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To achieve practical production of fuel from water, it is essential to develop efficient and durable electrocatalysts
for the oxygen evolution reaction (OER). We report here that doping NiCoOOOH nanosheets with 8% Ir leads to a
low overpotential of only 260 mV for 50 mA/cm?, far better than previous OFR catalysts. We synthesized this
catalyst using a novel photochemical deposition method that leads to a uniform distribution of dopant, large
catalytic active area, high interfacial charge transfer efficiency, good adhesion between catalyst and matrix, and

long lifetime. Moreover, these nanosheets show significant stable performance for 70 h in alkaline media. Our
density functional theory calculations show that Ir and Co both play essential bifunctional roles in stabilizing the
key O radical intermediate on Ir and promoting the O-O bond coupling on Co, which are optimum for the 8% Ir.

1. Introduction

The oxygen evolution reaction (OER) plays an important role in such
energy conversion systems as water splitting, CO, reduction, and metal-
air batteries [1-3]. Recently, great efforts have been devoted to devel-
oping OER catalysts with improved performance [4]. However, sluggish
kinetics due to a high overpotential for the complex four-electron
coupled process have remained as obstacles to making the electro-
chemical system more efficient. This makes identification of active and
efficient electrocatalysts for high OER performance a priority. IrO; has
been regarded as a promising OER catalyst in acid media due to its low
overpotential and high catalytic performance. However, its high cost
and instability in base hinder its commercial applications. Thus, it is
imperative to identify and characterize new low-cost electrocatalysts
that provide more efficient and durable electrocatalytic properties.

Among various transition metal oxide based OER electrocatalysts,
Nickel oxyhydroxides (NiOOH) have shown promising electrocatalysis
toward OER in alkaline medium with enhanced electrochemical activity,
earth abundance nature, and open structure [5-7]. y-NiOOH is known to
be the active phase for OER, with a formal Ni valence of about +3.6 [8].
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Several studies have shown that incorporation of other metals in NiOOH
can further improve OER catalytic activity [9]. In particular, Fe-doped
y-NiOOH oxyhydroxides (Fe-y-NiOOH) have been recognized as the
most active non-precious electrocatalyst for OER under alkaline condi-
tion, leading to excellent catalytic performance and prominent stability
[10]. However, Fe-y-NiOOH is far from adequate. To design better
electrocatalyst, Boettcher showed experimentally that NiCo-based oxy-
hydroxides (NiCoOOH) may exhibit better catalytic performance than
NiFe-based oxyhydroxides because the electronic conductivity of
CoOOH is far superior to that of FeOOH [11]. Previous studies also
found improvements for Mo- and Fe-doped NiOOH [5]. However, the
OER performance of bulk NiCoOOH remains unsatisfactory due to its
low specific surface area and sluggish interface charge transfer. More-
over, the semiconductor properties of pristine NICoOOOH greatly impede
charge transfer from the catalyst to the supporting substrate, limiting
catalytic activity and overall efficiency for the OER [12-14]. Recently,
in-silico screening by Shin and Goddard predicted that Co-, Rh-, and
Ir-doping of NiOOH would improve OER electrocatalysis, with particu-
larly dramatic improvement for Ir [15]. Therefore, we developed new
materials synthesis strategies for Ir-doped NiCoOOH catalyst aiming at
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boosting OER catalytic activity.

In addition to enhancing the catalytic activity, it is also important to
design the catalyst to obtain a large active surface area and good
structural stability. Constructing free-standing nanostructures can pro-
vide large electrochemical active area while strengthening the adhesion
interaction between catalyst and substrate can improve the structural
stability of the catalyst. To accomplish this, we developed a novel
photochemical deposition method that has prominent advantages of
uniform distribution, high interfacial charge transfer efficiency, good
adhesion between catalyst and matrix while saving energy in fabricating
the Ir-doped NiCoOOH catalyst. Our photochemical deposition method
utilizes the strong oxidizing properties of photo-generated holes. We
show that under stimulation by UV-vis light, photogenerated holes on
the semiconductor surface lead to oxidation of metal ions and in-situ
deposition on its surface, thus greatly strengthening the combination
between the catalyst and the substrate. This contrasts with the photo-
chemical preparation method of the Berlinguette group, who uses
photochemical decomposition to fabricate OER catalysts [16-18].

Based on these considerations, we first designed a hierarchical
layered Ir-doped NiCoOOH catalyst supported on ZnO@nitrogen-doped
carbon cloth (NCC) substrate, which is fabricated successfully through
our novel photochemical deposition method. Under light stimulation,
the Ni%*, Co?>* and Ir®" were all oxidized by the strong oxidizing
property of the photo-induced holes so that the electrocatalyst is uni-
formly deposited in-situ on the outer surface of the n-type semi-
conductor ZnO. Our electrochemical tests show that the Ir-doped
NiCoOOH electrode with 8% Ir exhibits excellent catalytic performance,
requiring an overpotential of only 260 mV to achieve a current of 50 mA
em ™2, which is superior to previous electrocatalysts for OER. Moreover,
our photochemical based synthetic method leads to a large surface area
and increased stability (70 h with only 3% change in performance).

We find that the excellent catalytic performance of the Ir-doped
NiCoOOH/ZnO@NCC composite arises mainly from three aspects:

i) the photochemical deposition ensures strong bonding between

the catalyst and the substrate, which facilitates the construction

of free-standing nanostructures having large electrochemical
active area to improve activity and structure stability;

the hierarchical porous structures expose more surface area of the

catalyst, providing increased active sites while promoting full

contact with the electrolyte to facilitate charge transfer;

iii) the Ir dopant on oxyhydroxides/oxides plays a pivotal role in
promoting OER active sites while modifying the electronic
structure to greatly reduce the catalyst overpotential to accel-
erate charge transfer, boosting catalytic performance.

ii

—

To understand the origin of dramatically improved performance due
to Ir doping on the NiCoOOH surface, we applied density functional
theory (DFT). This confirmed that the catalyst with 8% Ir exhibits the
best performance with the Ir facilitating formation of Ir-O bond with
radical character on the O and the Co facilitating the O-O formation
step.

2. Experimental section
2.1. Synthesis of ZnO NRAs@NCC

The chemical reagents used were all analytical grade, without
further purification. To improve the hydrophilicity of carbon cloth, it
was surface-functioned using concentrated HNO3 for 24 h at 90 °C, then
rinsed several times with deionized water, and dried at 60 °C under
vacuum. This N-doping treatment increases the roughness and the
electronic conductivity of the carbon cloth. The fabrication of NCC in-
volves three steps: followed by hydrothermal reaction, thermal reduc-
tion, and concentrated acid treatment, as described in the related
investigations of Tong and coworkers [19]. The growth of ZnO nanorod

Nano Energy 75 (2020) 104885

arrays (NRAs) on NCC was carried out with the following steps. First, a
piece of NCC (1 cm x 1.5 cm) was immersed in the seeding solution
containing 0.01 M Zn(CH3COO),-2H,0 and 0.01 M NaOH, followed by
hydrothermal treatment at 150 °C for 15 min. The above seeding process
was repeated four times. After that, the growth solution of 0.10 M
hexamethylenetetramine (HMTA) and 0.10 M Zn(NO3),-6H20 was dis-
solved in deionized water separately at room temperature, then mixed
and stirred for 30 min. Then the NCC covered with the ZnO seed layer
and the growth solution were transferred together to a Teflon-lined
stainless steel autoclave and heated at 100 °C for 12 h. The obtained
greyish-white film was rinsed extensively with deionized water and
finally annealed in a pipe furnace at 400 °C for 1 h under the flow of Ar
to obtain the ZnO NRAs@NCC substrate.

2.2. Preparation of the Ir-doped NiCoOOH/ZnO@NCC composite film

The Ir-doped NiCoOOH/ZnO@NCC composite films were fabricated
through a novel photochemical deposition method. The photodeposition
solution consisted of 0.13 M NiSO4-6H50, 0.10 M CoCl,-6H50, and 0.13
M CH3COONa with a series of molar concentrations of IrClz-xH,O
(Ir>52%). The ZnO NRAs@NCC substrate and the Pt electrode were
placed into the photodeposition reactor and connected by a wire for
short-circuit. The ZnO NRAs@NCC substrate was placed opposite the
UV-vis light irradiation (500 W Xe lamp, 2.0 mW cm2) through the
quartz window, and its exposed area was 1 cm?, the photodeposition
process is displayed in Fig. S1. In the process of photodeposition, the
solution was stirred constantly to ensure the stability and uniformity of
the deposition system. The composite film obtained after 3 h of photo-
deposition exhibits the best catalytic activity. After the deposition, the
as-fabricated composite film was rinsed with deionized water several
times and vacuum dried at 60 °C.

The preparation process of the NiCoOOH/ZnO@NCC composite film
was the same as for the Ir-doped NiCoOOH/ZnO@NCC, except that
there is no IrCl3-xH0 in the photodeposition solution. We denote the Ir-
doped NiCoOOH/ZnO@NCC composite films as NCI-x%, where x is the
atomic ratio of Ir content among all metals (Ni, Co, Ir), and the value of x
is determined by the ICP analysis. These atomic ratios are displayed in
Table S1. Similarly, NI-x% indicates the individual doping of Ir into
NiOOH, where x refers to the Ir content. NiCoOOOH/ZnO@NCC is
described as NC.

2.3. Physical characterization

The crystalline structures of the fabricated film samples were char-
acterized by X-ray diffraction (XRD) on the D/MAX 2550 X ray
diffractometer from Rigaku company using Cu Ka radiation. Scanning
electron microscopy (SEM, Carl Zeiss, Ultra 55) at an acceleration
voltage of 5 kV and high-resolution transmission electron microscopy
(TEM, Tecnai G2 F30) with an accelerating voltage of 200 kV were used
to observe the morphologies and microstructures of the films. X-ray
photoelectron spectroscopy (XPS) data were recorded using the Escalab
250Xi X-ray physical electronics photoelectron spectrometer with Mg Ka
radiation. The obtained spectra were corrected according to the
adventitious C 1s peak (284.6 eV). The atomic ratios of the Ni, Co, Ir
elements of the as-fabricated composite films were analyzed using the
inductively coupled plasma atomic emission spectroscopy (ICP, SPEC-
TRO). The as-fabricated samples were dissolved in nitric acid solution,
and the resulted solutions were used for the ICP analysis.

2.4. Electrochemical measurements

Electrochemical measurements of the catalysts were carried out
using a three-electrode system on a CHI660D electrochemical worksta-
tion at room temperature. The as-prepared NCI composite film was used
as the working electrode, while Ag/AgCl electrode (filled with saturated
KCl solution purchased from Rex company) and platinum foil were
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Fig. 1. Schematic illustration for the fabrication of hierarchical layered Ir-doped NiCoOOH/ZnO@NCC composite film.

utilized as the reference electrode and the counter electrode, respec-
tively. 1 M KOH aqueous solution was employed as an electrolyte. The
Ag/AgCl electrode calibration was carried in a three-electrode system
with Pt foil as working and counter electrode and Ag/AgCl as reference
electrode. The electrolyte was Hj saturated 1.0 M KOH. The linear sweep
voltammetry (LSV) curve was collected at 5 mV s ! scan rate, and the
potential at which the current crosses zero was taken as thermodynamic
potential (vs Ag/AgCl) for the hydrogen electrode [20]. The potential at
which current crosses zero is —1.027 V vs Ag/AgCl, as shown in Fig. S2,
so all potentials were calibrated according to the equation: Eryg =
Eag/agal + 1.027. The electrocatalytic activity of the NCI composite film
was measured by LSV at a scan rate of 5 mV s~ with 95% iR drop
compensation. The stability performance of the NCI composite film was
tested using chronopotentiometry at a current density of 20 mA cm 2.
Cyclic voltammetry (CV) was carried out at a scan rate of 5mV s~ ! in the
potential range of 0.2-0.9 V vs. Ag/AgCl. Electrochemical impedance
spectroscopy (EIS) was conducted within the frequency range of 100
kHz to 0.01 Hz to obtain the solution impedance (Rg) of the electro-
chemical system and investigate the kinetics of the electrocatalysts
under OER conditions. The electrochemical active surface area (ECSA)
was determined on the basis of the measured double-layer capacitance
(Ca1, which was calculated by CV curves within a potential range of 0.1
V centered at open-circuit potential at different scan rates.

2.5. Computational details

We carried out spin-polarized density functional theory (DFT) cal-
culations using the Vienna Ab-initio Simulation Package (VASP) [21] for
the investigation of the atomistic mechanisms for OER on the NCI sur-
faces. We used the Perdew-Burke-Ernzerhof (PBE) flavor of DFT [22].
The projector augmented wave (PAW) potentials [23] were used to
describe the valence electron-ion interactions. This level correctly de-
scribes the adsorption energies of intermediates on a variety of surfaces
[24-26].

For the geometry optimizations, we used a plane-wave energy cutoff
of 400 eV. We employed a gamma-centered Monkhorst k-point mesh of
(3 x 3 x 1). All surface models were built by including an additional
vacuum region of 15 A. The bottom two layers of the slabs were fixed at
the lattice spacing of the bulk while the top two layers were allowed to
optimize. Dipole corrections were applied to the surface normal direc-
tion. Here, the solvation was included by introducing explicit HyO
molecules on the surface.

For the calculation of free energy for each step at room temperature
(298.15 K), we computed the zero-point energies, enthalpy, and entropy
based on the vibrational frequencies.

3. Results and discussion
3.1. Synthesis, structure and composition of materials

The fabrication of the hierarchical layered NCI composite film is
displayed schematically in Fig. 1. The ZnO NRAs were initially grown on
NCC through the hydrothermal reaction using zinc acetate, sodium hy-
droxide, hexamethylenetetramine and zinc nitrate as precursors. Sub-
sequent heat treatment was carried out in an Ar atmosphere in order to
improve the crystallinity of ZnO NRAs. After that, the strong oxidizing
properties of photogenerated holes, were used to oxidize the metal ions
(Ni%*, Co?*, Ir®*) to obtain hierarchical layered NCI composite film. It is
important to note that the uniformly hierarchical nanorod structure of
the ZnO can effectively disperse the catalytically active materials and
fully expose the catalytically active sites of the NCI electrocatalysts.

The XRD patterns of the as-fabricated carbon cloth, NC, NCI-8, NCI-
15 and NCI-22 composite films are shown in Fig. 2 and Fig. S3. All
diffraction peaks of the as-fabricated samples match well with ZnO
(JCPDS Card No. 01-070-8070) or carbon cloth (JCPDS Card No. 00-
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Fig. 2. XRD pattern of the as-fabricated NCI-8.
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Fig. 3. (a—c) SEM, (d, e) TEM and (f) HRTEM images of NCI-8. (g) Elemental mappings of Ni, Co, Zn, O and Ir in NCI-8.

037-0474), with no other peaks, indicating the amorphous structure of
the as-synthesized electrocatalysts. We expect that only a small driving
force is required to transform the oxygen-evolving state from an amor-
phous structure into an ordered structure, explaining the high catalytic
activity of the amorphous catalyst [27].

The Raman spectra of the as-prepared NC, NCI-8, NCI-15 and NCI-22
composite films are displayed in Fig. S4. The peaks located at 305 and
335 cm™! can be assigned to Ir-OH signals [28], and the weak peak
observed at 561 cm ! is the characteristic Raman Ir-O stretch mode
[29-30], indicating a Ir-OOH phase. The sharp peak observed at 440

cm ! is attributed to the E2 (high) vibration modes of ZnO [31-32],
which is consistent with the XRD results. Furthermore, the broad Raman
band located at 587 cm™! can be assigned to CoOOH (Co(IV)) species
[30,33], and the other two peaks centered at 475 and 550 em ! corre-
spond to Ni-O vibrations in y-NiOOH [34-36]. However, it is clear that
these two peaks shift to 538 cm ™! with the incorporation of Ir.

The microstructures of NCI-8 were characterized by using SEM, TEM,
and HRTEM, as shown in Fig. 3. NCI-8 is grown uniformly on regular
hexagonal prism ZnO nanorods (Fig. S5) with hierarchical arrays con-
sisting of interlaced nanosheets, as shown in Fig. 3a—c. The thickness of
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Fig. 4. High-resolution XPS patterns of NCI-8 before and after OER. (a) Ir 4f, (b) Ni 2p and (c) Co 2p.
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Fig. 5. (a) LSV curves of NC, NCI-8, NCI-15 and NCI-22 for OER at a scan rate of 5 mV s~1in 1 M KOH and (b) the corresponding Tafel plots. (¢) CV curve of bare Ir
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the nanosheets is measured to be about 5 nm. The SEM images of the as-
fabricated NC, NCI-15 and NCI-22 with different amounts of Ir dopant
are displayed in Fig. S6, showing nanosheet array structures similar to
NCI-8. The TEM images in Fig. 3d and e further demonstrate that the
ZnO nanorods are evenly coated with hierarchical nanosheets, and the
interconnected nanosheets are stacked to form hierarchical porous
structures. In addition, visible dark strips are folded edges or wrinkled
nanosheets, which show their ultrathin nature. The lattice spacing of
2.48 A in the HRTEM images (Fig. 3f and Fig. S7a) can be indexed to the
(101) crystal plane of ZnO, but no other obvious lattice space can be
observed. The corresponding selected area electron diffraction (SAED)
pattern of the amorphous layer is displayed in Fig. S7b, which further
confirms the existence of ZnO in the composite and the amorphous
structure of NCI-8 nanosheets. This is in accordance with the XRD re-
sults. The elemental mappings of NCI-8 in Fig. 3g show that the elements
Ni, Co, Zn, O and Ir are well-dispersed and the Ir content is relatively
low. The comparative NC composite film exhibits the similar micro-
structures to NCI-8, as shown in Figs. S8a-b, and its HRTEM image
(Fig. S8c) indicates the presence of ZnO substrate and the weak crys-
talline catalyst layer. The original amorphous layer has weak lattice
stripes due to the rearrangement of the amorphous disordered structure
by high-energy electrons in the detection environment. The elemental
mappings of NC (Fig. S9) show the homogeneous distributions of ele-
ments Ni, Co, Zn and O.

XPS measurements were conducted to further investigate the valence
state and element composition of the as-fabricated NCI-8 composite

film. In the high-resolution Ir 4f spectrum in Fig. 4a, two main peaks of Ir
4f/5 and Ir 4fs 5 can be deconvoluted into Ir®" and Ir** [37], and two
bands at 61.8 and 64.9 eV correspond to Ir>*, while the Ir*" peaks are
located at 62.8 and 65.8 eV. But after OER, the spectrum shows a sig-
nificant shift toward higher binding energy, which indicates that some
of the Ir¥*/Ir*" have been further oxidized to Ir>" species [38-39],
which is consistent with the results of the CV test in Fig. 5c. Fig. 4b
shows the high-resolution XPS pattern of the Ni 2p spin-orbit splitting of
NCI-8. The Ni 2p3,5 and Ni 2p; /2 peaks can be deconvoluted into peaks of
Ni* and Ni**, where the characteristic peaks at about 855.8 and 873.6
eV can be identified as Ni* species, whereas the other two peaks
centered at 857.9 and 875.6 eV can be attributed to Ni** species. After
OER, the proportion of Ni** has increased significantly, as some of the
Ni®* are oxidized to Ni**, leading to a final formal Ni valence is about
3.52, which is in line with the average valence of the reported y-NiOOH
[40]. The high-resolution Co 2p XPS spectrum of the as-fabricated NCI-8
is given in Fig. 4c, showing a pair of Co 2p3 /2 and Co 2p; 2 doublet peaks,
which can also be deconvoluted into peaks of Co>" and Co*". The
as-deconvoluted peaks centered at 781.0 and 796.5 eV correspond to
Co>* species, while the peaks with the binding energies at 783.5 and
798.3 eV are ascribed to Co*" species [41]. Similarly, the ratio of Co*t
has increased significantly after OER, causing Co species to exhibit a
higher valence state. The wide-scan survey spectra of NC, NCI-8, NCI-15
and NCI-22 composite films are displayed in Fig. S10, revealing the
successful photochemical depositions of NC and NCIs on the final
composite films, respectively. The high-resolution Ni 2p, Co 2p and Ir 4f
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Fig. 6. Mechanism for OER on NCI-8 catalyst.

XPS patterns of NC, NCI-8, NCI-15 and NCI-22 composite films after OER
tests are shown in Figs. S11, S12 and S13, respectively. Compared to the
NC sample, the Ni 2p XPS peaks of NCI-8, NCI-15 and NCI-22 all shift to a
higher binding energy, indicating a strong electronic interaction be-
tween Ir dopant and NiCoOOH. In addition, Figs. S12 and S13 show that
the Co 2p peaks and Ir 4f peaks of NCI-8 have the highest binding energy
compared with the other as-fabricated electrocatalysts. Thus both the Co
species and the Ir species exhibit the highest average valence state for
NCI-8, the most active for OER [8-9,42].

3.2. Electrocatalytic activity of catalysts

In order to evaluate the effect of Ir doping, the OER catalytic activity
of NCI electrodes with different atomic ratio of Ir content of 0, 8%, 15%
and 22% (NC, NCI-8, NCI-15 and NCI-22, respectively) were measured
via a standard three-electrode system by LSV in 1.0 M KOH with a scan
rate of 5 mV s . As indicated in the LSV curves of the various as-
fabricated samples after iR correction (Fig. 5a), it is clear that NCI-8
exhibits the highest catalytic activity. It requires only an overpotential
of only ~260 mV at 50 mA cm’z, in contrast to NC, NCI-15, and NCI-22,
which show much larger overpotentials of 448, 290 and 310 mV,
respectively. Since the surface metal (Ni, Co and Ir) oxidation is

H
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Fig. 7. Mechanism for OER on NCI-15 catalyst.
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accompanied by the OER process, to eliminate the contribution of any
transient responses, we measured the catalytic activity of the as-
fabricated samples using multi-potential step measurements, as shown
in Fig. S14. For a more rigorous experimental design, we also fabricated
two other catalysts, NCI-4 and NCI-11, whose OER performance are
shown in Fig. S15. Clearly NCI-4 and NCI-11 exhibit poorer OER per-
formance than NCI-8, indicating that a slight change in the content of Ir
has a significant impact on the OER performance of the NCI catalyst.

NI-8 (Fig. S16a) shows dramatically improved OER performance
with overpotentials of 290 mV at 50 mA cm ™2, which can be compared
to an overpotential of 445 mV at 50 mA cm™2 for NiOOH. This shows
that the Ir doping plays a key role in enhancing catalytic activity of
NiOOH. This validates the DFT predictions made earlier by Shin, Xiao,
and Goddard [15]. Comparing the activities of NCI-8 and NI-8, we see
that Co doping is also important in promoting OER activity, which we
ascribe to synergistic effects, with Ir stabilizing the radical O character
and Co stabilizing O-O bond formation while Ni stabilizes the overall
structure.

The kinetics of OER process of all as-fabricated samples are evaluated
by Tafel plots (overpotential vs. log j) derived from their polarization
curves, as displayed in Fig. 5b. The Tafel slope of NCI-8 is about 72 mV/
dec, which is significantly lower than those of NiOOH (224 mV/dec), NC
(198 mV/dec), NCI-15 (134 mV/dec) and NCI-22 (163 mV/dec),
demonstrating its superior intrinsic activity and more favorable elec-
trocatalytic kinetics toward OER. However, we also observe that the
Tafel slope of NI-8 (80 mV/dec) (Fig. S16b) is only a little larger than
that of NCI-8, further illustrating the critical role of Ir doping.

In order to illustrate the intrinsic activity of the as-fabricated film
catalysts, we obtained the mass activity and turnover frequency (TOF) of
the film samples. The average loadings of the NC, NCI-8, NCI-15 and
NCI-22 catalysts on substrates (1 sz) were about 0.32, 0.37, 0.39 and
0.40 mg, respectively. The mass activity of the NCI-8 film sample was
over twice as high as the other films (see Fig. S17). The TOF reflects the
intrinsic activity of the catalyst, but the number of active sites is difficult
to determine, especially in heterogeneous catalytic systems. The
simplest method is to take every metal cation as the “active site” and use
the total film mass to determine the moles of metal in the film [11,
43-44]. Therefore, total-metal TOF (TOFyy,) is defined as:
Current (A)
4F (C/mol)

film mass (g)
MW NiColrOOH (g/mol)

TOF,(s ') = M

Atn =300 mV, the TOFy, of the as-fabricated NC, NCI-8, NCI-15 and
NCI-22 catalysts are calculated to be 0.02, 0.10, 0.05 and 0.03 s7L as
displayed in Fig. S17. In addition, we note that our fabricated NCI-8
electrocatalyst exhibits excellent OER activity, superior to those of the
previously reported Ni-Co-Ir, Co-Ir, Ni-Ir and some state-of-the-art

0 2 4 6 8 10

Scan rate (mV s™)
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electrodes. (Table S2).

3.3. Density functional theory calculations

In order to understand the origin of high OER activity and the roles of
each component in NCI-8, we carried out DFT calculations using
methods we applied previously for in silico studies to identify dopants to
replace Fe in Fe-doped NiOOH [15]. We built the NCI-8 slab model
shown in Fig. S18, based on the crystal structure of NI-8 model used
previously [15].

We first considered all possible reaction steps for OER to find the
lowest energy pathways. This includes every state associated with each
oxidation step (losing one electron) coupled with deprotonation and
every possible O-O bond formation state on each different surface
element (Ir, Co and Ni). The final results for the predicted pathway
having the lowest free energy for OER on NCI-8 are reported in Fig. 6.
Here we note that the presence of Ir on the NCI surface facilitates for-
mation of a O radical site on the Ir oxo bond while Co facilitates O-O
coupling, both essential for OER. This synergy lowers the overpotential
for OER.

As shown in Fig. 6, sequential oxidation-deprotonation steps starting
from the NCI-8 slab model (Fig. S18, state 1) (state 1 — state 2 and state
2 — state 3) lead to formation of the O radical (Oe), key intermediate for
OER on the surface Ir site. Our DFT spin analysis finds that the Ir is in the
5+ oxidation state, in good agreement with the CV data in Fig. 5c. The
reaction (state 2 — state 3) proceeds via deprotonation of the OH
adsorbed on the Ir, an endothermic process requiring 0.49 eV. Next O-O
coupling (state 3 — state 3’-Co) is generated by interaction between the
Oe on Co and an additional HO introduced as in state 3’-Co, hydroge-
nating O on the Ir°" site. Interestingly the O-O coupling prefers the Co
site (requiring 1.18 eV for O-O coupling) rather than the Ir site
(requiring 1.41 eV for O-O coupling). This makes O-O bond coupling
step the rate-determining step (RDS) for OER on NCI-8.

These results indicate that both Ir and Co play essential bifunctional
roles in the OER catalysis just as we found earlier for Fe-doped NiOOH
[15,45]. We see that the free energy barriers required for both the O
radical formation and O-O coupling steps (0.49 and 1.18) are signifi-
cantly reduced compared to the free energies required for OER in the
NiOOH (2.06 eV) and the Fe-doped NiOOH (1.68 eV) [15]. These low
energy barriers explain the observed enhanced catalytic performance for
OER on the NCI-8.

Table S3 compares NC with NCI-8, showing that without Ir, the
second step of forming the O radical character requires higher energy of
1.50 eV compared to 0.49 eV required for NCI-8. This shows the vital
role of Ir in the OER process.

Moreover, increasing the content of Ir from 8% to 15% also decreases
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Fig. 8. (a) The relationship between scan rate and charge current density of double layer capacitor and (b) the corresponding electrochemical double-layer ca-
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Fig. 10. Durability test of NCI-8 electrode at 20 mA cm 2 for 70 h.

the catalytic activity of NCI, as shown experimentally in Fig. 5. To clarify
why this increase in Ir content leads to lower catalytic activity than that
of NCI-8, we carried out DFT calculation using a slab model of NCI-15
with an atomic ratio of 16.7% Ir in the NCI as shown in Fig. S19. The
NCI-15 slab model was built by choosing the lowest energy model
(where the additional Ir is located on the top surface of NCI-8) among
five different cases assuming additional incorporation of Ir onto the top-
or sub-surface of the NCI-8 model. We then examined the oxidation steps
on the NCI-15 as for NCI-8, leading to the lowest OER pathway in Fig. 7.

We find that this increased concentration of Ir leads to a higher
surface concentration of Ir in NCI-15, making the O radical formation
step more endothermic by ~0.3 eV and the O-O coupling step more
endothermic by ~0.1 eV. Even more important, the higher concentra-
tion of Ir in NCI-15 makes desorption of O, product from its adsorption
site on Co (O-O coupling on Co) more endothermic by ~0.2 eV (state 4
to state 5 in Fig. 7), which increases the onset potential and reduces the
catalytic activity of the whole OER process.

These results demonstrate why NCI-8 exhibits the optimum OER
activity among various NCI-x systems. Ir doping improves the OER ac-
tivity of NC by stabilizing the O radical that helps O-O bond formation,
but with a higher concentration of Ir on the surface, O, bonds too
strongly decreasing overall OER activity.

3.4. Electrochemical characterization of catalysts

To further understand the superior OER performance of NCI-8, the
electrochemical active surface area (ECSA) was calculated in terms of

the double-layer capacitance (Cqj), but it should be noted here that the
double-layer capacitance method does have some limitations in esti-
mating the surface area, it may serve as diagnostic tools, but can’t be
accurately used for quantitative analysis. Cqy is measured by using CV
measurements in a non-faradaic region near the open circuit potential.
Fig. S20 shows the CV curves of the NiCo-based catalysts at different
scan rates from 1 mV s ™! to 10 mV s~ 1. The corresponding C; values are
obtained through the equation: Cq; = i/v (i is the charging current and v
is the scan rate) [11]. As displayed in Fig. 8, the calculated Cq; value of
NCI-8 is 5.59 mF cm ™2, which is much higher than those of NC (2.89 mF
em ™), NCI-15 (3.71 mF ecm™?) and NCI-22 (3.61 mF cm ™~ 2). In addition,
the size of pre-OER redox waves can give insight into the electrochem-
ically active surface area [11,46]. We use the pre-OER Ni/Co-based
redox couples as a way to estimate the number of electrolyte-accessible
Ni/Co sites in our system, the results are shown in Fig. S21. It can be
clearly observed that the increase in measured double-layer capacitance
is related to the increased number of accessible metal redox sites. This
suggests that NCI-8 has a large electrochemical surface area, which also
provides plenty of active sites for electrochemical redox reactions [47],
revealing the excellent OER activity.

Electrochemical impedance spectroscopy (EIS) tests were performed
to investigate the kinetics of as-prepared electrocatalysts with different
atomic ratios of Ir dopants under OER conditions. The Nyquist plots of
NC, NCI-8, NCI-15 and NCI-22 are given in Fig. 9, which show two
semicircles in the high and low frequency region, corresponding to the
fast electron transfer process (resistance from substrate/catalyst inter-
face) and charge transfer process (resistance from catalyst/electrolyte),
respectively. The inset in Fig. 9a is the equivalent circuit of the Nyquist
plots mentioned above, and the corresponding fitting results are shown
in Table S4. The charge transfer resistance (R.¢) of NCI-8 is obviously
smaller than those of other as-prepared catalysts. It is measured to be
only 0.42 Q, indicating a faster charge transfer process for NCI-8 during
the OER process. The extremely low value of R is mainly due to the
electronic structure modification derived from Ir doping, as well as the
hierarchical porous structure of the catalyst and the good binding force
between the ZnO/NCC substrate, all these factors contribute to the
excellent OER performance of NCI-8.

3.5. Durability test

High durability of electrocatalyst is a key factor in the practical
application. The galvanostatic method was utilized to evaluate the
electrocatalytic durability of the as-fabricated NC, NCI-8, NCI-15 and
NCI-22 at 20 mA cm 2 (Fig. 10 and Fig. S22). We show that all as-
fabricated electrocatalysts exhibit superior durability and well-
maintained structure (Fig. S23), especially the overpotential of NCI-8
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electrode increased only by 3% in the long-time 70 h durability test,
indicating that our fabricated NCI-8 electrode possess excellent dura-
bility in alkaline media, and is superior to the previously reported other
state-of-the-art electrodes (Table S2).

4. Conclusions

We designed a catalyst using mostly non-noble metal based materials
to obtain excellent OER catalytic activity and durability. We synthesized
Ir-doped NiCo oxyhydroxide (NCI) nanosheets with various concentra-
tions of Ir using our novel photochemical deposition method. This leads
to the deposition of catalyst layers with uniform and large catalytic
active area and with enhanced catalytic activity. We expect that the
novel photochemical synthesis method developed here may provide
improved catalysts for other applications.

Based on structural and electrochemical analysis, we found that the
NCI-8 nanosheets with 8% Ir and 46% Co shows the most efficient OER
activity. The net result is a current of 50 mA/cm? at a 260 mV over-
potential, one of the best OER performance reported so far. Moreover,
NCI-8 leads to stable performance at a current of 20 mA cm 2 for 70 h in
alkaline media.

Our DFT calculations support the experimental results showing that
OER on NCI-8 is faster than on NC because the barrier for forming O
radical character on the Ir is much lower while for NCI-15 the product Oy
is too stable to desorb. These results show that Ir and Co play synergetic
roles in this catalyst.
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