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Abstract: Aliovalent doping has been widely adopted to tune the electronic structure of transition-metal oxides for design of low-cost, active electrocatalysts. Here, using single-crystalline thin films as model electrocatalysts, we study the structure-activity relationship of Fe states doping in perovskite LaNiO3 for oxygen evolution reaction (OER). We found Fe4+ state is crucial for enhancing the OER activity of LaNiO3, dramatically increasing the activity by 6 times, while Fe3+ has negligible effect. Spectroscopic studies and DFT calculations indicate Fe4+ states enhance the degree of Ni/Fe 3d and O 2p hybridization, and meanwhile produces down-shift of the unoccupied density of states towards lower energies. Such electronic features reduce the energy barrier for interfacial electron transfer for water oxidization by 0.2 eV. Further theoretical calculations and H/D isotope experiments reveal the electronic states associated with Fe4+-O2--Ni3+ configuration accelerates the deprotonation of *OH to *O (rate-determining step), and thus facilitates fast OER kinetics.
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Introduction
 Electrochemical water splitting to produce hydrogen and oxygen is a promising pathway for storage of intermittent renewable energy by providing a green chemical fuel in the form of H2.[1] The water splitting reaction can be divided into two half reactions, the hydrogen evolution reaction (HER, 4H2O + 4e-  2H2 + 4OH-) and the oxygen evolution reaction (OER, 4OH-  O2 + 2H2O + 4e-). The OER involves a thermodynamically uphill, complex four-electron/proton transfer process, and it is the bottleneck limiting the overall efficiency of water splitting.[2] Although Ru- and Ir-based oxides show very high OER catalytic activity, their scarcity and high-cost hinder large-scale applications.[3] These problems have stimulated a wide search for earth-abundant transition-metal oxides (TM = Fe, Co and Ni) with multi-valent states of TM cations to accelerate the OER.[1a, 4] 
 To design active electrocatalysts, efforts to understand the OER reaction mechanisms and to identify the structural and electronic factors determining the intrinsic catalytic activity are essential. Similar to the d-band center theory established for noble metal catalysis,[5] Nørskov et al. proposed that the OER kinetics on TM oxides is generally governed by the adsorption binding strength of reaction intermediates (*OH, *O and *OOH) on the surfaces.[2a, 6] Therefore, many researchers have attempted to correlate different electronic structure parameters to OER catalytic activity, including the number of electrons in the eg orbitals of TM cations (with eg = 1.2 displaying the highest OER activity),[7] the degree of TM 3d-O 2p hybridization,[8] the energy position of O 2p band center.[9] Following these guidelines, high OER activities have been achieved through engineering of the electronic structure as well as forming nanostructures to expose large surface areas.[1a, 10] 
 Despite good progress, a few critical issues still remain. Firstly, most of the electrocatalysts are based on nanostructures with different morphologies and surface areas. Owing to their complex shapes and varying surface areas, it is difficult to accurately measure the intrinsic activities and electronic structures,[11] and therefore it is difficult to establish the relationship between electronic properties and OER activity. Similarly, mechanistic studies based on nanostructured catalysts are challenging, because such catalysts have different defects, exposed crystal facets, and unsaturated coordinated TM atoms at edge and step sites that increases number and complexity of possible reaction pathways.[12] The surface of the nanostructured catalysts may also reconstruct under OER operation conditions.[13] These factors complicate the identification of active sites and its electronic states, and elucidation of reaction mechanisms. A well-known example is Fe-doped Ni based (oxy)hydroxides. Here, the OER activity is increased dramatically by the Fe, but the role of the Fe is still a matter of intense debate.[14]
 On the other hand, recent advances in thin film growth technique allows the fabrication of TM epitaxial oxide single-crystalline thin films in which there is fewer defects compared to nanomaterials, and in which compositions and crystal facets can be controlled at the atomic level. Hence such films serve as an ideal platform for in-depth studies of catalytic and electronic properties of complex TM oxides.[15] Similar to the previous success of the use of precious metal single crystals as model catalysts,[16] the use of TM epitaxial oxide single-crystalline thin films as model catalysts would enable unprecedented access to the electrochemistry for fundamental understanding into the key electronic structure parameters that determine OER activity.[17] 
 In this work, we use perovskite LaNiO3 (LNO) single-crystalline thin films as model catalysts to elucidate the key electronic structures that governs the OER catalytic activity and the reaction mechanism. LNO has been attracting considerable attentions as an efficient, low-cost oxygen electrocatalyst, because it possesses a highly conductive metallic state and shows high bifunctional catalytic activities for both OER and oxygen reduction reaction (ORR).[7, 17b] Several strategies have been explored to further increase its OER catalytic activity, such as strain engineering,[17b] introducing oxygen vacancies,[18] and doping.[19] Although a certain enhancement in the OER catalytic activity has been achieved, a fundamental understanding of the structure-activity relationship is still necessary as the basis for the development of high-performance systems based on LNO with further increased OER activity. We synthesized a series of Sr and Fe doped LNO single-crystalline thin films with atomically flat surfaces using pulsed laser deposition (PLD). As illustrated in Figure 1a, Fe doping of LNO leads to Fe substitution at the Ni sites and maintains a +3 oxidation state. Also, further Sr doping at La sites push the Fe state from +3 to +4. These well-defined thin film samples allow us to carry out an in-depth study of the electronic structure and intrinsic catalytic OER activity. We used a combination of x-ray photoemission spectroscopy (XPS), x-ray absorption spectroscopy (XAS) and DFT calculations to study the insights of electronic structures that govern the OER activity. Interestingly, we found that the Fe4+ state is crucial for enhancing the OER activity of LNO, dramatically increasing the OER activity by 6 times, while Fe3+ state shows a negligible effect. It is shown that the incorporation of Fe4+ states creates an unoccupied state with a lower energy near the Fermi level (Ef). The lower unoccupied state reduces the energy barrier for electron transfer associated with water oxidation at the interface by 0.2 eV. Further DFT calculations and isotope experiments revealed that the deprotonation of *OH to *O is the rate-determining step in OER pathway, and the electronic states associated with Fe4+ accelerate the deprotonation step, and thus promote a fast OER kinetics.
Single-crystalline thin film model catalysts and the chemical states
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK1][bookmark: OLE_LINK3][bookmark: OLE_LINK2] Perovskite LNO, LaNi1-xFexO3 (LNFO-x; x = 0.1, 0.2) and Sr doped LNFO-x (SrLNFO-x; x = 0.1, 0.2) single-crystalline thin films with a thickness of ~25 nm were epitaxially grown on (001)-oriented Nb-doped SrTiO3 (STO) substrates (lateral size: 5 mm × 5 mm) using PLD (shown in Figure 1 and Figure S1). The appearance of atomically flat terraces with width of ~300 nm in atomic force microscopy (AFM) images (Figure 1b and Figure S1d) and high-resolution scanning transmission electron microscopy (STEM) images (Figure 1c and Figure S2) confirm the growth of high-quality thin films with atomically flat surfaces. XRD θ-2θ scans (Figure 1d) and reciprocal space maps (RSMs) near the (103) reflection of STO (see Figure S1c) further confirm the growth of single-crystalline thin films with the epitaxial relationship of films (001) ‖ STO (001). The temperature dependent conductivity of LNO, LNFO-0.2 and SrLNFO-0.2 thin films were measured from room-temperature (RT) down to 150 K, as shown in Figure 1e. All the films exhibit metallic conductivity. LNO has the highest RT conductivity of 2.1  104 S*cm-1. The RT conductivity decreases to 0.4  104 S*cm-1 for LNFO-0.2, and 0.8  104 S*cm-1 for SrLNFO-0.2.
[bookmark: _Hlk58963305] The oxidation states of Ni and Fe were investigated by XAS and XPS. Figure S3 shows the Ni K-edge X-ray adsorption near edge structure (XANES) for LNO, LNFO-x and SrLNFO-x films, of which the main absorption edge originating from the transition from the 1s to 4p states can determine the valence state of Ni atom. As seen in Figure S3, the XANES spectra at Ni K-edge for all the films are quite similar corresponding to Ni +3 oxidation state. Figure 2a shows the Fe K-edge XANES for LNFO-x and SrLNFO-x, as well as that of LaFeO3 (LFO) as reference for Fe3+. The Fe K-edges of the LNFO-x films are similar to that of LFO, indicating that the oxidation state of Fe in LNFO-x is +3. On the other hand, a 0.35 eV shift towards a higher photon energy is observed for SrLNFO-x, suggestive of a higher Fe4+ state in SrLNFO-x. Further evidence of more Fe4+ states in SrLNFO-x is obtained from the positive shift (~0.47 eV) of binding energies in Fe 2p XPS spectra shown in Figure 2b and the change in the line-shape of Fe L-edge XAS (details of the change in line-shape of Fe L-edge XAS are shown in Figure S4a ).[20] All the evidence agrees well with the scenario that the oxidation state of Fe in LNFO is +3, and further Sr doping in SrLNFO induces the Fe oxidation state from +3 to +4.
Electrocatalytic OER activity
[bookmark: _Hlk59227103][bookmark: OLE_LINK11][bookmark: OLE_LINK10][bookmark: OLE_LINK17][bookmark: OLE_LINK16][bookmark: OLE_LINK123][bookmark: OLE_LINK124] We evaluated the OER activities of LNO, LNFO-x and SrLNFO-x films in 0.1 M KOH solution (pH = 13.0, shown in Figure S5, S6 and S7). Charge transport of as-prepared film electrodes probed with the facile outer sphere redox couple [Fe(CN)6]3-/4- (Figure S5g).[21] High-purity KOH (99.999%) and polytetrafluoroethylene (PTFE) electrolytic cell were used to minimize the influence of unintentional Fe impurities.[22] The well-defined surfaces of the thin films (Figure 1b and Figure S1d) reduce the uncertainty of surface area estimation, and unexpected contribution from defects and step edges. This allows to compare specific OER activities more accurately by normalizing current densities to film surface area. Figure 3a shows the iR-corrected linear sweep voltammetry (LSV) polarization curves of LNO, LNFO-x (x = 0.1, 0.2) and SrLNFO-x (x = 0.1, 0.2), as well as those of LFO (as reference for Fe3+) and La0.2Sr0.8FeO3 (LSFO-0.8, as reference for Fe4+). All LNFO-x samples show OER activities comparable with that of LNO, while the SrLNFO-x series exhibit substantially higher OER catalytic activity. Figure 3b shows a comparative chart of current densities at a 1.66 V vs RHE polarization, i.e., an overpotential of 430 mV. In this condition, the anodic current density for SrLNFO-0.2 reaches 217 A cm-2, about 6 times higher than that for LNO (33 A cm-2), LNFO-0.2 (34.6 A cm-2) and LSFO-0.8. The comparison of the activities of LNO, SrLNFO-0.2 and LSFO-0.8 suggests that the incorporating Fe, specifically in the +4 oxidation state, enhances the activity of LNO through a synergistic interplay between Ni3+ and Fe4+. 
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK27][bookmark: OLE_LINK26][bookmark: OLE_LINK25][bookmark: OLE_LINK24] Tafel slopes provide information for the kinetics of OER.[3a, 23] As shown in Figure 3c, SrLNFO-0.2 exhibits a much lower Tafel slope (71 mV dec-1) than the slopes for LNO (93 mV dec-1) and LNFO-0.2 (90 mV dec-1), implying faster OER kinetics for the SrLNFO-0.2 sample. These results further confirm that the high OER current densities obtained with SrLNFO-x electrodes result from better intrinsic catalytic properties rather than extrinsic surface area factors. Accordingly, our DFT calculations and H/D isotope experiments discussed in following section suggest that the deprotonation step of (*OH*O) is the rate determining step (RDS) in the OER pathway, while the Fe4+ states in SrLNFO-x facilitate the deprotonation step. The Fe4+ states have been associated with enhanced OER catalytic activities for other oxide systems, such as CaCu3Fe4O12 consisting of networks of Cu2+O4 square and Fe4+O6 octahedron,[24] and Ruddlesden-Popper La0.5Sr1.5Ni1-xFexO4.[25] These results imply the critical role of Fe4+ in enhancing the OER activity. However, Fe3+-containing oxides (e.g., Fe2O3, LaFeO3) show low OER activities.[20] Moreover, we performed the OER stability test in 0.1M KOH solution for 100 cycles. SrLNFO-0.2 thin film displayed good electrochemical stability (Figure 3d). There is no decrease in the overpotential at 200 A cm-2 after 100 cycles.
Electronic structures and its correlation with OER activity
 Our high-quality thin films also allow us to characterize the detailed electronic structures so as to understand the enhanced OER activity. To this end, we carried out valence band (VB) XPS, XAS at the O K-edge, as well as DFT calculations to study the occupied and unoccupied density of states (DOS) near Ef. The DOS around Ef determines the adsorption strength of reaction intermediates, and hence the activation barriers for the RDS in OER pathway.[7, 26] As shown in Figure 4a, the VB spectrum for LNO consists of the Ni eg states (labeled as A) near Ef, the Ni t2g states in the energy region of 0.4-2 eV (region labeled as B), and the O 2p band in 2-7 eV (region labeled as C).[27] A clear DOS is observed across Ef (in the energy range of -0.4 - 0.4 eV) for all the films, confirming their metallic conductivity. The whole VB photoemission spectrum of LNO (including the O 2p band) moves away from Ef upon Fe3+ doping of LNFO-x (Figure 4a and Figure S8), which is accompanied by an increase of the relative spectral intensity in the energy region of 4-7 eV, due to the inclusion of the Fe 3d state. On the other hand, the introduction of Sr into SrLNFO-x induces a shift of the whole VB spectrum back close to the Ef.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21] The O K-edge XAS shown in Figure 4b probes the unoccupied states with partial O 2p character hybridized with empty TM 3d states. Hence, O K-edge XAS can be qualitatively related to unoccupied DOS.[28] The unoccupied states (marked as “D”) in the O K-edge XAS are associated with unoccupied Ni 3d and Fe 3d states hybridized with O 2p, from which we quantitatively determined the degree of 3d-2p hybridization parameters using the method developed by Suntivich et al.[29] The results shown in Figure S9 and Table S1, indicate that, in comparison with LNO, the degree of 3d-2p hybridization increases for SrLNFO-x, while it decreases for LNFO-x. Furthermore, a detailed comparison of the O K-edge spectra of all samples (Figure 4b and Figure S10) indicates that the introduction of Fe4+ in SrLNFO-x also increase the relative intensity of the lowest unoccupied states, shifting the onset to lower energy. Figure 4c compares in detail the measured occupied DOS (VB) and unoccupied DOS (CB) of LNO and SrLNFO-0.2, indicating the key electronic modulations induced by Sr-/Fe-co-doping.
 DFT calculations were also performed to study the electronic structure. Figure 4d shows the calculated DOS for LNO, LNFO-0.25 and SrLNFO-0.25. The projected DOS agrees well with the experimental XPS VB and O K-edge XAS shown in Figure 4a and b. All the films show a metallic state and strong 3d-2p hybridization. The incorporation of Fe4+ (i.e., SrLNFO-0.25) introduces more DOS and shifts the O2p band center close to the Ef (Figure S8d), in agreement with the trend observed in XPS VB and O K-edge spectra. 
 The DOS near Ef determines the adsorption energy of OER intermediates (*OH, *O and *OOH) on the film surfaces, as well as the energetic barrier for charge transfer across the interface. The increased occupied DOS and enhanced 3d-O 2p hybridization near Ef for SrLNFO-0.2 will enhance the orbital overlapping with adsorbed oxygen species (e.g., OH*, O*) to access a faster transfer of electrons at the adsorbate-catalyst interfaces.[30] As shown in Figure 4c, the increase of the available unoccupied state “D” at lower energy may reduce the energy barrier for electron transfer associated with water oxidation. The energy barrier for electron transfer, i.e., energy difference between the CB minimum (CBM) and OER potential, for LNO is 0.30 eV in 0.1 M KOH. On the other hand, the energy barrier for SrLNFO-0.2 is reduced to only 0.10 eV. This is in agreement with the much smaller electrochemical impedance spectroscopy (EIS)-determined charge transfer resistance (Figure S6) for SrLNFO-0.2 (337.5 Ω*cm2) than for LNO (1190.2 Ω*cm2), although the conductivity of LNO is 3 times higher than that of SrLNFO-0.2.
Reaction mechanism and structure-activity relationship
[bookmark: OLE_LINK47] To further elucidate the reaction mechanism, we performed calculations on adsorption free energies of reaction intermediates in the OER pathway, and applied the thermodynamic overpotential scheme developed by Nørskov et al.[2a, 31] Figure 5a shows the typical electron/proton coupled four-step OER reaction mechanism, in which the reaction intermediates are sequentially oxidized via *OH→*O→*OOH→O2.[2a, 32] The calculated adsorption energies and the estimated thermodynamic overpotentials are listed in Table S2 (see experimental details in Supporting Information for DFT computational details). Figure 5b shows computed free energies of *OH, *O, *OOH and O2 intermediates on LNO, LNFO-0.25 and SrLNFO-0.25 at equilibrium potential of 1.23 V. As seen, for LNO, The free energy difference (G*O  G*OH) between *OH and *O is the highest (0.535 eV), and thus the formation of *O, i.e., deprotonation of *OH, is the RDS. With the Fe3+ state in LNFO-0.25, the deprotonation of *OH to *O becomes more difficult. However, for SrLNFO-0.25 with a Ni3+-O2--Fe4+ structure, the (G*O  G*OH) for deprotonation is reduced to 0.435 eV, which is 0.1 eV lower than for LNO, consistent with the observed trend of OER catalytic activity (Figure 3a and b). The reduction of (G*O  G*OH) for deprotonation in SrLNFO-x is attributed to the synergistic electronic interaction between Ni3+ and Fe4+. 
 The calculated RDS is further verified by electrochemical measurements in D2O solution (pH = 13). Figure 5c compares the LSV for LNO and SrLNFO-0.2 measured in H2O and D2O solutions, and Figure 5d compares the Tafel slopes. The decreased OER catalytic activity and increased Tafel slope in D2O suggest that the RDS involves deuteron transfer, supporting that the deprotonation (*OH/D*O) is the RDS. Moreover, a small increase of 12 mV dec-1 in Tafel slope (Figure 5d) for SrLNFO-0.2 in comparison with 23 mV dec-1 for LNO and 25 mV dec-1 for LNFO-0.2, indicates a facile kinetics for deprotonation in SrLNFO-0.2.
[bookmark: OLE_LINK128][bookmark: OLE_LINK127][bookmark: OLE_LINK8][bookmark: OLE_LINK9] The optimized energetics of deprotonation step in SrLNFO-0.2 can be attributed to the modulated electronic states by incorporation of Fe4+, i.e., the formation of a Ni3+-O2--Fe4+ structure with enhanced 3d-2p hybridization. The OER process involves the oxidation-reduction of the active site Ni3+/4+.[33] The oxidation state of Ni3+ needs to increase in order to activate the deprotonation of *OH to *O by formation of the Ni4+-O intermediate. Therefore, a facile generation of Ni4+ is crucial for deprotonation of *OH. Due to the fully occupied t2g6 orbitals (of -symmetry) in Ni3+, there is a large electron-electron repulsion between the Ni t2g6 and O 2p6 orbitals (of -symmetry) in Ni3+-O2--Ni3+ in LNO (Figure 6a). However, for SrLNFO-x with a Ni3+-O2--Fe4+ configuration, Fe4+ cations have less electrons in t2g orbitals in comparison with Ni3+. This reduces the electron-electron repulsion from bridging O (Figure 6a) and make the Ni3+-O2--Fe4+ structure a favorable configuration for promoting high valency Ni4+.[14b] Moreover, as proved by the above O K-edge XAS spectra (Figure 4b and Figure S10), the high valence Fe4+ also increase the number of unoccupied eg states with lower energy at the bottom of CB, making it more energetically favorable to accept electrons from the bridging O via * bond, and the resultant half-filled O 2p orbitals can also accept electrons from neighboring Ni3+ at lower overpotentials, facilitating the generation of Ni4+ states. Evidence for this favorable electron transfer from Ni3+ to Fe4+ is supported by the calculated unoccupied O 2p DOS localized around the Fe 3d states for SrLNFO-0.25 (Figure 4d), as well as the early onset potential for OER current density in SrLNFO-0.2 catalyst (Figure 3a). Moreover, as shown in Figure 6b, the redox potential for the Ni3+/4+ redox couple [33a, 34] in D2O solution shifts towards a more anodic potential compared to that in the H2O solution, concurrent with the decreased OER catalytic activity in the D2O solution, suggesting that the more difficult it is to oxidize Ni3+, the less favorable OER is. In other words, the facile oxidation of Ni3+ to Ni4+ facilitated by Fe4+ states in SrLNFO-0.2 accounts for the rapid evolution of oxygen.
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK45][bookmark: OLE_LINK46] Lastly, it is of interest to compare the role of Fe state in the OER catalytic activity of LNO with that of Fe doping in Ni based (oxy)hydroxides, where it is well known that Fe doping of NiOOH dramatically enhances the OER activity, but the exact role of Fe in the catalytic mechanism remains elusive.[14] Recent in situ characterizations and theoretical calculations reveal the critical role of the Fe4+ oxidation state and the synergistic interplay between Fe and Ni for catalyzing the formation of active O radicals and the subsequent O-O coupling for fast OER kinetics.[14a, 14b, 35] Furthermore, the critical role of Fe4+ in enhancing the OER catalytic activity is also observed in many other catalysts based on Fe-containing oxides.[24, 36] This work used epitaxial single-crystalline thin films with deliberate control over Fe valence states to study the structure-activity relation and mechanism for the Fe4+ doping in LNO, completing the understanding of the RDS of the *O*OH step in the OER and revealing crucial electronic features associated with Fe4+ to facilitate deprotonation. Therefore, the deliberate introduction of Fe4+ should be considered in the design of future highly active electrocatalysts.
Conclusions
[bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK129][bookmark: OLE_LINK19][bookmark: OLE_LINK22] In summary, using single-crystalline thin films as model electrocatalysts, we studied in detail the structure-activity relations and the functional role of Fe states in the OER catalytic activity of perovskite LaNiO3. We found that Fe4+ states substantially increase the intrinsic OER activity of LaNiO3, while Fe3+ states have negligible effect. La0.8Sr0.2Ni0.8Fe0.2O3 exhibits excellent OER catalytic activity (current density of 217 A cm-2 at 1.66 V vs RHE), ~6 times higher than that of LaNiO3. The atomically flat thin films with well-defined structure allowed us to study the electronic structure and make a direct correlation with the intrinsic OER catalytic activity. Combined X-ray spectroscopic study and DFT calculations reveal crucial electronic features associated with Fe4+ that facilitates the OER, including (i) enhanced hybridization strength of Ni/Fe 3d with O 2p and a concomitant upshift of O 2p band center towards the Fermi level, which optimizes the surface absorption energetics of reaction intermediates; (ii) the lowering of unoccupied states by 0.2 eV, which reduce the energy barrier for electron transfer at the catalyst-adsorbate interfaces. Further DFT calculations and isotope experiments reveal that the deprotonation of *OH to *O is the rate-determining step in OER pathway, and the electronic states derived from Ni3+-O2--Fe4+ configuration accelerates the deprotonation step, and thus promote fast OER kinetics. Our work highlights the crucial role of Fe4+ states in the design of highly active OER electrocatalysts. The use of single-crystalline thin films with atomically flat surface and precise control over electronic states may also provide an ideal platform for studying the structure-activity relation in other transition metal oxide based (photo-)electrocatalysts.
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[bookmark: OLE_LINK15][bookmark: OLE_LINK18][bookmark: OLE_LINK40][bookmark: OLE_LINK44][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK130][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK14][bookmark: OLE_LINK58][bookmark: OLE_LINK59]Figure 1. Synthesis of single-crystalline thin films. (a) Schematic model of epitaxial growth of Sr and Fe doped LaNiO3 perovskite thin films on STO (001) substrate, and modulating the electronic structure through Fe and Sr doping. Fe doping at Ni site in LaNiO3 (LaNi1-xFexO3; LNFO-x) maintain a +3 oxidization state (green circle), while further Sr2+ doping at La3+ sites (La1-xSrxNi1-xFexO3; SrLNFO-x) will push the Fe states from +3 to +4 (red circle). (b) AFM image of the assembled electrode from single-crystalline thin film of SrLNFO-0.2, showing atomic steps and atomically flat terraces. (c) Cross-sectional scanning transmission electron microscopy (STEM) image of the SrLNFO-0.2/STO (001) interface viewed along the [010] direction. The interface is marked by the dotted line. (d) XRD -2 scans around (002) Bragg peaks for LaNiO3 (LNO), LNFO-0.1, LNFO-0.2, SrLNFO-0.1 and SrLNFO-0.2 films grown on STO substrates. (e) Temperature dependent conductivity for LNO, LNFO-0.2 and SrLNFO-0.2 films in the 150-300 K temperature range. The decrease in conductivity as a function of temperature indicates that the films exhibit metallic behavior.
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Figure 2. Characterizations of chemical states. (a) Fe K-edge XANES spectra for LNO, LNFO-x and SrLNFO-x (x = 0.1, 0.2); Inset shows the zoom-in region at the main absorption edge, indicating a shift of 0.35 eV towards higher photon energy. (b) XPS Fe 2p core level spectra. A positive shift (~0.47 eV) of binding energy of Fe 2p occurs for SrLNFO-x, compared with that of LNFO-x.
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[bookmark: OLE_LINK31][bookmark: OLE_LINK23][bookmark: OLE_LINK28]Figure 3. Electrocatalytic activities. (a) Linear sweep voltammetry (LSV) curves for LNO, LNFO-0.1, LNFO-0.2, SrLNFO-0.1, SrLNFO-0.2, LFO (as reference for Fe3+) and La0.2Sr0.8FeO3 (LSFO-0.8, as reference for Fe4+) measured in 0.1 M KOH with a scan rate of 10 mV s-1. (b) Comparison of specific current densities at 1.66 V vs RHE. (c) Tafel slopes. (d) LSV curves for SrLNFO-0.2 before and after 100 cycles. Inset shows the change of the overpotentials at 200 A cm-2 for SrLNFO-0.2 during 100 cycles.


[image: ]
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK12][bookmark: OLE_LINK13]Figure 4. Electronic structures. (a) XPS valence band (VB) spectra. (b) O K-edge XAS spectra. The bottom of O K-edge XAS, i.e., conduction band minimum (CBM), is determined by linear extrapolation of the leading edge of the “D” to zero baseline intensity. (c) Detailed comparison of the measured occupied DOS (VB) and unoccupied DOS (CB) near Ef for LNO and SrLNFO-0.2 on an absolute energy scale (vs Vac.). The redox level for O2/H2O (blue line) at pH 13 is -4.90 eV; CBM, i.e., the lowest unoccupied states, for metallic LNO is at -4.6 eV; Introduction of Fe4+ in SrLNFO-x shifts the CBM by ~0.2 eV towards lower energy, and thus effectively reduces the energy barrier of electron transfer by 0.2 eV. (d) The calculated DOS for LNO, LNFO-0.25 and SrLNFO-0.25. 
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[bookmark: OLE_LINK33][bookmark: OLE_LINK32]Figure 5. OER mechanisms. (a) Schematics of the OER mechanism. (b) Calculated free energy profiles of reaction intermediates for LNO, LNFO-0.25 and SrLNFO-0.25 at equilibrium potential of 1.23 V. (c) Comparisons of LSV of LNO and SrLNFO-0.2 measured in KOH dissolved in H2O and D2O solutions, and (d) comparisons of the Tafel slopes measured in H2O and D2O for LNO, LNFO-0.2 and SrLNFO-0.2. The differences are 23, 25 and 12 mV dec-1, respectively. The slow kinetics in D2O compared with that in H2O, suggests the deprotonation of *OH to *O is RDS. 
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Figure 6. (a) Schematic representation of the electronic coupling between Ni3+ and Fe4+ in SrLNFO-0.2. There is a large electron-electron repulsion between the Ni3+ t2g orbitals (-symmetry) and the O p orbitals (-symmetry) from bridging O in Ni3+-O2--Ni3+ in LNO, because of the fully occupied t2g6 orbitals in Ni3+. However, for SrLNFO-0.2 with Ni3+-O2--Fe4+ configuration, Fe4+ cations have less electrons in t2g orbitals than Ni3+, which will reduce the repulsion of -symmetry lone pairs of the bridging O. (b) Cyclic voltammogram (CV) curves of SrLNFO-0.2 in the KOH dissolved in H2O and D2O solutions. The potential corresponding to the oxidation of Ni3+ to Ni4+ in D2O solution shifts to more anodic direction, compared to that in H2O.
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