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The development of high efficient perovskite/carbon composite catalysts is an important means to
improve the performance of clean energy devices such as metal-air batteries. For this reason, we report
a bi-functional SmosSrosCo1-xFexOs.s/acetylene black composite electrocatalyst, consisting of the
SmosSrosCo1-xFex03-5 (SSCF) nanofibers and acetylene black (AB). Owing to the electronic coupling
effect of Fe and Co and the spillover effect of AB on SmosSrosC01.xFexOs.5, SSCF/AB exhibits
outstanding OER and ORR performance. In 0.1M KOH solution, the OER Tafel slope of the SSCF/AB
catalyst with the optimal mass ratio is 66.7 mV dec, the ORR Tafel slope is 129.6 mV dec™. And after
1000 CV cycles, the stability performance of the catalyst remains good.
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1. INTRODUCTION

How to develop new energy and renewable energy technologies is a common worldwide topic.
Metal-air batteries are regarded as one of the most important means to realize renewable energy. Oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) are extremely important reactions
among these advanced electrochemical energy conversion technologies[1,2]. So far, the excellent ORR
or OER catalysts are precious metal catalysts, such as Pt, Au, Ir, Ru, and Pd, and their alloys or oxides.
However, they exist a lot of problems such as high price, scarcity, instability. Therefore, it is necessary
to develop highly efficient, stable, non-precious metal bifunctional electrocatalysts[3].

Perovskite oxides show a broad application prospect for solid oxide fuel cells and metal-air cells
because of their unique crystal structure after doping, which will form crystal defects and produce
excellent catalytic properties. Recently, some nanostructured perovskite oxides have shown good
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performance for solid oxide fuel cells, such as Smo2Ceo9O19[4], SmosSrosC003-5[5],

BaZro.4Ceo.4Y0.203-5[6], SrSco.175Ta0.025C00.803-5[ 7], Bao.4Ko.1Sr05C00.8Fe0.203-5[8],
Bio.sSrosFeossTio1503-5[9]. In the field of metal-air batteries, perovskites also exhibit outstanding
electrochemical performance, SMo5Sro5C003-5[10], Bao5Sro5C00.8Fe0203-5[11],

La1sSrosNiMnosRuos0s[12], PrBaosSrosCo1sFens0s+5[13], and SroosCoosFeo.203-5[14] are typical
representatives. So far, Bao.sSrosC0o.8Feo203-5 Is the best perovskite material with OER performance.
The traditional preparation methods of perovskite oxides are usually sol-gel and solid-state reaction
methods. These fabrication methods not only consume energy and time, but also pollutes the
environment, and the prepared perovskites have a small specific surface area and few active sites, and
general electrocatalytic performance. The perovskite oxide SmosSro5C003.5 shows good performance
in solid oxide fuel cells[15] and metal-air batteries[10]. When the molar ratio of Sm, Sr, and Co is
0.5:0.5:1, the conductivity reaches the highest value[5]. Herein, we applied the electrospinning method
to prepare SmosSrosCo1-xFexOs-s (SSCF) perovskite nanofibers with a larger specific surface area and
more effective active sites. Introducing acetylene black by ultrasonic mixing to SSCF, the ORR and
OER performance of SSCF/acetylene black are investigated.

2. EXPERIMENTAL SECTION

2.1. Preparation of catalysts

Smo5SrosCo1xFex0s5 (SSCF, x = 0.2, 0.4, 0.6, 0.8) nanofibers were prepared by electrostatic
spinning. The required chemicals are samarium nitrate (Sm(NO3)3-6H20, content >99.9%), strontium
nitrate (Sr(NOs)2, content >99.9%), cobalt nitrate (Co(NOz)2:6H20, content > 99.9%), iron nitrate
(Fe(NO3)3-:9H20, content >99.9%), N,N-dimethylformamide (DMF, content >99.9%),
polyvinylpyrrolidone (PVP, Mw =1300000). DMF was used as a solvent, PVP as a binder, and metal
nitrate of 10 wt% as a solute to form the electrospinning solution. The as-electrospun products were
calcined at 800 °C with a rate of 3 °C min? in air and kept at 800 °C for 2 h to develop
Smo.5Sro.5C00.2F€0.803-5, SMo.5Sr0.5C00.4F€0.603-5, SMo5Sro5C006Fe0403-5, and SmosSro.sC0oo.sF€0.203-5
nanofibers (denoted as SSCF28, SSCF46, SSCF64, and SSCF82, respectively). SSCF28 and acetylene
black (AB) were uniformly mixed by sonication to prepare SSCF28/AB composite catalysts with
different mass ratios (SSCF28: AB=1:3, 1:2, 1:1, 2:1, 3:1).

2.2 Electrochemical characterization

3 mg of catalyst powder was dispersed in 1 mL of Nafion aqueous solution (0.5 wt%), and
subsequently sonicated for 30 min to generate a homogeneous 3 mg mL™ catalyst suspension. 10 uL of
the catalyst suspension was drop-casted onto a 4mm diameter glassy carbon electrode (GCE), and then
kept at room temperature for 1 h, forming a membrane. The surface area of the as-modified GCE was
0.1256 cm™,



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210722 3

Electrochemical tests were performed on a rotating ring disk electrode device (RRDE, ALS Co.,
Ltd.). GCE is used as the working electrode, Ag/AgCI as the reference electrode, and platinum wire as
the counter electrode. For ORR/OER test, 0.1 M KOH solution was used as the electrolyte, the electrode
speed was 1600 rpm, and the scanning speed was 5 mV s™. The electron transfer number (n) can be
calculated out during the ORR process and the relative formula can be found in reference[16,17].

3. RESULTS AND DISCUSSION

To evalute the optimal ratio of Co: Fe in SmosSrosCoixFexOzs catalysts, four kinds of
SmosSrosCo1xFex0Oss perovskite nanofibers with different Co: Fe molar ratio were prepared by
electrospinning and subsequently calcination. The SEM test results are shown in Fig. 1. As shown in
Fig. 2(a), the XRD patterns for four kinds of the SSCF nanofibers have similar peaks position that can
be well indexed to SmosSrosC0035 (PDF#53-0112), indicating their good crystallization. Fig. 2(b)
shows a comparison of X-ray peaks between diffraction angle 26 values of 30° and 37° of spectra taken
from Fig. 2(a). With the increase of iron content, the characteristic peak gradually shifts to a small angle
direction. This is because Co®* is replaced by larger Fe®*, which causes the lattice expansion of the
perovskite unit cell[18].
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Figure 1. SEM images of (a) SSCF28, (b) SSCF46, (c) SSCF64, and (d) SSCF82
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Figure 2. XRD patterns of SSCF after calcination at 800°C for 2h.

Fig. 3 shows the high-resolution XPS spectra of Co 2p, Fe 2p, and O 1s of the SSCF catalysts.
As shown in Fig. 3(a), the high-resolution spectra of Co 2p can be divided into six peaks. The peaks at
780.06 eV and 795.1 eV can be distributed to Co®*. The peaks at 781.2 eV and 796.6 eV represent Co?*,
and the positions at 786.6-790.5 eV and 802.7-805.6 eV belong to satellite peaks[19]. According to the
literature[14], Co*®* is more favorable to catalytic reaction, and more Co®*" can improve the OER
performance of the catalyst. The catalytic activity of the catalyst can be analyzed by the ratio of
Co*/Co?*. The Co®*"/Co?" values of SSCF are summarized in Table 1. As seen from Fig. 3(b), the peaks
at 710.7 eV and 724.5 eV can be attributed to Fe3*[20]. The high-resolution spectra of O 1s can be

divided into three peaks.
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Figure 3. High-resolution XPS spectra of SSCF catalysts. (a) Co 2p, (b) Fe 2p, (c) O 1s.
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Table 1. The Co®*/Co?* ratios of SSCF.

SSCF28 0.856
SSCF46 0.641
SSCF64 0.508
SSCF82 0.609

As shown in Fig. 3(c), the peaks at 529.1, 531.6, 532.9 eV correspond to the lattice 0% (Oar),
02%/07(Oads), and the adsorbed water (H20), respectively[21]. O,%/O" is an important electron transfer
step in the OER process, and the ratios of Oads/Olatt (Table 2) can be used to reliably analyze the catalytic
activity of the catalyst[19]. The peak at 531.6 eV represents -OH. The hydroxyl group plays a key role
in the OER process, accelerating the formation of O-O bonds and increasing oxygen production rate[21].
The adsorbed water depends to a large extent on the atmospheric pressure rather than the catalyst itself,
so it was not discussed here[22]. By contrast, SSCF28 has the best catalytic activity. XPS peaks
deconvolution results of SSCF28 is shown in Table 3.

Table 2. The Oags/Oatt ratios of SSCF.

SSCF28 1.978
SSCF46 1.833
SSCF64 1.776
SSCF82 1.716

Table 3. XPS peaks deconvolution results of SSCF28.

Co 2p 2p32 Co® 780.06
Co?* 781.2
Sat. 786.6~790.5
2p1s2 Co® 795.1
Co? 796.6
Sat. 802.7-805.6
Fe 2p 2pan Fe3* 710.7
Sat. 716.4~717.8
2012 Fes* 724.5
Sat. 730.9~732.5
O 1s Ooads 531.6
Olatt 529.1

H20 532.9
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The continuous and uniform SSCF28 nanofibers prepared by electrospinning are presented in
Fig. 4 (a). It appeared a three-dimensional network structure with a large specific surface area and plenty
of oxygen transport paths. As shown in Fig. 4 (b) and (c), the TEM and SEM measurements results
indicate that the AB particles are well intersected into the SSCF28 nanofibers scaffolds through
ultrasonic mixing to form SSCF28/AB composite catalyst. Fig. 4 (cl)-(c6) are EDS images of
SSCF28/AB (SSCF28: AB mass ratio of 2:1, both here and below), which clearly show the uniform
distribution of Sm, Sr, Co, Fe, O and C elements. It further proves that AB has been well dispersed in
the three-dimensional network framework of SSCF28 nanofibers.

Figure 4. (a) SEM image of SSCF28. (b) TEM image of SSCF28/AB. (c) SEM image of SSCF/AB.
(c1)-(c6) EDS element mappings of Fig. 4(c).

To evaluate the effect of Co: Fe molar ratio on the electrochemical performance of Smo 5Sro5Co0:-
xFexOs.s, their OER and ORR activities were respectively investigated. As shown in Fig. 5(a), the OER
performance of SSCF rapidly increases with the Fe content in SSCF. Amongst them, the potential of
SSCF28 reached the highest value, 1.792V at 10 mA cm™. The OER Tafel slopes of SSCF28, SSCF46,
SSCF64, and SSCF82 are respectively 86.7, 97.3, 109.0, and 130.9 mV dec™ (see Fig. 5(b)). Fig. 5(c)
shows the electrochemical impedance spectra (EIS) of SSCF. With the increase of Fe content in SSCF,
the EIS values of SSCF decreases significantly, and SSCF28 shows the smallest value. Fig. 5(d) is the
polarization curve of SSCF during ORR process. The ORR activity of SSCF82 is weaker than the other
three samples. As shown in Fig. 5(e), the ORR Tafel slopes of SSCF28, SSCF46, SSCF64, and SSCF82
are respectively 133.7, 128.7, 129.2, and 138.6 mV dec. As shown in Fig. 5(f), the electron-transfer
number of SSCF28 is closest to 4. Combined ORR with OER analysis results, it can be seen that SSCF28
has the best electrochemical performance, in agreement with XPS analysis. Fe and Co have a strong
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electronic coupling effect in the solid[23,24]. The clear implication of these results is that the
electrocatalytic performance of SmosSrosC003-5 can be enhanced significantly by the moderate doping
of Fe element.
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Figure 5. OER and ORR activities of SSCF. (a) Polarization curve of OER activity. (b) Tafel plots
obtained from the polarization curves in OER process. (c) Electrochemical impedance spectra at
1.664 V (vs. RHE). (d) Polarization curve of ORR activity. (e) Tafel plots obtained from the
polarization curves in ORR process. (f) Electron-transfer number of SSCF.

To prove whether the addition of AB can enhance the electrocatalytic performance of SSCF, the
OER performance of SSCF28/AB with different mass ratios was tested. As shown in Fig. 6(a), compared
with phase pure SSCF28, the addition of AB greatly enhances the catalytic performance of SSCF28, and
the E1oma cm™ of SSCF/AB (2: 1) reaches the maximum value of 1.665 V. Fig. 6(b) shows the Tafel plots
of SSCF28/AB with the various mass ratios of SSCF28 to AB. The Tafel slope of SSCF28/AB (2: 1)
shows the lowest value of 66.7 mV dec™, which is greater than the comparable reported values. Zhang
et al[25] reported that Eiomacm™ Was 1.83 V and the Tafel slope was 186 mV dec™ for the SSC/conductive
carbon composite catalyst. The Tafel slope of SSC/three-dimensional nitrogen-doped graphene
composite catalyst prepared by Bu et al. is 115mV dec'[10]. Fig. 6(c) and (d) present EIS of SSCF28/AB
and AB, respectively. It can be seen that the resistance of SSCF28/AB (2: 1) is only 27 Q, smaller than
that of SSCF28, indicating that the addition of AB successfully improves the electronic conductivity of
SSCF28[25]. As expected, measurements have shown that the OER activity of SSCF/AB (2: 1) is much
better than the other three composits, SSCF28 and AB. The adding of AB particles filled the gaps of
SSCF28 nanofibers, and the carbon phase provided a conductive network and connected the perovskite
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phase. The formation of the close interface between the perovskite and carbon phase is the key to realize
the effective electron transfer in the composite electrode, which is beneficial to the electrocatalytic
reaction[26]. In addition to the conductive enhancement of AB on SSCF28, it also benefits spillover
effect on perovskite and carbon[26]. During the OER process, the perovskite SSCF28 plays a leading
role. Excessive oxygen spills onto the surface of AB, releasing more active sites on the surface of
SSCF28 perovskite. As summarized in Table 4, compared with to other similar kinds of perovskite/C
composite catalysts, SSCF28/AB (2:1) still has excellent OER activity.
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Figure 6. OER activity of SSCF28/AB. (a) Polarization curve. (b) Tafel plots obtained from the
polarization curves in OER process. (c) and (d) are EIS of SSCF28/AB and AB at 1.664 V (vs.
RHE), respectively.

Table 4. Comparison of OER activity of perovskite/carbon composite catalysts.

Catalyst Eoer at 10 mA cm? (V) Ref.

SSCF28/AB (2:1) 1.665 vs. RHE This work
SSC/3DNG 1.63 vs. RHE [10]
Nanostructured LaNiO3 nanorod/NC 1.66 vs. RHE [27]
PrBaMn;0s.5/C 1.73 vs. RHE [28]
Lag 5Sr0sC002.91 Nanowire/AC (XC-72) 1.83 vs. RHE [29]
Lao 5Sro.5C0o.8Fe0.203 nanorod/NRGO 1.73 vs. RHE [30]
LaNiO3 nanoparticle/NCNT 1.74 vs. RHE [31]
LaTio.esFe0.3503-5 nanorod/NCNR 1.77 vs. RHE [32]
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Figure 7. ORR activity of SSCF28/AB. (a) Polarization curve. (b) Tafel plots obtained from the
polarization curves in ORR process. (c) The electron-transfer numbers. (d) Accelerated durability
test of SSCF28/AB.

Fig. 7(a) illustrates ORR LSV curves for the SSCF catalysts with different SSCF28: AB mass
ratios. By contrast, SSCF28/AB shows the biggest current density of 2.97 mA cm™ at 0.2 V and the
highest half-wave potential of 0.51 V. Fig. 7(b) shows the Tafel plots of SSCF28/AB obtained from the
polarization curves in ORR process. The Tafel slope of SSCF28/AB (2:1) shows the lowest value of
129.6 mV dec™, compared to the other samples. This indicates SSCF28/AB (2:1) has the optimal ORR
activity. As can be seen from Fig. 7(c), the electron-transfer number of SSCF/AB (2:1) in the 0.2-0.5V
potential range is closest to 4. To determine whether SSCF/AB composite electrocatalyst is practical or
not, the cycle stability of SSCF28/AB with optimal electrocatalytic performance was verified by an
accelerated durability test (ADT). After 1000 CV cycles in the potential range of 0.2 to -0.8 V obtain a
new ORR LSV curve[25]. After 1000 CV cycles, the current density of the catalyst was 3.35 mA cm™
at 0.2 V and the half-wave potential was 0.49 V, shown in Fig. 7(d). The SSCF28/AB electrocatalyst
showed excellent stability. The spillover effect is not only reflected in OER but also ORR process. In
the ORR reaction process dominated by AB, excess OH" spills from the surface of AB to the surface of
SSCF, which will release more active sites on the surface of AB[26].



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210722 10

4. CONCLUSIONS

A highly efficient bifunctional electrocatalyst was prepared by uniformly mixing SSCF28
nanofibers and AB by ultrasonic wave. The OER and ORR processes show a low Tafel slope, four
electron-transfer numbers, and excellent stability. The excellent electrochemical properties are mainly
due to the synergistic effect of perovskite oxide SSCF28 and AB. This novel bifunctional oxygen
electrocatalyst SSCF28/AB with high efficiency, economy, and environmental protection has a potential
application prospect in the field of metal-air batteries.
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