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Supplementary experimental details

For investigating the piezoelectric capability of the ground ceramic catalysts, they were
firstly deposited on FTO glass (insulating side) slides by mixing the ground ceramic
powders (around 4 mg) with the 300 uL. deionized water, 650 pL ethanol, and 50 uL
Nafion. The mass loadings were controlled in the same way. Similarly, to perform the
post-ORR characterizations on powder PZT-0 and PZT-2 catalysts, through the same
procedure, such two powder samples were deposited on carbon paper first. Hereafter, a
12 h chronoamperometry (CA) run at 0.4 V vs. reversible hydrogen electrode (RHE)
was applied in the O,-saturated three-electrode where the carbon paper-supporting
catalyst, Hg/HgO electrode, and graphite rod served as working electrode, reference
electrode, and counter electrode, respectively. Of note, the 0.1 M KOH electrolyte
(same volume in the same electrolyzer) for both PZT catalysts was both stirred at the
rate of 1600 rpm, the same as the rotating speed of the rotating-ring disk electrode
(RRDE) for the ORR measurements, which aimed to make sure the pressures (per
geometric area) applied on the deposited PZT catalysts were almost identical.
Consequently, enough post-ORR samples were acquired for the subsequent
characterizations. In the almost same electrochemistry environment, a 12 h CA
treatment at a fixed potential of 0.4 V (vs. RHE) was also applied to the starting ceramic
tablet of polarized PZT-2 sample, aiming to probe the stability of the piezoelectric
behavior of the polarized PZT ceramics after ORR.

Besides, the ex-situ and quasi in-situ Raman tests were also carried out to

determine if the piezoelectric response during ORR would influence the phase of PZT
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catalysts. For ex-sifu examinations, the PZT-0 and PZT-2 powders were deposited on
FTO glass substrates using the same procedure as that performed for the
abovementioned piezoelectricity estimations. Next, for the quasi in-sifu measurements,
the as-deposited PZT-0 and PZT-2 films were activated through 12 h ORR CA at 0.4
V vs. RHE, followed by being freeze-quenched at the same potential using liquid N,

under vigorous Ar gas flow, and stored in the liquid N,.
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Fig. S1. The optical photos of (a) the as-prepared ceramic (PZT) tablets under

polarization in one-batch treatment and (b) their corresponding total mass.



Table S1. Piezoelectric constants (ds3) of PZT-0, 1.5, 2, and 2.5 in the form of starting

ceramic tablets and ground powders (deposited on insulating side of FTO slide),

Sample Polarization electric field dy; (pC N dy; (pC N
P (kV mm) Tablet Powder
PZT-0 0 0 0
PZT-1.5 1.5 -25 -0.6
PZT-2 2 -50 -1.1
PZT-2.5 2.5 -130 -1.7

respectively, treated under different polarization electric fields.

ds; results prove that polarized PZT powder catalysts can still preserve remarkable
piezoelectric activity with the same trend as that of their starting ceramic tablets treated
under different electric fields, while not any piezoelectric behavior can be found in

PZT-0 powder.



180 180

100 | 100

50 50

0 0

-50p -50

~100 -100

-180 -180

cs —PZT-0
o —pzT-2
o
-
(1]
-
o
o
el
-
2
=
e
0
o
L] L] L] L] L] .hﬁ
-180 120 60 O 60 120 180

Phase (°)

Fig. S2. Piezoresponse force microscopy (PFM) images of (a) unpolarized PZT-0 tablet
and (b) polarized PZT-2 tablet, as well as (c¢) their corresponding phase distribution
diagram. Scale bar: 1 um.

To detect the distribution of electric domains inside the PZT tablets before and after
polarization, we performed the PFM characterizations. Apparently, after the polarizing
treatment, distinctly more concentrated and ordered electric domain distribution can be
found in the PZT-2 ceramic tablet, demonstrating its piezoelectric performance was
accordingly enhanced. Hence, combining the ds; results with PFM findings, it can be
concluded that polarized PZT-2 ceramic tablet was endowed with a strong piezoelectric
response compared with unpolarized PZT-0 one (non-piezoelectric), which were both

then ground into powders, serving as the ORR catalysts.
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Table S2. Simulated surface potentials of the non-piezoelectric PZT-0 as well as
piezoelectric PZT-1.5, 2, and 2.5 models under the stresses induced by fluid rotating

(the same speed as the RRDE rotating value for ORR measurement).

Sample Surface potential (V)
PZT-0 0

PZT-1.5 -6.98 x 107*
PZT-2 -7.07 x 107*

PZT-2.5 -7.34x 107
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Fig. S3. XRD patterns of the unpolarized PZT-0, as well as polarized PZT-1.5, 2, and
2.5 powder catalysts. All the samples exhibited the same XRD patterns which can be

well-indexed to the Pb(Zr, 5Ti5)O5 phase regardless of the strength of polarization.



Fig. S4. FESEM images of (a) unpolarized PZT-0, as well as polarized (b) PZT-1.5, (c)

PZT-2, and (d) PZT-2.5 powder catalysts.



Table S3. Elemental content of unpolarized PZT-0, as well as polarized PZT-1.5, 2,
and 2.5 powder catalysts determined by inductively coupled plasma-optical emission

spectrometer (ICP-OES).

Sample Pb Zrx Ti
PZT-0 1 0.49 0.49
PZT-1.5 1 0.48 0.48
PZT-2 1 0.48 0.47

PZT-2.5 1 0.454 0.486
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Fig. SS. High-resolution (a) Pb 4f, (b) Zr 3d, (¢) Ti 2p, and (d) O 1s XPS spectra of

non-piezoelectric PZT-0 and piezoelectric PZT-2 powder catalysts.

Compared with the XPS spectra of the PZT sample reported in the previous work, an

extremely similar fitted peak position confirmed the successful formation of the lead

zirconate titanate phase for both PZT-0 and PZT-2 samples.! On the other hand, no

matter whether the PZT powder catalysts presented piezoelectric feature, their XPS

peaks were located at the almost same binding energy, meaning the polarization

treatment (to endow the PZT with piezoelectricity) did not obviously influence the

chemical states. Note that we magnified all the XPS spectra of PZT-0 in this figure by

2.5 times for more clear observation and comparison.
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Fig. S6. Raman spectra of non-piezoelectric PZT-0 and piezoelectric PZT-2 powder
catalysts.

On one hand, according to the previous reports on the PZT materials, we can confirm
the formation of lead zirconate titanate phase for both PZT-0 and PZT-2,'7 consistent
with the above XRD, ICP-OES, and XPS results. On the other hand, PZT-0 and PZT-2
nearly exhibited the same Raman band position, suggesting the identical surface
coordination environment, which is independent of the piezoelectricity enabled by
additional polarization. Note for a clearer observation and comparison, the baselines of

these two curve data were subtracted.

12



. . v
Zr

Fig. S7. (a) TEM image, and (b) the high-magnification, as well as (c) the high-

resolution TEM (HRTEM) image with the inset of the associated selected area electron
diffraction (SAED) for non-piezoelectric PZT-0 powder catalyst. (d) The high angle
annular dark field-scanning TEM (HAADF-STEM) pattern of representative PZT-0
particle together with the corresponding elemental mapping images of (e) Pb, (f) Zr, (g)
Ti, and (h) O.

The identification of the lattice distances and the assignment of the crystalline facets
reflected by the above HRTEM and SAED data confirmed the successful formation of
the lead zirconate titanate phase. Moreover, the HAADF-STEM pattern and the
associated elemental mapping images illustrated the homogenous distribution of all the

elements for PZT-0.
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Fig. S8. (a) TEM image, and (b) the high-magnification, as well as (c) the HRTEM

image with the inset of the associated SAED for piezoelectric PZT-2 powder catalyst.
(d) The HAADF-STEM pattern of representative PZT-0 particle together with the
corresponding elemental mapping images of (e) Pb, (f) Zr, (g) Ti, and (h) O.

In analogy to PZT-0, the HRTEM, SAED, HAADF-STEM and the associated
elemental mapping data in this figure verify the formation of successful formation of
the lead zirconate titanate phase with even elemental distribution for PZT-2. More
importantly, the polarizing treatment towards PZT did not pronouncedly influence its
crystalline phase and elemental presence.

Note that considering the unrivaled electrocatalytic 2e~ ORR performance
(elaborated in the section “ORR performances of PZT ceramic electrocatalysts” of
the main text), we specially selected the PZT-2 powder catalyst as the representative of
polarized PZT samples for more detailed comparison with unpolarized PZT-0 on the
aspects of morphology, crystallinity, chemical state, as well as elemental composition

and distribution (Figs. S3—S8 and Table S3).
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Fig. S9. FESEM images of the representative PZT-2 catalysts powders which were

deposited on the glassy carbon plate: (a,b) top view and (c,d) side view.
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Fig. S10. Calibration towards the collection efficiency (N) of bare RRDE in Ar-
saturated 1 M KNOj; dissolved with 2 mM K;[Fe(CN)g]. (a) RRDE voltammograms
recorded by performing linear sweep voltammetry (LSV) on disk from 0.55 to 1.15V
(vs. RHE) at 10 mV s™! at 1600 rpm while holding the ring at 1.14 V (vs. RHE). (b) The

associated N of RRDE voltammograms as a function of the potential.
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Fig. S11. LSV curves of unpolarized PZT-0 and polarized PZT-2 using the non-rotating
RRDE at the scan rate of 1 mV s,

The similar LSV curves of these two samples under a steady measurement environment
(accordingly no external forces were induced towards the surface of the PZT samples)
confirmed that the enhanced ORR capability of polarized PZT-2 originated from its

distinct piezoelectric response.
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Table S4. The comparison of ORR performance of PZT-2 measured via RRDE at 1600

rpm with those of reported oxides-based and other kinds of advanced 2e~ ORR catalysts

(e.g., sulfides and selenides-based ones) (at 0.5~0.4 V vs. RHE).

Material Electrolyte Selectivity  Stability Ref.
Pb(NiWMnNbZrTi),,60; 0.1 M KOH ~96% >12h [1]
Fe;O,4/Printex 1 M KOH ~70% 55h [8]
a-TiO, ,/TiC 0.1 M KOH ~93% 12 h [9]
Srp7Nag 3Si9.95Nig0503-¢ 0.1 M KOH <80% / [10]
Nb,Os5-rGO 0.1 M NaOH ~75% 55h [11]
Zr-rGO 0.1 M NaOH ~80% 6 h [12]
BaSm;0,-vulcan carbon 0.1 M KOH ~93% ~3.5h [13]
Cu0O,/G-30 1 M KOH <85% >8 h [14]
4% CeO,/C 1 M NaOH ~88% / [15]
NiO/NiFe-MOF 0.1 M KOH ~98% I11h [16]
Ni-LDH C/CNSs 0.1 M KOH ~87% 16 h [17]
Bay sSrg sFep 95Cu.05s03.5 0.1 M KOH <70% / [18]
Ta,05/C 0.1 M K,SO4 ~83.2% / [19]
NiMo4Sg 0.1 M KOH ~98% 10h [20]
F-WS, 0.1 M KOH <85% 8h [21]
ZnS@C 0.1 M KOH <88% 15h [22]
N-NiCo,S4/CP 0.1 M KOH ~90% / [23]
Ti—ZnCoS HSS 0.1 M KOH ~98%? 12h [24]
Cu;Sey 0.1 M KOH ~94% 1400 cycles [25]
CoSe, NS/CC 0.1 M KOH ~92% 10 h [26]
CuCoggNij 2S4 0.05 M H,SO4 <70% 1.5h [27]
CoS, 0.05 M H,SO4 ~70% lh [28]
CoSe; 0.05 M H,SO, >95% ~5h [29]
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Fig. S12. LSV curves obtained from an assembled H-type electrolyzer containing O,
and Ar-saturated 0.1 M KOH!, where PZT-0 and PZT-2 supported on carbon paper

served as the working electrode.
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Fig. S13. Peroxide disproportionation reaction (PDR) measurements. 5 mg PZT-0 and
PZT-2 powders were added into 20 mL 0.1 M KOH containing 10 mM H,0,,

respectively. For a better comparison, PDR measurement was also investigated in the

blank reaction solution without the addition of catalysts.
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Table S5. d33 of U-Pb(ZI'().4Ti().6)O3, U-Pb(Zr0A3Ti0,7)03, P-Pb(Zr0.4Ti0,6)03, and P-

Polarization electric field (kV

Sample mm-) di3(pC N7
U-Pb(Zry.sTiy¢)O; 0 0
U-Pb(ZryTiy)O; 3.1 250
P-Pb(Zry4Tis.6)0s 0 0
P-Pb(Zr;Ti7)O3 2.7 -50

Pb(Zr(3Tiy7)O3 ceramic tablets treated under different polarization electric fields.

Through adjusting the polarization degree of the external electric fields, the ds; value
of PZT ceramics with different atomic ratios of Zr/Ti turned out to be the same, meaning
the identical piezoelectric responses triggered under the same dynamic ORR

measurements.
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Fig. S14. XRD patterns of various PZT ceramic powder catalysts, including PZT-0 (i.e.,
the unpolarized Pb(ZrysTiy5)O3), U-Pb(Zry4Tip6)O3 and U-Pb(Zry;Tiy7)O; before
polarizing, as well as P-Pb(Zr 4T19 )O3 and P-Pb(Zr( 5T 7)O5 after polarizing.

Within the atomic ratio of Zr/Ti ranging from 0.5/0.5 to 0.3/0.7, the as-prepared PZT
ceramics crystallized in the same space group of P4mm (No. 99) (PDF # 70—4057).36:37
Moreover, the crystalline structure as that of PZT with an atomic ratio = 0.4/0.6 and

0.3/0.7 did not change after polarizing.
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Fig. S15. FESEM images of the non-piezoelectric (a) U-Pb(Zr4Ti9 )O3 and (b) U-

Pb(Zr(5Tiy7)Os, as well as the piezoelectric (¢) P-Pb(Zr 4Tig )O3 (d) P-Pb(Zry3Tig7)O;

powder catalysts.
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Table S6. Elemental content of non-piezoelectric U-Pb(Zr4Tip6)O; and U-
Pb(Zr(5Tip7)Os, as well as piezoelectric P-Pb(Zry4Tig6)O; and P-Pb(Zry3Tig7)O;
powder catalysts determined by inductively coupled plasma-optical emission

spectrometer (ICP-OES).

Sample Pb Zrx Ti
U-Pb(Zr4Ti06)O3 | 0.36 0.58
U-Pb(Zry3Ti9.7)O3 1 0.27 0.66
P-Pb(Zr( 4Tig)Os 1 0.37 0.58
P-Pb(Zr3Ti97)O03 1 0.27 0.68
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Fig. S16. (a) LSV curves of PZT-2, P-Pb(Zr(4Ti9)O; and P-Pb(Zr(3Ti(7)O3 recorded

at 1600 rpm with the scan rate of 10 mVs™! (bottom part), accompanied by the

associated H,O, current on the ring electrode (upper part). (b) The calculated n, and (c)

selectivity of H,O, within the potential ranging from 0.6 to 0.1 V (vs. RHE).
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Fig. S17. In neutral media (0.1 M Na,SO,4, pH = 7), (a) LSV curves of PZT-0 and PZT-2
recorded at 1600 rpm with the scan rate of 10 mV s! (bottom part), accompanied by
the associated H,O, current on the ring electrode (upper part). (b) The calculated », and
(c) selectivity of H,O, within the potential ranging from 0.6 to 0.1 V (vs. RHE). In acid
media (0.05 M H,SO,, pH = 1), (d) LSV curves of PZT-0 and PZT-2 recorded at 1600
rpm with the scan rate of 10 mV s™! (bottom part), accompanied by the associated H,O,
current on the ring electrode (upper part).

Fig. S17a—c illustrates that under neutral conditions, both PZT catalysts presented
inferior 2e- ORR performances to those in alkaline media (Fig. 2a—c of the main text),
while polarized PZT-2 still performed better performance than that of unpolarized PZT-
0, which could be due to the dynamic piezoelectric effect. However, in acid media, both
of PZT-0 and PZT-2 showed almost no H,O, currents on the ring electrode, possibly
caused by the intrinsically inert 2e~ ORR activity of PZT materials in acid environments

(Fig. S17d).
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Fig. S18. Optical photos for the decolorization of (a) methylene blue, (b) methyl orange,
and (c) rhodamine b with the increase of degradation time in the acidified catholytes of

PZT-0 and PZT-2, which both on-site produced H,0O, through 2¢~ ORR for 30 min.
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Fig. S19. Rietveld refinement for the XRD patterns of pre-ORR (a) PZT-0 and (b) PZT-

2 powder catalysts, as well as post-ORR (c¢) PZT-0 and (d) PZT-2 ones.

As is shown in Fig. S19 and Table S7, the Rietveld refinement results unveil that both

post-ORR PZT-0 and PZT-2 still well presented the PZT pure phase, and their structure

parameters were almost the same, reflecting their high structural stability during ORR.
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Table S7. Structural parameters and phase abundance for pre- and post-ORR PZT-0

Space Lattice parameters (A) Abundance
Sample
group a b c (wt.%)
Pre-ORR PZT-0 P4mm 4.0342(5) 4.0342(5)  4.1386(8) 100
Pre-ORR PZT-2 P4mm  4.0339(5) 4.0339(5) 4.1395(4) 100
Post-ORR PZT-0 P4mm  4.0349(6) 4.0349(6) 4.1419(7) 100
Post-ORR PZT-2 P4mm  4.0348(4) 4.0348(4) 4.1423(5) 100

and PZT-2 powder catalysts refined from the experimental XRD profiles.

30



Fig. S20. FESEM images of post-ORR (a) non-piezoelectric PZT-0 and (b)

piezoelectric PZT-2 powder catalysts.
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Table S8. Elemental content of pre- and post-ORR non-piezoelectric PZT-0 and

Sample Pb Zr Ti

PZT-0 1 0.49 0.49

PZT-2 1 0.48 0.47
Post-ORR PZT-0 1 0.45 0.49
Post-ORR PZT-2 1 0.46 0.49

piezoelectric PZT-2 powder catalysts determined by ICP-OES.
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Fig. S21. High-resolution (a) Pb 4f, (b) Zr 3d, (c) Ti 2p, and (d) O 1s XPS spectra of
post-ORR PZT-0 and post-ORR PZT-2 powder catalysts.

On one hand, both post-ORR PZT-0 and post-ORR PZT-2 catalysts still preserved their
lead zirconate titanate phase without apparent change during the oxygen reduction
process.! On the other hand, the fitted peaks of these two samples at the same position
of binding energy suggested that they presented the same chemical environment after

ORR.
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Fig. S22. (a) TEM image, and (b) HRTEM image with the inset of the SAED for post-

ORR PZT-0 powder catalyst. (c) The HAADF-STEM pattern of representative PZT-0
particle together with the corresponding elemental mapping images of (d) Pb, (e) Zr,
() T1, and (g) O.

The identification of the lattice distances and the assignment of the crystalline facets
reflected by the above HRTEM and SAED data confirmed the well-preserved lead
zirconate titanate phase during the ORR process. Meanwhile, the HAADF-STEM
pattern and the associated elemental mapping images illustrated that the distribution of

all the elements for PZT-0 was still homogenously retained.
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Fig. S23. (a) TEM image, and (b) HRTEM image with the inset of the SAED for post-
ORR PZT-2 powder catalyst. (c) The HAADF-STEM pattern of representative PZT-0
particle together with the corresponding elemental mapping images of (d) Pb, (e) Zr,
() T1, and (g) O.

On one hand, the identification of the lattice distances and the assignment of the
crystalline facets reflected by the above HRTEM and SAED data confirmed the well-
preserved lead zirconate titanate phase during the ORR process. Meanwhile, the
HAADF-STEM pattern and the associated elemental mapping images illustrated that
the distribution of all the elements for PZT-2 was still homogenously retained.
Therefore, it can be concluded that post-ORR PZT-0 and PZT-2 exhibited the same

crystalline features and presence of elements.
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Fig. S24. Quasi in-situ Raman spectra of PZT-0 and PZT-2 freeze quenched at 0.4 V
vs. RHE after 12h ORR CA.
Both quasi in-situ PZT-0 and PZT-2 exhibited the same bands as those of in-situ Raman
results identified in a previous work on PZT catalyst for ORR.! This demonstrates that
PZT-0 and PZT-2 retained their original lead zirconate titanate phase during the ORR

process.
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Table S9. d;; of PZT-2 ceramic tablet before and after 12 h ORR CA at 0.4 V vs. RHE

Sample d; (pC N
Before ORR -50
After ORR -50

in the O,-saturated 0.1 M KOH.

To probe the stability of piezoelectric behavior for the PZT catalyst during the ORR
process, we directly ran a 12 h CA test for the starting ceramic tablet of polarized PZT-2
at a constant potential of 0.4 V (vs. RHE) in the O,-saturated 0.1 M KOH electrolyte
which was stirred at the rate of 1600 rpm (simulating the dynamic situations measured
by RRDE). The post-ORR PZT-2 ceramic tablet exhibited the same d3; as that before
electrochemistry treatment, signifying its excellent piezoelectric stability during

electroreduction of O,.
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Fig. S25. The FEA simulation of K* density (unit: mol m~3) mapping images at the
immediate vicinity of (a) PZT-0, (b) PZT-1.5, (¢) PZT-2, and (d) PZT-2.5, where the
rectangles in the upper right corner of mapping images represent the associated ceramic
catalysts. (e) The derived OH~ concentration distribution as a function of the
piezoelectricity-induced electric field intensity and the distance from the surface of
PZT-0 (cube), PZT-1.5 (star), PZT-2 (sphere), and PZT-2.5 (tetrahedron) models. (f)
The corresponding specific K" concentration values in the Helmholtz layer of the

electric double layers (EDLs) directly adjacent to the surface of these four PZT models.
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Fig. S26. Dynamic PDR measurements of non-piezoelectric PZT-0 and piezoelectric
PZT-2, which were operated in the same reaction solution as the one utilized in the
steady-state test (Fig. S13), while the solution herein was continuously stirred at a speed
of 1600 rpm.
The PZT-2 catalyst always kept a higher H,O, concentration in the reaction solution

than that of PZT-0, proving the dynamic piezoelectric effect on maintaining the formed

products from 2e~ ORR.
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Fig. S27. XRD profiles of non-piezoelectric U-BT and piezoelectric P-BT powder

catalysts. Both of them can be well-indexed to the BaTiO; (BT) phase.
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Fig. S28. FESEM images of (a) non-piezoelectric U-BT and (b) piezoelectric P-BT

powder catalysts.
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Table S10. Elemental content of non-piezoelectric U-BT and piezoelectric P-BT

Sample Ba Ti
U-BT 0.95 1
P-BT 1 1

powder catalysts determined by ICP-OES.

The ICP-OES results presented herein prove that before and after polarizing treatment,

BT (BaTiO;) samples still preserved their well-defined composition.
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Table S11. ds; of U-BT and P-BT in the form of starting ceramic tablets and ground

powders (deposited on insulating side of FTO slide), respectively, treated under

Polarization electric field dy3; (pC N7 dy3 (pC N

S (kV mm™) Tablet Powder
U-BT 0 0 0
P-BT 15 25 0.9

different polarization electric fields.
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Fig. S29. PFM images of (a) the unpolarized U-BT ceramic tablet and (b) polarized P-
BT tablet, as well as (c) their corresponding phase distribution diagram. Scale bar: 1
pm.

Apparently, after the polarizing treatment, distinctly more concentrated and ordered the
electric domain distribution can be found in the P-BT ceramic tablet, demonstrating its

piezoelectric performance was accordingly enhanced.
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Fig. S30. d5; tests of the ground (a) U-BT and (b) P-BT powder samples.

Note the starting BT tablets were ground into powders as the ORR catalysts, which
were deposited on FTO substrates to measure their d3; behaviors in the form of powders
(details in Supplementary experimental details). The results presented in this figure
confirm that the powder P-BT can still show the piezoelectric activity, while no

piezoelectricity can be found in U-BT powder catalysts.
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Fig. S31. (a) The calculated selectivity of H,O, for U-BT and P-BT within the potential
ranging from 0.6 to 0.1 V (vs. RHE). (a) CA stability tests of P-BT at a fixed disk

potential of 0.4 V vs. RHE.
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Fig. S32. XRD profile of post-ORR piezoelectric P-BT powder catalyst. All the
diffraction peaks can still be well-indexed to the BaTiO; phase (PDF #75-2116), which
is identical to those of the same sample before the electrochemistry, indicating that the

crystalline structure was maintained well for P-BT during the ORR process.
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Table S12. Elemental content of pre- and post-ORR piezoelectric P-BT powder

Sample Ba Ti
P-BT 1 1
Post-ORR P-BT 0.99 1

catalysts determined by ICP-OES..

The ICP-OES results presented here prove that the content of P-BT maintained well

after the ORR stability test.
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Table S13. Simulated surface potentials of the non-piezoelectric U-BT and
piezoelectric P-BT models under the stresses induced by fluid rotating (the same speed

as the RRDE rotating value for ORR measurement).

Sample Surface potential (V)
U-BT 0
P-BT -4.48x 1074
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Fig. S33. The FEA simulation of K* density (unit: mol m3) mapping images at the
immediate vicinity of (a) U-BT and (b) P-BT, where the rectangles in the upper right
corner of mapping images represent the associated ceramic catalysts. (¢) The derived
K* concentration distribution as a function of the piezoelectricity-induced electric field
intensity and the distance from the surface of U-BT (cube) and P-BT (star), as well as

(d) the specific concentration values in the Helmholtz layer of the EDLs directly

adjacent to the surface of U-BT and P-BT.
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Fig. S34. (a) The FEA-simulated OH™ concentration distribution as a function of the
piezoelectricity-induced electric field intensity and the distance from the surface of U-
BT (cube) and P-BT (star), as well as (b) the specific concentration values in the

Helmholtz layer of the EDLs directly adjacent to the surface of U-BT and P-BT.

52



-
w

c
L
prer)
(1]
=
c
1.89 §
c
o
o
|
T
1.88 8
d1.91
B U-BT
1.90 1 Il P-BT

=y - - -
=] [} =] [+:]
(<2} ~ =2} ©

OOH" Concentration (nmol m™)

-
o]
3]

Fig. S35. The FEA simulation of OOH™ density (unit: nmol m~3) mapping images at the
immediate vicinity of (a) U-BT and (b) P-BT, where the rectangles in the upper right
corner of mapping images represent the associated ceramic catalysts. (¢) The derived
OOH™ concentration distribution as a function of the piezoelectricity-induced electric
field intensity and the distance from the surface of U-BT (cube) and P-BT (star), as well
as (d) the specific concentration values in the Helmholtz layer of the EDLs directly

adjacent to the surface of U-BT and P-BT.
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Fig. S36. Simplified two-dimensional particle sample model (dark purple area)

supported onto electrode (yellow area) for piezoelectric behavior simulations.
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Table S14. Specific parameter settings for piezoelectric behavior simulations.

Steady-state average velocity at inlet 838 ms!
Channel height 2x10%m
Channel width 3x10%m

Radius of rotation 0.05m
Rotating speed 1600 rpm
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Fig. S37. Meshing results of piezoelectric behaviors by COMSOL Multiphysics® 5.5

software.
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Fig. S38. The calculation model for simulations of ions concentration within the electric
double layers region (dark green: Helmholtz layer, light green: diffusion layer) of a
ceramic catalyst (PZT and BT) (light orange). Note that at the middle height (marked
by a dark red dash line) of the PZT and BT models in the current simulation, the
function of electric fields and K*/OH/OOH™ concentration with the distance away
from the PZT and BT surface was obtained, as depicted in Figs. 3—4 of the main text,

as well as Figs. S25, S33—-S35.
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Table S15. Specific parameter settings for simulations of ion (K*, OH™, and OOH")

concentration.
For PZT samples:
Surface potential of piezoceramics(V)
Electrostatic
0 (PZT-0) -6.98 x 107 -7.07 x 107 -7.34x 1074
s field
(PZT-1.5) (PZT-2) (PZT-2.5)
Concentration(mol L) Charge

Transport of

diluted | 0.1 (K) | 0.1 (OH) | 1.9x 102 | +1(K) | -1(OH) | -1 (OOH)

species field (OOH)
For BT samples:
Surface potential of piezoceramics(V)

Electrostatic

0 (U-BT) -4.48 x 107*

s field
(P-BT)
Concentration(mol L) Charge

Transport of

diluted | 0.1 (K) | 0.1 (OH) | 1.9x 102 | +1(K) | -1(OH) | -1 (OOH)

species field (OOR)

Herein we assume all Zr and Ti atoms of a PZT, as well as all T1 atoms of a BT are the
sites where OOH™ ions can be possibly absorbed during 2e~ ORR. Moreover, the
density of PZT and BT is 7.75 and 5.67 g cm3, respectively,*®3° while a PZT (BT)
model used in the current work holds a volume of around 8 um3. Also, the electrolyte
volume employed in our experiments is 100 mL. Thus, the pristine concentration of
OOH ions (1.9 x 1072 mol L) in our calculations was determined based on the
possible maximum amounts of OOH™ adsorbed by a PZT (or a BT) unit in 100 mL

electrolyte.
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Fig. S39. Meshing results for simulations of ion concentration (K*, OH™, and OOH")

by COMSOL Multiphysics® 5.5 software.
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