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The electrocatalytic oxygen-evolution reaction (OER) is expected to

play a vital role in the development of electrochemical energy

conversion and storage technologies. 3d transition-metal oxy-

hydroxides have been reported to outperform noble metal-based

catalysts for the OER, but the relatively localized properties of 3d

electrons limit the sufficient modulation of their electronic structures

by dopants, which may inhibit further improvement of their OER

performances. Herein, through density functional theory (DFT)

calculation, we found that 5d transition metals such as iridium (Ir) with

unique electronic properties can effectively modulate 3d transition-

metal oxyhydroxides, thus producing versatile electronic structures

to facilitate the OER activity. We therefore synthesized NiFe(3d)Ir(5d)

oxyhydroxides and explored their electronic structures via in situ and

ex situ X-ray absorption spectroscopy (XAS) and valence band X-ray

photoelectron spectroscopy (VB-XPS). The DFT, XAS, VB-XPS and

electrochemical studies demonstrated that Ir served as a modulator in

the 3d metal oxyhydroxide framework, and created a local environ-

ment favoring 3d–5d orbital interaction, and the repelled Ni 3d orbitals

facilitated the overall OER process. The Ir-doped catalyst on a glassy

carbon electrode delivers 133 mV lower overpotential to achieve

a current density of 10 mA cm�2 in an alkaline electrolyte, a 53-fold

improved turnover frequency (TOF) over that of pristine NiFe oxy-

hyroxides, with negligible activity decay after 500 hours of operation.
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electrochemical water splitting,1–3 CO2 and CO reduction,4,5 and
ammonia synthesis,6 has received increasing research attention
in recent years. Among the above electrochemical energy
conversion and storage approaches, one major obstacle that
inhibits the further improvement of electrical-to-chemical
energy conversion efficiency is the sluggish four-electron
kinetics of the anodic oxygen evolution reaction (OER). This
reaction oen demands a large overpotential to achieve the
desired current densities of $10 mA cm�2 even under catalysis
with the most efficient noble-metal catalysts.

Recently, utilizing earth-abundant rst-row (3d) transition-
metal catalysts including oxides,7 oxyhydroxides,7 suldes,8

phosphides,8,9 perovskites10,11 and metal–organic framework12,13

compounds as OER electrocatalysts in alkaline media has
aroused increasing interest. It has been theoretically reported
that by precisely modulating the 3d electronic structures, these
3d transition-metal catalysts have the potential to reach the
vertex of the oxygen evolution volcano limits. In this perspec-
tive, numerous efforts have been made to adjust 3d metal
electronic structures to an OER-favoring state, such as modi-
fying the eg lling status of Mn-based perovskite oxides (ABO3)
through Ca and Yb ratio changes at the A site11 and introducing
3d-metal vanadium ions into the NiFe layered double
hydroxide.14 However, in oxides/hydroxides, 3d orbitals usually
demonstrate relatively localized properties of electrons, in
which the Coulomb interaction overwhelms other interactions
such as crystal eld effects and band formation.15 This could
possibly reduce the chance to effectively modulate the elec-
tronic structures through other 3d metal dopants for the OER.

In contrast, 5d transition metals possess increased 5d elec-
tronic wave function spatial extent,16 which might modulate the
neighboring 3d transition metals in multi-metal oxides/
hydroxides. For example, a recently reported 5d-metal doped
FeCoW electrocatalyst outperformed noble metal-based cata-
lysts towards the OER.17 Thus we propose that 5d transition
metals could modulate 3d transition-metal oxyhydroxides via
the interaction between 3d and 5d orbitals, producing versatile
electronic structures that can enhance the OER activity. Among
J. Mater. Chem. A, 2019, 7, 14455–14461 | 14455
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all the 5d transition-metals, iridium (Ir) was highlighted not
only because it is a good OER catalyst itself, but also because it
has unique electronic structures,18 i.e., weak electronic corre-
lations (U � 0.5–3 eV), strong crystal eld effects (CF � 1–5 eV)
and strong spin–orbit coupling effects (SO � 0.1–1 eV). The
close correspondence of these energy scales provides more
degrees of freedom for elaborately tuning the electronic struc-
tures of host materials.19 We therefore explored combinations
of 5d transition metal Ir and 3d transition metal Ni and Fe to
modulate their electronic structures and local coordination
environment with the goal of improving the OER activity.

First-principles calculations were implemented rst to
investigate the electrocatalytic activity of (Ir, Fe) atom doped
oxyhydroxide materials (NiOOH) (Fig. 1) and the concrete OER
mechanisms were also compared on pristine NiOOH and IrO2

surfaces. For pristine NiOOH surfaces, our results show that the
formation of an O radical was the determining step with an
Fig. 1 The concrete OER pathway on NiOOH, Ir, Fe-doped NiOOH
and IrO2 electrocatalysts. Green balls – Ni, purple balls – Ir, orange
balls – Fe, grey balls – O, and cyan balls – H.

14456 | J. Mater. Chem. A, 2019, 7, 14455–14461
energy barrier of 1.99 eV and the calculated onset potential was
0.76 V, which agreed with that in the previous work.20 Aer the
introduction of (Ir, Fe) atoms, the O radical was favorably
adsorbed on the Ir site while O–O coupling catalyzed by the Ni
site was further accelerated, leading to an obviously improved
OER process with a lower energy barrier (1.48 eV) and a lower
onset potential (0.25 V). Compared with the Fe-doped NiOOH,
the theoretical onset potential of Ir, Fe-doped NiOOH is also
decreased by 0.2 V.20 Thus, the valence orbital (5d) of the dopant
Ir might interact with the neighboring Ni's valence orbital (3d)
via O atoms and, at the same time, accelerate the determining
step, which contributed to the nal improved OER activity. As
for the IrO2 surface, the second deprotonation process was the
potential determining step with an energy barrier of 1.68 eV.
Based on the initial analysis on the free energy evolution of
these three congurations, we concluded that Ir doping was an
effective method to improve the OER activity. The same results
were also observed in Goddard III's work while the potential
enhancement mechanisms have not yet been revealed.20

Based on DFT calculation results, we experimentally incor-
porated Ir into the well-known efficient 3d NiFe oxyhydroxide
catalysts and studied the effect of the Ir dopant on 3d transition
multi-metal catalysts. The NiFe oxyhydroxide and Ir-doped NiFe
oxyhydroxide were denoted as NiFe and NiFeIr, respectively. The
high-resolution transmission electron microscopy images and
energy dispersive X-ray spectrometry mapping indicated that
Ni, Fe and Ir were homogeneously distributed in the oxide
(Fig. S1–3†). The synthesis details are described in the Experi-
mental section in the ESI.† To investigate the local coordination
environment and atomic arrangement of post-OER Ir-doped
catalysts, the extended X-ray absorption ne structure (EXAFS)
measurements were rst conducted. The experiments and
simulations are presented in Fig. 2a and Table S1.† The rutile-
structure model was found to t the coordination environ-
ments of Ir in IrO2 well. Six (5.93 by calculations) Ir–O bonds
coordinate with the central Ir atom to form an octahedron in the
rst shell, with a bond length of 1.98 Å. The second shell con-
sisted of 5.59 Ir–Ir bonds with a length of 3.14 Å. As for the
NiFeIr sample, the rst shell of Ir–O showed a tiny variation
with IrO2, but the second shell exhibited a �0.1 Å shorter
scattering path compared to Ir–Ir bonds. Considering the
smaller ionic radius of Ni ions (0.48–0.56 Å) than of Ir (0.57–0.68
Å),21 it can be speculated that the shortened scattering peak
might come from the adjacent Ni ions, i.e., forming an Ir–O–Ni
local coordination structure. The above results demonstrated
that Ir was doped into the NiFe framework successfully. With Ir
located adjacent to NiFe, Ir 5d orbitals may have the opportunity
to interact with the metal 3d orbitals.

To further investigate the electronic structure of the above
catalysts, the ex situ X-ray absorption near edge structure
(XANES) spectra of post-OER catalysts at the Ir L3-edge were
studied. As shown in Fig. 2b, the absorption edge energy of Ir in
NiFeIr was shied to a lower energy by�0.5 eV, located between
that of IrCl3 and IrO2, demonstrating an oxidation state between
+3 and +4. Since the white-line position of the Ir L3-edge
corresponds to the oxidation state of Ir, we quantied the
formal oxidation state of NiFeIr by calculating a calibration line
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) k3-weighted Fourier transforms of EXAFS spectra collected at the Ir L3-edge together with the simulation spectra. (b) XANES spectra of
the Ir L3-edge of different catalysts. (c) Ni K-edge XANES spectra. Inset: enlarged portion of the near-edge region.
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(Fig. S4†).19,22,23 According to the calibrated slope of 1.292 eV per
d-electron hole, the formal oxidation state of Ir in NiFeIr is
+3.82, indicating a possible electron transfer from Ni to Ir,
which might be induced by the 3d–5d orbital interactions.

Modulated by Ir, the electronic structure variations of active
Ni sites before and aer Ir doping were investigated via Ni K-
edge XANES spectra. As shown in Fig. 2c, both NiFe and
NiFeIr demonstrated oxidation states higher than those of the
Ni2O3 reference (Fig. 2c inset), indicating the presence of Ni(IV),
and the absorption edge of NiFeIr was 0.5 eV higher than NiFe.
These experimental results showed that there were more Ni(IV)
sites in NiFeIr than in NiFe. Considering that high-valence
metal sites Ni(IV) could boost the OER kinetics,24–26 the
increased Ni(IV) numbers could possibly result in higher
potential OER activity of the NiFeIr sample. This conclusion
also agreed well with our DFT predictions.

In addition to Ni and Ir, Fe K-edge XAS spectra were also
collected to study whether the introduction of Ir affected the
electronic structure of Fe (Fig. S10 and 11†). However, Fe
remained in the +3 state before and aer Ir incorporation, and
no other obvious electronic and coordination structure devia-
tions could be identied among the different samples, which
coincided with the previous reports on Ni–Fe OER catalysts.
Besides, no valence change occurred for Fe before and aer the
This journal is © The Royal Society of Chemistry 2019
OER, which was consistent with the previous reports.25,27 The
role of iron has been studied in many literature reports in which
the existence of iron promoted the formation of Ni(IV) or
diminished the charge contribution process of Ni(IV).25,26

To uncover the inherent relationship between the high pre-
dicted catalytic performance and the 5d-Ir-modulated NiFe
catalysts' electronic structures, we adopted an in-depth inves-
tigation to the experimental and theoretical results at the elec-
tronic level. Firstly, by differentiating the Ir L3-edge XANES
spectra (Fig. 3a), two negative spikes located at 11218.8 and
11221.7 eV were resolved, attributed to the empty states of t2g
and eg bands, respectively.22 In the NiFeIr sample, the white-line
shied to lower energy and the eg absorption peak was signi-
cantly larger than the t2g peak, indicating that the total 5d
orbital energy decreased and Ir possessed a low-spin d-electron
conguration (t52ge

0
g). However in IrO2 samples, the t2g and eg

peaks were of similar area, indicating a high-spin d-electron
conguration (t32ge

2
g). Valence band X-ray photoelectron spec-

troscopy (VB-XPS) was then carried out to probe the Frontier
orbitals' deviation before and aer Ir doping (Fig. 3b).
Compared to that of pure NiFe, the valence band of NiFeIr
shied to a higher binding energy. Combining the above
results, we hypothesized that neighboring 3d and 5d orbitals
would repelled each other, thus changing the orbital energy and
J. Mater. Chem. A, 2019, 7, 14455–14461 | 14457
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Fig. 3 (a) Second derivative of normalized Ir L3-edge XANES. (b) VB-XPS spectra of NiFe and NiFeIr after baseline subtraction. (c) PDOS of the 5d
orbitals of Ir in IrO2 and (Ir, Fe)-NiOOH. (d) PDOS of the 3d orbitals of Ni in NiOOH and (Ir, Fe)-NiOOH. (e) Schematic of d–d orbital repulsion of
Ir–Ni when Ir–Ni co-existed in the neighboring sites. The dashed line, shaded area and solid area refer to the Fermi level, unoccupied states and
occupied states, respectively.
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electronic congurations. To verify our hypothesis, we exam-
ined projected density of states (PDOS) of different catalyst
models. As shown in Fig. 3c and d, the d band peak of the Ir
atom in pristine IrO2 had a higher energy level than that of the
Ni atom in pristine NiOOH. When Ni and Ir coexisted in the
neighboring sites, the d–d orbital repulsion would shi the
d band peak of the Ni atom to lower unoccupied and occupied
states. Meanwhile, the d orbitals of Ir were pushed to a higher
energy level in contrast, and the electrons in iridium eg states
were repelled to t2g states, resulting in the increasing unoccu-
pied eg states. These energy variations matched well with
experimental spectroscopy results, and could facilitate the
overall OER process. With the 3d orbital repelled to a lower
energy level, more highly active Ni(IV) might be generated.28,29

The modied Ni site may stabilize the adsorption of *OH
intermediates and increase the possibility of O–O coupling.30–33

The increased energy level of Ir might decrease the formation
energy barrier of O radicals.20 A schematic of the d–d repulsion
interaction is presented in Fig. 3e.
14458 | J. Mater. Chem. A, 2019, 7, 14455–14461
We then sought to characterize the catalytic performance of
NiFe, NiFeIr and IrO2 in a 1 M KOH electrolyte at room
temperature (see Experimental section for details).† As shown
in Fig. 4a and S12,† the NiFeIr required an overpotential of
255 mV to achieve a current density of 10 mA cm�2, signicantly
lower than those of NiFe (340 mV) and IrO2 (323 mV) (Table
S3†), conrming the validation of the d–d repulsion interaction
in an Ir-modulated NiFe catalyst. Many previous studies re-
ported that bulk/surface amorphization of materials led to
better OER performance in alkaline media.17,34 With this in
mind, we further optimized the catalytic activity of NiFeIr
prepared via the annealing-free sol–gel process (labeled NiFeIr-
RT), which can result in homogeneous metal distribution with
lower crystallinity (Fig. S13 and S14d†).17 The overpotential of
NiFeIr-RT can be further decreased to 207 mV (Fig. 4a and
S12†), which is superior to that of most recently reported high-
performance electrocatalysts (Fig. 4b and also see the compar-
ison in Table S4†). A signicant feature in the NiFeIr-RT
polarization curve was that the oxidation peak of Ni(II) to
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) The OER polarization curves for different electrocatalysts in a 1 M KOH solution. (b) Comparison of the overpotential in this work with
that of recent catalysts in 1 M KOH. (c) Nyquist plots for different electrocatalysts recorded at 1.48 V vs. RHE. (d) The Tafel slopes of different
electrocatalysts. (e) Amount of O2 experimentally measured and faradaic efficiency versus time for NiFeIr-RT. (f) Chronopotentiometric durability
of NiFeIr-RT with a constant current density of 10 mA cm�2.
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Ni(III)/Ni(IV) increased sharply, indicating more Ni(III)/Ni(IV) sites
were generated in the amorphous sample. This result was
further veried by in situ and ex situ XAFS and XPS studies
(Fig. S15–20†). Meanwhile, the Ir eg state changes and valence
band deviations could still be observed, and the d–d repulsion
was retained and reinforced aer the amorphization (Fig. S21
and S22†). These phenomena could be possibly explained by the
increased possibility of the Ni 3d and Ir 5d interactions in the
amorphous sample, which contributed to the enhanced OER
performance. In addition, the valence of Fe in NiFeIr-RT
remains stable before and aer the reaction (Fig. S23 and
S24†), which was consistent with the above results.

Electrochemical impedance spectroscopy (EIS) of the cata-
lysts was then performed. Both NiFeIr and NiFeIr-RT catalysts
showed signicantly smaller Nyquist semicircle diameters than
This journal is © The Royal Society of Chemistry 2019
NiFe and IrO2 (Fig. 4c and S25–29†). The charge transfer resis-
tances Rct of NiFeIr and NiFeIr-RT were smaller (Table S2†),
which indicated faster interfacial charge transfer with a supe-
rior catalytic activity. Moreover, the Tafel slopes of NiFeIr and
NiFeIr-RT were 69.8 and 60.5 mV dec�1, respectively, smaller
than those of the other catalysts (77.3 and 95.5 mV dec�1),
further demonstrating that Ir incorporation indeed improved
the OER activity for NiFe (Fig. 4d). In order to investigate
whether the OER activity of NiFeIr and NiFeIr-RT originated
from intrinsic catalytic properties of multi-metal active sites or
exclusively from an enhanced surface area, the electrochemical
surface areas (ECSAs) were further estimated (Fig. S30 and 31
and Table S3†). The specic activity conrmed that the intrinsic
activities of Ir-modulated Ni sites (NiFeIr and NiFeIr-RT) were
notably higher than those of NiFe and IrO2 (Fig. S32†). The
J. Mater. Chem. A, 2019, 7, 14455–14461 | 14459
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intrinsic activity was also conrmed by determining the TOFs
for this catalyst. As shown in Table S3,† the NiFeIr and NiFeIr-
RT catalysts exhibited much higher TOFs of 2.09 s�1 and
12.69 s�1, which are 9-fold and 53-fold improvements compared
with those of the pristine NiFe oxyhydroxides, respectively
(normalized by Cdl obtained from cyclic voltammetry).

Furthermore, the faradaic efficiency was determined by
comparing the total charge passed with the corresponding
amount of evolved O2. As shown in Fig. 4e, the faradaic effi-
ciency of the NiFeIr-RT catalyst was nearly 100%. To estimate
the stability, we ran a chronopotentiometric test on the water
oxidation of the NiFeIr-RT catalyst with a constant current
density of 10 mA cm�2. The potential did not obviously increase
for about 500 h, suggesting a high operating stability (Fig. 4f).

In conclusion, we have developed a powerful strategy to
achieve a high-efficiency NiFeIr electrocatalyst for water oxida-
tion by using 3d–5d orbital repulsion to tune the electronic
structures, combining DFT calculations and experimental veri-
cations. As a result, an extraordinarily low OER overpotential
of 207 mV and high TOF of 12.69 s�1 on a glassy carbon elec-
trode have been achieved, superior to those of the benchmark
pristine NiFe and IrO2 catalysts. This 3d–5d orbital interaction
strategy not only provides an avenue to high-efficiency water
oxidation, but may also be extended to improve the perfor-
mance of other multi-metal catalysts.
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T. Jones and P. Strasser, Nature Catalysis, 2018, 1, 841–851.

24 X. Zheng, B. Zhang, P. De Luna, Y. Liang, R. Comin,
O. Voznyy, L. Han, F. P. Garcia de Arquer, M. Liu,
C. T. Dinh, T. Regier, J. J. Dynes, S. He, H. L. Xin, H. Peng,
D. Prendergast, X. Du and E. H. Sargent, Nat. Chem., 2018,
10, 149–154.

25 M. Gorlin, P. Chernev, J. Ferreira de Araujo, T. Reier,
S. Dresp, B. Paul, R. Krahnert, H. Dau and P. Strasser, J.
Am. Chem. Soc., 2016, 138, 5603–5614.

26 N. Li, D. K. Bediako, R. G. Hadt, D. Hayes, T. J. Kempa, F. von
Cube, D. C. Bell, L. X. Chen and D. G. Nocera, Proc. Natl.
Acad. Sci. U. S. A., 2017, 114, 1486–1491.
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta03542g


Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 N
ot

tin
gh

am
 T

re
nt

 U
ni

ve
rs

ity
 o

n 
7/

20
/2

01
9 

2:
16

:0
5 

A
M

. 
View Article Online
27 D. Friebel, M. W. Louie, M. Bajdich, K. E. Sanwald, Y. Cai,
A. M. Wise, M. J. Cheng, D. Sokaras, T. C. Weng,
R. Alonso-Mori, R. C. Davis, J. R. Bargar, J. K. Norskov,
A. Nilsson and A. T. Bell, J. Am. Chem. Soc., 2015, 137,
1305–1313.

28 J. C. Conesa, J. Phys. Chem. C, 2016, 120, 18999–19010.
29 A. J. Tkalych, K. Yu and E. A. Carter, J. Phys. Chem. C, 2015,

119, 24315–24322.
30 M. T. Koper, Phys. Chem. Chem. Phys., 2013, 15, 1399–1407.
31 W. T. Hong, K. A. Stoerzinger, Y.-L. Lee, L. Giordano,

A. Grimaud, A. M. Johnson, J. Hwang, E. J. Crumlin,
This journal is © The Royal Society of Chemistry 2019
W. Yang and Y. Shao-Horn, Energy Environ. Sci., 2017, 10,
2190–2200.

32 I. C. Man, H.-Y. Su, F. Calle-Vallejo, H. A. Hansen,
J. I. Mart́ınez, N. G. Inoglu, J. Kitchin, T. F. Jaramillo,
J. K. Nørskov and J. Rossmeisl, ChemCatChem, 2011, 3,
1159–1165.

33 J. Rossmeisl, Z. W. Qu, H. Zhu, G. J. Kroes and J. K. Nørskov,
J. Electroanal. Chem., 2007, 607, 83–89.

34 A. Bergmann, E. Martinez-Moreno, D. Teschner, P. Chernev,
M. Gliech, J. F. de Araujo, T. Reier, H. Dau and P. Strasser,
Nat. Commun., 2015, 6, 8625.
J. Mater. Chem. A, 2019, 7, 14455–14461 | 14461

https://doi.org/10.1039/c9ta03542g

	The 3dtnqh_x20135d orbital repulsion of transition metals in oxyhydroxide catalysts facilitates water oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ta03542g
	The 3dtnqh_x20135d orbital repulsion of transition metals in oxyhydroxide catalysts facilitates water oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ta03542g
	The 3dtnqh_x20135d orbital repulsion of transition metals in oxyhydroxide catalysts facilitates water oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ta03542g


