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Abstract 

Oxygen evolution reaction (OER) electrocatalysts with high activity, high stability, and 

low costs are needed for proton-exchange membrane (PEM) electrolyzers. Based on the high cost 

and limited supply of iridium, approaches that result in iridium-based OER catalysts with increased 

catalytic activity are of significant interest. We report a carbon-free, self-supported hydrous 

iridium-nickel oxide two-dimensional nanoframe structure synthesized by thermal treatment of 

iridium-decorated nickel oxide nanosheets under reducing conditions and subsequent chemical 

leaching in acid. The catalyst nanoarchitecture contains an interconnected network of metallic 

iridium-nickel alloy domains with hydrous iridium oxide and nickel oxide located in the surface 

region. The electrochemical oxidation step maintains the three-dimensional nanoarchitecture and 

results in a thin (~5 Å) oxide/hydroxide surface layer. The temperature used for thermal reduction 

was found to strongly affect the catalyst surface structure and OER activity. Utilizing a lower 

thermal reduction temperature of 200 ºC was determined to provide a higher relative surface 

concentration of hydroxides and nickel oxide and result in higher OER activities compared with 

materials treated at 300 ºC. The 200 ºC-treated hydrous iridium-nickel oxide electrocatalyst 

showed 15 times higher initial OER mass activity than commercial IrO2, and the activity remained 

10 times higher than IrO2 after accelerated durability testing. Density functional theory (DFT) 

calculations and analysis of the experimental Tafel slopes support that the second electron transfer 

step is the rate-limiting step for the reaction. The DFT calculations demonstrate that Ni substitution 

on the IrO2 surface lowers the activation energy for adsorbed intermediates of the second electron 

transfer step of the OER reaction. This work establishes that noble metal-decorated metal oxide 

nanosheets can be transformed into high surface area, carbon-free electrocatalyst nanostructures 

with high catalytic activities and molecular accessibility and reveals the importance of using 

controlled thermal reduction temperatures to alter the surface structure and OER activity.  

2 

ACS Paragon Plus Environment 
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 

manuscript. The published version of the article is available from the relevant publisher.



 

 

 

    

     

      

          

        

   

    

 

    

   

      

    

         

        

  

    

      

 

      

      

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Page 3 of 72 ACS Catalysis 

Keywords: Two-dimensional materials, nanoframes, nanoarchitectures, electrocatalysts, oxygen 

evolution reaction, proton exchange membrane (PEM) electrolyzers 

1. Introduction 

Hydrogen has numerous uses for industrial processes, chemical synthesis, and as a fuel for 

fuel cells that provide clean, efficient power for automobiles, forklifts, and other applications. 

Currently, a significant proportion of hydrogen is made from fossil fuels. Electrochemical water 

splitting can produce hydrogen and oxygen from water and electricity and be powered by clean, 

renewable sources including wind and solar energy. Since many renewable energy sources are 

intermittent, water electrolyzers also provide the ability to store excess energy as hydrogen.1 

Proton exchange membrane (PEM) electrolyzers that function under acidic conditions 

allow high voltage efficiencies at high current densities, high pressure operation, and fast kinetics 

for the cathodic hydrogen evolution reaction (HER).2-3 In contrast to fast kinetics of the HER, the 

anodic oxygen evolution reaction (OER) exhibits sluggish reaction kinetics that results in high 

overpotentials and significant efficiency losses.2,4 Due to the highly oxidative potential and highly 

corrosive acidic conditions of PEM electrolyzers, the stability of oxygen evolution catalysts is also 

a significant challenge, with typical trends showing the most highly active OER catalysts also 

being highly unstable.1 The development of advanced PEM OER catalysts with high activity, 

extended durability, and lower costs is a key challenge.1,5 

Although ruthenium-based catalysts (metallic Ru and RuOx) have shown the highest 

activities of acidic OER catalysts, under practical operating conditions Ru-based catalysts show 

significant instability with substantial dissolution that leads to catalyst degradation.2 Based on the 

instability of Ru-based catalysts, iridium-based catalysts (metallic Ir and IrOx) have been 

investigated to provide acidic OER catalysts that have both high activities and reasonable 
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stabilities.1,6 Iridium is a platinum-group metal (PGM) with high costs and limited global supply. 

Increasing the OER mass activity (A gIr
-1) of Ir can reduce the amount of Ir required and lower the 

cost of PEM electrolyzers. 

Substitution with non-noble transition metals (e.g. Co, Ni, etc.) within IrO2 and RuO2 has 

been investigated as an approach to develop higher activity acidic OER electrocatalysts.7-9 Prior 

density functional theory (DFT) calculations showed that doping RuO2 with Co or Ni within 

bridging sites resulted in lower overpotentials, which was attributed to facilitating proton transfer 

from M-OH or M-OOH reaction intermediates during the OER reaction.10 Doping of Co within 

RuO2 and IrO2 was shown from DFT calculations to alter the electron density and influence 

changes in the binding energies of intermediates resulting in structures with lower activation 

energies.8 In addition to computational studies, a number of experimental studies have 

investigated interacting Ni within IrOx to increase the OER activity.9,11-15 In model thin films, 

interaction of Ni within IrOx was shown to yield a 20-fold improvement in Ir OER mass activity 

over pure IrOx.9 The effect of Ni on the activity was explained by the leaching of unstable Ni that 

promoted the formation of structurally flexible and reactive OH groups that act as reactive surface 

intermediates.9 

In addition to OER electrocatalysts with high activity, obtaining high stability is needed 

for PEM water electrolyzers, and OER catalyst degradation involves a number of factors including 

dissolution, support corrosion, Oswald ripening, particle growth, and changes in the catalyst 

surface structure.1 Regarding Ir-Ni structures, despite the higher activity of the Ir-Ni oxide films, 

Ir dissolution was ~34-47 times higher within Ir-Ni oxide films than IrOx.9 Ir-Ni bimetallic 

nanoparticles were shown to exhibit very high activities;13 however, the Ir-Ni bimetallic 

nanoparticles were deposited on a carbon black support, and significant degradation occurred after 
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12 hours under constant potential testing which may result from degradation of the carbon support.   

Carbon is not a viable long-term support material for OER catalysts since carbon degradation 

occurs at high electrochemical potentials required for the reaction.16 Rather than using carbon 

supports, IrNiOx core-shell particles supported on antimony-doped tin oxide (ATO) were 

previously shown to result in improved activities and high stabilities.11 However, the activity of 

ATO-supported IrNiOx (~80 A gIr
-1 at 1.51 VRHE)11 is still significantly lower than the activity of 

carbon-supported Ir-Ni bimetallic nanoparticles (498 A gIr
-1 at 1.51 VRHE).13 Recent work 

demonstrated thin films of IrOx/SrIrO3 resulted in high activity and stability OER electrocatalysts 

per square centimeter of oxide catalyst.17 Obtaining an electrocatalyst structure that provides both 

high activity and high stability, particularly at high current densities, remains a challenge. 

Rather than using supported structures, unsupported (self-supported) electrocatalyst 

structures with three-dimensional interconnected porous networks offer the opportunity to avoid 

support degradation and reduce nanoparticle aggregation,18 and therefore can potentially provide 

electrocatalysts with improved stability. Recently reported iridium-nickel (Ir-Ni) and iridium-

cobalt (Ir-Co) nanowires, after acid leaching, showed improved mass activities compared with 

commercial Ir nanoparticles and exhibited relatively high durabilities.5 We recently reported a 

new class of unsupported, carbon-free metallic structures derived from controlled thermal 

treatment of 2D metal hydroxides with decorated metals which we termed “two-dimensional (2D) 

nanoframes” due to their hierarchical 2D framework consisting of an interconnected solid phase 

and an interpenetrating pore network.19 Metallic Ni-Pt 2D nanoframes have direct interaction of 

Pt with Ni which results in very high oxygen reduction reaction (ORR) specific activity, and the 

integrated carbon-free network provides high stability at elevated potentials (up to 1.3 VRHE). 
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Building from our study of Ni-Pt 2D nanoframe ORR catalysts, in this work we 

investigated the synthesis, structure, OER activities, and stabilities of nickel-iridium (Ni-Ir) 2D 

nanoframes derived from Ir-decorated NiO nanosheets. Compared with prior work that 

investigated forming unsupported Ir-Ni structures from deposition of Ir onto metallic Ni 

nanowires5 and from pyrolysis of IrCl3 and NiCl2 precursors,14 we explored Ir-Ni 

nanoarchitectures obtained from thermal and chemical treatment of Ir-decorated NiO nanosheets 

which result in a unique 3D morphology, surface structure, and high OER activity. We evaluated 

the effects of thermal treatment temperature, acid leaching, and electrochemical oxidation on the 

material structure and OER activity and stability. Experimental and theoretical approaches were 

correlated in order to obtain insight into the effect of atomic surface reconstruction and 

thermodynamic and kinetic factors involved with improving the catalytic activity of 2D 

nanoframes for electrochemical oxygen evolution. The structure, activity and stability of a 

commercial IrO2 material were also evaluated to allow direct comparison with the electrochemical 

performance of Ni-Ir 2D nanofames. The unique architecture of Ni-Ir 2D nanoframes combines 

local highly active catalytic sites within an interconnected network and results in 18 times higher 

initial OER mass activity than IrO2. 

2. Results and Discussion 

Synthesis Approach. Ni-Ir 2D nanoframes were synthesized using a sequence of steps as 

shown in Figure 1A consisting of (i) formation of Ni(OH)2 nanosheets using a rapid (13 min) 

microwave-assisted process (ii) thermal treatment in air to form NiO nanosheets, (iii) deposition 

of Ir onto the NiO nanosheets, (iv) controlled temperature/atmosphere treatments (either 200 ºC or 

300 ºC) under reducing conditions (H2/Ar, 5/95 vol %), and (v) a chemical leaching step in nitric 

acid (0.05 M HNO3) at 80 °C for 2 h under Ar atmosphere (details provided in Methods and ESI). 
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After depositing Ir onto the NiO nanosheets, thermal treatment under reducing conditions was 

performed to promote Ir-Ni interaction through transforming the NiO:Ir structure into an integrated 

metallic Ni-Ir phase. Our prior study showed that treating Pt-decorated Ni(OH)2 at temperatures 

of 200 ºC or 300 ºC under H2/Ar resulted in Ni-Pt 2D nanoframes with different surface structures 

and substantially different oxygen reduction specific activities.19 Based on this prior result, we 

investigated treating NiO:Ir at different temperatures (either 200 ºC or 300 ºC) to determine the 

effect of thermal treatment temperature on the structure and oxygen evolution activity and stability. 

The chemical leaching step was performed to remove unstable non-noble metals (in this case Ni) 

within the structure. The samples were noted as NiO (NiO nanosheets), NiO:Ir (Ir-decorated NiO 

nanosheets), NiIr-200 (NiO:Ir treated at 200 C under H2/Ar), NiIr-300 (NiO:Ir treated at 300 C 

under H2/Ar), NiIr-200-CL (NiIr-200 after chemical leaching), and NiIr-300-CL (NiIr-300 after 

chemical leaching). 
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A

B

C

D

E

F

GG

F

Figure 1. (A) Schematic representation of the experimental steps for the synthesis of two-
dimensional (2D) Ni-Ir nanoframes; scanning electron microscopy (SEM) images the NiO 
nanosheet precursor (B), as-prepared NiO:Ir (C), after thermal treatment under H2/Ar at 200C 
(NiIr-200) (D) or at 300 C (NiIr-300) (E), and after chemical leaching in 0.05 M HNO3 at 80 ºC 
for 2 h, NiIr-200-CL (F) and NiIr-300-CL (G). 

Analysis of the Morphologies and Elemental Compositions of Ni-Ir 2D Nanoframes 

and Precursor Materials. Scanning electron microscopy (SEM) was used to characterize the 

morphologies of the Ni-Ir 2D nanoframes and precursor materials. The SEM image of the Ni(OH)2 

nanosheets synthesized using a microwave-assisted process shows the precursor material is 

composed of interconnected nanosheets, and the X-ray diffraction pattern is consistent with the -

Ni(OH)2 phase (ESI, Figure S1). After thermal treatment in air, the -Ni(OH)2 nanosheets were 
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transformed to a NiO phase (as supported by XRD, below) and the nanosheet morphology was 

retained showing lateral sheet sizes of ~1 m (Figure 1B). After Ir deposition, the morphology of 

the NiO:Ir sample (Figure 1C) remained very similar to the NiO precursor, however at higher 

magnification surface porosity was detected which may be associated with NiO corrosion by a 

galvanic replacement reaction with Ir species. The thermal treatment of the NiO:Ir nanosheets at 

either 200 °C or 300° C (NiIr-200 and NiIr-300, respectively) resulted in significant structural 

changes. The material was transformed by the thermal treatment from a nanosheet architecture 

into a highly porous two-dimensional framework structure (Figure 1D,E). After the thermal 

treatment, the material consists of an interconnected solid network and interpenetrating pore 

network, as can be observed within the SEM images. The morphologies of the Ni-Ir 

nanoarchitectures are similar to those of our previously reported Ni-Pt 2D nanoframes.19 A 

particularly important attribute of the Ni-Ir 2D nanoframes is that the structure contains a highly 

porous three-dimensional interconnected solid network, rather than separate particles, as can 

clearly be observed within the SEM images. The interconnected solid network has the potential 

to improve stability by preventing particle agglomeration, particle detachment, Oswald ripening 

and/or carbon corrosion, which are problems commonly observed with nanoparticles supported on 

carbonaceous materials.19-21 After the chemical leaching step, the NiIr-200-CL and NiIr-300-CL 

samples maintain the interconnected network structure (Figure 1F,G), however as discussed 

below, substantial structural changes due to atomic surface reconstruction and micropore 

formation are observed. 
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High surface area and porosity are key attributes of 3D electrocatalyst structures to allow 

significant available surface for the catalytic reaction and molecular accessibility to the 

catalytically active site.22 In addition to high surface area, the pore structure of the nanostructured 

catalyst is particularly important to minimize mass transport losses. The mobility of ions within 

small pores (less than ~ 1 nm) has been shown to be orders of magnitude slower than within bulk 

electrolyte.22-23 The presence of mesopores (pores >2 nm to 50 nm) within the 3D electrocatalyst 

structure is highly desirable since pores within this range are accessible to the electrolyte and 

reactants and also small enough to allow high surface areas for the catalyst.22,24 Nitrogen 

physisorption measurements were used to determine the Brunauer−Emmett−Teller (BET) surface 

areas and pore size distributions of the Ni-Ir 2D nanoframes and precursor materials (ESI, Figure 

S5 and Table S2). After the chemical leaching step, the NiIr-200-CL and NiIr-300-CL samples 

showed BET surface areas of 72 ± 3 and 70 ± 4 m2 g-1 respectively which are higher than BET 

24-25surface areas of some commercial IrO2 catalysts (35-66 m2 g-1). The NiIr-200-CL and NiIr-

300-CL catalysts showed mean pore diameters of 22 ± 2 and 26 ± 3 nm (ESI, Table S2) which 

supports the presence of mesopores within the catalysts, and the pore size distribution plot of NiIr-

200-CL shows the presence of a significant distribution of pores in the mesopore and macropore 

(>50 nm) range (ESI, Figure S5). 

Elemental analysis of the amount of Ir and Ni within NiIr-200-CL and NiIr-300-CL was 

determined from inductively coupled plasma atomic emission spectroscopy (ICP-AES) and 

showed 65.5 wt % Ir and 18.0 % Ni (atomic ratio: Ir1Ni0.90) for NiIr-200-CL and 63.0 wt % Ir and 

18.7 wt % Ni for NiIr-300-CL (atomic ratio: Ir1Ni0.97), indicating a higher relative concentration 

of Ni was present within NiIr-300-CL compared with NiIr-200-CL. Energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping analysis of the Ni-Ir 2D nanoframes and precursor 
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materials shows a uniform distribution of Ni, Ir and O within the structures (ESI, Figure S2, M-

T). The elemental composition after chemical leaching determined by EDS was 62.9 ± 1.2 wt. % 

Ir and 18.8 ± 8.0 wt. % Ni for NiIr-200-CL and 63.6 ± 16.6 wt. % Ir and 17.9 ± 9.0 wt. % Ni for 

NiIr-300-CL. The weight percentages of Ir and Ni within NiIr-200-CL and NiIr-300-CL 

determined from EDS analysis are in general agreement with data obtained by ICP. Analysis of 

the solution used for the chemical leaching step determined that Ni and a small amount of Ir was 

leached into the solution during the acid treatment. The acid treatment of NiIr-200 showed 58.4 ± 

3.5 wt % of Ni and 1.7 ± 0.1 wt % Ir was leached into the solution, and acid treatment of NiIr-300 

showed 62.9 ± 8.1 wt % Ni and 1.7 ± 0.1 wt % Ir was leached into the solution. 

The ICP and EDS elemental analysis showed that Ni is present within the NiIr-200-CL and 

NiIr-300-CL structures even after the chemical (acid) leaching step. While metallic Ir is 

thermodynamically stable in acidic conditions,1 metallic Ni is thermodynamically unstable in acid 

as shown from Pourbaix diagrams.26 Experiments of the stability of metallic Ni in acid have shown 

that Ni dissolves into the electrolyte and forms passivating surface Ni oxides/hydroxides.27-28 The 

very slow rate of NiO dissolution under acidic conditions (one monolayer per month at pH 1 and 

60 ºC) suggests that kinetics in addition to thermodynamics may affect the observed apparent 

stability of NiO in acid.26 In addition, the interaction of Ni with Ir may influence the stability of 

metallic Ni in acid. The formation of Ir shells on IrNi solid solution alloy cores where the Ir layer 

protects the non-noble Ni within the core was previously reported for core-shell nanoparticles.29 

A previous study reported residual Ni contents of 12 wt% Ni determined for mixed Ir-Ni oxide 

where Ni was stabilized from dissolution in acidic electrolyte through interaction with Ir within 

the oxide matrix.9 
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From ICP analysis, the NiIr-200-CL sample had a higher relative concentration of Ir, and 

the NiIr-300-CL sample had a higher relative concentration of Ni. The differences in the Ni and 

Ir compositions of NiIr-200-CL and NiIr-300-CL are attributed to differences in the structures of 

the precursor materials before chemical leaching (NiIr-200 and NiIr-300) that influence the effect 

of the chemical leaching treatment on the resulting structure. Although the NiIr-200 and NiIr-300 

prior to chemical leaching showed similar relative percentages of Ir, Ni, and O within the structures 

from EDS analysis (ESI, Figure S2,E-L), x-ray diffraction analysis and microscopy showed that a 

NiO phase was present within NiIr-200, as discussed below. In contrast, NiIr-300 did not show the 

presence of NiO. For the chemically leached samples, the higher amount of Ni within NiIr-300-

CL compared with NiIr-200-CL may be due to the higher temperature (300 ºC) treatment resulting 

in complete transformation of NiO that allows increased interaction of Ni with Ir which stabilizes 

Ni from dissolution during the chemical leaching step. The comparison of the x-ray diffraction 

(XRD) data of NiIr-200-CL and NiIr-300-CL also supports a higher degree of interaction of Ni 

with Ir within the metallic phase of NiIr-300-CL, as discussed below. 

X-ray Diffraction Characterization. The transformation of the materials upon the 

synthesis steps was analyzed by XRD. The XRD patterns of NiO nanosheets, NiO:Ir, integrated 

2D-NiIr structures treated at different temperatures (i.e. 200 and 300 °C), and the Ni-Ir structures 

after chemical leaching, are shown in Figure 2. The black, blue, green and red lines at the bottom 

represent the diffraction patterns of IrO2, Ni, Ir and NiO standards respectively. The 

crystallographic data is summarized in Table S1. Diffraction patterns were indexed to face-

centered cubic (FCC) phases. The XRD pattern for the NiO nanosheets shows reflections at 2θ 

values of 36.82° and 42.98° corresponding to the (111) and (200) diffraction planes. The 

deposition of iridium onto the NiO nanosheets (i.e. NiO:Ir) did not show any observable changes 
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in the XRD pattern, which is consistent with no significant morphology changes in the NiO 

nanosheets from the SEM images (Figure 1C). Although the EDS mapping of NiO:Ir clearly 

showed the presence of Ir (ESI, Figure S2B), no diffraction peaks associated with iridium or 

iridium oxide phases were observed within the XRD pattern, which suggests the presence of an 

atomically distributed Ir or small Ir clusters rather than a highly ordered Ir phase. Our previous 

investigation of Pt deposited on Ni(OH)2 nanosheets using a similar approach showed the presence 

of some atomically distributed Pt in addition to Pt nanoparticles.19 

Figure 2. X-ray diffraction patterns (XRD) of precursor materials (NiO nanosheets and NiO:Ir) 
and Ni-Ir materials after different thermal and chemical treatments (NiIr-200, NiIr-300, NiIr-200-
CL, and NiIr-300-CL). Vertical lines denote reference patterns of nickel (blue), nickel oxide (red), 
iridium (green) and iridium oxide (black). 
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After thermal treatment under a H2/Ar atmosphere, significant structural modifications 

were observed in the XRD patterns. The thermally treated samples showed two main XRD peaks 

at 2θ values of 43.98 and 51.09 for NiIr-200 and peaks at 44.09 and 51.33 for NiIr-300 

corresponding to the (111) and (200) planes of metallic Ni. The 2θ values were slightly lowered 

compared with the values for a pure metallic Ni phase (2θ values of 44.34 and 51.67) which is 

consistent with a cell volume expansion due to the incorporation of Ir within the structure and the 

formation of a Ni-rich Ni-Ir solid solution. In addition, NiIr-200 shows the presence of NiO (111) 

and (220) peaks at small relative intensities indicating the presence of a segregated NiO phase as 

a result of an incomplete transformation NiO to metallic Ni within the NiIr-200 material. In 

contrast, no reflections due to NiO were observed for the sample heated to 300 C, NiIr-300. 

The XRD peaks of NiIr-300 were shifted toward higher 2θ values and were narrower 

compared with NiIr-200 which suggests a relatively higher degree of Ir incorporated within the Ni 

structure, as well as an increase of the crystallite size and/or diminishing of local lattice strain 

(microstrain) due to thermally induced relaxation.30 The structural differences between NiIr-200 

and NiIr-300 are important because they influence the changes during the subsequent Ni leaching 

process and resulting structural surface reconstruction and pore formation that occur during the 

chemical leaching step. 

After the chemical leaching step, the partial leaching of Ni results in bulk and surface 

atomic reconfiguration, which significantly changed the XRD patterns of NiIr-200-CL and NiIr-

300-CL compared with their precursor materials, NiIr-200 and NiIr-300, respectively. In general, 

the dissolution of the non-noble metal (i.e. Ni) resulted in a significant cell volume expansion, as 

demonstrated by shifting of peaks within NiIr-200-CL and NiIr-300-CL to lower 2θº values with 

respect to the samples before acid leaching (i.e. NiIr-200 and NiIr-300). The chemical leaching 
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step resulted in peaks with 2θº values in the range of metallic Ir, however the 2θº values remained 

at higher angles compared with pure metallic Ir which is consistent with a compressed cell volume 

due to the presence of residual Ni and suggests the formation of an Ir-rich Ir-Ni solid solution. 

Even after the chemical leaching step, the presence of remaining Ni within the NiIr-200-CL and 

NiIr-300-CL structures is supported by XRD data, EDS analysis (Figure S2,M-T) and ICP data. 

The presence of Ni within NiIr-200-CL and NiIr-300-CL (after chemical leaching) may be due to 

the interaction with Ir, as supported by prior work9,29 as discussed above. 

The comparison of the XRD patterns of NiIr-200-CL and NiIr-300-CL reveals appreciable 

differences between the samples. Within NiIr-200-CL, NiO peaks were still observed suggesting 

a relative stability of some NiO, as described above, using the conditions utilized for the acid 

leaching step. In addition, the lower 2θº values of the (111) peak of NiIr-300-CL (41.21) 

compared with NiIr-200-CL (41.73) is consistent with different local Ni-Ir crystal composition 

within the samples and suggests a higher relative Ni content within NiIr-300-CL. The broader 

width of the (111) peak within NiIr-300-CL compared with NiIr-200-CL also indicates differences 

in the particle size and/or microstrain between the samples.30 A previous study reported the 

formation of atomic vacancies in the top most and near-surface layers caused by Ni leaching as 

well as higher amounts of residual Ni within acid leached (dealloyed) NiPt alloys resulted in higher 

degrees of microstrain.31 For NiIr-200-CL and NiIr-300-CL, the acid leaching step also causes 

significant increases in surface area (ESI, Table S2) which may contribute to microstrain within 

the near surface layers. 

Scanning Transmission Electron Microscopy Characterization of Thermally-treated 

and Chemically Leached Samples. A detailed characterization of the morphology and atomic 

surface reconstruction caused by hydrogen treatment and acid leaching was carried out by a 
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combined analysis of high angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM), energy-dispersive x-ray spectroscopy (EDX), and tomography STEM. The 

microscopy analysis focused on the sample heated to 200 ºC (NiIr-200) and after chemical leaching 

(NiIr-200-CL) since this sample showed the highest OER activity. 

Shown in Figure 3A-F are HAADF-STEM images, elemental mapping, and line scans of 

the NiIr-200 sample after thermal treatment under H2/Ar at 200° C. The HAADF-STEM image 

(Figure 3A) shows an interconnected matrix, and elemental mapping (Figure 3B-D) displays a 

uniform distribution of Ir, Ni, and O within the sample. The HAADF-STEM image (Figure 3E) 

shows the interconnected network is composed of Ir-Ni alloy nanoparticles segregated within a 

highly porous Ni/NiO nanoarchitecture, as supported by the contrast and lattice spacing (ESI, 

Figure S4A). The linear profile (Figure 3F) shows a brighter region with a lattice distance around 

0.218 nm, corresponding to the (111) lattice planes of a NiIr-rich solid solution, and this distance 

increases to 0.240 nm towards the surface, which can be interpreted as formation of a NiO layer 

covering the surface. Similar features were observed on our previous Ni-Pt catalysts heated under 

hydrogen atmospheres.19 The HAADF-STEM images and analysis of the lattice distances indicate 

the sample is heterogeneous and includes the presence of domains with different surface 

compositions: domains of Ir-rich Ni-Ir solid solution (0.218 nm), domains of a Ni-rich Ni-Ir solid 

solution (0.205 nm), and domains of NiO (0.238 nm) (ESI, Figure S4A). The presence of NiO 

domains is consistent with XRD data (Figure 2). 
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Figure 3. High angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM), energy-dispersive x-ray spectroscopy (EDS), line scans, and tomography STEM of (A-F) 
NiIr-200 (after thermal treatment at 200 ºC in H2/Ar); (G-L) NiIr-200-CL (after chemical 
leaching), and (M-R) NiIr-200-CLEO (after electrochemical oxidation). 

The chemical leaching step resulted in a surface and bulk reorganization of the material. 

The acid treatment promoted almost entirely the removal of Ni/NiO leaving an enriched-Ir surface; 

however, a thorough analysis of the structure still revealed the presence of NiO over a very small 

fraction of the material (ESI, Figure S4C), in line with the evidence obtained from XRD and XPS 
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as discussed below. The HAADF-STEM images, elemental mapping, and line scans for NiIr-200-

CL (after the chemical leaching step in 0.05 M HNO3) are shown in Figure 3G-L. After the 

chemical leaching, the presence of Ni distributed within the structure is supported by EDS mapping 

(Figure 3I) and line scans (ESI, Figure S4D-E). The presence of a metallic Ir-Ni solid solution 

after chemical leaching is consistent with the XRD data (Figure 2) that shows XRD peaks at higher 

2ϴº values relative to metallic Ir due to the interaction of Ni within the structure. The HAADF-

STEM image and analysis of lattice plane distances from the line scan of NiIr-200-CL (Figure 3K-

L) show a heterogenous structure that consists of NiIrrich phase at the surface (0.22 nm distance) 

and a NirichIr phase (0.204 nm distance) within the core, supporting the presence of a Ni depleted 

surface region and higher amounts of Ni within the core. The presence of different surface and 

core structures within NiIr-200-CL indicates a surface segregation process occurs. Surface 

segregation has been previously observed for nickel-based bimetallic alloy nanoparticles and has 

been shown to depend on surface energy and be influenced by temperature, chemical composition, 

miscibility, particle shape and size, and chemical environment.32-34 The surface segregation of Ir 

within IrNi core-shell nanoparticles supported on carbon was previously reported.29 

After the chemical leaching step, the porous nanoarchitecture was maintained (ESI, Figure 

S4B). The removal of Ni from the structure due to chemical leaching also resulted in increasing 

the porosity of the material from analysis of the Brunauer–Emmett–Teller (BET) surface area that 

showed the surface area increased from 52 ± 3 m2 g-1 for NiIr-200 to 72 ± 3 m2 g-1 for NiIr-200-

CL (ESI, Figure S5 and Table S2). The chemically leached sample, NiIr-200-CL, also showed a 

higher mean pore diameter of 22 ± 2 nm and cumulative pore volume of 0.39 ± 0.18 cm3 g-1 

compared with the as-prepared NiIr-200 (mean pore diameter of 16 ± 1 nm and cumulative pore 

volume of 0.21 ± 0.01 cm3 g-1). 
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X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) was used to 

characterize the surface structure of the chemically leached catalysts and evaluate the effects of 

temperature on the surface structure. Based on the inelastic mean free path of the O 1s and Ni 2p 

photoelectrons, a significant proportion of the XPS signal intensity arises from the top few 

nanometers of the surface.35 The analysis of atomic percentages of Ir, Ni, and O within the surface 

region obtained from XPS are shown in Table 1. The XPS data supports that NiIr-200-CL contains 

a higher relative atomic percent of Ir within the surface region, and NiIr-300-CL contains a higher 

relative atomic percent of Ni within the surface region; however the values are within the range of 

experimental error. The atomic percentages of Ir, Ni and O within the surface region as determined 

by XPS are within experimental error of the atomic percentages determined from EDS analysis 

(ESI, Table S3). The higher relative atomic percent of Ni within the surface region of NiIr-300-

CL compared with NiIr-200-CL is consistent with the higher weight percent of bulk Ni within 

NiIr-300-CL determined from ICP analysis. As discussed above, the higher amount of Ni within 

NiIr-300-CL compared with NiIr-200-CL may result from the higher temperature (300 ºC) 

treatment resulting in complete transformation of NiO that allows increased interaction of Ni with 

Ir that stabilizes Ni from dissolution during the chemical leaching step. 

Table 1. Relative atomic percentages of iridium, nickel and oxygen within the surface region 
from analysis of x-ray photoelectron spectra. 

Sample Element Atomic % 
determined 
from XPS 

NiIr-200-CL Iridium 25 ± 15 

Nickel 14 ± 11 

Oxygen 61 ± 4 

NiIr-300-CL Iridium 13 ± 3 

Nickel 26 ± 3 

Oxygen 60 ± 1 
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Peak fitting was performed to determine the presence and relative atomic percentages of 

metallic, oxide, and hydroxide surface species within the NiIr-200-CL and NiIr-300-CL samples. 

Peak fitting of the Ir 4f / Ni 3p, Ni 2p3/2 and O 1s regions was performed by including peaks with 

binding energies reported for metallic Ir, IrO2, and NiO based on prior studies.35-38 Shown in Figure 

4 are the x-ray photoelectron spectra of NiIr-200-CL and NiIr-300-CL in the Ir 4f / Ni 3p, Ni 2p3/2 

and O 1s spectral regions. Details of the peak binding energies, relative peak areas, and 

assignments are provided in Table 2. Peaks in the Ir 4f region show characteristic doublets of 4f7/2 

and 4f5/2 peaks due to spin-orbit splitting, and peaks arising from metallic Ir, anhydrous IrO2, 

hydrous IrO2 have been previously shown to occur at different binding energies.36 In addition, the 

binding energies of Ni 3p peaks are within the Ir 4f spectral window.37 The XPS spectra of NiIr-

200-CL and NiIr-300-CL in the Ir 4f / Ni 3p region (Figure 4A) show the presence of peaks with 

binding energies that are consistent with metallic Ir (labelled Ir-1 and Ir-2), anhydrous IrO2 

(labelled IrO2-A1 and IrO2-A2), and hydrous IrO2 (IrO2-H1 and IrO2-H2).36 The comparison of 

fitted peaks of the sample heated to 200 ºC (NiIr-200-CL) and 300 ºC (NiIr-300-CL) shows that 

the sample heated to 200 ºC has a higher relative concentration (~2 times higher peak area) of 

hydrous IrO2 (peaks at 62.5 and 65.5 eV) within the surface region (Table 2). Hydrous IrO2 has 

surface hydroxides present,36 and iridium hydroxo (Ir-OH) surface species have been reported to 

be strongly linked to OER activity based on a prior study.39 
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Figure 4. X-ray photoelectron spectra of NiIr-200-CL and NiIr-300-CL in the Ir 4f / Ni 3p (A), Ni 
2p3/2 (B), and O 1s (C) regions; peaks obtained from fitting analysis are included and details are 
provided in the text. 

The XPS spectra of NiIr-200-CL and NiIr-300-CL within the Ni 2p3/2 region (Figure 4B) 

shows the presence of a set of peaks due to multiplet splitting with five peaks previously reported 

for NiO in the Ni 2p3/2 region.35 The observed binding energies within both NiIr-200-CL and NiIr-

21 

ACS Paragon Plus Environment 
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 

manuscript. The published version of the article is available from the relevant publisher.

http:region.35


 
 

       

      

         

       

     

        

       

      

      

       

  

  

       

   

       

  

  

        

     

   

     

    

      

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACS Catalysis Page 22 of 72 

300-CL are consistent with the binding energies of NiO35 which supports that nickel oxide is 

present within the surface region of both samples. The presence of NiO is further supported by the 

observed binding energy of Ni 3p3/2 peaks within NiIr-200-CL and NiIr-300-CL (Figure 4A) which 

are consistent with the binding energy of the Ni 3p3/2 peak of NiO.37 The effects of including 

additional peak at 852.6 eV corresponding to metallic Ni35 was also evaluated since STEM 

measurements (Figure 3K-L) supported the presence of a Ir-rich IrNi alloy. The addition of the 

852.6 eV peak within the peak fitting analysis resulted in a relative peak area of less than 2 % for 

this peak, and therefore the 852.6 eV peak was not included in the fitting analysis of the Ni 2p3/2 

region, described above. The likelihood of binding energy shifts of metallic Ni within the Ni-Ir 

alloy phase, the multiplet splitting of Ni 2p3/2 peaks, and the similar range of binding energies for 

metallic Ni (852.6 eV, 856.3 eV, 858.7 eV)35 and NiO (Table 2) complicate the peak fitting 

analysis of the Ni 2p3/2 region. The presence of NiO within the surface region of NiIr-200-CL and 

NiIr-300-CL is clearly supported by the presence of the higher 864.0 and 866.3 eV peaks which 

are not present for metallic Ni.35,38 

The O 1s region (Figure 4C) shows the presence of peaks with binding energies that are 

consistent with hydrated iridium oxide, with peaks attributed to iridium oxide (labelled Ir-O), 

iridium hydroxide (labelled Ir-OH), and water (labelled Ir-OH2).36 In addition, the peak observed 

at a lower binding energy of 529.2 eV (labeled Ni-O) is in the range of the reported O1s binding 

energy of NiO (529.6 eV).37 The O 1s regions of NiIr-200-CL and NiIr-300-CL show differences 

in the relative peak areas of the Ir-O, Ir-OH, Ir-OH2, and NiO peaks (Figure 4C and Table 2). 

Overall, the XPS data supports that the surface region of NiIr-200-CL and NiIr-300-CL 

contains metallic Ir, anhydrous IrO2, hydrous IrO2, and NiO in the surface region. From analysis 

of the Ir 4f / Ni 3p, Ni 2p3/2 and O 1s regions, the temperature used for thermal reduction under 
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hydrogen (either 200 ºC or 300 ºC) resulted in changes to the surface structure. Comparing the 

XPS spectra of NiIr-200-CL and NiIr-300-CL, two noticeable trends are observed: the NiIr-200-

CL sample has a higher relative concentration of hydroxides and NiO in the surface region 

compared with NiIr-300-CL. The effect of temperature was previously reported as a factor that 

affected surface segregation of nickel-based bimetallic alloy nanoparticles.32,34 The different 

surface structures of NiIr-200-CL and NiIr-300-CL influence their OER activities and stabilities, 

as discussed below. 

Table 2. Peaks, binding energies and relative areas from fitting analysis of x-ray photoelectron 
spectra and assignment of surface species. The relative error in binding energies is estimated as ± 
0.1 eV. 

Region Peak 
Label 

NiIr-200-CL NiIr-300-CL 
Binding 
energy 

(eV) 

Relative 
area 
(%) 

Binding 
energy 

(eV) 

Relative  
area 
(%) 

Assignment35-38 

Ir 4f / Ni 3p Ir-1 60.8 15.9 60.8 17.8 Ir 4f7/2, Ir metal 
Ir-2 63.8 12.3 63.8 14.9 Ir 4f5/2, Ir metal 

IrO2-A1 61.9 22.8 61.9 23.0 Ir 4f7/2, IrO2 (anhydrous) 
IrO2-A2 64.9 19.2 64.9 14.0 Ir 4f5/2, IrO2 (anhydrous) 
IrO2-H1 62.5 13.3 62.5 7.8 Ir 4f7/2, IrO2 (hydrous) 
IrO2-H2 65.5 4.2 65.5 2.2 Ir 4f5/2, IrO2 (hydrous) 

NiO 67.3 12.1 67.3 20.8 Ni 3p3/2, NiO 

Ni 2p3/2 NiO-1 853.6 12.3 853.7 13.0 Ni 2p3/2, NiO 
NiO-2 855.4 49.0 855.4 43.8 Ni 2p3/2, NiO 
NiO-3 860.9 31.3 860.9 30.1 Ni 2p3/2, NiO 
NiO-4 864.0 4.9 864.0 10.7 Ni 2p3/2, NiO 
NiO-5 866.3 2.5 866.3 2.4 Ni 2p3/2, NiO 

O 1s Ni-O 529.6 16.5 529.5 7.3 O1s, Ni-O 
Ir-O 530.5 24.5 530.5 44.8 O1s, Ir-O 

Ir-OH 531.6 33.1 531.6 31.2 O1s, Ir-OH 
Ir-OH2 532.9 25.9 532.9 16.8 O1s, Ir-OH2 

Cyclic Voltammetric Analysis. Cyclic voltammetry (CV) was used to characterize the 

surface of the electrocatalyst materials after chemical leaching. Shown in Figure 5A are the CVs 

obtained for NiIr-200-CL and NiIr-300-CL after electrochemical conditioning at a low potential 
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range (i.e. E ≤ 1.0 VRHE) in O2-free 0.1 M HClO4. The materials exhibit metallic features within 

the CVs with distinct H-adsorption and H-desorption features observed at low potentials (E  0.3 

VRHE) characteristic of hydrogen underpotential deposition (Hupd) on metallic Ir.25,40 The presence 

of metallic Ir at the surface is supported by the presence of H-adsorption and H-desorption features 

and also further supported by XPS measurements that show metallic Ir at the surface region (Figure 

4) and STEM images that show lattice spacings that are consistent with a metallic phase (Figure 

3K-L). Although the integrated charge within the Hupd region has been used to determine the ECSA 

of metallic Ir,25 this analysis was not used in this case since the anodic scan showed a cathodic 

(negative) current around 0.3 VRHE (Figure 5A). Similar features within the Hupd and 

electrochemical double layer voltage regions were previously observed and attributed to the 

reduction of perchlorate on metallic Ir41-42 which complicates the determination of the 

electrochemical surface area (ECSA) from the integrated charge within the Hupd region for metallic 

Ir using electrolytes containing perchlorate anions. 
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Figure 5. (A) Initial cyclic voltammograms (CVs) of NiIr-200-CL and NiIr-300-CL; (B) 
Representative CVs of NiIr-200-CLEO and NiIr-300-CLEO after electrochemical conditioning and 
OER activity evaluation carried out before stability test; CV of IrO2-AA (Alfa Aesar) included for 
reference; CVs obtained in Ar-saturated 0.1 M HClO4 using a scan rate of 100 mV s-1 obtained 
with electrode loadings of LIr=11.7 µgIr cm-2

geo (NiIr-200-CL), 9.1 µgIr cm-2
geo (NiIr-300-CL) and 

11.6 µgIr cm-2
geo (IrO2-AA). 

In addition to H-adsorption and H-desorption features within the CV, oxidation/reduction 

peaks due to reversible IrOx formation/reduction at E  0.5 VRHE
40 were observed. We consider 

that the observed IrOx redox peaks primarily result from the transformation of metallic Ir to IrOx, 

as previously observed within a prior CVs of thin film metallic Ir.40 Analysis of the XPS data 
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supports that in addition to metallic Ir, there are some Ir oxide/hydroxide species in the surface 

region (Figure 4) which may also contribute to some of the observed surface oxide current. Within 

the CVs of NiIr-200-CL and NiIr-300-CL (Figure 5A), the relative peak areas of the surface oxide 

features and H-desorption features are similar. A prior study of CVs of thin film metallic Ir showed 

a lower relative peak area of surface oxide features compared with H-desorption features40 which 

may indicate that in addition to surface oxides formed from metallic Ir some existing surface 

oxide/hydroxide species may contribute to the current response within the CVs of NiIr-200-CL 

and NiIr-300-CL. The presence of metallic Ni at the topmost surface of the catalyst was not 

considered since metallic Ni is thermodynamically unstable under anodic potentials in acidic 

conditions as shown from Pourbaix diagrams26 and prior experiments.27-28 In addition, no 

discernable peaks commonly associated to the electrooxidation of unstable Ni atoms at the 

surface43 were observed, which supports that a stable Ir-rich surface is formed after the chemical 

leaching step, which is consistent with information obtained from other experimental 

measurements (i.e. XRD, XPS and STEM) as discussed above. 

We further characterized the surface structure by performing electrochemical carbon 

monoxide (CO) oxidation (CO stripping). CO oxidation has been established as a surface sensitive 

reaction, and changes in morphology and/or surface species can influence the oxidation behavior.44 

The surface adsorption and subsequent oxidation of CO has been observed on a number of metals 

including Pt and Ir.25,44 Since the surface of the NiIr-200-CL and NiIr-300-CL was predominately 

metallic as evidenced by the significant Hupd features, we utilized CO oxidation to evaluate the 

ECSA of metallic Ir (ECSAIr) for the catalysts.25 For the NiIr 2D nanoframes, the average CO 

oxidation potential on NiIr-200-CL was lower than that of NiIr-300-CL (ESI, Figure S6), which 

is attributed to differences in the surface structure as supported by XPS measurements (Figure 4). 
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The integrated area of the CO oxidation peak (ESI, Figure S6) was used to determine the 

-2 25electrochemical surface area of metallic Ir (ECSAIr) using a coulombic charge of 358 C cmIr . 

For NiIr-200-CL, the ECSAIr values determined from CO oxidation (49.1 ± 9.5 m2 g-1) was slightly 

lower than the BET surface area (71.5 ± 3 m2 g-1); however for NiIr-200-CL, the ECSAIr (65.5 ± 

11.3 m2 g-1) was comparable to the BET surface area (69.5 ± 3.8 m2 g-1) (ESI, Table S2). For NiIr-

300-CL, the similar BET surface area compared with ECSAIr suggests that the surface is 

predominantly metallic Ir. The slightly lower ECSAIr for NiIr-200-CL may be related to (i) the 

presence of a segregated NiO phase (Figure 2) which contributes to the BET surface area but not 

to the ECSA and/or (ii) the higher relative concentration of surface oxide/hydroxide species as 

determined from XPS analysis as described above. While CO oxidation is effective at probing 

metallic Ir at the surface, surface oxide/hydroxides would not be probed by CO oxidation since a 

prior study showed that CO was not adsorbed on Ir oxide nanoparticles and CO oxidation was 

ineffective on oxides.25 

From our initial OER testing, we determined that the surface of the electrocatalyst was 

altered after cycling to the high potentials required for the oxygen evolution reaction. Therefore, 

an electrochemical oxidation step (sixty CV scans between 0.05-1.5 VRHE) was utilized to allow 

electrochemical surface oxidation prior to OER evaluation, since this surface most closely 

represents the catalyst under OER potentials. For clarity, catalysts are labeled with the suffix “EO” 

(i.e. NiIr-200-CLEO and NiIr-300-CLEO) to designate catalysts treated with the electrochemical 

oxidation protocol. As shown in Figure 5B, following successive CV scans from 0.05 to 1.5 VRHE 

and OER evaluation, the features observed within the cyclic voltammograms of NiIr-200-CLEO 

and NiIr-300-CLEO are consistent with a hydroxide/oxide surface. After the electrochemical 

oxidation step, peaks due to Hupd features were not clearly evident for both the NiIr-200-CLEO and 
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Ni-Ir-300-CLEO samples. The comparison of the initial CV (Figure 5A) that shows features that 

indicate a metallic surface with the CV after electrochemical oxidation (Figure 5B) supports that 

the initial metallic surface was predominantly transformed to a hydroxide/oxide surface, which is 

similar to the findings of reports of planar metallic Ir surfaces.40 The anodic peaks centered ~0.37-

0.42 VRHE within the CVs (Figure 5B) are attributed to the formation of hydrated Ir3+-OH species 

based on prior work,39 while the peak at 0.8 VRHE, is attributed to the transition from Ir3+ to Ir4+ 

species.45-47 Peaks at similar potentials have been observed on iridium disk electrodes that were 

electrochemically oxidized.40 We note that the presence and nature of hydroxide surface species 

may be particularly important since reported OER mechanisms involves hydroxides,3 as discussed 

further below. We also note that after the electrochemical oxidation step, the CVs of the samples 

heated to 200 ºC and 300 ºC showed the presence of oxide and hydroxides peaks with different 

relative peak areas depending on the treatment temperature and with different relative peak 

positions compared with IrO2 which supports different surface structures within the catalysts. To 

further analyze the CV features, peak deconvolution of the anodic peaks of the CV of the 

electrochemical oxidation step for NiIr-200-CLEO and NiIr-300-CLEO was performed to identify 

the number of peaks, peak potentials, and relative peak areas (ESI, Figure S7 and supporting text). 

The peak deconvolution supported the presence of an additional feature at 0.47-0.56 VRHE (peak 

“A2”) within the NiIr-200-CLEO and Ni-Ir-300-CLEO materials which was not present in the IrO2-

AA sample that may be due to a different surface structure present within the materials.48 

Based on the changes in the surface after the electrochemical oxidation step observed by 

CV that showed that the initially predominately metallic surface was changed to an 

oxide/hydroxide surface (Figure 5), we further evaluated the ECSA of the catalysts after the 

electrochemical oxidation step. As discussed above, although CO oxidation provides reasonable 
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ECSAs for metallic Ir, CO oxidation was ineffective on oxide surfaces.25 Pseudocapacitance 

measurements have been previously utilized to determine the electrochemical surface area of 

iridium oxides.24,49-50 We measured the pseudocapacitive charge from 0.3 to 1.25 VRHE at a scan 

rate of 50 mV s-1 and utilized the previously determined coulombic conversion factor of 

−2596 μC cmIrO2 
obtained under similar experimental conditions24 to calculate the IrO2 

electrochemical surface area (ECSAIrO2
) of IrO2-AAEO, NiIr-200-CLEO and Ni-Ir-300-CLEO (ESI, 

Figure S8). Our analysis also included subtraction of the current contribution from the Au current 

collector. Using this approach, we determined an ECSAIrO2 
of 25.3 ± 1.5 m2 g-1 for IrO2-AAEO 

which is similar to the previously reported ECSA of 28.7 m2 g-1 determined using Hgupd and also 

similar to the reported BET surface area of 35 m2 g-1 for this material.25 The calculated ECSAIrO2 

values for NiIr-200-CLEO and Ni-Ir-300-CLEO were 11.5 ± 4.5 and 12.4 ± 2.3 m2 g-1 respectively. 

These ECSAIrO2 
values are similar to ECSA values obtained for NiIr and CoIr nanowires with high 

relative Ir concentrations (~15 m2 g-1).5 

The calculated ECSAIrO2 
(after electrochemical oxidation) is considerably lower than the 

calculated ECSAIr (before electrochemical oxidation). It is possible that partial agglomeration of 

particles within 3D structure and/or growth of the oxide/hydroxide film, as described below, may 

hinder electrolyte access to smaller pores within the 3D structure.22-23 In addition, a number of 

factors may influence the determined values for ECSAIr and ECSAIrO2 
. Different coulombic charge 

conversion factors have been reported for carbon monoxide oxidation on Ir25 which would alter 

the calculated ECSAIr. In addition, prior studies reported that scan rate and film thickness were 

found to influence charge storage in iridium oxides49,51 which may affect the determined value for 

ECSAIrO2
. Further analysis is needed to determine how these factors may affect the ESCA of Ir 

oxide-based 3D structures. 
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Scanning Transmission Electron Microscopy Characterization on NiIr-200CLEO 

after Electrochemical Oxidation. Based on the CV analysis that showed changes after 

electrochemical oxidation, we analyzed the NiIr-200CLEO sample (i.e. NiIr-200-CL after the 

electrochemical oxidation procedure) using ex-situ high resolution STEM tomography and 

electron energy loss spectroscopy (EELS) measurements to probe changes in the structure after 

electrochemical oxidation. The measurements after treatment at high potentials (1.5 VRHE) are 

particularly useful to characterize the actual catalyst structure that is present during the oxygen 

evolution reaction. 

A slice of a three-dimensional (3D) STEM tomography of NiIr-200-CLEO is shown in 

Figure 3Q and indicates the 3D network consisting of interconnected Ir-Ni domains and a pore 

structure containing mesopores (2-50 nm) and micropores (<2 nm) was maintained after cycling 

at high potentials (1.5 VRHE). The catalyst nanoarchitecture can maximize the availability of highly 

catalytic active surfaces within the three-dimensional network, providing molecular accessibility 

and improving the utilization of active sites.52 After the electrochemical oxidation step to 1.5 VRHE, 

at the atomic scale most of the surface shows presence of a thin amorphous layer which is ascribed 

to the formation of IrOx(OH)y species, while the core remains metallic. Shown Figure 3R is a 

HAADF-STEM image of the IrOx(OH)y@NiIr structure, colored with a temperature scale to 

highlight the intensity differences, where the blue outline corresponds to the thin (~5 Å-thick) 

amorphous IrOx(OH)y layer encapsulating the core Ir-Ni solid solution phase. The presence of 

IrO2, very likely on the surface, and metallic Ir-Ni within the core, is supported by electron energy 

loss spectroscopy (EELS) of NiIr-200-CLEO (ESI, Figure S10) on the basis of comparison of EELS 

measurements of IrO2 and Ir phases from prior work.53 The EELS line scan (ESI, Figure S10,C-

D) reveals variations in Ir O-edge intensities as well as changes in the N6,7-edges ratio from the 
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surface to the core, which suggests changes in the electronic environment of Ir from the surface to 

the core. 

In addition to the presence of an oxide/hydroxide surface layer, a very small fraction of a 

metallic surface without the presence of this amorphous layer was detected (ESI, Figure S4F). The 

measurement of the lattice distances and profile intensities supports that some of the catalyst 

surface is metallic after exposure to potentials of 1.5 VRHE. The presence a metallic surface after 

accelerated durability testing (13.5 hours at 1.6 VRHE) was further supported by the presence of 

CO oxidation peaks with a relative area of 15.5 ± 3.2 % of the initial CO oxidation peak area (ESI, 

Figure S17). The presence of some metallic surface after the repeated exposure to high potentials 

may be due to reduction of iridium oxides/hydroxides to metallic Ir during cyclic voltammetry and 

CO oxidation protocols performed after the durability testing that exposed the catalyst to low 

potentials of 0.05 VRHE and 0.1 VRHE respectively. It is also possible that metallic Ir may be 

maintained by surface-level interactions, subsurface interactions, interparticle interactions, or 

regions of hindered mass-transport within the nanomaterial. However, further analysis is needed 

to determine the reason for the presence of a metallic Ir surface after ADT and evaluate the 

conditions for reduction to iridium oxides/hydroxides to metallic Ir.  

The STEM image and corresponding EDS elemental mapping (Figure 3M-P) shows that 

after the electrochemical oxidation step Ir, Ni and O are well distributed within the material. The 

EDS analysis supports that the initial Ni concentration of 18.8 ± 8.0 wt. % Ni for NiIr-200-CL 

(ESI, Figure S2O) decreases to 6.4 ± 0.9 wt. % Ni for NiIr-200-CLEO (ESI, Figure S9C) after the 

electrochemical oxidation step. Post-testing analysis of the electrolyte using ICP showed that some 

Ni is removed during the treatment to high potentials, as further discussed below. Prior work 

supports that metallic Ni will dissolve or passivate under acidic conditions,27 however as discussed 
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above previous work supports that Ni can be stabilized from dissolution in acidic conditions under 

OER potentials such as within nickel-manganese antimonite54 and Ni-Ir thin film acidic OER 

catalysts that reported residual Ni values of ~12 atomic % that were likely stabilized through 

interaction with Ir.9 

Oxygen Evolution Activity Measurements. Following the electrochemical conditioning 

step, the materials were electrochemically tested in the OER potential region using a rotating disc 

electrode (RDE) configuration under electrode rotation of 2500 rpm in 0.1 M HClO4 based on 

previously reported methods.6,9,55 Shown in Figure 6A are chronoamperometric polarization 

curves with the current normalized with respect to the mass of Ir of the nanoframe catalysts, NiIr-

200-CLEO and NiIr-300-CLEO, and commercial IrO2-from Alfa Aesar (notated as IrO2-AAEO). As 

seen from the curves, NiIr-200-CLEO exhibited a significantly higher mass-normalized current than 

NiIr-300-CLEO or the commercial IrO2-AAEO material. 

To ensure we were evaluating the OER activity of the catalyst within kinetic-controlled 

rather than mass transfer-controlled conditions, we evaluated the effect of electrode loading and 

rotation rate and determined the voltage range within the Tafel plots that exhibited a linear 

response. Electrode loading has been shown to be an important factor in RDE evaluation of 

oxygen reduction electrocatalysts.56 We utilized electrode loadings of ~9-12 gIr cm-2
geo since 

higher electrode loadings were shown within our tests to result in lower mass-normalized OER 

currents (ESI, Figure S11) which is attributed to mass transport phenomena related to the 

accumulation of oxygen bubbles within the catalyst layer.6 Gas bubble dynamics and two-phase 

(gas/liquid) flow were shown to significantly impact the performance and efficiency of proton 

exchange membrane electrolyzer cells.57-60 Oxygen bubbles were reported to block catalyst active 

sites and reduce the available catalyst ECSA,58 and a number of factors including pore structure, 
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wettability, pressure and operating conditions were determined the affect oxygen bubble dynamics 

including nucleation, growth, and detachment within the porous transport layer.57-59 Within RDE 

experiments, prior work reported that at higher potentials the transport or the removal of oxygen 

bubbles was a contributing factor.6 Within our RDE tests, we determined that changing the 

rotation speed of the electrode and catalyst loading influenced the observed current in the oxygen 

evolution reaction voltage range (ESI, Figure S12A-B), which we attribute to the dynamics of 

oxygen formation/removal within the catalyst layer as supported by prior RDE experiments of 

OER catalysts.6 Within the loading range of ~10-30 gIr cm-2
geo using a rotation speed lower than 

1600 rpm resulted in lower currents within the high potential range (above ~1.6 VRHE) (ESI, Figure 

S12A). Using lower rotation rates (below 1600 rpm) may not allow effective removal of oxygen 

bubbles from the electrode. When a higher electrode loading was used (e.g. 51 gIr cm-2
geo), the 

observed current was affected by the entire set of rotation rates tested (400-2500 rpm) (ESI, Figure 

S12B), which we attribute to the higher amount of oxygen produced at the higher electrode 

loadings and the effects the electrode aggregate structure on oxygen bubble dynamics.6 The 

evaluation of the effects of loading and rotation rate informed our use of using low electrode 

loadings (~9-12 gIr cm-2
geo) and a rotation rate of 2500 rpm for evaluation of the catalyst’s OER 

activity. 
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Figure 6. (A) Current in the oxygen evolution reaction (OER) voltage region determined from 
chronoamperometry measurements for NiIr-200-CLEO (LIr=11.7 µgIr cm-2

geo), NiIr-300-CLEO 

(LIr=9.1 µgIr cm-2
geo) and IrO2,EO (LIr=11.6 µgIr cm-2

geo) catalysts in HClO4 0.1 M Ar-saturated 
electrolyte; increments of 10 mV and holding time of 5 s at 2500 rpm; current was normalized 
with respect to the mass of iridium; (B) Tafel plots obtained by chronoamperometry 
measurements; (C) comparison of OER mass activities for current measured at 1.51 VRHE, IR-
corrected; (D) comparison of OER specific activities for current measured at 1.51 VRHE, IR-
corrected. 

Tafel plots within iR-corrected potentials between 1.47 V to 1.52 VRHE were shown to 

provide linear Tafel slopes (Figure 6B). Since the Tafel equation is derived from the Butler-Volmer 

equation that describes the electrochemical reaction kinetics, the observed linear behavior in the 

Tafel slope supports that the reaction is primarily kinetically controlled within this voltage region.4 

At higher potentials, deviations from linear behavior were observed (ESI, Figure S13A), and this 
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deviation is exacerbated by the increase of loading (ESI, Figure S13B). A voltage of 1.51 VRHE 

was used since the Tafel plot shows linear behavior in the 1.47 V to 1.52 VRHE voltage region. The 

current at 1.51 VRHE was normalized for the Ir mass determined by ICP analysis to determine the 

OER mass activity (A gIr
-1). 

Using the parameters for loading, rotation speed and voltage range discussed above, we 

determined the mass-normalized activities of the NiIr-200-CLEO, Ni-Ir-300-CLEO, and IrO2,EO at 

1.51 VRHE, as shown in Figure 6C.  The NiIr-200-CLEO catalyst showed significantly higher mass 

activity than the Ni-Ir-300-CLEO or the commercial IrO2-AAEO catalyst. At a voltage of 1.51 VRHE, 

the mass activity of NiIr-200-CLEO (220 ± 55 A gIr
-1) was 15 times higher than the measured mass 

activity of IrO2 (14.6 ± 2.5 A gIr
-1). We note that the OER mass activity of commercial IrO2 from 

-Alfa determined in this study (14.6 ± 2.5 A gIr
-1) is lower but in the range of the value of 22 A gIr 

1 which was previously reported for the same material tested under similar conditions,5 however 

this latter value was obtained using linear scan voltammetry (LSV) rather than by using 

chronoamperometry (CA) measurements. When evaluated using LSV measurements, we obtained 

a mass activity of 19.3 ± 3.8 A gIr
-1 for IrO2-AAEO which is within the experimental error of the 

previously reported value of 22 A gIr
-1.5 

The significantly higher mass activity of NiIr-200-CL compared with IrO2 (Figure 6) may 

be attributed to the high concentration of Ir-OH surface species and/or interaction of Ir with Ni 

within the structure. The XPS data (Figure 4) supports the presence of NiO and Ir-OH species 

within the surface region. From XPS data, the NiIr-200-CL sample showed a higher relative 

concentration of NiO and Ir-OH species, and NiIr-200-CLEO had a higher OER activity compared 

with NiIr-300-CL. We note that the surface was changed after electrochemical oxidation; however, 

the CVs after electrochemical oxidation for NiIr-200-CLEO and NiIr-300-CLEO (Figure 5B) 
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showed the presence of oxide and hydroxide species with different relative intensities and with 

different peak voltages compared with IrO2 which supports differences in the surface structures. 

The presence of iridium hydroxo (Ir-OH) surface species was strongly linked to OER activity in a 

previous study.39 Leaching of nickel from the structure may contribute to the formation of highly 

active sites based on prior work of Ir-Ni oxide thin films that suggested the leaching of nickel from 

the structure results in highly catalytically active sites composed of Ir-OH in the vicinity of Ni.9 

Recent work on yttrium-iridium catalysts also reported leaching of Y3+ cations into the electrolyte 

solution resulted in the formation of a highly active IrOx surface layer.61 

Established baseline performance and testing protocols do not exist and/or are not 

uniformly applied within the community of researchers studying acidic oxygen evolution 

5-6,62 electrocatalysts. The type of electrolyte, electrochemical method (i.e. linear sweep 

voltammetry or chronoamperometry), catalyst loading, potential of the analysis, ohmic drop 

correction, background subtraction, etc., can influence the activity values. We therefore tested the 

NiIr 2D nanoframe catalysts and commercial IrO2 using identical testing protocols (Figure 6 and 

ESI, Table S5) to directly compare the electrochemical oxygen evolution activity. To allow 

comparison with values reported by other groups, the OER mass activities of NiIr-200-CLEO and 

Ni-Ir-300-CLEO at voltages of 1.51 VRHE and 1.55 VRHE were compared with previously reported 

IrNiOx catalysts and their relevant experimental parameters in ESI, Table S6. We note that the 

comparison with prior reports is affected by differences in the experimental conditions and 

protocols used to determine the activity. 

Compared with Ir-based materials reported to date that were tested under similar 

conditions, the OER mass activity of NiIr-200-CLEO (220 ± 48 A gIr
-1 at 1.51 VRHE) showed one 

of the highest performance reported to date.5-6 Recently reported Ir-Ni nanowires showed high 
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OER mass activities of 151-810 A gIr
-1 at 1.51 VRHE at different Ir-Ni compositions.5 For 

comparison, we also determined the mass activities at 1.55 VRHE which was used to evaluate a 

number of Ir-based catalysts.6 As discussed above, the Tafel plots of NiIr-200-CLEO, Ni-Ir-300-

CLEO, and IrO2,EO show linear behavior in the voltage region of 1.47-1.52 VRHE, but deviate from 

linear behavior above ~1.52 VRHE (ESI, Figure S13A) which supports that the current at 1.55 V 

may be affected by mass-transport processes and not only controlled by the reaction kinetics. The 

measured OER mass activity of iridium oxide (IrO2-Alfa) from our tests (90  26 A gIr
-1 at 1.55 

VRHE) was somewhat lower than the previously reported value of 140 A gIr
-1 at 1.55 VRHE for the 

same commercial material;13 however, this difference is attributed to the experimental analysis 

method, as explained above. Using the current from LSV measurements, the mass activity of 

IrO2,EO was 131 ± 13 A gIr
-1, in agreement with the previous report for this material.13 In general, 

the data obtained using LSV showed higher activities in comparison with those obtained by 

chronoamperometry, for example at 1.51 VRHE, 307 ± 80 and 213 ± 17 A gIr
-1 were obtained for 

NiIr-200CLEO and NiIr-300CLEO respectively. The apparently higher activities obtained from LSV 

measurements are an artifact of the additional contribution of current due to capacitance which is 

included in the LSV measurements, and the contribution of capacitive current can be even higher 

for supported materials. We consider that quasi-steady-state current obtained from 

chronoamperometry measurements is more reliable for determining OER current, as also 

supported by other’s analysis.2 Carbon-supported Ir-Ni bimetallic nanoparticles showed a higher 

activity of (498 A gIr
-1 at 1.51 VRHE)13 compared with NiIr-200CLEO (220 ± 48 A gIr

-1 at 1.51 VRHE), 

however the contributions of capacitance and carbon corrosion to the current value were not 

considered in the analysis. For Ir-Ni bimetallic nanoparticles, the corrosion process was evident 
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after 12 hours where the voltage significantly increased which indicates the catalyst is not stable 

over extended periods.13 

In addition to the OER mass activities, the OER current was also normalized to the IrO2 

electrochemical surface area (ECSAIrO2
) determined from pseudocapacitance measurements, as 

described above. As shown in Figure 6D, the OER specific activities at 1.51 VRHE of 1.81 ± 0.58 

−2 −2A cmIrO2 
for NiIr-200-CLEO and 0.85 ± 0.20 A cmIrO2 

for Ni-Ir-300-CLEO are significantly higher 

−2than the OER specific activity of 0.049 ± 0.015 A cmIrO2 
for commercial IrO2 (IrO2-AAEO). In 

addition, we evaluate the specific activities at 1.55 VRHE for comparison with OER specific activity 

−2values reported by others. The OER specific activities at 1.55 VRHE of 11.5 ± 4.2 A cmIrO2 
for 

−2NiIr-200-CLEO and 4.50 ± 0.88 A cmIrO2 
for Ni-Ir-300-CLEO are substantially higher than the 

values of number of Ir and IrO2 catalysts tested under similar conditions (0.48-1.00 A cm-2
Ir)6 and 

are within the range of specific activities of IrNi and IrCo nanowire OER catalysts (~5-7 A cm-

2
Ir);5 however, the values are not directly comparable since these previously reported values were 

determined using ECSAIr rather than ECSAIrO2
as used within this study. 

The Tafel slope measures the dependency of the ohmic-drop corrected overpotential on the 

current density and provides useful information on the reaction mechanism.2,4 The Tafel slopes of 

NiIr-200-CLEO (40.3  4 mV dec-1) and Ni-Ir-300-CLEO (38.1  1 mV dec-1) are similar to the 

Tafel slopes as IrO2-AAEO (37  3.1 mV dec-1) within the range of experimental error of the 

measurements, suggesting similar reaction mechanisms. The acidic oxygen evolution reaction 

involves a complicated reaction mechanism with multiple intermediates, with the “electrochemical 

oxide path” involving two proton-electron transfer steps followed by an oxygen recombination 

step.3 A theoretical analysis of Tafel slopes determined a Tafel slope of 120 mV dec-1 for the first 
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electron transfer step being rate determining, whereas a Tafel slope of 40 mV dec-1 corresponds to 

the second electron transfer step being rate determining.63 Based on this analysis, the measured 

Tafel slopes of NiIr-200-CLEO (40.3  4 mV dec-1) and Ni-Ir-300-CLEO (38.1  1 mV dec-1) are 

consistent with the second electron transfer step as the rate determining step; however microkinetic 

analysis has demonstrated that changes of the coverage of adsorbed species, which was not 

considered here, may alter Tafel slopes.64 The measured Tafel slope of IrO2 from this study (37  

3.1 mV dec-1) is similar to some previously measured values for IrOx (34 mV dec-1),55 however 

other studies reported higher Tafel slopes of ~60 mV dec-1 for IrO2
4 that were determined from 

currents obtained from chronoamperometry measurements. We found significant differences 

between Tafel slopes determined from currents measured using chronoamperometry and LSV, 

with higher Tafel slopes using currents obtained LSV. These differences can be related to the 

experimental considerations described above. 

Computational Model and Results. Experimental observations show the formation of a 

thin amorphous surface layer over the catalyst after electrochemical oxidation and the presence of 

surface oxides, hydroxides, and nickel within the surface region. The exact atomic-level structure 

of the surface and the thin amorphous layer and the distribution of the dopant with respect to the 

oxide phase are not known yet from the current study. Here, first principles calculations were used 

to investigate the effect of Ni substitution on the surface layer and obtain insights on the effect of 

Ni substitution within representative model surface structures. Thus, in order to investigate the role 

of Ni on the OER reaction mechanism, we adopted a computational approach in which Ni is within 

the surface level, so that its contribution to the OER is maximized. Our catalyst model consists of 

a rutile (110) crystalline facet of IrO2. The pristine (110) surface is formed by four iridium atoms: 

two penta-coordinated (5Ir) and two hexa-coordinated (6Ir) (ESI, Table S7). The surface also 
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contains two types of oxygen atoms: bridge (Ob) and three-coordinated (Ot) oxygen atoms, which 

are located above and on the plane of the metal atoms, respectively, as shown in Figure 7A,B. To 

consider the presence of Ni at the surface, one metallic site (25% of the surface layer) was 

substituted by Ni (110). Two Ni-doped structures were considered to represent the different 

regions of the electrocatalyst: doping a 5-coordinated (5Ni-IrO2) or a 6-coordinated (6Ni-IrO2) 

site, as represented in Figure 7c and d respectively. Although it is noteworthy that the modeled 

structures do not exactly represent the experimental scenario, they are still very useful to provide 

insights on the role of Ni on the overall OER mechanism. 

Figure 7. Electrocatalyst model: (a) lateral and (b) top view of the (110)-IrO2 model slab; top-
view of Ni-doping at (c) 5-fold (5Ni-IrO2) and (d) 6-fold (6Ni-IrO2) coordination sites; electronic 
density accumulation (purple)/depletion (yellow) on the surface plane of (e) 5Ni-IrO2 and (f) 6Ni-
IrO2 structures. Surface layer color code: O, red; Ir, blue; Ni, green. Black lines depict the edges 
of the simulation cell. Subsurface atoms are shown in white. 

It is expected that the presence of the dopant atom alters the electronic environment of the 

doping site. Electronic density difference graphs were calculated as the change in the electronic 

charge density of the doped systems and the pure system, as shown in Figure 7e and f. In both 
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cases (5Ni- and 6Ni-IrO2), nickel exhibited accumulation (purple) of electron density, yielding 

electron density depletion (yellow) between the Ni and neighboring oxygen atoms. Table S7 (ESI) 

shows the calculated Bader charges for four metallic atoms representing the (110) lattice surface 

of pristine IrO2, and IrO2 with Ni-substituted in 5-coordinated and 6-coordinated sites (i.e. 5Ni-

IrO2, and 6Ni-IrO2). For the pristine IrO2, the charge of the 6-fold coordinated Ir atoms (1.70 |e|) 

is higher than the 5-fold coordinated ones (1.50 |e|). When the surface is doped, Ni charges are less 

positive (1.22-1.32 |e|) reflecting electron density accumulation around the doped site. It is 

remarkable that the presence of Ni in the hexa-coordinated site leads to strong accumulation of 

electron charge density within the bridging oxygen atoms (Ob), see Figure 7f. However, if the Ni 

is in the 5-Ni site, the electron charge density change is negligible on the surrounding Ot atoms 

(Figure 7e). This result is very important since it has been found that the Ob atoms can serve as 

proton donor-acceptor during the OER.3,10,65-66 Overall, the change in the chemical environment 

of the surface active sites due to the Ni dopant is expected to affect the catalytic OER activity of 

the anode.  

The electrochemical oxide path or direct O2 recombination mechanism has been commonly 

proposed as the water splitting reaction pathway for the OER on the anode.3,8,63,67 In this work we 

adopted such a mechanism and studied the adsorption of the different intermediates of reaction 

(H2O, OH, and O) followed by their reactions on our catalyst model surfaces. Here we considered 

the following three surface reactions: first and second oxidation stages of water (eq. 1 and 2) and 

recombination of atomic oxygen atoms (eq. 3). 

H2O∗ → OH∗ + H# (1) 

OH∗ → O∗ + H# (2) 
∗2O∗ → O2 (3) 
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where X* (e.g. H2O*, OH* or O2
*) represents the X species adsorbed on an active metal site (Ir or 

Ni) and H# is a hydrogen attached to a bridge-oxygen atom Ob. Bridging oxygen atoms have 

already been considered an important part of the OER as a proton acceptors.8,10 Here we consider 

not only a thermodynamic approach, but also kinetic barriers in order to provide a more 

comprehensive understanding of the effect of Ni on the activity of the IrO2 surface. We note that 

following the surface reactions, the overall mechanism involves subsequent electron transfer and 

proton formation (1st and 2nd oxidation stages) and oxygen desorption steps, as represented by the 

3 arrows in Figure 8. The energies involved in these desorption steps were not specifically 

included within the current computations, and it is possible that the energies involved in these steps 

may influence the overall reaction pathway. Further work may include a relative different model 

to include the interaction of the species being desorbed with the medium. 

The adsorption of water on the oxide surface was tested on all non-equivalent metallic sites. 

For the pristine system, although the surface has four metallic sites, there are only two that are 

different, i.e., one 5-Ir (Ir with coordination five) and one 6-Ir (Ir with coordination six). In the 

case of Ni-doped in the 5-fold coordinated site (5Ni-IrO2 system, see Figure 7c), there are two 

non-equivalent 5-coordinated sites (5-Ni and 5-Ir) and one 6-Ir site. Finally, for the 6Ni-IrO2 slab, 

there are again one 5-Ir and two 6-coordinated sites (6-Ni and 6-Ir). Adsorption energies are 

reported in ESI, Table S8. In general, it is found that the adsorption on penta-coordinated metallic 

sites is significantly stronger (<-0.42 eV) than on the hexa-coordinated sites (>-0.11 eV). 

Therefore, it is more likely for the water to adsorb on 5-Ir and 5-Ni rather than on hexa-coordinated 

sites. In addition, the optimized structures (ESI, Figure S14) also reveal that the water interaction 

energy on 6-Ni and 6-Ir sites is due to hydrogen bonds between the water hydrogen atoms and the 

bridge oxygen atoms (Ob) from the surface, in contrast to the water adsorption on 5-Ir and 5-Ni 
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site in which actual adsorption (H2O–M) is observed. This is in good agreement with previously 

reported studies of water adsorption on metal oxides, where it was found that water prefers to 

adsorb on the 5-coordinated metallic sites.8,68 It has also been reported that these sites are expected 

to constitute the active center for the OER.3,10,66,69 For that reason, only 5-Ni and 5-Ir sites were 

considered for the remaining part of the analysis. 

The adsorption energies of H2O, OH, and O on 5-coordinated sites for the three surface 

slabs are summarized in ESI, Figure S15. Overall, it is found that the adsorption energies remain 

almost unchanged when any of the species is attached to the Ir sites regardless of surface doping. 

However, when the adsorption occurs on the 5-Ni site, the adsorption energies are lowered by up 

to 60%. For instance, the adsorption of water is lowered by nearly 60 % compared to the pristine 

IrO2 surface (-1.02 eV)8 if it occurs on the 5-Ni site (-0.42 eV). However, if the adsorption happens 

on the undoped site, the adsorption energy (-0.98 eV) is comparable to the undoped case and very 

similar to systems with Ni occupying the 6-fold coordination site (-0.95 eV). The adsorption 

energy of OH and O on 5-Ni sites are -1.64 and -2.21 eV, respectively, which represents 46 and 

48% lower energies with respect to adsorptions on Ir sites (5-Ir) either on pristine or doped IrO2 

surfaces. The main impact of this adsorption behavior might be for adsorbed species that may 

recombine on adjacent active sites. For example, the recombination of oxygen atoms might be 

enhanced if one of the oxygen atoms is more weakly adsorbed than the other. 
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Figure 8. Reaction and activation energies for first and second oxidation stage (O-H bond 
breaking) and oxygen recombination on the pristine8 and Ni-doped IrO2. In the case of 5D-IrO2 

(M), two curves are shown depending on the adsorption site M (Ni or Ir). Black-line markers 
indicate transition states (TSi) energies – activation barriers. Top panels color code: O, red; H, 
white; Ni, green. 

Figure 8 shows the reaction energies, activation barriers (transition states), and a 

representative model (top panels) for the three steps of the OER described in eq. 1 to 3. The first 

oxidation stage (i=1) is characterized by the first O-H breaking; the resulting proton (H) will attach 

to one of the closest neighbor Ob atoms. The larger this downhill step is, the more 

thermodynamically favorable the reaction is. Therefore, the presence of Ni in the 6-coordinated 

site (6Ni-IrO2 (Ir)) enhanced the reaction energy (ΔE1) from -0.47 to -0.82 eV with respect to the 

pristine IrO2, making the first oxidation stage more favorable. On the other hand, when the surface 

is doped in the penta-coordinated site and the adsorption of water was initially on the Ir site, the 

energy of reaction is slightly higher (-0.35 eV) than the undoped system, but still favorable. In 

contrast, a small positive reaction energy (0.24 eV) is observed for the first O-H breaking when 

the water seats on the Ni-doped site. Regarding the kinetics, no activation barrier is observed for 
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the 6Ni-IrO2 (Ir) and 5Ni-IrO2 (Ir) systems, similar to what has been reported for pure and Co-

doped IrO2 and RuO2 systems.8 Nevertheless, when the water adsorbs on the Ni-doped 5-

coordinated site, a 0.29 eV activation barrier is predicted. In summary, the easiness in which the 

first oxidation step can occur follows this trend: 6Ni-IrO2 (Ir) > IrO2 (Ir) > 5Ni-IrO2 (Ir) > 5Ni-

IrO2 (Ni). 

The second oxidation stage (i=2) is described by the O-H splitting of an adsorbed OH. The 

graph (Figure 8) shows that for pure and 5-coordinated Ni-doped IrO2 systems (IrO2 and both 5Ni-

IrO2), this step is uphill which means that the second oxidation stage is predicted to be 

endothermic, ΔE2>0. Interestingly, when the reaction occurs in the 6Ni-IrO2 system, the reaction 

is exothermic (ΔE2=-0.23 eV), which shows a significant improvement in OER compared to the 

pure IrO2 surface (ΔE2=0.18 eV). Regarding the 5Ni-IrO2 system, the reaction energy (0.15 eV) is 

just slightly lower than the undoped case when the OH was initially adsorbed on the Ir site and 

higher (ΔE2=0.68 eV) when OH breaks on the Ni site. The activation energies for the second O-H 

bond breaking are shown in Figure 8 (TS2
#), and the following trend is obtained: 6Ni-IrO2 (0.38 

eV) < IrO2 (0.56 eV) < 5Ni-IrO2 (0.74 or 0.81 eV). According to the calculated kinetic barriers, 

the second O-H breaking seems to be more determinant in the OER compared to the first O-H 

breaking, which exhibits very low or null activation energies. The higher activation energies 

calculated for the second step would indicate that the second step is rate-determining, which is 

consistent with the experimental Tafel slopes determined for NiIr-200-CLEO and Ni-Ir-300-CLEO , 

discussed above, that support that the second electron transfer step is the rate determining step. 

Remarkably, the changes in the electronic change density due to the presence of Ni bonding 

the bridge oxygen atoms (Ob), i.e., in 6-fold coordinated sites significantly enhance the activity of 

the Ob towards accepting the proton form the OH leading to a decrease of around 30% the 
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activation energy compared to the pristine surface. Some would expect that the activation energy 

to be correlated with the reaction energy; however, for the 5Ni-IrO2 system, the activation energy 

for the OH oxidation on Ni sites is lower than the case when it is adsorbed on the Ir case, a trend 

that is contrary to one for the reaction energies. Therefore, although the reaction energies are very 

valuable and can give overall pictures of the mechanism, this example shows that it is very 

important to evaluate both thermodynamics and kinetics of the reactions. 

To summarize the results involving hydrogen transfer (eq. 1 and 2), it is found that Ni 

doping in the 6-coordinated site enhanced not only the thermodynamics, but also the kinetic 

behavior of the OER compared to the pristine electrocatalyst as seen in Figure 7 (left and middle). 

The main reason of the improvement is that the Ni changes the chemical environment of the Ob 

atoms (see Figure 7f) that act as proton acceptors during the reaction. Regarding the last step – 

oxygen recombination (eq. 3), we assume that another molecule of water has to undergo the same 

steps described by eq. 1 and 2 on an adjacent site to the already formed O species. Another scenario 

might be the case where two water molecules oxidize simultaneously to form two O atoms 

adsorbed in adjacent sites. In any case, both water molecules have to go through the reactions in 

eq. 1 and 2, and the presence of the adjacent species may have a minimal effect on the reactions 

and activation energies. Therefore, Figure 8 (i=3) shows the oxygen recombination step from two 

adjacent 5-coordinated sites. It is found that the formation of molecular oxygen is endothermic for 

pure and 6Ni-IrO2 systems (ΔE3 > 0.80 eV) with no additional activation energy. However, when 

Ni acts as a dopant in the 5-coordinated site, this reaction step becomes exothermic (ΔE3 < 0) with 

small activation energies (~0.37 eV). This corroborates our initial hypothesis that the different 

strength of adsorption of two adjacent sites could be beneficial for recombination reactions. Based 

on this analysis, we can infer that the presence of Ni in a 6-coordinated site favors any reaction 
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involving proton transfer, i.e., the oxidation stages, whereas the Ni doping in the adsorption sites 

(five-fold coordinated) lowers the activation barriers and energy of reaction for the oxygen 

recombination. Therefore, the existence of Ni at the surface layer can improve the activity of the 

electrocatalysts towards some steps of OER, with the beneficial effect depending on the location 

of the dopant. In addition, we might expect to have some synergistic effects if the Ni is present in 

both types of sites. In this case, it might be possible to obtain a combined effect that improves the 

overall OER. Additional details on the mechanism and effect of doping on the activity of IrO2 will 

be discussed elsewhere. 

Evaluation of Electrocatalyst Stability. Following our experimental and theoretical 

analysis of the OER activities of the catalysts, we evaluated the catalyst stability. Catalyst stability 

is a particularly important parameter to determine for development of PEM electrolyzers,1,70 and 

catalyst degradation will affect PEM electrolyzer performance particularly at low catalyst 

loadings.5 For testing catalyst stability, an accelerated durability test (ADT) using a constant 

potential of 1.6 V for 13.5 hours was used. This protocol had been previously utilized to evaluate 

the durability of a number of iridium-based catalysts.5-6 Prior work supported these durability 

conditions within RDE tests yielded similar losses as in electrolyzers with low anode loadings,6 

however losses with RDE cells occurred at lower potentials and at a shorter timeframe.5 Shown in 

Figure 9A,B is the comparison of the current obtained from chronoamperometric measurements 

in the OER region and Tafel plots of IrO2,EO, NiIr-200-CLEO, and Ni-Ir-300-CLEO before and after 

the ADT protocol respectively. A summary of the OER mass activities at 1.51 VRHE before and 

after ADT are presented in Figure 9C, and details are presented in Table S6. The IrO2 samples 

showed relative percent retention of 71 ± 7 % of the initial mass-normalized current after ADT. 

Both the NiIr-200-CLEO and NiIr-300-CLEO catalysts exhibited a relative stability of 42 ± 26 % 
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and 24 ± 11 % respectively, indicating a lower relative stability compared with IrO2. We also 

compared the OER specific activities before and after ADT. Similar stability trends were observed 

for OER specific activity compared with OER mass activity. The OER specific activities of NiIr-

200-CLEO and Ni-Ir-300-CLEO significantly decreased after ADT, but the OER specific activities 

remained higher than IrO2 after ADT (Figure 9D). The relatively high estimated standard deviation 

of the OER activity values is attributed to differences in the electrode layers for the self-supported 

catalysts. A prior study has identified that blocking of the catalyst surface by evolved gas bubbles 

and detachment of the catalyst from the electrode surface may lead to a decrease of the catalyst 

active surface area being exposed to the electrolyte.71 
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Figure 9. Representative electrochemical performance of Ni-Ir 2D nanoframes (NiIr-200-CL and 
NiIr-300-CL) and commercial IrO2 before and accelerated durability testing (ADT) in O2-free 0.1 
M HClO4 using electrode loadings of LIr=11.7 µgIr cm-2

geo (NiIr-200-CLEO), LIr=9.1 µgIr cm-2
geo 

(NiIr-300-CLEO) and LIr= 11.6 µgIr cm-2
geo (IrO2-AAEO); the stability was carried out using a 

potentiostatic procedure by holding the working electrode at 1.6 VRHE-iR-corrected for 13.5 hours 
under rotation at 2500 rpm. (A) Current in the oxygen evolution reaction (OER) voltage region 
before and after ADT determined from chronoamperometry measurements; (B) Tafel slopes before 
and after ADT determined by chroamperommetry; (C) comparison of OER mass activities at 1.51 
VRHE before and after ADT; (D) comparison of OER specific activities at 1.51 VRHE before and 
after ADT. 

From our tests, the Tafel slopes of NiIr-200-CLEO and NiIr-300-CLEO catalysts remained 

similar before and after the durability testing whereas the Tafel slope of IrO2 slightly increased 

above the estimated standard deviation (Figure 9B). Prior testing of the durability of iridium-nickel 
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nanowires showed that the composition affected both the activity and durability.5 While Ir-Ni 

nanowire catalysts with lower activities showed high durabilities (85-90 %), catalysts with the 

highest activities also showed durabilities of ~10-33% of initial activity using a similar ADT 

conditions,5 which is in a similar range as the catalysts reported here. We also note that within this 

prior study a voltage of 1.55 V was to evaluate the OER mass activities, which is different than 

the voltage of 1.51 VRHE reported here. 

Although the relative stability of NiIr-200-CLEO was lower than IrO2,EO, the OER mass 

activity remains significantly higher than IrO2 (Figure 9C) even after durability testing. In addition, 

the OER mass activity of NiIr-200-CLEO after ADT of 108 ± 74 A gIr
-1 at 1.51 VRHE remains higher 

than ~25 A gIr
-1 at 1.51 VRHE for ATO-IrNiOx after ADT,72 although we note the significant error 

range of the value and that different stability testing protocols and electrolyte solution were used, 

so a direct comparison is not possible. For comparison with testing protocols used by other groups 

for evaluating OER activity and stability,72 the mass activity of the NiIr-200CLEO catalyst was also 

evaluated using 0.05 M H2SO4 and using a stability test that consisted of applying a constant 

current density of 1 mA cm-2 for 15 hours (ESI, Figure S18 and Table S9). Using these conditions, 

the NiIr-200CLEO catalyst still presented higher activity and lower stability relative to IrO2. 

Based on the observed degradation over the accelerated durability test, we determined the 

percent Ir and Ni within the structure after the ADT using EDS mapping and analyzed Ir and Ni 

dissolution within the electrolyte. EDS mapping of NiIr-200-CL after the accelerated durability 

test (ESI, Figure S9,E-O) showed that after repeated cycling to 1.8 VRHE during the OER 

measurements and after the accelerated durability test of 13.5 h at 1.6 VRHE, nickel was still present 

within the material at a similar level as before the ADT measurements (ESI, Figure S9,A-D). To 

determine the contribution of Ir and Ni dissolution to the catalyst degradation, analysis of the 
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amount of Ir and Ni dissolved within the electrolyte during the accelerated durability test was 

performed using ICP-MS. Prior work supports that Ir dissolution occurs during OER potentials,73 

and Ir dissolution is highly dependent on the applied potential.40 Quantitative analysis of the 

electrolyte solution after accelerated durability testing using ex-situ ICP measurements showed 

only 1.5 ± 0.1 % of Ir in solution for IrO2,EO, while 13.3 ± 0.1 % was found for NiIr-200CLEO (ESI, 

Table S9). The higher dissolution of Ir for the Ni-containing materials is consistent with a previous 

study that reported ~34-47 times higher Ir dissolution rate for Ir-Ni oxide films compared with 

IrOx.9 Comparison of the percent Ir dissolution with the percent OER mass activity loss after 

ADT supports that the loss in the OER activity is not entirely due to Ir dissolution but also 

diminishing of electroactive surface area due to agglomeration and/or changing the nature of active 

catalytic sites (i.e. due to Ni depletion). The change of the catalyst surface after ADT is supported 

by the disappearance of the peak ~0.4 V within the CVs of the NiIr-200CLEO and NiIr-300CLEO 

catalysts after ADT (ESI, Figure S16), since the peak at ~0.4 V has been associated to the presence 

of iridium oxy/hydroxy species and improving of the activity. 

We further analyzed the rate of dissolution before and after ADT by analysis of the 

electrolyte solution using ICP and integrating the experiment time. The Ir corrosion rate within 

the NiIr-200CLEO catalyst was significantly different before and after ADT and was also 

determined to be correlated with the leaching of Ni. The NiIr-200-CLEO catalyst before the ADT 

measurements showed an Ir dissolution rate of 308 ± 46 pgIr cm-2s-1 and a Ni dissolution rate of 

710 ± 50 pgNi cm-2s-1. However, the dissolution rates drastically decreased after ADT to an Ir 

dissolution rate of 35.5 ± 1.2 pgIr cm-2s-1 and a Ni dissolution rate of 29.8 ± 3 pgNi cm-2s-1. The 

reduction of Ir dissolution with time may be related with the depletion of Ni near to the surface 

and formation of a IrO2 passivating layer as observed by STEM. Similar behavior has been 
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reported for IrxOs1-x alloys.74 During dealloying at 1 mA cm-2, fast dissolution of Os and Ir were 

registered during the first 1000 s, followed by a decrease of dissolution rate at longer times, and 

the total percent of dissolution of iridium was markedly governed by the amount of Os within the 

samples. 

3. Conclusions 

Self-supported hydrous iridium-nickel oxide 2D nanoframes exhibit a unique catalytic 

nanoarchitecture that results in dramatically higher OER electrocatalytic activity compared with 

IrO2 and other Ir-based OER electrocatalysts. The hierarchical iridium-nickel oxide/hydroxide 2D 

nanoframe architecture is formed through temperature/atmosphere treatment of Ir-decorated NiO 

nanosheets followed by chemical leaching. After chemical leaching, a metallic Ir-Ni alloy phase 

with oxides and hydroxides at the surface region was formed. The thermally treated and chemically 

leached sample retained a 2D framework structure consisting of interconnected nanocrystallites 

and through-connected porosity allowing 3D molecular accessibility. Electrochemical cycling to 

high potentials (1.5 VRHE) resulted in the formation of a ~5 Å thick surface oxide/hydroxide layer. 

The NiIr-200-CL catalyst showed more than an order of magnitude (15 times) higher mass 

activity compared with commercial IrO2 and higher activities compared with numerous other Ir-

based OER catalysts. The significantly higher mass activity and specific activity of NiIr-200-CL 

compared with IrO2 may be attributed to specific nature and concentration of Ir-OH surface species 

and/or interaction of Ir with Ni within the surface region.  From analysis of the experimental and 

theoretical Tafel slopes and our computational analysis, the second electron transfer step was 

determined to be the rate determining step for the reaction. Density functional theory calculations 

support that Ni substituted within IrO2 lowers the activation energy for adsorbed intermediates of 

second electron transfer step of the OER reaction. The effect of the dopant on bridging sites also 
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emphasizes the importance of considering the OER reaction not as a single site reaction but as 

involving multiple sites along the reaction pathway. Adjusting interactions for the multiple sites 

involved in the reaction steps provides a pathway to develop improved OER catalysts that move 

beyond the typical volcano plot trend that describes activity with a single descriptor.10,64 

The thermal reduction treatment temperature was determined to significantly affect the 

electrocatalyst surface structure, OER activity, and stability. X-ray photoelectron spectroscopy 

analysis showed that the sample heated to 200 ºC showed a higher relative surface concentration 

of hydrous IrO2 and nickel oxide, while heating to 300 ºC resulted in a higher relative concentration 

of anhydrous IrO2 and lower relative concentration of NiO within the surface region. After 

electrochemical oxidation, the CVs of the NiIr 2D nanoframes heated to 200 ºC and 300 ºC showed 

the presence of surface oxide and hydroxides with different relative peak areas depending on the 

treatment temperature and with different relative peak positions compared with IrO2 which 

supports differences in the surface structures between the catalysts. The different surface structures 

significantly affect the OER activity with the sample heated to 200 ºC showing higher OER activity 

than heating to 300 C. The higher OER activity obtained using a lower temperature treatment 

underlies the importance of using thermal treatment temperatures and processing conditions that 

result in the presence of surface hydroxides and maintain non-noble metals within the surface 

region can result in improved activity OER electrocatalysts.  

This work demonstrates the ability to make an integrated metal alloy nanostructure which 

can be chemically leached and then electrochemically conditioned to form an oxygen evolution 

with very high activity and stability. The use of a metal oxide precursor nanostructure allows 

significant control of the catalyst morphology and the ability to use various highly stable, non-

noble transition metal oxides beyond nickel oxide which may provide a pathway to increasing 
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stability. The ability to create metallic nanoarchitectures with controlled surface structures within 

a carbon-free interconnected network that provides 3D molecular accessibility allows the design 

of self-supported catalysts with high activity and extended durability for proton exchange 

membrane fuel cells and other applications. 

4. Methods 

Chemicals. Iridium chloride hydrate (IrCl3·xH2O, 99.8%), nickel nitrate hexahydrate 

(Ni(NO3)2·6H2O, 98%) and urea (N2COH4, 99.3%) were obtained from Alfa Aesar. Ethylene 

glycol, isopropanol (HPLC grade), and ACS grade water (18 MΩ-cm) were obtained from VWR 

Analytical. All reagents were used without further purification.  

Synthesis of α-Ni(OH)2 and NiO Nanosheets. The α-Ni(OH)2 nanosheets were 

synthesized using a microwave-assisted hydrothermal process adapted from previously reported 

19,75 methods. To prepare the α-Ni(OH)2 nanosheets, 6.0 g (20.6 mmol) of Ni(NO3)2·6H2O was 

combined with 4.92 g (82 mmol) of urea, 18 mL of ultrapure water (18 MΩ-cm) and 126 mL of 

ethylene glycol (EG). The solution was then divided into six aliquots (24 mL each) which were 

placed in a Discover SP Microware Reactor and then treated under variable microwave radiation 

power using a controlled temperature of 120 °C which was maintained for 13 minutes under active 

stirring. The obtained light green powder was recovered by centrifugation (1690 RCF, 3 min, 

Thermo, Sorvall ST16) and subsequently rinsed five times with water and two times with 

isopropanol using the same centrifuge conditions. Following the rinsing steps, the powder was 

dried under vacuum at 60 °C overnight. To prepare NiO nanosheets, 0.18 g of Ni(OH)2 nanosheets 

were heated within a muffle furnace (Thermolyne, Thermo Scientific, Inc.) from room temperature 
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to 300 °C for 90 minutes in ambient air using a ramp rate of 20 °C/min. After the 90 minute dwell 

time, the sample was allowed to cool to room temperature, and then taken out from furnace. 

Synthesis of iridium-decorated NiO Nanosheets (NiO:Ir). The NiO nanosheets were 

decorated with Ir by modification of a previously reported synthesis method.76 To deposit Ir on 

the NiO nanosheets, 0.5 g of the prepared NiO was dispersed in 50 mL of ultrapure water using an 

ultrasonic bath. In a second beaker, an appropriate amount of IrCl3·xH2O (52.46-53.29 wt. % Ir; 

different batches had slightly different wt% Ir based on from information provided by the 

manufacturer), corresponding to 21.0 wt % of metallic Ir vs NiO, was dissolved in 50 mL of 

ultrapure water and then added to the NiO slurry. The specific amount of IrCl3·xH2O utilized was 

based on the information obtained from the manufacturer for the % Ir within the specific batch (for 

the IrCl3·xH2O with 53.29 wt. % Ir, 0.197 g was utilized to obtain 21.0 wt % of metallic Ir vs 

NiO). Additional water was then added to obtain a total volume of 125 mL. The suspension was 

separated into five 25 mL aliquots which were transferred to the microwave reactor and then 

treated under variable microwave radiation power using a controlled temperature of 120 °C 

maintained for 13 minutes under active stirring. This process was repeated for each aliquot. 

Finally, a gray powder was recovered, rinsed, and dried as described above. The Ir-decorated NiO 

nanosheets were notated as NiO:Ir. Analysis of the elemental composition of NiO:Ir using EDS 

analysis showed 9.5 ± 1.8 wt % Ir within the material (ESI, Figure S2) which indicated that ~45 

% of Ir from the IrCl3·xH2O precursor (21 wt % Ir relative to NiO used within the synthesis 

process) was deposited onto the NiO nanosheets. 

Synthesis of 2D Ni-Ir nanoframes. The NiO:Ir catalyst was thermally treated at either 

200 °C or 300 °C for 23 min under 120 mL min-1 flowing H2/Ar (5/95 vol %) using a ramp rate of 

20 °C min-1 starting from room temperature. After a dwell time of 23 minutes, the reactor was 
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removed from the oven and allowed to cool under Ar/H2 flow until reaching room temperature.  

The synthesized samples were notated as NiIr-200 and NiIr-300 for the samples heated to either 

200 °C or 300 °C respectively. 

Chemical leaching. In order to chemically leach out unstable nickel from the material, 0.2 

g of the as-prepared NiIr nanoframes was dispersed in 100 mL of 0.05 M HNO3. The solution was 

bubbled with Ar for 20 min then heated to 80 °C for 2 hours under magnetic stirring and under 

continuous Ar flow. After the reaction, the suspension was allowed to cool to room temperature. 

The chemically leached material was then recovered, rinsed, and dried as described above. The 

solutions used for the chemical leaching step for NiIr-200 and NiIr-300 were analyzed using 

Atomic Absorption (AA) spectroscopy to determine the amounts of Ni and Ir dissolved into the 

solution during the acid treatment. The AA measurements were obtained with a Perkin Elmer 

(Model PinAAcle900F) AA spectrometer using a nitrous oxide-acetylene flame and lamps to 

measure absorbance at 341.5 nm (Ni) and 263.97 nm (Ir). Standard solutions of Ni(NO3)2·6H2O 

and IrCl3·xH2O were used for calibrating the absorbances of Ni and Ir with concentration. The 

chemically leached materials were notated as NiIr-200-CL, and NiIr-300-CL respectively. The wt 

% Ir and wt % Ni of NiIr-200-CL was determined by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) carried out by Galbraith Laboratories, Inc. (Knoxville, TN). From ICP 

analysis, the NiIr-200-CL catalyst was determined to be 65.5 wt % Ir and 18.0 % Ni. For the NiIr-

300-CL catalyst, the Ir and Ni content was determined from ICP analysis to be 63.0 wt % Ir and 

18.7 % Ni. 

Physical and Structural Characterization. Powder X-ray diffraction (XRD) 

measurements were conducted using a Bruker AXS D8 Advance powder X-ray diffractometer 

with a Cu Ka (λ = 1.5406 Å) radiation source, operating at 40 kV and 25 mA and a high resolution 
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energy dispersive 1D Linxeye XE detector. The scan range of 2θ was 5° < 2θ < 85° with a 0.01° 

increment. Nitrogen physisorption measurements were obtained using a Micromeritics ASAP 

2020 surface area and porosimetry analyzer. Before analysis, the samples were degassed under 

vacuum at 120 °C for 16 h. Brunauer−Emmett−Teller (BET) surface areas were obtained from the 

nitrogen physisorption isotherms. Mean pore diameters and cumulative pore volumes were 

calculated from the adsorption isotherm using the Barrett-Joyner-Halenda (BJH) method 

(Micromeritics Microactive software, version 4.02). Shown in Figure S5 is a representative 

isotherm and pore distribution plot (incremental pore volume vs pore size) of NiIr-200-CL. 

The morphology and elemental distribution of the catalysts were determined by scanning 

electron microscopy (SEM) using a SEM FEI-Helios Nanolab 400. Cs-corrected scanning 

transmission electron microscopy (STEM) was carried out by using a JEM-ARM200F (200 kV, 

JEOL) equipped with an energy dispersed spectrometer (EDAX Silicon Drift detector). High angle 

annular dark field STEM (HAADF-STEM) was obtained with a convergence angle of 26 mrad 

and a collection semiangles from 50 to 180 mrad. The probe size used was about 0.09 nm with the 

probe current of 22 pA. X-ray photoelectron spectra were obtained using a Thermo Scientific K 

Alpha+ instrument using an Al K X-ray source and an accelerating voltage of 200 keV. Survey 

spectra were obtained using a pass energy of 200 eV, 20 scans, and a step size of 1 eV, and high-

resolution spectra were obtained at pass energy of 20 eV by averaging 20-50 scans collected with 

a step size of 0.1 eV. The energies of the photoelectron peaks were referenced to the C 1s binding 

energy of 284.8 eV for adventitious carbon. Peak fitting was performed by using a least squares 

algorithm within Avantage software (Thermo Scientific, version 5.982) with a mixed Shirley-

Tougaard baseline and a Gaussian–Lorentzian product function for each peak. For fitting the Ni 2p 

region of the XPS spectrum, a spectral window that included both the Ni 2p3/2 and Ni 2p1/2 regions 
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was used for determining the baseline. Based on the large spin-orbit splitting of the Ni 2p3/2 and 

Ni 2p1/2 peaks, fitting was performed only on the Ni 2p3/2 region as supported by a prior study.38 

Rotating Disk Electrochemical Characterization. The electrochemical measurements 

were conducted at constant temperature (298 K) in a three-electrode cell using a thin-film rotating 

disk electrode (RDE) configuration. Electrodes were prepared and RDE measurements were 

obtained at both Texas State University and the National Renewable Energy Laboratory (NREL). 

RDE measurements obtained Texas State University utilized an Autolab PGSTAT128N 

bipotentiostat and rotation control (Pine Instruments). For RDE measurements performed at Texas 

State University, a gold disk electrode (RDE, Pine Research instrument, geometric area: 0.196 

cm2) with a thin film of the prepared catalyst was used as the working electrode, and a Pt mesh 

and a freshly prepared reversible hydrogen electrode (RHE) were used as counter and reference 

electrodes, respectively. The electrode fabrication and RDE testing protocols were based on 

methods previously reported.6 Catalyst inks were prepared by combining a specific mass 

(typically ~3 mg) of the acid-leached catalysts (NiIr-200-CL or NiIr-300-CL) with a specific 

volume of a stock solution to yield a catalyst concentration of 0.7 mgcat mL-1. The stock solution 

was prepared by mixing 0.4 mL of Nafion suspension (Aldrich, 5 wt %, 1100 g equivalent weight), 

20 mL of isopropanol, and 79.6 mL ultra-pure water (18 MΩ-cm). The inks were sonicated 

(Fisher, 40 kHz) in an ice-bath for 20 minutes, and then treated with a probe sonicator for 20 

seconds while surrounded by an ice bath. The ink was then immersed in a controlled temperature 

bath (25 °C) for 1 minute while maintaining agitation and then used immediately. For comparison 

with the synthesized catalysts, inks were also prepared with commercially available IrO2 (Alfa 

Aesar, Product number 43396). For the IrO2 the catalyst ink consisted of 0.53 mgcat mL-1 (84 wt 

% Ir). The inks were applied to a polished Au working electrode (0.196 cm2 geometric area) while 
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under rotation (200 rpm) based on the previously reported approach of rotational drying.77 The 

electrode loading was controlled by depositing a specific volume of the ink onto the Au working 

electrode. For the NiIr-200-CL or NiIr-300-CL catalysts, 5 L was deposited onto the Au electrode 

which corresponds to a loading of 11.7 µgIr cmgeo 
-2 for NiIr-200-CL (65.5 wt % Ir) and 9.1 µgIr 

cmgeo 
-2 for NiIr-300-CL (63.0 wt % Ir). After depositing the inks on the rotating Au electrode, the 

inks were maintained under rotation and allowed to dry under ambient conditions. For electrode 

preparation and RDE measurements obtained at NREL, identical procedures and protocols as 

described above were utilized with the exception of the following: a Autolab PGSTAT302N 

potentiostat/galvanostat was used; a Au mesh (rather than a Pt mesh) was used as the counter 

electrode; the ink was applied using a rotation rate of 100 rpm to coat the ink onto the electrode; 

and 700 rpm was used for drying the electrode. Similar OER mass activities within experimental 

error were obtained for the catalysts tested at Texas State University and NREL. 

The electrochemical characterization of the catalysts was carried out in 0.1 M HClO4 

electrolyte prepared with 70% HClO4 (Veritas Doubly Distilled, GFS Chemicals) (0.000001% Cl−) 

and ACS grade water (18 MΩ-cm) based on methods previously reported.6 For the 

electrochemical tests, the Au working electrode was placed in a three-electrode cell with the 0.1 

M HClO4 electrolyte. A Pt mesh and a freshly prepared reversible hydrogen electrode (RHE) were 

used as counter and reference electrodes, respectively. The electrodes were immersed in Argon 

saturated 0.1 M HClO4 under potential control (0.1 VRHE). The catalysts were first conditioned by 

cycling 20 times from 0.05-1.0 VRHE at 100 mV s-1 and 2500 rpm. The electrochemical surface 

area of metallic Ir (ECSAIr) was calculated by CO-stripping using a specific charge of 358 µC 

cmIr
-2 as the charge corresponding to desorption of an adsorbed monolayer of CO.25 Prior to the 

analysis in OER potential range, the catalysts were electrochemically conditioned by cycling 
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between 0.05 to 1.5 VRHE for 60 cycles at a scan rate of 100 mV s-1 in Argon-saturated 0.1 M 

HClO4. After the electrochemical conditioning step to 1.5 VRHE, the electrochemical surface area 

of IrO2 (ECSAIrO2
) was determined by measuring the pseudocapacitive charge between 0.3 V and 

1.25 V obtained using a scan rate of 50 mV s-1 and by subtracting the contribution of the Au disk 

current collector. The electrochemical surface area was calculated based on the background-

−2 24subtracted pseudocapacitive charge and the coulombic conversion factor of 596 μC cmIrO2 
. 

For evaluating the oxygen evolution reaction activity, the electrode was then conditioned 

by cycling 10 times in the potential range 1.2-1.8 VRHE at 100 mV s-1 and under 2500 rpm rotation. 

Linear sweep voltammetry (LSV) in the potential range of 1.2-1.8 VRHE was performed using a 

scan rate of 20 mV s-1 and a rotation rate of 2500 rpm. Steady-state (iR-corrected) 

chroamperometric measurements were then performed by gradually stepping the potential at steps 

of 0.01 V from 1.3 to 1.6 VRHE while holding for 5 seconds at each potential and rotating the 

working electrode at 2500 rpm. The internal resistance (iR) values (23-27 Ω) were determined 

prior to every evaluation using the current interruption method at 1.6 VRHE. The data obtained from 

chroamperometric measurements was used for the Tafel plots and for determining the OER mass 

activity and specific activity. The mass-normalized OER activity was determined by the current 

at a specific voltage from the chroamperometric measurements divided by the Ir mass on the 

electrode. Inspection of the Tafel plots for linear behavior within specific voltage ranges was used 

to evaluate that the electrode was not within a mass-transport limited regime within the specific 

voltage range.. Tafel slopes were determined using current obtained from chroamperommetry 

measurements using the iR-corrected potential between 1.47 VRHE to 1.52 VRHE. After the 

evaluation of the electrocatalyst in the OER potential range, CV measurements were again 
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obtained to determine the nature of the surface condition after exposure to OER potentials of up 

to 1.8 VRHE. 

Following the measurements of the OER activity, an accelerated durability test was carried 

out by maintaining the electrode at a constant potential of 1.6 VRHE for 13.5 hours under a rotation 

rate of 2500 rpm. After the constant potential step was completed, the electrolyte was replaced, 

and cyclic voltammetry (CV), LSV, and chronoamperometry measurements were obtained as 

described above. During LSV and chronoamperometry tests, to account for solution resistance the 

internal resistance was corrected by the potentiostat using a resistance of 25 Ω. After the stability 

tests, CO stripping tests were also performed. 

Computational details. All calculations were performed using the Vienna ab Initio 

Simulation Package (VASP)78-80 with spin polarization and the revised Perdew-Burke-Ernzerhof 

generalized gradient approximation (GGA-RPBE) functional. The RPBE functional has been 

shown to improve the adsorption energies of atoms and molecules on transition-metal surfaces.81 

Electron-ion interactions were described by the projector augmented wave (PAW) 

pseudopotentials.82-83 The tetrahedron method with Blöchl corrections was used to represent partial 

occupancies. The cut off energy for the plane-wave basis expansion was chosen to be 400 eV. The 

convergence criteria for electronic self-consistent iteration and ionic relaxation were set to 10-4 

and 10-3 eV, respectively. In order to model the NiIrOx system, a Ni-doped IrO2 surface was 

considered. The pristine IrO2 surface was modeled as described in our previous study8: first, the 

pristine IrO2 bulk structure was fully optimized. After bulk relaxation, a 4-layer (110) IrO2 surface 

was cleaved with a 2x1 supercell. For the slab calculations, the Brillouin zone was sampled using 

an 11x11x1 Monkhorst-Pack k-point mesh and a 16 Å vacuum space was allowed in the z direction 

to avoid artificial interactions. Here the two bottom layers were kept fixed while the top two layers 

61 

ACS Paragon Plus Environment 
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 

manuscript. The published version of the article is available from the relevant publisher.

http:surfaces.81


 
 

      

   

       

       

     

      

         

    

 

      

      

   

       

     

   

     

        

   

     

         

 

 

 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACS Catalysis Page 62 of 72 

were allowed to relax. The resulting (110) surface is formed by four iridium atoms: two penta-

coordinated (5-Ir) and two hexa-coordinated (6-Ir). The surface also contains two types of oxygen 

atoms: bridge (Ob) and three-coordinated (Ot) oxygen atoms, which are located above and on the 

plane of the metal atoms, respectively, see Figure 7a for details. Finally, in order to represent the 

different regions of the electrocatalyst, two doped-IrO2 models were obtained depending on the 

doping site; Ni substitutes either one penta-coordinated (5-Ni) or one hexa-coordinated (6-Ni) Ir 

atom on the surface. It is worth mentioning that the addition of Ni at the surface level forms 

different adsorption sites and provides more direct insights on the effect of the Ni on the OER, as 

discussed in the text. 

The adsorption energy (∆Eads) of an adsorbate j was calculated using the following 

equation: ∆Eads = E𝑠𝑦𝑠 − (E𝑗 − Esurf), where Esys, Esurf, and Ej are the energies of the 

adsorbate/slab complex, surface slab, and adsorbate. The energy of the adsorbates was computed 

by optimizing the geometry of the species in a simulation box with large vacuum to avoid self-

interactions. Although some functionals are considered to be non-suited for molecular oxygen 

energy calculations, the reported trends are still within good agreement with the experimental 

observations. Activation energies were calculated using the climbing nudged elastic band (cNEB) 

method.84-85 This method optimizes a number of intermediate images along a reaction path, where 

the initial image is the reactant and the final is the product. In this case, at least 5 intermediate 

images were used. In addition, the charge transfer was studied by using the Bader charge analysis86-

88 in which the total electronic charge of an atom is approximated by the charge enclosed in the 

volume defined by zero flux surfaces. 
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