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Abstract

We have demonstrated that multi-metal oxides with quasi-1D structure can be effective
electrocatalysts for water electrolysis. Four materials have been systematically investigated,
namely SroC02Mns021, SroNizMnsOz1, SroCuzMnsO21, and SroZn,MnsOz;, comprising 1D chains
of face-sharing MnOg octahedra and MO trigonal prisms (M = Co, Ni, Cu or Zn), which are held
together by strontium ions located between the chains. These materials show a consistent trend in
electrocatalytic properties for both half-reactions of water-splitting, i.e., oxygen-evolution and
hydrogen evolutions reactions (OER and HER). In particular, SroNi2MnsO2; has an outstanding
performance for OER, with overpotential of 0.37 V, which is lower than those of many 3D and 2D
oxides, and rivals the activity of noble metal catalysts, such as RuO>. This is important given that
OER is the considered the bottleneck of water-slitting process. Chronopotentiometry studies,
combined with X-ray photoelectron spectroscopy (XPS) and X-ray diffraction experiments pre-
and post-reaction, indicate that SroNi2MnsOz; is highly stable and retains its structural integrity
upon electrocatalytic reactions. This study highlights the potential of quasi-1D oxides as active

electrocatalysts for water-splitting.
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1. Introduction

Many of the processes in renewable energy technologies require high-performing catalysts. In
particular, catalysts comprising earth-abundant elements are of high importance. Electrocatalytic
splitting of water, which is a promising method of green hydrogen production, requires active
catalysts to make the process economical. The reaction consists of two components, namely the
anodic oxygen-evolution reaction (OER) and the cathodic hydrogen-evolution reaction (HER). A
major limitation of these reactions is their sluggish kinetics, which is often addressed using
catalysts that contain costly noble metals, such as platinum, ruthenium, and iridium. It is essential
to find alternative earth-abundant catalysts, particularly for OER, which is more energetically
demanding. Transition metal oxides can be efficient and economic candidates as catalysts. Oxides
with different structures have been explored for OER!'"* and HER*® electrocatalysis. They have
mostly consisted of 3D oxides, such as perovskites,!”” but some quasi 2D oxides have also been
explored.®!° In the latter case, the quasi 2D materials consisted of layers of six-coordinated
transition metals, forming isolated stacks that are held together by lanthanide or alkaline-earth
cations. Our research group has recently studied a wide range of oxide systems for electrocatalytic
water-splitting.!'!> Among various oxides, materials with 1D connectivity in their crystal
structure, which are capable of water-splitting electrocatalysis, are rare. Even more scarce are 1D
oxides that can catalyze both half reactions of water-splitting. One rare example is the quasi-1D
system CaxSr2Mn2CoO1-5, showing good electrocatalytic activity for water-splitting, as described
recently by our research group.'¢ In this work, we investigate four quasi-1D transition metal
oxides, and demonstrate their electrocatalytic performance. For the four materials studied in this
work, the crystal structures of SreCoMnsOz1!7 and SroNixMnsO;'® have been reported, both

forming a trigonal R-3c structure, although the metal valence states were not determined. On the



other hand, SroCuxMns0>1 and Sr9Zn2MnsO»1 have not been reported before. In this study, we have
investigated the electrocatalytic properties of these four materials for both anodic and cathodic

half-reactions of water-splitting.

2. Experimental

Synthesis and Characterization. Polycrystalline sample of Sr9C02MnsOz1, SroNixMnsOai,
SroCuzMnsOz1, and  SroZnoMnsOz1 were synthesized by solid-state synthesis method.
Stoichiometric amounts of StCO3, MnO», C0304, N10, CuO, and ZnO were mixed, pelletized, and
heated in air at 1200°C for 24 h and then quenched in the air. This process was repeated four times,
with re-grinding and re-palletization between heating cycles. The ramp rate of the furnace for
heating and cooling was 100°C/h. Powder X-ray diffraction data were collected at room
temperature using CuKay radiation (\=1.54056 A). The X-ray diffraction data were analyzed using
GSAS" software with EXPEGUI interface.?’ X-ray photoelectron spectroscopy (XPS) was carried
out using Al Ka radiation at room temperature. The microstructures were characterized using a
Thermo Fisher Apreo C LoVac Field Emission Scanning Electron Microscope (SEM) with a Back-
scattered detector (BSD) at an acceleration voltage of 5-30 kV.

Electrochemical Measurements. Electrochemical experiments were carried out in a three-
electrode system using a rotating disk electrode at room temperature in 1 M KOH solution. A
glassy carbon electrode loaded with the catalyst was used as the working electrode. Platinum (for
OER) and carbon (for HER) were used as counter electrodes, and Hg/HgO was the reference
electrode. The catalyst ink was prepared by mixing 35 mg of oxide catalyst, 7 mg of carbon black,
20 pl of nafion, and 7 ml of tetrahydrofuran (THF). The mixture was sonicated for 1 hour to get a

homogeneous ink suspension in a 20 ml glass vial. The working electrode was prepared by drop-



casting 20 ul (two coats of 10 ul) of the ink on a glassy carbon electrode. The electrochemical
experiments were carried out using a rotating disc electrode at a rotation rate of 1600 rpm. The
reference electrode was calibrated periodically using H> gas. The AC impedance method was used
to measure resistance, which was then used for iR correction of potentials. The iR-corrected
potentials were converted to the reversible hydrogen electrode (RHE) potential scale for all cyclic
voltammograms (CVs). The conversion from Hg/HgO reference electrode scale to the RHE scale
was done using the equation®! Erug = Engiieo + 0.0592pH + E°ugmgo0, Where E°ugmgo = 0.098 V.

Chronopotentiometry experiments were done using two nickel foam electrodes, on which the
catalyst ink had been dropcast. A current density of 10 mA/cm? was applied and the potential was

measured over time.

3. Results and Discussion

3.1. Crystal Structure

We note that the 1D connectivity in these materials only applies to the MnOs/MOs polyhedra (M
= Co, Ni, Cu or Zn), which form 1D chains. As mentioned previously, the crystal structures of
Sr9C0,MnsO2;!7 and SroNixMnsO»1'® have been reported to form a trigonal R-3c structure,
although the metal valence states were not determined. On the other hand, SroCu>MnsO21 and
Sr9Zn>MnsO21 have not been reported before. We have found that these two new materials also
form the same structure, with nearly identical X-ray diffraction patterns, as shown in Figure S1.
The four materials belong to a family of oxides, where the general formula is often represented as
(A3B309)m(A3MBOg)n.!”> ¥ For materials studied in this work, m =1,n =2, B=Mn, and B = Co,
Ni, Cu or Zn. The A3B309 building blocks contain three BOg octahedra (indicated by a in Figure

1), while the AsMBOgs component consists of two BOs octahedra located between two MOg



trigonal prisms (b in Figure 1). These units are connected to form infinite chains of face-sharing
MnOgs octahedra (O), and MOg trigonal prisms (TP), which repeat in the sequence ...-30-TP-20-
TP-... (Figure 1).!7 This is expected given the ratio Mn/M = 5/2, and the longer bonds in trigonal
prismatic coordination, which is more suitable for the large divalent M metals. The chains are held
together by strontium ions, which reside between the chains and have alternating nine and ten-fold

coordinations.

Figure 1. Crystal structure of SroM>MnsO21 (M = Co, Ni, Cu, Zn). The MnOs and MOg polyhedra
are shown in gray and blue, respectively. Green spheres represent strontium.

In terms of microstructure, these materials have similar grain sizes, as evident from the scanning
electron microscopy (SEM) images in Figure S2. In addition, iodometric titrations were done for
all four materials to determine the oxygen stoichiometry, showing 21 oxygens per formula unit.

This was also confirmed by XPS, as described below.



3.2. X-ray Photoelectron Spectroscopy (XPS) Studies

The XPS spectra for manganese are shown in Figure 2. We note that the synthesis precursor for
all materials contained tetravalent manganese, and the syntheses were done in air. Therefore, these
materials are expected to contain tetravalent manganese. The binding energies for different valence
states of manganese in oxides are close to each other. Therefore, we also obtained XPS spectra on
reference materials, MnoO3; and MnQO,, for comparison. As shown in Figure 2, the manganese
spectra for all four materials are consistent with tetravalent state, showing binding energies above

642 eV .22
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Figure 2. XPS spectra showing tetravalent manganese for all four materials: (a) SroC02Mns0O2;,
(b) Sr9Ni2MnsO21, (¢) SreCuxMnsO;1, and (d) SroZn,MnsO21. The Mn2O3 and MnO» spectra are
also shown for comparison.

For SroC02Mns0O»1, the cobalt spectrum (Figure 3a) shows the 2p3» peak at about 780 eV, along
with a satellite peak at about 786 eV. The 2ps2 and satellite peak positions are consistent with
divalent cobalt.?> 26 We note that the satellite for trivalent cobalt would appear at about 9-10 eV
higher than the 2ps,, peak,?’ which is not observed here. Therefore, the XPS spectrum indicates

that cobalt is in divalent state. For SroNixMnsOx1, the 2ps3/> peak for Ni** is expected to appear in

the range of ~854 eV?% 252 t0 ~855.1 eV.** The nickel spectrum in Figure 3b shows the 2p3» peak



at about 855.06 eV, indicating divalent nickel. For SroCuMns0O»1, the copper spectrum (Figure
3¢) shows the 2p3» peak at about 933.8 eV, along with satellite peaks at 940.8 eV and 943.4 eV.
These are consistent with divalent copper, as expected.?? For SroZn.MnsOz1, the zinc spectrum
(Figure 3d) shows the 2ps, peak at about 1021.2 eV as expected for divalent zinc.?!

Therefore, the XPS studies indicate that all four materials comprise tetravalent manganese

combined with divalent cobalt, nickel, copper or zinc.
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Figure 3. XPS spectra for (a) SroCooMnsOz1, (b) SroNizMnsO21, (¢) SroCuxMnsO»1, and (d)
SroZnoMns0O»1, showing divalent cobalt, nickel, copper and zinc, respectively. Manganese is
tetravalent in all four materials.

3.2. Electrocatalytic Properties for HER

The electrocatalytic activities of the four materials were first investigated for the cathodic reaction
of water-sitting, i.e., hydrogen-evolution reaction (HER). Figure 4a shows the polarization curves
for the four materials. The onset potential, where a sudden increase in the current-response
signifies the start of the HER, is one of the parameters used for the evaluation of different

electrocatalysts. However, there are often uncertainties in choosing the onset potential by different



observers.>? Therefore, by convention, the overpotential at 10 mA/cm? is used for comparison of

different HER electrocatalysts.
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Figure 4. (a) HER p(olllrization curves in IM KOH. (b) HER Tafel Llczts and slopes.
The overpotential is the excess potential beyond the thermodynamic value, which is required to
operate an electrocatalytic reaction.?!3*3* The thermodynamic potential for HER is 0 V vs RHE.
The overpotential values at 10mA/cm? for SroCoaMnsO21, SroNixMnsOa1, SroCuxMnsOa1, and
St9ZnoMnsO»; are -0.58 V, -0.58 V, -0.75 V, and -0.92 V, respectively. Clearly, the Co and Ni-
containing materials show the lowest overpotentials. The overpotentials of these materials are not
as low as those of some oxides such as LaFeOj3 (-0.48 V)*° and CaxFeCoQOs-5 (-0.25 V),!* but are
lower than those reported for some others, such as Ca;Sr2Mn;FeOjo-5 (-0.66 V) and LaSr2FesOs (-
0.77 V).3® The HER kinetics was evaluated using the Tafel equation, which is expressed as n = a
+blogj,>” where a=-(2.303RT/aF)logjo, b=2.303RT/aF, 1 is overpotential, jo is exchange current
density, a is charge transfer coefficient, T is temperature, F is Faraday constant, R is universal gas
constant, and ; is the current density.?” Faster HER kinetics is marked by a smaller slope of the

plot of n versus logj. As seen in Figure 4b, the lowest Tafel slopes are observed for SroNi2MnsO»1



and SroCo2Mns0Oz1, which also show the lowest overpotentials, indicating better electrocatalytic
activity.

3.3. Electrocatalytic Properties for OER

The electrocatalytic activities of all four materials were also investigated for the anodic reaction
of water-sitting, i.e., oxygen-evolution reaction (OER), which is usually considered the bottleneck
for the water-sitting process. Figure 5a shows the OER polarization curves, indicating that
SroNi2MnsOz; has the lowest onset potential. Also, this material shows the lowest overpotential,
defined as 7710 = E — 1.23 V, where 1.23 V is the thermodynamic OER potential, and E is the

potential at 10 mA/cm?.
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Figure 5. (a) OER polarization curves in 1M KOH. (b) OER Tafel plots and slopes.
The overpotential values are 710 = 0.61 V, 0.37 V, 0.67 V, and 0.82 V for SroCo>MnsO21,
SroNioMnsO21, SroCuzMnsOzi, and  SreZnoMnsOzi, respectively. The OER activity of
SroNi2MnsOz; is remarkable, and its overpotential is comparable to that of the noble metal catalyst
RuO;, with a reported overpotential of ~0.4 V in 1 M KOH.?* It is also lower than those reported

for many other oxide catalysts, such as NdBaMn,Oss (~0.4 V)** LaSroFe;Os (0.63 V),



LaMnosCo050; (0.46 V),'! and LaFeOs (0. 47 V). In addition, it leads to the fastest OER
kinetics, as indicated by the Tafel plots in Figure 5b, which show the lowest Tafel slope for
SroNi2MnsOz1. In addition, chronopotentiometry experiments were done to demonstrate the

stability of this catalyst, as shown in Figure S3, which indicates excellent stability for 100 hours.
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Figure 6. (a) Representative cyclic voltammetry data for SroNioMnsOz; in non-faradaic potential
region. (b) Plots of javerage versus scan rate, indicating the double layer capacitance (Car) as slope.
We also evaluated the double-layer capacitance (Ca), which is important due to its direct
proportionality to the electrochemically active surface area.*” This is done by cyclic voltammetry
experiments at different scan rates in a non-faradaic potential region, where electron transfer
processes are insignificant. The Cqi value can be obtained using the equation* jayerage = Ca1 ¥.

In this equation, javerage is the average of the absolute values of janodic and jeathodic at the middle
potential of the non-Faradaic CV, and v is the scan rate. Therefore, the Cq value can be obtained
from the slope of the javerge versus v plot.*® As observed in Figure 6, the best catalyst,
SroNi12MnsOz1, also shows the highest Cq value among the four materials. Furthermore, we
obtained electrochemical impedance spectroscopy (EIS) data for all four materials under OER

conditions, indicating the lower charge transfer resistance of SroNi2MnsO21 compared to the other
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three materials, as shown in Figure S5.

We also evaluated the stability of the best catalyst, SroNi2MnsO»1, by XPS and X-ray diffraction
before and after electrocatalytic OER experiments, as shown in Figure 7. The X-ray diffraction
pattern of SroNi>MnsO»1 remains nearly unchanged after OER, indicating that this material retains
its structural framework upon electrocatalytic activity. In addition, we were interested in
confirming whether manganese, which has multiple stable oxidation states, and can be prone to
oxidation, retains its valence state in SroNi2MnsOz1. The XPS spectra in Figure 7b show almost no

change in binding energies of 2p32 and 2p1/2 peaks, confirming the stability of SroNi2MnsOa;.
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Figure 7. (a) X-ray diffraction data and (b) XPS spectra showing the Mn peaks, before and after
OER experiments for SroNizMnsO2;.

The enhanced electrocatalytic activity of SroNi2MnsO»; is related to the unique characteristics of
nickel in this compound. Nickel-based oxides have shown interesting catalytic activities for

different electrochemical reactions.*® 4! The ability of Nickel to undergo reversible changes in

11



valence state, from —1 to +4, is a contributing factor.***> Among the materials studied in this work,
the incorporation of cobalt, nickel, copper and zinc lead to a wide range of electrocatalytic
performances, with the nickel-containing material showing the best performance. This may be in
part related to the higher electronegativity of nickel.*’ It has been suggested that higher
electronegativity of the transition metal leads to a better hybridization of metal 3d and oxygen 2p
states, which enhances the electrocatalytic activity.* We note that copper has a similar

electronegativity to nickel.*

However, compared to nickel, copper shows a lower degree of
versatility in its valence states, which is essential to the electron transfer processes involved in
electrocatalytic reactions. The importance of the ability to acquire different valence states to the
capability of undergoing various electronic transitions in OER/HER electrocatalysis has been
discussed before.*!*> Therefore, we attribute the higher electrocatalytic activity of the Ni-

containing material to a combination of higher electronegativity and versatile valence states of

nickel, which reenforce each other’s effects.

4. Conclusions

Overall, the remarkable electrocatalytic performance, high stability, and the ability to catalyze both
half-reactions of water-splitting are outstanding features that indicate quasi-1D oxides can be
suitable candidates for applications as electrocatalysts in water electrolysis. In particular the OER
activity of SroNi2MnsO»; surpasses those of many previously reported 3D and 2D oxides, and is
comparable to that of noble metal catalysts such as RuO». Thus, this work introduces a new family
of highly active oxide electrocatalysts, featuring a quasi-1D structure, for electrochemical water-

splitting.
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Supporting Information: X-ray diffraction data, structural parameters, SEM images,
chronopotentiometry data, cyclic voltammetry data in non-faradaic region, electrochemical
impedance spectroscopy data in the OER potential region.
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