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Abstract

:

We discuss the atomic structure of cobalt ferrite nanoparticles doped with Mn via an analysis based on combining atomic pair distribution functions with high energy X-ray diffraction and high-resolution transmission electron microscopy measurements. Cobalt ferrite nanoparticles are promising materials for metal–air battery applications. Cobalt ferrites, however, generally show poor electronic conductivity at ambient temperatures, which limits their bifunctional catalytic performance in oxygen electrocatalysis. Our study reveals how the introduction of Mn ions promotes the conductivity of the cobalt ferrite electrode.
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1. Introduction


Oxygen reduction (ORR) and oxygen evolution (OER) reactions are the key anchors underlying the electrocatalysis processes in energy systems such as metal–air batteries and fuel cells [1,2]. ORR and OER are sluggish electrochemical reactions that require a large quantity of precious metals as catalysts for enhancing activity and durability. Achieving reversibility in the OER/ORR couple remains one of the critical materials science challenges for improved device performance. For example, Pt alloys are an effective catalyst for the ORR but not for the OER due to the formation of a Pt oxide surface film at high potential, which degrades activity. Similarly, IrO   2   is the most active catalyst for the OER due to its favorable electrical and ionic conductivities, but it is not good for the ORR. These materials problems, along with the cost and scarcity of precious metals, have hampered the development of reversible electrochemical devices. The need for a single high-performance nonprecious metal catalyst (NPMC), which is active for both ORR and OER (i.e., a bifunctional catalyst), to replace the precious metal catalysts in wide current use is thus clear.



FeN   x  C active sites appear to be among the most promising NPMCs [3,4]. These catalysts can be viewed as biomimetic analogs of the heme moiety. Note that the carbon scaffolding supporting the active sites here lacks ORR activity, but the addition of N atoms generates some ORR activity, and further addition of Fe atoms significantly boosts it. Although N-doped carbon-based NPMCs have shown remarkable ORR activity, their activity and durability for the OER remain insufficient. In fact, compared to the ORR, the OER is more challenging due to the extremely oxidative conditions at high potentials, where most of the currently studied carbon-based catalysts degrade due to rapid oxidation of carbon. Given the intrinsic stability of metal-based transition metal oxides, such as cobalt ferrite (CoFe   2  O   4  ), ORR and OER oxide catalysts could replace the carbon-based catalysts for reversible electrochemical technologies [1,2]. Cobalt ferrite is known to adopt the inverse spinel structure, where half of Fe    3 +    ions are located at the tetrahedral sites (A-sites), while the octahedral sites (B-sites) host the remaining Fe    3 +    and Co    2 +    ions [5], some deviations from this ideal structure notwithstanding [6].



The key materials challenge that needs to be addressed in this connection is that most oxide materials show poor electronic conductivity at ambient temperatures, which limits their bifunctional catalytic performance in oxygen electrocatalysis. In particular, CoFe   2  O   4   is a ferrimagnetic insulator [6,7]. An approach toward solving this problem is to modify the oxide matrix with Mn dopants. Here we focus on the structural aspects of these nanoparticles in order to identify their structural features that could promote their ORR/OER activity. In this way, one can engineer Mn doping [5] along the lines of conventional doping in semiconductor technology to achieve electronic control of redox chemistry of cobalt ferrite for bifunctional catalysis. We specifically investigate a series of monodispersed Co–Mn ferrite samples with composition Co    1 − x   Mn   x  Fe   2  O   4  , where x = 0.00, 0.25, 0.50, 0.75, and 1.00.




2. Synthesis, Characterizations, and HE-XRD Experiments


Iron (III) oxide monohydrate ( α -Fe   2  O   3  · H   2  O, 99.9%), cobalt (II, III) oxide (Co   3  O   4  , 99.5%), and manganese (II) oxide (MnO, 99%) were purchased from Strem Chemical. Oleic acid (technical grade, 90%) and benzyl ether (98%) were purchased from Sigma Aldrich. All chemicals were used without further purification. Synthesis of mixed-metal oleate complexes (Co    1 − x   Mn   x  Fe   2  -oleate, x = 0.00, 0.25, 0.50, 0.75, and 1.00) proceeded as follows. In a typical reaction, a 100 mL three-necked round bottom flask was loaded with  α -Fe   2  O   3  · H   2  O (12 mmol, 2.13 g), Co   3  O   4   (2 mmol, 482 mg), MnO (6 mmol, 426 mg), and oleic acid (48 mL). A water-cooled condenser was attached on top of the flask. The flask was heated to 295    ∘  C at a rate of 15    ∘  C/min under a continuous flow of N   2  . During the reaction process, the reactants bubbled vigorously, and the color of the reaction mixture gradually changed to brown. After 4 h, the resulting brown grease-like product was allowed to cool to room temperature and was then diluted with a mixture of hexane and acetone (1:20) and centrifuged at a speed of 5000–10,000 rpm. The precipitate was washed with acetone and dried at a temperature of 60    ∘  C for 24 h. The Co–Mn ferrite nanoparticles (NPs) (Co    1 − x   Mn   x  Fe   2  O   4  , x = 0.00, 0.25, 0.50, 0.75, and 1.00) were synthesized as follows. In a typical reaction for making Co    0.5   Mn    0.5   Fe   2  O   4  , a mixture of Co    0.5   Mn    0.5   Fe   2  -oleate complex (1.81 g), oleic acid (4.52 g), and benzyl ether (36 mL) was loaded into a 100 mL three-necked round-bottom flask. The reaction mixture was stirred very slowly to dissolve all materials at 60    °  C and was then heated to 298    °  C at a rate of 15    °  C/min under a continuous flow of N   2   and maintained at this temperature for 2 h. The color of the reactants changed from brown to black, indicating the decomposition of the metal complex to NPs. The resulting product was diluted with a mixture of hexane and acetone (1:20) and centrifuged at a speed of 5000 rpm. Finally, the precipitate was washed twice by hexane/acetone (1:5) to produce a dark red powder, which was dried at room temperature for further characterizations.



HE-XRD measurements were performed with a photon wavelength of 0.21 Å in the transmission mode at beamline BL04B2 of the Japanese synchrotron facility SPring-8. An ionization chamber was used for monitoring the intensity of the incident X-rays, while four CdTe and three Ge detectors were used for monitoring the intensity of the scattered X-rays. A two-axis diffractometer installed at BL04B2 was used to cover the low Q (small angle) region (≈0.1 Å    − 1   ). The setup for HE-XRD at this beamline is described in more detail elsewhere [8,9]. To achieve a high real-space resolution, the data over the full 2 θ  range of the structure factor (up to 25.6 Å    − 1   ) was used in the analysis of the structure. High-Resolution Transmission Electron Microscopy (HR-TEM) and STEM-EDXS were performed on a Tecnai Osiris TEM/STEM with an operating voltage of 200 kV. Drift-corrected STEM-EDS maps were acquired using Bruker Esprit software version 1.9 utilizing a probe current on the order of 1 nA. The samples for HR-TEM were prepared by suspending the particles in isopropanol and drop-casting them on to carbon-coated copper grid. An FEI XL30-SFEG scanning electron microscopy device operating at 5 kV was used for the EDXS measurements. Figure 1 gives the HR-TEM images for all investigated samples. All samples except    CoFe 2   O 4    look spherical and have similar sizes.    CoFe 2   O 4   NPs have a larger size and cubic shape.



The sizes and distributions of all NPs, measured using FIJI software [10], are summarized in Table 1.



Elemental analysis results (not shown) indicate that the composition of the metal ions in our ferrite nanocrystallites agrees with that of the original precursors. Thermogravimetric analysis shows that the cobalt-rich nanocrystalline ferrites have higher thermal stability, which results in the formation of a larger particle size.



We apply the HE-XRD measurements combined with the atomic pair distribution function (PDF) technique [11] to unravel the atomic structure of the Co    1 − x   Mn   x  Fe   2  O   4   nanoparticles. We use our experimental HE-XRD data to obtain PDFs. The first step is to get the total structure factor, also called the Faber–Ziman total structure factor [12],   S ( Q )  , which is a function of the absolute wave number   Q     ( Q = | Q | = ( 4 π / λ ) s i n θ )  , where  λ  is the wavelength of the incident X-rays and  θ  is the scattering angle.   S ( Q )   is related to the coherent part (   I  c o h    ( Q )   ) of the diffraction data [13] as follows:


  S  ( Q )  = 1 +    I  c o h    ( Q )  − Σ  C i    |  f i   ( Q )  |  2     | Σ   C i   f i     ( Q )  |  2     ,  



(1)




where    f i   ( Q )    is the atomic scattering factor and   C i   is the concentration of the atomic species of type i. The reduced PDF, denoted   G ( r )  , is given by the Fourier transform of   Q [ S ( Q ) − 1 ]  :


  G  ( r )  =  2 π   ∫   Q  m i n     Q  m a x    Q  [ S  ( Q )  − 1 ]  sin  ( Q r )  d Q  ,  



(2)




where   G ( r )   is defined by the formula


  G  ( r )  = 4 π r [  ( ρ  ( r )  −  ρ 0  )  ]  .  



(3)







Here,   ρ 0   is the atomic number density of the material, and   ρ  ( r )  =  ρ 0  g  ( r )    is the atomic pair density proportional to the PDF, denoted   g ( r )  . The peaks of   G ( r )   and   g ( r )   are associated with atomic distances. Note that in order to improve the spatial resolution of   G ( r )  ,   S ( Q )   must be measured with a higher Q cut-off,   Q  m a x   , which becomes possible due to the higher photon energies available in the HE-XRD technique. The PDF approach has been shown to be an effective method for determining the structures of non-crystalline and disordered materials as well as nanoparticles [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34].



Figure 2 shows our experimental data for   G ( r )  , which is seen to be in good agreement with the corresponding results of Tiano et al. [35]. This consistency demonstrates the reproducibility of the HE-XRD experiment. Interestingly, the numerical values of   G ( R )   expressed in Å    − 2    units are also comparable with the findings of Michel et al. [36] for the ferrihydrite.




3. Reverse Monte Carlo Analysis and Results


Constructing a starting model for refinement in an amorphous material is not a simple task because of the large number of atoms needed to resolve structural details. The Reverse Monte Carlo (RMC) method [37] finds the atomic structure directly from experimental data. RMC differs from other techniques since it is driven by the experimental data rather than the parameters obtained, for example, through molecular dynamics simulations. For this reason, further constraints are often added to the RMC-based modeling. These constraints include closest distance windows, coordination numbers, bond angles, and model-specific polyhedral constraints. Throughout an RMC simulation, positions of atoms fluctuate similar to thermal motions [37].



The RMC method can provide snapshot views of about   10 4   atoms, which is much larger than the number of atoms conventionally used in first-principles simulations [38,39], although efficient exploitation of high-performance computing resources is continuing to extend the reach of these precise computational methods to increasingly larger molecular and condensed matter systems [40]. If the RMC fit is consistent with all the data available, then the resulting configuration will accurately capture the structural characteristics of the sample being studied. Along these lines, Pussi et al. [39] have shown how the atomic structure of the FeCrMoCBY metallic glass can be resolved by combining density functional theory (DFT) calculations with a PDF analysis.



The present experimental PDF data for Mn-doped cobalt ferrite was analyzed using the RMCProfile software [41] to model the experimental   G ( r )   profiles. The structure is modelled by a cubic cluster containing 448 atoms without periodic boundary conditions. Tiano and collaborators [35] have fitted PDFs of ferrite nanoparticles as bulk PDFs attenuated by an envelope function that reflects the size of the nanoparticles. Their results clearly demonstrate that the salient PDF features in ferrite nanoparticles are bulk-like in nature.



The optimization process was started by using the pristine CoFe   2  O   4   structure. The cut-off lengths for the starting compound, CoFe   2  O   4  , were 1.2, 1.70, 1.70, 2.60, 2.60, and 2.60 Å for the O–O, O–Fe, O–Co, Fe–Fe, Fe–Co, and Co–Co atomic pairs, respectively. During the optimization, atoms were allowed to move and swap within the computational cube. The PDF and partial PDF fits are shown in Figure 3 and Figure 4, respectively, while Figure 5 illustrates the optimized atomic structures. The partial PDFs shown in Figure 4 reveal that the Co-rich and Mn-rich samples exhibit different behavior with respect to the occupation of the Co and Mn atoms in the tetrahedral and octahedral sites of the spinel lattice.



After the Monte Carlo optimization, our RMCProfile simulations yielded the following coordination for the Mn atoms: for 25% Mn doping (76 Mn–O bonds and 32 Fe–Mn bonds), the average coordination was 6.75; for 50% Mn (142 Mn–O bonds and 36 Mn–Fe bonds), the average coordination was 5.5; for 75% Mn (192 Mn–O bonds and 0 Mn–Fe bonds), the coordination was 4. Mn coordination is thus seen to decrease with increasing Mn concentration. This trend is consistent with the observations of Sanna et al. [42] and DFT simulations [5], which indicate that Mn ions prefer to substitute Co ions at the octahedral sites for   x < 0.25  , while at higher Mn concentrations, the Mn ions prefer tetrahedral sites with coordination of 4.



As we already pointed out, the key problem is the poor electronic conductivity of cobalt ferrite electrodes [1,2], which limits their electrocatalytic performance. The DFT calculations [5] show that the introduction of Mn ions can improve the conductivity of cobalt ferrite. The density of states (DOS) for Mn doping of   x = 0.5   and   x = 1   produces semiconductors with band gaps of 0.16 eV and 0.18 eV, respectively, which are smaller than the band gap of 2.31 eV [7] for the pristine material (   CoFe 2   O 4   ).   x = 0.75   yields a half-metal. The total magnetic moment is found to increase with increasing x [5].



A closer look to the inset of Figure 2 reveals peaks in the experimental   G ( R )   near   1.20   Å, which is the bond length of the O   2   diatomic molecule that can bind at the surface of cobalt ferrite nanoparticles. DFT calculations [43] show that an oxygen diatomic molecule interacts with the (001) surface of cobalt ferrite on top of an exposed octahedrally coordinated metal ion. Since our model cluster does not include the oxygen diatomic molecule, this surface effect must be added as has been done previously in gold nanoparticles [44].



The peak around   1.20   Å is the largest for   x = 0.5   (red line). Clearly this feature is not captured by our RMC model, which does not include O   2   diatomic molecules; see the difference curve (green line) between theory and experiment shown in the third panel from the bottom in Figure 3. The O   2   sticking to the cobalt ferrite surface can be intuitively rationalized by the paramagnetic behavior of O   2   [23,45]. Notably, Barbiellini and Platzman [46] have suggested how ionized, activated, or excited molecules on semiconducting or metallic surfaces can quickly dissipate their excitations by coupling to the electron-hole spectrum of the material. This relaxation involves Auger-like processes and provides a “healing mechanism” to stabilize the sticking of molecules to the surface. In any event, our experiments suggest that Mn doping of   x = 0.5   provides favorable conditions for O   2   diatomic molecules to stick to the surfaces of cobalt ferrite nanoparticles. The observed area of the peak related to the oxygen molecule can be explained in terms of the high surface-to-volume ratio [44], which results in many exposed octahedrally coordinated metal ions that can bind to oxygen molecules. We have verified that the oxygen molecule signal is a real feature and not an artifact of data processing by modifying the upper limit of the Fourier transform used in obtaining PDFs from the XRDs. Note that surface-molecule interactions contribute to the huge peak at around 2 Å, which is associated with octahedral coordination. This large peak is not fitted perfectly by our model—a discrepancy that we attribute to the surface effects that are not included in our modeling.




4. Conclusions


We have determined the atomic structure of spinel cobalt ferrite nanoparticles doped with Mn on the basis of our HE-XRD measurements. Our analysis involved RMC modeling to obtain pair-distribution functions to fit our XRD experimental data. Our structural (atomic) models were consistent with the atomic configuration used in DFT calculations [5] that predict improved electron conduction and hence better bifunctional ORR/OER electrode properties of Mn-doped cobalt ferrite. Notably, our study has provided evidence for insulator/metal transitions adduced from the structural information. The RMC modeling in Figure 3 confirms that the salient features of the PDFs mostly reflect the bulk spinel atomic structure, in good agreement with the findings of Tiano et al. [35]. The partial PDFs in Figure 4 demonstrate that Co and Mn ions behave very differently in that they occupy different atomic sites in the spinel structure, as illustrated by the atomic distribution in Figure 5. Our PDF results at small distances suggest that the sticking of oxygen molecules to the surface of the ferrite nanoparticles stabilizes around a Mn doping of around   x = 0.5  . By yielding structural information about the cobalt ferrites at the atomic scale, our study will help accelerate the rational design of novel materials for metal–air batteries.
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Figure 1. HR-TEM images for all investigated samples: (a)    CoFe 2   O 4   , (b)    Co  0.75    Mn  0.25    Fe 2   O 4   , (c)    Co  0.50    Mn  0.50    Fe 2   O 4   , (d)    Co  0.25    Mn  0.75    Fe 2   O 4   , (e)    MnFe 2   O 4   . 
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Figure 2. Experimental   G ( r )   data for all investigated samples. The top panel highlights the short-distance region. 
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Figure 3. Comparison of the experimental and calculated   G ( r )  . 
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Figure 4. Partial PDFs corresponding to the fits in Figure 3. 
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Figure 5. Optimized structures of all investigated samples. (a)    CoFe 2   O 4   , (b)    Co  0.75    Mn  0.25    Fe 2   O 4   , (c)    Co  0.50    Mn  0.50    Fe 2   O 4   , (d)    Co  0.25    Mn  0.75    Fe 2   O 4   , (e)    MnFe 2   O 4   . O is red; Fe is gray; Co is green; Mn is cyan. 
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Table 1. Sizes and distributions of all nanoparticles as indicated.
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	NPs
	     CoFe 2   O 4     
	     Co  0.75    Mn  0.25    Fe 2   O 4     
	     Co  0.50    Mn  0.50    Fe 2   O 4     
	     Co  0.25    Mn  0.75    Fe 2   O 4     
	     MnFe 2   O 4     





	Size (nm)
	32 ± 7
	5.0 ± 0.7
	5.1 ± 0.6
	6.4 ± 1.0
	6.0 ± 0.9
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