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Conversion of Inert Cryptomelane-type Manganese Oxide into An
Highly Efficient Oxygen Evolution Catalyst via Limited Ir Doping

Wei Sun®, Li-mei Cao®, Ji Yang®*

Abstract: The oxygen evolution reaction (OER) is a critical half reaction for energy storage techniques and is regarded as a
major challenge due to its sluggish kinetics and complex reaction mechanism. The traditional OER catalysts, such as IrO»,
RuO: and their binary or ternary oxides have finite large-scale commercial applications due to their significant cost and
rareness. Here, we hydrothermally synthesized cry-Ir by doping Ir into non-OER active cryptomelane-type manganese
oxide to significantly reduce the Ir mass ratio by 60.3% from 85.7% in IrO, to 34% in the developed catalyst, along with
higher OER performance with a lower onset potential and 10 times higher specific mass activity. The special tunnel
structure of cryptomelane plays an important role in promoting its OER activity through facilitating water molecular
insertion into tunnel. We combine Raman, XPS and TEM mapping to confirm that no IrO2, composite reclines on the cry-Ir
surface. The XPS and XAS spectra indicate substitution of Ir** on Mn3* site and presence of more 5d states in the Ir site
compared to IrO,. The differences in VBS spectra between cry-Ir, IrOz and cry-Mn indicate that the electronic structure of
Ir site is modified when Ir substitute Mn3* sites. Thus, this special tunnel structure and modified Ir electronic structure in
cry-Ir are responsible for the outstanding OER performance. Our studies provide an approach for designing effective Ir-
based OER catalysts whilst significantly reducing the consumption of precious elements.

Introduction

As the prevailing approach to overcome the increasing energy
demands, non-storable energy, such as solar energy and
thermonuclear energy, is converted to storable chemical
energy. However, these processes that capture energy in
chemical bonds undergo a critical anodic reaction-oxygen
evolution reaction (OER), which is regarded as a major
challenge*® due to its sluggish kinetics. Therefore, the design of
active and durable OER catalysts is one of the key initiatives in
energy conversion and storage. The promising catalysts include
transition metal oxides (TMOs)”*L. For example, the noble metal
oxides'> 13 are proven having excellent performance in acidic
solution and the first row spinel and pervoskite metal oxides!*1¢
have been broadly demonstrated with moderate over-potential
in basic solution.

In fact, the iridium oxides (IrO;) and ruthenium oxides (RuO,)
are universally considered to be state-of-the-art anode
materials'® 720 for OER and are applicable to solid polymer
electrolyte (SPE) water electrolysis. However, RuO; is less stable
compared to IrO, due to the oxidized RuO,4 being soluble during
the OER process?’. Unfortunately, iridium is very expensive,
which limits its large-scale commercial application. One valid
approach to overcome this bottleneck is to reduce the
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consumption of Ir in catalysts by the insertion of other metallic
elements into the IrO; lattice to form stable solid solutions, such
as binary or ternary oxides???. Ir,Ru;,0, IrSn;x0, and
IrkRuyTaiyO, have the potential to replace IrO, in water
splitting. The relative atomic mass of Ir is 192.2, which is
immense enough to exceed commonly an approximate of 50%
mass ratio for Ir in these doped binary or ternary oxides.
Efficient ruthenate-iridate pyrochlore OER catalysts?® have also
been prepared. However, Ru and Ce are also precious, and their
total mass ratio is more than 75% together with Ir. Therefore, it
is highly challenging but significantly meaningful to develop an
efficient OER catalyst with a much lower precious metal content
for potential large-scale industrial applications.

Here, we demonstrate that the cryptomelane-type
manganese oxides?’-3! (cry-Mn), which are commonly applied in
octahedral molecular sieves with little OER activity, not only
exhibit high OER performance in an acid solution after doping Ir
(cry-Ir) into the structure, but also sharply reduce the mass ratio
of Ir in the catalyst to 34% from 85.7% in IrO,. In particular, this
common cry-Mn material is cheap and abundant in nature,
which makes it more attractive. Another reason to select cry-Mn
is that the Mn in this structure has mixed valence due to the
presence of tunnel cations?®, and this will give rise to structure
variations like Jahn-Teller effect® 34 As pointed out in our
previous study?®®, Jahn-Teller effect is beneficial in terms of
improving the OER activity of IrOx doped with copper, due to
the efficiently tuned Ir electronic structure. Additionally, this
structure in common has a large tunnel (>6 A) (large adequate
for water molecule (dimeter ~4 A) to enter) due to the presence
of large cations such as K* or Ba?*, which eases water molecule
adsorption. Thus, it inspires us to dope Ir into this compound to
modify Ir's electronic structure to enhance the OER activity and
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Figure. 1. (a) and (b) are the SEM images of cry-Ir at different magnifications. (c) TEM image of cry-Ir, and the inset pattern is the
corresponding SAED. (d) HRTEM image of cry-Ir. (e)-(j) TEM-EDS element mapping of the cry-Ir. () TEM image of cry-Ir nanorod. (f)
Ir mapping; (g) Mn mapping; (h) K mapping; (i) O mapping; (j) The composite graph of four elements mapping.

subsequently reduce Ir consumption. The OER activity of
cryptomelane (cry-Mn), Ir doped cryptomelane (cry-Ir), Mn,0s,
IrO; and IryMn;0, (0O<x<1) rutile structure oxides are compared
in acid solution. We found that cry-Ir obtained an onset
potential closer to theoretical values and has almost the same
Tafel slope as IrO,. The electronic structure of Ir settled into the
cry-Mn lattice is significantly different than in IrO,, and is
contemplated responsible for its excellent OER performance.

Results and Discussion

Characterization of cry-Ir material

The cry-Ir, cry-Mn, IrO, and relevant materials are synthesized
via hydrothermal method and then crystalized at 600 2C. The
details of preparing materials are shown in Support Information.
The formation of cryptomelane oxides under hydrothermal
conditions from the previous studies revealed that it follows a
dissolution—recrystallization growth process3® 3’ in presence of
certain acidity. The acidic environment is therefore preferred for
the tunnel structure formation mainly due to an adequate
production of KOH accompanied by KMnO, hydrolysis, and the
added HCl accelerates the hydrolysis reaction. The Ir®* precursor
not only acts as a reductant likewise MnSO;* in preparing
cryptomlane oxide, but also adds a certain acidity itself to the
hydrolysis reaction. The acidity of initial solution is pH~2.38-2.49
and upon completion of hydrothermal reaction it lies in the
elevated range of 8.14-8.78. This doping is quite simple and
without use of any bulky capping agents. The morphology of
cry-Ir consists of nanorods as revealed by field emission
scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). The SEM images of cry-Ir at
different magnifications are shown in Figure. la-1b, where
nanorod morphology of cry-Ir is obtained that completely
agrees with previous studies® 3!, The width of the nanorod is
approximately 15-20 nm and the length is 200-400 nm read
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from TEM image in Figure 1lc. The selected area electron
diffraction (SAED) pattern indicates the obtained catalyst is
polycrystalline. The high resolution TEM (HRTEM) in Figure 1d
shows lattice fringes of the cry-Ir (211) plane with a spacing of
2.42 A, which is larger than 2.39 A in cry-Mn. This difference is
primarily due to the ion radius of Ir* (i.e.,, 76.5 pm in
octahedral) being larger than that of Mn* (i.e., 67 pm in
octahedral). The performed nitrogen adsorption isotherm
revealed that the surface area of cry-Mn, cry-Ir and IrO; is about
17 m?g?, 14 m?g?! and 30 m2g?, respectively, and without any
dependence on the variations in composition.

The XRD pattern shown in Figure. 2a reveals that the
diffraction planes of the prepared materials are in good agreem-
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Figure. 2. (a) XRD patterns of cry-Mn and cry-Ir. (b) Raman
spectra of IrO,, cry-Ir and cry-Mn. (c) EDS of cry-Ir.
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ent with cry-Mn, and no IrO, and other manganese oxides
diffraction planes were observed, indicating that Ir completely
enters the cry-Mn lattice. In addition, a striking feature of the
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diffraction peak positions with a Miller index (h k /) of I 2 0 is
that they were shifted towards lower angle, signifying an
increase in the ¢ axis length according to Bragg’s law. This result
is consistent with the HRTEM results, implying that larger Ir
doping into the lattice will enlarge the c axis. This homogeneous
doping is also observed from the element maping of cry-Ir as
shown in Figure.le-1j. The distributions of elements especially
for Ir and Mn on the nanorod are very uniform. The Raman
vibrations strongly depend upon the material structure and are
shown in Figure. 2b. In the case of IrO,, two major peaks around
561 cm?® and 728 cm? are assigned to E; and By; mode,
completely in consistence with previous studies3®4, It is clearly
found out that the E; and B,; peaks are not ovbserved in cry-Ir
sample, indicating absence of IrO; in cry-Ir sample. For cry-Mn,
locating around 641 cm™ and its shoulder peak on 577 cm™ is
assigned to A, mode due to its symmetric Mn-O vibration!.
However, a striking feature for Raman vibrations of cry-Ir is that
the shoulder peak disappeared and the main A, peak slightly
shifted to a lower frequency after doping Ir into the lattice,
suggesting that the doped Ir has altered the host structure.
Energy dispersive X-ray spectroscopy (EDS) and inductive
coupled plasma emission spectroscopy (ICP-AES) are performed
to determine the elemental contents of the material. As shown
in Figure.2c, K, Mn, Ir, and O were detected. Four samples
(Table S1) using the same synthesis conditions were examined
to determine the stability of the material composition, and the
EDS and ICP data indicate that the K, Mn and Ir mole ratios are
1.60-1.75, 6.208-6.24 and 1.76-1.792, respectively. Thus, the
composition of this material can be expressed as K ¢0-1.75(Mno.776-
0,73|r0,22.0224)8015. Remarkably, the mass ratio of Ir is only 33.5%-
34.3% in the entire catalyst compared to 85.7% in IrO,, which is
a significant reduction in the consumption of precious metal .

Electrochemical performance of cry-Ir and relevant materials

To determine their OER activity, the catalysts are anchored on a
Ti plate for cyclic voltammetry (CV) in 0.1 M HCIO, (see SI). In
the CVs curves, the current includes two contributions from the
charging current (ic) and the Faradic current (i¢). The charging
current is linear with the scan rate by equation 1:

i=Cq'v (1)
where C4 is the double layer capacitance and v is the scan rate.
Therefore, the CV current (i) can be normalized by equation 2:
i/v= Cq4 (constant) +ir/v (2)
to remark the Faradic response and reduce the charging current
effect. According to the OER Tafel kinetics, improvement in the
OER activity either reduces the intercept (i.e., decreased onset
potential) or lowers the Tafel slope to obtain a higher current
response under a specific overpotential (n). As shown in Figure
3a, the OER onset potential of IrO, approximately locates at
1.475 V (vs. RHE), while cry-Ir exhibits a lower onset potential of
approximately 1.40 V (vs. RHE), which is closer to the theoretical
OER potential (1.229 V). In addition, a Faradic current is
observed from 1.229 to 1.40 V in the cry-Ir sample, while IrO,
only exhibits primarily charging current. This is primarily due to
H>0 molecular adsorption on the catalyst. The rutile IrO; has a
octahedral chain along the c axis, and each chain is linked with
four neighboring chains to form 1 x 1 tunnel structure as shown
in Figure 3b. This tunnel size (approximately 4.5 A x 5.5 A) is
narrow for water molecule to enter. In contrast, as shown in
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Figure 3c, the cry-Ir has a wider 2 x 2 tunnel from two edge-
shared octahedra, which makes water molecule penetration
into tunnel structure easier. Therefore, the adsorbtion of water
molecules give rise to the strong Faradic current in cry-Ir and
further results in the lower onset potential.

The employed CV measurement also evaluates the
electrochemcial active surface areas (ECSAs) by extracting the
electrochemical double layer capacitance (Cq). In order to obtain
the Cq4 values, the potenital window with no apparent Faradic
response is reliable. From Figure.3a, the no apparent Faradic
process lie within the range of 0.28-0.43 V for IrO, and 0.33-0.5
V for cry-Ir. Then, we calculated the estaimated ECSAs (e-ECSA)
using following equation:
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Figure. 3. (a) Normalized CV curves with different scan rates for
cry-Ir and IrO; in 0.1 M HCIO,4. The vertical line correspond to
the potential window for estimating electrode ESCA. (b) and (c)
Crystal structure of IrO; and cry-Ir along the head of ¢ axis. The
tunnel size is indicated in schematic, respectively. Polarization
curves of cry-Ir, IrO,, cry-Mn and Mn,03 in 0.1 M HCIO,4. The iR
was corrected by 15 Q. (c) Tafel plots of cry-Ir and IrO,. The
dotted vertical line at 1.229 V indicates the theoretical OER
potential. The loading amount of all of the materials was 0.2 mg
cm2,

e-ECSA=Cq/C; (3)
Where Cs is the specific capacitance of an electrode. In here, the
typically specific capacitance of Cs=0.035 mF cmin 0.1 M HCIO,
is employed based on the reported value®’. The cry-Ir displayed
the e-ECSA of 55 m? g%, while the IrO, possess higher e-ECSA of
122 m? g%, which is consistent with our BET revelation.

As shown in Figure. 4a, cry-Ir exhibits a higher OER
performance than IrO,, and pure cry-Mn and Mn,0; (XRD
pattern in Fig.S1) exhibit no obvious OER response. The n
requirement at a current density of 10 mA cm is a meaningful
index because it is relevant to solar fuel synthesis®. Remarkably,
cry-Ir reaches this goal just with a small n~0.340 V, while IrO; at
the same n only affords 2.35 mA cm™. According to previous
studies, Mn(l11)¥ 4> may be the OER activity site. However, cry-
Mn and Mny0s, which present sluggish kinetics in here,
indicated that Mn site hardly contributes to the OER response in
cry-Ir. It is more reasonable to attribute the excellent
performance to the Ir site. The Tafel plot with a slope of 76 mV
dec? (Figure. 4b) confirms the high OER performance of cry-Ir,
and close to that of IrO, (74 mV dec?). These two materials
exhibit nearly same slope, indicating that they possess the same
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OER mechanism and confirms that Ir is the real OER active site.
The performed electrochemical impendence spectra (EIS)
reveale that both cry-Ir and IrO; have doublet semicircles which
confirms they undergo similar OER mechanism. The obvious
differences are that IrO; gives a low charge trasfer resistance in
Rct-1, while cry-Ir exhibits lower charge transfer resistance of
Rct-2. But cry-Ir shows a higher charge tranport efficency
because of the total resitance being lower than IrO,. The specific
activity by Ir, n requirements at 10 mA cm? and Tafel slope are
listed in Table 1. The specific activity by Ir of cry-Ir with ~147 A g
1 cmgeo? is approximately 10 times larger than that of IrO, with
~13.7 A g ctMmgeo?, which is extremely attractive and has a
promising application for OER. The intrinsic activities of
prepared catalysts is estimated by TOF (s?) (see SI TOF
calculation part) which assumes that every Ir atom is the active
site for OER. It can be found that the cry-Ir exhibits a
TOF~0.0737 s, which is 10.8 times higher than the TOF~0.0068
s executed by IrO,. This further verfies that the Ir site in cry-Ir
has a superior OER activity. The high OER activity of cry-Ir is
confirmed from the Table S1.
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Figure. 4. (a) Polarization curves of cry-Ir, IrO,, cry-Mn and
Mn,05 in 0.1 M HCIO,. The iR was corrected by 15 Q. (b) Tafel
plots of cry-Ir and IrO,. The dotted vertical line at 1.229 V
indicates the theoretical OER potential. The loading amount of
all of the materials was 0.2 mg cm=2. (c) Nyquist plots of cry-Ir
and IrO2 recorded at 1.4 V vs. SCE; Insert corresponding to the
equivalent circuit fit by using EIS data. The chronoampermetric
test of cry-Ir at 1.4 V vs. SCE. (d) Polarization curves of initial and
after tested by chronoampermetric test for cry-Ir catalyst.
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Table 1. The comparsion of IrO, and cry-Ir.

Catalyst Cry-Ir Ir0,
Onset potential (vs.RHE, V) 1.40 1.475
n@10 mA cm? 0.34 \

Tafel slope (mV dec?) 76 74
Specific activity @ 0.34 V (Ago g ~147.06 ~13.71
1cm72)

TOF (s!) @n=0.34V 0.0737 0.0068
e-ECSA (m2 g) 55 122
BET (m2g?) 14 30

ampermetric test demonstrates no obvious loss in OER activity
of cry-Ir sample, which further confirms its durability. The Fig.S2
are the SEM images and EDS of the cry-Ir on Ti plate before and
after OER test, it can be observed that the material still
maintains rod morphlogy and the EDS confirms that K/Mn/Ir
ratio has little change after test, which indicates that the
catalyst has a certen of stability during OER process.
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Figure. 5. XPS spectra of the (a) Ir-4f core level and (b) O-1s core
level of IrO,, cry-Ir and cry-Mn. The spectra are calibrated by C-
1s at 284.6 eV. (c) The Ir Ly~edge XANES spectra for cry-Ir and

IrO,. (d) The first derivative of normalized p(E).

In addition to the OER activity, the catalyst durability is
another important factor. The performed chronoampermetric
test as shown in Figure 4c shows no significant decrease in the
catalytic activity. The ploriaztion curve (Figure. 4d) after chrono-

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

XPS and XAS spectra characterize electronic structure and
crystal structure

XPS measurements are performed to obtain valence
information of both cry-Ir and IrO, (Figure 5a-5b). The Ir-4f core
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level spectra of both materials (Figure. 5a) exhibit a similar
strong asymmetry peak. The most likely explanation is final-
state effects during the photoemission process,* which has a
wide range application in metal oxides. Therefore, P-2 and P-4
with higher binding energies relative to the main peaks are not
due to a higher oxidation state. The binding energies of Ir-4f;,
and 4fss in IrO, are 61.78 eV and 64.73 eV, respectively, very
close to the IrO; single crystal values of 61.7 eV and 64.7 eV 4"
48, However, an obvious shift toward a low binding energy is
observed in cry-Ir compared to IrO,, and the shift value is 0.2
and 0.25 eV for 4f;,, and 4fs,, respectively. This result indicates
that a high electron density is located on the Ir site in cry-Ir
sample. Figure. 5b shows the O-1s core level spectrum. The
main peak labeled P-1 corresponds to lattice oxygen and the P-2
peak is commonly regarded as an oxygen vacancy contribution.

This journal is © The Royal Society of Chemistry 20xx

Here, the P-1 binding energy in cry-Ir is lower compared to IrO,
but relatively higher than in pure cry-Mn, which is primarily due
to the difference in electronegativity between Ir (i.e., Pauling
electronegativity 2.2) and Mn (i.e., Pauling electronegativity
1.55). Therefore, oxygen may gain electrons more readily from
Mn compared to Ir, which makes binding energy of oxygen
progressively lower with varying composition. This especial
electronic structure in cry-Ir case is also confirmed by X-ray
adsorption spectrcopy (XAS). Figure 5c displays the Ir-L; edge
XANES which is primarily from 2p->5d transition. Its adsorption
intensity called “ white line ” is senstive to occupation of 5d
electron states, the more occupied states the lower intensity. In
here, an obvious feature is the significant decrease of intensity
in “white line ” of cry-Ir sample compared with that of IrO,,
which means occupancy of more 5d states in Ir than in IrO,. The
first derivative x(u) (Figure 5d) shows the fact that cry-Ir has a

J. Name., 2013, 00, 1-3 | 5
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slightly lower edge adsorption than IrO,, indicating a lower Ir
valence state. These observations are consistent with our XPS
measurements.

In addition, IrkMn140, (0<x<1) are prepared to determine if
Mn is beneficial for improving the OER activity. Both pyrolusite
MnO, and IrO, are rutile structures, and the difference between
their ionic radii are 12.4%-14.1%, which is a less than 15%
threshold according to the Hume-Rothery rule. Therefore, it is
most likely possible to synthesize an Ir,Mn1x0> solid solution.
Fig. S3 shows the XRD patterns of the IrMni40, (0<x<1)
materials, which confirm that the Ir,Mn1,0, oxides can form a
same structure solid solution. Here, the valence variations of Ir
and Mn are interesting (Fig. S4a), and the binding energy of Ir-4f
increased as the Mn amount increased, which is in contrast to
the cry-Ir. In addition, the binding energy of Mn-2p slightly
decreased as the Ir amount increased (Fig.S4b). However, the
OER experiments with these materials (Fig. S5) demonstrated
that Mn does not result in OER improvement and confirm that
an Ir site with more electrons is beneficial for improving the OER
activity.

The cry-Mn is a member of the hollandite group with a
general formula of A(MngOs (where A can be a large radius
cation). Previous studies on hollandite suggest that octahedral
MnOs commonly exists as two types3> 3% 4 Mn(1)Os
corresponding to the Mn* site and Mn(2)Os related to low
valence Mn sites, such as Mn3*. For the Mn(2)Os, it often has a
Jahn-Teller distortion due to low valence Mn having a large ionic
radius resulting in apical elongation. The low valence Mn state is
confirmed by Mn-2p XPS displayed in Figure. 6a. The low
binding energy peak in pure cry-Mn corresponds to Mn3*, while
only one intensive de-convoluted peak is observed in cry-Ir.
Therefore, in here, the Ir may settle in the Mn(2) site of cry-Ir
due to the ionic radius of Ir** being larger than that of Mn3*.
This inference is also confirmed by the extended X-ray
adsorption fine structure (EXAFS). The Fourier transforms of
k3x(k) of Ir-L, edge is shown in Figure 6b. The first peak with
highest intensity corresponds to Ir-O bond with its IrOs
coordination. It is clearly shown that the average Ir-O bond
length of cry-Ir is higher than that of IrO,. Its k3(k) shown in
Figure 6¢ also clearly indicates that the frequency in cry-Ir is
slightly less than that of IrO,. This elongated Ir-O bond may be
the real reason for more occupied Ir-5d states in cry-Ir, but an
interesting feature is that the amplitude is also higher than that
of IrO,, implying more coordination numbers. The second peak
stems from Ir-Ir shell which corresponds to their ¢ axis in unit
cell. For cry-Mn, the length of c axis (in unit cell) is 2.84 A which
is lower than 3.15 A of IrO,. The Ir-Ir shell is apparently observed
in cry-Ir even with low mole ratio (0.16), and its R is lower than
that of IrO, but it approaches the cry-Mn cell ¢ value, indicating
that Ir is totally doped into cry-Mn lattice.

As demonstrated later, the possibility that Ir* substitutes the
Mn3* sites in Ir doped cry-Mn can be confirmed by
understanding the variation of Mn structure. Fig.S6 is the Mn-K
edge XANES, whose formation is mainly from the allowed
electrical dipole 1s—->4p transition. The 4p orbitals are totally
free but can overlap with p orbitals of ligands, consequently,
this transition is sensitive to the ligand environment and metal
oxidation state>®. From Mn-K edge XANES, the intensity of main
edge of cry-Ir is lower than that of pure cry-Mn, which indicates

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

a strong Mn-0 bond after doping Ir. The pre-edge is mainly due
to the quadrupole-allowed dipole-forbidden 1s—>3d excitation®?.
In here, both oxides have a doublet peak. Previous works>% 2
have systemically studied the pre-edge of different Mn oxides,
and this doublet is mainly due to the degeneration of Mn-3d
orbitals into t; and ez under Oh symmetry2. The pre-edge
intensity of cry-Ir is higher than cry-Mn depicting less 3d states
in Mn. This further shows that Mn state is higher than pure cry-
Mn having partial Mn3*. In addition, the first derivative x(u)
shows a slightly higher adsorption energy. Figure 6f-h are the
kK3x(k) Mn EXAFS spectra and the corresponding Fourier
transforms spectrum. The window of 2.2-3.2 A corresponds to
the c axis length, which becomes larger compared to cry-Mn. In
Figure 6h, the amplitude in cry-Ir is also higher, meaning that
doped Ir enlarges the cell parameters, especially ¢ axis. And
these are consistent with our XRD and HRTEM results. Although,
the Mn-0 bond has a slight variation in FT, but Figure 6g gives
no apparent change in frequency or even amplitude, meaning
that the coordination numbers and Mn-O bond have no obvious
change. In short, combining EXAFS, XRD, Raman spectra and
XPS, we can infer that Ir most likely substitutes Mn3* in cry-Mn
structure.

«— shoulder peak

-2 2468

LR

-2024681012

o I|- I Cry-Mn
m /\’\5\
/\‘ 20

2 4 6 8 10 12
-10 -5 0 5 10 15 20 2I= 30 35 40
B.E.(eV)

Figure. 7. VBXPS of IrO,, cry-Ir and cry-Mn with C-1s calibrated
at 284.6 eV. The vertical line crosses at 0 eV corresponds to E.
The inserts correspond to dash area. For the cases of IrO; and
cry-Mn, the shoulder peak close to Ef are indicated in the
inserts.

10 12

Intensity (a.u.)

-+— shoulder peak

Valence band structure properties from VBS

The valence band X-ray photoelectron spectrum (VBXPS) can
provide insight into the density and occupancy of electronic
states in the valence band of materials. Figure 7 shows the IrO,,

This journal is © The Royal Society of Chemistry 20xx
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cry-Ir and cry-Mn valence band spectra using Shirley
background. The peaks denoted |, I, Ill and IV correspond to rt-
antibonding (t*), m-bonding (1), o-bonding (o) orbitals and O-2s
component>3°6, respectively. In cry-Ir and cry-Mn, a strong and
narrow peak (V) was located at ~16 eV, corresponding to K-3p.
In the IrO, sample, a small shoulder peak (P-1) close to the
Fermi level (Ef) is observed. These observations are consistent
with previous experimental and theoretical studies of IrO, and
CalrOs°® %7 and arise from spin-orbital splitting of the Ir 5d-t;,
band into J=3/2 subbands occupied by four electrons and J=1/2
subbands occupied by one electron. A similar shoulder peak was
also observed for cry-Mn primarily due to Mn3* accompanied by
Jahn-Teller distortion (electron configuration t,,°e4?), and this

z IrO2
T bondin:
€g g
Ioo e _"_em,,[, x
®0os <
oo 00 tza .

Ir-dx: O-px

Z
0-pz

22 Ir-da

Figure. 8. Schematic illustration of the Ir 5d electrons
distribution in IrO; and cry-Ir, and the different bonding type
with O-2p significant effect the OER activity.

peak has been previously observed for some Mn-perovskites>®
80 However, this feature peak is not observed in cry-Ir, which
may indicate that the local Mn3* in cry-Mn is substituted by Ir**.
This result is consistent with our Raman and XPS results.
Another significant feature is the dispersion of the bonding area
(<12 eV) becoming narrower in cry-Ir compared to IrO,. In
addition, the t*, m and o bonds shift toward Ef, giving rise to
stronger m bonds and weaker o bonds. The narrower valence
band of cry-Ir implies that crystal field splitting energy (E(eg)-
E(t2g)) decreases in octahedral IrOg, which is primarily due to the
Jahn-Teller effect decreasing the energy arise from apical
octahedral O that may result in electron occupation of the e,
orbital. The fact that no J=1/2 t,; subbands are observed further
implies that it is possible for electron transference to the e,
orbital from t,; orbital, subsequently the electron filling e,
orbital weakens the o bond. Based on density functional theory
(DFT) and molecular principles* ¢ 62, the o bond e, orbital
facilitates bonding orbital with oxygen intermediates that is
comparable to the i bond t2g orbital due to that the e, orbital
possessing a stronger overlap with O-2p. Therefore, the
excellent OER performance of cry-Ir may arise from the Ir-O ¢
bond being occupied as illustrated in Figure 8.

Conclusion

In summary, we reported a novel material cry-Ir prepared from
simple precursors (i.e., KMnQO4 and IrCls) in a weak acid solution.
Cry-Ir exhibits a high-performance OER activity with an
appealing onset potential at 1.40 V vs. RHE and a small over-

This journal is © The Royal Society of Chemistry 20xx
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potential of 0.34 V at 10 mA cm™. This unique tunnel structure
favours adsrobing of water molecules on the catatlyst. The
significantly reduced Ir content from 85.7% to 34% and excellent
mass specific OER performance compared to IrO, emerges this
material as a promising catalyst in water oxidation. The XPS of
relevant materials verifies that more electrons located on Ir are
beneficial to its OER activity. XAS resluts further confirms the
Mn3* in origin of host structure is substituted by Ir, and caused
slight changes in the cell parameters upon its substitution. The
VBS measurements show that the crystal field splitting energy of
eg and tyy in the cry-Ir decreased and the different electronic
structure of Ir sites in cry-Ir than in IrO, would rise a strong
overlap with the O-2p orbital. In short, our studies provide an
approach for effective designing of OER catalysts and
simultaneously a significant reduction in the consumption of
precious elements. In short, our studies provide a simultaneous
approach for both effective designing of OER catalysts and
significantly reducing the consumption of precious elements.
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