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F

igure S1. SEM images and EDS metal elemental mapping of the synthesized MEB/HEB catalysts. 

 Metal elemental mapping in (FeCoNi)B (a), (FeCoNi)2B (b), (MnFeCoNi)B (c), (MnFeCoNi)2B 

(d), (CrMnFeCoNi)B (e), and (CrMnFeCoNi)2B (f).
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Figure S2. EDS-determined elemental contents of the synthesized MEB/HEB samples. EDS of 

(FeCoNi)B (a), (FeCoNi)2B (b), (MnFeCoNi)B (c), (MnFeCoNi)2B (d), (CrMnFeCoNi) (e), and 

(CrMnFeCoNi)2B (f).
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Figure S3. Nyquist plots of the MEB/HEB catalysts in bulk pieces with polished surfaces. Nyquist 

plots of (FeCoNi)B, (FeCoNi)2B, (MnFeCoNi)B, (MnFeCoNi)2B, (CrMnFeCoNi)B, 

(CrMnFeCoNi)2B, and of the benchmark IrO2 powders loaded on a carbon paper substrate.
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Figure S4. Cyclic voltammograms of the MEB/HEB catalysts in bulk pieces with polished 

surfaces. CV curves of (FeCoNi)B (a), (FeCoNi)2B (b), (MnFeCoNi)B (c), (MnFeCoNi)2B (d), 

(CrMnFeCoNi)B (e), (CrMnFeCoNi)2B (f), and IrO2 (g) powders loaded on a carbon paper 

substrate. h), difference between anodic and cathodic current densities versus the scan rate, which 
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was used to derive the ECSA of the catalysts.

Figure S5. Chronopotentiometric curves of the MEB/HEB catalysts at a current density of 10, 100 
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and 200 mA cm-2. Chronopotentiometric curves of (FeCoNi)B (a), (FeCoNi)2B (b), (MnFeCoNi)B 

(c), (MnFeCoNi)2B (d), (CrMnFeCoNi)B (e), and (CrMnFeCoNi)2B (f).

Figure S6. Chronopotentiometric curves of (FeCoNi)B and CrMnFeCoNi)B catalysts at a current 

density of 200 mA cm-2 for 130h. 
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Figure S7. Cyclic voltammograms in the double layer region of powdered MEB/HEB catalysts 
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loaded on nickel-foam substrates. CV curves of (FeCoNi)B (a), (FeCoNi)2B (b), (MnFeCoNi)B 

(c), (CrMnFeCoNi)B (d), IrO2 (e), FeNi LDH (f), and Ni foam (g). (h) difference between anodic 

and cathodic current densities versus the scan rate, which was used to derive the ECSA of the 

electrodes. The scan rate ranges from 20 to 120 mV/s at an increment of 20 mV/s, as shown in a - 

g along the arrow direction. 
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Figure S8. Microkinetic modeling. Fitting of the OER polarization curve of (FeCoNi)B (#1) using 

equations S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e) in the Supplementary Note. αi (i = 1, 2, 3, 5) is 

the electron transfer coefficient contained in equations S1, S2, S3, and/or S5.
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Figure S9. Microkinetic modeling. Fitting of the OER polarization curve of (FeCoNi)2B (#2) using 

equations S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e) in the Supplementary Note. αi (i = 1, 2, 3, 5) is 

the electron transfer coefficient contained in equations S1, S2, S3, and/or S5.
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Figure S10. Microkinetic modeling. Fitting of the OER polarization curve of (MnFeCoNi)B (#3) 

using equations S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e) in the Supplementary Note. αi (i = 1, 2, 3, 
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5) is the electron transfer coefficient contained in equations S1, S2, S3, and/or S5.

Figure S11. Microkinetic modeling. Fitting of the OER polarization curve of (MnFeCoNi)2B (#4) 

using equations S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e) in the Supplementary Note. αi (i = 1, 2, 3, 

5) is the electron transfer coefficient contained in equations S1, S2, S3, and/or S5.
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Figure S12. Microkinetic modeling. Fitting of the OER polarization curve of (CrMnFeCoNi)B 

(#5) using equations S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e) in the Supplementary Note. αi (i = 1, 
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2, 3, 5) is the electron transfer coefficient contained in equations S1, S2, S3, and/or S5.

Figure S13. Microkinetic modeling. Fitting of the OER polarization curve of (CrMnFeCoNi)2B 

(#6) using equations S1 (a), S2 (b), S3 (c), S4(d), and S5 (e) in the Supplementary Note. αi (i = 1, 
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2, 3, 5) is the electron transfer coefficient contained in equations S1, S2, S3, and/or S5.

Figure S14. Raman spectra of the MEB/HEB catalysts before and after OER. Raman spectra of 

(FeCoNi)B (a), (FeCoNi)2B (b), (MnFeCoNi)B (c), (MnFeCoNi)2B (d), (CrMnFeCoNi)B (e), and 
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(CrMnFeCoNi)2B (f).

Figure S15. XPS spectra of (MnFeCoNi)2B (#4) before and after OER. XPS spectra of B 1s (a), 



S19

Fe 2p (b), Co 2p (c), Ni 2p (d) and Mn 2p (e).

Figure S16. XPS spectra of (CrMnFeCoNi)B (#5) before and after OER. XPS Spectra of B 1s (a), 

Cr 2p (b), Mn 2p (c), Fe 2p (d), Co 2p (e), and Ni 2p (f).
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Figure S17. DFT-calculated surface electronic structures of (FeCoNi)B. The d-band DOS of the 

(001) (a), (010) (b), (100) (c), and (111) (d) surfaces of (FeCoNi)B (#1). The spin-up and spin-

down DOS are depicted using the positive and negative values, respectively. 
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Figure S18. DFT-calculated surface electronic structures of (FeCoNi)2B. The d-band DOS of the 

(001) (a), (010) (b), and (111) (c) surfaces of (FeCoNi)2B (#2). The spin-up and spin-down DOS 

are depicted using the positive and negative values, respectively. 
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Figure S19. DFT-calculated spin-up DOS and d-band centers of specified surfaces of the 

MEB/HEB catalysts. (a), The d-band DOS and centers of the (010) surfaces of (FeCoNi)B (#1), 

(MnFeCoNi)B (#3), and (CrMnFeCoNi)B (#5). (b), The d-band DOS and centers of the (111) 

surfaces of (FeCoNi)2B (#2), (MnFeCoNi)2B (#4), and (CrMnFeCoNi)2B (#6).

Figure S20. The calculated surface d-band centers of the MEB/HEB catalysts: The d-band centers 
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of Fe, Ni, Co, Mn and/or Cr, and all metals distributed on the (001) and (010) / (111) surfaces of 

(MnFeCoNi)B (#3) (a), (MnFeCoNi)2B (#4) (a), (CrMnFeCoNi)B (#5) (b), and (CrMnFeCoNi)2B 

(#6) (b).

Figure S21. The averaged surface d-band centers of the MEB/HEB catalysts. The d-band centers 

of Fe, Co, Ni, Mn, and/or Cr in #1 – #6 catalysts, where the d-band center is the average of the 

centers of the (001), (010), (100) (#1 only), and (111) (#1 only) surfaces of the MB-type borides 

(#1, #3, and #5), or the average of the centers of the (001), (010) (#2 only), and (111) surfaces of 

the M2B-type borides (#2, #4, and #6).
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Figure S22. The relationships between the experimental overpotentials and the d-band centers of 

Fe, Co, Ni, Mn and/or Cr, and all metals, where the centers are the surface-averaged values as 

defined in Figure S20. Red dashed lines enclose the MB-type borides, and the green dashed lines 

enclose the M2B-type borides. 
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Figure S23.  Atomic models of the hydroxylated (FeCoNi)B (100) surface showing the adsorption 

of  OH / O intermediates on different cation (Fe, Co, Ni) sites. (a) The optimized (FeCoNi)B (100) 
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surface with 6 B atomics removed to expose 6 metal atoms, and with the surface cations fully 

hydroxylated by 12 adsorbed OH groups (6 standing OH groups and 6 bridging OH groups). (b-d) 

The optimized configuration of the surface after moving one OH group previously adsorbed on an 

Fe (b), Co (c), or Ni (d) site to a faraway distance, simulating the status before the OH adsorption; 

(e-g) The optimized configuration of the surface with one O anion adsorbed on an Fe (e), Co (f), 

or Ni (g) site while keeping all other metal sites hydroxylated;   (h-j) The optimized configuration 

of the surface after moving one O anion previously adsorbed on an Fe (h), Co (i), or Ni (j) site to 

a faraway distance, simulating the status before the O adsorption. Atom color coding is shown in 

panel (g).

Table S1. The lattice parameters and unit cell volumes of the MEB/HEB catalysts derived from 

XRD data

Catalyst
a

(Å)

Δa

(Å)

b

(Å)

Δb

(Å)

c

(Å)

Δc

(Å)

V

(Å3)

ΔV

(Å3)

(FeCoNi)B 3.9918 0.0001 5.384 0.0002 2.9914 0.0001 64.453 0.007

(FeCoNi)2B 5.0527 0.0002 4.2271 0.0003 107.120 0.010

(MnFeCoNi)B 4.0284 0.0020 5.4558 0.0020 2.9717 0.0001 65.315 0.007

(MnFeCoNi)2B 5.0858 0.0001 4.2301 0.0002 109.419 0.010

(CrMnFeCoNi)B 4.0765 0.0001 5.5088 0.0002 2.9482 0.0003 66.196 0.007

(CrMnFeCoNi)2B 5.1477 0.0004 4.2498 0.0004 112.616 0.020
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Table S2. The Cdl and ECSA of the MEB/HEB catalysts and the IrO2 benchmark 

No. Catalyst Cdl (mF/cm2) ECSA (cm2)

#1 (FeCoNi)B 2.90 72.5

#2 (FeCoNi)2B 0.60 15.0

#3 (MnFeCoNi)B 2.80 70.0

#4 (MnFeCoNi)2B 1.10 27.5

#5 (CrMnFeCoNi)B 2.55 63.8

#6 (CrMnFeCoNi)2B 0.55 13.8

#7 IrO2 35.6 890.0

Table S3. Comparison of the OER performance of the MEB/HEB catalysts in this work with 

recently reported boride catalysts in alkaline electrolyte (NF = Nickel foam, CF = Carbon fiber, 

and GC = Glassy carbon) 

Catalysts Synthesis 

methods

Substrate Overpotential 

(mV) (at 10 mA 

cm-2)

Tafel 

Slop 

(mV dec-

1)

Referenc

e

(FeCoNi)B (#1) spark plasma 

sintering

NF 219 a 23.9 a This work

(CrMnFeCoNi)B 

(#5)

spark plasma 

sintering

NF 250 27.7 This work
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IrO2 Commercial NF 299 56.8 This work

NixB Chemical 

reduction and 

anneal

NF 284 89 1

Co2B Ball-milling CF 287 50.7 2

FeB2 Chemical 

reduction and 

anneal

GC 296 52.4 3

Co-10Ni-B Chemical 

reduction

GC 330 73.3 4

FeNiB-700 Solid-phase 

boronation 

reaction

- 272 89.2 5

NiFe-Boride Chemical 

reduction

NF 167 25 6

FeCoB2 Chemical 

reduction

GC 295 84 7

Fe-Co-2.3Ni-B Chemical 

reduction

GC 274 38 8

NiCoFeB Chemical 

reduction

GC 284 98 9

FeCoNiSiB melt - 230 85 10
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spinning

CoFeNiMnZnB Chemical 

reduction

NF 261 56.8 11

a In fact, the overpotential (at 10 mA cm-2) of our #1 catalyst is lower than those of 365 out of 376 

reported catalysts (as summarized in the review articles12-17), and the Tafel slope of the #1 catalyst 

is lower than those of 375 out of 376 reported catalysts (as summarized in the review articles12-17). 

In particular, our #1 catalyst is the second topmost OER catalyst among ~ 390 reported catalysts 

(including those cited in this Table and those summarized in Refs. 12-17) in terms of having both a 

low overpotential (at 10 mA cm-2) and a low Tafel slope. 

Table S4. Kinetic parameters obtained from fitting of OER polarization curves using equation S7 

(for elementary reaction S2 being the rate-determining-step)

Sample 

No.

Catalyst α2  (mA/cm2)𝑘0
2 

#1 (FeCoNi)B 0.60 3.12×10-6

#2 (FeCoNi)2B 0.53 1.17×10-6

#3 (MnFeCoNi)B 0.62 3.75×10-7

#4 (MnFeCoNi)2B 0.51 1.51×10-7

#5 (CrMnFeCoNi)B 0.54 1.86×10-6

#6 (CrMnFeCoNi)2B 0.66 1.38×10-6

: electron transfer coefficient and  : standard rate constant.𝛼𝑖 𝑘0
𝑖
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Table S5. The fitted Raman peaks of the MEB/HEB catalysts after OER

No. Catalyst Centers of Raman peaks (cm-1)

#1 (FeCoNi)B 467, 556, 608, 659

#2 (FeCoNi)
2
B 460, 550

#3 (MnFeCoNi)B 480, 553, 605

#4 (MnFeCoNi)
2
B 475, 563, 620

#5 (CrMnFeCoNi)B 450, 566, 671

#6 (CrMnFeCoNi)
2
B 476, 564, 630

Table S6. The DFT-predicted lattice parameters of the six MEB/HEB catalysts under study

No. Catalyst
a

(Å)

b

(Å)

c

(Å)

V

(Å3)

#1 (FeCoNi)B 4.0491 5.5630 2.9425 66.280

#2 (FeCoNi)2B 5.0385 4.2184 107.297

#3 (MnFeCoNi)B 4.0274 5.0249 3.2776 68.644

#4 (MnFeCoNi)2B 5.0697 4.2322 108.710

#5 (CrMnFeCoNi)B 4.1061 5.6355 2.9613 66.520

#6 (CrMnFeCoNi)2B 5.0856 4.2489 109.856
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Supplementary Note

Microkinetic Equations of OER. 

The elementary reactions in an OER in an alkaline condition include

M* + OH− ⇌ M-OH* + e−    (Step 1)

M-OH* + OH− ⇌ M-O* + e− + H2O                         (Step 2)

M-O* + OH− ⇌ M-OOH* + e−  (Step 3)

M-OOH* + OH− ⇌ M-OO−* + H2O  (Step 4)

M-OO−* ⇌ M* + e− + O2  (Step 5)

where M denotes a site on a catalyst surface. On the basis of the above OER mechanism, 

Shinagawa et al.18 derived various microkinetic equations of OER. If reaction S1 is the rate 

determining step, the overall kinetic rate equation is: 

                                                                           (Equation S1)
𝐼 = 𝑛𝐹𝐴𝑘0

1𝑎
𝑂𝐻 ‒ 𝑒𝑥𝑝{(1 ‒ 𝛼1) 𝑓𝜂1}

If reaction S2 is the rate determining step, the overall kinetic rate equation is:

                                                                    (Equation 

𝐼 = 𝑛𝐹𝐴
 𝐾0

1 𝑘0
2𝑒𝑥𝑝(𝑓𝜂1)𝑎 2

𝑂𝐻 ‒ 𝑒𝑥𝑝{(1 ‒  𝛼2) 𝑓𝜂2}

𝐾0
1𝑒𝑥𝑝(𝑓𝜂1)𝑎

𝑂𝐻 ‒ + 1

S2)

If reaction S3 is the rate determining step, the overall kinetic rate equation is:

                                         

𝐼 = 𝑛𝐹𝐴
 𝐾0

1𝐾0
2𝑒𝑥𝑝{(𝜂1 + 𝜂2) 𝑓} 𝑘0

3𝑒𝑥𝑝{(1 ‒  𝛼3) 𝑓𝜂3}𝑎 3
𝑂𝐻 ‒

𝑎𝐻2𝑂 + 𝐾0
1𝑒𝑥𝑝(𝑓𝜂1)𝑎

𝑂𝐻 ‒ 𝑎𝐻2𝑂 + 𝐾0
1𝐾0

2𝑒𝑥𝑝{(𝜂1 + 𝜂2) 𝑓}𝑎 2
𝑂𝐻 ‒

(Equation S3)

If reaction S4 is the rate determining step, the overall kinetic rate equation is:
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                                                                                                  (Equation S4)
𝐼 = 𝑛𝐹𝐴𝑘0

4𝑎
𝑂𝐻 ‒  𝜃3  

If reaction S5 is the rate determining step, the overall kinetic rate equation is

                                                                     (Equation S5)
𝐼 = 𝑛𝐹𝐴𝑘0

5𝑎
𝑂𝐻 ‒ 𝑒𝑥𝑝{(1 ‒  𝛼5) 𝑓𝜂5}𝜃4

For a detailed description of the involved variables, the derivation of above equations, and the 

procedure for fitting the polarization curves using above equations, please refer to refs.18, 19 
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