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Abstract

:

In this study, operando X-ray absorption spectroscopy (XAS) measurements were carried out on a newly developed O2 bi-functional gas diffusion electrode (GDE) for rechargeable Zn-air batteries, consisting of a mixture of α-MnO2 and carbon black. The architecture and composition of the GDE, as well as the electrochemical cell, were designed to achieve optimum edge-jumps and signal-to-noise ratio in the absorption spectra for the Mn K-edge at current densities that are relevant for practical conditions. Herein, we reported the chemical changes that occur on the MnO2 component when the GDE is tested under normal operating conditions, during both battery discharge (ORR) and charge (OER), on the background of more critical conditions that simulate oxygen starvation in a flooded electrode.
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1. Introduction


In order to apply strategies for the rational design of bi-functional oxygen reduction reaction (ORR—discharge mode) and oxygen evolution reaction (OER—charge mode) catalysts for metal-air batteries, it is important to improve our understanding of the chemical and structural characteristics of the active material under reaction conditions. In this field, in recent years, X-ray absorption spectroscopy (XAS) is becoming increasingly popular because it can be combined with electrochemistry to elucidate the properties of catalytic materials in situ and operando. XAS can be separated into X-ray absorption near edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS). The former provides information on the electronic structure of the catalyst, while the latter assesses the interatomic distances and coordination numbers of the atoms (i.e., the chemical environments) that constitute the catalysts. XAS studies have been formerly applied in situ to a number of ORR and OER catalyst systems. Manganese-based oxides (Mn-oxides) are among the most active electrocatalysts for the ORR and the most studied using XAS-based methods for alkaline metal-air batteries. Mn oxides exist in a large variety of structures, where the Mn ions can have a wide range of valence states, typically from 2+ to 4+ [1], exhibiting different catalytic activities for the ORR and OER kinetics. Ex situ and in situ XAS at the Mn K-edge (hard XAS) and the Mn L3,2-edges (soft XAS) have been used in a number of investigations to correlate Mn valence with OER and ORR activity, and Risch et al. [1] have provided a comprehensive overview of these studies. It is worth noting that, in most of the cases reported in the literature, owing to cell and time constraints, in situ and operando XAS measurements (for a distinction of the two approaches, see [2]) were carried out under experimental conditions that are far from realistic. Typical measured current densities are two to three orders of magnitude smaller than those used in actual metal-air battery applications [1,3,4] (e.g., jORR = −0.01 mA∙cm−2 vs. −10 mA∙cm−2). Furthermore, the majority of operando XAS studies worked under potentiostatic conditions, while real batteries generally function in a galvanostatic mode.



In the present investigation, we conducted in situ XAS measurements of a newly developed O2 bi-functional gas diffusion electrode (GDE) made of α-MnO2 nanowires (NWs), obtained from a facile synthesis method, combined with commercially available carbon black. Both the architecture and composition of the electrode, as well as the configuration of the electrochemical setup, have been designed to achieve optimal edge-jumps and signal-to-noise ratio in the absorption spectra for the XAS Mn K-edge, without sacrificing the current densities applied during testing (electrode performance). In this way, we could perform high-quality operando XAS spectroscopy under practical GDE operating conditions. We compared the chemical changes that occur on the MnO2 component when the GDE is tested under normal operating conditions, on the background of more critical conditions that simulate oxygen starvation in a flooded electrode, where the consumption of oxygen is faster than the rate at which oxygen is transported from the gas phase to the catalyst surface.




2. Experimental


2.1. Synthesis of α-MnO2


α-MnO2 was synthesized using a microwave-assisted hydrothermal method with a protocol derived from the literature [5]. First, 0.314 g K2SO4 (Merck, Emsure®, ACS, ISO, Reag. Ph. Eur), 0.486 g K2S2O8 (Fluka, puriss. P.A.), and 0.203 g MnSO4·H2O (Merck, ACS, Reag. Pg Eur) were added with 10 mL distilled water (Milli-Q® water, TKA, water conductivity 18 MΩ·cm) in a 30 mL quartz reaction vial; stirred for 10 min; and then sealed with a PTFE lid. The mixture was then transferred to a microwave reactor (Monowave 400, Anton Paar GmbH) and hydrothermally treated for 10 min at 200 °C. The synthesis product was centrifuged after being washed with deionized water. This process was carried out three times. Finally, the material was vacuum-dried overnight at 60 °C.




2.2. Fabrication of the GDE


In a recent article [6], the fabrication of the gas diffusion electrode (GDE) was reported. A spray-coating method was used to apply the active materials on Toray™ carbon paper that had been pretreated with PTFE. To modify the hydrophobicity/hydrophilicity of the active layer (AL) and gas diffusion layer (GDL), a commercial PTFE suspension (59 wt%, 3M™ Dyneon™ PTFE TF 5060GZ) was employed. To hydrophobize the GDL, the Toray™ carbon paper was soaked for 2 min and 30 s in a solution of distilled water and PTFE suspension, and then dried at room temperature overnight and heat-treated at 330 °C for 30 min. The AL was made using a conventional spray-coating method. An aqueous-alcoholic catalyst solution containing 0.8 wt% commercial PTFE suspension, 53.7 wt% deionized water, 42.5 wt% ethanol (ACS reagent, ≥99.9%, Merck, Darmstadt, Germany), 1.5 wt% commercially available carbon black (C-NERGY SUPER C65, Imerys Graphite & Carbon), and 1.5 wt% α-MnO2 was used in the corresponding ink. The catalyst-ink solution was stirred for 10 min. The ink was then emulsified for 1 min at 30,000 rpm to ensure optimum particle homogeneity and then sonicated for other 10 min immediately before spray-coating. Finally, several layers of AL were spray-coated on the GDL until an active material loading of 7.6 mg∙cm−2 was achieved. The AL composition was 3.0 mg∙cm−2 α-MnO2, 3.0 mg∙cm−2 carbon black, and 1.6 mg∙cm−2 PTFE. The composition of the air electrode was adapted to ensure optimal absorption (edge-jump) at the corresponding XAS Mn K-edge energy (6.539 keV) of ~0.5 (see Figure 1a).




2.3. GDE Testing during Operando XAS


For operando XAS experiments, XAS data were collected using the electrochemical cell illustrated in Figure 1b. The setup is equipped with two parallel Zn-GDE cells, which can be used independently, hence reducing the time needed to switch from one measurement/experiment to another and better exploiting the available beamtime. The setup also includes a channel for the insertion of a reference electrode, which enables to monitor simultaneously the evolution of cathode and anode potentials of one of the two cells. The cell design optimized the XAS spectral quality for the GDE materials, while minimizing the absorption from the other battery (Zn electrode, current collector, electrolyte) and structural materials. Prior to the introduction of the electrolyte (6.0 M KOH) into the cell, a set of XAS measurements was performed on the electrode in the pristine state, scanning the beam over the whole optical window, in order to gain positive information regarding the homogeneity of X-ray absorption across the measured area. After wetting the electrode with the electrolyte, again, several spectra were acquired in the same positions mentioned above, in order to ensure that no signal distortion occurred. After these preliminary steps, XAS measurements were performed, starting with a pristine GDE, under a series of electrochemical conditions, representative of practical battery operation: oxygen reduction (ORR) and oxygen evolution reaction (OER). All operando XAS measurements were carried out in ambient air and by applying a cathodic (for ORR) and an anodic (for OER) current density of j = 5 mA∙cm−2, unless otherwise specified. After each change in current density level or sign, the system was allowed to equilibrate for 10 min (to ensure that the system reached a steady-state potential) before starting the acquisition of XAS spectra.



With a ring electron energy of 2.0 GeV and an average current of 310 mA of the Elettra synchrotron light source, yielding a photon flux of ~1010 photon∙s−1 from the bending magnet feeding the XAFS beamline, X-ray absorption spectra (XAS) were recorded [7]. A double-crystal Si (111) monochromator was used to monochromatize the light. The beam size was 20 mm × 1.5 mm (H × V). The XAS data were recorded in transmission mode during electrochemical experiments. An ion chamber in front of the sample was filled with a proper mixture of gases according to the energy of the incidence X-rays, which was used to measure the intensity I0 of the incident X-rays. After the sample, a second ionization chamber was employed to gather the transmitted intensity I1. The absorption edge of a Mn foil, which was also measured at the same time, was used to calibrate the energy. All of the data were obtained at room temperature and at atmospheric pressure. The software Athena [8] was used to carry out data reduction, alignment, merging, deglitching, normalization, and background removal. ARTEMIS [9] was used to perform the EXAFS analysis. The scattering paths for all spectra were produced using the FEFF6 code [10], which used crystallographic data for cryptomelane K1.33Mn8O16 [11].





3. Results and Discussion


To probe structural and chemical-state changes of the MnO2 electrocatalyst under current loads characteristic of battery operation, operando XAS investigation at the Mn K-edge was carried out. The architecture and composition of the electrode, as well as the configuration of the electrochemical setup and the imposed operating conditions, were those of a real battery, some aspects of which were designed to achieve optimal edge-jumps and signal-to-noise ratio in the absorption spectra for the Mn K-edge, with no impact on the current densities applied during testing and on electrode performance, as detailed in the Experimental Section. The operando XAS experiments, devised to follow discharge/charge cycles, consisting of a sequence of cathodic (ORR) and anodic (OER) current density intervals of j = 5 mA∙cm−2, were carried out in ambient air without a CO2 trap. It should be emphasized that the current densities used in this study are one to two orders of magnitude higher than those reported for other operando XAS studies performed on other GDE design concepts. We thus consider that our results provide information on structural, chemical, and electronic modifications occurring when electrocatalyst material is subjected to application-relevant operating conditions.



The operando XAS experiments were performed on the GDE at three different stages: before (GDE before O2 starvation), after partial (GDE—partial O2 starvation, Figure 2 shows the corresponding voltammogram), and after complete O2 starvation condition (GDE—complete O2 starvation). OER experiments after complete O2 starvation were not performed because the interest of the experimental protocol was to assess the chemical state change of Mn resulting from extensive O2 starving, rather than checking the anodic performance after the GDE has been exposed to such stress conditions. Instead, we believed that it would have been interesting to assess the residual anodic electrocatalytic activity after exposure to milder and more realistic stress conditions. Figure 3a shows the operando X-ray absorption near edge structure (XANES) spectra of the three GDEs at the Mn K-edge. The reference spectra of Mn3O4 and pyrolusite MnO2 powders are also included in the plot. The electrode examined in pristine condition corresponds to the GDE before O2 starvation (see solid blue and red lines for ORR and OER condition, respectively). It can be seen that the two XANES spectra nearly overlap, with only a minor negative shift (to lower energies) of the rising portion for the spectrum measured at ORR (see blue solid line). The XAS experiment for GDE—partial O2 starvation was carried out after imposing a short reduction step on the electrode. This was achieved by sealing the GDE with a thin Kapton foil under imposed cathodic polarization at a rate typical of ORR operation (j = −10 mA∙cm−2) for about 25 min. These severe operating conditions result in a gradual decrease in electrode potential over time, as shown in Figure 2.



The duration of the reduction process, however, was insufficient to complete the electrochemical reduction of α-MnO2. When compared with the GDE before O2 starvation, the equivalent XANES spectra collected at ORR and OER (see blue and red dotted lines) following such partial electrochemical reduction are now clearly moved to lower energies. In the case of bulk metal oxides, a shift in the edge position usually entails a change in the oxidation state of the element, where a shift to lower energies correlates to a reduction of the Mn oxidation state, respectively [3]. The reduction stage was continued for the GDE —complete O2 starvation until the associated XANES spectrum remained unaltered (no additional shift to lower energy); see black solid line in Figure 3a. It can be noticed that the XANES spectrum coincides with the one of the references Mn3O4, thus indicating that, when the access of oxygen to the electrocatalyst is restricted, the α-MnO2 can be fully transformed into Mn3O4. These findings are in agreement with the work of Lima et al. [12] and Gorlin et al. [3], who demonstrated the formation of the Mn3O4 from β-MnO2 and electrodeposited manganese oxides, respectively, at high ORR overpotentials.



The local structural evolution of the α-MnO2 material during the O2 starvation process is investigated in detail by operando Mn K-edge EXAFS analysis. Figure 3b illustrates the corresponding amplitude of the Fourier transform (FT) of the k3-weighted Mn K-edge EXAFS oscillations of the GDEs and reference samples shown in Figure 3a. The description of the EXAFS spectrum of α-MnO2 is partially documented in the literature, but still allows the assignment of characteristic spectral features (see below). Out attribution assignment of EXAFS spectra to cryptomelane, on the one hand, is fully supported by the available literature and, on the other hand, is validated by XRD and Raman measurements of the same samples (dedicated paper in preparation). The typical FT features of the α-MnO2 phase are clearly visible for the GDE before O2 starvation. These include three main peaks: the first peak is related to the Mn-O bonds, the second to the edge-shared Mn-Mn bonds, and the third to the corner-shared Mn-Mn bonds (see Figure 3a). It can be noticed that the FT signal remained relatively unchanged when comparing the ORR and the OER processes, where only the second peak (Mn-Mnedge) shows a small increase under the OER process. Such a weak rise in intensity of the FT peak may be attributed to the formation of additional bonds in the defective manganese oxide lattice [3] or to the depression of local structural disorder [13]. According to Lee et al. [13], FT peak enhancement during the OER process can be regarded as clear evidence of the improved collinear alignment of the MnO6 octahedra array. The shape and intensity of the FT peaks change drastically after the partial O2 starvation process. A small shoulder emerges before the main Mn-O FT peak at a radial distance of around 1.1 Å (indicated by a red asterisk in Figure 3b). Furthermore, the FT peak associated with the Mn-Mncorner interaction vanishes, thus indicating a more severe restructuring of the manganese oxide material. The shape and intensity of the FT peaks following complete O2 starvation match those of Mn3O4, confirming the complete transformation of α-MnO2 into Mn3O4.



For the Mn K-edge, variations in the XANES spectrum can be evidently resolved under electrochemical polarization before and after the partial O2 starvation process. This clearly shows that, when the GDE is reduced in the absence of oxygen, the MnO2 component undergoes major structural/chemical changes. Quantitative fitting analysis of the EXAFS at the Mn K-edge was used to investigate the evolution of the local chemical environment of the α-MnO2 during the O2 starvation process. To perform the fitting analysis on the EXAFS oscillations, we constructed a model starting from the crystal structure of cryptomelane K1.33Mn8O16. The model includes four adsorber–scatterer interactions (also denoted scattering paths), each corresponding to a distinct interatomic distance: two Mn-O interactions and two Mn-Mn interactions. The first scattering path relates to the distance between the Mn ion and the oxygen in the lattice that forms the characteristic MnO6 octahedra (Mn-Olattice). The second Mn-O interaction (Mn-Oads) considers possible adsorbed oxygen-containing species (for instance, intercalated water molecules) [14], as well as hydroxide end groups on the catalyst surface [15]. The last two interactions are associated with the interatomic distances Mn-Mnedge and Mn-Mncorner [13,16]. Systematic variation of the choice and combination of scattering path showed that neglecting one of the Mn-Mn or Mn-O paths leads to a degradation of the fit quality; in particular, subtle, but diagnostic details of the crypomelane structure cannot be followed. To perform the fit of the EXAFS oscillations, the amplitude reduction factor S02 was set to a constant value of 0.8, following the report of Calvin Scott [17]. The edge energy E0, the mean squared relative displacements σ, the coordination numbers CN, and interatomic distances R were initially set as free variables. Eventually, a second refinement was done to improve the fit quality by constraining those parameters that showed a nearly constant value (to their average value; see quantities in boldface in Table 1). Fitting was carried out in the same R- and k-ranges of 1.25–3.25 Å and 3–15 Å−1, respectively. Figure 4a shows the structural model representing the α-MnO2 that was used to match the EXAFS data (see Experimental Section for more information). Figure 4b shows the comparison of experimental data with the fitted model in R space for the GDE before and after partial O2 starvation process. Table 1 lists all fitted parameters as a result of the refining method. The fit for both the ORR and OER processes over the analyzed R-range, as shown in Figure 4b, fits well with the experimental results for the GDE before O2 starvation. Although the quality of the fit for the peak corresponding to the Mn-Mncorner interaction is rather poor after partial O2 starvation, the peaks corresponding to the Mn-O and Mn-Mnedge interactions still show good agreement between the experimental data and the fit. It is worth noting that the relatively large value of the confidence interval for the Mn-Oads distances—corresponding to intercalation/surface species—with respect to the distances characteristic of the crystal bulk, is due to the multiplicity of oxygen adsorption sites and adsorbed oxygen-containing species. Instead, the confidence intervals of the other distances considered in our model are in line. An interesting result obtained from the fit is the parameter that corresponds to the coordination number for Mn-Olattice CN(Mn-Olattice). This is illustrated in Figure 4c. The value of CN(Mn-Olattice) changes considerably according to the condition applied (ORR vs. OER), where it increases during ORR and decreases during OER, respectively. More importantly, when comparing the data before and after O2 starvation, the value of CN(Mn-Olattice) is decreased. This is consistent with a lowering of the average Mn oxidation due to the lack of oxygen supply from ambient air. A parameter that provides more direct information on the relative changes of the average Mn oxidation state is the edge energy E0. The change in E0 for the GDE before and after partial O2 starvation as a function of ORR/OER is shown in Figure 4d. It can be noticed that the value of E0 decreases by about 5 eV and 3 eV for ORR and OER when comparing before and after O2 starvation, respectively.



We used an empirical linear relationship between Mn K-edge energy, E0, and the Mn oxidation state [3,19] to investigate the oxidation state of the MnO2 component under starvation conditions (Figure 5). For the calibration, standard Mn compounds MnO (+2), Mn3O4 (+2.7 [3]), Mn2O3 (+3), and pyrolusite MnO2 (+4) were utilized. The same figure also shows the Mn valence of α-MnO2 in its pristine state, which is +3.9. According to the linear relationship, the partial O2 starvation lowered the valence of Mn to about +3 during ORR and +3.5 during OER. Instead, the Mn oxidation state of GDE before O2 starvation increased slightly compared with the pristine α-MnO2 sample, and its value exhibits minor changes between ORR and OER states, thus indicating good reversibility.




4. Conclusions


Operando XAS was employed to probe structural and chemical changes of the α-MnO2 electrocatalyst embedded into a bifunctional GDE for metal-air batteries. The electrode architecture and composition, as well as the electrochemical setup, were all designed to achieve the optimal edge-jumps and signal-to-noise ratio in the absorption spectra for the Mn K-edge, with no effect on the current densities used, which are suitable for practical GDE operating conditions. The XANES at the Mn K-edge revealed that, when the access of oxygen is restricted to the GDE, the α-MnO2 is gradually transformed into Mn3O4. A quantitative fitting analysis of the EXAFS oscillations was carried out before and after partial O2 starvation of the GDE, starting from a model based on the crystal structure of cryptomelane α-MnO2. The fitting results revealed that, after partial O2 starvation of the GDE, parameters related to edge energy and the number of Mn-O bonds decreased, suggesting a lowering of the average Mn oxidation state. The latter is corroborated by exploiting the phenomenological linear relationship that exists between Mn valence and edge-energy.



This work opens up a new approach to the study of GDEs, based on operando XAS in a complete Zn-air battery, operating under practically relevant conditions, which can enable knowledge-based cell design and definition of charge/discharge protocols.
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Figure 1. (a) X-ray adsorption characteristics at the Mn K-edge energy of the fabricated GDE, together with a raw spectrum acquired operando during ORR. (b) Sketch of the operando XAS setup, with the GDE side facing the incoming X-ray beam. Upon transmission through the entire sample, consisting of the GDE, the 6 M KOH electrolyte, and the Zn electrode, part of the X-rays is absorbed by the different materials. 
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Figure 2. Chronovoltammetry test under ORR condition at j = −10 mA∙cm−2 before and after application of the Kapton foil in front of the GDE window. 
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Figure 3. Comparison of (a) Mn K-edge XANES and corresponding (b) FT amplitudes collected on the GDE before (solid blue and red lines), after partial (dashed blue and red lines), and after complete O2 starvation (solid black line); the data were not corrected for phase shift. The figure also includes the reference XANES of Mn3O4 (lime green) and pyrolusite-type MnO2 (cyan) powder. (c) Same data of Panel (b), reported vs. wavenumber in the full measured range. 
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Figure 4. (a) Schematic (rendered with the open source software VESTA [18]) showing the crystal lattice of α-MnO2. (b) EXAFS spectra in the R-space (black solid line) and curve fitting (red solid line) of the Mn K-edge for GDE before (left) and after partial O2 starvation (right) without (left) under OER (top) and ORR (bottom) current loads, as indicated in the figure. (c) Mn-Olattice coordination number and (d) edge energy E0 as a function of applied condition. 
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Figure 5. Determination of the α-MnO2 oxidation state at ORR (blue) and OER (red) conditions before (squared dots) and after (circular dots) partial O2 starvation of the GDE, using the Mn K-edge energy shift of the reference Mn compounds. See text for details. 
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Table 1. Results of non-linear least-squares fittings for the operando EXAFS spectra shown in Figure 4b for electrodes before and after partial O2 starvation, measured under different electrochemical conditions. Fitting was performed for the following ranges of wavenumbers and radial distances: k = 3.0–15 Å−1 and R = 1.25–3.2 Å.
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GDE before O2 Starvation






	
Condition

	
Path

	
R [Å]

	
CN

	
σ2 [Å2]

	
E0 [eV]

	
R-Factor *




	
ORR

	
Mn-Oads

	
1.620 ± 0.019

	
1.0

	
0.006 ± 5 × 10−4

	
6556.6 ± 0.5

	
0.003




	
Mn-Olattice

	
1.896 ± 0.003

	
7.6 ± 0.3




	
Mn-Mnedge

	
2.878 ± 0.004

	
4.9

	
0.006 ± 3 × 10−4




	
Mn-Mncorner

	
3.439 ± 0.007

	
3.7




	
OER

	
Mn-Oads

	
1.777 ± 0.027

	
1.0

	
0.003 ± 6 × 10−4

	
6557.0 ± 0.5

	
0.004




	
Mn-Olattice

	
1.906 ± 0.004

	
5.7 ± 0.5




	
Mn-Mnedge

	
2.879 ± 0.004

	
4.9

	
0.006 ± 3 × 10−4




	
Mn-Mncorner

	
3.442 ± 0.008

	
3.7




	
GDE after O2 starvation




	
Condition

	
Path

	
R [Å]

	
CN

	
σ2 [Å2]

	
E0 [eV]

	
R-Factor *




	
ORR

	
Mn-Oads

	
1.699 ± 0.027

	
1.0

	
0.003 ± 8 × 10−4

	
6551.6 ± 0.9

	
0.008




	
Mn-Olattice

	
1.892 ± 0.004

	
5.8 ± 0.5




	
Mn-Mnedge

	
2.869 ± 0.006

	
6.3

	
0.009 ± 4 × 10−4




	
Mn-Mncorner

	
3.421 ± 0.081

	
0.5




	
OER

	
Mn-Oads

	
1.768 ± 0.040

	
1.0

	
0.002 ± 1.1 × 10−3

	
6553.8 ± 1.3

	
0.014




	
Mn-Olattice

	
1.907 ± 0.009

	
4.7 ± 0.9




	
Mn-Mnedge

	
2.875 ± 0.010

	
6.3

	
0.009 ± 5 × 10−4




	
Mn-Mncorner

	
3.464 ± 0.097

	
0.5








Constrained parameters, fixed at the averaged value, are indicated in bold. * Paths with similar adsorber–scatterer interactions (i.e., Mn-Oads and Mn-Olattice or Mn-Mnedge and Mn-Mncorner) share the same mean-squared relative displacements:    σ   O  a d s     &    O  l a t t i c e    2    and    σ  M n − M  n  e d g e     &   M n − M  n  c o r n e r    2   , respectively. In all curve fitting processes, the goodness of fit was estimated by calculating the averaged R-factor, defined as       ∑   i = 1  3  {  [    ∑   j = 1  N     (   k i  ·  χ  d a t a ,   j   −  k i  ·  χ  m o d e l ,   j    )   2   ]  /  [    ∑   j = 1  N     (   k i  ·  χ  d a t a , j    )   2   ]  }  3   .
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