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ABSTRACT  

Developing efficient electrocatalysts for oxygen evolution reaction (OER) is important for 

renewable energy storage. Here we design high-density Ir single-atom catalysts supported by 

CoOx amorphous nanosheets (ANSs) for OER. Experimental results show that Ir single-atoms 

are anchored by abundant surface-absorbed O in CoOx ANSs. The Ir single-atom catalysts 

possess ultrahigh mass activity that is 160-fold of commercial IrO2. The OER of IrCoOx ANSs 

reached a record-low onset overpotential of less than 30 mV. The in-situ X-ray absorption 

spectroscopy reveals that the Ir-O-Co pairs directly boosted the OER efficiency and enhanced 

the Ir stability. 

 

Industrial chemical reactions utilize catalysts to increase the production rate of a desired product 

and reduce the energy costs.1-2 Therefore, developing efficient catalysts can reduce energy costs 

and selectively promote the production of value-added chemicals.3 The sluggish kinetics of the 

oxygen evolution reaction (OER) seriously limit the practical applications of hydrogen 

production4-6 and carbon dioxide reduction in aqueous media.7-10 To date, Ru/Ir –based metals and 

their oxides are well known as the most efficient OER catalysts.11 However, their scarcity and high 

price are major barriers for their application.12-13 Therefore, exploring highly efficient catalysts 

with reduced Ru/Ir usage is necessary for practical applications. Many attempts have been made, 

such as alloying with transition metals, core-shell approaches, and single atom catalysts (SACs), 

etc.4, 14-16  
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The high free energy of single atoms in SACs ensures an easier adsorption process than 

traditional nano-catalysts, further boosting their catalytic activity.17 Adsorption of molecules on 

surfaces often leads to varied coordination environments of SACs during pre-activation or initial 

reaction processes.18 The synergistic Ru sites in the Ru-FeCo(OH)x SACs are the active reaction 

sites, which significantly promote the OER activity.19 Unfortunately, once the highly active SACs 

are put in liquid, the active atoms often suffer from surface etching, subsequently leading to 

activity loss.20 In addition, the harsh reaction may trigger the aggregation of SACs, which weakens 

the synergistic effect between single atoms and the matrix and lowers the adsorption-desorption 

efficiency as well as catalytic activity/stability.17, 21-22 Moreover, harsh catalytic reaction leads to 

the structural transformation and breakdown of catalysts.23-24 Currently, these issues of SACs still 

delay their various practical applications.  

In this work, we synthesized CoOx ANSs doped with Ir single atoms. The IrCoOx ANSs possess 

a thickness of ca. 1 nm and ultrahigh surface areas of 213 m2/g. By tuning the stoichiometric ratio 

of Ir/Co, we achieve the highest mass OER activity reported to date. We used a combination of 

aberration corrected scanning transmission electron microscopy (STEM) and in-situ X-ray 

absorption spectroscopy (XAS) to understand the catalyst structure and related reaction 

mechanisms. 

RESULTS and DISCUSSIONS 

As Ir1Co13.3O20.1-(Sample 4) ANSs with an Ir/Co ratio of ~7:93 shows the best activity among 

all IrCoOx ANSs (Figure S1), we focus on the structural characterization of Ir1Co13.3O20.1. The 

relative Ir/Co ratio determined by inductively coupled plasma optical emission spectroscopy (ICP-

OES) is shown in Table S1. Scanning electron microscopy (SEM), transmission electron 
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microscopy (TEM), double Cs-corrected STEM, powder X-ray diffraction (XRD), and N2 

adsorption-desorption tests are employed to clarify the morphology and structure of as-prepared 

Ir1Co13.3O20.1 ANSs. The Ir1Co13.3O20.1 possess a hierarchical microstructure composed of curly 

nanosheets (Figure 1a). The selected area electron diffraction (SAED) in the inset of Figure 1b 

reveals the amorphous nature of the as-prepared Ir1Co13.3O20.1. The amorphous feature of 

Ir1Co13.3O20.1is also verified by XRD (Figure S2). Benefitting from the ultrathin feature of CoOx 

ANSs (thickness of ca. 1 nm, as shown in Figure 1c), the Ir1Co13.3O20.1 possess large surface area 

determined to be ca. 213.3 m2/g (Figure S3). This is larger than many reported metal oxides and 

carbon-based materials, which typically have surface areas smaller than 180 m2/g.25-27 The 

formation of an ultrathin layered structure can be attributed to the hexadecyltrimethylammonium 

bromide (CTAB, 0.05 M) and the fast precipitation caused by NaBH4. The concentration of CTAB 

is ca. 2.5-fold of its second critical micelle concentration (0.02 M), leading to the formation of a 

CTAB bilayer structure in solution.28 The NaBH4 leads the fast formation of CoBx that can be 

easily oxidized by O and H2O. Therefore the newborn CoBx in the system tends to form CoOx 

amorphous layers.29 Without CTAB use in reaction solution, the precipitation can be CoBx 

amorphous particles.30  

The catalytic activity is impacted by the distribution and structure of Ir atoms. Thus we used 

STEM to clarify the nanostructure of Ir1Co13.3O20.1. The low magnification STEM image finds no 

Ir particles in Ir1Co13.3O20.1 (Figure 1d). The energy dispersive spectrum (EDS) at low 

magnification demonstrates a homogeneous distribution of Ir, Co and O (Figure 1e). The high 

magnification STEM image demonstrates the monodispersed Ir single atoms (brighten spots 

marked by red circles in Figure 1f) on CoOx ANSs. Unlike multi-step preparation of Au single 

atoms on FeNi(OH)x nanosheets13 and Pt single atoms on CeO2,17 Ir1Co13.3O20.1 ANSs are prepared 
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in one pot. Due to the large surface area and high chemical activity, two-dimensional CoOx ANSs 

may adsorb many oxygen atoms on the surface. Surface-absorbed oxygen and surfactant could be 

the major contributors to the formation of Ir single atoms. The anchoring of Ir atoms can occur at 

the sites with surface-absorbed oxygen, because the strong bonding of O firmly captures the Ir 

atoms. The surfactant can avoid the regrowth of Ir. Using this idea, we successfully synthesized 

IrNiOx ANSs using an approach similar to IrCoOx ANSs (Figure S4). This result demonstrates that 

reduction of noble metal on ANSs with abundant surface-absorbed oxygen could be a reliable 

approach to synthesize various SACs. 

 

 

Figure 1. Structural characterization of Ir1Co13.3O20.1. SEM image (a), low magnification TEM 

image (b), high magnification TEM image (c), HAADF image (d), EDS mapping (e), and high 
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magnification HAADF image (f) of Ir1Co13.3O20.1. Ir single atoms anchor on CoOx ANSs and are 

well dispersed. The brighten spots in Figure 1f correspond to Ir atoms, exemplified by red circles 

marked. Scale bar in a-f is 1 um, 200 nm, 20 nm, 100 nm, 500 nm, and 1 nm, respectively. 

We used Ir/Co-based materials as catalysts for OER in 1 M KOH using a three-electrode system. 

Relative data is shown in Figure 2, where all the current densities are normalized by the geometric 

area of the glass carbon electrode (GCE). The Ir1Co13.3O20.1 possess the highest OER activity 

among all reported OER catalysts to date (Table S2). As shown in Figure 2a, Ir1Co13.3O20.1 exhibit 

much better OER activity than CoOx ANSs and IrO2 over the entire potential range. Figure 2b 

shows that Ir1Co13.3O20.1 require a low overpotential of only 152±5.2 mV to achieve 10 mA/cm2, 

much lower than pure CoOx ANSs (330.1±12.5 mV) and commercial IrO2 (320.0±10.1 mV). The 

Ir1Co13.3O20.1 have the lowest Tafel slope (ca. 60.5±2.8 mV/dec) among these prepared catalysts, 

and it is even lower than commercial IrO2 (ca. 65.6±2.7 mV/dec) as shown in Figure 2c. At 1.485 

V v.s. RHE, the Ir1Co13.3O20.1 possess specific current density of 160 mA/cm2 (mass activity of 

1412 A/g), which is 160-fold of commercial IrO2 (1 mA/cm2). To clarify the origin of such superior 

OER activity, we employed double layer capacitance (Cdl) test to calculate the electrochemical 

surface area (ECSA) (Figure 2e), which is sensitive to the exposed atoms in OER. The 

Ir1Co13.3O20.1 possess ca. 2-fold ECSA value compared to CoOx ANSs, while surprisingly the 

catalytic activity of Ir1Co13.3O20.1 is ca. 40-fold of CoOx ANSs (Figure 2d). These results show that 

its high OER activity is due to not only increasing ECSA, but also the high intrinsic activity of Ir 

for OER. The high intrinsic catalytic activity of Ir is further promoted by the support of ultrathin 

amorphous CoOx ANSs (Figure S5). The commercial IrO2 sample is also characterized using 

STEM, XRD, and XPS (Figure S6 to S8) to get further insights regarding to its physical structure, 

morphology, and surface chemistry information. By carefully comparing the polarization curve 
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that normalized by surface area and ECSA (Figure S8a&b), we found that the Ir1Co13.3O20.1 possess 

higher intrinsic activity than IrO2. The aggregated Ir nanoparticles on CoOx NSs shows better OER 

activity than pure CoOx NSs, but worse than Ir1Co13.3O20.1 (Figure S8c&d), confirming that the 

OER activity in Ir/Co NSs is critically affected by the Ir local coordination environments and 

morphology. In addition, as shown in Figure 2f, electrochemical impedance spectrum (EIS) results 

testify that the charge transport resistance (Rct) of Ir1Co13.3O20.1 is 11.8±0.9 Ω, which is around 1/5 

of CoOx ANSs (56.4±2.3 Ω). Therefore, such superior OER activity of Ir1Co13.3O20.1 can be 

ascribed to the largely enhanced chemical active areas, high intrinsic activity of Ir on CoOx ANSs, 

and super-fast charge transport from catalysts to support. 

 

Figure 2. Electrochemical characterizations of different catalysts. Polarization curves (a), 

collection of overpotential at 10 mA/cm2 (b), Tafel plots (c), specific current density at 1.485 V 

v.s. RHE (d)，Cdl values (e), and Nyquist plots (f) of CoOx ANSs and Ir1Co13.3O20.1 ANSs. The 

inset in Figure 2f is the equivalent circuits for Rct calculation. The Ir1Co13.3O20.1ANSs show far 

better OER performance than CoOx ANSs and IrO2. 
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The abundant surface-absorbed oxygen and strong synergistic effect between Ir and Co also 

play critical roles in promoting OER activity. X-ray photoelectron spectroscopy (XPS) was used 

to clarify the valence of metal cations and oxygen states in Ir1Co13.3O20.1 and CoOx ANSs (Figure 

3). Figure 3a shows the survey spectrum of Ir1Co13.3O20.1 and CoOx ANSs. Figure 3b collects the 

fitted Co 2p fine spectrum. The fitted peaks of Co 2p3/2 correspond to Co3+ (ca. 780.2 eV) and Co2+ 

(ca. 782.1 eV), respectively.25, 27 The increased Co3+/Co2+ ratio after Ir loading indicates also a 

higher content of oxygen, forming possible Ir-O-Co pairs. Figure 3c shows the normalized O 1s 

spectrum. The O 1s spectra extends at high energy edge in Ir1Co13.3O20.1. The adsorption O content 

is increased after Ir loading (Figure S9a), which can increase average valence of catalysts, and thus 

enhance the OER activity.31 To further clarify the oxidation state of Co and O, the electron energy 

loss spectroscopy (EELS) is carried out to determine the average valance of Co and O/Co content 

ratio as shown in Figure 3d. The valence states of Co can be measured according to the L3/L2 white-

line intensity ratios. In our work, the integrated L3/L2 ratio of Ir1Co13.3O20.1 is calculated to be 2.78 

which is lower than 3.13 of CoOx ANSs, verifying the higher Co valence. Correspondingly, the O 

K edge fine structure also shows a higher pre-peak intensity after Ir-loading on the CoOx sample, 

which correspondingly indicates a higher Co oxidation state. The integrated area ratio of O K-edge 

to Co L-edge in Ir1Co13.3O20.1 is calculated to be 0.38, which is larger than that of CoOx ANSs 

(0.27), confirming a higher O content in Ir1Co13.3O20.1. In this case, the Ir loading can promote the 

O adsorption efficiency in Ir1Co13.3O20.1 and increase the oxidation states of cobalt. The XPS peaks 

of Ir corresponds to various valance states as shown in Ir 4f spectra (Figure S7c). The existence of 

Ir3+/Ir4+ cations demonstrates a strong bonding between Ir and oxygen atoms including the ones 

absorbed on the surface. These results show that controlling the amount of surface-absorbed 
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oxygen atoms can be fine-tuned by changing Ir loading. In the same time, Ir loading modulates the 

Co valence of the matrix. 

To get further insight into the Ir-Co coupling effect, in-situ XAS was carried out to identify the 

oxidization state and local coordination environment of Ir and Co. Co K-edge X-ray absorption 

near edge structure (XANES) shows that Co cations in CoOx ANSs have a slightly higher oxidation 

state than crystalline CoO (Figure 3e and S10), which is caused by abundant surface-absorbed 

oxygen environments in CoOx ANSs. The surface-absorbed oxygen can firmly capture Ir atoms 

by forming Ir-O-Co bonding that is confirmed by extended X-ray absorption fine structure 

(EXAFS) fitting. Interestingly, Co is further oxidized after loading Ir on the surface. With surface-

absorbed oxygen increasing, the higher electron affinity of Ir (150 kJ/mol) than Co (64 kJ/mol) 

leads to re-centering of the 3d electrons of Co towards Ir via Ir-O-Co bonding. To probe the exact 

local structure, the EXAFS measurements are performed (shown in Figure 3f) and the model-based 

analysis (Figure S9 and Table S4) confirms that CoOx ANSs have surface-absorbed oxygen due 

to less Co-Co scattering paths which are related to Co-O-Co bond in the CoO model (also seen at 

2Å < R < 3 Å region in Figure 3f) comparing with crystalline CoO. 
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Figure 3. Surface chemistry and structures of Ir1Co13.3O20.1 and CoOx ANSs. XPS results of 

Ir1Co13.3O20.1 and CoOx ANSs (a to d). Survey spectrum (a), Co 2p spectrum (b), O 1s spectrum 

(c), and EELS spectrum of O K- and Co L-edge (d). Co K-edge (e) XANES and (f) EXAFS of 

Ir1Co13.3O20.1 and CoOx ANSs. 

The catalytic activity of Ir-based catalysts usually being affected by the surrounded coordination 

environment change and their valence variation during OER. In our experiments, the OER 

performance improvement can be attributed to the change in the OH- free energy, the O2- to OH- 

adsorption Gibbs energy difference, and the different electron affinity between Ir and Co.32-33 The 

much higher electron affinity of Ir can attract the highly concentrated electrons moving toward Ir 

sites, which leads to the preferential adsorption of OH- and intermediates during OER, thus 

promoting the formation of high valence Ir cations during OER. Herein, the amount of Ir doping 

also influences the OER activity by changing the number of active sites. Figure S1 shows that 

Ir1Co13.3O20.1 have the highest OER activity compared to other samples. Therefore, optimized 

stoichiometry of IrCoOx ANSs could effectively promote active Ir-O-Co pairs formation, leading 
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to a much better OER performance. It is reported that surface-absorbed O can promote OER and 

be released by heat-treatment.26, 34 In our experiment, the annealed Ir1Co13.3O20.1 with surface-

absorbed O released has much lower OER activity than Ir1Co13.3O20.1 (Figure S10). 

The catalysts with high activity usually possess structural instability, leading to deactivation of 

the catalysts.16, 35-38 The current density of Ir1Co13.3O20.1 is stable after 10 h, while that of IrO2 

decreases by 72 % (Figure S11a). The decreased OER activity of IrO2 originates from the fast 

degradation of active Ir in alkaline solution by forming water soluble IrO32-.39-40 The Ir1Co13.3O20.1 

also show high stability under large current (Figure S11b). Ex-situ STEM is used to check the 

structure of Ir1Co13.3O20.1 after OER (Figure S12). The remaining isolated Ir single atoms on CoOx 

ANSs demonstrate the high structural stability in OER for 10 h. The highly structural stability of 

Ir single atoms may be responsible for the stable OER activity. However, the matrix (CoOx) may 

dissolve during OER, which can lead to the Ir dissolution. Therefore, we examined the Ir ions 

residual in electrolyte after OER (Table S3). The low Ir dissolution rate indicates a high stability 

of Ir again. The Ir1Co13.3O20.1 exhibits higher OER activity in 2M KOH than in 1M KOH, and 

exhibits a 3-fold increase at 60℃ in 1 M KOH (Figure S13). To understand how catalysts 

restructure in reactions, in-situ XAS was used.41-43 In Figure 4a, at the open-circle voltage (OCV), 

the energy at which the white line of the Ir L-edge XANES lies is in between those of Ir and IrO2, 

suggesting the co-existence of high valence Ir4+ cations and Ir0 atoms in the pristine sample. When 

higher voltage is applied, the white line intensity increases and the peak shifts to higher energy 

(Figure 4a and S16), indicating the increase of the Ir oxidation state. Since high valance Ir is 

believed to be active for OER,25, 27 the increase of the high valance Ir ratio promotes the OER 

reaction. When the applied potential returned to OCV, Ir was reduced back but didn’t overlap with 
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the one at OCV.44 This can be resulted by the further oxidation of Ir ions at high potential during 

OER.  

Furthermore, the EXAFS fitting of Ir1Co13.3O20.1 pristine material (Figure 4c) shows that Ir is 

bonded with 6 oxygen (Table S5). The Ir-Co scattering pathway in pristine is around 3.56 Å, much 

longer than the same Ir-Co scattering paths (2.92 Å) during the reaction (Table S6). This suggests 

a strong Ir and Co interaction after applying voltage, which subsequently causes more oxidized Co 

cations in reactions. All those results are consistent with XPS results. Note that Ir-Ir scattering 

cannot be added in our model to produce meaningful fitting results for both pristine and reacted 

materials in our EXAFS analysis, which further verifies that most Ir is likely singly distributed on 

the CoOx ANS surface, consistent with the conclusions drawn from the STEM results shown in 

Figure 1.  

The restructuring of Ir cations is responsible for the high OER activity (Figure S5). As shown 

in Figure 4b, the Ir local coordination environment varies a lot during the reaction. The Ir-O peak 

becomes shaper and bonding length becomes shorter during OER due to the increased Ir 

oxidization state, which is also a result of stronger Ir bonding with O to form IrOx (x near to 6) in 

reaction. The EXAFS analysis of Ir-O shows that the average coordination numbers (CNs) and 

bond-length of Ir-O decrease during OER (Figure 4f, Figure S17 and Table S7). These result from 

the restructuring of Ir1Co13.3O20.1 in reaction conditions. Once the potential is applied, the 

substrate-catalyst interaction becomes stronger, thus trapping and stabilizing the surface Ir atoms 

into CoOx ANSs and forming a new peak around 2.5 Å which is corresponding to shorter Ir-Co 

scattering path or Ir-O-Co bonding (Figure 4b&e). This is similar to our previous work on single 

atom Ru anchored on cobalt-iron layerd double hydroxides, which has a shorter and stable Ru-O-

M (M=Co or Fe) bond in OER compared to that in as-synthesized catalyst.41 In our case, the Ir 
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cations in their first shell are not fully coordinated in OER. These under-coordinated Ir cations can 

adsorb OH- efficiently. When the potential reaches 1.26 V, the surface-absorbed O and Ir-O start 

to be oxidized, leading to the decrease of Ir-O CNs. The Ir will capture the H2O or OH- from 

electrolyte to become fully coordinate after the voltage is back to OCV (Figure 4c&d; table S5). 

These results show that the OER start at an onset potential of <30 mV. In contrast, the average CN 

of Ir-O-Co bond (the second shell) is substantially increased, suggesting that O between Ir and Co 

are mostly oxidized during OER. These Ir-O-Co remains visible after OER stop (Figure 4b), as 

Ir/Co can get O from alkaline solution. In this case, the active Ir-O-Co can be strongly anchored 

on CoOx ANSs during OER, and thus ensuring high stability in alkaline solution. In short, such 

high OER activity of Ir1Co13.3O20.1 is associated with those pre-adsorpted O and the O in Ir-O-Co. 

In addition, the replenished O species bonding with Ir continually get preferentially oxidized in 

OER reaction.  
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Figure 4. XAS results of Ir1Co13.3O20.1. In-situ Ir L-edge (a) XANES and (b) EXAFS under various 

reaction potential; Fourier Transfer EXAFS fitting of in-situ Ir during the reaction (c) R-space and 

(d) k-space. The average coordination number of Ir-O-Co during OER (e). The Ir-O bonding 

distance and average coordination number of Ir-O during OER (f). 

CONCLUSIONS 

In summary, we demonstrated that the Ir/Co synergistic effect can be effectively manipulated 

by controlling the O state in SACs. The Ir1Co13.3O20.1ANSs start the OER at low onset potential of 

<30mV. This material shows superior OER activity which is 160-fold of commercial IrO2. The Ir 

single atoms on CoOx ANSs enable the ultrahigh utilization of Ir, leading to the lowest cost for 

industrial applications. The in-situ XANES results disclose that the O in the in-situ formed Ir-O-

Co get preferentially oxidized with smaller overpotential, magnifying OER activity. We believe 

that our findings could be a giant leap towards designing highly active catalysts for various 

applications, such as metal-air batteries and hydrogen production from water electrolysis. 

EXPERMENTAL 

Chemicals  

All the chemicals are directly used in experiments without further purification. Co(NO)3·6H2O 

(>98 %), Ni(NO)3·6H2O (>98 %), cetyltrimethylammonium bromide (CTAB, >95 %), 

H2IrCl6·6H2O (> 40 %, metal basis), sodium borohydride (SB, >99 %), isopropanol (>95 %), 

acetone (>95 %), and NaOH (>99.999 %) were purchased from Aldrich. Nafion solution was 

purchased from sigma (5 wt. % aqueous solution). Commercial IrO2 is purchased from Macklin 

Biochemical (99.9 % metal basis, Ir>84.5 %). Nickel Foam was purchased from Shenzhen Green 

and Creative Environmental Science and Technology Co. Ltd. 
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Synthesis of Sample N series of IrCoOx ANSs 

This experiment is carried out at room temperature in air. 4 mmol Co(NO)3·6H2O is added into 

100 mL water (contains 50 mmol CTAB) with magnetic stirring to form solution A. After 20 min, 

6 mmol SB is added into solution A quickly. After reacting for 30 min, amount of H2IrCl6·6H2O 

aqueous solution (N=0.5 ml, 1 ml, 2 ml, 3 ml, and 4 ml) (40 mg/mL) is added. The system is held 

for another 1 h with magnetic stirring. Then 1 mmol SB is added into system and held for 20 min. 

The precipitation is washed by water and acetone for 5 times. Those black powders are dried in 

vacuum oven at 80 ℃ for whole night. The precipitation is collected as IrCoOx-(Sample N with 

N=0.5, 1, 2, 3, 4) ANSs. The yield of IrCoOx-(Sample 4) is ca. 648 mg. The mass loading of Ir in 

IrCoOx-(Sample 4) is ca. 20 wt. %. 

Synthesis of Ir nanoparticles/CoOx  

4 mL H2IrCl6·6H2O aqueous solution and 4 mmol Co(NO)3·6H2O are added into 100 mL water 

(contains 50 mmol CTAB) with magnetic stirring to form transparent solution. Then, 6 mmol SB 

is added into solution quickly. After reacting for 30 min, the precipitation is washed, dried, and 

collected as Ir nanoparticle on CoOx. 

Annealing of Ir1Co13.3O20.1 

20 mg prepared powders of Ir1Co13.3O20.1 (4 ml H2IrCl6·6H2O aqueous solution is used during 

synthesizing process) are heated to 450 ℃ with a heat rating of 5 ℃/min and held for 2 h in air. 

After cooling down to room-temperature, the black powders are collected for following 

electrochemical characterization. 

Synthesis of IrNiOx ANSs 
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IrNiOx ANSs are prepared similar to Ir1Co13.3O20.1 ANSs, using Ni(NO)3·6H2O instead of 

Co(NO)3·6H2O. 

Synthesis of CoOx ANSs 

The CoOx ANSs are prepared in a way similar to IrCoOx-(sample N with N=0.5, 1, 2, 3, 4) ANSs 

synthesis without Ir using. The yield of CoOx ANSs is 540 mg (the feeding amount is 4 mmol). 

Structural characterization: The morphology and microstructure characterizations of the as-

prepared samples were investigated by scanning electron microscopy (SEM) (FEI, Helios Nanolab 

600i, 2kV), Transmission electron microscopy (TEM) and selected area electron diffraction 

(SAED) (FEI, ETEM, G2, 200kV), scanning transmission electron microscopy with an energy 

dispersive X-ray spectroscopy attachment (STEM-EDS, FEI Titan Themis, 300 kV). X-ray 

diffraction (XRD) (Bruker ECO D8 power X-ray diffractometer with Cu Kα radiation) were 

utilized to determine the crystal structure of the samples. The 20 mg powders (IrCoOx-(Sample N 

with N=0.5, 1, 2, 3, 4) ANSs) is dissolved into 10 mL nitric acid (1 M), and then the mixed solution 

is sonicated for 3 min. This solution is heated to 180 ℃ for 4 h, and then the pink solution is 

collected for ICP-OES testing. 

Electrochemical characterization: All experiments are carried out using CHI760e in a three-

electrode system in a PTFE bottle. Rotate glassy disk carbon electrode (GCE) (3 mm) is the support 

of active materials to be used as working electrode. Ag/AgCl (saturated with 4 M KCl) and 

graphite rod are used as counter electrode and reference electrode, respectively. Electrolyte is 1 M 

KOH saturated with O2 (99.999) %. Working electrode for Co-based NSs is prepared by drop 20 

uL dispersion (catalyst ink (4 mg/mL) with water containing 10 uL 5 wt. % Nafion solution) on a 

GCE (polished by Al2O3). Cycling voltammetry (CV), linear sweep voltammetry (LSV) and 
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chronoamperometry are measured at 298 K, air and 10 mV/s (scan rate) on CHI 760e. After 10 h, 

the catalyst is washed by water and ethanol before characterized by STEM. The large current 

density test is carried out on a Nickel Foam (1 cm×0.5 cm). The catalyst loading on Nickel Foam 

is ca. 2.2 mg/cm2. The prepared working electrode is soaked in 1 M KOH solution for 2 h to form 

a Na+ Nafion before electrochemistry being conducted. 100 mL KOH solution is used for OER 

test. 

EELS analysis: The L3/L2 edge ratio is performed through the second derivative method. We take 

the second derivative of the EELS of different samples and integrate the positive intensity of the 

specific edge window to extract the L3/L2 ratio.  The O K edge/Co L edge ratio is also calculated 

using the same second derivative method.   

In-situ and operando XAS measurement: In-situ XANES and EXAFS experiments were performed 

at the Advanced Photon Source (APS) beamline 9-BM-B&C of Argonne National Laboratory 

(ANL). The working electrodes were prepared by depositing 2mg catalyst on a 100 µm thick and 

2.5 х 1.5 cm2 carbon cloth to form a 0.5 х 1 cm2 active area (catalysts loading is ca. 2.2 mg/cm2). 

The working electrodes, counter electrodes (Pt) and reference electrodes (Ag/AgCl) were mounted 

onto a custom-designed in-situ XAS fluorescence cell.43, 45 Electrochemical measurements were 

done by a Gamry 600 electrochemical workstation under oxygen gas flow. A Vortex ME4 detector 

was used to collect the Ir L-edge fluorescence signal while a Si(111) monochromator scanned the 

incident X-ray photon energy through the Ir L absorption edge. The Si (333) harmonic was rejected 

by a Rh coated focusing mirror with an incident angle of 2.8 mrad. Each selected potential (iR 

compensated) was held until sufficient data statistics of XAS were achieved. The X-ray beam was 

calibrated using a Ir metal pellet. Data reduction, data analysis, and EXAFS fitting were performed 

with the Athena, Artemis, and IFEFFIT software packages. Standard procedures were used to 
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extract the EXAFS data from the measured absorption spectra. The pre-edge absorption was fit 

with a line which was then subtracted from the full spectrum. The data was then normalized by 

dividing by a constant factor such that the post edge absorption has a value roughly equal to one. 

The post-edge background was determined using a cubic-spline-fit procedure and then subtracted 

to obtain the EXAFS.43, 45 For model-based EXAFS analysis, all the scattering paths were 

generated by the FEFF calculation function in Artemis based on the crystal structure of IrCoO 

(Figure S18). Phase shifts and back-scattering amplitudes were generated by the FEFF calculations 

based on crystal structures of IrO2, and were then calibrated through performing the FEFFIT of 

the EXAFS data of the IrO2 reference sample, mainly to obtain the amplitude reduction factor (S02) 

values. With S02 known, the EXAFS data of the catalyst materials were fitted with such generated 

phase shifts and amplitudes. We also check with EXAFS spectra of back-to-OCV sample to have 

the full six coordinated Ir-O bonding. All those EXAFS fitting are done with K-range from 3 to 

12Å-1. For Co model-based EXAFS analysis, the same procedure was applied by using CoO as 

reference instead of IrO2. 
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