SCIENCE CHINA
Physics, Mechanics & Astronomy

CrossMark

& click for updates

*Article*

September 2020 Vol. 63 No.9: 297011
https://doi.org/10.1007/s11433-019-1508-2

Surface protonation and oxygen evolution activity of epitaxial
La,_Sr,CoQO; thin films

XiaoShuo Wangl, Liang Zhouz, MengXin Li], Yi Luoz, TieYing Yang3, TianLi Wul,
XiaoLong Li3, Kui-Juan Jin4, Er-Jia Gu04’5, LiFen Wang4, XueDong Bai4,
WeiFeng Zhang1 , and HaiZhong Guo™®

' Henan Key Laboratory of Photovoltaic Materials, School of Physics and Electronics, Henan University, Kaifeng 475004, China;
* School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450001, China;
} Shanghai Synchrotron Radiation Facility (SSRF), Shanghai Institute of Applied Physics, Chinese Academy of Sciences,
Shanghai 201204, China;
4Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China;
* Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China;
% Collaborative Innovation Center of Light Manipulations and Applications, Shandong Normal University, Jinan 250358, China

Received November 23, 2019; accepted January 7, 2020; published online May 9, 2020

As an alternative electrode material, transition metal oxides are promising candidates due to multivalent nature and oxygen
vacancies present in the structure with facilitate redox reactions. The aim of this study is to explore the intrinsic mechanism of
oxygen evolution reaction (OER) using two-dimensional thin film La,_,Sr,CoOj; electrode as a model. Herein, we report a planar
two-dimensional model La,_,Sr,CoO; electrode grown on a Nb-SrTiOj; single-crystal substrate via pulsed laser deposition. The
two-dimensional La, ,Sr,CoO; films offer different oxygen evolution activities at different pH electrolyte solutions. The me-
chanisms behind the variations of the oxygen evolution activity were discussed after comparing the oxygen evolution activity
before and after treatments of the electrodes and measurements by various test methods. The results of this study offer a

promising, low-cost electrode material for the efficient OER and a sustainable production of hydrogen fuel.
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1 Introduction

The growing population and technological development ra-
pidly increase energy consumption worldwide, and the use of
non-renewable sources puts pressure on the sustainability of
environment. Therefore, new sources of sustainable and
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environmentally friendly energy are necessary. Hydrogen, as
a green energy source, is a promising alternative to fossil
fuels and can be produced through the electrolysis of water
[1]. The electrolysis of water can be represented by two half-
reactions: oxygen evolution reaction (OER) at the anode and
hydrogen evolution reaction at the cathode. By comparing
the kinetics of two processes, it is determined that OER is a
slower process and requires the use of highly active and
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noble metal-based catalysts. The high over-potential for O,
evolution requires the application of high voltages for the
efficient electrolysis of water, which limits the practical
application of water electrolysis for the production of hy-
drogen gas. Therefore, the development of highly efficient
catalysts for OER that are based on more abundant and non-
noble metals has been an intensely studied research topic in
the past decade. To develop such catalysts, it is necessary to
understand the underlying mechanism of the OER catalysis
and determine correlations with structural properties such as
transition metal substitution [2,3], oxygen vacancies [4,5],
and stress interaction [6-8].

The valence state of transition metals in corresponding
oxides is essential for many physical properties of such
materials and their practical applications. Specifically, the
multivalent nature of transition metal oxides allows it to form
oxygen vacancies in the solid state structure, which facil-
itates the redox reaction [9]. It has been previously shown
that the control of d-band electron population and spin
configuration is crucial for the production of improved
transition metal oxide-based electrodes [2,10].

Owing to the multiple valence state, rich phase diagram,
and high oxygen mobility, the Co-based oxides represent the
promising electrode materials for the reversible redox ac-
tivity in OER [11-13]. Among them, LaCoO; is most com-
monly studied as the electrode material. The material is
commonly doped with strontium, which creates the
La, Sr,CoO; powder with the improved electrocatalytic
performance [1,14]. However, there are few reports on the
thin-film La,_,Sr,CoOj; electrodes for OER [15,16].

The epitaxial technology allows thin films to be formed
with a highly ordered crystalline structure. Recent develop-
ments in this field allow the transition metal oxide layers to
be formed with controllable structural properties, which
promote the structural and mechanistic studies on various
physical and chemical properties [17-19]. Several studies
have reported the use of epitaxial thin films as working
electrodes [20,21]. Therefore, the epitaxial thin-film elec-
trodes made of transition metal oxides are the promising
candidates for studying the mechanism of the OER process
during the electrolysis of water. The ordered 2D structure of
the epitaxial film electrode surface provides a limited and
controllable area where electrode reaction occurs, which
simplifies the study on a mechanism of electrode reactions
during the electrolysis of water. Therefore, any structural
changes caused by the electrochemical reaction can be easily
detected on the flat surface of the epitaxial thin film [22,23].

In this study, several La,_,Sr,CoOj; single-crystal thin films
were synthesized by pulsed laser deposition and investigated
as the electrode material for OER. The amount of the Sr
dopant was optimized to provide the best electrochemical
performance. The optimized material was used as a working
electrode to study the OER activity at different pH values of
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the solution. The mechanism of OER at different surface
protonation states was discussed.

2 Experiment

Epitaxial La,_ Sr,CoO; (x=0.0, 0.1, 0.2, 0.3, 0.4, and 0.5)
thin films were deposited on single-crystal Nb-SrTiO; (N-
STO, (001)-oriented) substrates (5 mmx5 mmx0.5 mm)
using the pulsed laser technique (KrF laser, 1.5 Jem®,
248 nm, 2 Hz) at 750°C and the O, partial pressure of 5 Pa.
Then, in situ annealing was conducted for 30 min followed
by cooling to room temperature (15°C/min).

To fabricate the working electrode, Cu wire was connected
to the N-STO substrate using silver paint, and the edges of
the sample were protected using a non-conductive epoxy
resin, and only the La,_ Sr.CoO; films were in contact with
the solution. The standard and three-electrode electro-
chemical cell was used to measure the OER activity of the
working electrode. The Hg/HgO electrode was used as a
reference, and Pt wire was used as a counter electrode. The
working electrode was analyzed in the solutions with dif-
ferent pH values; these solutions were obtained by dissolving
p.a. KOH in deionized water (18.2 MQ-cmfl). The initial
cyclic voltammetry (CV) was studied in the O,-saturated
electrolyte at a 100 mV/s scan rate. The OER activity of the
working electrode was determined in the O,-saturated elec-
trolyte in the voltage range between 1.35 V and 1.75 V (vs.
RHE) at 10 mV/s to reduce the capacitance current. The
average of forward and backward CV scans yielded the ca-
pacitance-free CV curve.

3 Results and discussion

The crystal structure of La,_Sr,CoO; films was determined
by an X-ray diffractometer (XRD) with a Cu Ka radiation
source (A =0.154145 nm) in the 8-26 mode. The structure of
Lay ;-Sry3Co0; thin films was characterized using Syn-
chrotron X-ray diffraction (SXRD) at the BL14B1 beamline
of Shanghai Synchrotron Radiation Facility, using 1.24 A X-
ray source and a Huber 5021 six-axis diffractometer. The
structure of the Laj,Sry;Co0O; thin films was visualized
using the high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) technique on
ARM-200F STEM (JEOL, Tokyo, Japan) operating at
200 kV. The surface properties of La,,Sr,;CoO; thin films
were characterized using atomic force microscopy (AFM,
Bruker multimode 8.0).

The XRD patterns of La;_,.Sr,CoOs; thin films (x=0, 0.1,
0.2,0.3,0.4, and 0.5) are shown in Figure S1. Besides the N-
STO substrate peaks, only (001) plane reflection peaks from
La, ,Sr,CoO; films were observed, which indicated the


http://engine.scichina.com/publisher/scp/journal/SCPMA/doi/10.1007/s11433-019-1508-2?slug=supplement

X. S. Wang, et al.

Sci. China-Phys. Mech. Astron.

September (2020) Vol. 63 No.9 297011-3

(a)

N-STO (001)

LSCO (001)

11.5-nm-thick
LSCO film

N-STO (002)
LSCO (002)

Intensity (a.u.)

Intensity (a. u.)

Figure 1 (Color online) (a) SXRD 6-26 scan curve of the LaSr;3Co, ;05 thin film. Inset: X-ray reflectivity profile; (b) geometry of LaSr,;Co,,05; (c)
HAADF image of the LaSr,;Co,,0; film. The image was acquired along the [100] zone axis. (d) Geometric phase analysis image.

presence of single phase c-axis-oriented thin films. The ty-
pical reflectivity profile of the Lag;Sr,3CoO; thin film is
shown as an inset in Figure 1(a); interference (Kiessig)
fringes can be also observed. The film thickness of ap-
proximately 11.5 nm was calculated by fitting the periodicity
of Kiessig fringes.

The geometrical characteristics of the La, ;Sr,;CoO; thin
film deposited on N-STO are shown in Figure 1(b), which
indicates the presence of interfacial region with an ap-
proximately 4-unit-cell thickness. The HAADF-STEM im-
age (Figure 1(c)) provides additional insight about the
characteristics of the interfacial region. It is observed that the
unit cells of the Laj;Sry;Co0O; film and N-STO substrate
create a coherent interface without any evidence of mis-
matches in the (001) plane. In addition, the geometrical
phase analysis shown in Figure 1(d) confirms the presence of
a 4-unit-cell thick interfacial region with large strain and no
mismatches. The film has an in-plane lattice constant that is
identical to the substrate when averaging over 3-4 atomic
planes [24]. The surface morphology analysis by AFM
(Figure S2) identified the root mean square film roughness of
(0.56 + 0.03) nm, which indicated the good surface micro-
structure of La,;Sr;;C00;.

The OER activity of La, Sr,CoO; (0 < x < 0.5) epitaxial
films was characterized using CV. As can be seen from
Figures 2 and S3, the best catalytic activity was obtained for

the La; Sr,CoO; electrode with x=0.3 (La,-Sr;;C00;).
Therefore, La, ;Sr,;Co0O; was selected for further structural
and mechanistic investigations of the OER activity.

The OER activity of the La,,Sry;CoO; epitaxial film
electrode in KOH solutions with different pH values with
different times (0-9 h) was studied by CV, as shown in Figure
3(a)-(d). The pH-dependence of La,,Sr,3;Co0O; shown in
Figure S4(a) clearly indicates that the OER activity increases
with an increase of pH. This result is consistent with the
previous report [25]. The cyclovoltammograms of La, ;Sr 5-
Co05/N-STO and pristine N-STO in the 0.1 mol/L KOH
(pH=13) solution saturated with O, recorded with a 10 mV/s
scan rate are shown in Figure S4(b), confirming that the OER
activity comes from La,,Sr;Co0;. On the basis of the
changes in the OER activity, the importance of lattice O
atoms in the OER mechanism of La, ;Sr; ;C0Oj is confirmed
and rationalized using the traditional proton-coupled electron
transfer mechanism. Therefore, the proposed mechanism of
the OER activity includes lattice O atoms [25].

Figure S5 shows the put-of-plane XRD spectral data of the
La, ;Sr,3C00;5 films soaked in the solutions at different pH.
The characteristic diffraction peaks of the (002) plane shifts
to the lower angles with an increase of pH from 7 to 11,
which suggests the expansion of the lattice in out-of-plane
directions. Such shifts were not observed at pH=13.

To further characterize the surface of La,,Sr,;C0oO;/Nb-
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Figure 2 (Color online) Cyclic voltammograms of (a) LaCoOs; (b) La, sSry,CoOs5; (¢) Lagy ;Sry3C005; and (d) La, sSry sCoOs, showing the 1%, Sth, IOth, and

20" cycle. All electrodes were cycled 5 times from 1.35 to 1.75 V (vs. RHE) at 10 mV/s in the O,-saturated 1 mol/L KOH electrolyte.
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Figure 3 (Color online) CV measurements after the treatment with (a) Milli Q water and (b) potassium hydroxide solution at pH 11; (c) pH 13; and (d) pH
14 for different amounts of time.

STO, we recorded the XPS spectra after soaking the elec-
trode in solutions with pH=7 or pH=13 for 6 h. The changes
in oxygen concentration on the surface of the electrode be-
fore and after protonation were monitored through the

changes in the characteristic O s region (Figure S6). The
XPS spectra were deconvoluted into three Gaussian curves,
which correspond to free water (H,O), protonated oxygen
(M—OH), and oxygen in the bulk solid phase (M—O-M). The
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Figure 4 (Color online) (a) Reaction mechanism diagram of lattice oxygen protonation; (b) specific OER activity (current normalized by the oxide BET

surface area) at 1.75 V vs. the RHE correction as a function of pH.

changes in M—O-M, M—OH, and H,O peak areas normalized
by the sum of M—O-M and M—OH were measured. The (M—
0-M)/(M—O-M+M—-OH) ratios for untreated, pH=7, and
pH=13 samples were 0.56, 0.45, and 0.54, respectively. We
concluded that the alkaline treatment of surface did not
change the surface properties of the film compared to the
untreated sample.

The results shown in Figure S6 reveal that the degree of
surface protonation at pH above 13 is the same as that for the
untreated sample. However, thin film becomes highly pro-
tonated when it is immersed in pure water (pH=7). With an
increase in the degree of protonation of the surface, the OER
activity decreases, which suggests the important role of de-
protonated lattice O atoms in the mechanism of OER. The
important role of lattice O in the OER mechanism is con-
firmed experimentally on the basis of the changes in the OER
activity with an increase of pH. The plausible reaction me-
chanism is illustrated in Figure 4(a) [25]. Compared to the
traditional proton-coupled electron transfer mechanism, this
mechanism better explains the pH-dependent oxygen evo-
lution activity of the electrodes. The treatment of electrodes
with the solutions at different pH modifies the catalytic ac-
tivity; the proposed mechanism rationalizes the effect of
protonation on the oxygen evolution activity of the electrode.
The ratio of current density of the La,;Sry;CoO; working
electrode at different pH values and constant potential ap-
plied (Uryg=1.75 V) is shown in Figure 4(b). The improved
OER activity with an increase of the pH values is clearly
observed. These results confirm the inhibiting effect of the
La, ;S1,3C00; surface protonation on the OER activity.

4 Conclusion

In this study, the oxygen evolution activity of the epitaxial
Lay;Sry3Co0; thin-film electrode was investigated at dif-
ferent pH values using CV, XRD, XPS, and STEM techni-
ques. The OER activity of the LSCO electrode is directly

proportional to pH, which indicates the importance of sur-
face deprotonation on the OER reaction mechanism. The
degree of protonation of lattice oxygen in the aqueous so-
lution slightly changes at pH=13, and the effect of a further
increase of pH on the OER activity is negligible. The pre-
sence of non-protonated lattice O atoms determines the
catalytic activity of the LSCO electrode.
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