractive ways to convert energy from renewable sources into hydrogen [6,7]. Generally, water splitting consists of water oxidation and reduction reactions, among which oxidation is considered to be more challenging as it requires the transfer of four electrons in order to form an oxygen–oxygen bond [8]. To overcome the relatively slow kinetics of oxygen evolution reaction (OER), the catalyst should meet the requirements of high efficacy, long-term stability, corrosion resistance, and low production costs [8,9]. Commercially available PEM (polymer exchange membrane) catalysis, involving both hydrogen evolution reactions (HERs) and OERs, usually employ noble electrocatalysts, such as Pt for HERs, and Ru or Ir oxides for OERs. Yet, due to excessive price and rare abundance, these materials complicate their large-scale applications; thus, more suitable alternatives need to be developed. Our research interests are predominantly focused on the synthesis of electrocatalytic materials for alkaline-based electrolysis in the hopes of optimizing their chemical composition, stability and electroactivity. In this regard, anion exchange membrane (AEM) systems are particularly attractive due to the possibility of using earth-abundant metal electrodes, stainless steel bipolar plates, and diluted alkaline electrolytes. As it has been pointed out in [10], the successful development of AEM electrolysis technology could lead to the merging of the advantages of PEM technology (membrane separation, pure water feed) with the advantages of mature alkaline electrolysis (cheap and abundant materials). Recently, various non-precious metals and their oxides [11,12], chalcogenides [13], phosphides [14], nitrides [15], or carbides [16] have been extensively studied due to their significant activity in water splitting reactions. Still, the precise mechanism of oxygen evolution is unclear and is considered to occur on surface metal sites; therefore, the diversity of active sites is highly encouraged [17]. The introduction of more than one metal compound into the catalytic system can synergistically enhance its performance; hence, bimetallic or trimetallic structures have attracted more and more attention in recent years. Electrochemical catalysts employing transition metal-based materials, especially iron, cobalt, nickel, or molybdenum spinel-type compounds are distinguished by high catalytic efficiency, low cost, wide abundance, and excellent stability under alkaline conditions [18,19]. Recently, Qin et al. [20] synthesized a trimetallic NiFeMo alloy on nickel foam by hydrothermal deposition, which exhibited a low voltage of 1.45 V at 10 mA cm−2 for OER. Wu et al. [21] prepared a NiFe foam-supported MoS2/Fe5Ni4S8 composite for OER, which demonstrated a low overpotential of 204 mV at 10 mA cm−2 current density. An amorphous Ni-Fe-Mo suboxide coupled with an Ni network was obtained by Li et al. [22]. This complex was able to reach a low cell voltage of 1.50 V at 100 mA cm−2. An effective and stable electrocatalyst for OER based on abundant materials could replace noble metal oxides and lift the whole process of water splitting to a higher level of large-scale application. The introduction of electrochemical techniques into the formation of thin electrocatalytic coatings is highly advantageous due to their relatively easy and accurate means of controlling the parameters, timesaving duration, suitability for mass production, and environmental friendliness, especially when alternative energy sources are used to supply the required energy [23,24]. Electrophoretic deposition (EPD) relies on the electrophoretic mobility of the particles in the solvent under the impact of the applied electric field [25]. Variations in the EPD parameters, such as applied voltage, temperature, duration, and electrolytic bath composition may easily control the weight, thickness and surface microstructure of the coatings [26]. Despite all these advantages, the exploitation of EPD usually involves volatile organic solvents such as ethanol or methanol, which must be safely disposed or recycled after use. This environmental, health and economic issue can be solved by using aqueous suspensions that additionally offer a broadened temperature range and faster kinetics during this process [25]. Water-based suspensions are still not common in electrophoresis due to the low voltage of water electrolysis and the possible bubble formation at the electrode surface. Nevertheless, our work acknowledges water to be a suitable solvent for the formation of effective and mechanically stable thin coatings.



In this work, we outline the design of a ternary electrode as a catalyst for OER by combining cobalt, nickel and iron oxides. A highly conductive, corrosion-resistant, and widely used AISI 304-type stainless steel was selected as a substrate to accelerate the electron transfer involved in OER to the external circuit [27]. Spinel-type catalysts were formed electrophoretically from aqueous suspensions without any binder. The obtained coatings were tested structurally and morphologically by various instrumental techniques. Electrochemical measurements revealed that the synthesized catalysts are promising candidates to replace noble metal compounds in OER, demonstrating good efficacy, improved kinetics, and long-term stability.




2. Results and Discussion


2.1. Electrochemical Characterization of Aqueous Suspensions of Co-Ni-Fe Oxides


The main driving force in electrophoretic deposition is the charge of the particles and their electrophoretic mobility in suspension under the influence of a particular electric field [25]. Additionally, the electric conductivity of suspension plays an important role as well. It is well established that if the suspension is too conductive then particle movement is very low and, on the contrary, if the suspension is too resistive, then the particles charge electronically and lose their stability [25]. Therefore, the mentioned parameters should be considered in order to determine the optimal conditions for the synthesis. Usually, electrophoretic deposition relies on highly volatile organic solvents such as ethanol, methanol or propanol; however, the introduction of an aqueous system implies the advantages of higher temperature control or faster kinetics, as well as the environmental, health and cost benefits which are crucial in the present day [25].



The measurements of zeta potential and other electric parameters were performed for the evaluation of the stability and surface charge of the Co-Ni-Fe oxide suspensions. Charged particles of the prepared aqueous suspensions were placed under a relatively high-frequency a.c. field (0.85–1.42 MHz) causing an oscillatory motion. The obtained experimental results are summarized in Table 1 and Figure 1. A density difference between particles and a solution forms an acoustic dipole, which is expressed as electrokinetic sonic amplitude (ESA) [28]. The experimentally determined ESA signals were used to calculate zeta potential values. It should be noted that the obtained values reflect the interplay of complex processes occurring on the surface of the mixed Co-Ni-Fe oxides (acid/base properties, adsorption of ions, surface composition, etc.). As it can be seen in Table 1, among all studied samples, CoNiFe-1 suspension was characterized by a slightly more alkaline pH, higher zeta potential, and more than twice higher conductivity compared to the other suspensions. Basically, two major mechanisms govern the surface charge at the interface between the solid particles and the aqueous solutions: (1) acid/base reactions generated by surface functional groups, and (2) the adsorption of ions [29]. Since the studied suspensions were water-based, it was presumed that H3O+ and OH− were the only ions that could be adsorbed on the surface of the oxide particle. Positive ζ values signify the dominant concentration of H3O+ ions on the outside of the stationary layer. The formation of H3O+ ions is a consequence of the hydroxyl groups prevailing on the surface of the transition metal oxides. According to Joseph et al. [30], the interaction between Fe 3d and water O 2p states establishes a certain substrate/adsorbate bond. The presence of this bond weakens the OH bonds within the water molecule lowering the OH dissociation energy. Right after the dissociation of H2O, the OH− group is adsorbed at the Fe sites; meanwhile, H+ species are adsorbed onto a nearby oxygen site. The distance between Fe cations and O anions on the Fe3O4 surface fits the geometry of a water molecule. Such location could be the reason of the effective dissociation. Meanwhile, the recombinative desorption of hydroxyl and hydrogen species is rather slow, and the surface coverage of Fe3O4 is able to reach 0.86. The adsorption of both OH− and H+ might be the reason for keeping the pH value of CoNiFe-1 almost neutral. According to Campbell et al. [31], water dissociation on the NiO surface occurs rapidly, producing two types of OH species: an adsorbed one, whose oxygen atom comes from an H2O molecule and binds with a coordinatively unsaturated Ni atom, and the other OH that is composed of an H atom from the H2O molecule and O atom already located on the NiO surface. A rapid adsorption of OH species by NiO might cause a minor increase in the concentration of H+ in the bulk electrolyte resulting in a mildly acidic pH. The dissociation of water molecules can occur even more readily in the presence of oxygen vacancies, as was determined by Koel et al. [32]. Concerning all the discussed peculiarities, the particles of CoNiFe-1 suspension present favorable surface properties to form stable systems for electrophoretic deposition. Its ζ value exceeds ±25 mV, which is a generally accepted threshold for a stable suspension [29]. Meanwhile, other samples, though producing well-dispersed suspensions, were expected to form small conglomerates before reaching the surface of the stainless steel substrate. This behavior might result in the enhanced porosity of the deposited coatings.




2.2. Structure Analysis


The structural characterization of Co-Ni-Fe oxide coatings was performed with X-ray diffraction (XRD) analysis, the results of which are displayed in Figure 2a. According to these results, two spinel-type cubic oxides, Co3O4 (ICDD PDF No. 80-1536, d = 0.47045, 0.28809, 0.24568, 0.23522 nm) and NiCo2O4 (ICDD PDF No. 2-1074, d = 0.28700, 0.24500, 0.20300, 0.16600 nm) were prevalent materials in all four mixes with characteristic peaks at 2θ = 18.824°, 31.044°, 36.594°, 44.471°, 55.242°, 58.956°, and 64.776°. In the case of iron oxide materials, the XRD analysis revealed certain variations between iron(II) and iron(III) oxides. Considering the CoNiFe-1 coating, where the Co, Ni and Fe molar ratio was 1:1:1, iron(III) oxide Fe2O3 (ICDD PDF No. 84-306, d = 0.36819, 0.26991, 0.25173, 0.22912 nm) was identified at 2θ = 24.118°, 33.136°, 35.594°, 40.912°, 49.497°, 54.090°, and 62.617°. Meanwhile, with the decreasing iron molar ratio in the synthesized samples, the presence of a cubic structured oxide Fe3O4 (ICDD PDF No. 26-1136, d = 0.46700, 0.28600, 0.243900, 0.23350 nm) was detected along with Fe2O3. However, the characterization of the CoNiFe-4 coating containing the smallest amount of iron oxide revealed peaks of only Fe3O4. As this form is a mix of bivalent and trivalent iron oxides, it is probable that in the presence of small quantities of Fe, cobalt and nickel parts block its full oxidation from +2 to +3. During XRD study, minor quantities of NiO (ICDD PDF No. 73-1523, d = 0.24133, 0.20900, 0.14778, 0.12603 nm) were detected in all coatings, except for CoNiFe-1. Characteristic peaks of the coatings were used for the calculations of average crystallite size according to the Scherrer equation. The obtained results given in Table 2 highlight that the composition of CoNiFe-1 could produce finer particles up to 28.1 nm. The estimation of other coating crystallite sizes revealed that there was no significant difference in particle size on iron content, and the average size was around 37.3 ± 1 nm.



The ratio between three metallic components in the prepared deposition mixes was specified with X-ray fluorescence analysis (XRF) and energy-dispersive spectroscopy (EDS). According to the results presented in Table 2, cobalt and nickel maintained the approximate ratio of 1:1 in all coatings. Meanwhile, iron content varied from 4.92 to 33.06 %, as confirmed by XRF analysis, which confirmed the calculated molar ratios in the primary prepared mixes. Meanwhile, it is clear from the EDS quantitative evaluation of coating composition that not all of the values were completely consistent with the designed CoNiFe molar ratios. For instance, the CoNiFe-4 sample showed twice higher iron content than expected. These results can be explained by the fact that EDS analysis reveals the surface composition, which can be significantly different from that of the bulk composition.



Figure 3 presents the SEM images of the electrophoretically deposited Co-Ni-Fe oxide coatings on the AISI 304 substrate. It was established that the decrease in iron content in the samples determined the apparent morphological changes. SEM micrographs confirmed that the Co-Ni-Fe samples with the lowest iron content were composed of the finest particles, evenly distributed on the surface of the stainless steel substrate (Figure 3a). The obtained results closely correlated with the regularities found during the characterization of the primary suspensions. If the charge of the particles is low, they will agglomerate even if the inter-particle distances are comparatively long, resulting in porous, sponge-like coatings [25]. The zeta potentials of CoNiFe-2, CoNiFe-3 and CoNiFe-4 did not fit into the range of a stable suspension (±25 mV), and their particles seemed to agglomerate into larger clusters before they reached the surface of the substrate. The compactness of a catalyst coating may help to overcome unwanted side processes occurring in the pores of an active material during an electrocatalytic process, e.g., OER. A catalytic reaction inside a pore is accompanied by a diffusion of the reactants and the products. The electrolyte inside the pores is assumed to remain stagnant and the mass transport is driven by a slow molecular diffusion between the pore mouth and active centers deeper in the pore [33]. As a result, reactant concentration inside the pore is decreased, as is the reaction rate. Concerning the catalytic reaction when gaseous products are generated, its rate is determined by the pressure equilibrium between the bubbles inside the pores and the reactor. Once this is reached, the bubble is released, dragging new liquid into the pore [33,34]. This movement is chaotic and happens only near the pore mouth, leaving stagnant liquid zones in the deeper parts of the pore. Considering these obstacles, the porous structures lose their advantage of a higher surface area, and more-compact structures may turn out to be more reliable for long-term use.




2.3. Electrocatalytic Properties in OER


Cyclic voltammetry was applied as an initial technique for the evaluation of the electrocatalytic activity of the prepared Co-Ni-Fe coatings during the oxygen evolution reaction (OER). For this reason, the potential was swept from −1 V to +1 V at 5 mV s−1 scan rate in order to study the electrochemical behavior of all coatings (Figure 4a). The experimental data showed that an anodic peak in the potential range of 0.4–0.6 V was detected for all coatings. This increase in current density can be attributed to the oxidation of the NiCo2O4 and Co3O4 spinels, according to the following equations [35,36]:


NiCo2O4 + OH− + H2O ↔ NiO(OH) + CoO(OH) + e−



(1)






Co3O4 + OH− + H2O ↔ 3CoO(OH) + e−



(2)







X-ray photoelectron spectroscopy (XPS) observations of the (Ni-Fe-Co-Ce)Ox system conducted by Favaro et al. [37] revealed that Ni(II)O and Co3O4 (Co(II)O∙Co(III)2O3) immediately undergo a partial conversion to Ni(II)(OH)2 and Co(II)(OH)2 at the open circuit potential when immersed. The hydroxylation of the surface is presumably initiated by the high concentration of hydroxyl ions in the electrolyte. However, X-ray adsorption spectroscopy (XAS) did not detect any signs of Co(OH)2 in the bulk, suggesting that this species only forms in the outer layer of the deposited coating. Figure 4a highlights the distinctiveness of the CoNiFe-1 coating: its anodic peak is much smaller than the other coatings, with the lowest current density. Apparently, such behavior is related to the iron-rich surface. As more Fe is incorporated into the coating, it suppresses the electrochemical oxidation of Ni(II)(OH)2 to Ni(III)O(OH) [38,39]. Meanwhile, CoNiFe-2, CoNiFe-3 and CoNiFe-4 generated more intense anodic peaks in this potential range. In addition to iron presence, the peak heights may also have been affected by the oxidation of NiO, which was identified in all coatings except for CoNiFe-1 (Figure 2) [36]:


NiO + OH− ↔ NiO(OH) + e−



(3)







The influence of cobalt should be taken into account as well. The observations carried out by Bates et al. [39] disclosed that Co facilitates the oxidation of Ni(II) to Ni(III) at lower potentials. Presumably, cobalt sites act as an indirect charge donor to Ni sites via the bridging oxygen atoms. The reversible reactions, i.e., the reduction of Co(III) to Co(II) and of Ni(III) to Ni(II), occur at around 0.3 V. Further potential sweeps to the anodic area initiate oxygen evolution.



Various approaches have been proposed to understand which elements generate active sites in complex oxide systems for electrocatalytic oxygen evolution. Still, there is no agreement on the particular mechanism of oxygen formation on the surface of transition metal oxides. Some reports state that Ni3+ is the active site in mixed Ni and Fe oxides [40]. A variety of cobalt oxidation states (Co(II), Co(III) and Co(IV)) have also been suggested to be the main driving forces for OER by other authors [41,42]. Recent DFT calculations, along with XAS analysis by Bell et al. [43], have indicated that Fe(III) is the active site in (Ni,Fe)OOH. Some groups have proposed oxygen vacancies as the active sites due to their ability to lower the adsorption energy of the water molecules and enhance surface conductivity by creating delocalized electrons [44]. Despite the contradictions among the proposed mechanisms, the synergistic effect between nickel, cobalt and iron is evident. The presence of Co facilitates the formation of a more conductive NiO(OH) at lower potential values; thus, the activation of the Fe(III) sites takes place, which is otherwise inactive in the less conductive Ni(OH)2 [39]. The other proposed role of Co is the contraction of the bond length Ni-O and Ni-M (M=Ni, Co, or Fe) by replacing Ni+2 with Co+3, creating shorter bond distances because of the higher oxidation state [39]. Moreover, the addition of cobalt is presumed to induce the formation of Fe3O4 (where Fe is in the +2 and +3 valence states), which is more favorable for OER than monovalent Fe2O3.



The LSV technique was employed to take a closer look at the coatings’ behavior in the anodic region where OER takes place (Figure 4b). Anodic potential sweeping showed that the highest current densities were generated by the CoNiFe-1 sample. The observed peculiarities were in agreement with the assumption that Fe3+ acts as the main active site for OER.



The higher activity of the CoNiFe-1 sample over other coatings may be related not only to the ratio between Co, Ni and Fe, but to its surface morphology as well. SEM micrographs disclosed a more compact morphology of the CoNiFe-1 coating (Figure 3a). As discussed previously, surface compactness and smoothness can be an advantage, helping to avoid slow process kinetics due to diffusion. To examine the impacts of diffusion and the possible hindering of the electrocatalytic surface reactions associated with it, CV scans with systematically increased scan rates were recorded. As seen in Figure 4c, the quicker scanning linearly enlarged only anodic and cathodic peak height in the potential range of 0.1–0.7 V (Figure 4d) without affecting the current density values at OER. In general, the deviation from linearity can be ascribed to inner capacitance, which is caused by the slow penetration of OH− into less accessible areas, such as micropores, cracks, and corners, as well as slow electron transfer [45].



CV and LSV techniques have confirmed the electrocatalytic activity of ternary oxide coatings. To explore the kinetics of oxygen formation on the surface, electrochemical analysis was continued with potential controlled electrolysis in the range of 0.5–0.7 V. Each potential value was maintained for 5 min, allowing coatings to reach a steady-state potential after every measurement. Figure 5a exhibits representative current density vs. the time curves of the CoNiFe-1 coating, which demonstrated the highest OER activity during the tests. A coating’s ability to maintain a steady value of current density signifies its stability during the formation of oxygen molecules. These results imply that oxide coatings composed of cobalt, nickel and iron are able to provide a balanced binding energy of adsorbate intermediates (-OH and –O(OH)), whereas adsorbates on Ni+3 are bound too weakly, and Fe is known to overbind the adsorbates [43]. The construction of Tafel plots is a common method for the quantitative evaluation of OER. The plot analysis (Figure 5b) for all Co-Ni-Fe oxide coatings provided similar values of parameter b. Such a small b value as was obtained during this work (52 mV dec−1) signifies good kinetic performance when process limitations are faced at the end of multiple electron transfer reactions [46]. Generally, the accepted mechanisms of oxygen evolution in transition metal oxides indicate a predominant rate-determining step when the third electron is formed in the four-electron process [47,48]:


M–O* + OH− → M–OOH + e−



(4)







However, it would be controversial to ascribe a particular mechanism to the Tafel slope value, since the same value can be assigned to multiple reaction mechanisms that are known to occur on the surface of transition metal oxides [49]. The observation of an abrupt change to the slope is related to the variation of active catalytic sites on applied overpotential [50]. Ni and Fe sites dominate at lower overpotentials; meanwhile, Co sites are activated at higher overpotentials.



Other authors exploring electrocatalytic systems based on cobalt, nickel and iron oxide have reported similar but slightly higher b values of 90 [51], 85 [52] or 68 [53] mV dec−1. Although the difference is not extensive, when considering large-scale application the Co-Ni-Fe oxides synthesized in this work may arise as advantageous alternatives to iridium or ruthenium oxides.



It is clear that the Tafel analysis only permits us to estimate the parameters which reflect the apparent activity of the electrocatalytic materials (overpotential, exchange current density). It is generally accepted that the turnover frequency (TOF), defined as the ratio of product formed per unit time and the number of catalytic sites, is an accurate parameter of the intrinsic activity of a catalyst. The following equation is commonly used for the calculation of TOF [54]: TOF = j × NA/(F × n × Γ), where j, NA, F, n and Γ represent current density, the Avogadro constant, the Faraday constant, the number of electrons transferred to generate one molecule of a product (in a case of oxygen generation, n = 4), and the exact number of active sites catalyzing the reaction, respectively. In this work, however, TOF values were not estimated due to many ambiguities related to the following:




	1.

	
The lack of experimental data for the calculation of the Faradaic efficiency of the prepared electrocatalysts. The accurate quantitative measurements of the amount of oxygen evolved during OER are crucial to ensure the correctness of the calculated TOF values. In this work, the open-air electrochemical cell was employed and the amount of oxygen evolved was not experimentally determined. In many publications, one can find the estimations based on the observed current densities. However, it should be emphasized that most electrocatalytic reactions proceed through multiple steps, including continuous cycles of oxidation and the reduction of the catalyst itself [37], significantly lowering Faradaic efficiency. It is estimated [54] that, in the case of OER, the Faradaic efficiency ranges from 85 to 96% due to the fact that a considerable amount of applied charge is consumed in the self-redox reactions of the electrocatalysts;




	2.

	
The uncertainties related to the determination of the exact number of active sites. Various electrochemical methods are known to be applied for the estimation of the real surface area or the exact number of active sites, such as underpotential deposition, stripping, redox peak integration, double-layer capacitance, or redox probes. Unfortunately, these methods are very material specific, and cannot be applied universally for all types of electrocatalysts, especially multimetallic systems, as has been pointed out in critical review [54]. For example, the redox-peak integration method is applicable to only monometallic catalysts. In our opinion, the best option for the exact determination of TOF is the use of operando techniques, such as X-ray photoelectrons, X-ray absorption spectroscopies, or microscopic techniques (AFM, STM). In addition, performing experimental investigations under operando conditions elucidates the structural changes of the electrocatalysts and the kinetic peculiarities of the OER process as a function of the applied potential [37], which cannot be obtained by using ex situ techniques.









Considering the stability and durability of the electrocatalysts, several degradation processes should be assessed, such as the passivation of metallic supports, dissolution under aggressive alkaline conditions, surface deterioration during intense oxygen formation, and the peeling-off of the catalytic layer. The latter factor is especially relevant for nickel and cobalt hydroxides/oxyhydroxides because of their layered structure with large interlayer spacing. Bates et al. [39] pointed out that Ni exists in the α-Ni(OH)2 or γ-NiO(OH) phase under catalytic conditions. Both of these phases exhibit interlayer spacing up to 8 Å [55]. Binninger et al. [56] proposed the idea that the stability of oxide catalysts is impossible due to the oxidation of the lattice oxygen in the bulk. Nevertheless, CoNiFe-1 coating exposed to 24-h intensive oxygen generation showed excellent catalytic performance and was able to maintain 97.7% of its initial current value (Figure 5c). Furthermore, LSV scans of pre- and post-long-term electrolysis revealed that there were no significant changes in the electrocatalytic behavior. It should be emphasized, however, that despite the fact that the obtained characteristics of the prepared electrocatalysts were very promising, direct comparison with the testing results measured by other authors is not straightforward. In our opinion, a more systematic approach is needed for the evaluation of the performance of the prepared electrodes, for instance, an AEM electrolysis system. For this purpose, the testing of electrolyzer stacks at a laboratory scale, incorporating state-of-the-art and prepared components (commercial membrane, HER and OER electrocatalysts) is under consideration.



In order to investigate the charge transfer process of the Co-Ni-Fe oxide coatings, PEIS measurements were carried out (Table 3). The obtained results in the form of Nyquist plots along with fitted equivalent circuits are shown in Figure 6. Starting with the CoNiFe-1 coating, which previously exhibited the best electrocatalytic activity of the different coatings (Figure 6a), its equivalent circuit included a series resistance (Rs), a constant phase element describing the double-layer capacitance (CPEdl), charge transfer resistance associated with Faradaic reactions on the electrolyte/electrode interface (Rct), and two elements related to adsorption processes (CPEads and Rads) [57]. The absence of a semicircle in the high-frequency region indicated that the rate of redox transition on the surface associated with the coating itself was very high. Meanwhile, a low-frequency semicircle was attributed to the adsorption reaction of the oxygen species [57]. Concerning the CoNiFe-2 coating, in which iron content was twice lower compared with those of cobalt and nickel, its Nyquist plot (Figure 6b) indicated a lowered semicircle diameter. This might signify some surface barriers for smooth oxygen adsorption. Besides, its equivalent circuit compatible with a plot included a constant phase element associated with a charge transfer through the Faradaic reaction CPEct. According to the XRD analysis results (Figure 2), the composition of CoNiFe-2 was the most diverse regarding the oxidation states of iron. Therefore, it is probable that various redox processes involving changes in the iron oxidation state occurred on the coating’s surface. Although the double decrease in iron content exerted a considerable impact on the kinetics of the coatings’ surface processes (CoNiFe-1 and CoNiFe-2), a further decrease in iron content did not demonstrate such a strong influence regarding the coatings of CoNiFe-3 (Figure 6c) and CoNiFe-4 (Figure 6d). The semicircles in the high-frequency region could be clearly observed, indicating the significance of the transitions between Co(II)/Co(III) and Ni(II)/Ni(III) to the whole surface charge transfers. The semicircles related to these processes were then flowed by the vertical line response. In addition to the previously named circuit elements, a modeled equivalent scheme also included a constant phase element describing the low-frequency capacitive response (CPEc). Very similar and significantly low values of series resistance were found to be in the range of 1.2–2.2 Ω cm−2 of for all coatings.





3. Materials and Methods


3.1. Synthesis of Coatings


All materials used for deposition and analysis were of analytical grade. Cobalt(II) nitrate (Co(NO3)2·6H2O, >99% purity, Chempur, Poland), nickel(II) nitrate (Ni(NO3)2·6H2O, >98% purity, Chempur, Poland), iron(III) nitrate (Fe(NO3)3·6H2O, >98% purity, Chempur, Poland) and sodium hydroxide (NaOH, >99% purity, Reachem, Slovakia) were used as received without further purification. The synthesis of Co-Ni-Fe oxides was carried out via thermal decomposition by mixing nitrates at various ratios and annealing at 673 K for 1 h (Table 4). According to previous experiments, these annealing conditions are favorable for the formation of electroactive spinel structures [12].



An electrophoretic deposition (EPD) procedure was adopted for the cathodic formation of Co-Ni-Fe oxide coatings. For this purpose, 2 g of each prepared sample was dispersed in 100 mL of distilled water, stirred for 1 h at 200 rpm with a magnetic stirrer, and then treated ultrasonically for 30 min. Co-Ni-Fe oxide coatings were formed on previously cleaned AISI304 stainless steel plates (1 × 5 cm2) by applying 20 V voltage. The duration of EPD in the range of 30–60 s was carefully monitored in order to form uniform and mechanically stable coatings containing the same amount of electroactive material (1.7 mg cm−2). The as-prepared coatings were then dried at room temperature and annealed at 673 K for 1 h.




3.2. Structure and Morphology


The structure of the prepared Co-Ni-Fe oxide powders with various molar ratios was analyzed with X-ray diffractometer BRUKER AXS D8 operating under the following parameters: wavelength λ = 1.54056 × 10−10 m for Cu-Kα radiation, Ni filter, anodic voltage 40 kV, detector position step 0.02°, and current strength 40 mA. Average crystallite size (Dhkl) was estimated from the line broadening using the Schrerrer’s equation:


   D  h k l   =   0.94 × λ    B  h k l   × cos θ    



(5)




where λ is the wavelength of Cu-Kα radiation, Bhkl is the full width of the characteristic reflection peak at half maximum intensity, and θ is the Bragg diffraction angle.



The morphologies of the prepared samples were investigated by a high-resolution scanning electron microscope (Quanta FEG 200, FEI) operated at 10–20 kV. The chamber pressure was set at 80 Pa and the samples were imaged without any conductive film. An energy-dispersive X-ray spectrometer (Bruker AXS Microanalysis GmbH QUANTAX) was employed to record the element spectra.



The chemical composition analysis of Co-Ni-Fe oxide powders before the electrophoretic deposition was performed by X-ray fluorescence spectroscopy (XRF) using a Bruker X-ray S8 Tiger WD spectrometer equipped with an Rh tube with energy up to 60 keV. Measurements were conducted in a helium atmosphere and the data were analyzed with SPECTRAPlus QUANT EXPRESS standardless software.




3.3. Electrochemical Measurements


Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and potentiostatic electrochemical impedance spectroscopy (PEIS) were conducted with a BioLogic SP-150 (BioLogic Science Instruments, Seyssinet-Pariset, France) potentiostat/galvanostat, employing a thermostated three-electrode cell. A platinum wire (geometric area 15 cm2) was used as a counter electrode, Ag, AgCl|KCl(sat) was used as a reference electrode, and electrophoretically deposited Co-Ni-Fe oxides on AISI 304 were used as working electrodes. CV and LSV scans of all coatings for electrocatalytic activity evaluation were recorded at a potential scan rate of 5–100 mV s−1 in 0.1 M NaOH (stirring rate 200 rpm). EC-Lab V10.39 software was used for the collection and treatment of experimental data. Tafel plots were constructed using data of potential-controlled electrolysis in 0.1 M NaOH in an anodic potential range of 0.5–0.78 V (potential step 0.02 V). The overpotential values of η were calculated according to the following equation:


  η =  E  a p p l   − 0.26  



(6)




where Eappl is applied potential in V measured against the reference electrode (Ag,AgCl|KCl(sat)), and 0.26 is equilibrium potential against the reference electrode for water oxidation at pH 13.



Prepared aqueous suspensions for electrophoretic deposition were characterized using Field ESA zeta potential devices (PA Partikel-Analytiker-Messgeräte GmbH) in the frequency range of 0.85–1.42 MHz.



PEIS measurements were carried out in 0.1 M NaOH solution, varying the frequency range from 200 kHz to 10 mHz for open circuit potential. The sinus amplitude was 10 mV.



The pH of the solutions was measured using a Knick 766 pH meter.



All electrochemical measurements were performed at a constant temperature (293 ± 1 K).



The obtained potentials were standardized to the reversible hydrogen electrode (RHE) by the following equation and presented in the linear sweep scan results:


   E  RHE   =  E  Ag , AgCl   + 0.197 + 0.059 · pH  



(7)









4. Conclusions


Cobalt-nickel-iron oxide coatings were successfully deposited on stainless steel substrates by combining the thermal decomposition of metal nitrates and electrophoretic deposition. Environmentally friendly aqueous suspensions of various Co-Ni-Fe oxide samples were employed during electrophoretic deposition. The optimized deposition conditions permitted uniform and mechanically stable coatings containing similar amounts of electroactive materials (1.7 mg cm−2). Structural analysis revealed that the coatings were predominantly composed of spinel-type cubic oxides NiCo2O4, Co3O4 and Fe2O3/Fe3O4. Structural, morphological and electrocatalytic properties were found to be dependent on the iron content in the prepared oxide samples. The highest electroactivity in the OERs using NaOH solutions was provided by a coating in which the Co, Ni and Fe molar ratio was 1:1:1. The synergistic effect between the metal oxides allowed us to achieve a Tafel constant as low as 52 mV dec−1, clearly indicating electrocatalytic efficiency. Moreover, this sample demonstrated excellent stability after 24 h of intensive oxygen generation, maintaining 97.7 % of its primary activity. Thus, it is a very promising candidate for the replacement of noble metals and their oxides in OERs.
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Figure 1. Variations of zeta potential and electrophoretic mobility of different Co-Ni-Fe oxide samples in water. 
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Figure 2. XRD (a) and EDS (b) patterns of Co-Ni-Fe oxides. 
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Figure 3. SEM micrographs of CoNiFe-1 (a), CoNiFe-2 (b), CoNiFe-3 (c), and CoNiFe-4 (d) at 50,000× g magnification. 
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Figure 4. (a) Cyclic voltammograms of cobalt-nickel-iron oxides in 0.1 M NaOH at 5 mV s−1 potential sweeping rate. (b) Linear sweep voltammograms of cobalt-nickel-iron oxides in 0.1 M NaOH at 20 mV s−1 potential sweeping rate. Inset: linear sweep voltammograms of cobalt-nickel-iron oxides in 0.1 M NaOH normalized by mass. (c) Cyclic voltammograms of CoNiFe-1 sample in 0.1 M NaOH at different scan rates. (d) The dependency of anodic and cathodic peak (in the range of 0.2–0.6 V) currents on the potential sweep rate of CoNiFe-1 coating. 
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Figure 5. (a) Potential-controlled electrolysis of the CoNiFe-1 coating in 0.1 M NaOH. (b) Tafel plots of the Co-Ni-Fe oxide coatings in 0.1 M NaOH. (c) Long-term electrolysis results of CoNiFe-1 with LSV scans before and after (inset). 
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Figure 6. Nyquist plot and equivalent circuit model of cobalt, nickel and iron coatings in 0.1 M NaOH solution: (a) CoNiFe-1; (b) CoNiFe-2; (c) CoNiFe-3; (d) CoNiFe-4. 
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Table 1. Characteristic parameters of the aqueous suspensions of Co-Ni-Fe oxides.
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	Sample
	ESA

(mPa m V−1)
	pH
	Conductivity

(mA m−1)
	Zeta Potential

(mV)
	Electrophoretic Mobility (m2 V−1 s−1)





	CoNiFe-1
	0.09
	7.13
	14.4
	40.6
	2.95 × 10−13



	CoNiFe-2
	0.04
	5.99
	7.7
	17.0
	1.43 × 10−13



	CoNiFe-3
	0.02
	6.03
	4.0
	11.0
	0.90 × 10−13



	CoNiFe-4
	0.035
	5.68
	4.4
	14.0
	1.17 × 10−13
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Table 2. Average crystallite size and composition of Co-Ni-Fe oxide samples.
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Sample

	
Average Crystallite Size (nm)

	
Percentage According to XRF

	
Percentage According to EDS




	
Co (%)

	
Ni (%)

	
Fe (%)

	
Co (%)

	
Ni (%)

	
Fe (%)






	
CoNiFe-1

	
28.1

	
31.59

	
35.35

	
33.06

	
31.54

	
37.85

	
30.61




	
CoNiFe-2

	
36.7

	
37.26

	
42.35

	
20.39

	
42.73

	
41.88

	
15.39




	
CoNiFe-3

	
38.2

	
41.97

	
46.66

	
11.37

	
41.32

	
47.11

	
11.57




	
CoNiFe-4

	
37.3

	
42.50

	
49.88

	
4.92

	
43.67

	
47.60

	
8.73
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Table 3. Characteristic parameters of aqueous suspensions of Co-Ni-Fe oxides.
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	Parameter
	CoNiFe-1
	CoNiFe-2
	CoNiFe-3
	CoNiFe-4





	Resistance Rs (Ω cm−2)
	1.16
	1.82
	1.37
	2.23



	Constant phase element CPEdl (mF·s(α−1) cm−2)
	0.248
	0.151
	0.982
	0.238



	Resistance Rct (Ω cm−2)
	75.6
	224.2
	56.0
	23.9



	Constant phase element CPEct (mF·s(α−1) cm−2)
	-
	3.6
	19.6
	8.3



	Resistance Rads (Ω cm−2)
	459.20
	4.14
	0.32
	8.03



	Constant phase element CPEads (mF·s(α−1) cm−2)
	0.702
	2.13
	0.127
	0.019
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Table 4. Molar ratios of metal nitrates for the synthesis of cobalt-nickel-iron oxides.
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	Sample Notation
	Cobalt(II) Nitrate
	Nickel(II) Nitrate
	Iron(III) Nitrate





	CoNiFe-1
	1
	1
	1



	CoNiFe-2
	1
	1
	0.5



	CoNiFe-3
	1
	1
	0.25



	CoNiFe-4
	1
	1
	0.1
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