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Figure S1 Synthesis illustration of of ultrathin 2D Fe-InPO4 triangular nanosheets.

Figure S2 AFM result of Am Fe-InPO4 samples.
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Figure S3 HADDF-STEM images of Am Fe-InPO4.
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Table S1 ICP-OES characterization of Am Fe-InPO4 samples.

 

Sample Element CC (mg kg
-1

)

Fe 9760

In 199659Am Fe-InPO4

P 60192

Theoretical atomic ratio of Fe:In:P = 1:10:11

Experimental atomic ratio of Fe:In:P = 1:9.95:11.13
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Figure S4 EDS spectrum of Am Fe-InPO4.
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Figure S5 XPS survey of Am Fe-InPO4.

Figure S6 XPS spectra for Am Fe-InPO4 of (a) In 3d, (b) Fe 2p, (c) P 2p and (d) O 1s.
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Figure S7 FTIR spectra of Am Fe-InPO4.
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Figure S8 XRD pattern of Cr Fe-InPO4 nanosheet.
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Figure S9 (a) TEM, (b) HRTEM, (c) elemental mapping of the elements In, Fe, P and O, (d) EDS spectrum of 

Cr Fe-InPO4.
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Figure S10 OER polarization curves recorded on different electrodes with a three-electrode configuration 

in 1.0 M KOH with 90% internal resistance (iR) compensation.

Figure S11 Cyclic voltammograms of (a) Am Fe-InPO4/NF, and (b) Cr Fe-InPO4/NF, and (c) Am InPO4/NF.
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Figure S12 Normalized OER LSV curves of Am Fe-InPO4/NF, Cr Fe-InPO4/NF and Am InPO4/NF.

The electrochemical active surface area (ECSA) is evaluated by the electrochemical double-layered 

capacitance (Cdl) according to the following equation:

ECSA=Cdl/Cs                                                            (S1)

where Cs is the specific capacitance value of an ideal flat surface with 1.0 cm-2 of a real surface area. Here, 

Cs is 40 μF cm-2.
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Figure S13 Multistep chronopotentiometric curve for Am Fe-InPO4/NF without iR compensation.

The potential immediately levels off at 1.496 V vs RHE at the starting current value and remains unchanged 

for the rest of the 500 s, and the other steps also show similar results, implying excellent mass 

transportation and mechanical robustness of the Am Fe-InPO4/NF.
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Figure S14 TEM image of Am Fe-InPO4 after OER test.
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Table S2 Comparison of the state-of-the-art Fe incorporated or Fe based electrocatalysts for OER in 

alkaline medium (j: current density; η: overpotential).

Electrocatalyst Electrolyte η (mV) @ 
j=10 mA cm-2

Tafel Slope
(mV dec-1)

Reference

Am Fe-InPO4 1.0 M KOH 230 46.47 This work

FePx/Fe-N-C/NPC 1.0 M KOH 325 79 [1]

FeCoNi alloy 0.5 M KOH 400 72 [2]

CoFe LDH 1.0 M KOH 300 83 [3]

Fe-Ni3C-2% 1.0 M KOH 275 62 [4]

Fe-CoP/Ti 1.0 M KOH 230 67 [5]

IPNTs 1.0 M KOH 288 43 [6]

m-NiFe/CNx 0.1 M KOH 360 59.1 [7]

Ni0.9Fe0.1/NC 1.0 M KOH 330 45 [8]

nNiFe LDH/NGF 0.1 M KOH 337 45 [9]

Ni2CoFe0.5-LDH/NF 1.0 M KOH 240 65 [10]

Ni3V1Fe1 LDH/GC 1.0 M KOH 269 68 [11]

NiFeN LDHs /GC 1.0 M KOH 280 46 [12]

Ni2.5Co0.5Fe LDHs/NF 0.1 M KOH 275 85 [13]

CoFe2O4/C NRAs 1.0 M KOH 240 45 [14]

CoFePi/Ni(PO3)2 1.0 M KOH 213 39 [15]

Co3(OH)2(HPO4)2 1.0 M KOH 240 69 [16]

Ni:Pi-Fe/NF 1.0 M KOH 220 37 [17]

De-LNiFeP/rGO 0.1 M KOH 270 57 [18]

NPO 0.1 M KOH 360 48 [19]

IrO2 0.1 M KOH 360 67 [20]

RuO2 0.1 M KOH 390 89 [20]



S14

Method and Model:

The first principles calculations in the framework of density functional theory, including structural, 

electronic performances, were carried out based on the Cambridge Sequential Total Energy Package known 

as CASTEP.21 The exchange–correlation functional under the generalized gradient approximation (GGA)22 

with norm-conserving pseudopotentials23 and Perdew–Burke–Ernzerhof functional24 was adopted to 

describe the electron–electron interaction. An energy cutoff of 750 eV was used and a k-point sampling set 

of 5 x 4 x 1 were tested to be converged. A force tolerance of 0.01 eV Å-1, energy tolerance of 5.0 x 10-7eV 

per atom and maximum displacement of 5.0 x 10-4 Å were considered. The model of crystal Fe doped InPO4 

(Cr Fe-InPO4) was built according to our prepared hydrated indium phosphate (PDF#83-1182), and replaced 

one In atom with Fe in a unit cell. The surface of Cr Fe-InPO4 was cuted along the (1 0 -1) direction, and the 

vacuum space along the z direction was set to be 15 Å, which is enough to avoid interaction between the 

two neighboring images. The amorphous Fe doped InPO4 model was built after relaxing Cr Fe-InPO4 at 

2000K, and the ordered atomic arrangement was damaged. For designing two different Fe active site in 

amorphous models, the coordination numbers (numbers of Fe-O bonds equal to 4 and 5 in surface models, 

respectively) of Fe atom were changed to adjust its electronic structure. The top three atomic layers were 

relaxed and the bottom three atomic layers were fixed, then the intermediates of H, OH, O, OOH groups 

were absorbed on the surface of substrates (see the Supporting Information for more details). Adsorption 

energy ΔE of A group on the surface of substrates was defined as:25 

ΔE = E*A – (E*+ EA)                                                       (S2)

where *A and * denote the adsorption of A group on substrates and the bare substrates, EA denotes the 

energy of A group. 

Gibbs free energy change (ΔG) of each chemical reaction is calculated by:

ΔG = ΔE + ΔZPE - TΔS                                                     (S3)

where E, ZPE, T and S denote the calculated total energy, zero point energy, temperature and entropy, 

respectively. Here, T = 300K is considered. The activity site of Fe was considered, the adsorption energies 

follow the approach of Nøeskov et al.,25

ΔE*O = E(sub/O) – E(sub) – [E(H2O) – E(H2)]                                   (S4)

ΔE*OH = E(sub/OH) – E(sub) – [E(H2O) – E(H2)/2]                               (S5)
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ΔE*OOH = E(sub/OOH) – E(sub) – [2×E(H2O) – 3×E(H2)/2]                        (S6)

where E(sub/O), E(sub/OH) and E(sub/OOH) denote the total energies of O, OH and OOH groups on 

substrate. E(sub), E(H2O) and E(H2) are the total energies of bare substrate, water, and hydrogen gas, 

respectively. 

The electrochemical model of OER developed by Nøreskov26 can be divided into four one–electron 

reactions: 

H2O + * → *OH + (H+ + e−)                                              (S7)

*OH + (H+ + e−) → *O + 2(H+ + e−)                                           (S8)

H2O + *O + 2(H+ + e−) → *OOH  + 3(H+ + e−)                                 (S9)

*OOH + 3(H+ + e−) → O2 + * + 4(H+ + e−)                                    (S10)

The detailed Gibbs free energy changes of steps S7-S10 can be calculated by:

 ∆G1= ∆G*OH – eU                                                       (S11)

∆G2 = ∆G*O –∆G*OH – eU                                                  (S12)

 ∆G3 = ∆G*OOH – ∆G*O – eU                                               (S13)

∆G4 = 4.92eV – ∆G*OOH – eU                                               (S14)

where the sum of ΔG1-4 is fixed to the negative of experimental Gibbs free energy of formation of two water 

molecules (−2  = 4.92 eV).26 The Gibbs free energy of (H+ + e−) in solution is estimated as the half energy 
∆ 𝑒𝑥𝑝

𝐻2𝑂

of H2 molecule at standard condition.25

The over–potential of OER is determined by following equations:

ηOER = UOER – 1.23                                                        (S15)

UOER = Max (∆G*OH, ∆G*O –∆G*OH, ∆G*OOH – ∆G*O, 4.92 eV – ∆G*OOH) / e            (S16)  
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Table S3 The calculated average bond length of Cr Fe-InPO4 and Am Fe-InPO4.

Average bond length (Å) Cr Fe-InPO4 Am Fe-InPO4

H-O 1.023 1.015

P-O 1.531 1.533

Fe-O 1.913 1.891

In-O 2.149 2.155

The average bond lengths are calculated by Eq:

daverage =  / 

+ ∞

∫
‒ ∞

𝑏𝑜𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ ∗  𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑑(𝑏𝑜𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ)

                                 (S17)

+ ∞

∫
‒ ∞

𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑑(𝑏𝑜𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ)
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Table S4 The atomic populations of Fe species of Cr Fe-InPO4 and Am Fe-InPO4.

Atomic Populations of Fe species (Mulliken)

Model Ion S p d f Total Charge (e)

Cr Fe-InPO
4 2 0.35 0.19 6.43 0.00 6.96 1.04

Am Fe-InPO
4 2 0.15 0.14 6.52 0.00 6.82 1.18
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Table S5 ICP-OES characterization of Am Fe (20%)-InPO4 samples.

ICP-OES is used for accurately determine the Fe content of samples and the result (Table S1) indicates the 

content of Fe in Fe (10%)-InPO4 samples cannot reach the minimum Fe mass percentage required by the 

Mössbauer spectrometer measurements. Thus, we use Fe (20%)-InPO4 as the sample for the 

measurements. Table S5 gives ICP-OES result of Am Fe (20%)-InPO4 and the Fe content of Am Fe (20%)-

InPO4 is twice that of Am Fe (10%)-InPO4, which is in line with the feed ratio. We consist that the double 

content of Fe, as a doping element, would not have a huge impact on the analysis.

Sample Element CC (mg kg
-1

)

Fe 18830 

In 197936 Am Fe-InPO4

P 65668 

Theoretical atomic ratio of Fe:In:P = 1:5:6

Experimental atomic ratio of Fe:In:P = 1:5.11:6.29
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Table S6 Mössbauer parameters determined for the different iron sites of Am Fe-InPO4 with 20% Fe 

incorporation.

IS (mm/s) QS (mm/s) LW (mm/s) RI (%)

Fe3+ as double 0.383 0.81 0.502 88.8

Fe4+ as double -0.007 0.59 0.478 11.2

Table S7 Mössbauer parameters determined for the different iron sites of Cr Fe-InPO4 with 20% Fe 

incorporation.

IS (mm/s) QS (mm/s) LW (mm/s) RI (%)

D1 0.46 0.31 0.43 64.6

D2 0.36 0.96 1.78 29.0

D3 0.34 0.46 0.38 6.4
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Figure S15 Model of Am Fe-2-InPO4.

To study the adsorption free energy in OER process on the Fe atom with different electronic structure, two 

tapes of amorphous model as well as the crystal model are fabricated. For designing two different Fe active 

site in amorphous models, the coordination numbers (numbers of Fe-O bonds equal to 4 (Am Fe-1-InPO4, 

which is Am Fe-InPO4 in Figure 3 and above discussion) and 5 (Am Fe-2-InPO4), respectively) of surface Fe 

active atom are changed to adjust its electronic structure.

Table S8 The atomic populations of Fe species and calculated average bond length of Am Fe-2-InPO4.

Atomic Populations of Fe species (Mulliken)

Model Ion s p d f Total Charge (e)

Am Fe-2-InPO
4 2 0.19 0.14 6.43 0.00 6.76 1.24

Average bond length (Å)

H-O 1.014 Fe-O 1.902

P-O 1.533 In-O 2.160



S21

Figure S16 Optimized structures of the intermediate states in OER on surface of Cr Fe-InPO4 (1 0 -1) when 

Fe acts as active sites (top view).

Figure S17 Optimized structures of the intermediate states in OER on surface of Am Fe-1-InPO4 when Fe 

acts as active sites (top view).
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Figure S18 Optimized structures of the intermediate states in OER on surface of Am Fe-2-InPO4 when Fe 

acts as active sites (top view).

Figure S19 Optimized structures of the intermediate states in OER on surface of Cr Fe-InPO4 when In acts 

as active sites (top view).
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Figure S20 Optimized structures of the intermediate states in OER on surface of Am Fe-1-InPO4 when In 

acts as active sites (top view).

Figure S21 Optimized structures of the intermediate states in OER on surface of Am Fe-2-InPO4 when In 

acts as active sites (top view).
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Figure S22 (a) OER polarization curves recorded on different electrodes which are shown in Figure 5b (left) 

with a three-electrode configuration in 1.0 M KOH with 90% internal resistance (iR) compensation. (b) 

corresponding Tafel plots for different samples of (a). (c) OER polarization curves recorded on different 

electrodes which are shown in Figure 5b (right) with a three-electrode configuration in 1.0 M KOH with 90% 
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internal resistance (iR) compensation. (d) corresponding Tafel plots for different samples of (c). (e) TEM 

image of Cr Fe-InPO4 nanosheet. (f) TEM image of Cr Fe-InPO4 nanoparticles. (g) TEM image of Am  Fe-InPO4 

nanosheet. (h) TEM image of Am Fe-InPO4 nanoparticles. Please note that the morphologes of undoped 

samples are same with that of  doped samples in (e-h).

In order to investigate the structure-activity relationship between the structural features of 2D 

morphology, amorphization and doping of electrocatalysts, the following eight samples are taken as our 

research objects: crystalline 10% Fe doped InPO4 nanosheet (Cr Fe-InPO4 nanosheet), crystalline InPO4 

nanosheet (Cr InPO4 nanosheet), crystalline 10%Fe doped InPO4 nanoparticle (Cr Fe-InPO4 nanoparticle), 

crystalline InPO4 nanoparticle (Cr InPO4 nanoparticle) and their corresponding amorphous counterparts 

(Am Fe-InPO4 nanosheet, Am InPO4 nanosheet, Am Fe-InPO4 nanoparticle and Am InPO4 nanoparticle). The 

OER performances of above electrocatalysts are shown in Figure 5b and Figure S22. As shown in Figure 5b 

(left) and Figure S22 a-b, both Cr InPO4 nanosheet and Cr InPO4 nanoparticle show greatly improved OER 

performance after Fe doping. In the meantime, for both Fe doped InPO4 and undoped InPO4, the activitys 

of samples with 2D morphology are better than those with 0D morphology. Based on the above results, we 

could predict that the sample with Fe doping and 2D morphology would exhibite the best performance 

towards OER among the four crystalline electrocatalysts. Actually, Cr Fe-InPO4 nanosheet/NF only needs 

overpotential of 305 mV to afford 10 mA cm-2, which meaningfully outperforms Cr InPO4 nanosheet/NF (η 

= 342 mV for 10 mA cm-2), Cr Fe-InPO4 nanoparticle/NF (η = 320 mV for 10 mA cm-2) and Cr InPO4 

nanoparticle/NF (η = 359 mV for 10 mA cm-2), and the Tafel slop of Cr Fe-InPO4 nanosheet/NF is also 

relatively small, indicating a fast reaction kinetics, which are consistent with our prediction. For the 

corresponding amorphous counterparts, the same laws could be revealed more distinctly from Figure 5b 

(right) and Figure S22 c-d, and Am Fe-InPO4 nanosheet/NF shows the best OER performance. By comparing 

the OER performance of the crystalline samples (Figure 5b (left)) with the amorphous samples (Figure 5b 

(right)), the OER activitys of amorphous catalysts are almost better than their crystalline counterparts. As 

the superior catalyst with best OER performance in both crystalline catalysts and amorphous catalysts, Fe-

InPO4 nanosheet shows totally different activity when the crystallinity changes. Only 230 mV is required for 

Am Fe-InPO4 nanosheet/NF to afford the current density of 10 mA cm-2, which is distinctively different from 
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that of Am Fe-InPO4 nanosheet/NF, indicating the superiority of the amorphous electrocatalysts. The 

corresponding TEM imames of Cr Fe-InPO4 nanosheet,Cr Fe-InPO4 nanoparticle, Am Fe-InPO4 nanosheet 

and Am Fe-InPO4 nanoparticles are shown in Figure S22e-h, respectvily.

In conclusion, the structural features of 2D morphology, amorphization and doping are not indispensable. 

Indeed, only complementing each other, the triple structural features can simultaneously enhance the 

catalytic active sites and intrinsic activity of the obtained catalysts, inducing the best OER performance.

Figure S23 (a) OER polarization curves of Am Fe-MnPO4 nanosheet and Cr MnPO4 nanoparticle with a three-

electrode configuration in 1.0 M KOH with 90% internal resistance (iR) compensation. (b) corresponding 

Tafel plots for Am Fe-MnPO4 nanosheet and Cr MnPO4 nanoparticle. (c) TEM image of Am Fe-MnPO4 

nanosheet.
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Figure S24 (a) OER polarization curves of Am Fe-Co3(PO4)2 nanosheet and Cr Co3(PO4)2 nanoparticle with a 

three-electrode configuration in 1.0 M KOH with 90% internal resistance (iR) compensation. (b) 

corresponding Tafel plots for Am Fe-Co3(PO4)2 nanosheet and Cr Co3(PO4)2 nanoparticle. (c) TEM image of 

Am Fe- Co3(PO4)2 nanosheet.

Figure S25 (a) OER polarization curves of Am Fe-BiPO4 nanosheet and Cr BiPO4 nanoparticle with a three-

electrode configuration in 1.0 M KOH with 90% internal resistance (iR) compensation. (b) corresponding 

Tafel plots for Am Fe-BiPO4 nanosheet and Cr BiPO4 nanoparticle. (c) TEM image of Am Fe-BiPO4 nanosheet.
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Figure S26 (a) OER polarization curves of Am Fe-VPO4 nanosheet and Cr VPO4 nanoparticle with a three-

electrode configuration in 1.0 M KOH with 90% internal resistance (iR) compensation. (b) corresponding 

Tafel plots for Am Fe-VPO4 nanosheet and Cr VPO4 nanoparticle. (c) TEM image of Am Fe-VPO4 nanosheet.
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