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Materials and Methods:

Zn(NO3)2:6H20 (99%) was purchased from Sigma-Aldrich; Urea (99.5 %) and K2SO4 (99%) were
purchased from Sinopharm Chemical Reagent Co. Ltd (China); H2O2 (30%) was purchased from
Yonghua Chemical Co., Ltd.; Nafion perfluorinated resin solution (5 wt %) was purchased from
Adamas-Betas; Nafion 212 proton exchange membrane and Toray Carbon Paper (TGP-H-60) were
purchased from Alfa Aesar. Milli-Q ultrapure water (Millipore, >18.2 MQ cm') was used throughout

the work.

Pulse voltage-induced current (PVC)

According to S. Trasatti et al. 2, the voltammetrlc charge depends on the potential sweep, and the
sweep—rate dependence of ¢* is to be related to the existence of less accessible surface.
Extrapolation of q* to v = 0 provides g *r, the total charge proportional to the whole active surface.
Conversely, extrapolation of ¢* to v = provides g *o, which is related to the ‘outer’ active surface.

The relationship between ¢ * and scan rate v has been found to be:

1/2

/g (0)=q; + kv

And the relationship between ¢*0O and scan rate has been found to be:

1/2

q (v)= CI:) +ky0
The interfacial capacitance (C) can be been found to be:
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ia and i. are the instantaneous anodic and cathodic current, respectively, E; and E: are the cutoff
potentials in the CVs.

The relationship between voltammetric charge and interfacial capacitance is:
g (v)=C(v)*(E, —E)

Similar to g*r and q*o, total capacitance Cr and outer capacitance Cp can be obtained by the

following equations:
1/C(v)=1/C, +k/'v'*

And:
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DFT Calculations.

computational methods and models:

All calculations were carried out using the VASP (Vienna Ab-initial Simulation Package, VASP)
software 5.4.4 37, the exchange function was described by PBE (Perdew, Burke and Ernzerhof)
functional parameterization of GGA (Generalized Gradient Approximation, GGA) ¢ of DFT (Density
of Functional Theory, DFT). What’s more, these calculations took DFT-D3 correction for London
disperse (van der Waals attraction) with Becke-Johnson damping into consideration ’. And the PAW
(Projector Augmented Wave) method was used to account for core-valence interactions ®°. The
kinetic energy cutoff for plane wave expansions was set at 400 eV, and reciprocal space was sampled
by the I'-centered Monkhorst-Pack scheme with a grid of 3x3x1. The convergence criteria are 1 x
105 eV energy differences for solving the electronic wave function. All atomic coordinates were
converged to within 1 x 102eV A"! for maximal components of force. Then, we carried out building
models and simulations for three systems, including ZnO, ZnO, and ZnO@ZnO:; to study the
mechanism of ORR. ZnO slab was modeled by a 3 x 2 x 3 unit cell, ZnO> slab was modeled by a 2 x
2 x 3 unit cell, and the ZnO@ZnO: slab was derived from ZnO, which was added 6 O atoms placed
on the surface among Zn atoms. And a vacuum thickness was set to 20 A for these systems to
remove any interactions between periodic slabs. First, optimize the intermediates during ORR. The
atoms in the last layer were fixed on the three systems, and all the other atoms were relaxed. The
applied voltage was corrected according to Computational Hydrogen Electrode (CHE) model
proposed by Norskov et al '%!!, In CHE, the Gibbs free energy of the proton-electron pairs (H" + ¢°)
is set to one-half of the Gibbs free energy of a hydrogen (H2) molecule, AG(U) was corrected with

am applied potential U can be defined as:
AGU) =AG(0)-eU

Where the -eU term is the multiplication of electron charge and the applied potential (U).

Free energies were calculated as follows:

G298.15 :E +Ezpe_T*Sr‘:l
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The vibrational frequencies were evaluated for only surface adsorbate and calculated. According to



the results of the calculated frequency, we obtained the zero-point energy(zpe) that corrected the Eeec

and absorption entropy Sm"

eﬂth

sr=3 R (= ey,

Where R is gas constant, S is 1/T*Ky (Kb is Boltzman constant), / is Plank constant, ¢ is light speed,
and v is wave number.

All potential possibilities of oxygen molecules adsorbed on the ZnO@ZnO:; interface are be
explored, and Fig. S13 shows the simulation diagram of adsorption configurations of oxygen
molecules at different sites. The results show that the oxygen adsorption configuration shown in Fig.
S10 F has the lowest potential energy, i.e. the reaction site is the Zn atoms at the heterogeneous
interface.

The formation energy of OOH* to O* on ZnO@ZnO: is higher than ZnO. Meanwhile, the
formation energy of OOH* to *H,O: (* denotes an unoccupied active site) on ZnO@ZnO; is smaller
than that of ZnO and ZnO,. The binding energy of HOO* (AGnoo*) was an effective activity
descriptor with an optimal value of ~4.2 eV. According to this guideline, the AGuoo* of ZnO@ZnO:
(AGroo* = 3.54 eV) is closer to the optimal value than ZnO (AGuoo* = 2.37 eV) and ZnO> (AGuoo*
=2.54 eV). Since the OOH* adsorption is present on both the 2e” and 4e~ pathways, it is not the only
factor affecting selectivity, as a weaker O* adsorption will effectively inhibit the conversion of
OOH* to O* to obtain higher H>O» selectivity. The dashed line in Fig. 2I represents the average
value between the absorbed energy on Pt (classic 4¢- ORR catalyst; AGo+ = 1.58 eV) and on PtHgy
(classic 2e~ ORR catalyst; AGox = 2.75 €V), which is a boundary (AGo+ = 2.165 eV) 213, The
binding energy of O* on ZnO@Zn0O: (AGo+ = 2.92 eV), albeit not as positive as PtHga, has exceeded

the boundary and was sufficiently large to render 2e~ ORR.
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Fig. S1 Schematic illustration for the synthesis of ZnO@ZnO:.
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F1g S2 (A) SEM image and (B) XRD pattern and standard card (JCPDS NO: 3-787) of

Zn4CO3(OH)s. The product obtained in the first step is flake nanostructure, which is shown to be
Zn4CO3(OH)6 by XRD.



Fig. S3 SEM images of ZnO.
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Fig. S4 SEM images of ZnO@ZnO:x.



Fig. S5 TEM image of ZnO.



Fig. S6 TEM image of ZnO@ZnO:x.
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Fig. S7 XPS survey spectra of ZnO and ZnO@ZnO:.
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Fig. S8 Fitted peaks of O 1s spectrum of ZnO@ZnOx.
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Fig. S9 I - t curves and H>O; production rate of ZnO@ZnO, @ 0.1 V vs. RHE. The electrolyte
solution is renewed every 10 hours.
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Fig. S10 XRD patterns of carbon paper, ZnO@ZnO: loaded on carbon paper before and after long

time test.
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Fig. S11 (A, B) SEM image of ZnO@ZnO:: after long-term cycles. (C, D) TEM and HRTEM images

of ZnO@ZnO; after long-term cycles.
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Fig. S12 Adsorption model of Oz molecule on ZnO and ZnO3; red and gray spheres represent O and

Zn atoms, respectively.
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Fig. S13 TOP view of adsorption configuration of oxygen molecules at different sites of ZnO@ZnO..
(A) Top site on O (-511.237 eV), (B) Hollow site (-511.280 eV), (C) Bridge site I (-511.287 eV), (D)
Bridge site I (-511.241 eV), (E) Top site on Zn I (-511.458 eV), (F) Top site on Zn II (-511.581 eV).
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Fig. S14 4¢- ORR pathway on ZnO, ZnO; and ZnO@ZnO; (U: 0.7 V).
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Fig. S15 Pulse voltammetry protocol between 0.75 V vs. RHE anodic and 0.65 V to 0.15 V vs. RHE

cathodic non—iR corrected potentials.
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Fig. S16 Inverted cathodic current decay after background subtraction (step from 0.75 V to 0.29 V)
and the anodic current signal upon the reverse (0.29 V to 0.75 V) of ZnO@ZnO:.
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Fig. S17 Charge versus potential from PVC of ZnO and ZnO@ZnO: in O: and Ar saturated 0.1 M

K2SOa.
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Fig. S18 Charge of ZnO during 550 cyclic PVC in Oz or Ar saturated 0.1 M K2SOu. It is calculated at

intervals of 10 cycles to obtain the value of charge stored by ZnO.
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Fig. S19 Raman spectra of ZnO electrically activated for different times.
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Fig. S20 TEM image of ZnO treated by 10 mmolsL! H>O».
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Fig. S21 TEM image of ZnO treated by 0.4 mol-L"! H,O.
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Fig. S22 TEM image of ZnO treated by 1.6 molsL! H2O».

26



Table S1. The comparison of 2e” ORR performance in neutral solution.

Oneset
Material Electrolyte Selectivity 1 mA cm? Ref.
potential

ZnO@ZnO0: 0.1 M K>SO4 ~100% 0.38 0.5 This work
Co/NC 0.1 M PBS >90% 0.72 0.8 14
O-BC-3h 0.1 M PBS 75-80% 0.357 0.47 15
HPC-H24 0.1 M NaxSO4 70.2-85.1% 0.47 0.55 16
PCMNS 0.1 M K2SO4 86.7-93.3% 0.41 0.49 17
Pd-Se-B NC 0.1M KPI 80-90% 0.55 0.7 18

PR-25/Silica-70
0.1 M K»>SOq4 80-90% 0.41 0.5 19
0
MHCS-9:1 0.1M PBS >90% 0.51 0.62 20
N-CNT 0.1M PBS 90-94.2% 0.38 0.75 2
CoS: 0.05 M NazSOq4 <50% 0.5 0.54 =
Fe-CNT 0.1 M PBS 80-100% 0.41 0.53 23
GOx/MnCOs3 3.5% NaCl ~50% 0.4 0.635 2
O-CNT 0.IM PBS 85% 0.32 0.5 25
PEISOCMK3 8§
0.1 M K2SOq4 89.8% 0.32 0.52 26
00T
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Table S2. The comparison of H>O> production rates of ZnO@ZnO; with recently reported ORR

catalysts in neutral solution.

Productivity Faradaic
Material Electrolyte Condition Ref.
(mol g'eac h1) efficiency (%)
ZnO@ZnO; 0.1 M K:S04 0.1V 5.47 95.5% This work
Co/NC 0.1 M PBS 0.3V 3.57 84.2% 14
0-BC-3h 0.1 M NaxSO4 50 mA cm2 1.525 65.4% 15
HPC-H24 0.1 M NaxSO4 0.15V 0.1102 70.8% 16
PCMNS 0.1 M K2SO4 0.35V 1.1025 - 17
PR-25/Silica-70
0.1 M PBS oV 1.27 >90% 19
0
4.45 mmol
N-CNT 0.1 M PBS 0.15V 89.5% 21
hlL!
PEI5S0CMK3_ 8
0.1 M K>SO4 0.2V 0.571 37-65% 26
00T
N-CBMC-500 | 0.5 M Na,SOs4 0.65V 2.46 70% 27
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