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Methods

Synthesis of catalysts

In a typical procedure, 2 mol FeCl; and 1 mol NH4Cl were homogeneously dispersed
in 200 mL deionized water solution as the electrolyte. Then electrodeposition method
was conducted using hydrophilic carbon cloth as the substrate at the constant current
density of -1 mA ¢m2 for 20 min to obtain Fe hydroxides nanosheets. The above Fe
hydroxides nanosheets were annealed at 450 °C for 3 h under air atmosphere to obtain
hematite Fe,O3 nanosheets. Lithiation process was operated in 7.5 mM LiOH aqueous
electrolyte dissolving in deionized water by chronopotentiometry method using the
self-supported hematite Fe,O; electrode as the working electrode at constant current
density of -0.5 mA cm? for 5 min. After lithiation, Ru clusters incorporation was
realized by wet chemical impregnation method subsequently. In detail, the Li inserted
hematite Fe,O; was dispersed in homogeneous RuCl; aqueous solution with the
concentration of 0.02 mM for 2 min and dried under vacuum condition for 12 h, thus

our Ru/Fe,03-Li catalyst was obtained.
Characterization

TEM, HAADF-STEM and EDS elemental mapping were performed on JEOL-JEM
2100F transmission electron microscope (with an accelerating voltage of 200 kV)
equipped with an energy-dispersive detector. Spherical abbreviation corrected HR-
TEM and HR-HAADF-STEM and corresponding EDS elemental mapping were
performed on JEOL-JEM-ARM?200F transmission electron microscope (operated on
the HAADF mode with an accelerating voltage of 200 kV) equipped with an energy-
dispersive detector. XPS data was obtained on an X-ray photoelectron spectrometer
(Thermo ESCALab 250 Xi) with an excitation source of Al Ka radiation (hv = 1486.6
eV). XRD data was collected on a Bruker D8 Advance powder diffractometer
(operating at 40 mA, 40 kV) equipped with a Cu-Ka source (A, = 1.5405 A, &, = 1.5443
A) and fitted with a beryllium window at room temperature. XAS measurements were
conducted in the Shanghai Synchrotron Radiation Facility (SSRF). All the XAS
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measurements were carried out at room temperature under ambient pressure. Data

processing and EXAFS fitting were conducted using the Athena program.
Electrochemical measurements under a three-electrode system

In a typical test, the as-prepared self-supported electrodes served as the working
electrode. All electrochemical measurements were conducted at room temperature in a
typical three-electrode cell in 1.0 M aqueous KOH electrolyte. A carbon rod and a
saturated calomel electrode (SCE) were used as the counter and reference electrodes,
respectively. In this work, all potentials measured against SCE were converted to the
reversible hydrogen electrode (RHE). The solution resistance was measured by
potentiostatic electrochemical impedance spectroscopy at frequencies ranging from 0.1
Hz to 100 kHz. All measured potentials in electrochemical tests were 85% iR
compensated unless otherwise specified. LSV curves were recorded with a scan rate of
10 mV/s. Before performance evaluation, all electrodes were electrochemically
activated with CV scanning. Durability evaluation was examined by
chronopotentiometry testing at constant current densities. EIS tests were performed at
-0.02 V (versus RHE) from 0.1 Hz to 100 kHz. The ECSA was determined by the
equation: ECSA = Cy/C,, where Cg is the double-layer capacitance and C; is the
specific capacitance. In this study, a generally accepted Cs value of 0.035 mF cm was
adopted based on literatures.!-> Cy was determined by the equation: Cy = i./v, where i,
is half of the current difference between anode and cathode in the operating voltage
window, v is the scan rate. A series of CV curves in the non-Faradaic potential region
0.02-0.12 V (versus RHE) under different scan rates (5, 10, 15, 20, 25, 30 mV/s) were
collected. By fitting different i, values against the corresponding v, C4 was obtained

from the slopes of linear fitting.
Alkaline electrolyzer test

For alkaline electrolyzer test, the as-fabricated self-supporting electrode Ru/Fe,03-Li

was used as both anode and cathode. For comparison, the commercial Pt/C (20wt% Pt



loading) and commercial RuO, were used as cathode and anode, respectively.
Hydrophilic carbon cloth was used as the substrate for measurements. The loading
amount of commercial Pt/C and commercial RuO, is 0.8 mg/cm? All the
electrochemical curves were obtained at room temperature and ambient pressure. The
stability was evaluated by chronopotentiometry method at current density of 10 mA

cm? or 250 mA cm?2.
Computational method

All calculations were performed by spin-polarized density functional theory (DFT)
technique as applied in the Vienna Ab initio Simulation Package (VASP).* The
Projector Augmented Wave (PAW) method and the Perdew-Burke-Ernzerhof (PBE)
functional employing the Generalized Gradient Approximation (GGA) were adopted
throughout the whole calculations.>-® All simulations were carried out usinga 3 x 3 x 1
gamma-centered Monk horst Pack electronic k-point mesh with a 500 eV plane-wave
cut-off energy.® A vacuum space of 20 A was deployed along the z-direction to avoid
mirror interactions between periodic images. The energy and force convergence criteria
for each atom were chosen as 10 eV and 0.03 eV/A, respectively.!® The DFT-D3
method in the Grimme scheme was implemented to describe the van der Waals (vdW)
interactions between reaction intermediates and catalysts.!! VASP-sol incorporated
implicit solvation was applied where the solvent parameters were those of water.!? In
addition, the relevant charge transfer caused by Li insertion and subsequently Ru cluster
incorporation was quantitatively described by means of Bader charge analysis. !4

The OER pathway was analyzed according to the electrochemical framework
established by Norskov et al.!> In alkaline media, the OER processes would undergo

the following four-electron steps:!°

OH +"— OH" + ¢ (1)
OH*+ OH-— O+ H,0 + ¢ ()
0"+ OH — OOH* + ¢ (3)
OOH" + OH — O, + H,0 + ¢ 4)
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where * stands for the active site on the catalytic surface, OOH", O*, and OH" refer to
the absorbed intermediates.

The equation to calculate the Gibbs free energy difference corresponding to OER
pathway is as follows:!’

AG = AE + AEzpg —TAS (5)
where AE represents the energy difference between the reactant and product, calculated
using DFT. AEgpg is the change in zero-point energy obtained by calculating the
vibration frequency of the adsorbate. AS represents the change in entropy, with T set to
room temperature (298.15 K).

All the calculations were performed by taking pH value of 0. The overpotential of OER
is determined as follows:

Noer = 1.23 — AGpin/e (6)
where AGp, 1s the minimum Gibbs free energy difference of the above four steps of
OER, given by equation (1) minus equation (4); 1.23 V is the equilibrium potential of
water for pH = 0 at temperature of 298.15 K.

The HER processes in alkaline media were generally accepted including the following
two steps: water molecule dissociates into adsorbed H* intermediate (Volmer step), then
the produced H* intermediate combines into H, molecule (either by Tafel step or
Heyrovsky step depending on the HER kinetics):'®
Volmer step: H,O + e — H* + OH-
Tafel step: H* + H* — H,
Heyrovsky step: H,O + H* + e — H, + OH-

And the overpotential of HER is determined as follows:

Nuer = AGpin/e
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Figure S1. Calculated band structures of hematite Fe,O; and Fe,O3-Li.
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Figure S2. a) SEM image of hematite Fe,O;. b) Refined XRD pattern of hematite
Fe,0;. ¢, HRTEM image of hematite Fe,Os.
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Figure S3. XRD pattern comparison for (104) and (110) facets of hematite Fe,O; and

F6203-Li.
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Figure S4. XRD pattern of Ru/Fe,Os-Li loading on carbon cloth, indicating no new

crystal phases were formed after Ru clusters decoration.
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Figure S5. a) HAADF-STEM image of Ru/Fe,0;-Li. b) Corresponding simulated

lattice distortion analysis of image a by GPA method.
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Figure S6. a) HAADF-STEM image of Ru/Fe,0s;-Li. b) Line scan profile of Ru/Fe,O3-

Li, obtained from the enlarged zone with one brightened particle in a).
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Atomic ratio of Li/Fe in high-resolution Li 1s spectra of Fe,Os-Li by XPS depth profiling

Etching times

Atomic ratio of Li/Fe

1st for 8 s (1st layer)

26.1/73.9

2nd for 8 s (2nd layer)

21.8/78.2

3rd for 8 s (3rd layer)

22.9/77.1

4th for 8 s (4th layer)

33.3/66.7

5th for 8 s (5th layer)

30.5/69.5

6th for 8 s (6th layer)

29.8/70.2

7th for 8 s (7th layer)

28.6/71.4

8th for 8 s (8th layer)

31.6/68.4

9th for 8 s (9th layer)

24.0/76.0
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10th for 8 s (10th layer) 33.2/66.8
11th for 8 s (11th layer) 43.2/56.8
12th for 8 s (12th layer) 32.4/67.6
13th for 8 s (13th layer) 34.4/65.6
14th for 8 s (14th layer) 38.3/61.7
15th for 8 s (15th layer) 34.4/65.6

Generally, 1 s can etch 0.25-0.3 nm from surface.

Figure S7. Depth profiling analysis for high-resolution Li 1s XPS spectra of Fe,Os-Li,

the corresponding atomic ratios of Li/Fe are listed in the table below.
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Figure S8. EIS spectra of Fe,03, Fe,0;-Li, Ru/Fe,03, Ru/Fe,0;-Li and commercial

Pt/C catalysts under the potential of -0.02 V vs. RHE.
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Figure S9. The CV curves of a, Fe,O3; b, Fe,05-Li; ¢, Ru/Fe,0;-Li; d, Ru/Fe,0;

catalysts under non-Faradaic region at different scan rates and e the corresponding

linear fitting for C.q measurements.
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Figure S10. The influence of a) Li and b) Ru loading amount on the alkaline HER
activity of Fe,Os. The catalysts are denoted based on the synthesis procedure. Detailly,
Fe,03-Li 2min: lithiation at -0.5 mA c¢m2 for 2 min; Fe,Os-Li 5min: lithiation at -0.5
mA cm? for 5 min; Fe;O3-Li 10min: lithiation at -0.5 mA cm?2 for 10 min. Ru
Imin/Fe,0;-Li: lithiation at -0.5 mA c¢m for 5 min, and wet impregnation in 0.02 mM
RuCl; for 1 min; Ru 2min/Fe,0s-Li: lithiation at -0.5 mA c¢m™ for 5 min, and wet
impregnation in 0.02 mM RuCl; for 2 min; Ru 5min/Fe,0Os-Li: lithiation at -0.5 mA

cm? for 5 min, and wet impregnation in 0.02 mM RuCl; for 5 min.
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Figure S11. a) TEM, b) HRTEM, and ¢) SAED pattern images of Ru/Fe,0;-Li catalysts

after alkaline HER stability measurement. d) EDS mapping images of Ru/Fe,0Os-Li
catalyst after HER stability test, green for Fe-K, red for O-K, blue for Ru-L and the

corresponding mixture of above three elements.
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Figure S12. The XRD pattern of Ru/Fe,0;-Li catalyst after alkaline HER stability test.
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Figure S13. High-resolution XPS spectra of Ru/Fe,0s-Li after alkaline HER stability
test. a) Fe 2p; b) O 1s; ¢) Ru 3p; d) Li 1s.
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Figure S14. The influence of a) Li and b) Ru loading amount on the alkaline OER

activity. The catalysts are denoted based on the synthesis procedure. Detailly, Fe,03-Li

2min: lithiation at -0.5 mA c¢cm™ for 2 min; Fe,Os-Li Smin: lithiation at -0.5 mA cm™?

for 5 min; Fe,O3-Li 10min: lithiation at -0.5 mA c¢m™ for 10 min. Ru 1min/Fe,Os-Li:

lithiation at -0.5 mA c¢m for 5 min, and wet impregnation in 0.02 mM RuCl; for 1 min;

Ru 2min/Fe,03-Li: lithiation at -0.5 mA c¢m2 for 5 min, and wet impregnation in 0.02

mM RuCl; for 2 min; Ru 5min/Fe,05-Li: lithiation at -0.5 mA c¢m2 for 5 min, and wet

impregnation in 0.02 mM RuCl; for 5 min.
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Figure S15. a) TEM, and b) HRTEM images of Ru/Fe,05-Li after alkaline OER
stability test. c) STEM image and the corresponding EDS mapping images of Ru/Fe,Os-
Li after OER stability test.
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Figure S16. The XRD pattern of Ru/Fe,0;-Li catalyst after alkaline OER stability test.
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Figure S17. High-resolution XPS spectra of Ru/Fe,0s-Li after alkaline OER stability

test: a) Fe 2p, b) O 1s, ¢) Ru 3p, and d) Li Is.
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Figure S18. DFT-tested optimal sites for H* adsorption on a) Fe,Os, b) Fe,05-Li, ¢)
Ru/F6203-Li, and d) Ru/FezO3.
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Slab-OH Slab-OOH

Figure S19. The DFT-tested optimal active site on hematite Fe,Os (110) for *O, *OH,
and *OOH adsorption.
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Fe Li (0]

1 The tested OER pathway on Fe,0; (110)-Li in acidic media In alkaline media pH=14
4*0.0592pH
-_— 123V Overpo(en‘ al 0V 0.401 V | Overpotential
Slab-1  -217.2367638 -217.2367638 +2H,0 -245.6767638 0 0 0 0 0

OH -227.0691164 0.315209  -226.7539074 +H,0+1/2H, -244.3739074 | 1.30285638 |0.072856|0.072856|0.473856|0.072856| 0.07285638

0 -222.1272352  0.051558 -222.0756772 +H,0+H, -243.0956772 | 2.58108663 |0.121087 | 0.04823 |0.923087(0.121087| 0.04823025
OOH  -231.2750855 0.336005 -230.9390805 +3/2H, -241.1390805 | 4.53768334 |0.847683] 0.726597]2.051683 | 0.848683 | 0.72759671
Slab-2 -217.2367638 0 -217.2367638 +0,+2H, -240.7467638 4.93 0.01 -0.83768 | 1.615 0.011 -0.83768334

0, -289.963 0.058 -289.905 0, -289.905

2 The tested OER pathway on Fe,0; (110)-Li in acidic media In alkaline media pH=14
4*0.0592pH
-_— 123V Overpoter ial 0V 0.401 V | Overpotential
Slab-1 -217.2367638 0 -217.2367638 +2H,0 -245.6767638 0 0 0 0

OH -226.9156755 0315209 -226.6004665 +H,0+1/2H, -244.2204665 | 1.45629731 |0.226297(0.226297 |0.627297|0.226297 | 0.22629731

o 2221 0.051558  -222.048442 +H0+H; -243.068442 | 2.6083218 |0.148322-0.07798 |0.950322|0.148322( -0.07797551
0OOH 2311 0.336005  -230.763995 +3/2 H, -240.963995 | 4.7127688 | 1.022769§0.874447 §2.226769| 1.023769|  0.875447
Slab-2  -217.2367638 0 -217.2367638 +0,+2H, -240.7467638 4.93 0.01 [-1.01277| 1615 | 0011 | -1.0127688

0, -289.963 0.058 -289.905 0, -289.905
3 The tested OER pathway on Fe,0; (110)-Li in acidic media In alkaline mediapH=14
4%0.0592pH

-_— 1.23V Overpoten ial 0V 0.401 V | Overpotential
Slab-1  -217.2367638 -217.2367638 +2H,0 -245.6767638 0 0 0 0

OH 2226957431 0315209  -226.642222  +H,0+1/2H,  -244.262222 | 1.41454176 |0.184542|0.184542 | 0.585542(0.184542| 0.18454176
[o) -222.1290108 0.051558  -222.0774528  +H,O+H, -243.0974528 | 2.57931096 |0.119311|-0.06523 |0.921311(0.119311| -0.0652308
OOH  -231.5869817 0.336005 -231.2509767 +3/2 H, -241.4509767 | 4.22578708 0.535731 0.416476 1.7397870.536787| 0.41747612

Slab-2  -217.2367638 0 217.2367638 +0+2H, -240.7467638 4.93 0.01 |-0.52579| 1615 | 0.011 | -0.52578708
0, -289.963 0.058 -289.905 0, -289.905

Figure S20. The DFT-testing process for finding optimal active site of alkaline OER

on Fe,0; (110)-Li, suggesting site 3 is the optimal active site.
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2.40836088 |-1.28164 | -1.81161 | -0.07764 | -1.28064 | -1.81060779
4.93 0.01 [1.291639f 1.615 0.011 1.29163912

4 The tested OER pathway on Ru/Fe,O; (110) in acidic media

Slab-1
OH
0
00H
Slab-2

0,

-257.1019347

-270.493058

-262.0556966 0.051366

-271.8675738

-257.1019347

-289.963

0.330535

0.374605

0

0.058

-257.1019347
-270.162523
-262.0043306
-271.4929688
-257.1019347

-289.905

+2H,0

+H,0+1/2 H,
+H,0+H,
+3/2H,
+0,+2H,

O,

-285.5419347
-287.782523
-283.0243306
-281.6929688
-280.6119347

-289.905
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In alkaline media pH = 14

4*0.0592pH
0.401 v | Overpotential
0 0
-2.24058833 | -3.47059 | -3.47059 | -3.06959 | -3.47059 | -3.47058833
2.517604088 | 0.057604 | 3.528192 | 0.859604 | 0.057604 | 3.528192418
3.84896588 | 0.158966 |0.101362 | 1.362966 | 0.159966 | 0.102361792
493 001 |-0.14897| 1.615 0.011 | -0.14896588




5 The tested OER pathway on Ru/Fe,O5 (110) in acidic media In alkaline media pH = 14

4*0.05921)}1
Slab-1 -257.1019347 -257.1019347 +2H,0 -285.5419347 0 0 0 0 0

OH -268.5715249  0.330535  -268.2409809  +H,0+1/2H, -285.8609899 |-0.31905518 | -1.54906 | -1.54906 | -1.14806 | -1.54906 [ -1.54905518

(o} -262.0556966  0.051366 -262.0043306  +H,0+H,  -283.0243306 |2.517604088 | 0.057604 | 1.606659 |0.859604|0.057604| 1.606659268
OOH  -2718675738 0374605 -271.4929688 +3/2 H, -281.6929688 | 3.84896588 |0.1589660.101362 | 1.3629660.159966| 0.102361792
Slab-2  -257.1019347 0 -257.1019347 +0,+2H, -280.6119347 4.93 0.01 |-0.14897| 1615 | 0.011 | -0.14896588

0, -289.963 0.058 -289.905 0, -289.905

6 The tested OER pathway on Ru/Fe,O; (110) in acidic media In alkaline media pH = 14
4*0.0592pH
-_— 123V Overpotentlal oV 0.401 v | Overpotential
Slab-1  -257.1019347 -257.1019347 +2H,0 -285.5419347 0 0 0

OH -267.6947653 0.310396 -267.3843693  +H,0+1/2H, -285.0043693 | 0.53756544 |-0.69243 | -0.69243 | -0.29143 | -0.69243 | -0.69243456

(o] -262.3102546 0.020213  -262.2900416 +H,0+H, -283.3100416 | 2.23189314 (-0.22811) 0.464328)0.573893 | -0.22811 | 0.4643277

OOH  -271.7712825 0.289386  -271.4818965 +3/2 H, -281.6818965 | 3.86003815 |0.1700380.398145 | 1.374038 0.171038| 0.39914501
Slab-2  -257.1019347 0 -257.1019347 +0,+2H, -280.6119347 493 0.01 |[-0.16004| 1.615 0.011 -0.16003815
0, -289.963 0.058 -289.905 0, -289.905

Figure S21. The DFT-testing process for finding optimal active site of alkaline OER

on Ru/Fe,05 (110), suggesting site 6 is the optimal active site.
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Fe Li Ru o

1 The tested OER pathway on Ru/Fe,0, (110)-Li in acidic media In alkaline mediapH=14
4%0.0592pH
-_— 123V [Overpotenltial oV 0.401 V [ Overpotential
Slab-1 -262.3546968 ] -262.3546968 +2H,0 -290.7946968 0 0 0 0 0 0
OH -274.2123743  0.274 -273.9383743  +H,0+1/2H, -291.5583743 |-0.76367745 | -1.99368 | -1.99368 | -1.59268 | -1.99368 | -1.99367745
o -270.6847313 0.025 -270.6597313 +H,0+H, -291.6797313 | -0.88503453 | -3.34503 | -1.35136 | -2.54303 | -3.34503 | -1.35135708
OOH  -277.0082812  0.334 -276.6742812 +3/2 H, -286.8742812 | 3.92041558 | 0.230416 || 3.57545 | 1.4344160.231416 | 3.57645011
Slab-2  -262.3546968 0 -262.3546968 +0,+2H, -285.8646968 4.93 0.01 |-0.22042| 1.615 0.011 -0.22041558
0, -289.963 0.058 -289.905 0, -289.905
2 The tested OER pathway on Ru/Fe,0; (110)-Li in acidic media In alkaline media pH=14
4%0.0592pH
Slab-1  -262.3546968 (] -262.3546968 +2H,0 -290.7946968 0 0 0 0 0 0

OH -273.0618009  0.274 -272.7878009  +H,0+1/2H, -290.4078009 | 0.38689594 | -0.8431 | -0.8431 | -0.4421 | -0.8431 | -0.84310406

o -268.0083556  0.025 -267.9833556 +H,0+H, -289.0033556 | 1.79134119 | -0.66866 |0.174445|0.133341 | -0.66866 | 0.17444525

OOH  -277.0082812 0334 -276.6742812 +3/2 H, -286.8742812 | 3.92041558 |0.230416 |0.899074 |1.434416 [ 0.231416| 0.90007439
Slab-2  -262.3546968 0 -262.3546968 +0,+2H,; -285.8646968 4.93 0.01 |-0.22042 | 1.615 0.011 | -0.22041558
0, -289.963 0.058 -289.905 0, -289.905
3 The tested OER pathway on Ru/Fe,0;(110)-Li in acidic media In alkaline mediapH=14
4*0.0592pH
T omielace] s | L [ P
Slab-1  -262.3546968 0 -262.3546968 +2H,0 -290.7946968 0 0 0 0 0 0

OH -272.4013641 0330535  -272.0708291 +H,O+1/2H, -289.6908291 | 1.1038677 |(-0.12613 |-0.12613 |0.274868 | -0.12613 | -0.1261323

o -267.7519121 0.051366 -267.7005461 +H,0+H, -288.7205461 | 2.0741507 |-0.38585 (-0.25972 |0.416151 | -0.38585 | -0.259717
OOH  -277.3059275 0374605 -276.9313225 +3/2 H, -287.1313225 | 3.6633743 |-0.02663 J0.359224 J1.177374 | -0.02563 | 0.3602236
Slab-2  -262.3546968 0 -262.3546968 +0,+2H, -285.8646968 4.93 0.01 |0.036626| 1.615 0.011 0.0366257

0; -289.963 0.058 -289.905 0, -289.905

Figure S22. The DFT-testing process for finding optimal active site of alkaline OER

on Ru/Fe,05 (110)-Li, suggesting site 3 is the optimal active site.
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Fe,0, (110)-Li

E=-217.2eV
Ru/Fe,0, (110) Ru/Fe,0, (110)-Li
E =—-257.1 eV E =-262.4 eV

Fe Li Ru o

Figure S23. The calculated surface free energy of Fe,O; (110), Fe,O; (110)-Li,
Ru/Fe,0; (110), and Ru/Fe,05 (110)-Li catalysts.
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Table S1. Comparison for HER activity of Ru/Fe,Os-Li with currently reported noble

metal-based catalysts in 1.0 M KOH electrolyte.

Overpotential @ 10

Catalysts Tafel slope (mV/dec) References
mA c¢cm? (mV)

Ru/Fe,O5-Li 21 mV 39.8 This work
Pt(@Ni(OH), — 27 19
CI-Pt/LDH 25.2 24.3 20
Pt/MgO 39 39 21
PtCso 243 41.9 22
Ptsa-NiO/Ni 26 27.07 23
Ru-1.0 13 25.3 24
Ir-NSG 18.5 28.3 25
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