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Supplementary Fig. 1 | j-t curves. The j-t curves of as-prepared CoOOH on FTO at 1.7 VRHE in 

phen-free (pf-) and phen-containing (pc-) (7 mM) 1.0 M NaOH electrolytes. 
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Supplementary Fig. 2 | Double-layer capacitance measurements. CV curves in 1.0 M NaoH 

of (a) pristine CoOOH, (c) pc-CoOOH, and (e) pf-CoOOH in a non-Faradic region (0.6 ~ 0.7 V) 

with a scan rate of 0.1 V s-1 to 0.5 V s-1. Liner fitting of the cathodic and anodic charging current 

density at 0.65 VRHE of (b) pristine CoOOH, (d) pc-CoOOH, and (f) pf-CoOOH as a function of 

scan rate. The pf-CoOOH and pc-CoOOH on FTO were obtained after 10 h chronoamperometry 

treatments of pristine CoOOH at 1.7 VRHE in phen-free and phen-containing 1.0 M NaOH, 

respectively.  
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Supplementary Fig. 3 | XRF data. (a) The counts of Co Kα emission and (b) the corresponding 

Co Kα mapping of pc-CoOOH and pf-CoOOH on FTO electrodes by XRF. The pf-CoOOH and 

pc-CoOOH on FTO were obtained after 10 h chronoamperometry treatments of pristine CoOOH 

at 1.7 VRHE in phen-free and phen-containing 1.0 M NaOH, respectively. 
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Supplementary Fig. 4 | XAFS data. (a) Co K-edge XANES spectra of as-prepared pf-CoOOH 

and pc-CoOOH, and (b) the corresponding k3-weighted Fourier-transformed EXAFS. (c) Fitting 

curves of Co K-edge EXAFS in R spaces for pf-CoOOH and (d) for pc-CoOOH. The pf-CoOOH 

and pc-CoOOH were obtained after 10 h chronoamperometry treatments of pristine CoOOH at 

1.7 VRHE in phen-free and phen-containing 1.0 M NaOH, respectively. 
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Supplementary Fig. 5 | SAED images. (a) Pristine CoOOH. (b) pf-CoOOH. (c) pc-CoOOH. The 

pf-CoOOH and pc-CoOOH were obtained after 10 h chronoamperometry treatments of pristine 

CoOOH at 1.7 VRHE in phen-free and phen-containing 1.0 M NaOH, respectively. 
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Supplementary Fig. 6 | TEM image and element mapping. The TEM and element mapping of 

pc-CoOOH. The pc-CoOOH was obtained after 10 h chronoamperometry treatments of pristine 

CoOOH at 1.7 VRHE in phen-containing 1.0 M NaOH. 
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Supplementary Fig. 7 | SEM images. The morphology of (a) pf-CoOOH and (b) pc-CoOOH. 

The pf-CoOOH and pc-CoOOH were obtained after 10 h chronoamperometry treatments of 

pristine CoOOH at 1.7 VRHE in phen-free and phen-containing 1.0 M NaOH, respectively. (c) bare 

FTO. The pf-CoOOH and pc-CoOOH films demonstrate a slight difference in surface texture. 
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Supplementary Fig. 8 | In-situ XAFS data. (a) Co K-edge XANES of pf-CoOOH different 

potentials. (b) The corresponding linear fit of Co oxidation state for pf-CoOOH. (c) Co K-edge 

XANES of pc-CoOOH different potentials. (d) The corresponding linear fit of Co oxidation state 

for pc-CoOOH. The pf-CoOOH and pc-CoOOH on carbon paper were obtained after 10 h 

chronoamperometry treatments of pristine CoOOH at 1.7 VRHE in phen-free and phen-containing 

1.0 M NaOH, respectively. The images of (e) the in-situ XAFS equipment and (f) the 

electrochemical cell. Reference spectra include those of Co foil, CoO, and Co2O3 in 

Supplementary Fig. 9.  
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Supplementary Fig. 9 | XAFS data. Co K-edge XANES of Co foil, CoO, and Co2O3. 

 

  

7700 7720 7740 7760

0.0

0.6

1.2

1.8

N
o

rm
a

liz
e

d
 x

m
 (

E
)

Energy (eV)

Co foil

CoO

Co2O3

a



11 

 

Supplementary Fig. 10 | Fitting curves of Fourier transformed k3-weighted Co K-edge 

EXAFS in R spaces for pf-CoOOH. Fitting curves of Co K-edge EXAFS in R space for pf-

CoOOH (a) at OCP and (b) at 1.7 VRHE. The pf-CoOOH on carbon paper was obtained after 10 h 

chronoamperometry treatments of pristine CoOOH at 1.7 VRHE in phen-free 1.0 M NaOH. 
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Supplementary Fig. 11 | Fitting curves of Fourier transformed k3-weighted Co K-edge 

EXAFS in R spaces for pc-CoOOH. Fitting curves of Co K-edge EXAFS in R space for pc-

CoOOH (a) at OCP and (b) at 1.7 VRHE. The pc-CoOOH on carbon paper was obtained after 10 

h chronoamperometry treatments of pristine CoOOH at 1.7 VRHE in phen-containing 1.0 M NaOH. 
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Supplementary Table 1 | The best-fitting parameters for FT-EXAFS in R space of pf-

CoOOH and pc-CoOOH.   

 

Sample Name / Path C.N. σ2 (10-3 Å2) R (Å) ∆E0 (eV) 
R-factor 

(%) 

pf-CoOOH 

As-

prepared 

Co-O 3.84±0.32 3.01±1.01 1.930 
-0.11±0.88 0.63 

Co-Co 3.30±0.51 4.45±1.18 2.887 

OCP 
Co-O 3.82±0.12 2.33±0.38 1.909 

-2.79±2.66 3.09 
Co-Co 3.20±0.15 1.15±1.23 2.825 

1.7 VRHE 
Co-O 4.95±0.69 0.76±1.6 1.892 

-2.47±1.43 0.91 
Co-Co 4.00±0.02 2.26±0.79 2.832 

pc-CoOOH 

As-

prepared 

Co-O 3.62±0.27 2.76±0.91 1.930 
0.67±0.79 0.56 

Co-Co 2.99±0.46 4.55±1.18 2.887 

OCP 
Co-O 5.11±0.07 1.16±0.60 1.893 

-2.31±1.08 0.47 
Co-Co 4.07±1.12 5.51±2.32 2.826 

1.7 VRHE 
Co-O 6.05±0.57 2.26±1.11 1.882 

-3.53±1.00 0.50 
Co-Co 4.99±0.18 4.88±0.70 2.831 

 

C.N.: Coordination number; R: interatomic distance; σ2: disorder factors; ∆E0: energy shifts. The 

amplitude factor S0
2 was determined by fitting standard Co foil with a fixed coordination number 

based on the known crystal structure. 
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Supplementary Fig. 12 | In-situ UV-Vis. Potential-dependent UV-Vis spectra of (a) pf-CoOOH 

and (b) pc-CoOOH were recorded from 0.5 to 1.7 VRHE in 1.0 M NaOH. The background was 

deducted at 0.5 VRHE. Before the UV-Vis measurements, the films were obtained after 10 h 

chronoamperometry treatments of pristine CoOOH at 1.7 VRHE in phen-free and phen-containing 

(7 mM) 1.0 M NaOH.  
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Supplementary Fig. 13 | XPS of pf-CoOOH and pc-CoOOH. (a) Co 2p XPS spectra of pf-

CoOOH and pc-CoOOH. (b) The ratio of Co3+/Co2+ and Co4+ in pf-CoOOH and pc-CoOOH is 

determined by the area of the respective peak after Co 2p fitting. (c) The corresponding N 1s XPS. 

The pf-CoOOH and pc-CoOOH on carbon paper were obtained after 10 h chronoamperometry 

treatments of pristine CoOOH at 1.7 VRHE in phen-free and phen-containing 1.0 M NaOH, 

respectively. 

 

Supplementary Table 2 | The composition of pc-CoOOH analyzed by XPS. The pc-CoOOH 

on FTO was obtained after 10 h chronoamperometry treatments of pristine CoOOH at 1.7 VRHE 

phen-containing 1.0 M NaOH. 

 Co 2p N 1s Co/N 

pc-CoOOH 89.47% 10.53% 8.49 
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Supplementary Fig. 14 | DFT models. The structure schemes of phen-free Co(OH)2, high(H)-, 

middle(M)-, and low(L)-density of phen (i.e., 1 ML, 0.5 ML, and 0.33 ML phen) embedded 

Co(OH)2. ML is the abbreviation of a monolayer. 

 

 

Supplementary Fig. 15 | DFT models. The structure schemes of phen-free CoOOH, high(H)-, 

middle(M)-, and low(L)-density of phen (i.e., 1 ML, 0.5 ML, and 0.33 ML phen) embedded 

CoOOH. ML is the abbreviation of a monolayer. 
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Supplementary Fig. 16 | DFT models. The structure schemes of phen-free CoO2, high(H)-, 

middle(M)-, and low(L)-density of phen (i.e., 1 ML, 0.5 ML, and 0.33 ML phen) embedded CoO2. 

ML is the abbreviation of a monolayer. 
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Supplementary Table 3 | Thermodynamic correction used in the free energy calculations. 

Zero-point energies are calculated with experimental vibrational data in reference1,2, and the 

integrated heat capacity (δH0~298K) and entropy at 298.15 K are obtained from reference3. For 

water, the entropy is calculated at 0.035 bar through S = S0 + kBTln (p / p0) to derive the chemical 

potential of liquid water, because at this pressure gas-phase water is in equilibrium with liquid 

water at 298.15 K. The solvation energies (Esolv) are evaluated from AIMD simulation by filling 

the vacuum with liquid water with a thickness that is equivalent to 5 water bilayers. It is worth 

noting that, in comparison with our previous work4-6, the solvation energy of surface OH for Co-

based hydroxides compounds is about -0.1 eV smaller, because of high OH density in the current 

case which leads to a very limited amount of hydrogen bonds formed with interface water. And 

the solvation energy of OH for molecules is about -0.6 eV. 

 

 ZPE (eV) δH@298K(eV) TS@298K(eV) Esolv(eV) 

H2O(g) 0.56 0.10 0.68  

H2 0.27 0.09 0.40  

(O)-H* from oxides 0.30 0.01 0.01  

(O)H 0.32 0.00 -0.02 -0.10/-0.60 
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Supplementary Fig. 17 | The bulk free energy diagrams. (a) The bulk free energy diagrams of 

Co(OH)2, CoOOH, and CoO2. (b) The bulk free energy diagrams of layered Co(OH)2 contain 

high-, middle-, and low-density of phen that are inserted into interlayers. In the case of Co(OH)2, 

phen can coordinate with Co2+, thus the insertion of phen into Co(OH)2 only be considered 

theoretically. 
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Supplementary Table 4 | Formation energy of phen-containing bulk CoOOH and CoO2 

with different numbers of monolayers. 

 

Formation energy (eV/Co)  CoOOH+phen CoO2+phen 

1 ML-bulk + phen (H-pc) 0.63 -0.07 

2 ML-bulk + phen (M-pc) 0.40 -0.03 

3 ML-bulk + phen (L-pc) 0.27 -0.01 
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Supplementary Fig. 18 | The densities of states. The densities of states (DOS) of phen-free or 

high-density, middle-density, and low-density phen-containing bulk (a) CoOOH and (b) CoO2. 
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Supplementary Fig. 19 | Charge density differences of H-pc-CoO2. The purple isosurfaces 

correspond to charge densities of 0.011 e/Bohr3 and represent an increase in the total charge 

density. The orange isosurfaces correspond to charge densities of -0.011 e/Bohr3 and represent a 

decrease in the total charge density.  

 

 

 

Supplementary Fig. 20 | The geometric structures of layered CoO2 containing high(H)-, 

middle(M)-, and low(L)-density of phen (i.e., 1 ML, 0.5 ML, and 0.33 ML phen) in the 

interlayers. The dark blue notes indicate the shortest distance between the N atom and the Co 

atom. 
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Supplementary Fig. 21 | The coordination ability of Co2+ and Co3+ with phen on electrodes. 

(a) The CV curves of the CoOOH catalysts on FTO in 1.0 M NaOH after holding the potential at 

OCP in phen-free and phen-containing 1.0 M NaOH electrolytes, respectively. (b) The CV curves 

of the Co(OH)2 catalysts on FTO in 1.0 M NaOH after holding the potential at OCP in phen-free 

and phen-containing 1.0 M NaOH electrolytes, respectively, and (c) the corresponding Co 2p XPS. 

The concentration of phen is 7 mM. 
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Supplementary Fig. 22 | In-situ UV-Vis under charging and discharging. The absorbance 

difference of pf-CoOOH and pc-CoOOH at 730 nm upon charging at 1.7 VRHE and discharging at 

0.7 VRHE in 1.0 M NaOH. The background was deducted at 0.5 VRHE. The absorbance of pf-

CoOOH and pc-CoOOH decreases to zero at 0.7 VRHE, indicating the different amounts of 

oxidative charges stored. The pf-CoOOH and pc-CoOOH on FTO were obtained after 10 h 

chronoamperometry treatments of pristine CoOOH at 1.7 VRHE in phen-free and phen-containing 

1.0 M NaOH, respectively. 
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Supplementary Fig. 23 | The reduction of Co3+ to Co2+ leads to the formation of soluble Co-

phen species. (a) The images of pristine CoOOH and CoOOH on FTO after 1.0 h of reduction at 

0.7 VRHE in phen-containing 1.0 M NaOH, (b) and their corresponding Co 2p XPS. (c) The CV 

curves of CoOOH after 2.0 h of reduction at 0.7 V in phen-containing NaOH. The phen 

concentration is 7 mM in all cases.  
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elucidate the coordination of Co2+ sites with phen, we synthesized CoII(OH)2 film that coordinated 

with free phen in electrolytes dissolving into the electrolyte at OCP within only 10 min 

(Supplementary Figs. 21b-21c). These results demonstrate a valence-dependent 

deposition/dissolution in the Co-phen system. 

(2) The Co3+ sites stay on the electrode in the phen-containing electrolyte at OCP. As shown 

in Supplementary Fig. 21a, the pristine CoIIIOOH stays on the electrode in the phen-containing 

1.0 M NaOH electrolyte over 10 min at OCP, and its activity remains relative to the CoIIIOOH in 

the phen-free electrolyte. 

(3) The non-covalent interaction between CoO2 and phen.  

(i) The results present that phen can induce and stabilize the high-valence Co4+ (Fig. 1, Fig. 

2, and Supplementary Fig. 1), and improve the charge transfer of the semiconducting CoO2 phase. 

The interplay between phen with CoO2 is significantly different from that of phen and Co(OH)2 

or CoOOH. DFT calculations further reveal that phen cannot coordinate with Co4+ but works 

through forming a non-covalent interaction.  

(ii) The covalent and non-covalent interactions can be distinguished by the stabilization 

energy and distance in equilibrium. The interactions with low stabilization energies and relatively 

long distances are ascribed to the “non-covalent interactions”7. Typically, covalent interactions 

are short-range and are generally shorter than 2 Å, and non-covalent interactions are known to act 

at distances >2 Å8. In this work, the shortest distance between the N atom and Co atom is 4.12 Å 

in H-pc-CoO2 (Supplementary Fig. 20). Moreover, the calculated interaction energies within the 

range of 64~113 kJ mol(phen)
-1, depending on low(L)-, middle(M)-, and high(H)-density phen, 

which are considerably smaller than the stabilization energy of covalent bond of about 200~300 

kJ mol-1. Thus, the interaction between phen with CoO2 has been considered non-covalent. This 

model of H-density phen is close to the phen content in the pc-CoOOH catalysts. 
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Supplementary Fig. 24 | The phen-coordinated molecule geometric structures. The DFT 

models of Co(phen)2(OH)2, Co(phen)2OOH, Co(phen)2O2, Cophen(OH)2, CophenOOH and 

CophenO2. The energy-unfavorable structures have been discussed in the main text. 
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Supplementary Fig. 25 | The free energy diagrams. The free energy diagrams of Co(OH)2, 

Cophen(OH)2, CophenOOH, CophenO2, phen-containing layered CoOOH (CoIII-PH), and CoO2 

(CoIV-PH) are based on DFT calculations. 
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Supplementary Fig. 26 | The DOS and model of Co(phen)3 and CoII(phen)2(OH)2. (a) The 

DOS and PDOS of Co(phen)3 and phen. (b) The DFT model of Co(phen)3 in water. (c) The DOS 

and PDOS of phen and CoII(phen)2(OH)2. (d) The DFT model for CoII(phen)2(OH)2 in water. 
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Supplementary Fig. 27 | The UV-Vis spectra. (a) The UV-Vis spectra of Co2+, phen, and Co-

phen in water and (b) 1.0 M NaOH, respectively. The absorption peak shows a slightly red-shift 

from 315 nm for phen to a higher wavelength at 339 nm for Co-phen in water, suggesting the 

coordination of Co2+ and phen. In addition, a new absorption band appears at approximately 450 

nm, which is assigned to the ligand-to-metal charge transfer. In 1.0 M NaOH, this ligand-to-metal 

absorption peak redshifts to ~506 nm. (c) The photographs of Co2+, phen, and Co-phen in 1.0 M 

NaOH. (d) The UV-Vis spectra of Co-phen in H2
18O, D2

16O, and H2
16O with 1.0 M Na16OH, 

respectively. The peak at ~506 nm shows a sslight shift due to the isotope effect9-11, indicating the 

water-associated coordination. The background is deducted by the bare quartz cuvettes. 

 

Supplementary discussion to Supplementary Figs. 26-27 

DFT calculations of DOS for the Co(phen)3 and Co(phen)2(OH)2 were carried out. Coordination 

between Co and phen yielded a narrow energy gap (Supplementary Fig. 26a). Thus, the absorption 

peak at 450 nm in Supplementary Fig. 27a could be ascribed to the Co-N coordination. While, 

Co(phen)2(OH)2 shows an obvious decrease in energy gap (Supplementary Fig. 26b), consistent 

with the redshift of the absorption peak of Co-N coordination (Supplementary Fig. 27b).  
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Supplementary Fig. 28 | The EPR spectra at 100 K. The EPR spectra of Co2+, phen, and Co-

phen in water and 1.0 M NaOH. The Co2+ in water is almost EPR silent. However, a broad 

paramagnetic signal12,13 (g ≈ 4.31) appeared when phen was introduced, suggesting the 

coordination between phen and Co2+ induced a spin-state transition of Co2+. In contrast to the 

situation in the water, a broad paramagnetic Co2+ signal was observed in NaOH electrolytes.  
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Supplementary Fig. 29 | The FT-ICR-MS spectra. (a) FT-ICR-MS spectra for phen in water, 

(b) Co-phen in water, and (c) Co-phen in 1.0 M NaOH. The spectra were recorded using dual 

electrospray ionization (ESI) source in the positive ion mode.  
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Supplementary Fig. 30 | Isotope-labeled FT-ICR-MS spectra. (a) FT-ICR-MS spectra for Co-

phen in H2
16O with 1 M Li18OH, (b) Co-phen in H2

18O (97.4%) with 1.0 M Na16OH, and (c) Co-

phen in D2O (99.9%) with 1.0 M NaOH. The spectra were recorded using dual electrospray 

ionization (ESI) source in the positive ion mode.  
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Supplementary Table 5 | The molecular formula of isotope-labeled Co-phen in H2O with 1.0 

M NaOH or Li18OH. 

Co-phen in H2
18O 

 with 1.0 M Na16OH 

Molecular formula Experimental Theoretical 

[2phen+Na]+ 383.12805 383.126169 

[Co(phen)2(
18OH)2]

+• 457.084427 457.084115 

[Co(phen)2
18O16OH)2]

+• 455.080137 455.079869 

[Co(phen)2(
16OH)2]

+• 453.076001 453.075622 

Co-phen in H2
16O  

with 1.0 M Li18OH 

Molecular formula Experimental Theoretical 

[2phen+Li]+ 367.15306 367.0774 

[Co(phen)2(
16OH)2]

+• 453.07524 453.075622 

[Co(phen)2
18O16OH2]

+• 455.081651 455.079869 

 

Supplementary discussion to Supplementary Figs. 29-30 and Supplementary Table 5 

We applied Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) to 

verify the molecular formula. The formula of Co-phen in water (Supplementary Fig. 29b) and 1.0 

M NaOH (Supplementary Fig. 29c) by FT-ICR-MS are deduced to be dominated by [Co(phen)3]
2+ 

species with an m/z ratio of 299.569 and [Co(phen)2(OH)2]
+˙ with an m/z ratio of 453.075, 

respectively. Furthermore, isotope-labeled H2
18O, D2O, and Li18OH are used to verify the source 

of OH of [Co(phen)2(OH)2]
+˙. As shown in Supplementary Figs. 30a-30b and Supplementary 

Table 5, the strongest peak at m/z 457.084 is ascribed to the [Co(phen)2(
18OH)2]

+˙ in 1.0 M 

Na16OH-containing H2
18O electrolyte. In contrast, the strongest peak at m/z 453.075 is assigned 

to [Co(phen)2(
16OH)2]

+˙ in 1.0 M Li18OH containing H2O electrolyte. Further, the peak at m/z 

455.088 is assigned to [Co(phen)2(OD)2]
+˙ in 1.0 M NaOH D2O electrolyte (Supplementary Fig. 

30c). The results suggest that the OH- in [Co(phen)2(OH)2]
+˙ is from H2O. 
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Supplementary Fig. 31 | The first CV of bare FTO in Co(phen)2(OH)2-containing 1.0 M 

NaOH. The red curve shows the oxidation process of Co2+, and the grey one shows the reduction 

process of Co3+/Co4+ to Co2+.  

  

0.5 0.7 0.9 1.1 1.3 1.5 1.7

0.0

0.5

1.0

1.5

2.0

j 
(m

A
 c

m
-2

) 

 1

0
-2

Potential (V vs RHE)

Co-phen in H2O + NaOH A



36 

 

Supplementary Fig. 32 | The CV curves of Co-PH catalysts prepared by 10 min deposition 

at different potentials. Co-PH catalysts were deposited in Co(phen)2(OH)2-containing 1.0 M 

NaOH, and after the deposition, the CV curves of Co-PH catalysts were recorded in phen-free 1.0 

M NaOH. Note that the bare FTO has no electrochemical response in the current potential range.  
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Supplementary Fig. 33 | The mass evolution with time during the Co-PH deposition at 

different potentials. It is monitored by electrochemical quartz crystal microbalance (EQCM). 

The Co-PH catalysts were deposited for 10 min in Co(phen)2(OH)2-containing 1.0 M NaOH from 

1.0 V to 1.7 VRHE, respectively. Note that no detectable mass changes are observed under OCP. 
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Supplementary Fig. 34 | The first CV of Co-PH in 1.0 M NaOH. The Co-PH was prepared by 

10 min deposition on FTO at 1.7 VRHE in Co(phen)2(OH)2-containing 1.0 M NaOH. The blue 

curve shows the oxidation process of Co2+ to Co3+/Co4+, and the grey one shows the reduction 

process of Co3+/Co4+ to Co2+.  
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Supplementary Fig. 35 | The valence-dependent dissolution of Co-PH. (a) The CVs of Co-PH 

in 1.0 M NaOH after 10 min of dissolution at different potentials in Co(phen)2(OH)2-containing 

1.0 M NaOH. (b) The corresponding redox couples. (c) The linear mapping of Co distribution of 

Co-PH electrodes by monitoring the Co-Kα emission with XRF. (d) The in-situ UV-Vis spectra 

of Co-PH in 1.0 M NaOH after 10 min reduction in Co(phen)2(OH)2-containing 1.0 M NaOH at 

different potentials. 
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Supplementary Fig. 36 | Monitoring the valence-dependent deposition/dissolution process of 

Co-PH by XPS. (a) The Co 2p, and (b) N 1s XPS of as-prepared Co-PH by 10 min deposition at 

1.7 VRHE and after subsequent 10 min reduction at 0.7 VRHE in Co(phen)2(OH)2-containing 1.0 M 

NaOH. 
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Supplementary Fig. 37 | The valence-dependent deposition/dissolution process of Co-PH. 

The applied deposition potential (red curves) is 1.7 VRHE and the reduction potentials (blue curves) 

were setted at (a) 1.0 VRHE, (b) 0.95 VRHE, (c) 0.9 VRHE, (d) 0.8 VRHE and (e) 0.7 VRHE, respectively. 

The deposition/dissolution process was implemented in Co(phen)2(OH)2-containing 1.0 M NaOH.  
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Supplementary Fig. 38 | In-situ UV-Vis tracks the deposition/dissolution process of Co-PH 

catalysts. The deposition/dissolution process was tracked in Co(phen)2(OH)2-containing 1.0 M 

NaOH. 

Supplementary discussion to Supplementary Figs. 31-38 

Valence-dependent interactions between Co and phen  

(1) Valence-dependent deposition. In-situ deposition of phen-containing CoOxHy (Co-PH) with 

abundant Co4+ in 1.0 M NaOH containing Co(phen)2(OH)2 complex during the OER was carried 

out. Different deposition potentials were applied from 1.0 (that is, close to the onset potential of 

Co2+/3+ in Supplementary Fig. 31) to 1.7 VRHE for 10 min. From the CV curves in Supplementary 

Fig. 32, we can find a potential-regulated activity relationship. In addition, the mass loadings of 

Co-PH catalysts in-situ measured by EQCM evidenced a valence-dependent deposition process 

(Supplementary Fig. 33). Hence, the deposition of Co-PH will take place under applied potential 

once the Co2+ is oxidized to Co3+ that can be further easily oxidized to Co4+ with the aid of phen.   

(2) Valence-dependent coordination and dissolution. A stepwise decrease in reduction 

potential from 1.0 to 0.7 VRHE (considering the reduction peak of Co3+/2+ centered approximately 

at 0.9 VRHE in Supplementary Fig. 34) leads to different degrees of reduction to Co2+. As expected, 

attenuation trends in the redox couple are observed. Complete dissolution of Co-PH is observed 

at 0.7 VRHE (Supplementary Figs. 35-36). Co Kα via X-Ray fluorescence (XRF) line scan and in-

situ UV-Vis support the conclusion. Interestingly, multiple deposition-dissolution cycles at an 

alternating potential between 1.7 and 0.7 VRHE in 1.0 M NaOH electrolyte containing 

Co(phen)2(OH)2 demonstrate a quite reversible/regenerable manner (Supplementary Figs. 37-38).  
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Supplementary Fig. 39 | The mass activity of CoOOH and Co-PH before iR correction. Co-

PH was freshly deposited for 10 min at 1.7 VRHE in Co(phen)2(OH)2-containing 1.0 M NaOH. The 

mass of Co was determined by ICP-MS. 
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Supplementary Table 6 | The OER TOFs of reported Co-based layered double hydroxides 

and (oxy) hydroxides at an overpotential of 0.35 V. 

 

Catalyst TOFCo (s
-1) Ref 

CoFe  LDH ~0.00505 14 

CoCo LDH ~0.00265 14 

NiCo LDH ~0.00281 14 

CoMn LDH ~0.00110 14 

Co(OH)2 ~0.00052 14 

CoOOH 0.007±0.001 15 
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Supplementary Fig. 40 | The deposition of Co-PH. (a) The chronoamperometry curves during 

the in-situ deposition process of Co-PH on FTO at 1.7 VRHE for 10 h in Co(phen)2(OH)2-

containing 1.0 M NaOH. (b) The corresponding CV curves (the first cycle already shows some 

activity due to the fast deposition of Co-PH). (c) The corresponding photographs and XRF 

mapped Co distribution. 
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Supplementary Fig. 41 | The surface morphology of Co-PH after 10 h deposition. Co-PH was 

deposited on FTO at 1.7 VRHE in Co(phen)2(OH)2-containing 1.0 M NaOH for 10 h. 
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Supplementary Fig. 42 | The cross-section STEM images of Co-PH after 10 h deposition. (a) 

The cross-section image of Co-PH on the FTO scale bar: 200 nm. (b) The corresponding element 

mapping. (c) The cross-section image. The Co-PH was deposited at 1.7 VRHE in Co(phen)2(OH)2-

containing 1.0 M NaOH for 10 h. 

 

  



48 

  

Supplementary Fig. 43 | The XPS of Co-PH after 10 h deposition. (a) The XPS survey, (b) O 

1s, (c) Co 2p, and (d) N 1s spectra of Co-PH after 10 h deposition at 1.7 VRHE in Co(phen)2(OH)2-

containing 1.0 M NaOH. The fitted peaks at 529.2 eV and 531.0 eV are assigned to OH- and O2-, 

respectively. The peak at 531.7 eV is associated with Co-O-H16. The fitted peaks at 780.5 and 

795.6 eV17-19 are attributed to the Co4+. The peaks at 779.3 and 794.3 eV, and peaks at 781.7 and 

796.9 eV are attributed to the Co3+ and Co2+, respectively20. The fitted peak at 398.6 eV is 

generally deemed as a pyridinic-N bond21.  

 

Supplementary Table 7 | The composition of Co-PH after 10 min and 10 h deposition at 1.7 

VRHE in Co(phen)2(OH)2-containing 1.0 M NaOH. 

.  

 Co 2p N 1s Co/N 

10 min 66.2% 33.8% 1.96 

10 h 67.5% 32.5% 2.08 
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Supplementary Fig. 44 | The surface morphology of Co-PH after 40 h deposition. The Co-

PH was deposited on FTO in Co(phen)2(OH)2-containing 1.0 M NaOH at 1.7 VRHE for 40 h. 

 

 

 

Supplementary Fig. 45 | The cross-section STEM images of Co-PH on FTO after 40 h 

deposition. The cross-section images, SAED, and corresponding cross-section element mapping 

of Co-PH film. The Co-PH was deposited in Co(phen)2(OH)2-containing 1.0 M NaOH at 1.7 VRHE 

for 40 h. Scale bar: 500 nm. 
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Supplementary Fig. 46 | HRTEM. The HRTEM and electron diffraction (inset) of the Co-PH 

after 500 h deposition in Co(phen)2(OH)2-containing 1.0 M NaOH at 10 mA cm-2. 
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Supplementary Fig. 47 | The UV-Vis spectra. The UV-Vis spectra of CoOOH and Co-PH films 

on FTO. The absorbance was subtracted by bare FTO. The clear blue shift of absorption bands of 

Co-PH relative to CoOOH suggests the variation of Co valence states and coordination 

environments. The Co-PH was deposited in Co(phen)2(OH)2-containing 1.0 M NaOH at 1.7 VRHE 

for 10 h. 
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Supplementary Fig. 48 | The ATR-FTIR spectra of Co-PH. The ATR-FTIR of phenanthroline 

and Co-PH film on FTO. The Co-PH was deposited in Co(phen)2(OH)2-containing 1.0 M NaOH 

at 1.7 VRHE for 10 h. The bands at 737 cm-1 and 852 cm-1 are ascribed to the out-of-plane bending 

of C-H on benzene and heterocyclic rings, respectively. The peaks at 1421 cm-1 and 1504 cm-1 

are associated with the symmetric and asymmetric stretching of the carbocyclic ring, and the 

strong bands around 1558 cm-1 and 1587 cm-1 are assigned to the C=N stretching vibrations22,23. 

These bands are present in Co-PH film with slight shifts, confirming the embedding of phen into 

Co-PH. Besides, the peak at 632 cm-1 is ascribed to Co-O2- according to previous report24,25. 
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Supplementary Fig. 49 | The FT-ICR-MS spectra of dissolved Co-PH film. The Co-PH film 

was deposited at 1.7 VRHE in Co(phen)2(OH)2-containing 1.0 M NaOH for 10 h. For the 

measurements of FT-ICR-MS, deposited Co-PH film was first soaked in the 10 wt% HNO3 

solutions over 10 h to dissolve. Excess NaOH solid was then added to this solution to adjust the 

solution pH to 13.9. The obtained solution was used for the FT-ICR-MS characterization. The 

spectra were recorded using dual electrospray ionization (ESI) source in the positive ion mode.  
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Supplementary Fig. 50 | The NMR spectra of dissolved Co-PH film. (a) The 1H and (b) 13C 

NMR spectra of dissolved Co-PH film. The Co-PH film was deposited at 1.7 VRHE in 

Co(phen)2(OH)2-containing 1.0 M NaOH for 10 h. For the measurements of NMR measurements, 

typically, deposited Co-PH film was first soaked in the 5 wt% HNO3 solutions containing 95 wt% 

D2O over 10 h to dissolve. The obtained solution was used for the NMR measurements. Phen 

powder was also dissolved in the 5 wt% HNO3 solutions containing 95 wt% D2O for NMR tests. 

 

  

7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6

phen

dissolved Co-PH film

In
te

n
s
it
y
 (

a
.u

.)

Chemical shift (ppm)

1H NMR

7.20 7.55 7.90 8.25 8.60

120 125 130 135 140 145 150

phen

dissolved Co-PH film

In
te

n
s
it
y
 (

a
.u

.)

Chemical shift (ppm)

13C NMR

120 130 140 150

a

b



55 

  

Supplementary Fig. 51 | Decomposition of phen ligand in Co-PH film by UV irradiation. (a) 

The CVs of Co-PH (prepared by 10 min deposition in Co(phen)2(OH)2-containing 1.0 M NaOH 

at 1.7 VRHE) in 1.0 M NaOH before and after 20 h of UV irradiation. (b) The impedance of Co-

PH before and after 20 h of UV irradiation. The inset shows the equivalent circuit containing 

constant phase elements (Q2) and resistance (R1) through FTO/catalyst and (R2) through 

catalyst/redox couple. (c) The corresponding Co 2p, and (d) N 1s XPS spectra. 

 

Supplementary Table 8 | The R1 and R2 of Co-PH before and after UV irradiation.  

 

 R1/ohm R2/ohm 

Before UV treatment 38.43 77.04 

After UV treatment 33.43 163.5 

 

  

770 780 790 800 810

In
te

n
s
it
y
 (

a
.u

.)

Binding Energy (eV)

 Before UV treatment

 After UV treatmentCo 2p

a b

c d

R1

Q2

R2

1.0 1.2 1.4 1.6 1.8

0

2

4

6

8

j 
(m

A
 c

m
-2

)

Potential (V vs RHE)

 Before UV treatment

 After UV treatment

392 396 400 404 408

In
te

n
s
it
y
 (

a
.u

.)

Binding Energy (eV)

 Before UV treatment

 After UV treatment
N 1s

30 60 90 120 150 180 210

0

20

40

60

80

100

Im
 (

o
h

m
)

Re (ohm)

 Before UV treatment

 After UV treatment



56 

 

Supplementary Fig. 52 | The stability tests of Co-PH on FTO. The Co-PH was in-situ deposited 

on bare FTO at (a) 50 mA cm-2, (b) 100 mA cm-2, (c) 200 mA cm-2 for 5 h and thereafter operated 

at 10 mA cm-2 in Co(phen)2(OH)2-containing 1.0 M NaOH, respectively. 
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Supplementary Fig. 53 | Online GC monitoring oxygen evolution and faradaic efficiency. 

The amount of O2 evolved on Co-PH (upper), and the faradic efficiency along with the OER curve 

at 10 mA cm-2 (lower). The online GC was carried out in a gas-tight H-cell with a typical three-

electrode system, and the content of O2 during the in-situ deposition process of Co-PH on FTO 

was obtained in Co(phen)2(OH)2-containing 1.0 M NaOH. The generated O2 was measured at 5 

min intervals. 
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Supplementary Fig. 54 | The effect of 500 h durability test at 10 mA cm-2. (a) The ohmic 

resistance of Co-PH on FTO after 500 h of deposition/operation in Co(phen)2(OH)2-containing 

1.0 M NaOH. (b) The corresponding CV curves. Noting that the overpotential at 10 mA cm-2 was 

acquired from the backward scan. (c) The corresponding photographs and composition mapping 

(by XRF) of Co-PH after the 500 h stability test. The color bar indicates the distribution of the Co 

element. 
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Supplementary Fig. 55 | The intrinsic activity of Co-PH on FTO with iR correction after 500 

h of operation at 10 mA cm-2. (a) CV curves of Co-PH (after 500 h of deposition in a non-Faradic 

region (0.6 ~ 0.7 V)) in 1.0 M NaOH at a scan rate of 0.1 V s-1 to 0.5 V s-1. (b) Liner fitting of the 

cathodic and anodic charging current density at 0.65 VRHE as a function of scan rate. (c) The 

ECSA-normalized CV curves of Co-PH after 500 h of deposition. Noting that the overpotential at 

10 mA cm-2 was acquired from the backward scan. 
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Supplementary Table 9 | The comparison of activity and stability of Co-based catalysts in 

alkaline electrolytes. 

Catalyst Electrolyte Substrate ηgeo ηECSA Stability Ref. 

Co-PH 1 M NaOH FTO 216 218 ＞ 1600 h This work 

Co-PH 1 M NaOH FTO 
237 @ 20 

mA cm-2 

239 @ 20 mA 

cm-2 
NA This work 

Co-PH 1 M NaOH FTO 
260 @ 30 

mA cm-2 

263 @ 30 mA 

cm-2 
NA This work 

CoOOH 0.1 M KOH Au 550 NA NA 26 

Porous Co-P 1 M KOH Co foam NA 
380 @ 0.0269 

mA cm-2 
~3000 h 27 

Ag doped CoOOH 1 M KOH Au 256 NA ~ 2 h 28 

Cu doped CoOOH 1 M KOH Cu 322 NA NA 28 

Fe-Co3O4 HHNPs 1 M KOH GCE 262 
300 @ 0.033 

mA cm-2 
~ 50 h 29 

Co-TiO2 1 M KOH CP 332 NA ~ 45 h 30 

CoCo-NS 1 M KOH GCE ~360 NA ~ 13 h 31 

NiCo NS 1 M KOH GCE ~325 ~330 ~ 13 h 31 

CoMn LDH 1 M KOH GCE 324 NA ~ 14 h 32 

CoFe LDH 0.1 M KOH GCE 404 NA NA 33 

CoFe LDH 1 M KOH GCE 321 NA NA 34 

FeCo LDH 1 M KOH GCE 334 NA NA 35 

FeCo (0.38% Fe2+) 1 M KOH CP 266 NA NA 36 

Boronized NiFe 1 M KOH NiFe sheet ~270 309 ~3000 h 37 

3DGN/CoAl-NS 1 M KOH GCE 250 NA ~ 30 h 38 

LiCoCl1.8Cl0.2 1 M KOH GCE 
290 @ 20 

mA cm-2 
NA ~500 h 39 

LiCoCl1.8Cl0.2 1 M KOH GCE 280 280 NA 39 

G-FeCoW 1 M KOH Au 315 NA NA 35 

G-FeCoW 1 M KOH FTO 
314 @ 1.0 

mA cm-2 
NA NA 35 

G-FeCoW 1 M KOH GCE 223 NA NA 35 

G-FeCoW 1 M KOH 
Au-plated 

Ni foam 

191 @ 30 

mA cm-2 
NA ~500 h 35 

CoFeO@BP 1 M KOH GCE 266 NA ~ 24 h 40 

CoSe2 1 M NaOH GCE ~380 NA ~ 8 h 41 

CoSe2-DFe-VCo 1 M NaOH GCE ~310 NA ~ 8 h 41 

NiCoP/C 1 M KOH GCE ~330 NA ~ 10 h 42 

(Ni2Co1)0.925Fe0.075

-MOF 
1 M KOH GCE 257 NA ~ 35 h 43 
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Ni(Fe)OOH-FeSx 1 M KOH Ni foam 220 NA ~ 16 h 44 

FeCoMoW 1 M KOH CP 212 NA NA 36 

Note: The overpotential and stability are obtained at 10 mA cm-2 if there are no specific notes.  

FTO: Fluorine-doped tin oxide glass 

CP: Carbon paper.  

GCE: Glass carbon electrode. 
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Supplementary Fig. 56 | Structures of different surface phases on CoO2. (a) surface O sites 

are adsorbed with H (Had) to form bridge OH species; (b) surface Co sites are adsorbed with atop 

OH (OHad), and (c) both Had and OHad are existing. The adsorbates of surface phases are 

highlighted by light blue circles on the top views. 
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Supplementary Fig. 57 | The reaction free-energy diagrams for OER on CoO2 and Co-PH with 

atop OH* as reaction centers at 0 VRHE. 

 

 

 

Supplementary Fig. 58 | The reaction free-energy for deprotonation of atop OH* and bridged 

OH* on CoO2 and Co-PH. 

 

0

1

2

3

4

5

6

CoO2

Co-PH

F
re

e
 e

n
e
rg

y
 (

e
V

)

Reaction Coordinates

OH* + 4OH ̄ 

O* + H2O + 3OH ̄  + e ̄

OOH* + H2O + 2OH ̄  + 2e ̄

O2 + V + 2H2O + OH ̄  + 3e ̄

O2 + 2H2O + 4e ̄U = 0 VRHE

atop OH* as reaction sites

2.22 eV

η = 0.99 V

2.19 eV

η = 0.96 V 

a

1.5

1.7

1.9

2.1

2.3

2.5
atop OH* → atop O*

R
e
a
c
ti
o
n
 F

re
e
-e

n
e
rg

y
 (

e
V

) 
 

CoO2 Co-PH

bridge OH* → bridge O*

c



64 

 

Supplementary Fig. 59 | Structures of reaction intermediates for OER on Co-PH and CoO2. 

The structures of reaction intermediates for OER on (a) Co-PH and (b) CoO2. The adsorbates are 

highlighted by light blue circles on the top views (upper) and side views (under). The number 

labeled on atoms are their magnetic moments in the Bohr magnetic (μB). The magnetic moment 

of Co4+ is 1 μB, and the magnetic moment of 0 μB or 1.9 μB indicates the Co3+. 
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Supplementary Fig. 60 | Charge density differences of Co-PH during the OER process. The 

upper one is the top view and the bottom one is the side view. The purple isosurfaces correspond 

to charge densities of 0.011 e/Bohr3 and represent an increase in the total charge density. The 

orange isosurfaces correspond to charge densities of -0.011 e/Bohr3 and represent a decrease in 

the total charge density.  
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Supplementary Fig. 61 | Reaction free-energy diagrams for OER on Co-PH at different 

potentials. The reaction free energies at 1.23 VRHE are in blue, and 1.63 VRHE are in red. Insets 

are the corresponding enlarged models. 
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Supplementary Table 10 | Magnetic moment (μB) of Co atoms on the different reaction sites 

of the Co-PH OER models which are corresponding to the models in Supplementary Figs. 

58-65. 

 

 

  

Co1-O5-Co2 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

V 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 1 

Co3-O6-Co1 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

V 2 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

Co2-O7-Co4 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

V 1 0 1 2 1 1 1 1 1 1 1 1 1 1 1 1 

Co3-O8-Co4 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

V 1 1 2 0 1 1 1 1 1 1 1 1 1 1 1 1 

Co13-O33-Co14 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

V 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 

Co14-O34-Co15 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

V 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 

Co15-O35-Co16 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 

V 1 1 1 1 1 1 1 1 1 1 1 1 0 1 2 1 

Co16-O36-Co13 Co1 Co2 Co3 Co4 Co5 Co6 Co7 Co8 Co9 Co10 Co11 Co12 Co13 Co14 Co15 Co16 

OH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

O* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

OOH* 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

V 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 2 
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Supplementary Fig. 62 | Reaction free-energy diagram of the Co1-O5-Co2 reaction site on the Co-PH 

at 0 VRHE. (a) The reaction free-energy diagram on the Co1-O5-Co2 reaction site on Co-PH and (b) the 

corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H are 

represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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Supplementary Fig. 63 | Reaction free-energy diagram of the Co3-O6-Co1 reaction site on the Co-PH 

at 0 VRHE. (a) The reaction free-energy diagram on the Co3-O6-Co1 reaction site on Co-PH and (b) the 

corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H are 

represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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Supplementary Fig. 64 | Reaction free-energy diagram of the Co2-O7-Co4 reaction site on the Co-PH 

at 0 VRHE. (a) The reaction free-energy diagram on the Co2-O7-Co4 reaction site on Co-PH and (b) the 

corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H are 

represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 

 

  



71 

 

Supplementary Fig. 65 | Reaction free-energy diagram of the Co3-O8-Co4 reaction site on the Co-PH 

at 0 VRHE. (a) The reaction free-energy diagram on the Co3-O8-Co4 reaction site on Co-PH and (b) the 

corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H are 

represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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Supplementary Fig. 66 | Reaction free-energy diagram of the Co13-O33-Co14 reaction site on the Co-

PH at 0 VRHE. (a) The reaction free-energy diagram on the Co13-O33-Co14 reaction site on Co-PH and (b) 

the corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H 

are represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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Supplementary Fig. 67 | Reaction free-energy diagram of the Co14-O34-Co15 reaction site on the Co-

PH at 0 VRHE. (a) The reaction free-energy diagram on the Co14-O34-Co15 reaction site on Co-PH and (b) 

the corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H 

are represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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Supplementary Fig. 68 | Reaction free-energy diagram of the Co15-O35-Co16 reaction site on the Co-

PH at 0 VRHE. (a) The reaction free-energy diagram on the Co15-O35-Co16 reaction site on Co-PH and (b) 

the corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H 

are represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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Supplementary Fig. 69 | Reaction free-energy diagram of the Co16-O36-Co13 reaction site on the Co-

PH at 0 VRHE. (a) The reaction free-energy diagram on the Co16-O36-Co13 reaction site on Co-PH and (b) 

the corresponding models. The reaction sites are shown with light blue circles. Co4+, Co3+, N, C, O, and H 

are represented by silver, cyan, chocolate, gray, red, and pink balls, respectively. 
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