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Supplementary Discussion
EPR theoretical background

Attack from *OH and HOj radicals and H202 is considered one of the most critical sources of
degradation of PGM-free oxygen reduction catalysts. These oxidizing species are produced from
the emerging electrons from the cathodes to the water according to the following reactions:

Since the [H30*] at pH ~0.0 is extremely high, ~ 1 M, the released electrons from the cathode react
directly with H3zO™" at the cathode surface to produce H-atoms. The latter react with the dissolved

oxygen very rapidly to produce HO3,

€ oreyq + HsO" — H+ H20 (1)
The reaction rate constant ki = 2.3 x 10*° Lmol s
then:
H + 02 — HO;, @)

The reaction rate constant k> = 2.1 x 10 Lmol*s?

These two reactions are diffusion-controlled and take place within several nanoseconds. Also, the
released electrons react very rapidly with the dissolved oxygen at the cathode surface to produce
the superoxide anions according to the following reaction:?

€aq * 02— 03~ 3)

The reaction rate constant kz = 1.9 x 10*° Lmols?

Equation 3 is a diffusion-controlled reaction and takes place within several nanoseconds. The
continuous production of superoxide O* leads to the formation of H>O. according to the

following fast reaction:

H,0
205" = H,0; + 02 + 20H" + H,0,. 4)

The reaction rate constant k = 1.5 X 107 Lmol? s and this reaction proceeds much faster under

acidic media?.



However, under our experimental conditions, where the pH ~0.0, the O35~ converts very rapidly
and directly to the oxidizing species of perhydroxyl radicals HO3. The produced HO3 from the
above reactions undergoes a very fast bimolecular reaction to produce H2O»,

2 HO3 — H20; + O, ®)

The rate constant k = 8.3 x 10’ Lmol s

Under these experimental conditions, where [H3O*] is very high, and [O2] is also relatively high,
the reductive species of e~ or e;q are converted to the oxidizing species, HO3 and H20.. The

unstable H2O, decomposes readily to the powerful oxidizing radical of *OH via the Fenton reaction

as follows:

M™ + H202—> *OH + OH~ + M(™1)* (6)

*OH radicals induce the rupture of the C-C bonds from PGM-free catalysts, leading to the
formation of the C-centered radicals.> Molecular oxygen reacts very rapidly with the C-centered
radicals to produce the corresponding peroxyl radicals (R-C-O2°*). These R-C-O;* radicals undergo

various complicated reactions to form CO and CO.

During the Fenton reaction, the hydroxyl radicals form via the following process:

Fe?* + H,0, — Fe3* + OH™+"0H @)
Fe?* + *OH - Fe3* + OH™ (8)
"OH + H,0, — "00H + H,0 )
"OH+'0H - H,0, (10)

When an excess of DMPO is present in the Fenton reaction solution, *OH rapidly attacks DMPO
(as shown below in Equation 11 to form the paramagnetic compound 2-hydroxy-5,5-dimethyl-1-
pyrrolidinyloxy (OH-DMPOQO?).

DMPO + *OH - OH — DMPO" (11)



Using the spin trapping technique, the short-lived hydroxyl (*OH) radical undergoes an addition
reaction to the spin trap (DMPO), producing a relatively long-lived free radical product, i.e., the

hydroxyl radical spin adduct (OH-DMPQ*). With DMPO, the reaction can be represented as:

OH
Vs + °OH N
H H

R
o}

Z+
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EPR is then used to identify and measure the concentration of this radical in the solution.



Supplementary Figures

M-N-C ORR active site Scavenger site

Supplementary Figure 1. Schematic of the fast removal of H2O2 and radicals by Ta-TiOx

nanoparticles.
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Supplementary Figure 2. Thermogravimetric analysis result of the Ta-TiOx on Ketjenblack
carbon in oxygen environment. When the temperature reaches 600 °C, the carbon becomes
completely decomposed. The results show that the Ta-TiOx nanoparticles account for 66 wt% of

the total weight.



Supplementary Figure 3. The high-temperature pulse approach allows us to deposit Ta-TiOx
nanoparticles on various substrates, including (a)-(c) carbon nanofiber membranes and (d)-(f)

carbon derived from the pyrolysis of metal-organic frameworks.



Supplementary Figure 4. TEM images at different magnifications of the Ta-TiOx nanoparticles
deposited on the Ketjenblack carbon substrate via the high-temperature pulse approach. The well-

crystallized oxide nanoparticles are of a uniform size, evenly distributed across the substrate.



Ta:Ti=4:6

Supplementary Figure 5. TEM images of the Ta-TiOx nanoparticles synthesized at different
Ta/Ti ratios of (a) 2:8, (b) 4:6, (c) 6:4, and (d) 8:2. There was no obvious morphology change in

the nanoparticles.
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Supplementary Figure 6. XRD pattern of the Ta-TiOx with a Ta/Ti ratio of 6:4
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Supplementary Figure 7. The Ti 2p (a) and Ta 4f (b) XPS spectra of the nanoparticles made with
different Ta/Ti ratios. The XPS results confirmed no discernable valence change of the Ti and Ta
ions as the atomic ratios were varied. The Ta/Ti ratios after synthesis are 2.66:7.34, 4.19:5.81,
6.12:3.88, and 7.21:2.79, respectively. The actual elemental composition ratios of the

nanoparticles are close to that of the precursor ratios designed.
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Supplementary Figure 8. Raw Fluorescence spectra obtained in the 6CFL dye solution containing
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Fenton's reagent and Fe-N-C or Ta-TiOx/KB as a function of the volume of H.O> added. (a) only

Fenton’s reagent, (b) Fenton’s reagent/Fe-N-C, and (c) Fenton’s reagent/Ta-TiOx scavengers
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Supplementary Figure 9. Fluorescence intensity decay plots obtained in the 6CFL dye solution

containing Fenton's reagent and Fe-N-C or Ta-TiOx/KB as a function of the volume of H.O> added.

(a) only Fenton’s reagent, (b) Fenton’s reagent/Fe-N-C, and (c) Fenton’s reagent/Ta-TiOx

scavengers. The fluorescence intensity is proportional to the overall radical concentration.
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Supplementary Figure 10. The second order fit of the OH-DMPO?* radical decay. The low

concentration of [OH-DMPQ*] in the presence of the Ta-TiOx radical scavengers well fits a

second-order decay.
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Supplementary Figure 11. TEM image of the Fe-N-C catalyst synthesized from ZIF-8 and the
Ta-TiOx scavenger nanoparticles. The TEM sample was directly diluted from the working

electrode ink with 10 wt% nanoparticle scavengers.
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Supplementary Figure 12. Electrocatalytic evaluation of the Ta-TiOx nanoparticles as H20-
scavengers. (a) The ORR performance of the Fe-N-C catalysts with the Ta-TiOx nanoparticles at
Ta/Ti ratios of 2:8, 4:6, 6:4, and 8:2. The electrocatalytic activity was not influenced by the
introduction of the nanoparticles with these Ta/Ti ratios. (b) The H20- yield of the Fe-N-C catalyst

with 10 wt% Ta-TiOx nanoparticles at Ta/Ti ratios of 2:8, 4:6, 6:4, and 8:2.
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Supplementary Figure 13. RRDE tests to detect the H20> yield for different Fe-N-C loadings (a)

without and (b) with the Ta-TiOx scavengers.
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Supplementary Figure 14. The influence of different Ta-TiOx/KB weight ratios (a) The ORR
activity of the Fe-N-C catalyst after adding the Ta-TiOx/KB at different weight ratios. At 10 wt%
Ta-TiOx/KB, the activity is slightly higher than that with 5 wt% and 20 wt% Ta-TiOx/KB. (b) The
H20, yield after adding the Ta-TiOx/KB at different weight ratios. At 10 wt%, the H,O> scavenging
performance, with a H20- yield of less than 1%, is superior compared with that of the 5 wt% and

20 wt% loading.
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AE.on= 0.37 eV

Supplementary Figure 15. Top-down views of the preferred binding sites of the Fe-N-C catalyst
for "OH(left), HO2 (middle), and H2Ox(right) radicals and their calculated adsorption energies. The

grey, blue, cyan, red and white balls represent C, N, Fe, O and H atoms, respectively.

AE.oy= 2.07 eV AE, = 253eV

H0, ™

Supplementary Figure 16. Top-down views of the preferred binding sites of the TiO, (101)
surface for "OH(left), HO2"(middle), and H.O»(right) radicals and their calculated adsorption

energies. The grey, red and white balls represent Ti, O and H atoms, respectively.
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AE.ou= 0.46 eV AByo, = 1.84 eV ABy o= 1746V

Supplementary Figure 17. Top-down views of the preferred binding sites of the Ta>,Os (100)
surface for "OH(left), HO."(middle), and H.O»(right) radicals and their calculated adsorption

energies. The cyan, red and white balls represent Ta, O and H atoms, respectively.

AE.ou= -0.33 eV AEpo, = 2.90 eV

Supplementary Figure 18. Top-down views of the preferred binding sites of the TaO2-OH (110)
surface for "OH(left), HO2'(middle), and H202(right) radicals and their calculated adsorption
energies. The cyan and red balls represent Ta and O atoms in TaO2-OH; The green and white balls

represent O and H atoms in radicals.
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Tio,(101)

Supplementary Figure 19. The lattice structure of the different surfaces for the DFT calculations.
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Supplementary Figure 20. Adsorption energies of H>O, and related radicals on TiO2 and Ta.Os

surfaces
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Supplementary Figure 21. Stability analysis (a) Stability of OH* and O* on TaO2(110) at pH =
0. (b) Surface Pourbaix diagram for TaO2(110). We use an OH pre-adsorbed TaO»(110) surface
for the investigations of the catalytic mechanisms of H.O, decomposition. To assess the stability
of this surface under the reaction conditions, we have constructed the Pourbaix diagram using the
concept of the theoretical standard hydrogen electrode (SHE). It is assumed the surface is in
equilibrium with protons and liquid water at 298 K, so that oxygen and hydroxyl may be exchanged
between the surface and a reference electrolyte through the steps of H>O(l) + * < HO* + H*(aq)
+e and HO* « O* + H"(aq) + e . From this method, the free energy of a given surface structure
can be calculated as a function of the potential Usye and pH. We consider the following surface
structures of TaO2(110): 1/2 ML OH*, 1/2 ML O*, 1 ML OH*, 1ML O*, and the bare surface.
The lowest line determines the surface with the lowest free energy at a given potential. The surface
Pourbaix diagram is then constructed by plotting the most stable surface as a function of the pH
and Usne. As one can see, under the reaction conditions (pH = 0 and U = 0.8 ~ 0.9 V), the
Ta02(110) surface with 1 ML OH* is the most stable. At potentials above 1.06 V, the adsorbed
OH* is further oxidized to O*, and 1 ML O* becomes the most stable surface.
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Supplementary Figure 22. TEM image to show the morphology of the Fe-N-C catalyst

synthesized from ZIF-8.
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Supplementary Table

Supplementary Table 1. The calculated electronic energies (eV) to compute OH/HO2/H20;
binding energies on Fe-N-C, TaO2-OH, TiO; and Ta20s. The AE("OH) was computed by using
AE.oH = Exon — Esiab — (EH20 — 1/2EH2) = Exon — Esiab — [(-14.22 €V) — 1/2*(-6.76 eV)] = Exon —
Esiao — (-10.84 ¢V). The AE(HO?") was computed by using AE no2. = Exoon — Esiab — (2EH20 —
3/2EH2) = ExooH — Esiap — [2*(-14.22 eV) — 3/2*(-6.76 eV)] = E+on — Esiab — (-18.30 eV). The
AE(H202) was computed by using AEn202 = E+H202 — Esiab — (2EH20 — EH2) = ExH202 — Estab — [2%(-
14.22 eV) — (-6.76 eV)] = Ext202 — Esiab — (-21.68 eV).

FeNC TaO2-OH TiO2 Ta20s

Slab -540.66 -356.55 -561.84 -743.81

Slab + OH* -551.14 -367.72 -570.62 -754.19
AE(‘OH) 0.37 -0.33 2.07 0.46

Slab + OOH* -555.81 -371.95 -576.35 -760.26
AE(HO?’) 3.16 2.90 3.79 1.84

Slab + H202* -561.50 -378.72 -581.00 -763.75
AE(H20z) 0.85 -0.48 2.53 1.74
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