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Abstract

To achieve practical production of fuel from watiris essential to develop efficient and
durable electrocatalysts for the oxygen evolutieaction (OER). We report here that doping
NiCo-OOH nanosheets with 8% Ir leads to a low owaptial of only 260 mV for 50
mA/cn?, far better than previous OER catalysts. We syitlee this catalyst using a novel
photochemical deposition method that leads to doumi distribution of dopant, large
catalytic active area, high interfacial charge sfan efficiency, good adhesion between
catalyst and matrix, and long lifetime. Moreovdrgede nanosheets show significant stable
performance for 70 hours in alkaline media. Oursitgrfunctional theory calculations, show
that Ir and Co both play essential bifunctionalesolin stabilizing the key O radical
intermediate on Ir and promoting the O-O bond cmgpbn Co, which is optimum for the 8%
Ir.

Keywords: Oxygen Evolution Reaction; NIOOH Oxyhydroxide; 3¢y Functional Theory;
Photodeposition; Reaction Mechanism;
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1. Introduction

The oxygen evolution reaction (OER) plays an imgnatrtrole in such energy conversion
systems as water splitting, @@duction, and metal-air batteries [1-3]. Recermigat efforts
have been devoted to developing OER catalysts wigiroved performance [4]. However,
sluggish kinetics due to a high overpotential fog tomplex four-electron coupled process
have remained as obstacles to making the electmichesystem more efficient. This makes
identification of active and efficient electrocafsts for high OER performance a priority.
IrO, has been regarded as promising OER catalyst ¢thraedia due to its low overpotential
and high catalytic performance. However, its higistcand instability in base hinder its
commercial applications. Thus, it is imperativeidentify and characterize new low cost
electrocatalysts that provide more efficient anchbile electrocatalytic properties.

Among various transition metal oxide based OER tedeatalysts, Nickel oxyhydroxides
(NIOOH) have shown promising electrocatalysis taWw&®ER in alkaline medium with
enhanced electrochemical activity, earth abundaatere, and open structure [5-7Thusy-
NiOOH is known to be the active phase for OER, witlormal Ni valence of about +3.6 [8].
Several studies have shown that incorporation leérometals in NIOOH can further improve
OER catalytic activity [9]. In particular, Fe-dopgNIiOOH oxyhydroxides (Fg-NiOOH)
have been recognized as most active non-preciagr@tatalyst for OER under alkaline
condition, leading to excellent catalytic perforrnarand prominent stability [10]. However,
Fey-NiOOH is far from adequate. To design better eteettalyst, Boettcher showed
experimentally that NiCo-based oxyhydroxides (Ni@Q#) enhance catalytic performance
over NiFe-based oxyhydroxides because the electronnductivity of CoOOH is far
superior to that of FeOOH [11]. Previous studies® dbund improvements for Mo- and Fe-
doped NIiOOH [5]. However, the OER performance oflkblNiCOOOH remains
unsatisfactory due to its low specific surface aag@a sluggish interface charge transfer.
Moreover, the semiconductor properties of prisihi€oOOH greatly impede charge transfer
from the catalyst to the supporting substrate,tingicatalytic activity and overall efficiency
for the OER [12-14]. Recentlyn-silico screening by Shin and Goddard predicted that Co-,
Rh-, and Ir-doping of NIOOH would improve OER eledatalysis, with particularly
dramatic improvement for Ir [15]. Therefore, we dBped new materials synthesis strategies
for Ir-doped NiCoOOH catalyst aiming at boostingRO&atalytic activity.

In addition to enhancing the catalytic activity,stalso important to design the catalyst to
obtain a large active surface area and good stalcstiability. Constructing free-standing
nanostructures can provide large electrochemidaleaarea while strengthening the adhesion
interaction between catalyst and substrate canawepthe structural stability of the catalyst.
To accomplish this, we developednavel photochemical deposition method that has
prominent advantages ohiform 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 rodthutilizes the strong oxidizing
properties of photo-generated holes. We show tmateiu stimulation by UV-vis light,
photogenerated holes are transferred to the senhictor surface leading to oxidation of
metal ions and in-situ deposition on its surfabeistgreatly strengthening the combination
between the catalyst and the substrate. This iatigith the photochemical preparation
method of the Berlinguette group, who uses photoited decomposition to fabricate OER
catalysts [16-18].
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Based on these considerations, we first designiei@rarchical layered Ir-doped NiCoOOH
catalyst supported on ZnO/nitrogen-doped carborthckubstrate, which is fabricated
successfully through our novel photochemical demosimethod. Under light stimulation the
Ni%*, Cd®* and If* were all oxidized by the strong oxidizing propedfythe photo-induced
holes so that the electrocatalyst is uniformly deal in-situ on the outer surface of the
type semiconductor ZnO. Our electrochemical tes$iswsthat the Ir-doped NiCoOOH
electrode with 8% Ir exhibits excellent catalytierfprmance, requiring aover potential of
only 260 mV to achieve a current of 50 mA cm™, which is superior to previous
electrocatalysts for OER. Moreover, our photochairi@ased synthetic method leads to large
surface area and increased stability (70 hours evithh 3% change in performance).

We find that the excellent catalytic performanceh# Ir-doped NiCoOOH/ZnO composite
arises mainly from three aspects:

i) photochemical deposition ensures strong bondingvdmt the catalyst and the
substrate, which facilitates the construction afefstanding nanostructures having large
electrochemical active area to improve activity atrdcture stability;

i) the hierarchical porous structures expose moraceifdrea of the catalyst, providing
increased active sites while promoting full contadth the electrolyte to facilitate charge
transfer;

iii) the Ir dopant on oxyhydroxides / oxides plays afal/role in promoting OER active
sites while modifying the electronic structure teafly reduce the catalyst overpotential to
accelerate charge transfer, boosting catalyticoperdnce.

To understand the origin of dramatically improveelfprmance due to Ir doping on the
NiCoOOH surface, we applied density functional tiye(OFT). This confirmed that the

catalyst with 8% Ir exhibits the best performangthwhe Ir facilitating formation of IrO oxo

bond with radical character on the O and the Cilitiaing the O-O formation step.

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

The chemical reagents used were all analytical ggradthout further purification. To im-
prove the hydrophilicity of carbon cloth, it wasface-functioned using concentrated HNO3
for 24 h at 90 °C, then rinsed several times welokized water, and dried at 60 °C under
vacuum. This N-doping treatment increases the noeggh and the electronic con-ductivity of
the carbon cloth. The fabrication of nitrogen-dopadon cloth (NCC) in-volves three steps:
followed by hydrothermal reaction, thermal reductiand concentrat-ed acid treatment, as
described in the related investigations of Tong aodorkers [19]. The growth of ZnO
nanorod arrays on NCC was carried out with theofalhg steps. First, a piece of NCC (1 cm
x 1.5 cm) was immersed in the seeding solutionaiomtg 0.01 M Zn(CHCOO)- 2H,0 and
0.01 M NaOH, followed by hydrothermal treatmenfil&0 °C for 15 min. The above seeding
process was repeated four times. After that, thewtr solution of 0.10 M
hexamethylenetetramine (HMTA) and 0.10 M Zn@6H,O were dissolved in deionized
water separately at room temperature, then mixet stinred for 30 min. Then the NCC
covered with the ZnO seed layer and the growthtswoluwere transferred together to a
Teflon-lined stainless steel autoclave and heatetD@ °C for 12 h. The obtained greyish-
white film was rinsed extensively with deionizedteraand finally annealed in a pipe furnace

3
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at 400 °C for 1 h under the flow of Ar to obtaie hnO NRAs@NCC substrate.
2.2. Preparation of the Ir-doped NiCoOOH/ZnO@NCC composite film

The Ir-doped NiCoOOH/ZNO@NCC composite films wemdbrfcated through a novel
photochemical deposition method. The photodepasisolution consisted of 0.13 M
NiSO4-6H0, 0.10 M CoCJ- 6H,0, 0.13 M CHCOONa with a series of molar concentrations
of IrCls-xH,O (Ir>52%). The ZnO NRAs@NCC substrate and thel&itede were placed
into the photodeposition reactor and connected bwir@ for short-circuit. The ZnO
NRAs@NCC substrate was placed opposite the UVigig Irradiation (500 W Xe lamp, 2.0
mW cmi?) through the quartz window, and its exposed aras Wcrf, the photodeposition
process is displayed in Figure S1. In the procésghotodeposition, the solution was stirred
constantly to ensure the stability and uniformityre deposition system. The composite film
obtained after 3 hours of photodeposition exhiltite best catalytic activity. After the
deposition, the as-fabricated composite film wased with deionized water several times
and vacuum dried at 60 °C.

The preparation process of NICOOOH/ZnO@NCC compdsih was the same as for the Ir-
doped NiCoOOH/ZNO@NCC, except that there is noslsl,0 in the photodeposition

solution. We denote the Ir-doped NiCoOOH/ZnO@NC@posite films as NCI-x%, where

X Is the atomic ratio of Ir content among all metéNi, Co, Ir), and the value of x is
determined by the ICP analysis. These atomic ratieglisplayed in Table S1. Similarly, NI-
x% indicates the individual doping of Iridium inbilOOH, where x refers to the Ir content.
NiCoOOH/ZnO@NCC is described as NC.

2.3. Physical characterization

The crystalline structures of the fabricated fillmamples were characterized by X-ray
diffraction (XRD) on the D/MAX 2550 X ray diffractoeter from Rigaku company using Cu
Ka radiation. Scanning electron microscopy (SEM, aikss, Ultra 55) at an acceleration
voltage of 5 kV and high-resolution transmissio&célon microscopy (TEM, Tecnai G2 F30)
with an accelerating voltage of 200 kV were usedottserve the morphologies and
microstructures of the films. X-ray photoelectrgpestroscopy (XPS) data were recorded
using the Escalab 250Xi X-ray physical electrompbstoelectron spectrometer with MgtK
radiation. The obtained spectra were correctedrdoupto the adventitious C 1s peak (284.6
eV). The atomic ratios of the Ni, Co, Ir elementdle as-fabricated composite films were
analyzed using inductively coupled plasma atomicssion spectroscopy (ICP, SPECTRO).
The as-fabricated samples were dissolved in n#cid solution, and the resulted solutions
were used for ICP analysis.

2.4. Electrochemical measurements

Electrochemical measurements of the catalysts waréed out using a three-electrode
system on a CHI660D electrochemical workstatiomoamm temperature. The as-prepared
NCI composite film was used as the working elearamhile Ag/AgCI electrode (filled with

saturated KCI solution purchased from Rex compamyg) platinum foil were utilized as the
reference electrode and the counter electrodeecésply. 1 M KOH aqueous solution was
employed as an electrolyte. The Ag/AgCl electro@dibcation was carried in a three-
electrode system with Pt foil as working counteecélode and Ag/AgCl as reference
electrode. The electrolyte was Haturated 1.0 M KOH. The LSV curve was collecte® a

mV/s scan rate, and the potential at which the enirrcrosses zero was taken as
thermodynamic potential (vs Ag/AgCI) for the hydemgelectrode [20]. The potential at

4
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which current crosses zero is -1.027 V vs Ag/Agl,shown in Figure S2, so all potentials
were calibrated according to the equatiognE= Eagagcl + 1.027. The electrocatalytic
activity of the NCI composite film was measuredlimgar sweep voltammetry (LSV) at a
scan rate of 5 mVswith 95%iR drop compensation. The stability performance efNCI
composite film was tested using chronopotentiometra current density of 20 mA &n
Cyclic voltammetry (CV) was carried out at a scaterof 5 mV & in the potential range of
0.2 to 0.9 V vs. Ag/AgCI. Electrochemical impedarspectroscopy (EIS) was conducted
within the frequency range of 100 kHz to 0.01 Holdain the solution impedandgs) of the
electrochemical system and investigate the kinetitsthe electrocatalysts under OER
conditions. The electrochemical active surface §E2aSA) was determined on the basis of
the measured double-layer capacitanCg),( which was calculated by CV curves within a
potential range of 0.1 V centered at open-circateptial at different scan rates.

2.5. Computational details

We carried out spin-polarized density functionadty (DFT) calculations using the Vienna
Ab-initio Simulation Package (VASP) [21] for thevistigation of the atomistic mechanisms
for OER on the NCI surfaces. We used the Perdewwdkrnzerhof (PBE) flavor of DFT [22]
including the D3 empirical van der Waals correctigith Becke-Johnson parameters. The
projector augmented wave (PAW) potent[al3] wereused to describe the valence electron-
ion interactions. This level correctly describes #Husorption energies of intermediates on a
variety of surfaces [24-26].

For the geometry optimizations, we used a planeevesergy cutoff of 400 eV. We employed
a gamma-centered Monkhorst k-point mesh of (3x3All)surface models were built by
including an additional vacuum region of 15 A. Thatom two layers of the slabs were fixed
at the lattice spacing of the bulk while the tom tlayers were allowed to optimize. Dipole
corrections were applied to the surface normalctiva. Here, the solvation was included by
introducing explicit HO molecules on the surface.

For the calculation of free energy for each stepam temperature (298.15 K), we computed
the zero-point energies, enthalpy, and entropydasehe vibrational frequencies.

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

The fabrication of the hierarchical layered NCI gusite film is displayed schematically in
Fig. 1. The ZnO nanorod arrays were initially groan NCC through the hydrothermal
reaction using zinc acetate, sodium hydroxide, m®thylenetetramine and zinc nitrate as
precursors. Subsequent heat treatment was cartednoan Ar atmosphere in order to
improve the crystallinity of ZnO nanorod arraystekfthat, the strong oxidizing properties of
photogenerated holes, were used to oxidize the Inmta (N7, C&*, Ir*") to obtain
hierarchical layered NCI composite film. It is imnt to note that the uniformly
hierarchical nanorod structure of the ZnO can d#ffety disperse the catalytically active
materials and fully expose the catalytically acsites of the NCI electrocatalysts.

The XRD patterns of the as-fabricated NC, NCI-8,1146 and NCI-22 composite films are
shown in Fig. 2 and Fig. S3. All diffraction peakthe as-fabricated samples match well
with ZnO (JCPDS Card No. 01-070-8070) or carborthc[JCPDS Card No. 00-037-0474),
with no other peaks, indicating the amorphous stinecof the as-synthesized electrocatalysts.

5
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We expect that only a small driving force is regdito transform the oxygen-evolving state
from an amorphous structure into an ordered stracexplaining the high catalytic activity
of the amorphous catalyst [27].

The Raman spectra of the as-prepared NC, NCI-8;1CAnd NCI-22 composite films are
displayed in Fig. S4. The peaks located at 3053@%dcn' can be assigned to Ir--OH signals
[28], and the weak peak observed at 561" ésnthe characteristic Raman Ir-O stretch mode
[29-30], indicating a I-OOH phase. The sharp peb&erved at 440 chis attributed to the
E2 (high) vibration modes of ZnO [31-32], which d¢®nsistent with the XRD results.
Furthermore, the broad Raman band located at 587cam be assigned to CoOOH (Co(IV))
species [30,33], and the other two peaks centerdd@%and 550 cih correspond to Ni-O
vibrations iny-NiOOH [34-36]. However, it is clear that these tweaks shift to 538 ch
with incorporation of Ir.

The microstructures of NCI-8 were characterizedusing SEM, TEM, and HRTEM, as
shown in Fig. 3. NCI-8 is grown uniformly on regul@exagonal prism ZnO nanorods (Fig.
S5) with hierarchical arrays consisting of inteddmanosheets, as shown in Fig. 3a-c. The
thickness of the nanosheets is measured to be &om. The SEM images of the as-
fabricated NC, NCI-15 and NCI-22 with different anmbs of Ir dopant are displayed in Fig.
S6, showing nanosheet array structures similar @-& The TEM images in Fig. 3d-e
further demonstrate that the ZnO nanorods are gvardted with hierarchical nanosheets,
and the interconnected nanosheets are stackedrrto Herarchical porous structures. In
addition, visible dark strips are folded edges amkied nanosheets, which show their
ultrathin nature. The lattice spacing of 2.48 Atlie HRTEM images (Fig. 3f and Fig. S7a)
can be indexed to the (101) crystal plane of Zn@,nw other obvious lattice space can be
observed. The corresponding SEAD pattern of amarpHayer is displayed in Fig. S7b,
which further confirms the existence of ZnO in twnposite and the amorphous structure of
NCI-8 nanosheets. This is in accordance with théXBsults. The elemental mappings of
NCI-8 in Fig. 3g show that the elements Ni, Co, Znand Ir are well-dispersed and the Ir
content is relatively low. The comparative NC comipo film exhibits the similar
microstructures to NCI-8, as shown in Fig. S8aru s HRTEM image (Fig. S8c) indicates
the presence of ZnO substrate and the weak ciystaihtalyst layer. The original amorphous
layer has weak lattice stripes due to the rearmaege of the amorphous disordered structure
by high-energy electrons in the detection environtn€he elemental mappings of NC (Fig.
S9) show the homogeneous distributions of elemént€o, Zn and O.

X-ray photoelectron spectroscopy (XPS) measuremeaits conducted to further investigate
the valence state and element composition of tHatagated NCI-8 composite film. In the
high-resolution Ir4f spectrum in Fig. 4a, two main peaks of4ff, and Ir 4f5, can be
deconvoluted into ff and I1#* [37], and two bands at 61.8 and 64.9 eV corresgonid”,
while the If* peaks are located at 62.8 and 65.8 eV. But affeR,Qhe spectrum shows a
significant shift toward higher binding energy, wiiindicates that some of th&'lir** have
been further oxidized toF species [38-39], which is consistent with the fssaf the CV
test in Fig. 5c. Fig. 4b shows the high-resolutkd?S pattern of the N2p spin-orbit splitting
of NCI-8. The Ni2ps;; and Ni2py, peaks can be deconvoluted into peaks &t ind Nf*,
where the characteristic peaks at about 855.8 ZBd8&V can be identified as Nispecies,
whereas the other two peaks centered at 857.9 256 8V can be attributed toNispecies.
After OER, the proportion of Ni has increased significantly, as some of th&" Mie
oxidized to Nf*, leading to a final formal Ni valence is aboutZ.8hich is in line with the
average valence of the reportetliOOH [40]. The high-resolution Co 2p XPS spectram
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the as-fabricated NCI-8 is given in Fig. 4c, shayvanpair of Ca2ps;, and Co2p,/, doublet
peaks, which can also be deconvoluted into peak8addf and C8*. The as-deconvoluted
peaks centered at 781.0 and 796.5 eV correspo@btospecies, while the peaks with the
binding energies at 783.5 and 798.3 eV are asctib&t' species [41]. Similarly, the ratio
of Co*" has increased significantly after OER, causingsfiecies to exhibit a higher valence
state. The wide-scan survey spectra of NC, NCI-B|-bhb and NCI-22 composite films are
displayed in Fig. S10, revealing the successfutgttemical depositions of NC and NClIs on
the final composite films, respectively. The higisolution Ni2p, Co 2p and Ir4f XPS
patterns of NC, NCI-8, NCI-15 and NCI-22 compoditms after OER tests are shown in
Figs. S11, S12 and S13, respectively. Compareded\NC sample, the Ndp XPS peaks of
NCI-8, NCI-15 and NCI-22 all shift to a higher bind energy, indicating a strong electronic
interaction between Ir dopant and NiCoOOH. In additFigs. S12 and S13 show that the
Co 2p peaks and IAf peaks of NCI-8 have the highest binding energy mamed with the
other as-fabricated electrocatalysts. Thus bothCbespecies and the Ir species exhibit the
highest average valence state for NCI-8, the nuisteafor OER [8-9,42].

3.2. Electrocatalytic activity of catalysts

In order to evaluate the effect of Ir doping, thERDcatalytic activity of NCI electrodes with
different atomic ratio of Ir content of 0, 8%, 15#d 22% (NC, NCI-8, NCI-15 and NCI-22,
respectively) were measured via a standard thexmtretle system by linear sweep
voltammetry (LSV) in 1.0 M KOH with a scan rate ®fmV s’. As indicated in the LSV
curves of the various as-fabricated samples #@Reporrection (Fig. 5a), it is clear that NCI-8
exhibits the highest catalytic activity. It requarenly an overpotential of only ~260 mV at 50
mA cmi?, in contrast to NC, NCI-15, and NCI-22, which showch larger overpotentials of
448, 290 and 310 mV, respectively. Since the sarfmetal (Ni, Co and Ir) oxidation is
accompanied by the OER process, to eliminate timribation of any transient responses,
we measured the catalytic activity of the as-falied samples using multi-potential step
measurements, as shown in Fig. S14. For a moreotgoexperimental design, we also
fabricated two other catalysts, NCI-4 and NCI-1hose OER performance are shown in Fig.
S15. Clearly NCI-4 and NCI-11 exhibit poorer OERfpamance than NCI-8, indicating that
a slight change in the content of Ir has a sigaiftcdmpact on the OER performance of the
NCI catalyst.

NI-8 (Fig. S16) shows dramatically improved OER performance with overpotentials of
290 mV at 50 mA cm, which can be compared to an overpotential of 445 mV at 50 mA
cm? for NiOOH. This shows that the Ir doping plays a key role ithancing catalytic
activity of NIOOH. This validates the DFT prediat® made earlier by Shin, Xiao, and
Goddard [15]. Comparing the activities of NCI-8 aNt8, we see that Co doping is also
important in promoting OER activity, which we a$&ito 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-fabricatechdas are evaluated by Tafel plots
(overpotential vs. log) derived from their polarization curves, as digpthin Fig. 5b. The
Tafel slope of NCI-8 is about 72 mV/dec, which igngficantly lower than that of NIOOH
(224 mV/dec), NC (198 mV/dec), NCI-15 (134 mV/dea)d NCI-22 (163 mV/dec),
demonstrating its superior intrinsic activity andone favorable electrocatalytic kinetics
toward OER. However, we also observe that the Tdégle of NI-8 (80 mV/dec) (Fig. S16)
is only a little larger than that of NCI-8, furthustrating the critical role of Ir doping.
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In order to illustrate the intrinsic activity ofdéhas-fabricated film catalysts, we obtained the
mass activity and turnover frequency (TOF) of tive sSamples. The average loadings of the
NC, NCI-8, NCI-15 and NCI-22 catalysts on subssatecnt) were about 0.32, 0.37, 0.39
and 0.40 mg, respectively. The mass activity ofNIiid-8 film sample was over twice as high
as the other films (see Fig. S17). The TOF refléntsintrinsic activity of the catalyst, but the
number of active sites is difficult to determinspecially in heterogeneous catalytic systems.
The simplest method is to take every metal cat®itha "active site” and use the total film
mass to determine the moles of metal in the filrh,43-44].Therefore, total-metal TOF
(TORy,) is defined as:

Current (A)

TOth (S-l) - 4F (C/mol) (1)

film mass (g)
MW NiColrO0OH (g/mol)

At n = 300 mV, the TOf, of the as-fabricated NC, NCI-8, NCI-15 and NCl&#alysts are
calculated to be 0.0171, 0.0988, 0.0462 and 0.833as displayed in Fig. S17. In addition,
we note that our fabricated NCI-8 electrocatalydtilgits excellent OER activity, superior to
that previously reported on state-of-the-art cai@lWi-Co-Ir, Co-Ir, Ni-Ir systems and
electrodes. (Table S2).

3.3. Density functional theory calculations

In order to understand the origin of high OER attiand the roles of each component in
NCI-8, we carried out DFT calculations using methaee applied previously fan silico
studies to identify dopants to replace Fe in FeedoiOOH [15]. We built the NCI-8 slab
model shown in Fig. S18, based on the crystal &tra®f NI-8 model used previously [15].

We first considered all possible reaction stepsJ&R to find the lowest energy pathways for
OER, as shown in Fig. 6. This includes every stigsociated with each oxidation step (losing
one electron) coupled with deprotonation and eyerysible O-O bond formation state on
each different surface element (Ir, Co and Ni). Tihal results for the predicted pathway
having the lowest free energy for OER on NCI-8raported in Fig. 6. Here we note that the
presence of Ir on the NCI surface facilitates faioraof a O radical sites on the Ir oxo bond
while Co facilitates O-O coupling, both essentiak fOER. This synergy lowers the

overpotential for OER.

As shown in Fig. 6, sequential oxidation-deprotamaisteps starting from the NCI-8 slab
model (Fig. S18, state 1) (statedd state 2 and state=® state 3) lead to formation of the O
radical (Oe), key intermediate for OER on the scefér site. Our DFT spin analysis finds that
the Ir is in the 5+ oxidation state, in good agreatrwith the Cyclic Voltammogram data in
Fig. 5¢c. The reaction (step=2 3) proceeds via deprotonation of the OH adsorlvethe Ir,
an endothermic process requiring 0.49 eV. Next G@pling (state 3 state 4) is generated
by interaction between the O« on Co and an additiéhO introduced at oxidation step 3,
hydrogenating O on thelrsite. Interestingly the O-O coupling prefers thedite (requiring
1.18 eV for O-O coupling) rather than the Ir siteqliring 1.41 eV for O-O coupling). This
makes O-O bond coupling step the rate-determirtieyyg (RDS) for OER over NCI-8.

These results indicate that both Ir and Co playertsd bifunctional roles in the OER
catalysis just as we found earlier for Fe-doped Q[15, 45]. We see that the free energy
barrier required for both the O radical formatiordaD-O coupling steps (0.49 and 1.18) are
significantly reduced compared to the free energggsired for OER in the NiOOH (2.06 eV)
and the Fe-doped NiOOH (1.68 eV) [15]. These lowrgn barriers explain the observed
enhanced catalytic performance for OER on NCI-8.
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Table S4 compares NC with NCI-8, showing that withis, the 2nd step of forming the O
radical character, is uphill by 1.50 eV compared#9, showing the vital role of Ir in the
OER process.

Moreover, increasing the content of Ir from 8% &/ also decreases the catalytic activity of
NCI, as shown experimentally in Fig. 5. To clanffy this increase in Ir content leads to

lower catalytic activity than that of NCI-8, we dad out DFT calculation using a slab model
of NCI-15 with an atomic ratio of 16.7% Ir in theCNas shown in Fig. S19. The NCI-15 slab
model was built by choosing the lowest energy md@aklere the additional Ir is located on

the top surface of NCI-8) among five different casssuming additional incorporation of Ir

onto the top- or sub-surface of the NCI-8 model.tiim examined the oxidation steps on the
NCI-15 as for NCI-8, leading to the lowest OER pedly in Fig. 7.

We find that this increased concentration of lde#o a higher surface concentration of Ir in
NCI-15, making the O radical formation step moralahermic by ~0.3 and the O-O
coupling step more endothermic ~0.1 eV. Even mmgortant, the higher concentration of Ir
in NCI-15 makes desorption of;@roduct from its adsorption site on Co (O-O cooglon
Co) more endothermic by ~0.2 eV (state 4 to stabe Big. 7), which increases the onset
potential and reduces the catalytic activity of wiele OER process.

These results demonstrate why NCI-8 exhibits thiegmapn OER activity among various
NCI-x systems. Ir doping improves the OER actiofyNC by stabilizing the O radical that
helps O-O bond formation, but with a higher concatign of Ir on the surface, onds too
strongly decreasing overall OER activity.

3.4. Electrochemical characterization of catalysts

To further understand the superior OER performasfcBICI-8, the electrochemical active
surface area (ECSA) was calculated in terms ofdingble-layer capacitanc&y), but it
should be noted here that the double-layer capadtanethod does have some limitations in
estimating the surface area, it may serve as d&gnimols, but can’t be accurately used for
guantitative analysisCq is measured by using CV measurements in a noddaraegion
near the open circuit potential. Fig. S20 showsQGNkecurves of the NiCo-based catalysts at
different scan rates from 1 mV*d$o 10 mV §. The correspondin@g values are obtained
through the equatiorCyq =i / v (i is the charging current andis the scan rate) [11]. As
displayed in Fig. 8, the calculat€, value of NCI-8 is 5.59 mF ¢y which is much higher
than that of NC (2.89 mF ¢fj, NCI-15 (3.71 mF cf) and NCI-22 (3.61 mF c#). In
addition, the size of pre-OER redox waves can gis@ht into the electrochemically active
surface area [11,46], we use the pre-OER Ni/Co<besgox couples as a way to estimate the
number of electrolyte-accessible Ni/Co sites in system, the results are shown in Fig. S21.
It can be clearly observed that the increase insorea double-layer capacitance is related to
the increased number of accessible metal redos. siteis suggests that NCI-8 has a large
electrochemical surface area, which also providesty of active sites for electrochemical
redox reactions [47], revealing the excellent OERvdy.

Electrochemical impedance spectroscopy (EIS) testsee performed to investigate the

kinetics of as-prepared electrocatalysts with d#fé atomic ratios of Ir dopants under OER
conditions. The Nyquist plots of NC, NCI-8, NCI-abd NCI-22 are given in Fig. 9, which

show two semicircles in the high and low frequerexyion, corresponding to the fast electron
transfer process (resistance from substrate/catalysrface) and charge transfer process
(resistance from catalyst/electrolyte), respecyivdlne inset in Fig. 9a is the equivalent
circuit of the Nyquist plots mentioned above, ané torresponding fitting results are shown

9
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in Table S3. The charge transfer resistai®g Of NCI-8 is obviously smaller than that of
other as-prepared catalysts. It is measured tonbe @42 Q, indicating a faster charge
transfer process for NCI-8 during the OER procébe extremely low value d&; is mainly
due to the electronic structure modification dedii®m Ir doping, as well as the hierarchical
porous structure of the catalyst and the good bodtorce between the ZnO/NCC substrate,
all these factors contribute to the excellent OFERgymance of NCI-8.

3.5. Durability test

High durability of electrocatalyst is a key factorthe practical application. The galvanostatic
method was utilized to evaluate the electrocatalytirability of the as-fabricated NC, NCI-8,
NCI-15 and NCI-22 by at 20 mA c¢(Fig. 10 and Fig. S22). We show that all as-faiigd
electrocatalysts exhibit superior durability and llweaintained structure (Fig. S23),
especially the overpotential of NCI-8 electrodergased only by 3% in the long-time 70
hour durability test, indicating that our fabricdteNCI-8 electrode possess excellent
durability in alkaline media, and is superior tceyiously reported other state-of-the-art
catalytic Ni-Co-Ir, Co-Ir, Ni-Ir systems and elemtles (Table S2).

4. Conclusions

In order to develop efficient and durable electtalyasts for the oxygen evolution reaction
(OER), we designed a catalyst using mostly nonaohktal based materials to obtain
excellent OER catalytic activity and durability. \Wenthesized Ir-doped NiCo oxyhydroxide
(NCI) nanosheets with various concentrations afsing our novel photochemical deposition
method. This leads to the deposition of catalygtda with uniform and large catalytic active
area with enhanced catalytic activity. We expedt tthe novel photochemical synthesis
method developed here may provide improved catafgstother applications.

Based on structural and electrochemical analyses,found that the most efficient OER
activity is for the NCI-8 nanosheets with 8% Ir a4tl6 Co. The net result is a current of 50
mA/cn’ at a 260 mV overpotential, one of the best OERoperance reported so far.
Moreover, NCI-8 leads to stable performance at meoti of 20 mA crif for 70 hours in
alkaline media.

Our DFT calculations support the experimental tisssthowing that OER on NCI-8 is faster
than on NC, because the barrier for forming O @dibaracter on the Ir is much lower while
for NCI-15 the product @is too stable to desorb. These results show thahd Co play
synergetic roles in this catalyst.
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612  Fig. 3. (a-c) SEM, (d, e) TEM and (f) HRTEM images of N&I{g) Elemental mappings of
613 Ni, Co, Zn, O and Ir in NCI-8.
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630  Fig. 5. (@) LSV curves of NC, NCI-8, NCI-15 and NCI-22 fOER at a scan rate of 5 mV s
631 in 1 M KOH; (b) The corresponding Tafel plots; (¢he CV curve of bare Ir
632  oxyhydroxide/oxide at 5 mVsin 1 M KOH.
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635 Fig. 6. Mechanism for OER on NCI-8 catalyst.
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646  Fig. 9. Nyquist plots (a) and charge transfer resistgdhf®f NC, NCI-8, NCI-15 and NCI-
647 22 at 1.54 V vs. RHE. Inset in Fig. 9a is the cgpmnding equivalent circuit model for the
648  Nyquist plots.
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Fig. 10. Durability test at 20 mA cihfor 70 hours of NCI-8 electrode.
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Highlights

Ir-doped NiCo oxyhydroxide nanosheets with 8% Ir and 46% Co (NCI-8) are
synthesized using novel photodeposition method that producing uniform and large
catalytic active arealeading to enhanced catal ytic activity.

NCI-8 shows the best performance for the oxygen evolution reaction (OER) activity,
leading to 50 mA cm? a an overpotential of 260 mV, which provides stable
performance for 70 hours in alkaline media.

Ir and Co play essentia bifunctional roles in stabilizing the key O radica
intermediate on Ir and promoting the O-O bond coupling on Co, respectively.
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