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ABSTRACT: Synthesis and implementation of highly active,

stable, and affordable electrocatalysts for the oxygen evolution * T—="mir,0, n HCio,

. . p : . : --- IO, in HCIO, ;
reaction ( OER) is a major challenge in deve.loplng energy efficient o S, )
and economically viable energy conversion devices such as “== 110, in KOH OH—*O+e +H

electrolyzers, rechargeable metal-air batteries, and regenerative

fuel cells. The current benchmark electrocatalyst for OER is based ?,

on iridium oxide (IrO,) due to its superior performance and < 4 2 %\fé Hf
excellent stability. However, large scale applications using IrO, are 2 Ir )
impractical due to its low abundance and high cost. Herein, we 24 7

report a highly active hafnium-modified iridium oxide (IerxOy) £

electrocatalyst for OER. The IrHf,O, electrocatalyst demonstrated M 1 1w 45 ik 1% 1@ T 170

ten times higher activity in alkaline conditions (pH = 11) and four Wil

times higher activity in acid conditions (pH = 1) than a IrO,

electrocatalyst. The highest intrinsic mass activity of the IrHf,O, catalyst in acid conditions was calculated as 6950 A grox | at an
overpotential (#7) of 0.3 V. Combined studies utilizing operando surface enhanced Raman spectroscopy (SERS) and DFT
calculations revealed that the active sites for OER are the Ir—O species for both IrO, and IrHf,O, catalysts. The presence of Hf sites
leads to more negative charge states on nearby O sites, shortening of the bond lengths of Ir—O, and lowers free energies for OER
intermediates that accelerate the OER process.

Bl INTRODUCTION hybrids for upgrading OER with the advantage of the synergies
of different components.'' "> In particular, mixed metal
(oxy)hydroxides comprised of combinations of Fe, Co, and
Ni, which are intrinsically less efficient OER catalysts in their
pure phases, have demonstrated excellent OER activity.'>'*~"*
In bimetallic mixtures, these (oxy)hydroxide catalysts possess
highly active reaction sites that enable optimal binding of
reaction intermediates such as OH and OOH, which reduces
the OER overpotential.l1_””16_18 However, these transition
metal-based oxide catalysts are only stable in neutral pH and
alkaline conditions, and this makes them incompatible for use
in devices such as PEM electrolyzers and regenerative fuel
cells.

The high activity and superior stability of amorphous Ir
oxide (IrO,) in acidic conditions compared to other catalysts
has resulted in substantial research on Ir oxide-based

The oxygen evolution reaction (OER) limits the performance
of many electrochemical devices such as electrolyzers,
rechargeable metal-air batteries, and regenerative fuel cells.
Four electron transfer reactions involving multiple reaction
intermediates create sluggish OER kinetics, which results in
substantial overpotentials and causes a major loss in energy
efficiency.’ Thus, significant research effort has been aimed at
improving and developing highly active, stable, and affordable
OER catalysts." Ru oxide and Ir oxide have demonstrated
excellent catalytic activity and good electrical conductivity
when implemented as OER catalysts under acidic and alkaline
conditions.' ™ Ir oxide-based catalysts have greater chemical
stability in low pH conditions” compared to Ru oxide-based
catalysts, which is highly desirable for long-term device
operation. However, the low abundance and high cost of
both Ir and Ru prevent their large-scale implementation as
OER catalysts at the anode of many emergent energy
conversion devices. Increasingly, research efforts have empha- Received:  April 1, 2021
sized the synthesis and implementation of less expensive OER Published: September 1, 2021
catalysts such as transition metal oxides (e.g., Co;0,)” and

perovskite compoundss_m (e.g, (Pr, Ba)Co,0s,s). Hybrid-

ization of Ir with transition metals, such as oxides, nitrides, and

hydroxides, has been successfully applied to construct Ir-based

dimensionally stable anodes.'””** The formation of mixed
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oxides with IrO, via the addition of noble metals (e.g., Ru, Os,
Rh)24_26 and less expensive transition metals (e.g., Fe, Co,
Ni)'#'*2728 is an attractive method for reducing the Ir loading
and tuning the catalytic properties of IrO,. The synergistic
effects among Ir nanostructured alloy-based bifunctional
catalysts have been developed to afford high activity in acidic
media. The acid leaching process helps to remove excess Ni or
Co to improve durability.'”"> The nature of Ni or Co
instability in acidic conditions remains as the major threat for
Ir—Ni/Co alloy-based catalysts. Furthermore, the shaping and
thermal control of the alloy nanostructure are also challenging,
which profoundly regulate the arrangement of atoms of the
active sites and surface configuration, and thereby influence the
catalytic activity and stability. Likewise, several fundamental
questions related to the high activity and stability of IrO, for
OER in acidic conditions remain unanswered, such as what the
active sites are and how to stabilize IrO, in acidic conditions.

In the work reported herein, we discovered a highly active,
stable Ir oxide OER catalyst by hafnium (Hf) modification
(IerxOy) under both acidic and alkaline conditions.
Addressing the instability of transition metals (e.g, Fe, Ni,
Co) in acidic conditions, we explore the early transition metals
(Hf, Zr, Ti) as modifiers, which have excellent stability in
strong acids. Ti, Zr, and Hf are early transition metals in group
3; Co and Ir are later transition metal elements in group 9.
Previous studies suggested that the number of d-electrons in
the transition metal ions of perovskite oxides is strongly
correlated with OER activity,”” with a general trend of lower
activity for the early transitions metal oxides and higher activity
for late transition metal oxides. More subtle models
considering the number of valence electrons gives similar
predictions of the reactivity trend for 3d transition metal
oxides.’”*" Thus, the bimetallic oxides we study are mixtures
of lower and higher activity oxides. It has also been proposed
that mixing early and late transition metals may lead to the
selective tuning of the relative energies of important
intermediates, (M—OH, M=0, and MOOH), leading to
minimal OER reaction barriers.

In our study, the IrHf,O, oxide layers (ca. 1 nm thick) were
generated in situ under anodic polarization from a pristine
bimetallic alloy having a bulk composition of Hflr;. The
IrHf,O, thus formed demonstrated an order of magnitude
increase in OER activity than a pure IrO, thin film in 0.1 M
KOH and a high mass specific activity of 6950 A gj,o, ' in 0.1
M HCIO, at 0.3 V overpotential. Combined studies by
operando surface enhanced Raman spectroscopy (SERS) and
DEFT calculations demonstrate that the active sites for OER are
Ir—O species for both IrO, and IrHf,O, catalysts. The presence
of Hf sites leads to more negative charge states on nearby O
sites and shortens the bond lengths of Ir—O. The OER activity
of IrHf,O, catalysts is accelerated by the synergistic effects of
structure and the lower free energies of OER intermediates.
The remarkable OER activities of this IrHf,O, catalyst in both
acidic and alkaline conditions reported herein provide a new
direction of mixing early tetravalent transition metals, such as
Hf or Zr, with Ir or Ru for the development of cost-effective
and high performance OER catalysts.

Bl RESULTS AND DISSCUSSION

The zero-potential was determined by the onset of the
hydrogen evolution reaction (HER) and hydrogen oxidation
reaction (HOR) in the cyclic voltammetry (CV) scans using a
polycrystalline Pt electrode immersed in a H,-purged solution

of 0.1 M KOH or 0.1 M HCIO,, as shown in Figure S1. OER
polarization scans (Figure la) in O,-purged 0.1 M KOH and
0.1 M HCIO, solutions at 300 K were obtained by linearly
scanning the electrode at S mV s~ from 1.3 to 1.7 V vs
reversible hydrogen electrode (RHE). As shown in Figure 1a,
the OER onset potential(for current >0.2 mA) of the IrO,
catalyst in 0.1 M KOH was 1.53 V, or 0.30 V overpotential (1),
which is comparable to the performance of Ir oxide
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Figure 1. OER performance of IrO, and IrHf,O, films in O,-saturated
0.1 M KOH and 0.1 M HCIO, solutions at 300 K as measured by
intrinsic catalytic activities. (a) OER polarization scans obtained at 5
mV s~ with the RDE apparatus operated at 4500 rpm. (b) TOF at
0.3 V 7 and value of # required to reach 10 mA cm™ (c) Tafel plots
comparing the mass specific activities and the corresponding Tafel
slope values.
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Figure 2. Characterization of the IrHf,0, catalyst before and after cycling between 1.3 and 1.7 V vs RHE at § mV s™! for 30 min for OER in 0.1 M
KOH and 0.1 M HCIO,. (a) AFM images (top) and line scans (bottom). The line scans show the average height of all data points in the y
direction of the AFM image. Scale bar: 2 ym. (b) Table summarizing the RMS roughness and RF values. (c) SEM images (left panels) and EDX
elemental maps for Ir, Hf and O. Scale bar: 200 nm. (d) XPS spectra after OER in acidic and alkaline conditions for photoemission from Hf 4f
(Hf%: magenta; Hf*": blue; Hf**: orange), Ir 4f (I1%: magenta; Ir**: blue), and O 1s (O*": blue; OH™ or OOH: light blue; H,O: green) core levels.

nanoparticles reported previously.” The onset potential for
IrO, in 0.1 M HCIO, shifted to 1.45 V, or 022 V
overpotential. The IrHf,O, catalyst in 0.1 M KOH
demonstrated significantly improved OER activity compared
to the IrO, catalyst, with the OER onset potential for IrHf,O
reduced by 50 mV from that of IrO, and with 7 at 10 mA cm_£
(10 ma) at 0.37 V, 80 mV lower than that for IrO, (Figure 1b).
Likewise, in 0.1 M HCIO,, the IrHf,O, catalyst demonstrated
higher OER activity, and an onset potential reduced by 10 mV
compared to the IrO, catalyst. The intrinsic catalytic activity
(normalized to the geometrical surface area) can be expressed
as the turnover frequency (TOF), which is the number of
molecules converted per site per second at the surface (Figure
1b). At = 0.3 V, compared to IrO,, IrHf,O, had ten times
higher OER activity in 0.1 M KOH and four times higher OER
activity in 0.1 M HCIO,. An important parameter regarding
precious metal- based catalysts is the mass activity, which is
measured by the mass normalized current density (I, [A
grox ']). Details of the calculations of I, and TOF are
provided in the Supporting Information (SI), Figure S2 and
Table S1. For IrHf,O, in acid at 7 = 0.3 V, the value of I,
reaches 6950 A g0 |, indicating the remarkable intrinsic
activity of this catalyst. As shown in Figure Ic, the IrO, and
IrHf,O, catalysts have similar Tafel slopes of S$0—66 mV dec™.
The Tafel slopes for the IrO, catalyst are consistent with that
reported previously for IrO,.””*” Higher OER activity was
observed in acidic compared to alkaline conditions for both
IrO, and IrHf,O, catalysts in this study, which is consistent
with prior studies that evaluated OER activity of Ir oxide
nanoparticles and thin films at different pH values.”****

The IrHf,O, catalysts were characterized before and after
electrochemical measurements to determine changes in
catalyst morphology and composition. Atomic force micros-
copy (AFM) was used to measure changes in catalyst
morphology and surface roughness caused by OER polar-
ization. Figure 2a presents 10 X 10-ym? maps and 10-um line
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scans for IrHf,O, catalyst before and after OER reactions. To
accurately report the intrinsic activity of an OER catalyst, the
activity should be normalized to the true surface area, which
depends on the surface roughness and the micro/nano
structure. Values for the root-mean-square (RMS) roughness
and surface roughness factor (RF) are given in Figure 2b. The
RF is defined as the film surface area normalized to geometric
area. The Hf-modified Ir surface prepared by polishing was
quite flat, with an RMS roughness of 1.92 nm. After OER
reaction in 0.1 M KOH, the IrHf,O, surface exhibited some
surface features and had an RMS roughness of 3.42 nm,
whereas the surface after OER reaction in 0.1 M HCIO, was
rougher with an RMS roughness of 3.82 nm but without the
small features. Although there were changes in the RMS values,
the catalyst surfaces after OER reaction were notably nearly as
flat as the “as polished” samples and have comparable RF
values. These results from AFM measurements were applied to
normalize the electrochemical activity to the true catalyst
surface area. Analysis by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX), as shown in
Figure 2c, indicated that after OER reaction the small features
formed under alkaline conditions and observed in AFM and
SEM were composed of primarily Hf oxide and the other
region was composed of a mixture of Ir oxide and Hf oxide.
Under acid conditions, EDX mapping of the surface showed a
uniform distribution of all the elements and no small features
were observed in SEM. Images from SEM and AFM are in
agreement. SEM and EDX mapping for the Hf-modified Ir
catalyst before OER reactions are shown in Figure S3.

The oxides formed in situ by CV scanning between 1.3 and
1.7 Vin 0.1 M KOH and 0.1 M HCIO, were analyzed by X-ray
photoelectron spectroscopy (XPS) to determine surface
compositions, oxidation states, and oxide layer thicknesses of
the IrO,, and IrHf,O, catalysts. The samples after OER reaction
were controlled at a potential of 1.7 V before removal from the
electrochemical cell. XPS scans of IrHf,O, after OER reactions
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Figure 3. (a) CVs of IrO,/Au (black) and IrHf,O ,/Au (red) in 0.1 M HCIO,. Operando SERS from (b) IrO,/Au film, and (c) IrHf, O, film, in 0.1
M HCIO,, Peak a551§nments are adapted from Pavlov1c et al.*>*” for the Ir—O bending and stretching vibrations. The other peaks can be assigned

to the Au substrate.

are shown in Figure 2d. Other XPS spectra, such as of IrHf,O,,
obtained after polishing and IrO, after OER, are shown in
Figure S4. The binding energies and peak intensities of all XPS
peaks are tabulated in Table S2. The thickness of IrO, and
IrHf,O, oxide layers can be estimated from calculations of the
attenuation of the XPS signals from the metallic substrate and
the calculation details are discussed in the SI. The thickness of
the oxide layer was found to be 0.8 and 1.0 nm for IrHf,O, and
1.5 Figure 2d shows Hf, Ir, and O XPS spectra for the IrHf,O,
catalyst after OER reactions. In 0.1 M KOH, 22% of the Hf
signal Table S3 was due to Hf**. However, in 0.1 M HCIO,,
37% of the Hf signal was from Hf that underwent complete
oxidation to Hf* and 27% was from Hf**. In both alkaline and
acidic conditions, Ir was oxidized to Ir*', which shows an Ir
4t,,, XPS peak at 61.5 eV binding energy. From EDX results,
we assume a uniform distribution of Hf and Ir in the majority
of the surface oxide layer. From Ir and Hf XPS spectra, the
atomic concentration of Hf in the oxide layer in Table S2 was
calculated to be 18% and 32% after OER in 0.1 M KOH and
0.1 M HCIO,, respectively. Comparing these values to the bulk
Hf concentration (25%) in the pristine Hf-modified Ir catalyst,
there is apparently a loss of surface Hf after OER in 0.1 M
KOH due to Hf dissolution into solution. A highly active Ir
oxide catalyst has been reported that was formed on a SrlIrO;
thin film surface by leaching out Sr from the Srlr oxide to form
anatase IrQ, motifs.”” Another study observed that Ir—Ni and
Ir—Co nanowires after acid leaching showed improved mass
activities and high durabilities.'* The leaching of sacrificial
metals results in an Ir-rich surface, which facilitates the
formation of active IrO, layers. In our study, the formation of
such motifs and the dissolution of Hf observed using XPS,
AFM and SEM analysis might be due to a leaching process that
contributes to an Ir hydroxide-dominant surface during OER
in 0.1 M KOH. However, after acidic OER reactions, XPS
analysis indicated the surface Hf concentration did not
experience a decrease. Therefore, we cannot explain the
enhanced OER activity of IrHf,O, in acid by the leaching of Hf
as was possible under alkaline conditions. The O 1s XPS peaks
at 530, 531.5, and 533 eV are assigned to oxide, hydroxide or
oxyhydroxide (OH or OOH), and H,0, respectively.” In
alkaline conditions, the majority of the O 1s XPS peak is from
oxide. However, a large OH peak appears after OER reaction
in acid. This was also observed for the IrO, catalyst (Figure
S4c), indicating that Ir hydroxide (Ir(OH),) or oxyhydroxide
(IrO(OH),) was preferentially formed in acidic OER
conditions, while IrO, was preferentially formed in alkaline
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OER conditions. Since the OER activity of Ir oxides in acid
conditions is about one order magnitude higher than that in
alkaline conditions, the formation of hydroxide (Ir(OH),) or
oxyhydroxide (IrO(OH),) is a likely important contribution
for the enhanced activity in acid conditions.

To understand the formation and nature of active sites
during acidic OER on the IrHf,O, catalyst, operando SERS
spectroscopy measurements were performed on Ir and Ir—Hf
oxide thin film samples prepared by sputter deposition of Ir
and Ir—Hf (composition of 3:1 for Ir:Hf), respectively, with a
10 nm film thickness on roughed Au foils (CVs of Au foils
roughening shown in Figure S5). After electrochemical cycling
(0.2—1.5 V, scan rate 0.01 V s7") for 200 cycles in 0.1 M
HCIO,, the IrO, and IrHfO, catalysts were formed and
measured by operando SERS under acidic conditions. Stability
measurements of the catalysts were carried on the 10 nm thin
film samples deposited by the sputter deposition on the
roughened Au foils. The activity of both catalysts decreased by
3% after 6 h scan (as shown in Figure SS), demonstrating that
both of IrO, and IrHf,O, display the comparable stability.
Figure 3a shows stable CVs of IrO, and IrHf O, in 0.1 M
HCIO, between 0 and 1.5 V. Three regions (VR) can be
identified, R1 (E < 0.5 V), R2 (0.5 < E < 1.05 V), and R3
(1.05 < E < 1.5 V). R1 corresponds to an Ir oxide rich in Ir**.
In the forward scan, R2 is the oxidation of Ir** to Ir*", and R3
is the oxidation of Ir*' to higher oxidation states.>° ™" Thus,
two Ir redox couples can be identified for each catalyst: (i)
IF/Ir* at 0.9/0.79 V and Ir** /I’ at 1.22/1.15 V for the
IrO, catalyst; (i) Ir**/Ir** at 0.77/0.66 V and Ir** /Ir* at
1.16/1.09 V for the IrHf,O, catalyst. Mixing with Hf causes the
potentials of the redox couples to negatively shift by 0.13 V for
Ir**/Ir** and by 0.06 V for I /I,

This negative shift has been observed previously for the
highly active IrNiO, catalyst.*" It was proposed that oxidation
of Ir** to Ir’" is correlated with the start of OER activity (the
onset potential). The negative shift of the oxidation potential
for the Ir**/Ir*" redox couple in IerxOy agrees with the
lowering of the OER onset potential (by 10 mV as shown in
Figure 1).

During operando Raman measurements, the sample was
controlled at a potential of 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 V
(vs RHE) for 60 s and then Raman spectra were recorded over
the range of 200—1000 cm™". The Raman spectra obtained
from IrO, and IrHf,O, thin films are shown in Figure 3b,c.
Compared to the narrow Raman peaks for highly crystalline
IrO,,"" the Raman peaks are broad for the IrO, and IrHf,O,
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catalysts generated in situ in these experiments, indicating poor
crystallinity of these oxide catalysts. In addition, the peak
positions are strongly dependent on the applied potentials on
the sample, which cause different oxidation states of the Ir
species. Peaks at 237 and 316 cm™' originate from the Au
surface.”® The peak assignments for both IrO, and IrH{,O, are
summarized and compared to values previously reported for
IrO, in Table 1.°%%

Table 1. Peaks in Raman Spectra of IrO, and IrHf,O, in 0.1
M HCIO, at 1.2 V vs RHE

Raman shift (cm™)

Peak label Vibration IO, IHfO, IrO;’é’37
p Ir—O bend 360 360 358
Y Ir—O stretch 433 442 445
] Ir—O stretch 500 515 482
€ Ir—O or Hf-O stretch 600 637 602
n Ir—O stretch (out-of-plane) 724 745 706

An edge-sharing tetrameric cluster composed of octahedral
[IrO¢],, units was applied for describing the anodically formed
Ir oxides in previous studies.”®’” These octahedra are
connected to each other via p-oxo type linkages. This distorted
Ir—O species has been proposed to be the OER active sites and
was characterized by Raman spectroscopy.”” The bending
modes of Ir—O species in the basal plane have Raman peaks at
300—400 cm ™. The stretching modes of Ir—O species in the
basal plane have Raman peaks between 400—700 cm ™. Raman
peak above 700 cm ™" have been assigned to Ir—O out-of-plane
stretching modes of a square pyramidal structure. As shown in
Figure 3b,c and Table 1, in the potential region R2 the Ir oxide
undergoes oxidation from Ir** to Ir**, with decreased intensity
for Ir—O § stretching vibrations associated with Ir’* and
increased Ir—O y stretching vibrations associated with Ir*'. As
the potential increases to 1.0 V, two new peaks appear at £ ~
600 cm™" and 77 ~ 730 cm™. Increasing the potential further
from 1.4 and 1.6 V, no new potential-dependent peaks appear,
indicating that the main structure of the Ir—O is stable in this
potential range. Examination of the & and 5 peaks reveals that
they shift slightly to lower wavenumbers as the potential
increases from 1.0 to 1.6 V. This shift has been observed before
and was explained as due to the weakening of Ir—O bonds
caused by increasing the applied potential.’” At potentials of
1.0—1.6 V, the £ peak near 600 cm™" appears in both catalysts,
with the e peak in IrHf,O, more recognizable. It can be
assigned to the Hf—O or Ir—O stretching mode. The
comparison of the Raman peaks of IrO, and IrHf,O, (Table
1) reveals that peaks associated with Ir—O stretching modes
shift to higher wavenumbers in the IrHf,O, catalyst, indicating
a shorter Ir—O bond length d, assuming that the stretching
frequency v (cm™) is related to d by an exponential function
with the form of v = 25823 exp(—1.902d).""** The shifts of
these Raman peaks confirm the strong electronic influence on
Ir induced by the presence of Hf and this may be associated
with the higher OER activity of IrHf,O, compared to IrO,.

To study the effect of the Hf modification on the structure
and reactivity of IrO,, we performed DFT calculations on
periodic slab models of the (110) surface of pristine rutile IrO,
and Hf-doped Hf,,Ir, 50, crystals (computational details are
give in the SI). We note that a similar model was used to
describe the reactivity of IrO, in a recent study.” As shown in
Figure 4, rutile (110) surfaces expose alternate rows of S-
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Figure 4. Top (upper row) and side (lower row) views of the rutile
(110) slab models investigated in this work: (a) pristine IrO,, and (b)
Hf-doped Hfy 5sIr ,50,. The slabs include four oxide layers and a (4 X
2) surface supercell. Numerical values represent Mulliken charges of
relevant Ir/Hf in black color and O sites in green color. In (b), three
inequivalent Ir sites are labeled as I near Hf; II between Ir; and III
between Hf. The red, gold and wine-colored spheres represent O, Ir
and Hf atoms, respectively.

coordinated Ir/Hf and 2-coordinated O sites along the [110]
direction. The Hfy,sIry-50, slab was generated by regularly
distributing the Hf dopants into each layer whereas on the
surface the Hf positions were adjusted to realize different types
of water adsorption (i.e., under-coordinated metal) sites. The
OER activities of three inequivalent Ir sites were compared: I
near Hf; II between Ir; and III between Hf. For simplicity, free
energies were approximated by total energies for this
comparison. The effect of Hf modification was analyzed on
the Mulliken charges of the metal and oxygen sites of the bare
IrO,(110) surface. As shown in Figure 4, the changes of
Mulliken charges are very small for the Ir atoms, whereas
significantly more negative charges are observed on the O
atoms bonded to one (or more) Hf atom(s) on the doped
surface.

The adsorbate evolution mechanism (AEM) is widely
accepted for the OER, and it was found to be consistent
with numerous experimental investigations.””* In this
mechanism, oxygen molecules only come from the water
molecules in the electrolyte and their formation occurs via four
proton-coupled electron transfer (PCET) steps (Figure Sa). In
step 1, adsorbed *OH species are formed by H,O dissociative
adsorption at an Ir site, followed by formation of *O species
upon proton release (step 2). Next, nucleophilic attack of an
H,0 molecule on *O leads to the formation of a hydro-
peroxide intermediate *OOH (step 3), which subsequently
deprotonates to release an O, molecule and regenerate the Ir
site (step 4).*’ Formation of *O or *OOH has been proposed
to be rate determining in several OER studies on iridium
oxides,”***~*® with a corresponding Tafel slope of 30—40
mV/dec predicted by microkinetic analysis.””"” A rate-
determining step involving a chemical reaction (rather than a
PCET) is predicted for a Tafel slope of ~60 mV/dec (Figure
Ic), but there is no consensus on the nature of the
reaction.””*” Given this uncertainty, we focus on the energetics
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Figure S. (a) The four steps of the adsorbate evolution mechanism
(AEM) for OER in an acidic environment. (b) Computed free
energies of OER intermediates on pristine rutile IrO, (black) and Hf-
doped Hfy,5Iry 750, (110) surfaces for different values of the applied
potential U and pH = 0. On the doped surface, sites I (green), II
(blue) and 1I (cyan) are considered. Three Ir sites are labeled in
Figure 4 as I near Hf; II between Ir; and III between Hf. In all cases,
the energy zero refers to the surface covered by a full monolayer of
dissociated water. The three model insets present the computed OER
intermediates on site I of the Hf-doped surface (the full model is
shown in Figure S7).

of step 2 and step 3 to estimate the relative OER activities of
different sites (Figure Sb).

We considered surfaces covered by one monolayer of
dissociated water, which is the most favorable water adsorption
configuration at full coverage. In this configuration, terminal
OH species are present at all the metal Sc sites of the bare
surface while the dissociated protons are adsorbed at the
surface 2c oxygen sites. The computed average adsorption
energies for the monolayer are —1.92 and —1.70 eV/H,0O on
the pristine and doped surfaces, respectively. We then
calculated the free energy changes associated with the
formation of the *O and *OOH radical intermediates of the
OER according to

HO* + (n — 1)H,0* + O, H

- 0% + (H" + ¢7) + (n — 1)H,0% + 0, H (1)
O* + (n — 1)H,0* + O,,H + H,0
— HOO* + (H" + ¢7) + (n — 1)H,0* + O, H
)

where X* denotes an adsorbed X species. The activities of four
different Ir sites were examined (Figure Sb, Table S4, and
Figure S7), and in all the cases, the step with highest free
energy cost was the formation of *O (Step 2), as found in
other studies.” The activity of a surface Hf site was also
studied. However, our results show that *O on Hf is highly
unstable and spontaneously captures a proton from a
neighboring Oy, H. Therefore, we did not further consider Hf
as a possible OER active site in our study.

15621

On the basis of our results, site I, second neighbor of two
surface Hf atoms, is the most favorable one: its overpotential of
0.64 V is 0.1 V lower than that of pristine IrO, and thus leads
to a lower thermodynamic barrier and faster OER kinetics.
Moreover, the in-plane Ir—O bond lengths along the [110]
direction on the Hfy,sIry-s0, surface (1.94 A —2.01 A) are
shorter than those on the IrO, surface (1.99 A). This is
consistent with the operando Raman shift in the Ir—O
stretching modes to higher wavenumbers for IrHf,O,
compared to those observed for IrO,.

In summary, the active sites of the OER are the Ir—O
species, while the presence of Hf sites leads to more negative
charge states on nearby O sites and shortens the Ir—O bond
lengths. The synergistic effects of structure and free energy
changes of the intermediates can accelerate the OER process.

B CONCLUSION

We report here a highly active IrHf,O, catalyst for OER, which
was formed in situ at the surface of a Hflr; bimetallic alloy
electrode by anodic polarization under acidic and alkaline
conditions. The IrHf,O, catalyst significantly outperforms the
IrO, catalyst, as indicated by a large decrease (80 mV) in the
overpotential (1) for the onset of OER and a factor of 10
increase in the current density at # = 0.3 V under alkaline
conditions. The dissolution of Hf and formation of special
motifs may be responsible for this enhancement in OER
activity under alkaline conditions. However, a unique
composite surface generated in acidic conditions resulted in
an IrHf, O, catalyst that also greatly exceeds the performance of
an IrO, catalyst. Operando SERS measurements indicate that
the active sites for OER are Ir—O species for both IrO, and
IrHf,O,, and the presence of Hf induces a shift in the Ir—O
stretching modes to higher wavenumbers in the IrHfO,
catalyst, indicating a shorter Ir—O bond length. This view is
supported by DFT calculations on pristine and Hf-doped IrO,
(110) surfaces, which indicate that the Ir—O species are as the
active sites of OER, and higher charge states of O sites can be
achieved by Hf modification. Additionally, the incorporation
shortens the Ir—O bond lengths along the [110] direction and
lowers the free energies of OER intermediates. This discovery
opens a new direction of modifications to achieve high
performance OER catalysts by mixing early tetravalent
transition metals, such as Hf or Zr, with Ir or Ru for the
development of cost-effective and high performance OER
catalysts.
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