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Supplementary Figure 1 OER Activity (current density at 1.7 V) trend of M hydr(oxy)oxide 

samples prepared by cluster on Pt(111). Electrochemical OER activity difference between cluster 

(M hydr(oxy)oxide/Pt(111)) and M hydr(oxy)oxide crystal derived by bulk metal crystal can be 

originated from the electrical conductivity of M hydr(oxy)oxide. Based on previous reports
1,2

, 

the activity of thick and thin M hydr(oxy)oxide shows significant difference in Fe system due to 

low electrical conductivity compared to other systems and conductivity issue can affect overall 

electrochemical performance
3-5

. To compensate electrical conductivity issues, mono-layer level 

of hydr(oxy)oxide on Pt(111) samples were used in this study. 

  



 

 

 

 
 

Supplementary Fig. 2 Cyclic voltammetry of Pt (111) single crystal electrode after 10 potential 

sweep from 0.05 to 0.9 V with rotating speed of 1600 rpm in 0.1 M KOH. To compare the result, 

1
st
 cycle of CV in purified KOH by our method was presented together as black dash line. (a) 

Trace select level (99.995 %) of commercial KOH, (b) Purified KOH + 1 ppm of Fe(NO)3,  (c) 

Purified KOH by + 1 ppm of Ni(NO)3. (d) Purified KOH. 

 

Supplementary Note 1 

Electrolyte purification and its confirmation 

The major change can be summarized as three points. First, the Hupd is suppressed (0.05 < E < 

0.4). Second, OHad formation starts at negative potential compared to bare Pt(111). Third, initial 

OHad peak becomes irreversible. Based on these features by cation effect on Pt(111) in alkaline 

media, we conducted electrochemical cyclic voltammograms (CV) using commercial KOH, 

purified and control group with specific cation dissolved in KOH electrolyte. To monitor cation 

effect significantly, we conducted 10 potential cycles with rotating speed of 1600 rpm. To 

compare electrolyte cleanness, we compare CV data (after 10 potential cycle; solid line in 

supplementary Figure 2) with CV which was measured in purified electrolyte (dash line in 

supplementary Figure 2). As shown in supplementary Figure 2a, the highest purity commercial 

KOH CV significantly. Given control experiment with certain cation (Fe and Ni) in purified 

electrolyte, Fe in commercial KOH affects electrochemical performance. While our 

electrochemical method shows negligible change, indicating that our method can successfully 

eliminate impurity which can affect electrochemical performance (supplementary Figure 2d). 

  



 

 

 

 

 

 
 

Supplementary Figure 3 Activity and stability results of M hydr(oxy)oxide in purified KOH. (a) 

OER activity and (b) in situ monitoring of simultaneous metal dissolution (Fe, Co and Ni) (c) 

chronoamperometry (at 1.7V, 1hr) results of M hydr(oxy)oxide. OER activity measurement 

conjunction with in situ monitoring of metal dissolution by ICP-MS was conducted 5 cycles. In 

Fe hydr(oxy)oxide, the activity continuously decreased and the amount of Fe dissolution showed 

similar trend with activity decay. At 5
th

 cycles, Fe hydr(oxy)oxide does not show apparent 

activity and dissolution, indicating that almost all of Fe was dissolved during 5 cycles. However, 

Co and Ni hydr(oxy)oxide showed good activity retention and the amount of metal dissolution is 

much less compared to Fe. The OER stability measurement was also conducted constant voltage 

method (chronoamperometry at 1.7 V, 1hr). After 1hr measurement, Ni and Co hydr(oxy)oxide 

showed similar current compared to initial values without appreciable activity loss, while Fe 

hydr(oxy)oxide showed abrupt activity loss, indicating that Fe hydr(oxy)oxide is really unstable 

during OER, which is same trend of continuous activity and ICP-MS measurement in Figure 1. 

 

 

 

  



 

 

 

 
 

Supplementary Figure 4 RRDE method to quantify O2 production and discussion for Faradaic 

efficiency of O2 (FEOxygen). Collection efficiency calibration using HER with polycrystalline (a) 

Pt and (b) Ir disk, (c) cyclic voltammograms in O2 saturated 0.1 M KOH (black) and 1 mM H2O2 

containing 0.1 M KOH (Ar saturated, red) using Pt electrode, RRDE results for FEOxygen using 

polycrystalline (a) Pt and (b) Ir disk in OER region (The Ring potential was held at 0.4 and 1.1 V 

(versus RHE) to monitor O2 and H2O2 production, respectively.). 

 

 

Supplementary Note 2  

The Faraday efficiency of OER (FEOxygen) using RRDE  

To quantify actual production of O2 and calculate Faradaic efficiency of O2 (FEOxygen), we 

conducted rotating ring disk electrode (RRDE) method.
6-8

 For calibration of collection efficiency 

in gas evolving reaction, we choose hydrogen evolution reaction (HER) as calibration reference 

since HER in Pt and Ir only produces H2 and it is a 2 electron process without any other 

convoluting reactions (supplementary Figure 4a-b). To calculate collection efficiency, cyclic 

voltammograms were measured using Pt and Ir disk polarized into HER region while potential of 

ring disk (Pt) was held at 0.2 V (versus RHE), high enough potential such that HOR is under 

diffusional control. As shown in supplementary Figure 4a and b, current ratio (iring/idisk, %) 

reaches 10%, 2.5 times lower than expected from the design and geometry of the RRDE setup 

(geometric collection efficiency 25%). Although this 10% collection efficiency measured 

experimentally is similar to the values extensively found during the O2 monitoring from O2 

evolving catalysts
6
, but its origin is unclear, because HER/HOR on Pt or Ir is a clear process, 

then we can assume that for a gas evolving reaction only 10% of products from the disk reaches 

the ring for collection. To distinguish thermodynamic possible product (H2O2 and O2), we 

screened potential for detection of H2O2 (in O2 saturated 0.1 M KOH (black) and 1 mM H2O2 

containing 0.1 M KOH (Ar saturated, red curve in supplementary Fig. 4c) and O2 (O2 saturated 

0.1 M KOH, black curve in supplementary Figure 4c). 



 

 

 

 

H2O2 production (alkaline) 

2H2O  H2O2 +2H
+
 + 2e

-
  (E = 1.76 V) 

or 

2OH-  H2O2  + 2e
-
 (E = 1.76 V) 

O2 production (alkaline) 

2H2O  O2 +4H
+
 + 4e

-
 (E = 1.23 V) 

or 

4OH-  2O2 + 4H
+
+ 4e

-
 (E = 1.23 V) 

 

 

As shown in supplementary Figure 4c, O2 generation is monitored using ring potential at 0.4 V 

(versus RHE) in diffusion limiting region (Note: we choose 0.4 V to avoid Hupd region for 2e
-
 O2 

reduction in Pt). For H2O2, we choose 1.1 V which is high enough potential for oxidizing H2O2 

(diffusion limiting region) while below thermodynamic potential of O2 evolution. For calculation 

of Faradaic efficiency of O2, we measured 2 times with different ring potential (for H2O2; 1.1 V 

and for O2; 0.4 V). To confirm our set-up, we tested polycrystalline Pt and Ir (supplementary 

Figure 4d and 4e). There is no H2O2 production (blue, 1.1 V) in both cases, which is related to 

significant high overpotential (1.78 V) than O2 production (1.23 V). The current ratio [O2 

reduction current (ring)/OER current (disk)] reaches 10 %, indicating Pt and Ir undergo almost 

100 % FEOxygen process. 

 

  



 

 

 

 
 

Supplementary Figure 5 RRDE measurement for Faradaic efficiency of O2 (FEOxygen) using (a) 

NiOxHy, (b) CoOxHy and (c) FeOxHy (The ring potential was held at 0.4 and 1.1 V (versus 

RHE) to monitor O2 production (red) and H2O2 production (blue), respectively. (d) Summary of 

Faradaic efficiency of O2 (FEOxygen) in monometallic hydr(oxy)oxide. To quantify FEOxygen, we 

conducted RRDE method in monometallic hydr(oxy)oxides. As shown in supplementary Figure 

5a-c, there is no H2O2 currents (ring polarized at 1.1V) which is due to high thermodynamic 

potential of H2O2 (1.78 V) than O2 (1.23 V). For O2, Ni and Co shows almost 100 %, while Fe 

shows around 88 % due to the significant Fe dissolution during OER measurements 

(supplementary Figure 5d). Taking together both FEoxygen and ASF values, with absence of any 

H2O2 production, they represent the degree of material dissolution relative to O2 production rates. 

In other words, they provide a quantitative basis to assess stability of materials during OER. But 

since ASF is determined based on direct monitoring of the dissolution rates, it is a better metric 

than Faradaic efficiency to evaluate simultaneously the activity and stability of technological 

relevant materials for OER. 

  



 

 

 

 

 
 

Supplementary Figure 6 (a) STM image (100 nm x 100 nm) of Ni hydr(oxy)oxide/Pt(111) and 

hydr(oxy)oxide/Pt(111) after Fe adsorption (b) Height of cluster. (c) ICP-MS results after Fe 

incorporation. (d) Geometries of adsorbed O3-Fe(OH)3 from DFT calculations. STM analysis 

was conducted to estimate morphology change after Fe incorporation. There is no significant 

change of morphology was observed, however the cluster height increases after Fe incorporation 

(supplementary Figure 6a). Considering height increase (supplementary Figure 6b), Fe was 

incorporated on Ni hydr(oxy)oxide less than 1 monolayer. Through ICP-MS analysis, the 

composition ratio between Ni (Co) and Fe was estimated (supplementary Figure 6c). The surface 

coverage of Fe on Ni and Co hydr(oxy)oxide is about 25 and 15 %, respectively. This relatively 

high coverage suggests that Fe species cannot be solely at the edge and defect sites, but have to 

involve the basal plane of MOOH. DFT calculations show that optimized geometries of Fe 

hydr(oxy)oxide species adsorbed on Ni hydr(oxy)oxide (supplementary Figure 6d) increase 

heights by less than one monolayer. This is consistent with our STM results, although detailed 

atomic geometry cannot be compared. 

 

  



 

 

 

 

 
Supplementary Figure 7 First scans of OER activity of (a) Ni and Fe-Ni hydr(oxy)oxide (inset 

shows the overpotential to reach 10 mA cm
-2

), (b) Co and Fe-Co hydr(oxy)oxide (c) Fe 

hydr(oxy)oxide in ‘Fe free’ electrolyte and 0.1 ppm of Fe containing electrolyte. (d) Summary of 

activity Fe-M and M hydr(oxy)oxide.  

 

Supplementary Note 3 

Fe effect on M hydr(oxy)oxide and activity comparison with previous reference 

Fe-Ni and Fe-Co hydr(oxy)oxide were prepared by immersing electrolyte with 0.1 ppm of Fe in 

purified electrolyte. Fe incorporated samples (Fe-M hydr(oxy)oxide) showed opposite OER 

activity trend compared to monometallic hydr(oxy)oxide. It is hard to directly compare the 

turnover frequency (TOF) and overpotential to reach certain current with other papers because 

those values are not intrinsic. Because overpotential is highly affected by the mass loading of 

samples and TOF is also affected by potential
10

 and the substrate
10,11 

etc. Therefore, we compare 

the overpotential difference between Ni and Fe-Ni. Based on supplementary Table 1, the 

overpotential difference is comparable to previous reports. 

 

Supplementary Table 1 Overpotential comparison for Ni and Fe-Ni hydr(oxy)oxide  

 

Reference 
Ni: overpotential (mV) to reach 

current density  (mA cm
-2

) 

Fe-Ni: overpotential (mV) to reach 

current density (mA cm
-2

) 

Overpotential 

difference (mV) 

Our data 
666 (10 mA cm

-2
) 416 (10 mA cm

-2
) 250 

470 (2 mA cm
-2

) 366 (2 mA cm
-2

) 104 

9 371 (8 mA cm
-2

) 274 (8 mA cm
-2

) 91 

10 ~455 (2 mA cm
-2

) ~280 (2 mA cm
-2

) ~175 

11 ~420 (10 mA cm
-2

) ~300 (10 mA cm
-2

) ~125 

12 529~605 (10 mA cm
-2

) 280~330 (10 mA cm
-2

) 200~320 

 



 

 

 

 
 

Supplementary Figure 8 RRDE measurement for Faradaic efficiency of O2 (FEOxygen) using (a) 

Fe-NiOxHy and (b) Fe-CoOxHy (The ring potential was held at 0.4 and 1.1 V (versus RHE) to 

monitor O2 production (red) and H2O2 production (blue), respectively (To avoid Fe 

contamination on Pt ring electrode, we measured and showed 1
st
 cycle result using fresh 

electrode in purified KOH.) (c) Summary of Faradaic efficiency of O2 (FEOxygen) in Fe-M 

hydr(oxy)oxide. Faradaic efficiency of O2 (FEOxygen) reaches almost 100 % for both Fe-Ni and 

Fe-Co. 

  

  



 

 

 

 

 

 
 

Supplementary Figure 9 OER activity (Improvement factor: IFe/I) of MOxHy (M: Ni and Co) 

with and without Fe (inset shows current versus potential plot) (a) MOxHy/Pt(111) (b) 

MOxHy/glassy carbon (c) MOxHy/M crystal, (d) summary of improvement factor (IFe/I) to 

discuss support effect.
 13-15

 Fe-M reaction is observed regardless of support, indicating that this 

phenomena is originated from the M hydr(oxy)oxide to Fe interface. 

  



 

 

 

 
Supplementary Figure 10 Activity-stability results of Fe-M and monometallic hydr(oxy)oxide 

by 1hr chronoamperometry under ‘Fe free’ purified 0.1 M KOH. In purified KOH solutions, the 

activity of Fe-Ni and Fe-Co samples shows a remarkable deactivation after 1 hour of potential 

hold (1.7 V), bringing the initial high activities down to almost the same levels as monometallic 

hydr(oxy)oxides. 

 

  



 

 

 

 
 

Supplementary Figure 11 Activity and stability measurement of Fe-M hydr(oxy)oxide in (a,b) 

‘Fe free’ electrolyte and (c) 0.1 ppm of 
57

Fe containing electrolyte OER activity and in situ 

monitoring of simultaneous elemental dissolution. (a) Fe-Ni hydr(oxy)oxide (b) Fe-Co 

hydr(oxy)oxide (c) 
56

Fe-Ni hydr(oxy)oxide in 0.1 ppm of 
57

Fe electrolyte. The electrochemical 

activity conjunction with in situ ICP-MS was conducted using Fe-Ni and Fe-Co hydr(oxy)oxide 

in ‘Fe free’ purified KOH electrolyte (supplementary Figure 11a-b). Both Fe-Ni and Fe-Co 

hydr(oxy)oxides show continuous activity drop with potential cycles. By monitoring elemental 

dissolution, Ni and Co shows stable compared to Fe while significant Fe dissolution was 

observed. This dissolution trend (Fe>> Co > Ni) is identical to the monometallic hydr(oxy)oxide 

trend (Figure 1 in manuscript and supplementary Figure 3), indicating that Fe is unstable 

regardless of being existed either M or Fe-M hydr(oxy)oxide. To reveal the origin of stability 

difference depending on existence of Fe in electrolyte, we conducted ICP-MS results under 0.1 

ppm of Fe in KOH. To discern dissolution of 
56

Fe from electrode, 
57

Fe was used in electrolyte. 

As shown in supplementary Figure 11c, 
56

Fe (from electrode) dissolution still occurs despite 

absence of OER deactivation after multiple cycles, strongly implying that a dynamic Fe 

exchange, dissolution from electrode (
56

Fe) and deposition from electrolyte (
57

Fe) is occurring at 

the interface. 



 

 

 

 
Supplementary Figure 12 Activity and stability (after 1 hr chronoamperometry at 1.7 V) 

summary of Fe-Ni hydr(oxy)oxide samples in ‘Fe free’ electrolyte and Fe containing electrolyte. 

‘Co-deposition’ samples were prepared by potential cycling between Hupd and OHad region with 

1-100 ppm (depending on composition ratio) of precursors (Fe(NO)3 hexahydrate and Ni(NO)3 

hexahydrate) on Pt(111) as substrate. ‘Fe adsorption on Ni substrate’ samples were prepared by 

deposition of Ni hydr(oxy)oxide on Pt (111) first. Fe was incorporated in Ni hydr(oxy)oxide by 

Fe(NO)3 spike in ‘Fe purified’ KOH electrolyte. Below certain equilibrium level of Fe in 

electrolyte (in our case 0.1 ppm), Fe-Ni hydr(oxy)oxides are unstable during OER.  

   



 

 

 

 
Supplementary Figure 13 (a) Digital photograph images of experimental set-up for in-situ 

XANES with grazing-incidence fluorescence mode. In situ XANES results (b) Ni K-edge of Ni 

hydr(oxy)oxide (up) and Fe-Ni hydr(oxy)oxide (down), (c) Fe K-edge of Fe-Ni hydr(oxy)oxide 

(d) Fe pre-edge region and (e) XANES pre-edge simulation results using DFT-optimized 

geometries (Insets show Fe geometries from DFT used for XANES simulations). 

 

Supplementary Note 4 

In situ XANES results and discussion for active site 

In Ni K-edge (supplementary Figure 13b), the oxidation state change from Ni
2+

 to Ni
3+

 was 

observed in high potential range (1.7 V), which is related to structural change from Ni hydroxide 

(Ni(OH)2) to Ni oxyhydroxide (NiOOH) as observed on both monometallic and bimetallic 

systems. However, Ni K-edge absorption spectra does not show any difference with and without 

Fe (supplementary Figure 13b), indicating that electronic or geometric structure change of Ni 

cannot be the source of higher activity when Fe is present. In the Fe K-edge region (XANES 

spectra in supplementary Figure 13c), changes in Fe oxidation state are not observed in the 

potential window from 0.75 to 1.65 V versus RHE
 16

, although the absence of changes does not 

preclude Fe participation as an active site. If a high-valent Fe (Fe >3+) species are being formed 

as part of the OER mechanism, the formation of high oxidation state Fe species would act as a 

strong oxidizing agent to produce O2 from OH
-
/H2O. During this redox process, after removing 

electrons from O
2-

 centers present in OH
-
 or H2O, the Fe would return to its original 3+ state. 

Therefore, one would expect to observe both 3+ and 4+/5+ Fe species to a varying degree. This 

scenario would be equivalent to OER on Ir-based catalysts in acid media, where both high-valent 

(5+) and reduced Ir (3+) have been observed simultaneously at OER potentials 
17

. But rather than 

being the norm, this is just one particular condition in a balance between the kinetics of Fe 

oxidation by the electrode and the kinetics of OH
-
/H2O oxidation by a highly oxidized Fe species. 

If the reaction between Fe
(4+/5+)

 and OH
-
/H2O is ultra-fast, only trace amounts of Fe

(4+/5+)
 would 

be required as they are rapid consumed as soon as formed, making only Fe
3+

 the detectable 

species. On the other hand, if the kinetics of Fe
(4+/5+)

 and OH
-
/H2O exchange in slow, then only 

small amounts of Fe
(3+)

 would be measured. Both extremes still require some Fe species, and 



 

 

 

therefore, it is not necessary to accumulate large amounts of a reaction intermediate (Fe4+/5+ 

species in this case) in order for it to be effective as an active site. In fact, while a great majority 

of studies use in situ XANES to identify changes in Fe oxidation state, high oxidation state Fe (> 

3+) species are rarely observed because the unoccupied Fe band can be overlapped with oxygen 

when Fe exists as 4+ oxidation state
18

. This electron overlap with oxygen sites is the 

precondition by which discharge of oxygen atoms can occur with eventual release of O2 

molecules. We note, however, that other spectroscopy methods using Mossbauer effect have 

shown the formation of a Fe 4+ species during OER process 
19

, while its role in the OER 

electrocatalysis was not conclusive. Additionally, only in organic electrolytes it was possible to 

detect such highly oxidized Fe species 
20

.  

 

While there is no edge position change, significant change is observed in pre-edge region at 

potential above 1.5 V where Fe start to dissolve and OER occurs (supplementary Figure 13d). 

According to the peak position and intensity changes (shift to lower energy and peak intensity 

increase), local coordination change from symmetric to asymmetric can occur in high potential.
21

 

XANES simulation using DFT-optimized geometries of Fe with different number of OH groups 

(supplementary Figure 13e) suggests that Fe local structure can be significantly changed in high 

potential (> 1.5 V) and Fe is existed as pseudo stable condition by vigorous Fe dynamic process 

through dissolution and adsorption. Fe local structure analysis from O3-Fe(OH)3 to O1-Fe(OH)5 

by XANES pre-edge DFT calculation agrees well with recent in situ extended X-ray absorption 

fine structure (EXAFS) analysis 
22

. Since pure FeOxHy is really unstable during OER potential 

window, we cannot preclude the synergistic effect (Fe with NiOxHy) compared with pure 

FeOxHy. However, Fe is the main source for activity origin of Fe-MOxHy. Furthermore, 

interface between Fe species and MOxHy substrate may be critical for achieving high levels of 

oxygen production. 

 

  



 

 

 

 
Supplementary Fig. 14 (a) HER activity of M hydr(oxy)oxide/Pt(111) in 0.1 M KOH with and 

without 0.1 ppm of Fe in electrolyte (b) summary of HER results. 

 

Supplementary Note 5 

HER activity trend and discussion for active site 

 Given the hydrogen evolution reaction (HER) activity in alkaline media of M hydr(oxy)oxide/Pt 

is pseudo mono-functional relation with M-OHad, the HER activity of M hydr(oxy)oxide/Pt(111) 

directly shows the trend of M-OH binding strength (ΔGOHad) 
23-25

. As shown in supplementary 

Figure 14a, the HER trend of M hydr(oxy)oxide/Pt (111) in ‘Fe free’ electrolyte is order of Ni > 

CO > Fe, which is same trend what we observed previously
23

. The activity trend can be 

interpreted as ΔGOHad trend of transition metal. By increasing M-OH bond (Fe > Co > Ni), 

strongly bonded M-OH can poison the site for re-adsorption of water molecule, making it as 

spectator to blocking the active site. In Fe incorporated hydr(oxy)oxide, there is no HER activity 

difference compared to monometallic hydr(oxy) oxide (supplementary Figure 14b), indicating 

that Fe incorporation cannot not significantly change M-OHad interaction on Ni or Co. Based on 

HER result, we conjecture that OER activity enhancement of Fe-M system is not originated from 

the enhanced Ni (or Co) physicochemical properties by Fe but Fe on Ni(or Co) is active site for 

OER. 

 

  



 

 

 

 
 

Supplementary Figure 15 (a) Average Fe adsorption free energy at 0.25 monolayer coverage 

(top) and cohesive energy of M (Ni, Co, Fe) hydr(oxy)oxide monolayers (bottom) calculated by 

DFT (b) scheme of relation between Fe adsorption energy (ΔGFe-M) and cohesive energy (ΔGM-O). 

Cohesive energy of monometallic hydr(oxy)oxide monolayers was calculated based on the 

2×4(001) supercell model. The reported values are for 16 MOOH units. As shown in 

supplementary Figure 15, the average Fe adsorption free energy (  ̅    ) at 0.25 monolayer 

coverage trend shows order (Ni < Co < Fe) which is opposite trend of cohesive energy. The latter 

is a metric for M-O cohesive energy (ΔGM-O). In calculating Fe adsorption free energy, we have 

used the following free energy corrections in Supplementary Table 2 and 3. 

  



 

 

 

Supplementary Table 2 Contributions to the Gibbs free energy from the zero-point energy 

correction (ZPE), enthalpic temperature correction ( Cp dT), and entropy correction (-TS) for 

molecular species. The electronic energy in the gas phase E[gas], solvation energy, and the 

Gibbs free energy G are also listed. All values are given in eV. 

 
molecules E[gas] Solvation Energy ZPE  Cp dT -TS G 

H2O -14.22 -0.32 0.57 0.10 -0.67 -14.22 

H2 -6.76 0.01 0.27 0.09 -0.37 -6.77 

Fe(OH)3(OH2)3 -81.44 -0.98 3.00 0.45 -1.61 -80.57 

 

 

Supplementary Table 3 Contributions to the Gibbs free energy from the zero-point energy 

correction (ZPE), enthalpic temperature correction ( Cp dT), and entropy correction (-TS) for 

bare hydroxyoxide surfaces and surfaces with Fe adsorbates. Together with the free energy 

corrections for the molecules (Supplementary Table 2), the total free energy correction Gcorr is 

calculated for the differential adsorption free energy of Fe complex on NiOOH, CoOOH and 

FeOOH surfaces, respectively. The electronic energy in the gas phase E[gas], in the solvated 

phase E[sol], and the adsorption free energy at the Fe coverage (0.25) are listed. All values are 

given in eV (Note that the same total free energy corrections Gcorr for the adsorption free 

energy of Fe complex on NiOOH, CoOOH and FeOOH surfaces calculated using one Fe 

complex per surface supercell have been used for higher coverages). 
 

surfaces E[gas] E[sol] ZPE  Cp dT -TS Gcorr  𝑮𝐌 𝐅𝐞 

NiOOH surface -318.66 -320.73 8.02 1.57 -2.63 - - 

Fe(OH)3* on NiOOH -358.56 -360.56 9.10 1.76 -2.99 -0.94 -0.69 

CoOOH surface -349.17 -351.04 8.03 1.59 -2.70 - - 

Fe(OH)3* on CoOOH -389.07 -391.06 9.18 1.72 -2.92 -0.78 -0.48 

FeOOH surface -389.27 -392.18 7.88 1.65 -2.87 - - 

Fe(OH)3* on FeOOH -428.50 -430.66 9.00 1.79 -3.12 -0.83 0
a
 

 
a
Note that the adsorption of Fe complex on FeOOH does not show to be favorable and the adsorption free 

energy is set to zero. 

 

  



 

 

 

 

 
Supplementary Figure 16 (a) DFT-optimized geometries for Fe species on Ni hydr(oxy)oxide 

(b) Summary of maximum Fe surface coverage by experimental and computational methods. 

First-principles calculations were performed for Fe species on NiOOH and CoOOH surfaces 

with Fe coordinated by different numbers of surface oxygen and hydroxyl groups. Calculated 

free energies of adsorbed Fe species with different number of bonds to the surface and hydroxyl 

groups (supplementary Figure 6) indicate that Fe(OH)3 species binding to three surface oxygen 

are present at potentials above 1 V versus RHE and pH=13 relevant to the OER reactions. 

Optimized geometries at different coverage for Fe-NiOOH are shown in supplementary figure 

16a. Saturation coverage is defined as the coverage corresponding to zero differential adsorption 

free energy. The saturation coverage of Fe on NiOOH is higher than that of CoOOH 

(supplementary figure 16b), which well matches with experimental results (Fig. 3d in 

manuscript). 

 

  



 

 

 

Supplementary Note 6 

Estimating number of dynamically stable Fe active sites in M hydr(oxy)oxide materials 

(Derivation of Equations 1 and 2 in manuscript) 

 

In general, the OER activity can be modeled by the following equation 

           (
        

  
)      

where      is the measured OER current density; i
0
 is the exchange current density which 

depends on OH
-
 concentration and on the Gibbs energy of adsorption of reactive intermediates 

(      for active site; N is the number of surface active site (dimensionless unit);  is the 

symmetry factor, E
0
 is the equilibrium potential for OER, F is Faradaic constant, R is ideal gas 

constant and T indicates temperature. The number of active site (N) can be estimated by the 

surface area of electrocatalyst with respect to its geometric surface area and being considered a 

fixed value in static conditions.  

To consider the vigorous surface dynamic process (dissolution and redeposition), the number 

of dynamically stable active site (N
*
) should be considered instead. The derivation of the number 

of dynamically active site in our system; dissolution of active site (Fe) and redeposition of active 

species on stable substrate (M hydr(oxy)oxide) is as follows.  

If we consider that Fe can interact with M hydr(oxy)oxide (MOxOHy) strongly enough to 

become dynamically stable at the electrode surface, even though it will be dissolving at some 

rate, then the incorporation reaction of Fe into M hydr(oxy)oxide can be considered similar to a 

surface adsorption process, with corresponding elementary reaction as: 

 

             
              

  (1) 

 

Thus, the equation describing the equilibrium Fe content in the M hydr(oxy)oxide material can 

be given by: 

 

 
    

  
        

        
              Eq. 1 

 

       
                                    Eq. 2 

 

Where q is the mass fraction of MOxOHy that can interact with Fe, and therefore determines 

the maximum amount of Fe that a given material can retain; given in ng.cm
-2

. Fe is the average 

fraction of Fe in the material with respect to its maximum amount at a given time t. MOxOHy is 

the average fraction of M hydr(oxy)oxide that can interact with Fe species. rdep is the overall rate 

of Fe deposition (takes into account both transport from electrolyte bulk to the surface and 

intrinsic deposition rate) while CFe
0
 is the Fe concentration in the electrolyte; the overall 

deposition rate rdepCFe
0
 is given in ng.cm

-2
.s

-1
. rdiss is the Fe dissolution rate from the material; is 

given in ng.cm
-2

.s
-1

. Note that equation 2 defines that a MOxOHy site that can interact with Fe is 

either free or occupied by Fe species. Considering that the Fe species interacting with M 

hydr(oxy)oxide will be the active sites for OER, the total number of Fe sites (N
*

Fe) is given by: 

 

   
                       Eq. 3 



 

 

 

 

Thus, equation 3 defines that to increase the number of active sites for OER we need both Fe as 

the true active site while we need M hydr(oxy)oxide material to be a host for Fe species, holding 

Fe near the electrode surface long enough to be able to participate in the OER mechanism, 

interacting with Fe strongly to surpass the dissolution rate and establish a dynamically stable 

interface. By determining the values of q and Fe we can estimate how the dynamic stability 

condition can be established and what factors could be tuned to enhance the overall performance.  

     We shall begin by establishing how Fe depends on deposition and dissolution rates as well as 

on Fe content in the electrolyte. By integrating Eq. 1 and using the following boundary 

conditions: the equilibrium Fe fraction (Fe
Eq

) is reached at long times (t=) and the initial Fe 

fraction is 0 at time = 0; we arrive at: 
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                  Eq. 6 

 

From equations 4 through 6 we can obtain two important results: first, at steady state, the 

dynamic fraction of Fe is determined by a ratio function between the deposition rate and the 

dissolution rate, and the overall deposition rate is proportional to Fe concentration in the 

electrolyte; and second, although an increase in the electrolyte Fe concentration increases the 

deposition rate, the amount of Fe in the oxyhydroxide host will eventually saturate at sufficiently 

high Fe concentration in the electrolyte.  

 

To support our model and unravel deposition kinetics, we conducted Fe spike experiment 

during chronoamperometry measurement using Ni hydr(oxy)oxide in supplementary Figure 17).  

 

 
 

Supplementary Figure 17 (a) OER chronoamperometry measurement (at 1.7 V) of Ni 

hydr(oxy)oxide. Each concentration of Fe precursors are spiked in ‘Fe free’ KOH at 120 sec. 

During chronoamperometry measurement (1.7 V) using Ni hydr(oxy)oxide in ‘Fe free’ 

electrolyte, Fe precursors were spiked in electrolyte at 120 sec. Fitting results (b) 1 ppm Fe, (c) 



 

 

 

0.1 ppm Fe, (d) 0.05 ppm Fe and (e) result summary of γ versus    
  (Fe concentration in 

electrolyte) 

 

As introducing Fe in electrolyte (120 sec), significant activity enhancement was observed. 

Two specific features can be summarized. First, Abrupt activity enhancement was observed in 

high concentration case while the current density was saturated around 27 mA cm
-2

) in all cases 

except 0.01 ppm of Fe in electrolyte. Second, saturation time is dependent on the Fe 

concentration in electrolyte. To understand dissolution and redeposition behavior quantitatively 

and rationalize our model, we conducted fitting analysis using spike experiment data 

(supplementary Figure 17a). 

 

Because Fe was introduced in electrolyte after 120 sec, x-axis was offset 120 and conduct fitting 

the results based on modification of Eq. 4 as 

 
   

   
   

 

    
            

 

As shown in Fig. S13E, electrochemical results are well fitted by the following equation and 

shows linear relation between   versus   
 , validating that our model can elucidate experimental 

results well. 

 

Having established the expression for Fe we proceed to determine the factor controlling the 

value of q. Considering that, at first, the number of MOxOHy sites that can interact with Fe can 

vary from zero (poor interaction) to all of the surface sites being able to dynamically hold Fe at 

the interface (strong interaction), then we can write an expression for q that depends on a GFe-M, 

which is the interaction energy between Fe species and the M hydr(oxy)oxide sites, and on the 

total amount of M hydr(oxy)oxide present at the electrode surface (qtotal). 

 

 
 

        
  

       
                  Eq. 7 

 

Equation 7 is a similar expression as the Lagmuir isotherm, as it limits the value of q between 0 

and the maximum amount of M oxyhydroxide present at the surface (qtotal), and the energetic 

term (GFe-M) can accommodate both strong or weak interaction (Fe- binding energy) by 

assuming a more negative or a less negative to positive values, respectively. Rearranging 

equation 7 to isolate q leads to the following expression: 

 

 
 

      
 

 

   
      

  

       Eq. 8 

 

Therefore, combining equations 3, 5, and 8 gives us the final expression for the number of 

dynamic active sites of Fe in M oxyhydroxide materials. (Equation 1 in manuscript) 
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The key takeaway from equation 9 is that in order to scale the number of dynamically stable 

active sites it is necessary to ensure a strong interaction between Fe and the host (more negative 

GFe-M), as well as keeping the Fe content in the electrolyte high enough (high CFe
0
) to balance 

out the dissolution rate.  

 

Using newly derived dynamically stable active site (N
*
) and surface area of host materials (A), 

we propose OER activity can be expressed as equation Eq.10 (Equation 2 in manuscript) 
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)        Eq.10 

                      Eq.11 

where NFe
*
 is the number of dynamically stable active site and the exchange current density i

0,*
 

depends on the total amount of the exposed hydr(oxy)oxide host.  

  



 

 

 

 

 

 
 

Supplementary Figure 18 Ni hydr(oxy)oxide area effect for OER activity (a) OER activity in 

‘Fe free’ 0.1M KOH (b) in 0.1 ppm of Fe containing KOH (c) Summary of activity and activity 

improvement factor (iOER
Fe

/iOER
Fe-free

). Charge of Ni hydr(oxy)oxide films was calculated by the 

anodic oxidation transition peak (Ni
2+

 to Ni
3+

) around 1.4 V. The amount of Ni hydr(oxy)oxide 

on Pt(111) is controlled by the Ni precursor concentration. The amount of Ni hydr(oxy)oxide is 

estimated pre-peak (around 1.4 V) where structure transition from Ni(OH)2 to NiOOH is evolved. 

By increasing the amount of Ni hydr(oxy)oxide, OER activity enhanced in both ‘Fe free’ KOH 

electrolyte (supplementary Figure 18a) and 0.1 ppm of Fe in purified KOH (supplementary 

Figure 18b). Interestingly, the activity improvement factor (iOER
Fe

/iOER
Fe-free

) is identical as 

around 9, indicating that major activity enhancement was originated from Ni hydr(oxy)oxide-Fe 

interface. 

 

 

  



 

 

 

 
 

Supplementary Figure 19 Activity comparison of 3d transition metal element in ‘Fe free’ 

electrolyte and 0.1 ppm of Fe containing electrolyte (a) Ti, (b) V, (c) Cr, (d) Mn and (e) Cu. To 

find alternative materials for strong interaction with dynamic stable active Fe species in alkaline 

electrolysis 3d transition metal element was investigated from Ti to Cu (The data from Fe, Co 

and Ni is shown in supplementary Figure 5). Supplementary Figure 19 shows that there is no 

promotional effect with Fe in electrolyte except for Cu.  Left element from the Fe shows no 

promotional effect with Fe, indicating that (M-O)-Fe bond (Fe adsorption) is too weak to dwell 

on the surface in OER region due to the strong M-O bond. This trend is well supported by the 

general trend that the far to the left in the periodic table, the stronger the bond. Cu shows 

significant high OER values when Fe is in electrolyte. The OER activity improvement factor 

shows over 50 which is the highest values in 3d transition metal, presenting the possibility as 

alternatives for current Ni based system. 

 

  



 

 

 

 

 

 
 

Supplementary Figure 20 In situ ICP-MS and current-potential profile results of Cu 

hydr(oxy)oxide/Pt(111). (a) 1
st
  cycle (b) 5

th
 cycle and summary results of dissolution of Cu and 

OER activity (at 1.7 V versus RHE). Stability for Cu hydr(oxy)oxide/Pt(111) was investigated in 

situ ICP-MS during cyclic voltammograms. As shown in supplementary Figure 20, severe 

dissolution was observed at first cycle. During 5 consecutive potential cycles, continuous 

dissolution of Cu and OER activity decay was observed (supplementary Figure 20) while the 

amount of Cu dissolution decreased, indicating that Cu is unstable in OER potential region. 

  



 

 

 

 

 

 

 
 

Supplementary Figure 21 Characterization of NiCu AFM images of (a) Pt (111) (b) 

Ni(75%)Cu (25%) hydr(oxy)oxide/Pt(111) (100 μm x 100 μm), (c) NiCu hydr(oxy)oxide (100 

nm x 100 nm) arrow indicates scan for thickness measurement, (d) thickness of cluster (e) XPS 

analysis of Ni and NiCu hydr(oxy)oxide and (f) ICP-MS results of three independent samples to 

quantify Ni and Cu ratio. AFM image (supplementary Figure 21a-d) supports that NiCu 

hydr(oxy)oxide cluster was deposited on Pt(111) with similar morphology compared to Ni 

hydr(oxy)oxide (supplementary Figure 4). The height of cluster is average 0.22 nm, indicating 

one monolayer thickness of hydr(oxy)oxide on Pt (111). Ni 2p and Cu 2p XPS results 

(supplementary Figure 21e) reveal that Cu doped Ni are slightly oxidized, however both samples 

show 2+/3+ mixed hydr(oxy)oxide feature. The mass of NiCu was measured by ICP-MS and the 

mass ratio of Cu is around 25.8 % (supplementary Figure 21f) and total mass of metal 

hydr(oxy)oxide is similar to Ni hydr(oxy)oxide. 

 

  



 

 

 

 

 
Supplementary Figure 22 (a) Side and top view of Fe-M hydr(oxy)oxide geometries from DFT 

used for Fe coverage calculation (b) summary of maximum Fe surface coverage by experimental 

(ICP-MS results) and computational method (DFT). The NiCu model was constructed by 

exchange 25 % of Ni with Cu based on the ICP-MS results. The saturation coverage of Fe on 

NiCu hydr(oxy)oxide is higher than that of Ni hydr(oxy)oxide, which supports experimental 

results obtained by ICP-MS. The experiments were repeated at least 3 times. The saturation 

coverage is defined as the coverage corresponding to zero differential adsorption free energy. For 

calculating Fe adsorption free energy, we have used the following free energy corrections in 

Supplementary Table 4. 

 

Supplementary Table 4 Contributions to the Gibbs free energy from the zero-point energy 

correction (ZPE), enthalpic temperature correction ( Cp dT), and entropy correction (-TS) for 

bare hydroxyoxide surfaces and surfaces with Fe adsorbates. Together with the free energy 

corrections for the molecules (Supplementary Table 2), the total free energy correction Gcorr is 

calculated for the differential adsorption free energy of Fe complex on NiOOH and NiCuOOH 

surfaces, respectively. The electronic energy in the gas phase E[gas], in the solvated phase E[sol], 

and the adsorption free energy at the Fe coverage (0.25) are listed. All values are given in eV. 

(Note that the same total free energy corrections Gcorr for the adsorption free energy of Fe 

complex on NiOOH and NiCuOOH surfaces calculated using one Fe complex per surface 

supercell have been used for higher coverages.). 
 

surfaces E[gas] E[sol] ZPE  Cp dT -TS Gcorr  𝑮𝐌 𝐅𝐞 

NiOOH surface -318.66 -320.73 8.02 1.57 -2.63 - - 

Fe(OH)3* on NiOOH -358.56 -360.56 9.10 1.76 -2.99 -0.94 -0.69 

(NiCu)OOH surface -311.57 -313.57 8.07 1.55 -2.58 - - 

Fe(OH)3* on (NiCu)OOH -351.54 -353.59 9.18 1.73 -2.94 -0.92 -0.76 

 

  



 

 

 

 

 
 

Supplementary Figure 23 (a) Elemental composition of NiM(Cu, Co, Mn) and Ni 

hydr(oxy)oxide samples. The composition was investigated by the ICP-MS and experiment 

conducted at least three times. (b) Activity trend of NiM and Ni hydr(oxy)oxide with (0.1 ppm of 

Fe) and without Fe in electrolyte (c) activity improvement factor (IFe/I) and following number of 

dynamic stable Fe (d) summary of Faradaic efficiency for O2 production (FEOxygen) measured by 

RRDE method. 

 

Supplementary Note 7 

Fe effect on bimetallic (NiM) hydr(oxy)oxide substrate 

OER activity trend of NiM (M: Cu, Co, Mn) and Ni hydr(oxy)oxide shows different trend with 

respect to existence of Fe in electrolyte. In Fe free electrolyte, the activity shows order NiCo > 

NiMn  Ni > NiCu (supplementary Figure 23b). The OER activity trend with Fe (Fe-NiCu > Fe-

Ni > Fe-NiCo > Fe-NiMn follows the activity improvement factor (IFe/I) of M (Figure 4a in 

manuscript, supplementary Figure 23b). By comparing the current with Fe and without Fe, we 

investigate the activity improvement factor of NiM samples. The NiCu shows the highest value, 

which is similar trend with improvement factor of M hydr(oxy)oxide. To correlate improvement 

factor with the number of Fe based on our model (equation 1 in our manuscript), we quantified 

the number of dynamic stable Fe supplementary Figure 23c). From the equation 3 in 

supplementary information, we calculated the values (Note, q/qtotal is assumed 1 based on the 

STM and AFM analysis in supplementary Figure 6 and 21). The fraction of Fe (    ) was 

estimated by the mass balance as follows 

 



 

 

 

   = mass of Fe / [mass of host element (Ni, Cu, Co, Mn)] 

 

 The potential cycle in 0.1 ppm Fe containing solution and potential hold at 1.7 V (10 min) was 

conducted to reach the dynamic equilibrium with dissolution and deposition. Finally the 

electrode was dissolved in 1 % nitric acid and quantified the mass of element through ICP-MS. 

The experiment was conducted at least three times in each element to get statistical meaning. All 

of NiM(Cu, Co, Mn) systems show high Faradaic efficiency for O2 production (FEOxygen) around 

100 %, confirming that most of current (observed in cyclic voltammograms) is originated from 

actual O2 production (supplementary Figure 23d). 

 

  



 

 

 

 
 

Supplementary Figure 24 (a) In situ monitoring of metal dissolution for NiCu hydr(oxy)oxide 

using ICP-MS potential up to 1.7 V (left),  1.9 V (middle) and 2.1 V (right) versus RHE, (b) 

RRDE measurement for Faradaic efficiency for O2 production (FEOxygen) of Fe-NiCu (ring 

potential was held at 0.4 and 1.1 V (versus RHE) to monitor O2 production (red) and H2O2 

production (blue), respectively. (c) Constant current method (10 mA cm
-2

) to monitor 

electrochemical stability of Fe-NiCu hydr(oxy)oxide in 0.1 ppm of Fe containing KOH. Both Ni 

and Cu showed stable without appreciable dissolution up to 1.9 V (supplementary Figure 24 a). 

When compared to pure Cu hydr(oxy)oxide (supplementary Figure 20), Ni hydr(oxy)oxide 

structure can stabilize Cu dopant up to certain condition (1.9 V versus RHE). RRDE results show 

that observed current is originated from the actual O2 evolution (supplementary Figure 24b), 

which is good agreement with in situ ICP data. We also conducted long-term operation to 

validate stability in constant current method (10 mA cm
-2

). Supplementary Figure 24c supports 

that NiCu is stable in Fe containing solution without appreciable potential change during 100 hr. 

Both in situ ICP-MS (material stability) and constant current method (electrochemical stability) 

successfully demonstrated that Fe-NiCu can be a good active site/host pair as highly active and 

durable candidate for OER. 

 

 

 

 

 



 

 

 

 
 

Supplementary Fig. 25 in situ ICP-MS results to show elemental dissolution during cyclic 

voltammograms (a) NiCo and (b) NiMn hydr(oxy)oxide. In situ ICP-MS results of NiCo 

hydr(oxy)oxide shows stable without dissolution. From the results from NiCu (supplementary 

Figure 24) and NiCo (supplementary Figure 25a), Ni hydr(oxy)oxide structure can stabilize M 

dissolution significantly. However, significant Mn dissolution is still observed in NiMn 

hydr(oxy)oxide(supplementary Figure 25b). Based on this observation, the ASF of Mn 

containing samples show low value, supporting that vulnerable to OER electrocatalyst in alkaline 

media. Furthermore, NiCo shows higher ASF value compared to Co due to the significant 

enhancement of Co stability albeit NiCo and Co shows similar OER activity. As discussed in 

several examples, ASF is important to consider activity and stability simultaneously.  
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