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Abstract

:

Anhydrous ferrous (II) oxalate (AFO) outperforms its hydrated form when used as an anode material in Li-ion batteries (LIBs). With the increasing interest in Na-ion batteries (NIBs) in mind, we examine the potential of AFO as the anode in NIBs through first principles calculations involving both periodic and non-periodic structures. Our analysis based on periodic (non-periodic) modeling scheme shows that the AFO anode generates a low reaction potential of 1.22 V (1.45 V) in the NIBs, and 1.34 V (1.24 V) in the LIBs, which is much lower than the potential of NIBs with mixed oxalates. The conversion mechanism in the underlying electrochemical process involves the reduction of Fe    2 +    with the addition of Na or Li. Such conversion electrodes can achieve high capacities through the Fe    2 +    valence states of iron.
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1. Introduction


The increasing interest in electrical vehicles is motivating the further development of batteries, especially the Li-ion (LIB) batteries, with rational energy distribution and efficient charging and discharging properties [1]. LIBs offer several important advantages, including high energy and power densities, long life cycles, high stability, high voltage discharge and low self-discharge rates [2,3,4]. However, their electrochemical response is sensitive to material fatigue and temperature [5]. Since lithium is not an abundant resource, Na-ion batteries (NIBs) are replacing LIBs. This trend is justified by the availability of sodium in large quantities and its lower cost [6,7]. Cost and abundance are, of course, important factors for the grid-scale production of energy storage systems [8]. For these reasons, LIBs and NIBs could soon compete to dominate the energy industry [9]. However, LIBs and NIBs present their own relative advantages and disadvantages, so the search for cost effective and efficient anode, cathode and electrolyte materials can be expected to continue.



Recently, metal oxalates have appeared on the scene as a green alternative to anode material in metal-ion batteries, providing excellent cycling stability and high energy density [10]. Transition metal oxides can be considered as sustainable energy storage materials because their oxalate anions (C2O42−) can be produced from carbon dioxide and act as a CO2 reservoir, reducing the overall CO2 content of the atmosphere. They can also serve as a green precursor for the production of metal-oxide particles through thermal degradation [11]. Some metal oxalates, such as the copper and iron oxalates [11,12,13], present outstanding properties for battery applications by storing Li and Na ions and generating electrochemical energy through a conversion mechanism rather than an intercalation [14,15,16]. During reversible intercalation, metal ions, such as Li or Na, interact with the electrode material and exchange electrons with the redox orbitals of the transition metal atoms without inducing major structural changes. Therefore, the number of exchanged electrons and the associated redox activity of the material is controlled by the crystal structure of the material, which does not undergo irreversible degradation [15]. In contrast, in the conversion mechanism, when the Li/Na ions interact with the anode material, the oxidized metal centers reduce to their metallic state and the anode turns into metal atoms embedded in a network of Li/Na oxalate. For sodium, the conversion reaction can be written as


   MC x   O y  + 2  Na +  + 2  e +  →  Na 2   C x   O y  + M ,  



(1)




where M represents the metal. Although the conversion reaction would appear to be irreversible at room temperature, it turns is reversible in some materials, such as the metal oxalates [15]. The reason for this is that the full reduction of the transition metal atoms in the material leads to the formation of metal nanoparticles with a high interfacial surface area and strong activity to decompose the surrounding Na/Li oxalate phase [15,17]. The conversion process can thus provide a higher capacity compared to the intercalation processes. However, this results in the formation of some intermediate compounds, which yield deviations from the theoretical electrochemical potential values. It also involves the formation of nanoparticles and a significant increase in the surface area, so that a voltage hysteresis can be expected [15].



Metal oxalates can support similar conversion mechanisms. As an example, we consider the ferrous oxalate dihydrate (FOD) or the iron (II) oxalate dihydrate (FeC2O4·2H2O) (humboldtine). This material is promising for clean energy applications, and can also be mined or easily synthesized [18]. Its high photocatalytic activity [19,20] and proton conductivity [21] justifies its use in photocatalysis and wastewater treatment [22,23]. Moreover, due to its relatively low thermal stability [24], it is used as a precursor to synthesize various Fe-containing battery materials [25,26]. FOD has also shown promising properties for Li storage and LIB anode applications [27,28,29]. An outstanding feature of FOD is that its hydration level has a direct impact on its anodic activity in LIBs. In an earlier computational study [29], we showed that anhydrous ferrous oxalate (AFO) (FeC2O4) supports a higher Li storage capacity and a lower voltage compared to its fully hydrated state (FOD), and even its partially hydrated counterpart, in accordance with experimental studies [13,27]. The negative impact of structural water on FOD’s electrochemical activity is a direct outcome of Li hydration by the water molecules and their inhibitory role in Li interaction with the iron oxalate chains [29]. It is also related to the interaction of structural water with LiPF6 and HF production [13]. Therefore, AFO offers higher stability and more favorable electrochemical potential relative to FOD [13,29].



As previously noted, NIBs can offer advantages over the LIBs. With this motivation, we evaluate the performance of AFO (rather than FOD) as an anode material in NIBs and compare its electrochemical properties to those of the corresponding LIBs. We also discuss the underlying electrochemical mechanism to evaluate the potential impact of conversion chemistry on the performance of ferrous oxalates. Our study provides an insight into the favorable reaction potential of AFO in Na-ion batteries.




2. Computational Method


The activity of AFO for potential application in Na-ion batteries was studied using both periodic and non-periodic quantum mechanical calculations. Periodic and non-periodic approaches can highlight different aspects of the electronic structure and thermodynamics of materials [30]. The inclusion of periodicity can improve property predictions [31,32]. Therefore, to gain a more robust understanding of the effects of Na insertion in AFO chains and the underlying electrochemical mechanism, we considered both approaches in the absence of experimental data on AFO-based NIBs. Our combinatorial approach also allowed us to isolate the effect of metal-oxalate periodicity on the Na interaction with AFO chains. To compare the activity of AFO as an anode of NIBs vs. LIBs, we also performed complementary calculations involving Li interactions with AFO. We divide the discussion of these details into the following subsections.



2.1. Non-Periodic Calculations


Non-periodic calculations were performed on a truncated model of AFO using Gaussian 16 A.03 [33]. The cluster model (Figure 1) and the optimal computational level (i.e., PBE/cc-pVDZ [34] + D3 Grimme’s dispersion correction [35]) were retrieved from and validated in our earlier study on humboldtine and its partially and fully dehydrated counterparts [29]. First, the electronic structure and geometry of the Na   0  -free AFO model were relaxed. Then, a system containing a Na   0   atom near the central Fe    2 +    ion of AFO was optimized. Notably, our previous study of the Li/humboldtine system [29] showed that configurational changes in the starting Na/AFO system by relocating the metal ion/atom with respect to the central Fe atom does not change the final optimized structure. Therefore, we did not explore configurational changes in the present cluster-based calculations. For both systems, several potential spin states were considered. The spin state with no imaginary frequency, insignificant spin contamination, and the lowest electronic and Gibbs free energy was identified as the ground state. The spin-state results are presented in Table S1 of the Supporting Information. To better understand the nature of the conversion mechanism, we also studied a system with two Na   0   atoms near the central Fe. We did not consider the intercalation of Na   +   because our previous work on Li   0   and Li   +   intercalations into hydrated and dehydrated humboldtine showed that the application of both Li oxidation states provides similar electrochemical potential changes [29]. We also did not include the effect of basis set superposition error (BSSE) on the final adsorption energies and voltage values. The reason for this is that our earlier study of Li interactions with humboldtine [29] showed that our non-periodic model (without BSSE inclusion) provides an accurate prediction of the electrochemical potential. The Bernardi and Boys approach, which is the counterpoise method used by Gaussian to calculate BSSE, is sensitive to the division of the system into different fragments and its results exhibit variations [36]. Moreover, our estimation of the effect of the BSSE on the final voltage found only a −0.12 V difference for the AFO system with one Na and −0.17 V difference for two Na atoms, and thus did not affect our conclusions significantly.




2.2. Periodic Calculations


To evaluate the effect of crystal periodicity on the electrochemical results and undertake a comprehensive analysis, we simulated periodic Na   0  -free and Na   0  -containing AFO systems with the Quantum Espresso software [37]. As the crystal structure of AFO is not available, we started with the unit cell structure of  α -monoclinic humboldtine [38]. Then, we removed the water molecules, relaxed the atoms and obtained the equilibrium monoclinic AFO unit cell shown in Figure 1. For the relaxation process, we considered a variable (non-fixed) cell, and minimized its stress. The Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm [39] was used in this optimization. The ion-convergence criterion was 10    − 3    Ry Bohr    − 1   . The Quantum Espresso calculations used the PBE functional (as in our non-periodic calculations) and a grid of 1 × 2 × 2 k-points over the Brillouin zone. The fully relativistic rrkjus pseudo-potentials (available in the Quantum Espresso’s library) were used and a cut-off energy of 80 eV was applied. To ensure the correct positioning of the Na   0   atom in the AFO structure, we tried several starting configurations, but the results converged to a highly similar structure in all cases.
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Figure 1. Structure of AFO. (a): truncated model. (b): periodic unit cell after structural optimization. (Color code: Fe: blue, C: grey, O: red, and H: light grey/white). The Bravais lattice vectors are    b 1  =  ( 12.011 ; 0 ; 0 )   ,    b 2  =  ( 0 ; 5.557 ; 0 )    and    b 3  =  ( − 6.179 ; 0 ; 7.760 )   . The units are Å. 
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3. Results and Discussion


3.1. Na Interaction with AFO


To understand electronic structure changes in an AFO-based NIB, we first focus on the Na–atom interaction with the AFO structure. The Na equilibrium positions obtained from the periodic and non-periodic calculations are shown in Figure 2. These results reveal that Na interacts with AFO by bridging two oxalate anions attached to the same iron cation. The trend is similar to the behavior of Li   0   and Li   +   [29]. Both Li and Na prefer locations between the oxygen atoms of two neighboring oxalate groups. When the AFO chains are extended to a multi-chain crystal structure, the cluster-based model becomes a 3D periodic system, where Na does not bridge the oxalates of only one AFO chain. In fact, the Na atom’s equilibrium position is located between the adjacent oxalate groups of the two parallel chains. This insertion of Na leads to a significant change in the lattice structure of AFO and changes the monoclinic unit cell of AFO to an asymmetric lattice (Figure 1 and Figure 2).




3.2. Conversion Mechanism


The insertion of Li and Na produces changes in the electronic structure of AFO. The density of states (DOS) of periodic AFO after Li and Na insertion displays an increased metallic character (Figure 3). The calculated band structure of pristine AFO reveals an energy gap of 1.06 eV at the  Γ  point. This gap reduces to 0.87 eV upon Na   0   insertion and to 0.32 eV upon Li   0   insertion. In the case of the non-periodic AFO chain, the energy gap is estimated as the energy difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The HOMO-LUMO gap in pristine AFO is 2.21 eV, and it reduces to 1.17 eV upon Li   0   insertion and to 2.06 eV upon Na   0   insertion. The energy-gap differences between the periodic and non-periodic results can be attributed to gap-scaling effects in nano-systems [40]. However, despite these differences, both computational schemes agree in the identification of significant changes in the electronic structure of AFO resulting from the Li/Na insertion. The band gap reductions and the overall modifications of the DOS indicate a clear increase in the metallic character upon Na/Li doping.



To gain insight into the conversion mechanism, we considered the truncated model and added a second Na to the system. When a second metal ion was added, we optimized the structure at different spin states; see Table S1. For the 9tet system, which refers to 8 unpaired electrons and 2 Na   0   atoms, we observed a planar chain. However, starting from the 11tet spin state (10 unpaired electrons), the chain started to deviate from the planar geometry. In the 13tet state (12 unpaired electrons), the chain formed a ring around the axial Na   0   atoms. This state is the ground energy-state but the strong distortion of the chain is probably a spurious effect produced by finite size errors. The observed structural change might be attributed to the gradual formation of the Li2Fe(C2O4)2 intermediate compound, as well as the creation of an amorphous state with low degree of crystallinity, as indicated by the FTIR results of Zhang et al. [13].



With the addition of the first and second Na   0   atoms, the HOMO-LUMO gap of the ground-state structure reduces from 2.21 eV to 2.06 eV and 1.88 eV, respectively. This decreasing trend is consistent with the promotion of metallic properties in the conversion chemistry. In terms of atomic charge estimated using the Atomic Polarization Tensor (APT) scheme, the addition of one Na   0   atom to the system reduces the charge of the central Fe atom from 1.31 to 0.54 C. However, the drastic changes in the structure of AFO upon the addition of the second Na   0   increase the charge of the central Fe to 0.78 C. The general decrease in atomic charge, particularly for the system with 1 Na   0  , indicates Fe reduction as a result of conversion. This also shows up in the trend of the total charge of the three Fe atoms in the Na   0  -free system (4.08 C) and the system with one (2.58 C) and two (2.75 C) Na   0   atoms. To remove these spurious structural effects, one can constrain the truncated model to a planar or quasi-planar geometry in the 9tet and 11tet states, respectively. The HOMO-LUMO gap of the AFO system with 2 Na   0   atoms is 0.21 eV at the 9tet state, with the central Fe’s atomic charge being 0.06 C. The HOMO-LUMO gap and central Fe’s charge in the 11tet AFO + 2Na   0   system are 1.68 eV and 0.64 C, respectively. These results provide clear trends for the transition to the metallic state.




3.3. Electrochemical Potential


To predict the open-circuit voltage (OCV) generated upon the addition of Na and Li to AFO, we first calculated the adsorption energies (  Δ E  ) using the energies of the Na/Li-AFO system with   x = 1   Na or Li ions (M) (  E  A F O / x M   ), AFO (  E  A F O   ) and the Na/Li ion (  E M  ):


  Δ E =  E  A F O / x M   −  E  A F O   − x  E M   



(2)




Considering the periodic system, the adsorption energies for Na and Li were calculated as −2.35 eV and −2.99 eV, respectively, indicating a stronger adsorption for Li. Our calculations on the non-periodic AFO model resulted in adsorption energies of −2.58 eV and −2.89 eV [29] for single Na and Li atoms, respectively. Both computational methods provided similar results and indicated stronger Li adsorption. Next, we calculated the OCV (  Δ V  ) values for both the AFO-based Na and Li-ion batteries [41,42] using the formula


  Δ V = − (  E  A F O / x M   −  E  A F O   − x  E  M - b u l k   ) / x n e ,  



(3)




where   E  M - b u l k    is the energy of bulk Na or Li metal, n is the highest oxidation state of the cation (=1), and e is the electron charge. The energy   E  M - b u l k    was obtained from the cohesion energy (  E  c o h   ) of Na (1.13 eV) and Li (1.65 eV) metals [43], and the energy of the Na/Li (M) atom (E   M  ) [44,45] using the relationship:


  Δ  E  c o h   =  E M  −  E  M - b u l k   .  



(4)







The OCV values for the periodic (non-periodic) AFO anode were found to be 1.22 ± 0.01 V (1.45 V) for the NIB and 1.34 ± 0.01 V (1.24 V [29]) for the LIB. The lower the voltage generated by an anode, the better the battery performance [46]. The periodic calculations yield a lower voltage generated by the AFO anode in NIBs, while the non-periodic calculations indicate a lower voltage for the LIBs. To the best of our knowledge, there are no experimental data on the potential of AFO anodes in NIBs. However, Ang et al. [47] report that the cocoon and rod-shaped AFO anodes lead to two anodic reaction peaks at 0.76 and 1.21 V, respectively, and 0.73 and 1.23 V in LIBs, over the potential range of 0–3 V (vs. Li   +  |Li). These point to the non-periodic calculations as a more reliable computational approach, the appeal of the periodic computations notwithstanding. In either case, our calculations agree well with the experimentally observed second peak noted above, but indicate just one potential peak and minor potential differences. These discrepancies partly result from the neglect in our calculations of the micro-environmental effects arising from electrolyte, temperature, and ion concentration, and also the fact that we ignored Li   +   in our calculations. In fact, the experimentally observed peak appearing at around 0.73–0.76 V is consistent with the OCV observed for the addition of Li   +   to AFO in our earlier non-periodic calculations, yielding a comparable corresponding value of value of 0.70 V [29]. Our findings thus agree with those of Ang et al. in that the two aforementioned peaks arise from different oxidation steps in the anodic process [47]. Because of the conflict between the preference of AFO for NIBs over LIBs and the absence of one of the oxidation steps from our calculations, we are not in a position to firmly establish the superiority of AFO application in NIBs compared to the LIBs. Regardless, we demonstrated the efficiency of AFO as an anode material for both NIBs and LIBs compared to some mixed oxalate-containing materials used for NIBs and LIBs [11], such as polyanionic Na2Fe(C2O4)(HPO4) with an OCV of 3.2 V (vs. Li   +  |Li) and 3.1 V (vs. Na   +  |Na) [48], and its competitive performance with respect to some other materials in NIBs; for example, CoC2O4·2H2O/rGO with two anodic peaks at 0.25 and 1.25 V [49].





4. Conclusions


We present a first principles study to understand the conversion mechanism in LIBs and NIBs with a    FeC 2   O 4    anode. This conversion reaction occurs with the formation of a metallic iron phase embedded in a Li/Na oxalate matrix. We invoke both periodic and non-periodic model calculations. The results obtained using periodic and non-periodic models are similar and indicate a clear trend toward insulator–metal transitions driven by Li/Na addition, with Li addition providing a stronger metallic trend. The conversion process for both Li and Na provides a lower reaction potential than that of NIBs with mixed oxalate anodes. Our study indicates that the capacity of conversion-based materials is much higher than that of the insertion-based anodes involving carbon phases [50].
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Figure 2. Structure of AFO with inserted Na. (a): truncated model. (b): periodic unit cell. (Color code: Fe: blue, C: grey, O: red, and H: light grey/white). The Bravais lattice vectors are    b 1  =  ( 12.992 ; 1.555 ; − 2.304 )  ,     b 2  =  ( 0.507 ; 4.832 ; 0 )    and    b 3  =  ( − 7.706 ; 0.875 , 7.610 )  .   The units are Å. 
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Figure 3. DOS profiles of pristine AFO and Na/Li doped AFO. The DOS profile of pristine AFO is already slightly metallic within the PBE approximation, and it becomes more metallic with both Li and Na addition. 
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