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Abstract  

Based on neutron powder diffraction (NPD) and high angle annular dark field – scanning 

transmission electron microscopy (HAADF-STEM), we show that calcium ions help 

eliminate the Fe-antisite defects by controlling the nucleation and evolution of the 

LiFePO4 particles during their hydrothermal synthesis. This Ca-regulated formation of 

LiFePO4 particles has an overwhelming impact on the removal of their iron antisite 

defects during the subsequent carbon-coating step, since: (i) almost all the Fe-antisite 

defects aggregate at the surface of the LiFePO4 crystal when the crystals are small 

enough and (ii) the concomitant increase of the surface area,  which further exposes the 

Fe-antisite defects. Our results not only justify a low-cost, efficient and reliable 

hydrothermal synthesis method for LiFePO4, but also provide a promising alternative 

viewpoint on the mechanism controlling the nanosizing of LiFePO4, which leads to 

improved electrochemical performances. 

 

Keywords:  antisite, LiFePO4, calcium, surface, defects, hydrothermal 

 

Introduction 

Since the early development of LiFePO4
1 great efforts have been dedicated to the study of 

this material due to its superior safety, high stability and suitable operating voltage (~3.4 

V). Olivine LiFePO4 has a Pnma structure with lithium ions confined in the channels (M1 

site) formed by interconnecting FeO6 octahedra (M2 site) and PO4 tetrahedra. Among all 

the proposed synthesis methods2-3-4-5, hydrothermal route is likely the cheapest one to 

prepare LiFePO4. However this method leads to a large fraction of Fe - antisite defects in 
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the final product and there is to date no procedure that can avoid their formation when 

using the hydrothermal approach6-7. According to current understanding, the Fe-antisite 

defects can be slowly reduced only by long synthesis time (5-7 hours at 180-200 °C)8, the 

use of alcoholic solvent (ethylene glycol or ethanol) instead of water9-10  or by annealing 

at high temperature (T > 600 °C)2. The important studies of Graetz (via in situ X-ray 

diffraction)11-12, Iversen (via neutron powder diffraction)13 and Ikuhara (via HAADF-

STEM)14 demonstrated that the Fe-antisite defects are formed by Fe-ions located in M1 

sites and block the Li+ diffusion pathway. The Fe-antisite defects are known to be located 

mainly at the surface of the crystals15 and can be largely eliminated during the synthesis 

by a slow cation exchange reaction with a Li-rich amorphous layer that is in close contact 

with the crystal. In this work we show that calcium ions can facilitate an efficient and 

complete removal of Fe-antisite defects. This procedure works in two steps: i) by the 

addition of calcium sulphate to the starting mix we observed the formation of 

nanocrystals at the early stage of the hydrothermal synthesis of LiFePO4 in contrast to 

micron size crystals as reported previously15, ii) since the Fe-antisite defects aggregate at 

the surface of the crystals, a subsequent carbon coating procedure can completely remove 

the defects. Regardless of the presence of calcium, the Fe-antisite defects always 

aggregate mainly at the crystal surface. The effects of calcium ions are on the one hand to 

regulate nucleation and limit the growth of LFP particles to nanometer scale and on the 

other hand to promote the aggregation of the Fe-antisite defects at the surface. 
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Results and discussion 

In this work we compared two different hydrothermally synthesized LiFePO4 samples: 

the classical hydrothermal LiFePO4 (named LFP) and the calcium ion mediated 

hydrothermal LiFePO4 synthesis (named Ca:LFP). LFP and Ca:LFP were synthesized 

following the recipe described in the Methods section. We analyzed four different 

intermediates collected at different times: 10 minutes, 15 minutes, 30 minutes and 5 

hours (see Methods section). We investigated the LFP and Ca:LFP samples after 15 

minutes of synthesis. The samples were analysed via XRD and HAADF-STEM 

measurements (see Figure 1). The shapes of the crystals synthesized with the two 

methods are distinctly different. The LFP sample at 15 minutes is in the form of micron 

sized hexagonal hollow crystal, with a 4 nm thick amorphous layer as previously 

reported15. The Ca:LFP sample instead is in the form of rhombic crystal, with an average 

amorphous layer of only 1 nm thick (see Figure S1 in S.I.).  

Also, the Ca:LFP sample shows a homogenous distribution of calcium inside the 

LiFePO4 crystals (see Figure 2): the total amount of calcium ions inside LiFePO4 being 

only around 0.1 - 0.3%, as determined by EDS. These data are consistent with 

compositional analysis by Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) 

(see Figure S4 in S.I). According to the XRD measurements, Li3PO4 and β-Ca3(PO4)2 

were detected as impurities. The observation of calcium phosphate segregation from 

olivine LiFePO4 is in agreement with paleographic finds16 and melt casting synthesis17 

while other bivalent ions like Mg2+, Mn2+, Co2+, Ni2+ easily form solid solutions2. Also, 

XRD analysis helped to shed light on the formation and growth mechanism of Ca:LFP 

(see Method section and S.I.): after 10 minutes of synthesis, NH4LiSO4, Li3PO4 and β-
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Ca3(PO4)2 phases were detected (see Figure S2 in S.I.) while only a tiny amount of 

LiFePO4 was present. Considering i) the formation of Li3PO4 and β-Ca3(PO4)2 as first 

intermediate instead of vivianite15; ii) the gradual disappearance of  Li3PO4 and β-

Ca3(PO4)2  and the formation of LiFePO4; iii) the presence of residual Ca inside the 

crystal (see Figure 2 and Figure S4 in S.I.); iv) the presence of Ca-rich phase around 

LiFePO4  we suggest that LiFePO4 is formed by gradual reaction of Fe2+ with a lithium-

calcium based phosphate precursor (e.g LiCa10(PO4)7 see simulations in S.I.). We believe 

this proposed reaction pathway can be partially supported by our first principles 

calculations (see Method section and s.i). With equal amount of atoms, Li3PO4 plus 

Ca3(PO4)2 has higher total electronic energy than LiCaPO4. And an exchange of cations 

Ca2+ with Fe2+ in dilute aqueous solutions is also energetically favored. And due to the 

fact that ion-exchanging intercalation reactions happen much more slowly than the other 

reactions, we explained the existence of LiCaPO4 as an intermediate product.  

 

The Ca:LFP crystals are mainly composed of smaller nanocrystals that are assembled in a 

rhombic structure as shown in Figure 3a-b. Brunauer- Emmett- Teller (BET) analysis 

(see Table 1) highlights a significant increase of the surface area at 15 minutes in the 

presence of Ca (19 m2/g for Ca:LFP Vs. 7.3 m2/g for LFP sample), consistent with a 

smaller average dimension of the crystals at this stage of the synthesis At 30 minutes the 

Ca:LFP  crystals have a surface area of 9.1 m2/gr  while the LFP crystals only 6.3 m2/g. 

Finally after 5 hours of synthesis the surface areas become comparable (~5 m2/gr). 
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Table 1: surface area of LFP and Ca:LFP samples by BET analysis. 

Sample 

Surface area [m
2
/g] 

15 min 30 min 5h 
15 min-Carbon 

coated 
LFP (ref 15) 7.3 6.2 5.4 4.2 

Ca:LFP 19.1 9.1 4.6 17.4 
 

According to NPD, the evolution of Fe-antisites during crystal formation was the 

following (see Methods section and corresponding refinements in S.I.): at 15 minutes the 

percentage of Fe-antisites exhibited by these two samples was almost the same: 7-8% of 

Fe atoms in M1. After 30 minutes of synthesis, 4% of Fe atoms were in M1 sites in the 

LFP15 sample compared to 1% for the Ca:LFP sample. Only after 5 hours of synthesis, 

the percentage of Fe-antisites for the two samples was found once again comparable (~1-

2%)15. HAADF-STEM analysis (Figure 4) showed that the standard hydrothermal LFP 

sample (without calcium) after 15 minutes of synthesis exhibits a higher percentage of 

Fe-antisites in the bulk compared to the Ca:LFP sample (see Figure 4a-b) in which the 

Fe-antisites were more densely confined at the surface (see Figure 4c-d). After 15 

minutes of synthesis, the presence of calcium did not alter the percentage of the Fe-

antisite defects but promoted the formation of nanoparticles (instead of micron-sized 

particles) with a higher density of Fe-antisite defects at their surface. As such, the 

calcium ions favour the formation of high surface LiFePO4 crystals in which the Fe-

antisite defects are aggregated on a thin surface layer compared to LFP crystals 

synthesized without calcium additive (Figure 4e). We conclude that during synthesis the 

formation of nanoparticles by the action of calcium ions accelerates the elimination of 

Fe-antisites in comparison with the classical LFP synthesis: in the presence of Ca, the 

percentage of Fe-antisites was reduced from 8% after 15 minutes to ~1-2% at 30 minutes, 
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with Ca instead of 4% as previously reported for the classical Ca-free LiFePO4 

synthesis15.  

 

After carbon coating of the samples (see Methods section and XRD patterns in Figure S3 

of S.I.) we performed electrochemical tests. After 15 minutes the LFP sample exhibited a 

capacity of only 40 mAh/g at C/12 and 30 mAh/g at 10 C (see Figure 5a-b) while the 

Ca:LFP had a capacity of 120 mAh/g at C/12 and 70 mAh/g at 10C. The addition of 

calcium strongly improved the performance at this stage. It must be noted that, in the 

Ca:LFP sample Li3PO4 was still present as impurity (see Figure S3). 

According to the XRD, the as-synthesized LFP sample collected after 15 minutes was 

composed of pure LiFePO4 while NPD revealed the presence of 7-8 % of Fe-atoms in M1 

sites. The same percentage of Fe-antisite defects was detected on the as-synthesized 

Ca:LFP sample after 15 minutes. Therefore the two samples have the same amount of 

defects at the early stages of the synthesis. For LFP (without calcium), the sample after 

carbon coating was characterized by a reduction in the percentage of the Fe-antisite 

defects, which dropped from 8 % to 3.5 %. These observations indicate that the antisite 

defects are not completely eliminated by the annealing treatment, instead a fraction of 

them is simply relocated out of the crystal forming new impurities (Fe2P2O7, see Figure 

S11 in S.I.). The percentage of antisite defects in the Ca:LFP sample after the carbon 

coating step was instead negligible (see S.I. for more details). We also observed the 

formation of Fe2P2O7 in this case while no Fe2P2O7 was observed in the LFP@C sample 

(Fe-antisite defects free) obtained after 5 hours of synthesis. This impurity was already 

detected after carbon coating by Wang et al.18 at the surface of LiFePO4 and recently by 
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Masquelier et al.19 in deficient Li-ion LiFePO4 structure. These results are in agreement 

with the observations by HAADF-STEM imaging (Figure 6). In the case of LFP, Fe-

antisite defects were still observed at the surface of the crystals (see Figure 6b) while no 

Fe-antisite defects at the surface were detected on Ca:LFP crystals (Figure 6a).  

Moreover along the [010] orientation in LFP crystals (without calcium), we observed the 

epitaxial growth of magnetite Fe3O4 nanoparticles (see Figure S17). One conclusion that 

can be drawn from these data is that the initial surface area becomes a key parameter in 

order to remove Fe-antisites facilitating the intercalation/deintercalation process of 

lithium ions. 

 

The middle panels of Figure 5 refer to samples prepared with a 30 minutes synthesis 

followed by a carbon coating step: the LFP sample evidenced 75 mAh/g capacity at C/12 

and only 25 mAh/g capacity at 10C. On the other hand, the Ca:LFP sample exhibited 

much higher capacities: 140 mh/g at C/ 12 and 75 mAh/g at 10 C. The two pristine 

samples have a different percentage of  Fe-antisite defects and different surface area 

values: the classical LFP sample had 4% of antisite defects15 and a surface area of 6.2 

m2/g while Ca:LFP shows ~ 1% of antisite defects (see S.I.) and a surface area of 9.1 

m2/g, thus an increase of ~50%. The removal of Fe-antisites during the synthesis and by 

carbon coating step is clearly facilitated by nanosizing of LFP. The performances of 

Ca:LFP after 30 minutes of synthesis were comparable to those of the Ca:LFP sample 

with 10% of calcium after 5 hours of synthesis (see synthesis in Methods section and 

Figures S2 and S18) due the presence of residual β-Ca3(PO4)2 as impurity.  
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The 5 hours LFP and Ca:LFP samples had the same percentage of antisite defects, the 

same surface area and they exhibited comparable electrochemical performances (see 

Figure 5), in agreement with the literature20-21. Electrochemical impedance spectra (EIS, 

in the form of Nyquist plots) of the LFP@C and Ca:LFP@C electrodes at the fully 

lithiated state (LiFePO4) after 15 minutes, 30 minutes and 5 hours of synthesis are 

reported in Figure S19. In the spectra the intercept on the real axis (Z real) corresponds 

to the electrolyte resistance (Re), and the semicircle in the middle of the high-frequency 

region (100 to 1 kHz) is related to the charge transfer resistance (Rct ∼50−150 Ω) for the 

Li transfer across the crystals electrode/electrolyte interface. After 15 minutes LFP@C 

and Ca:LFP@C exhibited a comparable charge transfer resistance that is probably due to 

the presence of high amount of lithium at the surface compared to 30 minutes and 5 hours 

LFP samples15. After 30 minutes and 5 hours of synthesis the Ca:LFP@C (blue curves) 

sample exhibited a charge transfer resistance that was lower than LFP@C (red curves), 

mainly due to the improvement of electronic conductivity for Ca-sample after Fe-antisites 

removal. As control experiments, to confirm the unique behaviour of calcium ions in LFP 

hydrothermal synthesis, we replaced Ca2+ with Mg2+ (being magnesium a metal alkaline 

earth as calcium as well) in 15 minutes synthesis (see Methods section for more details). 

According to XRD measurement (see Figure S4) Li0.95Mg0.05FePO4 was detected (with 

Mg2+ ions occupying M1 sites). By EDS and TOF-SIMS we observed a homogenous 

distribution of Mg2+ ions inside the crystals (Mg around 3% vs Fe) meaning a good 

solubility of magnesium ions inside the olivine structure  in agreement with 

Whittigham`results2 (see Figure S5 and S8). By XRD and mapping, no Mg-rich 

phosphate crystals were detected. The surface area of the particles is 3.4 m2/g (much 
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lower than Ca:LFP particles at this stage). Then we performed carbon coating and we 

made electrochemical tests: the performance of the sample is very poor (~40 mAh/g at 

C/12, see Figure S20). These results confirm the unique of calcium ions in hydrothermal 

LiFePO4 synthesis due to its low solubility in olivine structure. 

 

In conclusion beyond the known benefits of LiFePO4 nanosizing22, the nucleation path, in 

this case regulated by the presence of calcium ions, strongly contributes to the removal of 

Fe-antisite defects at the surface of small LFP crystals.  These results are in agreement 

with recent studies of Tao`s group23 according to which the Fe-antisite defects tend to 

aggregate and the denser aggregation is at the surface which helps their elimination. The 

addition of calcium sulphate as additive could be industrially relevant in order to develop 

faster and therefore low cost hydrothermal synthesis of LiFePO4 by favoring the effective 

elimination of antisite defects via segregation in a thinner surface layer.  

 

 

Materials and methods 

Chemicals iron sulphate heptahydrate FeSO4 · 7H20 (purity ≥ 99.0%), calcium sulphate 

dihydrate (purity ≥ 99.0%), magnesium sulfate anhydrous MgSO4, lithium hydroxide 

monohydrate LiOH · H20 (purity ≥ 98.0%), phosphoric acid H3PO4 (85% w/w in water, 

≥99.9 % trace metals basis), ammonium hydroxide NH4OH (solution 28.0-30.0% 

NH3 basis) and ascorbic acid C6H8O6 (purity ≥ 99.0%) were purchased by Sigma Aldrich.  

 

Hydrothermal synthesis of LiFePO4 (LFP) In a standard hydrothermal synthesis 33.6 gr 

(0.12 mol) of FeSO4 · 7H2O , 15,41 gr (0.36 mol) of LiOH · H2O, 13,83 gr (0.12 mol) of 
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H3PO4, 0.5 gr of Ascorbic acid (C6H8O6) are mixed with 300 ml of deionised water in a 

glass liner. The final molar ratio between Li: Fe:PO4:C6H8O6 was 3:1:1:0.008. The pH 

was controlled at 7.8 by drop-wise addition of ammonium hydroxide NH4OH. The 

synthesis is performed in a stirred autoclave (OM-JAPAN). We collected intermediates at 

different times in the heating ramp (from RT to 180 °C in 30 minutes): after 15min 

(120°C), and after 30min (intermediate at the end of the heating ramp, the temperature 

was 180 °C). Then the last sample was collected after 5 hours at 180°C. 

 

Hydrothermal synthesis of 3% Ca - LiFePO4 (Ca:LFP) At the synthesis described above 

is added CaSO4· 2 H2O: 32.68 gr (0.1164 mol) of FeSO4 · 7H2O are mixed with 0.62 gr 

(0.0036 mol) of CaSO4· 2 H2O. The total amount of mol of bivalent cation (Calcium and 

Iron) is kept fixed to 0.12 mol. The pH was controlled at 7.8 by drop-wise addition of 

ammonium hydroxide NH4OH. The synthesis is performed in a stirred autoclave (OM-

JAPAN). We collected intermediates at different times in the heating ramp (from RT to 

180 °C in 30 minutes): after 10 minutes of synthesis (at the temperature approximately of 

90°C), after 15min (120°C), and after 30min (intermediate at the end of the heating ramp, 

the temperature was 180 °C). Then the last sample was collected after 5 hours at 180°C. 

About the 5 hours synthesis of Ca:LiFePO4 with 10% of calcium we used 30.02 gr (0.108 

mol) of FeSO4 · 7H2O and 2.06 gr (0.0036 mol) of CaSO4· 2 H2O. 

 

Hydrothermal synthesis of 3% Mg - LiFePO4 (Mg:LFP) - 15 minutes At the synthesis 

described above is added MgSO4: 32.68 gr (0.1164 mol) of FeSO4 · 7H2O are mixed with 

0.72 gr (0.0036 mol) of MgSO4. The total amount of mol of bivalent cation (Magnesium 
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and Iron) is kept fixed to 0.12 mol. The pH was controlled at 7.8 by drop-wise addition of 

ammonium hydroxide NH4OH. The synthesis is performed in a stirred autoclave (OM-

JAPAN) for 15 minutes reaching approximatively a temperature of 120 °C. 

 

Carbon coating and electrode preparation For all the samples: 5.66 gr of a lactose 

aqueous solution (10% w/w) were mixed with 5 gr of LiFePO4 for 30 minutes (5 gr of 

powder including all the possible impurities). Then the final slurry was annealed in a 

carbon boat at 95°C overnight and then annealed at 700°C for 3 hours under nitrogen. 

The LiFePO4 sample carbon coated (89% w/w) was mixed with Denka Carbon (3%), 

VGCF (3%) and PVDF (5%) and N-methyl pyrrolidone (NMP) as solvent. After mixing 

with SPEX the final slurry was laminated on aluminium foil. Initially the electrode was 

dried for 24 h at 75 °C under nitrogen flow just to remove NMP. After lamination and 

punching, the electrode was dried at 120°C for 5 h under vacuum. 

 

X - Ray Diffraction Analysis XRD patterns were recorded on a Rigaku SmartLab X-Ray 

diffractometer equipped with a 9kW CuKα rotating anode (operating at 40 kV and 150 

mA) and D/teX Ultra 1D detector set in X-ray fluorescence reduction mode.  The 

diffraction patterns were collected at room temperature in Bragg-Brentano geometry over 

an angular range 2θ = 15°- 80°, with a step size of 0.02°.  XRD data analysis was carried 

out using PDXL 2.1 software from Rigaku. 

 

Time of Flight Secondary Ion mass analysis (TOF-SIMS) was performed using a newly 

develop TOF-SIMS for TofWerk (Germany) mounted on a dual beam (focussed ion 
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beam and electron beam, Tescan Lyra 3 (Czech Republic)). A Ga+ beam at 30kV was 

used for the TOF-SIMS measurement and only positive ion was measured. 

 

Brunauer- Emmett- Teller (BET) measurements. Specific surface area measurements 

were carried out by nitrogen physisorption at 77 K in a Quantachrome equipment, model 

autosorb iQ. The specific surface areas were calculated using the multi-point BET 

(Brunauer–Emmett–Teller) model, considering 11 equally spaced points in the P/P0 range 

from 0.05 to 0.35. Prior to measurements, samples (50 to 200 mg in form of powder) 

were degassed for 1 hour at 30°C under vacuum to eliminate weakly adsorbed species. 

 

Transmission Electron Microscopy (TEM). High angle annular dark field images 

(HAADF) were acquired on a FEI Titan ‘cubed’ microscope equipped with a CEOS 

probe corrector. The imaging conditions were: 300 kV electron beam energy and a 21 

mrad convergence semi-angle, leading to 0.08nm probe size. The acceptance semi-angle 

of the annular detector was set to 50-160 mrad.  

 

Neutron powder diffraction (NPD) Powder neutron diffraction (NPD) patterns were 

collected at C2 High Resolution Powder Diffractometer, NRU reactor, Chalk River 

Laboratories at room temperature conditions, using vanadium sample cans. The 

instrument is equipped with a 800-wire position-sensitive detector covering a range of 80 

degrees. 1.328 Å wavelength neutrons were used to measure the data in 2θ range of 5 to 

117 degrees, with a step size of 0.1 degrees. The data were analysed using FullProf 

Suite24. We performed the refinements using the following constrain13:  i) fully 
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occupancy of Fe in M2 sites and ii) lithium occupancy was calculated by occ (Li) = 1 -  

2*occ (Fe). No extra Li-vacancies were considered15. 

 

Electrochemical measurements:  The 2032 coin-type cells (20-mm diameter and 3.2- 

mm thick) were assembled in a glove box in a high purity argon atmosphere. The cell 

consisted of the cathode, Li metal anode, microporous membrane (Celgard 2400) 

separator and a non-aqueous electrolyte of 1M LiPF6 in ethylene carbonate (EC): 

dimethyl carbonate (DMC) (1:1v/v). The cells were cycled at 25 °C between 2.0 and 4.0 

V vs. Li0/Li+ at constant current on a battery cycler. About the calculation of the capacity, 

we considered 89% of active material as composed by pure LiFePO4, and then some 

capacity underestimation was possible. 

 

Calculation method: our density functional theory calculation is performed using the 

VASP package25 with the Project augmented wavefunction framework26-27 and Perdew-

Burke-Enzerhof exchange-correlation functional28. A Hubbard U correction with a value 

of 3.7eV is added to the d-electrons on Fe atoms, as suggested by Zhou et al.29. All 

structures are relaxed until the maximum forces on the atoms are less than 0.01eV/Å. The 

solvation free energies of Ca2+ and Fe2+ are adopted from Markus30. 
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Figures 

 
 
 
 
Figure 1: a) XRD patterns, b) STEM image of standard hydrothermal LFP and c) STEM 

image of calcium modified hydrothermal LFP 
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Figure 2: EDS image mapping on hydrothermal Ca:LFP sample showing the 

homogenous distribution of a) iron, b) calcium, c) phosphorus and d) oxygen  ions inside 

Ca: LiFePO4 crystals 
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Figure 3: a) HAADF-STEM image of the porous LiFePO4 crystals and b) high resolution HAADF-

STEM image of amorphous regions within individual crystals (synthesis made using 3% of 

calcium ions and 15 minutes of synthesis). 
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Figure 4: High resolution HAADF-STEM images of Fe-antisite defects in a) surface and b) bulk of 

LFP; c) surface and d) bulk of Ca:LFP. Inset: enlarged regions of a)-d) with an overlaid structural 

model with Fe in brown, P in purple and the Li antisite position in blue (oxygen positions are not 

shown for clarity) in c). e) antisite distribution models for LFP and Ca:LFP. 

 

 

Page 21 of 24

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

Figure 5: charge/discharge curves at different C rate for LiFePO4 without calcium a) and b) 

LiFePO4 with 3% of calcium after 15 minutes,30minutes and 5 hours of synthesis. The discharge 

rate C/12 is in red, C/8 in blue, C/4 in orange, C/2 in magenta, 1C in olive green, 2C in green, 4C 

in pink, 8C in purple and 10C in cyan. 
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Figure 6: a) HAADF-STEM image of 3% Ca-LFP@C showing an absence of Fe-antisites at the 

surface with an overlaid structural model with Fe in brown, P in purple, the Li antisite position in 

blue and oxygen positions in red. b) HAADF-STEM image of LFP@C showing the presence of 

Fe-antisites at the surface. 
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