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ABSTRACT: Fine-tuning the exposed active sites of platinum
group metal (PGM)-based materials is an efficient way to improve
their electrocatalytic performance toward large-scale applications
in renewable energy devices such as Zn—air batteries (ZABs).
However, traditional synthetic methods trade off durability for the
high activity of PGM-based catalysts. Herein, a novel dynamic
CO,-bubble template (DCBT) approach was established to
electrochemically fine-tuning the exposed Pt active sites in PtFeNi
(PEN) porous films (PFs). Particularly, CO, bubbles were
intentionally generated as gas-phase templates by methanol
electrooxidation. The generation, adsorption, residing, and
desorption of CO, bubbles on the surface of PEN alloys were
explored and controlled by adjusting the frequency of applied

CO, bubbles

triangular-wave voltage. Thereby, the surface morphology and Pt exposure of PFN PFs were controllably regulated by tuning the
surface coverage of CO, bubbles. Consequently, the Pt, ;oFeg4Ni PF with homogeneous nanoporous structure and sufficiently
exposed Pt active sites was obtained, showing preeminent activities with a half-wave potential (E,/,) of 0.87 V and onset
overpotential (7se) Of 288 mV at 10 mA cm ™ for oxygen reduction and evolution reactions (ORR and OER), respectively, at an
ultralow Pt loading of 0.01 mg cm ™. When tested in ZABs, a high power density of 175.0 mW cm™ and a narrow voltage gap of
0.64 V were achieved for the long cycling tests over S00 h (750 cycles), indicating that the proposed approach can efficiently
improve the activity of PGM catalysts by fine-tuning the microstructure without compromising the durability.

B INTRODUCTION

Developing renewable and efficient energy conversion and
storage technologies is urgently needed because of the severe
energy crisis and environmental pollution issues.' Zinc—air
batteries (ZABs) have attracted extensive attention as one of
the most promising candidates for next-generation sustainable
energy storage systems because of their high theoretical energy
density, abundant resources, low cost, and intrinsic safety.2
However, the sluggish kinetics of multiple electron transfer
involving oxygen evolution and reduction reactions (OER and
ORR) make ZABs poor in power output performance,
hindering their widespread application.” Because of the
optimal electronic structures toward oxygen electrochemical
reactions, platinum group metals (PGMs, i.e,, Pt, Ir, and Ru)-
based materials have been studied as efficient ORR/OER
electrocatalysts toward high-performance ZABs.* The majority
of current research is focusing on fine-tuning the exposed
active sites of PGMs catalysts through morphology, compo-
sition, and surface engineering to achieve high ORR/OER
performance at low PGMs loading,”® For instance, blooming
efforts have been made on exploring new strategies, such as
alloying with low-cost metals,”” surface doping,”'* and facet
control,"""* to improve the utilization efficiency of PGMs.
Particularly, alloying Pt with transition metals (PtM, M = Nj,
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Fe, Cu, etc.) with low Pt usage has shown great promise to
boost ORR activity because of the synergistic contributions of
ligand, strain, and ensemble effects induced by the optimized
electronic structure.”'* On the other hand, the rationally used
Ni and Fe in the PtM have been proven to exhibit excellent
OER performance, enabling the catalysts with supreme
bifunctional activities for ZABs.'> Nevertheless, traditionally
used fine-tuning methods trade oft durability for the high
activity of PGM-based catalysts, making ZABs have inferior
cycling performance.'®™"® For instance, Pt-based powdered
materials are typically mixed with various carbon supports to
enhance the overall surface area and conductivity of ZAB
electrodes.'”*® However, carbon supports suffer from severe
corrosion issues caused by electrochemical oxidation, leading
to severe aggregation/detachment of Pt catalysts and thus
rapid degradation of ZAB performance.”” It is crucial to
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develop a highly efficient approach to boost ORR/OER
performance by fine-tuning the microstructure of the catalyst
without compromising stability. As promising alternatives to
powdered materials, conducting PtM porous films (PFs) are
expected to exhibit stronger corrosion resistance and unique
merits for ZABs, including the highly exposed active sites for
electrocatalytic reactions and facilitated mass/ion transport
through open channels.””” The PFs are generally fabricated
through either top-down etching or bottom-up deposition
processes. Among them, dynamic hydrogen bubble template
(DHBT) technology is a green and facile method to fabricate
metallic PFs, in which the hydrogen (H,) bubbles act as pore-
forming agents in situ produced by water electrolysis.””**
However, the violent H, bubbles generated by the cathodic
hydrogen evolution reaction (HER) make it hard to establish a
dynamic H, bubble adsorption/desorption equilibrium in the
DHBT-directed electrodeposition process, thus forming
disordered and uneven microporous structures.”” Furthermore,
the DHBT concept was developed on the basis of the
competing reaction between the HER and metal ions
electrodeposition (cation electroreduction). Therefore, the
applied voltage used in DHBT must be well-controlled to
balance HER and the metal deposition. However, when
utilizing DHBT to fabricate porous alloy films, it is difficult to
adjust the applied potentials to be suitable for all the metal ions
deposition and HER simultaneously because of the different
reduction potentials of metal ions. Moreover, the different
crystal structures and nucleation—growth modes of metals will
lead to inhomogeneous morphology and composition of the
alloy films formed through DHBT-directed electrodeposition,
further increasing the challenge of preparing porous alloy films
through the DHBT method.

Inspired by the DHBT-directed metallic PF fabrication
process, we herein propose a new concept of using a dynamic
CO, bubble template (DCBT) for the PF synthesis. The
rationale is that carbon dioxide (CO,) produced from the
sluggish and multielectron-transfer-involved methanol electro-
oxidation reaction (MOR) can be easily controlled and in situ
produced as gaseous templates, providing feasible criteria for
DCBT-directed synthesis. To verify our hypothesis, we chose
Fe-doped PtNi (PFN) PFs as the target platforms and
designed an innovative electrochemical DCBT-directed
approach for the synthesis of PtM PFs with a controlled
nanoporous structure. By introducing in situ MOR into the
triangular-wave voltage-driven electrochemical anodization
process, CO, bubbles could constantly form and attach to
the PEN film surface, preventing the direct contact between
film surface and electrolyte and thus serving as pore-forming
agents to produce the homogeneously distributed nanoporous
structure. As Pt is the active phase for MOR, the CO, bubbles
prefer to generate and adsorb on the Pt surface, protecting Pt
from oxidation/overetching during the pore-forming process
and exposing more Pt active sites. By adjusting triangular-wave
frequencies, the dynamic generation, adsorption, residing, and
desorption of CO, bubbles on the PFN film surface can be
regulated, leading to the controlled synthesis of nanoporous
structure and fine-tuned exposure of Pt active sites. As a
consequence, the PFN PFs with nanoporous structure and
highly exposed Pt active sites exhibited unparalleled activity
and durability when used in ZABs. This new DCBT-directed
synthesis method represents a promising avenue for designing
low-PGM catalysts for many energy devices beyond ZABs.

B RESULTS AND DISCUSSION

The proposed DCBT-directed fabrication of PFN PFs is
illustrated in Figure S1, consisting of integrated bottom-up
electrodeposition and top-down anodization processes. The
PFN alloy was first electrodeposited on stainless steel
substrates and then was removed from the substrates to gain
the freestanding PFN films, which were subsequently subjected
to the DCBT-directed anodization to generate the nanoporous
structure. To achieve the proposed DCBT-directed synthesis,
we introduced methanol to the anodization electrolyte as a
source of CO, bubbles. To control the dynamic adsorption/
desorption processes of CO, bubbles, we first employed
square-wave anodization voltages, in which the upper voltage
(E,) is for bubble evolution and the lower voltage (E)) is for
bubble removal. In the square-wave voltage-driven DCBT
process, methanol molecules will be first adsorbed on Pt and
then dehydrogenized to form adsorbed CO (CO,4) as
suggested in Figure 1a.”® However, the CO 4, will be adsorbed
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Figure 1. Schematic illustration of DCBT-directed synthesis using (a)
square-wave voltage and (b) triangular-wave voltage. SEM images of
(c) PtogyFeqoNi PF, (d) Pt 5FegsNi PF, and (e) PtosoFes 15Ni
PF. (f-h) HR-TEM images of Pt ,FegquNi PF at different
magnifications.

strongly on the Pt surface and poison Pt active sites,
deteriorating the activity of Pt sites for MOR and thus
hindering the complete MOR to CO,, which is proved by the
rapid decrease in current under constant voltage (Figure
$2a).”” As a result, the CO, bubbles cannot be generated to
construct the DCBT using square-wave voltage, leading to
disordered and overetching of metallic Ni in acid solution and
failure to form nanoporous structure (Figure 1a). Thereupon,
we applied triangular-wave voltage instead of square-wave
voltage to address the surface poisoning issue of Pt by CO,g,
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effectively setting up a steady-state CO, bubbles generation/
detachment equilibrium on the PEN films to implement the
DCBT-directed synthesis (Figure 1b). In the triangular-wave
voltage mode, the voltage applied on the surface will rise and
fall in the mode of symmetrical linear ramp waveform between
a given voltage amplitude at a constant frequency, which is
similar to the voltage control mode of cyclic voltammetry
(CV). Therefore, the working mechanism of the proposed
triangular-wave voltage directed anodization process was
studied by performing CV tests for MOR within a voltage
range of 0.3—2 V (Figure S2b) in a two-electrode cell (..,
pristine PEN film as the working electrode and Pt mesh as the
counter electrode). The voltammogram contains two anodic
peaks (P,; and P,,) and one cathodic peak (P.), which is in line
with the standard CV curve for MOR using Pt-based materials,
indicating that the Pt is the predominant active sites for MOR
in the PFN films during the anodization treatment.”®
According to the classic MOR mechanism, the dissociative
chemisorption of methanol occurs first at low potential around
0.3—0.7 V in the forward scan to form adsorbed species
Pt;COH, along with the formation of adsorbed hydroxyl
(OH,4,).”” Within the potential range of 0.7—1.5 V, a part of
Pt,CO formed by Pt;COH dehydrogenation reacts with OH,4,
to produce CO,, leaving the unreacted Pt,CO bonded on Pt to
form poisonous Pt=C=0 species, corresponding to the first
anodic peak P,.”” Further increasing the voltage to the
potential range for OER (above 1.5 V), the surface oxygen
species become available and active to react with a part of Pt=
C=0, producing CO, (P,,). At around 0.72 V (P.) in the
reverse scan, the remaining Pt==C=0 will be converted to
CO, by the re-exposed Pt surface sites after the removal of
OH, 4. Therefore, in the voltage range sufficient for CO,
production during the triangular-wave voltage anodization,
abundant tiny CO, bubbles can nucleate and grow at the PEN
electrode surface when the concentration of the electro-
generated CO, at the electrode surface is sufficiently high
(Figure 1b).°%* To verify the above-discussed mechanism, we
analyzed the gas-phase product generated under the control of
triangular-wave voltage using the gas chromatograph (GC,
Figure S3). The CO, peak shown at around 9.5 min was
detected from triangular-wave controlled anodization, whereas
no CO, was detected from square-wave controlled anodiza-
tion, confirming the significance of using triangular-wave
voltage for the DCBT-directed synthesis. In the PFN alloy film
with Ni as the dominant component (matrix), the formation of
the nanoporous structure depends on the dynamic compet-
itions between surface oxidation, electrochemical etching, and
gas bubble coverage. When performing the DCBT-directed
synthesis in the acidic electrolyte, the surface Ni was
electrochemically oxidized and further dissolved by H'. If
CO, bubbles were produced and covered on the oxidized Ni
surfaces, the direct contact between the oxidized Ni and H*
could be obstructed, leading to decreased etching rate of PFN
film. The adsorbed CO, bubbles could quickly detach from the
PEN surface by switching the applied triangular-wave voltages
to the potential range without CO, production, achieving the
fine-tuned microstructure of PFN PFs by controlling the
dynamic adsorption/desorption of CO, bubbles on the
electrode surface. Significantly, the MOR occurs and produces
CO, bubbles preferentially on Pt-rich sites in the PEN film,
protecting Pt from overetching along with dissolving the
oxidized Ni surfaces. Thus, the Pt active sites can be well
preserved and exposed by the proposed DCBT-directed

synthesis in a controlled manner. As a result, the dynamically
controlled adsorption/desorption of CO, bubbles through
adopting an anodization treatment under triangular-wave
voltage enables the successful implementation of proposed
DCBT-directed synthesis to fabricate PFN PFs with highly
ordered nanoporous structure and significantly exposed Pt
active sites (Figure 1b).

In the DCBT-directed process, the coverage of CO, bubbles
on the PEN film surface predominantly determines the
microstructure (i.e., pore size and distribution) of the film,
which is essentially influenced by the gas generation rate, the
bubble residing time on the electrode surface, and the bubble
growth rate to reach critical size for detachment.”’ All these
processes are time dependent, suggesting that the frequency
adjustment of the triangular-wave voltage can be an
appropriate practice in regulating the bubble coverage on the
PEN film surface, therefore fine-tuning the microstructure. To
validate this concept, we studied triangular-wave voltages with
different frequencies (i.e., 10 mHz, 100 mHz, and 1 Hz) in the
DCBT-directed treatment to explore the nanopore formation
mechanism and realize the controlled synthesis of nanoporous
structure. The PFN PFs obtained under different frequencies
show ultralow Pt contents (below 1.5 at. %) and very close
chemical compositions, which are denoted as Pt goFeg o Ni (at
10 mHz), Pt; ;5,Feg4oNi (at 100 mHz), and Pt,,oFeg ;o Ni (at
1 Hz), respectively. Note that the subscripts below Pt and Fe
are the atomic percentages detected by X-ray fluorescence
(XRF, Table S1). X-ray diffraction (XRD, Figure S4) patterns
of PEN PFs and pristine PFN alloy film show the same
diffraction peaks at 44.5, 51.8, and 76.3°, assigning to the Ni
(111), (200), and (220) planes (JCPDS No. 4—0850).**
However, the representative diffraction peaks for Pt and Fe
were absent in the XRD patterns because of their ultralow
contents in the PEN PFs.

The microstructure and surface morphology of PFN PFs
were examined by scanning electron microscopy (SEM) to
investigate the nanoporous structure formation determined by
the dynamic control of CO, bubbles. A highly ordered porous
structure with homogeneously distributed nanopores sizes of
20—40 nm (thickness of 100 nm, Figure SS) was obtained in
the Pty g0 Feg s, Ni PF (Figure 1c). The electrochemical double-
layer capacitance (Cy, Figure S6) was also calculated from the
CV in the non-Faradaic region to estimate the electrochemi-
cally active surface area (ECSA) of PFN PFs. The
PtyoFeqoNi PF shows a significantly higher Cy (2.6 mF
cm™2) than that of pristine PFN alloy film (0.085 mF cm™2)
without obvious microstructure (Figure S7), confirming the
sufficiently exposed active surface in the PtygyFeqNi PF.
However, the PtygyFego,Ni PF shows some submicrometer
holes formed on the surface (Figure 1c), which is attributed to
the overaccumulated time for the generation and growth of
CO, bubbles at the frequency of 10 mHz, leading to bubble
coalescence and detachment from PEN film. When increasing
the frequency to 100 mHz, a more homogeneous nanoporous
structure with a pore size of about 20 nm and comparable Cq
of 2.2 mF cm ™ were achieved in the Pt, ;o Feg 4o Ni PF (Figure
1d), indicating the modified accumulated time for the
generation and growth of CO, bubbles. Energy-dispersive X-
ray (EDX) mapping of Pt ;5Feg 3Ni PF (Figure S8) shows a
homogeneous distribution of Ni, Fe, and Pt on the material
surface, indicating no phase separation. The slightly higher
atomic content of Pt determined by EDX analysis (Table S2)
than the result detected from the XRF suggests much higher Pt
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exposure on the surface accomplished by the DCBT-directed
synthesis. When further increasing the frequency to 1 Hz, a
disordered porous structure with irregular large pores was
formed in the Pty,oFes o Ni PF (Figure le) with a relatively
lower Cg of 2.0 mF cm™2, which may be due to the insufficient
protection from CO, bubbles caused by under-accumulated
time for the generation and growth of CO, bubbles, and the
shifted actual potential on the electrode to CO poisoning
region resulted from the electrical double layer charge/
discharge at high frequency. Consequently, the PEN film was
overetched, forming the heterogeneous porous structure in the
Pty,oFeg oNi PF. Note that the above proposed DCBT
mechanism at different frequencies is further explained in
Figure S9. The PFN PFs obtained from square-wave voltage
treatment with different upper potentials (denoted as PFN-
LSW and PFN-HSW) also show similar surface morphology
(Figure S10) to the Pty,qFeg Ni PF, further implying the
failure of square-wave voltage in realizing the DCBT-directed
synthesis.

To further examine the morphology and microstructure of
Pt; ;o FegsyNi PF, we executed high-resolution transmission
electron microscopy (HR-TEM, Figure 1f, g). A thin lamella
was cut from the sample electrode using a focused ion beam
(FIB) to analyze the surface. The Pt layer indicated in the
figure is a protection layer deposited in the FIB process to
prevent ion-beam damages on the specimen surface. A highly
porous structure of Pt; ;oFeg 4 Ni PF with a thickness of 100
nm and pore size of 20 nm was observed, which is consistent
with the SEM results. The HR-TEM image of Pt j4Feg gy Ni
PF (Figure 1h) reveals a dominant lattice spacing of ~0.22 nm,
correspondin§ to the (111) planes of face-centered cubic (fcc)
PtFeNi alloy.”>** The TEM-EDX mapping of Pt 4FeggqNi
PF shows uniform element distribution of Ni, Fe, and Pt,
which is consistent with the SEM-EDX mapping results and
further verifying no phase separation (Figure S11). X-ray
photoelectron spectroscopy (XPS, Figures S12—S14) was also
carried out to explore the chemical states of elements in the
PEN PFs. All three samples show similar XPS spectra. Only Pt°
peaks at 71.2 and 74.6 eV are presented in the XPS Pt 4f
spectra (Figures S12—S14a), confirming the metallic phase of
Pt in the PFN PFs.”* Similarly, the Ni® (852.6 and 869.9 eV)
and Fe® (706.9 and 720.0 eV) peaks were observed in the XPS
Ni 2p and Fe 2p spectra (Figures S12—S14b, c), further
verifying the metallic phase of the PEN PE.>>*° Moreover, the
oxidation states of Ni (855.8 and 873.3 eV) and Fe (712.5 and
725.6 eV) caused by slight surface hydroxylation were also
detected.”” The XPS O 1s spectra of the PEN PFs (Figures
S12—S14d) can be assigned to the oxygen from Ni—O and
surface adsorbed OH, 4. "**

The electrochemical ORR activity of PFN PFs was measured
on a rotation ring-disk electrode (RRDE) in a standard three-
electrode system. The CV curves of Pt joFeg¢Ni PF (Figure
2a) in the O,- and N,-saturated 0.1 M KOH aqueous solution
were recorded with a sweep rate of S mV s™'. Compared with
that in the N,-saturated solution, the CV of Pt ;Feg ¢y, Ni PF
in the O,-saturated electrolyte exhibits a characteristic cathodic
ORR peak at around 0.86 V (vs reversible hydrogen electrode,
RHE), demonstrating the prominent ORR activity of
Pt ;o FeggyNi PF. Figure 2b compares the ORR polarization
curves of Pt; ;,Feg gy Ni PF with control catalysts at a rotation
speed of 1600 rpm and a scan rate of S mV s in the O,-
saturated electrolyte. Without DCBT-directed treatment, the
PEN alloy film exhibits inferior ORR activity due to the lack of
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Figure 2. Electrocatalytic ORR and OER performance of PFN PFs.
(a) CV curves of Pt, oFegqqNi PF measured in the N,- and O,-
saturated 0.1 M KOH electrolytes. (b) ORR polarization curve
(without iR-correction) comparison of Pt; oFeg g, Ni PF with other
control samples measured at 1600 rpm with a scan rate of S mV s~
(c) ORR polarization curve of Pt; o Feg g Ni PF recorded at different
rotation speeds and (d) the corresponding K-L plots at different
potentials. (e) Comparison of ECSAp, mass activity (MA), and
specific activity (SA) of PtyoyFegoNi PF, Pt; o FegguNi PF,
Pty Feg Ni PF, and commercial Pt/C. (f) OER polarization
curve and Tafel plots (inset) of Pt; yFegsNi PF and PtNi PF
measured at a scan rate of S mV s™" after 90% iR-correction in 1 M
KOH solution.

exposed Pt sites. The Pt; j,FeggyNi PF exhibits superior ORR
performance with an onset potential (E,,.) of 1.0 V (vs RHE)
and half-wave potential (E;,,) of 0.87 V (vs RHE), which are
about 20 mV more positive than that of commercial Pt/C
(0.85 V vs RHE). While the PFN PFs obtained using the
square-wave treatment (i.e., PEN-LSW and PFN-HSW) show
mediocre ORR activities with less positive E;/, (0.81 and 0.84
V vs RHE) than that of Pt; ,Feg4Ni PF, attributing to the
insufficient exposure of Pt sites. Tafel plots derived from the
ORR polarization curves of Pt, ;5 Feg 4,Ni PF and other control
samples are shown in Figure S15. The much smaller Tafel
slope (73 mV dec™) of Pt; ;Feg 3Ni PF than those of PEN-
LSW (139 mV dec™'), PEN-HSW (100 mV dec™), and Pt/C
(89 mV dec™!) indicates a facilitated ORR kinetics with
abundant Pt active sites. For an insightful understanding of the
ORR reaction kinetics and electron-transfer process for the
PFN PFs, linear sweep voltammetry (LSV) curves of
Pt; ;o FegsoNi PF were measured at different rotation speeds
and analyzed using the derived Koutecky—Levich (K-L) plots
(Figure 2c, d), respectively. According to the K-L plots at
different potentials, the ORR electron transfer number (1) of
Pt, 1o Feg59Ni PF is estimated to be 3.98, illustrating a favored
four-electron transfer process. In the meantime, the electron
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transfer number, and the produced peroxide percentage
(Y11,0,) were also examined from the ring-disk currents using

RRDE (Figure S16a). The Pt; 15Feg 4o,Ni PF shows 7 of almost
4.0 and yy,o, of around 5%, double confirming the four-

electron transfer pathway for ORR. Hence, abundant Pt active
sites were exposed sufficiently in the nanoporous structures
enabled by the DCBT-directed approach using triangular-wave
voltage, significantly boosting the ORR activity of PFN PFs.
The frequency-dependent effect of triangular-wave voltage on
the Pt exposure was explored by analyzing the CV curves of
Pty gFegouNi PF, Pty ;o FeggyNi PF, PtyyqFeg o Ni PF, PEN-
LSW, and PFN-HSW in the N,-saturated 0.1 M KOH solution
(Figure S16b). All the PEN PFs present well-defined
characteristic CV curves for Pt (i.e,, hydrogen under-potential
adsorption/desorption (Hyp,/,pa) peaks and oxidation/reduc-
tion peaks). The ECSAp, of PFN PFs were then calculated by
integrating the H,,4 peaks within the potential range of 0.05—
0.4 V (vs RHE) in the CV curves and compared in Figure 2e.
The Pt; 1oFeg 59,Ni PF displays an outstanding ECSA,, of 116.3
m® g~ Pt, which is much higher than those of commercial Pt/
C (465 m* g Pt), PtyoyFegoyNi (108.1 m* g™' Pt),
Pty soFeg 1Ni (82.0 m* g™ Pt) PFs, PEN-LSW (92.6 m* g™*
Pt), and PEN-HSW (96.1 m* g~! Pt), indicating the most
efficiently exposed Pt active sites in the Pt; o Feg 3y, Ni PF. Note
that the high Pt site area of commercial Pt/C is obtained
because of its high Pt loading in the measurements. When
normalizing the ORR activities based on the ECSAp, the
Pt; 1o Feg 59Ni PF possesses a much higher mass activity of 1.25
A mg~! Pt and specific activity of 1.08 mA cm™* Pt than those
of PtygsFegouNi (0.92 A mg™' Pt and 0.85 mA cm™ Pt),
Pty o Feg 1oNi (0.72 A mg_1 Pt and 0.88 mA cm™2 Pt), PEN-
LSW (0.33 A mg™" Pt and 0.36 mA cm ™2 Pt), PFN-HSW (0.61
A mg~' Pt and 0.63 mA cm™” Pt), and Pt/C (0.07 A mg™' Pt
and 0.16 mA cm™ Pt), amply confirming that the enhanced
ORR activity enabled by sufficiently exposed Pt active sites in
the PFN PFs can be achieved by adjusting the applied
triangular-wave voltage frequency in the DCBT-directed
synthesis (Table S3). The much higher specific activity of
Pt; o, FegsoNi PF over other control samples should be due to
the geometry of the nanoporous structure of Pt 4Feg ¢oNi PF,
which is more conducive to ion transport.””

The Fe-doping in the PFN PFs is proposed to improve their
OER activities for ZABs, which was verified by comparing the
iR-corrected OER polarization curves of Pt; ;o Feg g, Ni PF and
PtNi (PN) PF without Fe-doping (Figure 2f) at a scan rate of
5mV s~ in 1 M KOH solution. The Pt, ;5,Feg ¢, Ni PF shows
an enormous enhancement in the OER activity after Fe-doping
and delivers an OER onset overpotential (7,,,;) of only 288
mV at a current density of 10 mA cm™2, which is much lower
than that of PN PF (350 mV) and other reported Pt-based
OER catalysts (Table S4). Notably, the Pt, ;,Feg 3o, Ni PF only
requires an overpotential of 360 mV to reach a current density
of 100 mA cm™3, exhibiting superior OER activity. The Tafel
plot of Pt; ;o Feg 40, Ni PF shows a much smaller slop of 39 mV
dec™ than that of PN PF (78 mV dec™'), indicating
accelerated OER kinetics by Fe-doping. In 0.1 M KOH
solution, Pt ,FegguNi PF can also show excellent OER
activity with an overpotential of 360 mV at a current density of
10 mA cm ™2 and Tafel slope of 53 mV dec™’, which is much
lower than those of PN PF (415 mV and 85 mV dec™) as
shown in Figure S17. Moreover, the Pt; ;o Fegq,Ni PF shows
excellent durability for both ORR and OER (Figure S18),

exhibiting imperceptible activity decay after 24 h stability tests.
XRD and SEM-EDX elemental mapping of Pt; ;o,Feg g Ni PF
after ORR and OER tests (Figure S19—S21) show the well-
maintained structural and compositional integrity after electro-
chemical tests. According to the XPS spectra in Figure S22, the
elements in PEN PF after the ORR test can sustain the original
chemical states. After OER tests, the metallic Ni, Fe, and Pt
phases in PFN PF are oxidized, which is reasonable under high
OER operation potential (Figure $S23).

The polished Zn plate anodes and Pt; oFeggqNi PF
cathodes were assembled to validate the practical application
of PEN PFs in ZABs. To prove the advantages of using PEN
PFs over the traditional powdered mixture of commercial Pt/C
and RuO, (Pt/C+RuQ,) electrodes, the control ZABs tests
were performed under the same condition for comparison. As
shown in Figure S24a, the ZABs (Pt ;4 Feg o Ni PF) deliver an
open circuit potential (OCP) of 1.4S V, which is comparable
with that of ZABs (Pt/C+RuQ,) and suggests the promising
potential in practical application. Besides, two connected ZABs
(Pt, 14 Fesg9sNi PF) can offer sufficient power to light up blue
and yellow light-emitting diode (Figure S24b, c). The charge/
discharge polarization curves (Figure 3a) present a notable
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Figure 3. Rechargeable ZABs tests. (a) Charge/discharge polarization
curves and (b) power density curves of ZABs assembled using
Pt; o FeggNi PF and Pt/C+RuO,. (c) Charge/discharge cycling
curves of ZABs (Pt ;i Feg o Ni PF) and ZABs (Pt/C+Ru0,) at the
current density of 20 mA cm ™2 (d) Discharge curves and (e) specific
capacity plots at various current densities.

smaller charge/discharge potential gap of ZABs (Pt; ;5Feg goNi
PF) than that of ZABs (Pt/C+RuO,). The ZABs
(Pt 1oFeggoNi PF) deliver a preeminent peak power density
of 175.0 mW cm™” at the current density of 330 mA cm™
(Figure 3b), which is significantly superior to that of ZABs
(Pt/C+Ru0,) (69.6 mW cm™ at 100 mA cm ). The
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galvanostatic charge/discharge profiles were measured at a
current density of 20 mA cm™” to evaluate the rechargeability
and cycling stability of ZABs (Figure 3c). The ZABs
(Pt; 19,FegsoNi PF) exhibit an activation process with a
gradually reduced potential gap during the initial 100 h and
finally maintain an impressive voltage gap of 0.64 V over 400 h.
Inversely, the ZABs (Pt/C+Ru0O,) show a much larger charge/
discharge voltage gap of 0.82 V and rapid decay within 5 h.
Moreover, the ZABs (Pt; ;FeggoNi PF) can attain a small
voltage gap of 0.71 V at a high current density of 50 mA cm™
for 300 h (Figure S24d), exhibiting splendid performance and
outstanding durability (Table SS5). Besides, the ZABs
(Pt 5FegseNi PE) offer significant advantages over ZABs
(Pt/C+Ru0,) in rate performance (Figure 3d), especially
under high current density tests, in which the Pt, ;o,Feg ¢, Ni PF
maintains decent discharge voltages of 1.08 V at 50 mA cm™>
and 0.98 V at 100 mA cm™> Normalized to the weight of the
consumed Zn electrode, the specific capacities of ZABs
(Pt; ;o FegguNi PF) were calculated to be 816 and 793 mAh
g_1 at discharge current densities of 20 and 50 mA cm™?,
respectively, corresponding to the energy density of 938.4 and
856.4 Wh kg™ (Figure 3e). The distinguished merits of high
power density/energy densities and outstanding cycling
stability convincingly prove the significance of DCBT-directed
synthesis in fine-tuning the microstructure and sufficiently
exposing active Pt sites for ZABs, which can be applied to the
rational design of innovative materials for other energy devices
such as electrolyzers, fuel cells, and beyond.

B CONCLUSIONS

A transformative DCBT-directed approach was developed to
achieve the fine-tuning and controlled exposure of Pt sites in
the PtFeNi alloy films by regulating the dynamic generation,
adsorption, residing, and desorption processes of CO, bubbles
on the electrode surface under different frequencies of the
applied triangular-wave voltages. The CO, bubbles are
preferentially generated on Pt active sites by MOR, serving
as protection agents to prevent Pt from overetching and expose
abundant Pt active sites in the obtained PFN PFs. The CO,
bubble coverage on the PFN films can be controlled by
adjusting the triangular-wave potential frequency, which
regulates the porous morphology of PFN PFs and thus
facilitates the eflicient exposure of Pt active sites. In
consequence, the bifunctional PFN PFs with highly exposed
Pt active sites and Fe-doping display preeminent electro-
catalytic activity for both ORR and OER. When they serve as
the electrocatalyst in ZABs, they show outstanding perform-
ance with a maximum power density of 175.0 mW cm™> and
maintain a stable cycling performance over 500 h. The
proposed DCBT-directed synthesis paves a new avenue for
designing innovative materials with low-Pt loading and fully
exposed Pt sites for energy conversion and storage systems
including but not limited to ZABs.
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