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Abstract

Oxygen electrocatalysis is vital for advanced energy technologies, but
inordinate challenges remain due to the lack of highly active earth-
abundant catalysts. Herein, by nanostructuring and defect
engineering, we enhance the catalytic properties of naturally
occurring, but normally inactive ore hematite (Ht) by converting it to
hematene (Hm) with oxygen vacancies (Ov-Hm), that becomes an
efficient oxygen evolution reaction (OER) catalyst, being even
superior to the state-of-the-art catalyst IrO,/C, with a current density
of 10 mA/cm? at a lower overpotential of 250 mV. The first-principles
calculations reveal that the reduced dimensionality and defects on
the Hm surface locally modify the charge around the adsorption
sites, which results in a reduction of the potential barrier in the OER
process. Our experimental and theoretical insights suggest a
promising route to the development of a highly active electrocatalyst
from the naturally occurring and abundant material for OER
applications.

Introduction

The ever-growing energy crises and environmental issues are the
major threats for human society, which has been a stimulus to the
exploration of clean and renewable energy conversion and storage
technologies.»? Among these, electrochemical water splitting is a
promising approach to fulfill the worldwide energy requirements.>*>
However, the efficiency of this technology is restricted due to the
sluggish kinetics of the anodic oxygen evolution reaction (OER) owing
to the multistep four-electron oxidation process.®” As a result, low
cost, earth-abundant, and highly efficient catalysts are required to
improve overall energy efficiency. To date, Ir- and Ru-based
materials are still recognized as the benchmark catalysts owing to
their superior activity.8° However, the high cost and scarcity of these
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noble metals have limited their widespread applications. Therefore,
earth-abundant efficient electrocatalysts should be designed for
OER. In that context, transition metal ores including Ni, Co, Fe, Mo,
etc. have been extensively explored.l’®> However, most of the
catalysts have modest electrocatalytic performance due to their poor
electrical conductivity, a limited number of active sites, and low
adsorption energy of the reactants. So, for tuning their
electrochemical performance, various optimizing protocols such as
synthesis of ultrathin two-dimensional (2D) materials, creating
defects, forming the composite, doping by foreign atoms, etc. have
been studied.’®2! As a result of these efforts, these catalysts
demonstrated a higher catalytic activity, being even better than the
benchmark catalysts.’>1¢ So, applying these strategies to naturally
occurring ore and utilizing it in electrochemical applications should
be quite beneficial as well as cost-effective, but it also presents a
significant challenge.

Among these strategies, the development of ultrathin 2D
nanostructured materials and defect engineering have recently
received particular attention.1®2223 2D materials possess a unique
structure, atomic-scale thickness, high surface-to-volume ratio,
exhibit quantum size effect and unusual physical, chemical, and
electronic properties. Very recently, a new class of non-vdW 2D
materials including hematene and ilmenene have been successfully
exfoliated from their non-layered crystal counterparts.?*2> In
contrary to typical 2D materials, the rich unsaturated coordination
sites in these nanomaterials provide excellent opportunities for
modulation of their properties as well as new functionalities for
various applications.

Among the Fe-based catalysts, hematite (a-Fe,03) is the most
promising material for photochemical and photoelectrochemical
applications.2627 At the same time, it is ineffective in electrochemical
applications due to its low electrical conductivity and low
concentration of active sites. However, its earth-abundance and low
cost in comparison with other catalysts motivate the efforts aimed at
improving its electrocatalytic activity. Herein, we synthesize
crystalline hematene (Hm) from natural hematite (Ht) by liquid
exfoliation. Using a chemical reduction method, oxygen vacancies
are created in Hm for exploring its electrochemical OER activity. The
as-prepared Hm with oxygen vacancies (Ov-Hm) demonstrates a

Page 2 of 9


https://doi.org/10.1039/d0ta00422g

Published on 03 March 2020. Downloaded by Helmholtz-Zentrum Dresden-Rossendorf on 3/9/2020 8:11:00 AM.

of-Materials' Chemistry A

COMMUNICATION

Journal Name

(d)

—_
g
S’

Hm

£l e
g 2
= =
7] =
5 g
?E Ht -

=
) Y

~_
=

Intensity (a.u.)

Intensity (a.u.)

—

—
550 600 650 700 200 250 300
Raman Shift(cm )

350
Raman Shift (cm’l)

D58 530 532 54
Binding energy (eV)

528
Binding energy (eV)

530 532 534

Fig.1 Structural characterizations of as-synthesized Hematene (Hm) catalysts. (a) Scheme showing the exfoliation of Ht to Hm. (b) TEM
(scale bar: 100 nm) and (c) HRTEM image of ultrathin Hm (scale bar:2 nm). (d) Formation of Eu mode in the Raman spectra of Hm. (e) Change
in intensity of ratio of E; to A; mode. XPS spectra of O 1s for Ht (f) and Hm (g).

remarkable activity and stability as a catalyst for OER under alkaline
conditions. The first-principles calculations provide microscopic
insights into the experimental observations of the enhanced catalytic
performance of Ov-Hm, which is attributed to the modification of the
electronic charges on the active sites and adsorption energy of the
OER intermediates in the presence of oxygen vacancies.

Results and discussion

2.1 Synthesis and characterization of Hm. Few-layers of Hm were
synthesized via liquid exfoliation from Ht (Figure 1a). The The
morphology of Hm is supported by high-resolution transmission
electron microscopy (HRTEM) analysis (Figure 1b, c). The HRTEM
reveals the (001) plane of Hm (Figure 1c).?* The selected area
electron diffraction (SAED) pattern confirms the single-crystalline
nature of the 2D sheets.?® The estimated thickness of as-synthesized
Hm supports the formation of bi/trilayers of sheets (Figure S1). The
X-ray diffraction (XRD) was used to study the crystalline structure of
Ht and Hm (Figure S2a). The XRD patterns clearly show the crystal
structure of a-Fe,0; without any impurities. The XRD pattern of Hm
is perfectly indexed with Ht. Also, in comparison to Ht, the main peak
is shifted to a higher angle with uniform broadening, which may be
attributed to the strain present in the sample (Figure S2b).24?° In the
Raman spectra of Ht, six dominated peaks are observed (Figure S3),
3031 while seven dominated peaks are formed in the case of Hm. The
additional peak appeared at 659 cm™ is assigned to the Eu modes,
and it indicates the structural disorder within the crystal lattice
(Figure 1d).?* In addition, the intensity and frequencies of the
dominant A;; and E; modes are changed in Hm (Figure 1e). The Ay,
modes shift towards lower frequencies (redshifted), whereas the E,

2| J. Name., 2012, 00, 1-3

modes appear at higher frequencies (blue shifted). All the above
results are in a very good agreement with the previous experimental
data?* supporting the successful preparation of Hm. The X-ray
photoelectron spectroscopy (XPS) spectra of Ht and Hm are shown in
the Figure S4a. Fe 2p spectrum shows the characteristic peaks of Ht,
but a shift of the peaks to higher binding energy was observed in Hm
as compared to Ht (Figure S4b). The O 1s spectrum of Ht and Hm
displays two peaks centered at 529.5 eV and 531.5 eV corresponding
to the lattice oxygen and undercoordinated surface oxygen atoms,
respectively (Figure 1f and 1g). The spectrum shows an increase in
the intensity of the latter for Hm (Figure S4c) that signifies the
increase in the number of surface oxygen atoms due to the 2D
morphology of Hm.24.25.28

2.2 Synthesis and characterization of Ov-Hm. Further, we have
created oxygen vacancies on the surface of Hm by adopting a
chemical reduction method. 2232 The reducing agent provides
electrons to the metal ions (Fe*3) as a result of the reduction in the
oxidation state of metal ions (Fe*?). To maintain the charge
neutrality, oxygen vacancies appear (Figure 2a).33 The Raman peaks
of Ov-Hm are well indexed with the characteristic peaks of Hm
(Figure S5). The negative shifting and broadening of the peaks point
out the oxygen deficiency in Ov-Hm (Figure S5b).34 In XPS of Fe 2p
spectrum, in addition to the satellite peak of Fe*3 (719.5 eV), another
small peak appears at 715.8 eV that indicates the presence of FeZ*
(Figure 2b).3>The formation of oxygen vacancies on the surface of Ov-
Hm is balanced by the conversion of some Fe3* species to Fe?*. The
analysis of O 1s spectrum also reveals the presence of oxygen
vacancies on the surface of Hm (Figure 2c).3* The peak at 531.5 eV
has a higher intensity in comparison to Hm which suggests an

This journal is © The Royal Society of Chemistry 20xx
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Fig.2 Structural characterizations of as-synthesized Ov-Hematene
(Ov-Hm) catalysts. (a) Schematic presentation of the
transformation from Hm to Ov-Hm. Brown spheres represent Fe
atoms and red spheres stand for O. (b) Enlarged Raman spectra
showing the down shift of the peaks after vacancy creation. (c)
Core-level Fe 2p XPS spectra overlap of Hm and Ov-Hm. (d)
Normalized Fe K-edge XANES spectra of all samples. (e) Fe K-edge
Fourier transform of k2-weighted of all thin films. The symbol shows
data and solid lines are the best fitting data.

increase in the concentration undercoordinated surface oxygen
atoms in the matrix of Hm.343¢ The Mott—Schottky (M-S) analysis is
another effective method for confirming the presence of oxygen
vacancies.3* The donor density (Ng) was calculated from capacitance
measurements at 10 kHz frequency (Equation S12). The N4 values for
Hm and Ov-Hm are estimated to be 4.06x10'8 and 3.61x10%9,
respectively (Figure S6). As dopant is not used in the present case,
the increase in donor density attributes to the oxygen vacancies.343>
To understand the local bonding environment of Fe, Fe K-edge
XANES spectra were carried out (Figure 2 (d)). The decrease in the
intensity of the pre-edge peak of Hm around 7115 eV suggests a
higher local oxygen coordination environment around the Fe atoms.
Further increase in the intensity of the pre-edge peak of Ov-Hm
suggests reduced oxygen coordination.?837 The corresponding
Fourier transform (FT) of Fe edge XAFS spectra of all samples were
fitted using a Hematite R-3c crystal structure (Figure 2e) and
summarised in Table S1. The FT data clearly shows that the Hm has
increased coordination number due to an increase in the number of
surface oxygen atoms.3” Further, the coordination number of Fe
decreased in Ov-Hm that suggests a higher concentration of oxygen
vacancies in Ov-Hm.

2.3 Electrocatalytic activity evaluation. The 2D nature of Hm
associated with a high surface area suggests that the material can be
electrocatalytically active towards OER. Besides, structural defect
engineering is known to enhance the activity of 2D materials for
various electrocatalytic reactions. In the case of OER on metal oxides,

This journal is © The Royal Society of Chemistry 20xx

the catalytic activity depends on two major factors: the, numbsrof
active sites subjected to electrolyte and the@xidatiéh/ Eatelsf dke
transition metal. Therefore, defects such as vacancies have a
remarkable influence on the adsorption-desorption efficiency of the
OER intermediates and further improve the electrocatalytic
performance.”:23 Figure 3a presents the LSV polarization plots of the
as-synthesized materials. The LSV plots are presented in RHE scale
after calibration of the Ag/AgCl reference electrode in 1M KOH
(Figure S7) and also before and after iR correction (Figure S8). The
modified Hm electrode efficiently catalyses the OER activity with
increased current density (~100 times) and lower onset-
overpotential (180 mV) as compared to Ht. The OER activity of Hm is
further enhanced by creating defects on the surface. To yield a
current density of 10 mAcm2, a lower overpotential (250 mV) is
required for Ov-Hm in comparison to Hm (280 mV). In addition, Ht
does not achieve the yield values of 10 mAcm2, which signifies the
importance of the reduced dimensionality in the activity of Hm. The
OER activity of Ov-Hm shows a noticeable improvement over the
state-of-the-art catalyst IrO,/C (Figure 3b). To study the reaction
kinetics of the aforementioned catalysts, the Tafel plots were
analyzed (Figure 3c). The Ov-Hm shows the lowest Tafel slope value
of 34 mV/dec among the studied samples e.g. two times faster
reaction kinetics as to IrO,/C. Furthermore, the OER activity of Ov-
Hm is compared to other Fe based catalysts and stands as the best
Fe-based OER catalysts to our knowledge (Table S2).

For optimizing the concentration of oxygen vacancies in Hm, the
OER activity has been summarized at different periods of the
reduction reaction (Figure S9 a, b and discussion in SI). During the
OER polarization, the pre-oxidation peak of Fe was observed for Hm
and Ov-Hm, but not in Ht. That plays a crucial role in the formation
of active oxyhydroxide on the surface and shows the importance of
defects as active sites for OER.383 It is assumed that the increase in
the concentration of oxygen vacancy on the surface of the catalysts
facilitates the formation of oxyhydroxide. Cyclic voltammetry (CV)
has been carried out to understand the significance of the observed
OER pre-oxidation peak (Figure S10 a, b). Such a redox peak is
observed for Hm and Ov-Hm, but not for Ht. This suggests that the
surfaces of Hm and Ov-Hm undergo an irreversible surface
reconstruction and form a suitable OER catalytic surface.
Additionally, oxygen vacancies provide structural flexibility in the
catalysts for surface reconstructions.

On the electrocatalysis surfaces, OER proceeds through
consecutive four steps proton-coupled electron transfer mechanism
and metal centers mostly act as active sites. On metal oxides
surfaces, active metal centers as well as surface oxygen act as active
sites. Previous studies showed that the involvement of oxygen on
metal oxide surfaces in the OER mechanism was dependent on the
pH value.*94l The pH-dependent activity of Ov-Hm, Hm and Ht
(Figure S11 a-c) confirm that the involvement of undercoordinated
surface oxygen atoms is crucial for controlling the OER process. The
pH dependency arises due to the change in the affinity of hydroxide
ions and electron transfer kinetics at the catalysts-electrolyte
interface. The change in current density is higher in Ov-Hm than Hm
or Ht (Figure S11 d). To track the undercoordinated surface oxygen
atoms, a chemical probe tetramethylammonium cation (TMAY) is

J. Name., 2013, 00, 1-3 | 3
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surface oxygen.*>#*2 The OER activity of Ov-Hm and Hm s
dramatically reduced as compared to Ht in the presence of TMA*
(Figure 3d). Similarly, the Tafel slope of Hm and Ov-Hm is suppressed
(Figure 3e). This suggests that TMA* ions bind the undercoordinated
surface oxygen atoms during the OER so decrease the catalytic
activity. The binding of TMA* is also confirmed by Raman
spectroscopy, where three additional peaks in the spectra appeared
at 755, 952 and 1463 cm™ (Figure 3f).% Interestingly, the intensity of
all the three peaks are higher in Ov-Hm than in Hm albeit no such
peaks are observed in Ht. The above results showed that
undercoordinated surface oxygen atoms act as active centers for
electrocatalytic OER applications.

The formation of oxygen bubbles during the electrocatalytic
reaction is confirmed by Rotating Ring-Disk Electrode (RRDE)
experiment.*>16 The exclusive generation of O, is supported by the
oxygen reduction reaction (ORR) polarization curve collected from
the ring electrode at a constant disk potential of 1.5 V (Figure 4a).
During OER polarisation, a very negligible current density was

This journal is © The Royal Society of Chemistry 20xx
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observed in the ring electrode that assigned to the electro-oxidation
of generated H,0, (Figure 4b). This observation validates the four-
electron pathway for OER on Ov-Hm. The Faradic efficiency was
calculated from the ratio of ring and disc current during the RRDE
experiment (Equation S13) to evaluate the performance of the
catalyst.’®43 By applying 300 pA constant current on the disk
electrode, 58.7 pA current was generated at the ring electrode
during OER (Figure 4c). This corresponds to a high Faradic efficiency
of 97.8% for Ov-Hm. The enhanced OER activity of the as-synthesized
catalysts was further accessed by electrochemical surface area
(ECSA, Figure S12), roughness factor (R;), turnover frequency (TOF),
mass activity (MA) and the results are summarised in Figure 4d and
Table S3. The higher ECSA, TOF and MA value of Ov-Hm suggest
higher intrinsic activity compared to other catalysts (The details are
discussed in SI).

alkaline medium by M-S analysis (Figure S14 and discussioninSll-The
linear fit of the M-S plot gives the positive Blopés that/ ifdicate the
materials are n-type semiconductors (Figure S15). The flat band
potential (Vsp), donor density (Ngq) and Debye radius (Lp) are derived
from M-S plot (Equations S11, S12, S13 and Table S4). The high value
of Vg, and low Ny observed for Ht suggest its unsuitability for
photocatalytic and electrocatalytic activity. Among the considered
catalysts, Ov-Hm shows the highest negative Vj, highest Ny and
lowest Lp value that signifies the increased electron density and
charge-transfer ability toward efficient OER process. Ov-Hm also
shows excellent stability towards OER (Figure S16a). After 5,000
cycles of continuous operation, slight potential degradation was
observed. Similarly, in chronopotentiometry test, Ov-Hm exhibited a
very steady potentiometric profile with 99% operational potential
retention over 30 h of continuous operation whereas the benchmark
catalysts IrO,/C yields 95% operational potential retention over only
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Fig.4 RRDE experimental and electrochemical characterization of Hm and Ov-Hm. (a) LSV curve of ORR at a disc potential of 1.50 V (b)
RRDE measurement of Ov-Hm in O,-saturated 1M KOH solution (ring potential: 1.50 V). (c) Faradic efficiency calculation of Ov-Hm by using
RRDE technique. The inset illustrates the efficiency testing mechanism and configuration of the RRDE. (d) Comparison plot of mass activity,

TOF, and ECSA of Ov-Hm, Hm and Ht.

Electrochemical impedance spectroscopy (EIS) analysis (Figure
S13 and Table S3) reveals lower charge transfer resistance in Hm than
Ht. The creation of oxygen vacancies further reduces the charge
transfer resistance and develops metallic character on Ov-Hm, which
increases the OER kinetics. The electrocatalytic properties of the
catalysts were explored at the interface of electrolyte-electrode in

This journal is © The Royal Society of Chemistry 20xx

9 h electrolysis (Figure S16b). The structural changes in the materials
were assessed after the stabilty experiment. The post
charactrizations using TEM, XRD and Raman spectroscopy were
carried out for Ov-Hm after stability test (figure S17). No significant
changes were observed, which suggests the robustness of the
catalysts.

J. Name., 2013, 00, 1-3 | 5
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2.4 Density Functional Calulations. To rationalize the above
experimental observations and assess the effects of reduced
thickness and vacancies on the catalytic activity of bulk Ht, Hm and
Ov-Hm towards OER, first-principles calculations have been carried
out. In the case of Ht, we considered the (001) surface with Fe-
termination and the (104) surface terminated with oxygen. As for
Hm, a (001) faceted slab was created by isolating directly from its
bulk counterpart (see Figure 1) according to the recent experimental
report.2* The same experiment showed that the (001) sheet exhibits
higher structural stability than the (010) facet, while the later
converts to a significantly distorted configuration after exfoliation.
The higher stability of the (001) facet can be attributed to the highest
density of broken bonds in the trigonal crystal structure of Hm.** In
addition, surface coverage may play an important role in the stability
of non-vdW 2D samples and further affect the catalytic properties of
these materials. In this work, we assumed that the surface is not
passivated with reaction intermediates.

The in-plane lattice parameters of monolayer are ~3% larger than
that of the bulk counterparts while the thickness is about 3.01 A, in
a good agreement with the experimental value of 3.02 A 2The fully
optimized lattice parameters for bulk and monolayer structures are
summarized in Table S5. We then evaluated the surface energy of all
the studied surfaces. The calculated energy of (001) surface is 1.12
J/m2 which is lower than that for the (104) surface (1.41 J/m?) under
oxygen-rich conditions, which is consistent with the previous
density-functional theory (DFT) results 4>, In addition, the creation of
Hm from Ht is associated with a surface energy of 1.03 J/m?2, which is
much higher than those for layered materials, e.g. 0.37 J/m? for
graphene®® and indicates the non-van der Waals character of Hm
layers.

Oxygen vacancies are one of the most common defects in
transition metal oxides due to their low formation energies.*’ In
order to rationalize the effects of vacancies on OER, we removed one
of the oxygen atoms in the outermost layer of the studied systems.
In our supercell models with ideal O-termination, one O-vacancy

(001)-Ht

T T T

T i S ]
% ‘2 ke : 1 1 1
= 2 T T T T T
% us=15v. e (001)-Ht
0l et s st ! =--=Hm .
' Cocacooe 0 me=e. 0O -Hm

Fig. 5 DFT calculation of Hm and Ov-Hm. Top: The optimized atomic
structures of (001)-Ht, Hm and Ov-Hm. Brown spheres represent
émetal ions and red spheres show oxygen. The dashed black circles
indicate the position of oxygen vacancy. Bottom: Free energy
profiles for OER on (001)-Ht, Hm and Ov-Hm. The results are
obtained at external potential U, = 0.0, 1.5V and pH = 14.
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corresponds to a concentration of ~4% for (001) and (104 ) hematite
surfaces, i.e., one O atom removed from th&24 Buterfbst 60aters
in the supercell. Our calculations showed that the vacancy formation
energy in Hm (1.24 eV) is significantly lower than that on the
corresponding bulk surface (3.75 eV), suggesting that oxygen
vacancies are energetically more stable in Hm than on the surface of
Ht.In Figure 5, we analyze the OER reaction mechanism on Ht and
Hm surfaces by presenting the free energy changes (AG) of the
intermediates and products. The reaction intermediates for surfaces
with and without vacancy are plotted in Figure S18-S21. For each
intermediate step, the most favorable surface-active site was found
by comparing the adsorption energy of various surface sites. Our
results show that the limiting step of the OER process on the (001)-
Ht is step-l with an overpotential of 1.59 eV, which is similar to the
previous report*® while the overpotential is smaller than surfaces are
passivated with oxygen or hydroxyl under acid environment*®°, In
comparison to the (001) or (104) Ht surfaces (Fig. S22), Hm has a
smaller OER overpotential, as evident from step-Il in Figure 5 and
Table S6. The presence of vacancies further reduces the potential
barrier from 1.39 eV to 1.28 eV in Ov-Hm (Table S6). Our results
display a decrease in the adsorption energy of the intermediates,
which correlates with the local changes in the electronic charge of
the adsorption sites induced by the oxygen vacancies. Mulliken
population analysis (Table S7) confirms the depletion of the partial
charge on the intermediate molecules in the presence of the defect.
Our findings are consistent with the recent experimental’! and
theoretical reports®*>2 confirming the positive effect of oxygen
vacancy on the catalytic activity of the Ht surface. By applying the
overpotential of Ug = 1.28 V, it can be seen that all reaction steps
become exothermic for the catalyst with oxygen vacancies. We
further studied the effects of dissociated oxygen and we found that
the surface coverage affects the local environment of the active sites
and can significantly reduce binding energy of *O, (See Figure S22).

Conclusions

In summary, we have demonstrated that both structure and
defect engineering help to activate metal oxides for OER and
that defective surfaces act as active centers for electrocatalytic
OER. The exfoliation of Hm from naturally occurring Ht
combined with defect engineering increases the number of
active sites involving surface oxygen (in Hm), which not only
facilitates the reaction, but also provides structural flexibility
and increased conductivity in the catalysts. As a result, Ov-Hm
exhibits excellent OER activity and durability in alkaline
medium. The catalysts achieve the current density of 10
mA/cm? at an overpotential of 250 mV and durability up to 30
hours and 5000 cycles. The role of undercoordinated surface
oxygen atoms in the OER mechanism was confirmed by the pH-
dependent activity of the catalysts and TMA* probe analysis.
The first-principles calculations support the interpretation of
the experimental observations and attribute the enhanced
catalytic activity to a decrease in the adsorption energy of the
intermediates, which correlates with the local changes in
electronic charges of the adsorption sites induced by oxygen
vacancies on Hm. Hence, this work provides microscopic
insights into the OER reaction mechanism and represents an

This journal is © The Royal Society of Chemistry 20xx
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important step forward towards the development of highly
efficient and stable oxide-based catalysts to be used in next-
generation energy devices.
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