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Abstract
[bookmark: _Hlk173247287]    A facile facet reconfiguration has been considered as an essential issue for nitride coating in promoting surface protection behaviour. Compared to physical-chemical methods to achieve heterogeneous coating, plasma nitridation strategy is regarded as a favourable technique to in-situ deliver nitride protecting layer, but it is difficult to precisely control surface framework through plasma technique due to complicated interaction environment. To simply achieve nitride coating with favourable surface protection behaviour, we design a novel auxiliary insulator-confined plasma system to directly achieve hydrophobic iron nitride nano-coral (hFeNC) with desirable corrosion- and wear-resistant properties by controlling surface heating process during plasma nitridation. The resultant hFeNC nano-framework delivers corrosion rate of 1.2 mpy, 4- and 9-times lower than that of solid iron nitride film (sFeN) via normal plasma and initial Fe in NaCl condition, respectively. Operando plasma diagnostics along with numerical simulation further confirm the effect of surface heating on typical plasma parameters as well as the iron nitride nano-frameworks, indicating surface heating as the key factor responsible for the favourable surface protection coating.
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1. Introduction
Surface protection for iron-based frameworks has served as a long-standing issue in diversified industrial fields for hundreds of years [1-3]. With vibrant development of nano-composites, different functionalized nano-frameworks have been introduced with excellent surface-protecting behaviours based on diversified strategies [4, 5]. Typically, heterogeneous coatings such as 2D structures, polymers and metals along with their composites have been commonly applied via physical-chemical approaches [6-8]. Although these coatings have satisfied industrial applications, their fabrication inevitably involves introduction of environmental-hazardous species along with multi-step fabrication process [9, 10]. Additionally, an essential issue is to achieve good adhesion between coating and substrates for stable coating for durability to reduce expenses. In this regard, operando growth of surface coating is considered as an essential candidate for surface protection, within which plasma nitridation has attracted considerable attentions in such field.
[bookmark: _Hlk173442364]To date, numerous efforts have been devoted to achieving in-situ uniform nitride coating for effective surface protection of iron-based substrate using various types of plasma synthesis/processing system. Specifically, Yang et al achieved nitride coating with Fe2-3N phase via direct-current (DC) plasma technique [11]. Naeem et al delivered Fe4N and Fe2-3N phases on plain carbon steel via cathodic cage plasma [12] and Cleber et al further achieved the similar results on low-carbon steel via DC pulsed plasma [13]. Both of them have delivered nitride layer with little nano-structurization on substrate surface. Comparatively, Yan et al found the formation of Fe4N and FeN0.076 nanocrystals on M50 carbon steel after pulsed plasma processing [14]. Indeed, the influences of different discharge parameters on the nitride structures along with protection performance have been learned via systematic investigations using different plasma techniques. The same reaction conditions within different nitriding system exhibit certain statistical regularities in their effects on nitride structures [15, 16]. However, even within the same type of plasma system, apparent disparities usually persist in the regulation of nitride structure, which makes it difficult to precisely control the achieved frameworks and hence limits the protection capability. It has been elucidated that continual variation of surface reaction temperature, influenced by the interaction of reactive species and substrate surface, constitutes a pivotal factor in impacting nitride structure and the corresponding performance [17-19]. Hence, the exploration of a highly effective strategy to control surface reaction temperature is deemed imperative for the precise regulation of coating structure with favourable surface protection behaviour. 
Herein, we present a facile insulator-confined plasma strategy for in-situ modulation of exposed facets of hydrophobic iron nitride nano-coral frameworks (hFeNC) through a controlled surface heating process during plasma nitridation. In comparison, the solid iron nitride film (sFeN) with apparent hydrophilicity is formed during normal N2 plasma treatment in conventional processing without the introduction of insulator-confinement. The resultant nano-framework yields the exposed (101) and (2-10) facets of Fe3N on coralline surface of hFeNC, leading to desirable corrosion- and wear-resistant behaviours compared to sFeN with exposed Fe3N (002) facet. Numerical simulation was used to validate the advantages of achieving the desired surface facet of iron nitride. The operando plasma diagnostics shows that the preservation of substrate surface heating via insulator-confined plasma processing results in an increased density of reactive species and a tailored surface temperature, facilitating the rapid kinetics of iron species and hence the formation of iron nitride nano-coral. In summary, our work introduces a facile strategy for the precise control of exposed facets and morphology in hFeNC, thereby enhancing its surface protection behaviour.

2. Experimental Section
2.1. Materials. 
    Fe plate (thickness: 0.5 mm) was purchased from Changsha Lyrun Material Co. Ltd. All the chemical regents were used as received without any further purification. 
2.2. Material fabrication
[bookmark: _Hlk173496424]Hydrophobic Iron Nitride Nano-Coral Fabricated by Plasma Strategy (hFeNC): The hFeNC was prepared by our indigenously designed radio frequency (RF) plasma system with the introduction of our self-made insulator-confined plasma system (detailed schematic of procedure is shown in Fig. S1). Briefly, Fe plate with the size of 2 cm × 2 cm was cleaned ultrasonically with acetone and 3 M HCl solution for 15 min in each and washed subsequently with water and ethanol for several times. Then the cleaned Fe was located on the electrode surface within the chamber. The distance of two capacitively coupled RF electrode was kept at 40 cm. After evacuating the chamber by the combination of rotary and turbo pump, N2 gas was made to flow into the system at a flow rate of 40 sccm and the pumping rates was adjusted using mechanical valves to keep the chamber pressure as ~30 Pa. Nitrogen plasma was produced by RF waves launched from Caeser136 RF generator (800 W, 13.56 MHz), coupled through Navio Matching network to RF electrodes. After nitridation for 300 s, the RF glow-discharge plasma was switched off. The reaction chamber was subsequently vent to atmospheric pressure and the resultant hFeNC was obtained. 
[bookmark: _Hlk173496546]Solid Iron Nitride Film Fabricated by Plasma Strategy (sFeN): The sFeN was fabricated through the same RF plasma system except the introduction of insulator-confined component during N2 plasma processing. All the procedure is same with that in the preparation of hFeNC. 
2.3. Characterization, performance evaluation and computational analysis
Characterization: Scanning electron microscopy (SEM) analysis was carried on JEOL JSM-7600F scanning electron microscope with an accelerating voltage of 15 kV. Transmission electron microscopy (TEM) measurements were performed by JEOL-2100F high resolution transmission electron microscope with an accelerating voltage of 200 kV. X-ray diffraction (XRD) patterns were collected using a D8 advanced diffractometer equipped with Cu Kα radiation (λ = 0.15406 nm). X-ray photoelectron spectroscopy (XPS) analysis was conducted using VG ESCALAB 220i-XL XPS with a monochromatic Al Kα (1486.7 eV) X-ray source. Binding energy of C1s peak from sp2-bonded carbon at 284.5 eV was used as a reference for correction. The XPS probing depth is 4~6 nm.
    Corrosion-Resistant Behavior Evaluation: The electrochemical measurements were carried out by an electrochemical workstation (SHI660E, CH Instruments Ins) with three-electrode system. Saturated calomel electrode (SCE) was selected as the reference electrode and platinum electrode was applied as the counter electrode. All prepared samples were tested directly as the working electrodes without addition of binder and conductor. Tafel slopes and electrochemical impedance spectroscopy (EIS) were performed in 3.5 wt% NaCl.
[bookmark: _Hlk173248354]    Mechanical Property Evaluation: The tribological studies were carried out on a computer integrated pin-on-disc tribometer (DUCOM Wear and Friction Monitor TR-20LE-PHM400) with an inbuilt load cell to measure the frictional force. The tribo-testing was continuously conducted with three different Si3N4 loads (2.2 N, 4.2 N and 6.2 N) for 15 min. The sliding was carried up to a distance of 45 m at a constant sliding speed of 3 m min-1. 
    Computational Analysis: The density functional theory (DFT+D3) calculation was performed to investigate based on Vienna Ab-initio Software Package (VASP) program with Perdew-Burke-Emzerhof (PBE) exchange-correlation functional. Based on our experimental results, we applied Fe, Fe3N and FeN model with typical surfaces. A 1×1×1 Monkhorst-Pack grids was applied to carry the surface calculations. Intermediate absorbents were further located on substrate surfaces for obtaining absorbing energy. The slab is controlled to 20 Å along the c-direction to prevent the interaction of neighboring atoms. The energy cutoff was set to 520 eV with energy and force consistency of 10-5 eV and 10-2 eV Å-1. 
The binding energy of adsorbates on substrates can be defined as:
Eads = Esubstrate+adsorbate – (E substrate + Eadsorbate)
In which Eads was the absorbing energy between the catalyst and adsorbate; Esubstrate+adsorbate referred to the total energy of catalyst surface with the adsorbate, while Esubstrate and Eadsorbate stand for the total energy of the catalyst surface and adsorbates.
In present work, the Gibbs free energy change (ΔG) of each elementary step was obtained by:
ΔG = ΔE + ΔEZPE – TΔS
Where the ΔE denotes the adsorption energy, ΔZPE and ΔS are the changes of zero-point energy and entropy, and the temperature T is set to 300 K.

3. Results and Discussion
[image: ]
Fig. 1. Schematic procedure and characterization of iron nitride-based nano-coral frameworks or films obtained through diverse plasma strategies. (a) Schematic diagram, (b-c) SEM images of hFeNC and sFeN, and (d) and (e) TEM images of hFeNC and sFeN. 
As shown in schematic diagram (Fig. 1a), the iron nitride nano-coralline frameworks, hFeNC, are directly achieved on the Fe foil surface without any additives using N2 plasma processing with notable surface-heating effect for insulator-confined nitrogen plasma processing. Comparatively, there is uniform nitride film formation, sFeN, on substrate surface via conventional plasma nitridation without insulator introduction. Detailed fabrication procedures of hFeNC and sFeN are provided in Supporting Information. The self-designed plasma systems are applied in our prior and current work  depicting configurations with and without insulator-confinement component [17]. In this context, the insulating component is anticipated to facilitate the enhanced accumulation of thermal energy onto the substrate surface during the nitrogen plasma processing. This is achieved through heat confinement, leading to a rapid increase in substrate surface temperature during plasma treatment, in stark contrast to the apparent thermal dissipation observed in conventional plasma processing without any insulator-confinement. 
[image: ]
Fig. 2. Structural characterizations of prepared iron nitride nano-frameworks via different plasma strategies. (a) XRD patterns, (b) XPS Fe 2p spectra, (c) XPS N 1s spectra, and (d) XPS O 1s spectra.
[bookmark: _Hlk173443614]In terms of scanning electron microscopy (SEM) images presented in Fig. 1b, there is the successful growth of iron nitride nano-corals on Fe foil with an average diameter of 110 nm via insulator-confinement-controlled plasma processing. In comparison, with conventional plasma nitridation without insulator introduction, a uniformly covered nitride film is achieved on Fe substrate with little nano-structure formation (Fig. 1c). The enhanced nano-structurization observed in hFeNC is attributed to the effect of the preserved thermal field on the kinetics of iron species during insulator-confined N2 plasma processing. Based on cross-section SEM (Fig. S2), it is found that the thickness of hFeNC is about 2.4 μm, higher than 1.67 μm of sFeN. According to energy dispersive X-ray spectroscopy (EDX), the nitrogen content of hFeNC is 5.61 wt.%, higher than 5.16 wt.% of sFeN (Fig. S3). This indicates that reactive N-based species could penetrate into substrate with increased depth with raised thermal field. According to the transmission electron microscopy (TEM) results, hFeNC delivers the typical facet exposure of Fe3N (2-10), Fe3N (101) and FeN (111) with lattice spacings of 2.34, 2.90 and 2.46 Å respectively (Fig. 1d) [20, 21]. Conversely, there are exposure of only FeN (111) and Fe3N (002) facets (Fig. 1e) on sFeN surface, which indicates the different exposed facets for iron nitride nano-coral framework and iron nitride film. 
[bookmark: _Hlk173256391]Detailed characterizations were conducted to comprehensively analyse all samples. X-ray diffraction (XRD) patterns (Fig. 2a) reveal that initial Fe exhibits prominent peaks at 44.8⁰ and 65.2⁰, corresponding to (110) and (200) facets of cubic Fe with space group of Im3m. For hFeNC, the diffraction peaks are observed at 30.5⁰, 35.8⁰, 38.1⁰, 41.4⁰, 43.5⁰, 57.4⁰ and 63.0⁰, which are attributed to Fe3N (101), FeN (111), Fe3N (2-10), Fe3N (002), Fe3N (2-11), Fe3N (2-12) and FeN (220) respectively (JCPDS #83-0879, #75-2128) [22, 23]. This indicates that nitride nano-coral is composed of hexagonal Fe3N with the space group of P6322 and cubic FeN with the space group of F43m. The same peaks are also found in sFeN, confirming the formation of iron nitride film. It is found that the nitride-based peaks in hFeNC are much increased along with the existence of iron-based peaks, in stark comparison with that of sFeN, which indicates increased proportion of iron nitride growth during insulator-confined N2 plasma processing. X-ray photoelectron spectroscopy (XPS) results provide further insights. As shown in XPS survey spectra (Fig. S4), there are the presence of Fe, O, N, in all samples. Significantly, the intensity of the N-based band in hFeNC is higher than that of sFeN along with suppression of Fe binding energy peak in hFeNC, confirming the increased nitride formation in nano-coralline framework. In terms of Fe 2p in hFeNC and sFeN (Fig. 2b), well-defined bands at 708.9, 710.7 and 713.0 eV are observed, corresponding Fe-N, FeII-O, and FeIII-O respectively [24]. The initial Fe displays a distinct band of pure Fe at 706.8 eV along with the oxide-based bands, which is attributed to partial oxidation of Fe with air, a common phenomenon in prior work [25]. Noticeably, hFeNC exhibits increased intensity of the Fe-N band compared to sFeN (Fig. 2b), indicating reduced oxide formation on nitride nano-coral surface. According to N 1s spectra (Fig. 2c), there are apparent bands at 396.1 eV in both iron nitride frameworks, ascribed to Fe-N bond. Two typical bands are found at 397.5 and 399.0 eV, indicating the N-O bond and N2 adsorption (Nads) respectively. The intensity of Fe-N bonding in hFeNC is increased while N-O bonding intensity is decreased compared to sFeN, suggesting improved protection behaviour of iron nitride nano-coral. It is noticeable that initial Fe N-O and Nads bands, indicating the adsorption of N-species from the air, a typical phenomenon according to prior work [26, 27]. The comparison of O 1s spectra further confirm that the typical band at 530.1 eV is attributed to Fe-O binding formation in hFeNC and sFeN, reflecting the partial surface oxidation of nitrides. Two apparent bands appear at 531.3 and 532.2 eV in all samples, associated with O-N bond and oxygen adsorption, consistent with the results of N 1s spectra. 
Electrochemical analysis was conducted using a three-electrode configuration with 3.5% NaCl as the electrolyte. In terms of open circuit potential curves (OCP, Fig. 3a), it is observed that the stabilized OCP value of hFeNC is more positive than that of sFeN and initial Fe. The OCP value of initial Fe is continuously shifted to more active potential, indicating its reactive behaviour in NaCl media. In comparison, hFeNC and sFeN exhibit stable OCP during 300 s, indicating their greater chemical inertness in such conditions. According to Nyquist plots (Fig. 3b), the hFeNC displays Nyquist loop with increased diameter compared to sFeN and initial Fe. Based on equivalent circuit fitting (Fig. 3c and S5), the charge transfer resistance (Rct) of hFeNC is 4921 Ω, much higher than 1383 and 646 Ω of sFeN and initial Fe. Additionally, in term of corrosion protection efficiency (ηCPE) calculated via equation S1. The ηhFeNC is 88%, higher than 53% of ηsFeN.  The potentio-dynamic polarization curves (Fig. 3d) exhibit that the corrosion potential (Ep) of hFeNC is -0.29 V, more positive than -0.49 and -0.78 V of sFeN and initial Fe. Accordingly, the corrosion rate of hFeNC (1.2 mpy) is about 4- and 9-fold lower compared to sFeN (4.9 mpy) and initial Fe (11.0 mpy) (detailed calculation is shown in Table S1). As shown in Bode plots (Fig. 3e), hFeNC delivers the corrosion resistance (Rcorr) of 4880 Ω cm2, higher than that of sFeN (1712 Ω cm2) and 4 times higher than that of initial Fe (1262 Ω cm2). The phase angles in Bode plots (Fig. 3f) display that surface-coated nitrides deliver reduced degree of -13⁰ compared to -1⁰ of initial Fe at 0.01 Hz, indicating increased layer capacitance of nitrides. Additionally, the intensity of maximized degree in hFeNC is higher than that of sFeN and initial Fe, which indicates the reduced structural pulverization of iron nitride coating during surface corrosion. The SEM characterizations are further conducted to observe the surface modification after polarization test in NaCl. It is clearly observed in Fig. 3g that hFeNC preserve its nano-coralline structure with little structural degradation. Comparatively, partial coating sFeN is etched along with the presence of squamous frameworks (Fig. S6), which is indicative of iron oxide growth during corrosion process. 
Water contact angle (WCA) measurement is conducted to verify the hydrophobicity of nitride coating. It is shown in Fig. 3h that hFeNC provide apparent hydrophobic behaviour with WCA of 133.5⁰ compared to hydrophilic feature of sFeN (27.0⁰), while initial Fe provides the WCA of 72.6⁰ (Fig. S7). The increased hydrophilicity of sFeN compared to pure metal is attributed to polar Fe-N bond on nitride surface, so the much increased WCA of hFeNC should be ascribed to its perpendicularly oriented nano-coralline architecture [28, 29]. This increased hydrophobicity of hFeNC leads to the excellent protection capability of iron nitride nano-coral framework. Based on the above evaluations and characterizations, it is confirmed that the hFeNC coating exhibits superior corrosion-resistant behaviour, attributed to the surface hydrophobicity of nano-coral growth. These activities are comparable and, in some cases, superior to those reported state-of-the-art works (Fig. 3i) [30-39].
A detailed computational analysis is conducted to confirm the results of electrochemical evaluation on the basis of density functional theory (DFT). In our work, typical facets in Fe3N, FeN and Fe electrode models are constructed and their performances in the adsorption of O2 and H2O are systematically compared. The optimized lattice parameters of Fe crystal are obtained as a=b=c=2.86 Å, α=β=γ=90⁰, Fe3N crystal as a=b=4.68 Å, c=4.30 Å, α=β=90⁰, γ=90⁰, and FeN crystal as a=b=c=4.20 Å, α=β=γ=90⁰ (Fig. S8). According to these optimized structures, the crucial facets of Fe, Fe3N and FeN are constructed based on XRD patterns, including Fe (110), Fe (200) and Fe (211); Fe3N (002), Fe3N (101), Fe3N (2-10), Fe3N (2-11) and Fe3N (2-12); FeN (111). In terms of above models, the reaction sites are denoted by Fe on slab surfaces. Noticeably, different exposed facets of Fe3N are observed in sFeN and hFeNC according to TEM results, which are capable of delivering diversified behaviours. The theoretical surface energies of exposed (101), (2-10) and (002) facets in Fe3N are compared to confirm their thermal stabilities (detailed calculation procedure shown in Table S2 in Supplementary Information). As can be seen from Table S2, the (101) and (2-10) facets of Fe3N deliver surface energies of 1.43 and 3.11 eV Å-2, lower than 5.79 eV Å-2 of (002) facet, indicating that (101) and (2-10) facets exhibit enhanced stability at raised temperature and metastable (002) facet is usually exposed at mild condition. 
Since O2 and H2O are two inevitable factors to achieve surface corrosion [40]. all slabs of Fe, Fe3N and FeN with different surface facets/models are adsorbed by O2 and H2O molecules with further adsorptions of O and OH species, respectively (refer Fig. S9-S17 in Supplementary Information). For typical facets of Fe (Fig. S9-S10), it is observed that surface active sites in all typical facets of Fe achieve O-Fe-O bond after O2 adsorption along with further Fe-O bond with O adsorption. For adsorbed H2O and OH, O serves as the adsorbing site with surface Fe in all facets. According to critical facets of Fe3N, O2 are mostly adsorbed on active sites with bridge bonds like Fe-O-O-Fe and O-Fe-O (Fig. S11-S16), which is also observed on FeN (111) surface (Fig. S17). Based on comparison of Gibbs free energy for O2-adsorption (ΔGO2*), Fe (110), Fe (200) and Fe (211) facets deliver ΔGO2* of 0.37, -2.09 and 0.16 eV, refer Fig. 4a, with a decrease in Gibbs free energy for O-adsorption (ΔGO*) for corresponding facets of Fe. Since Fe (200) facet serves as an essential facet in initial iron owing to the highest peak intensity of XRD pattern, O2 should be easily absorbed on iron surface (Fig. 4a) due to lowest value ΔGO2* of -2.09 eV for this facet. In comparison, typical facets of (002), (101), (2-10), (2-11) and (2-12) in Fe3N provide the much-increased ΔGO2* of 2.03, 8.79, 3.15, 7.39 and 3.84 eV respectively, followed by reduced free energy during O-adsorption (Fig. 4b). Similarly, FeN (111) provides ΔGO2* of 0.40 eV along with -0.17 eV for O-absorption (Fig. S18a). Hence, it is demonstrated that iron nitrides, particularly Fe3N facets, deliver much enhanced O2-adsorbing barrier compared to initial Fe. Moreover, exposed Fe3N (002) facet in sFeN displays reduced ΔGO2* compared to Fe3N (101) and Fe3N (2-10) in hFeNC, elucidating improved corrosion-resistant behaviour of iron nitride nano-coral framework of hFeNC.
[image: ]
Fig. 3. Electrochemical corrosion behaviour of initial Fe and iron nitride frameworks fabricated by different plasma strategies in NaCl condition. (a) OCP profiles, (b) Nyquist plots, inset of magnified Nyquist plots, (c) comparison among different electrodes in Rct and ηCPE, (d) potentio-dynamic polarization curves, (e) bode magnitudes, (f) bode phase angles, (g) SEM images of hFeNC after polarization test, (h) WCA comparison of hFeNC and sFeN, and (h) comparison among hFeNC and other corrosion-resistant coatings reported in literature in terms of corrosion potential.
For H2O absorption, free energies of (002), (101), (2-10), (2-11) and (2-12) facets in Fe3N are -0.74, -1.11, -1.09, -0.24 and -1.27 eV respectively, while it -1.97 eV for FeN (111) (Fig. 4c and Fig. S18b). In comparison, (110). (200) and (211) facets of initial iron deliver ΔGH2O* of -7.95, -0.81 and -4.03 eV, mostly lower than that of iron nitrides (Fig. S18c). This indicates that initial iron provides enhanced tendency in adsorbing H2O. The ΔGOH* (free energy of OH-adsorption) of different facets in iron and iron nitrides indicate various trends, but free energy in iron nitrides is usually higher than that in initial iron, which indicates apparent hydration thermodynamics of iron with H2O. Based on above free energy diagrams, it can be confirmed that initial Fe delivers much enhanced absorption tendency towards O2 and H2O, leading to improved corrosion resistance behavior of iron nitrides. 
In terms of surface absorption of above models, electrons are regarded to fill into d-band of surface Fe. Hence, the location of the d-band center, an essential indicator for O2 and H2O absorption, is further analyzed by comparing partial density of states of typical facets in initial iron and iron nitrides [41]. In accordance with TEM results, the exposed facets of iron nitride film are Fe3N (101), Fe3N (2-10) and FeN (111). It is observed in Fig. 4d that the d-band center of typical facets in iron and iron nitrides are down-shifted from -0.99 eV for Fe (200) to -1.70 eV for Fe3N (101). Since antibonding orbital in d-band is close to Fermi level compared to bonding orbital, the downshift of d-band center indicates an increase in the proportion of antibonding orbital, leading to reduced adsorption behavior of active sites in Fe3N and FeN. The d-band centers of all facets in iron and iron nitrides are further compared and are shown in Fig. 4e and Fig. S19. It is found that most facets of Fe3N and FeN provide reduced d-band center compared to that of initial iron. Specifically, Fe3N (101), the major exposed facets in hFeNC, delivers the lowest d-band center. Comparatively, Fe3N (002) in sFeN exhibits increased d-band center compared to other facets in iron nitrides, justifying relatively lower corrosion-resistant behavior observed experimentally for sFeN. Furthermore, since there is the polarization between Fe 3d and O 2p orbitals during O2-adsorption, the difference between d- and p-band centers (Od-p) is also considered as an essential parameter to evaluate the adsorption performance of varied facets. As shown in Fig. 4f, the d-band center of Fe is closer to p-band of O in Fe (200) compared to exposed facets in iron nitride, indicating enhanced polarization of active sites in initial iron. Based on quantitative analysis (Fig. 4g), the Od-p of Fe3N (101) is 3.8 eV, higher than 0.85 eV of Fe3N (2-10), 0.94 eV of FeN (111) and 0.82 eV of Fe (200). This indicates reduced polarization property and thus improved O2 desorption behavior of iron nitrides compared to initial iron.
Further insight into the enhanced corrosion resistance feature of iron nitrides is provided through crystal orbit Hamiltonian population (COHP) analysis (Fig. 4h). It is known that the positive and negative COHP values indicate the antibonding and bonding states respectively [42]. Accordingly, compared to nitride-based surfaces, there is an apparent upshift of antibonding orbital beyond Fermi level in Fe (200), leading to decreased proportion of antibonding and hence increased hybridization between d-band of surface Fe and the p-band of O2. Quantitative analysis of integrated COHP (ICOHP), the difference between bonding and antibonding orbitals below Fermi level, further confirms the reduced O2 adsorption behaviour of different facets in Fe3N and FeN (Fig. 4i). It is found that the ICOHP of Fe (200) is -0.5481 eV, higher than -0.85, -0.74 and -1.14 eV of FeN (111), Fe3N (2-10) and Fe3N (101) respectively. This demonstrates the increased antibonding proportion during O2 adsorption on iron nitride surface compared to initial iron. 
[image: ]
Fig. 4. DFT-Simulated corrosion-resistant behaviour of Fe and iron nitride-based facet models. (a) and (b) free energy diagrams for O2-adsorption on typical facets of initial Fe and Fe3N, (c) free energy diagrams for H2O-adsorption on typical facets of Fe3N, (d) partial DOS comparison of Fe 3d, (e) d-band center comparison, (f) partial DOS of Fe 3d and O 2p, (g) d-p band polarization between O2 and surface Fe, (h) COHP comparison between Fe and adsorbed O2, and (i) ICOHP comparison.
[bookmark: _Hlk173439746]Based on the above performance evaluations along with computational analysis, it is confidently demonstrated that hFeNC delivers improved protection behaviour benefiting from its exposed facets with strong O2-desorption and hydrophobic surface. Furthermore, wear resistance measurement is regarded as the essential evaluation for practical applications of surface coating in diversified environments [43]. By comparing wear behaviours among three samples (Fig. 5a), it is found that the coefficient of friction (COF) of both coatings along with initial Fe are comparatively stable. The COF of hFeNC is stabilized to 1.77 with the load of 2.2 N, higher than 1.07 and 0.86 of sFeN and initial Fe respectively. Accordingly, initial Fe without any surface treatment provides insufficient tribological performance and hence is exposed to severe wear during sliding. Based on high air sensitivity of iron, it is oxidized rapidly in such environment, leading to the oxide formation with increased hardness and reduced shear stress and hence reduced COF [44, 45]. Comparatively, the stable coefficient of hFeNC and sFeN during friction process (15 min) is ascribed to the preservation of iron nitride coating on substrate surface with reduced oxide formation. The ex-situ SEM morphology of wear track on hFeNC is further exhibited in Fig. 5b. It is observed that there are only a few wear debris with little groove after friction. According to the corresponding electron dispersive X-ray spectroscopy (EDX) mapping, it is found that there is little O-signals and the O-proportion is 0.9% compared to 2.1% of N-signal. This indicates the structural preservation of nano-coralline coating. Comparatively, there are apparent grooves along with large amounts of wear debris on sFeN surface indicating its reduced wear resistance. The apparent O-signal could be observed within wear track with O-proportion of 3.2%, indicating the partial pulverization of nitride coating along with oxide formation. In terms of initial Fe (Fig. S20), deep grooves along and numerous wear debris are observed, even with the existence of smooth surface of the substrate, which confirms significantly poor wear-resistant behaviour of initial Fe as compared to that of hFeNC. 
Based on friction evaluation with loads of 4.2 N (Fig. S21a), hFeNC delivers higher initial COF than that of sFeN and initial Fe. Noticeably, apparent COF decrease of hFeCN is observed from friction test of 11 min, which is originated from the degradation of iron nitride nano-framework along with rapid formation of iron oxides during wear test. The corresponding EDX mappings further confirm such hypothesis. According to Fig. S21b, clear surface pulverization is observed on hFeNC as well as increased O-signal along the wear track. Comparatively, numerous wear debris on sFeN is found along with much raised O-signal, even not to say total surface deterioration of initial Fe (Fig. S21c and S21d). Similar phenomena are also be found with increased load of 6.2 N (Fig. S22). As shown in Fig. S22b, partial well-defined coating is also observed on hFeNC surface after friction even with such high load, while little nitride coating is found on sFeN (Fig. S22c), indicating better wear resistant behaviour of hFeNC. By comparing average COF among three samples (Fig. 5d), hFeNC exhibits much increased friction coefficient along with the optimized coating preservation during varied load friction, confirming its great potential for practical application.
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Fig. 5. Wear behaviour measurements along with surface characterizations of iron nitride frameworks. (a) COF curves with Si3N4 load of 2.2 N, (b) and (c) SEM images and EDX mapping of wear track on hFeNC and sFeN, and (d) comparison of friction coefficients at different weight loads of Si3N4 balls. 
Furthermore, the specific wear rates of hFeNC, sFeN and initial Fe under the same wear conditions are compared with the load of 2.2 N. We apply the profilometer to obtain the two-dimensional profile of the wear track (Fig. S23a), and then calculate the specific wear rate of three samples based on the following equations.

where, V is the wear volume (mm3), L is the length of wear track (mm), h is the depth of wear track (mm) and the b is width of wear track (mm).
The specific wear rate K (mm3N-1m-1) is given by
K =V/PS
where V is the wear volume (mm3), P is a load (N) and S is the total sliding distance (m).
As shown in Fig. S23b, the specific wear rate of initial Fe is 4.93×10-5 mm3N-1m-1. The specific wear rates of sFeN and hFeNC are 2.99×10-5 and 8.46×10-6 mm3N-1m-1, respectively, which are lower by 40% and 83% compared with the substrate. It indicates that auxiliary insulator-confined plasma system could achieve hydrophobic iron nitride nano-coral (hFeNC) with desirable wear-resistant properties. 
[bookmark: _Hlk173263267]The hardness of both coatings is further compared based on nano-indenter with the load of 1 mN in Fig. S24 in Supporting Information. It is observed that the hardness of hFeNC coating is higher than that of sFeN. Additionally, the hardness of hFeNC is continuously decreased with the depth below 100 nm, which is attributed to the presence of nanostructure [46, 47]. The hardness stabilizes at the depth higher than 100 nm. Comparatively, sFeN delivers the stable hardness throughout the different depths, though lower than hFeNC, indicating significantly reduced surface nano-structurization. Hence, it is confirmed that the increased hardness of nitride nano-corals provides positive effect on wear behaviour.
To elucidate the mechanisms underlying the formation of hFeNC and sFeN, operando plasma diagnostics were employed, encompassing infrared thermal imaging and optical emission spectroscopy (OES) measurements. In-situ infrared thermal imaging (Fig. 6a) reveals that the surface temperature for hFeNC fabrication rapidly reached 224 ºC during nitrogen plasma processing for 300 s, while the temperature for sFeN preparation remained at 100 ºC. This temperature disparity is attributed to the effect of auxiliary insulator-confined plasma nitridation for hFeNC, where thermal energy accumulates on the substrate surface with reduced heat dissipation due to confinement provided by the insulator. The elevated surface temperature contributes to modulation of plasma parameters, including ion density, electron temperature, and further influencing the surface morphology and microstructure of prepared iron nitride. In terms of in-situ OES spectra from 5 to 300 s, with intervals of 20 s (Fig. 6b and Fig. S25), prominent emission peaks at 315.63, 336.78, and 357.35 nm were observed during the N2 plasma processing of both iron nitride frameworks, indicative of the presence of radiative state N2* essential for surface modulation [48]. 
Such peak intensities, proportionally related to the density of species, continuously increased during hFeNC fabrication, in contrast to a modest rise during sFeN synthesis (Fig. 6c). This implies that a higher density of N2* during hFeNC formation was facilitated by the insulator-based physical confinement of nitrogen plasma. Similar tendencies were observed for other emission peaks at 336.78 and 357.35 nm (Fig. 6d and S26). The evolution processes of N2* are quantitatively compared based on non-linear fitting for above curves between duration and peak intensity (Fig. 6e). By comparing the coefficient A of equivalent fitting curves, the A value of hFeNC at varied wavelengths are found to be higher than that of sFeN (fitting formula exhibited in Fig. 6e), affirming that the accumulated thermal field on the substrate surface enhances the density of reactive N-species, influencing the structural features of resultant nano-frameworks of hFeNC. 
[image: ]
[bookmark: _Hlk173445870][bookmark: _Hlk157630135]Fig. 6. Operando plasma diagnostics of both N2 plasma processing, with and without insulator confinement. (a) In-situ infrared temperature measurement, (b) time-dependent OES spectra of hFeNC, (c) and (d) the variation of peak intensity of N2+ with processing duration, and (e) the comparison of equivalent coefficient A with OES peaks in both spectra.
    The raised surface reaction temperature for hFeNC evidently promotes the kinetics of surface iron, leading to the preferential formation of iron nitride with improved nano-structurization and controlled exposed facets for insulator-confined plasma processing, thereby enhancing corrosion-resistant behaviour. Building upon the aforementioned characterizations, performance evaluations, numerical simulation and plasma diagnostics, it is affirmed that the surface reaction temperature plays a pivotal role in influencing the structure of iron nitride nano-frameworks.
[bookmark: _Hlk173435408]To further confirm the benefit of our plasma strategy in practical application, we have applied carbon steel (CS), one favourable steel in practical application, as the substrate. Based on plasma treatment with insulator-confinement introduction, there is the formation of nano-coralline structure in Fig. S27a, similar to that on intrinsic Fe surface. According to XRD results (Fig. S27b), it is found that that the achieved nano-corals are mainly composed of Fe3N and FeN. For electrochemical behavior (Fig. S27c), plasma-treated CS delivers improved corrosion-resistant behavior compared to initial CS. In terms of hydrophobic performance, plasma-treated CS deliver higher water-contact angle than that of initial CS (Fig. S27d). This indicates that our plasma strategy is capable of achieving hydrophobic corrosion-resistant nitride on iron-based substrates for practical applications.
[bookmark: _Hlk173435916]All in all, it is confidently confirmed that our insulator-confined plasma is capable of modulating surface structure of iron-based substrate with improved tribological properties for practical applications. Different from prior work to establish the relationship between easily-modulated discharge condition with surface structure, factors during plasma processing should also be essential in tailoring nitride structure, such as plasma parameters and the thermal field between substrate and plasma. The typical mechanism of how such factors can be used to achieve the precise control of surface structure is a matter of greater interest and forms the scope for future studies. 

4. Conclusion
Overall, we have developed a novel auxiliary insulator-confined nitrogen plasma processing technique for formation of hydrophobic iron nitride nano-coral framework (hFeNC) on processed iron foils. We demonstrated that the exposed facets of achieved nano-framework can be precisely modulated in hFeNC via simply tailoring substrate reaction temperature through insulator-confined plasma processing, in stark comparison with sFeN film formation via convention non-insulator-confined plasma processing. With favourable surface protection behaviour, hFeNC delivers the corrosion inhibition 4- and 9-times higher than sFeN and initial Fe. Numerical simulation along with operando diagnostics elucidates the effect of surface heating on plasma parameters as well as the iron nitride nanostructure with exposed facets, indicating the controlled surface temperature as the key factor responsible for the desirable surface-protecting coating. Our strategy provides a novel scheme to control iron nitride nano-frameworks with enhanced surface protection.
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