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FeCo,0,; nanoparticles with abundant oxygen vacancies were
produced by laser fragmentation. The oxygen vacancies can lower
the thermodynamic energy barriers as well as accelerate the
electron transfer, eventually promote oxygen evolution and
reduction reactions simultaneously.

Rechargeable zinc-air battery (ZAB), a green and efficient energy
storage system, displays considerably high energy densities due to
the utilization of oxygen in atmosphere rather than heavy reactant.
The practical application of ZAB depends on the development of
efficient bifunctional electrocatalysts that can efficiently drive both
the oxygen evolution reaction(OER) and oxygen reduction reaction
(ORR).13 Although Pt-, Ru, or Ir- based materials have been widely
reported as active catalysts for OER or ORR, the high price and
scarcity greatly limit their widespread application.* MCo,0, (M=Ni,
Mn, Fe, Zn, and so on) materials with a spinel structure have been
conceived as promising alternatives because of their low cost and
abundant resource.>® However, the poor electrical conductivity and
low catalytic activity prevent MCo,04 from being applied in ZABs.
Recently, great progress has been made on improving the electrical
conductivity of MCo,0, by compositing them with carbon
materials,'%1! which inspires the passion on explioting more efficient
strategies to boost their conductivity.

Introducing oxygen vacancies in oxides has been accepted as a
promising way to improve the catalytic activity for both OER and
ORR.1213 Commonly, the oxygen vacancies were generated by
annealing in hydrogen, which is unsafe and energy hungry.’* In a
previous work, we reported top-down synthesis of Co304
nanoparticles (NPs) by laser fragmentation, and found that this
technique exhibis a quick heating-queching feature which favors the
formation of oxygen vacancies.!> However, the catalytic activity of
Co304 NPs, especially for ORR, is not high enough to meet the needs
of ZABs. Meanwhile, the universality of the laser technique on
generating defects has not been investigated carfully. Therefore, it is
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fascinating to find out potential bifunctional (OER and ORR) catalysts
whose activities could be promoted by laser fragmentation.

Herein, we show that FeCo,0,, a typical MCo,0, spinel, is suitable
for generating oxygen vacancies by laser fragmetation. We employ
an intensive pulsed laser to break FeCo,04 microsphere (M-FeC0,0,)
into a large amount of ultrafine FeCo,04 NPs rich in oxygen vacancies
(R-FeCo,04). The ultrasmall size and abundant oxygen vacancies
jointly improve the electron transfer and catalytic activity for OER
and ORR. As the air cathode of ZAB, R-FeCo,0, achieves high power
density and long lifetime, even outperforming noble metal
Pt/C+RuO, couple.

The synthesis process is schematically shown in Fig. S1, where M-
FeCo,0,4 was partially vaporized and broken via trival fragmentation
under laser irradiation.'> 16 giving rise to numerous tiny R-FeC0,0,
nanoparticles (see Fig. S2). The morphology and structure of as-
prepared R-FeCo,04 NPs were examined by transmission electron
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Fig. 1. Morphology and structure of R-FeCo,0,. (a), (b) Low and high

maghnification TEM images of R-FeCo,0,, respectively; (c) STEM elemental

mapping of R-FeCo,0,; (d) XRD patterns of R- FeCo,0,, P-FeCo0,0, and M-

FeCo,0,.
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Fig. 2. Electrochemical performance of OER and ORR. (a) LSV curves and (b)
Tafel plots for the catalytic OER process of R-FeCo,0, P-FeCo,0,; M-
FeCo,0,, and RuO,; (c) LSV curves and (d) Tafel plots for the catalytic ORR
process of R-FeC0,0,, P-FeCo,0,, M- FeCo,0,, and Pt/C.

microscope (TEM) and X-ray diffraction (XRD). As shown in Fig. 1a, R-
FeCo,0, NPs are well dispersed with an average size of 6.5 nm. In
high resolution TEM image of Fig. 1b, some lattices are observed with
spacings of 0.28 and 0.15 nm, corresponding to (220) and (511)
planes of FeCo204, respectively.’” The scanning transmission electron
microscopy (STEM) elemental mapping analysis clearly shows
uniform distribution of iron, cobalt and oxygen elements in R-
FeCo204 NPs (Fig. 1c). For comparison, we also prepared FeCo,04 NPs
poor in oxygen vacancies (P-FeCo,04) under the same laser
fragmentation conditions expcept for in oxygen atmosphere. P-
FeCo,0,4 NPs display similar uniformity and size distribution with R-
FeCo,0,4 NPs (Fig. S3). In addition, the X-ray diffraction (XRD) patterns
of R-FeCo,0,, P-FeC0,04 and M-FeCo,04 shown in Fig. 1d are indexed
to cubic spinel phase FeCo0,0,.18

We then tested the OER properties of R-FeC0,0,4, with P-FeCo,0,,
M-FeCo,0, and RuO, as the references. Linear-sweep
voltammogram (LSV) curves in Fig. 2a indicate that R-FeCo,0,
delivers an overpotential of 276 mV at the current density of 10 mA
cm2, this value is much lower than those of P-FeCo,0,4 (297 mV), M-
FeCo,0, (363 mV) and RuO, (319 mV). The tafel slopes also
confirmed the superior OER activity of R-FeC0,0,4. As shown in Fig.
2b, R-FeCo,0, affords a low Tafel slope of 61.6 mV dec! compared
with P-FeCo,0, (72.1 mV dec?), M-FeC0,0, (115.2 mV dec?) and
RuO; (75.2 mV dec?). In addition, R-FeCo,0, displays high stablity,

the current density merely decreases by 4 % after testing for 20 h (Fig.

S4). These results are superior to those of nonprecious metal-based
oxide catalysts reported in literature (Table S1).

ORR plays a critical role during the discharge process of ZAB. Fig.
2c show LSV curves of the above four catalysts on rotating disk
electrode (RDE) in O,-saturated 0.1 M KOH at a scan rate of 5 mV-s!
and 1600 rpm. The onset potential and the half-wave potential of R-
FeCo,04 are 0.95 and 0.82 V, respectively, much higher than these of
M-FeCo,0, (0.86 and 0.68 V). Meanwhile, as shown in Fig. 2d, R-
FeCo,04 shows smaller Tafel slope (57.8 mV dec?) relative to P-
FeCo,0,4 (70.4 mV dec?), M-FeCo,0,4 (110.6 mV dec?) and even Pt/C
(68.3 mV dec). LSVs at different rotating rates were shown in Figs.
S5a-S5d, the electron transfer numbers (n) during the ORR process
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Fig. 3. Characterizations on oxygen vacancies and their influence on
catalytic activities of R-FeCo,0,. (a) Fitted Co 2p spectra for R-FeC0,0,, P-
FeCo,0, and M-FeCo,0,; (b) Fitted O 1s spectra for R-FeCo,0,, P-FeCo,0,
and M- FeCo,0,; (c) The OER/ORR mechanism of R-FeCo,0, with oxygen
vacancy (O,); (d) DFT diagram of perfect FeCo,0, and R-FeCo0,0,.

can be evaluated by the fitted Koutecky-Levich (K-L) plots (Figs. S5e
and S5f). R-FeCo,0,4 exhibits a high electron transfer number of 3.87
which is close to that of Pt/C (3.9), indicating a dominant four-
electron process. Rotating ring-disk electrode (RRDE) measurements
were carried out to monitor the hydrogen peroxide yield (% H,0,), as
shown in Fig.S6. The H,0, yield of R-FeCo,0, ranges from 5% to 7%
and the calculated electron-transfer number is above 3.84, which is
similar to the results obtained from the K-L plots. Moreover, the long
term durability is tested at 0.5 V for 20 h, as shown in Fig. S7, R-
FeCo,0, exhibits the best catalytic stability. Although the onset
potential of R-FeCo,0; is still worse than Pt/C (1.04 V), the Tafel slope
and limited current density of R-FeCo,0, is comparable to Pt/C and
among the top values achieved by transition-metal-based oxide
catalysts (Table S2).

To understand the performance improvement of R-FeCo,0,, we
performed XPS measurements on the three FeCo,0, samples. In
Fig.3a, O1s spectra can be fitted with two peaks at 529.7 and 531.3
eV, respectively. The peak at 529.7 eV arise from lattice oxygen (O,),
whereas the peak at 531.3 eV is attributed to adsorbed oxygen on
oxygen vacancy (Oy).131> Obviously, the 0,/0, ratio of R-FeCo0,0,
(46.7%) is much higher than those of P-FeC0,04 (29.1%) and M-
FeCo,0, (3.2%), suggesting more oxygen vacancies were generated
in R-FeCo,0, by laser fragmentation. According to the fine-scanned
Co 2p XPS spectra given in Fig. 3b, the majority of cobalt cations in
FeCo,0, samples are present in Co3* form. As compared with the
other two samples, R-FeCo,0, shows higher peak related to Co?* ions
which have been proved as the catalytic active sites for ORR.2 In
combination with the results in Figs. 3a and 3b, introducing oxygen
vacancies benefits the formation of Co?* cations in FeCo,0,.
Moreover, electron paramagnetic resonance (EPR) was employed to
detect the oxygen vacancies. As shown in Fig. S8, R-FeCo,0, displays
an intensive EPR signal at g-value of 2.002 related to the unpaired
electrons trapped by oxygen vacancies. 2° This signal is greater than
those of M-FeCo,0, and P-FeCo,04 confirming that R-FeCo,04
possesses more oxygen vacancies than M-FeCo,04 and P-FeCo,0,.

Next, we carried out density functional transformation (DFT)
calculation to analyse the influence of oxygen vacancies on the
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catalytic process. Both OER and ORR involve four elementary
reaction steps (Fig. 3cand S9). In the ORR process, O, molecules were
adsorbed on the surface of catalysts and reduced into *OOH,
followed by further reduction to *O, *OH and H,0 in sequence; while
OER proceeds in the reverse direction. The free energy diagrams
were obtained by the DFT calculation and shown in Fig. 3d, where a
large thermodynamic barrier (AG) can be found for the formation of
*OOH on the perfect FeCo,0,4 surface without oxygen vacancies.
After introducing oxygen vacancies into R-FeCo,0,, this AG value is
significant reduced, thus facilitating the ORR and OER processes. The
significant reduced of AG value of *O reduction to *OOH, and *OOH
reduction to O,, means the higher efficient for four-electron
dominant process, which is conformed to the results from K-L plots.
Therefore, DFT results certify the critical role of oxygen vacancies on
improving ORR and OER catalytic activities of FeC0,0,.

To understand the superior performance of R-FeCo,0,,
electrochemically active surface area (ECSA) and electrochemical
impedance spectrum (EIS) were further conducted. As shown in Fig.
S10, ECSA of R- FeCo0,0, is 62.5 cm?, which is higher than that of P-
FeCo,0,4 (40.1 cm?) and M-FeCo,0, (10.8 cm?). Because the similar
size distribution of R-FeCo,04 and P-FeCo,0,, the higher ECSA of R-
FeCo,0, should arise from the improved catalytic activity by
introdcing oxygen vacancies. In addtion to the intrinsic activity, the
electrical conductivity is also crucial on the catatytic performance.
Hence, we employed electrochemical impedance spectrum (EIS) to
investigate the electron transfer. EIS of the R- FeCo,0,, P-FeCo,0,
and M-FeCo,0, were measured at a potential of 1.6 V with an AC
perturbation of 5mV in the frequency range from 0.01 Hz to 100 KHz.
Fig. S11 presents the Nyquist plots which were fitted with an
equivalent circuit as shown in inset. The Rs mainly results from the
solution resistance. The charge transfer resistance (Rct=R1+R2),
which can be interpreted as the Faradaic process and oxygen-species
adsorption, respectively. The Rct value of R-FeCo,0, is smallest, R-
FeCo,0, displays the smallest Rct value among the three samples,
implying that oxygen vacancies can lower the charge transfer
resistance at the interface between catalyst and electrolyte. Besides,
more sample with different amount of oxygen vacancies were
synthesized and tested the catalytic performance, the results
indicated the catalytic activity could improve with the oxygen
vacancies increased (Fig. S12).

Finally, we constructed a ZAB with R-FeCo,0, as the air cathode,
zinc plate as the anode and 6.0 M KOH as the electrolyte (Fig. 4a).
For comparison, coupled commercial Pt/C+Ru0O, catalyst was also
tested as the air cathode. The R-FeCo,0, battery worked stably with
a high open-circuit voltage of 1.44 V (Fig. S9a) which is very close to
that of Pt/C+RuO, (1.46 V). The charging and discharging curves of
ZABs are shown in Fig. 4b, R-FeCo,0, presents similar cell voltages at
the low current density with Pt/C+Ru0Q,. As the current exceeds 70
mA cm?, the charging and discharging voltages of the R-FeCo,0, ZAB
are superior to the noble-metal ZAB, indicating that the R-FeCo,0,
cathode is more active than the Pt/C+RuO, couple. Fig. 4c shows
typical discharging polarization curves and the corresponding power
density plots of the ZABs. R-FeCo,0,4 based ZAB exhibits a significant
superior performance in terms of current density and power density
(140 mW cm at a current density of 210 mA cm2). Moreover, the R-
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Fig. 4. Electrochemical performance of ZABs. (a) Schematic of the primary Zn-
air battery; (b) Charge and discharge polarization curves of R-FeCo,0, and
Pt/C+Ru0, batteries; (c) Polarization curves and corresponding power-
density plots of R-FeCo,0, and Pt/C+Ru0, batteries; (d) Cycling performance
of the R-FeCo,0, battery.

FeCo,0,4 ZAB was cycled for 50 h at a charge and discharge current
density of 10 mA cm to test long-term durability of ZABs. As shown
in Figure 4d, after 50 cycles, there is no visible increase in the voltage
gap, indicating excellent durability of the R-FeCo,04, ZAB. The
superior discharge rate performance (Fig. 13b) demonstrated the R-
FeCo,0,4 ZAB can be operated at a wide range of current densities.
Moreover, the R-FeCo,04 ZAB can discharge more than 200 h with a
discharge voltage of 1.15 V, and the capacity reaches 589 mA h g* at
20 mA cm? (Figs. S13c, 513d).

In conclusion, the ultrafine FeCo,04 nanoparticles with abundant
oxygen vacancies were successfully fabricated by laser
fragmentation. The catalytic activity for both OER and ORR were
remarkably improved by the abundant oxygen vacancies. The
catalyst was used as the air cathode for zinc-air battery, exhibiting
the high power density and long cycling performance. This work
provides a new strategy towards highly active bifunctional catalysts
based on defect engineering.
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