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Abstract.

Single atom catalysts exhibit well-defined active sites and potentially maximum atomic efficiency.
However, they are unsuitable for reactions that benefit from bimetallic promotion such as the
oxygen evolution reaction (OER) in alkaline medium. Here we show that a single atom Co
precatalyst can be in-situ transformed into a Co-Fe double atom catalyst for OER. This catalyst
exhibits one of the highest turnover frequencies among metal oxides. Electrochemical,
microscopic, and spectroscopic data including those from operando X-ray absorption
spectroscopy, reveal a dimeric Co-Fe moiety as the active site of the catalyst. This work
demonstrates double-atom catalysis as a promising approach for the developed of defined and
highly active OER catalysts.
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Introduction

The water splitting reaction provides a promising method to store intermittent renewable energy
resources in the form of hydrogen fuel.22 Currently the bottleneck of water splitting is its oxidative
half reaction, the oxygen evolution reaction (OER), which has a high thermodynamic potential
and is kinetically sluggish due to the involvement of four consecutive electrons and protons
transfer steps.®>® Considerable efforts have been devoted to develop heterogeneous OER
catalysts composed of earth-abundant metals.*” However, the heterogeneous nature of these
catalysts makes it difficult to probe the nature of their active sites.

Single-atom catalysis has emerged as a novel approach to combine the single-site nature of
homogeneous catalysis with the robustness and technical readiness of heterogeneous catalysis.®
10 The so-called single-atom catalysts are mono-dispersed metal atoms/ions stabilized by a
specific support, often via coordination to carbon and heteroatoms such as O, N, P, S, etc.8911.12
These catalysts are attractive because they exhibit maximum atomic efficiency and possess well-
defined active sites, which facilitate mechanistic understanding. Although a number of single-
atom catalysts have been developed for electrochemical reactions,**? only few single-atom OER
catalysts are reported.t316

OER in alkaline medium is an archetypical electrochemical reaction for which bimetallic catalysts
are often more active than monometallic catalysts.*>17-2° Based on time-resolved spectroscopic
measurements of intermediates in a photochemical OER catalyzed by Co30., Frei and co-workers
proposed that an oxygen-bridged Co-Co moiety reacted much faster than a single Co site.’
Moreover, benchmark works showed that the nickel-iron oxide (NiFeOy) and cobalt-iron oxide
(CoFeOy) are among the most active OER catalysts in alkaline solutions.**181° Incorporation of a
trace amount of iron will significantly enhance the activity of pure NiOx and CoOy, while pure FeOy
has low activity.?*?? It follows that instead of single-atom catalysts, a so-called double-atom
catalyst would be more active for OER. Recently, some double-atom catalysts were reported to
exhibit higher activity than single-atom catalysts for electrocatalytic oxygen reduction reaction
(ORR),Z CO: reduction,?* and cocatalyst for photoanode.?® However, double atom OER
electrocatalysts composed of only earth-abundant elements are hitherto unknown. Herein, we
report such a Co-Fe double-atom catalyst, which exhibits turnover frequencies (TOFS)
comparable to state-of-the-art OER catalysts. This double-atom catalyst is generated from a
single-atom Co pre-catalyst (Co-N-C) via an in-situ electrochemical method. The work presents,
to our knowledge, the first example of double-atom electrocatalyst that is highly efficient for OER.

Synthesis and Characterization of Pre-catalyst

Mg(OH). is a support material that is appropriate for dispersing the single atoms through a
moderate interaction of Mg(OH). with the metal species as well as its inertness towards the
reaction with metal ions during high temperature pyrolysis process.?® The single-atom Co pre-
catalyst dispersed on a N-doped carbon support (Co-N-C) was synthesized by calcining a mixture
of a Co(ll) complex of phenanthroline (Phen), extra Phen ligands, and Mg(OH). followed by acid-
washing of MgO (Scheme 1, detailed synthetic procedure is provided in Supporting Information).
The Mg(OH). served as a template and dispersing reagent. The X-ray diffraction (XRD) pattern
of Co-N-C showed only broad peaks at 26.2° and 42.9°, corresponding to the (002) and (004)
planes of graphitic carbon (Fig. S1). No peaks from either crystalline metal oxides or metallic



species were present. Raman spectrum of Co-N-C showed only two bands characteristic of
graphite carbon (G band at 1600 cm™) and defective carbon (D band at 1350 cm™, Fig. S2),
respectively,'+26-2 while no peaks corresponding to metallic cobalt or cobalt oxide were observed.
According to the physical adsorption-desorption measurement, the Co-N-C exhibits a high BET
(Brunauer-Emmett-Teller) surface area of 496 m?/g and a mesoporous feature (type IV isotherm
with a hysteresis loop),?° with a pore size distribution centered at 3.7 nm and a large pore volume
of 0.478 cm®/g (Fig. S3).
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Scheme 1. Synthesis of Co-N-C.
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Fig. 1 Characterization of Co-N-C pre-catalysts. (a) HR-TEM and (b) HAADF-STEM image of
Co-N-C; (c) the corresponding elemental EDXS mapping of Co-N-C; (d) spherical aberration
corrected HAADF-STEM image of Co-N-C: single atoms are seen as bright spots on the
background contrast from the carbon support. High resolution XPS of Co-N-C: (e) Co 2p, (f) N 1s
region.

Transmission electron microscopy (TEM) images further showed that Co-N-C is multilayered and
porous (Fig. S4). The corresponding selected area electron diffraction (SAED) pattern (Fig. S4
inset) indicated poor crystallinity, which was in accordance with the XRD results. The high-
resolution (HR-)TEM image also revealed a mostly amorphous carbon support, with only some
irregular lattice fringes (Fig. 1a). Neither CoOx nor metallic Co nanoparticles were observed.
Elemental energy dispersive X-ray spectroscopy (EDXS) mapping images recorded in high-
angular annular dark field scanning transmission electron microscopy (HAADF-STEM) mode
showed the material is composed of C, N, O, and Co (Fig. 1b and 1c, S5), in which Co is
homogeneously distributed across the whole material. Spherical aberration corrected HAADF-
STEM images (Fig. 1d and Fig. S6) showed many well-dispersed bright dots, each having a size
of below 0.2 nm. These dots are attributed to single Co atoms dispersed on the carbon support.®1?
Note that as the Co atoms are distributed through a carbon support that is amorphous, multi-
layered, and not flat, only the Co atoms which are at the focal height of the electron probe appear
sharp, while Co atoms at other heights are imaged as blurry spots.31527

X-ray photoelectron spectroscopy (XPS) reveals the chemical composition and oxidation states
of Co-N-C. In Co 2p region, the Co2ps, (780.7 eV) and Co2pi. (796.3 eV) subpeaks and two
satellite peaks at 785.1 and 801.3 eV suggested that the oxidation state of Co is +2 (Fig. 1e).1426:30
The high-resolution N 1s XPS spectrum (Fig. 1f) was deconvoluted into four different types of N
species including pyridinic N (398.6 eV), pyrrolic N (399.7 eV), graphitic N (401.1 eV), and
oxidized N (402.9 eV).133! The peak at 406.2 eV indicates the existence of a little amount of
adsorbed nitrate anions caused by nitric acid post-treatment.*? A large proportion of pyridinic and
pyrrolic N provide sufficient sites for anchoring and stabilizing Co single atoms.*%3! The subpeaks
at 286.1, 287.8, 289.9 eV in C1s region (Fig. S7a) suggested that the material contains hydroxyl
(C-OH), carbonyl (C=0), C=N, and carboxylic functional groups.33 The O 1s spectrum was



deconvoluted into two peaks at 531.5 and 533.2 eV, which were attributed to C=0 and C-OH
groups, respectively (Fig. S7b).?63* The oxygen groups were inadvertently introduced during the
synthetic process.

Electrocatalytic activity for OER

The Co-N-C was initially deposited on glassy carbon (GC) electrode to evaluate its OER activity.
An activation process was observed during consecutive cyclic voltammetry (CV) scans (Fig. S8a).
Both chronoamperometry and chronopotentiometry could also be employed to activate the
catalytic material (Fig. S8b, S8c), but chronopotentiometry led to better activity (Fig. S8d).
Carbon-cloth (CC) electrode was adopted in order to further improve the catalytic performance
due to its higher surface area and better conductivity. After activation (Fig. S9), Co-N-C on CC
exhibited an overpotential of 321 mV to reach 10 mA/cm?, with a Tafel slope of 40 mV/dec (Fig.
2a; Fig. S10). Measurements on multiple samples resulted in good data reproducibility on both
GC and CC electrodes (Fig. S11, Table S1). To evaluate the stability of the catalyst, accelerated
degradation measurements were performed using continuous fast CV scans. The polarization
curve of the catalyst obtained after 3000 CVs exhibited a negligible increase in overpotential (4
mV) for 10 mA/cm? compared to the initial curve, indicating excellent stability (Fig. 2a). Moreover,
a galvanostatic measurement was conducted at a current density of 10 mA/cm?. No significant
overpotential increase was observed during 16 h of electrolysis (Fig. 2b). The Faradaic efficiency
of OER was determined as 98%, implying almost all of the current was in charge of catalytic water
oxidation (Fig. S12).

The activation process of Co-N-C led to incorporation of Fe ions, as confirmed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). In a typical sample, the loadings of Co
and Fe were 9.4(+1.4) x10® mol/cm? and 8.6(x1.6) x10° mol/cm? after activation, respectively.
According to previous reports, trace amount of iron ions are essential for the high activity of NiOx
and CoOy pre-catalysts.??2 To verify the role of Fe in the activity of Co-N-C, a number of
experiments have been conducted (Fig. 2c and 2d). First, the Co-N-C was tested in an iron-free
KOH solution (1 M, obtained by treating with Ni(OH),, see Supporting Information for details), the
initial activity was low, with an overpotential of 495 mV at 10 mA/cm? and a Tafel slope of 72
mV/dec. The activity could be improved by prolonged electrolysis to reach an overpotential of 443
mV at 10 mA/cm? and a Tafel slope of 58 mV/dec. The activities are much lower than that of the
activated Co-N-C in a "normal" KOH solution which contains a trace amount of iron ions (0.18
ppm). Addition of 10 ppm of Fe(NO3)3-9H,0 into the "normal" KOH further improved the activity.
The overpotential at 10 mA/cm? was decreased to 309 mV. These results (Fig. 2¢, 2d,) support
the hypothesis that iron incorporation is essential for the high activity of Co-N-C. A new reduction
peak at 1.189 V emerged after activation in Fe-containing “normal” KOH, while the corresponding
oxidation peak was hidden by background capacitive current (Fig. S13). This feature was absent
for the catalyst activated in Fe-free KOH. This new redox feature indicates the presence of a new
Co species formed upon Fe incorporation. The activated Co-N-C catalyst is then labeled as Co-
Fe-N-C.
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Figure 2. Electrocatalytic performance for OER. (a) Polarization curve of Co-N-C on CC
electrode before (red) and after (black) 3000 CVs. (b) Long-time galvanostatic curve of the Co-N-
C (j = 10 mA/cm?2). (c) LSVs of the Co-N-C at different kinds of KOH (with different concentration
of Fe3+) and (d) corresponding Tafel slope derived from (c). The summary of the performance is
in Table S2.

Characterization of Activated Catalyst

The HR-TEM image of Co-Fe-N-C revealed a morphology similar to Co-N-C and with no obvious
aggregated nanoparticles (Fig. 3a). Many atomically dispersed metal atoms were observed in
spherical aberration corrected HAADF-STEM images (Fig. 3b, Fig. S14). Elemental EDXS
mapping spectra (Fig. 3c, 3d, S15) showed that both Co and Fe were homogeneously distributed
throughout the material. Some possible double-atom pairs were visible in HAADF-STEM imaging
(Fig. S16). While it is tempting to assign them to the Co-Fe dimer, unambiguous confirmation is
not possible because, as such images correspond to a 2D projection of a 3D structure, they might
also originate from Co atoms that are separated by height in the amorphous carbon but which
nearly overlap in the imaging projection. Unequivocal imaging of first-row transition metal double-



atom pairs supported in a 3D substrate remains a fundamental challenge to be addressed in the
future.

Fig. 3 Characterization of Co-Fe-N-C. (a) HR-TEM and (b) spherical aberration corrected
HAADF-STEM image of Co-N-C after activation in Fe containing KOH (Co-Fe-N-C). Detailed
analysis of the possible double-atoms is in Fig. S16. (¢) HAADF-STEM image of Co-Fe-N-C and
(d) the corresponding elemental EDXS mapping of (c).



Only a very small amount of Co-containing nanoparticles were observed in Co-Fe-N-C (Fig. S17).
However, nearly no Fe species were observed within these nanopatrticles. Their tiny quantity and
large size suggested that they are unlikely to be the active species for OER. To better evaluate
the activity of these Co-containing nanoparticles, they were purposely prepared at a high pyrolysis
temperature of 900 °C (see Supporting Information for preparation and Fig. S18-S20 for
characterization). The resulting material, termed Co-N-C-900, exhibited much lower activity than
Co-N-C after the same activation process, despite similar Co loadings compared to Co-N-C (Fig.
S21). This result further supports the hypothesis that the active sites of Co-Fe-N-C are atomically
dispersed reaction centers.

The activity of Co-Fe-N-C depends critically on the number of iron sites. The current density at
1.55 V vs. RHE is roughly proportional to the loadings of Fe (Fig. S22). The loadings of Fe could
be roughly controlled by changing the activation time and the Fe concentration in KOH.
Interestingly, the absorption of Fe ions from Fe-containing solution is reversible. When OER
electrolysis was conducted over a long period of time (2 h) using Co-Fe-N-C in a Fe-free KOH
solution, the amount of Fe in the catalyst decreased, and the OER activity also became worse.
The activity could be recovered in KOH solutions containing even a trace amount of Fe ions,
suggesting a fast equilibrium between absorption and desorption of Fe ions (Fig. S23).

Determination of active site by operando XAS and comparison of
turnover frequencies

To probe the changes of the structures of the catalytic sites during activation and catalysis,
operando X-ray absorption spectroscopy (XAS) was applied to both the as-prepared material and
the activated catalyst under OER conditions. Fig. 4a shows the operando Co K-edge X-ray
absorption near edge spectra (XANES) of the as-prepared Co-N-C, the activated Co-Fe-N-C, and
with various OER duration, together with reference samples of cobalt oxides and CoOOH.**3¢The
spectroscopic features of Co-N-C and Co-Fe-N-C are significantly different from those of Co foil,
all cobalt oxides and CoOOH. The oxidation state of Co ion in Co-N-C is close to +2, since the
energy of main absorption edge coincides with that of Co(2+)O and is slightly lower than that of
Co3(8/3+)04 (Fig. 4b). This result is consistent with the observation from the XPS study (see
above). After activation, the absorption edge increased, indicating the formation of Co(3+). The
structural evolution and the formation of Co-Fe double-atomic catalyst are further revealed by
operando Extended X-ray Absorption Fine Structure (EXAFS) spectra at the Co K-edge (Fig. 4c
and S24, Table 1 and S3). The first coordinated shell ranging from 1.5-2 A is attributed to the
single scattering paths of closest C, N, and O, while the second coordinated shell with a range
from 2-3 A results from the single scattering paths of outer neighboring C and metal (i.e., Fe)
surrounding the absorbing Co ions. In the dry sample of Co-N-C, the Co ions are five-coordinated
and are surrounded by about three N, one C, and one O atoms (Fig. 4d and Fig. S25). The O
atom likely came from an absorbed hydroxyl or water group. Once the Co-N-C sample is in contact
with the electrolyte (1M KOH), two of the coordinated N atoms, or one N and one C atom, were
replaced by three new O atoms, as indicated by the extracted structural parameters (Fig. 4c and
Table 1). A proposed structural model is shown in Fig. 4d, where the coordinated oxygen groups
are assigned as OH- and H20 from the electrolyte. Apparent distances of all paths are slightly
shorter than those of the as-prepared Co-N-C (dry powder), which might be ascribed to the
oxidation of Co ions. Most interestingly, after activation and Fe incorporation a new scattering



path (Co-Fe) was observed at 2.51 A with a CN value of ~ 0.25. This apparent distance is
significantly shorter than that of Co-Fe in spinel oxide*” and slightly larger than the atomic radius
of Co(0)-Fe(0)%, indicating a newly formed Co-Fe interaction with a specific geometry. A structural
model is shown in Fig. 4c and 4d. The CN value of 0.25 suggests only one-fourth Co ions interact
with Fe ions in Co-Fe-N-C.

To probe the structures of the active site in Co-Fe-N-C during OER, operando XAS is conducted
(Fig. 4c). Even after OER for 180 min, no significant structural change was found in all interaction
paths except for a minor change in the Co-Fe path, indicating the present double-atom
electrocatalyst is robust. As compared to that of activation sample, the apparent distance of Co-
Fe path during OER increases by approximately 0.12 A, while the CN value of Co-Fe path also
increases slightly, probably due to more Fe incorporation from the electrolyte. The increase in the
bond length of the Co-Fe path might be due to the enhanced interaction of OH-/H20 with Co ions
during OER, which weakens the Co-Fe interaction.

The observed CN value of Co-Fe path after OER for 180 min suggests that one-third Co ions form
a Co-Fe interaction. This ratio is higher than the Fe:Co ratio determined by post-catalytic ICP-
AES. The discrepancy is attributed to the higher surface sensitivity of the fluorescence-yield XAS
(< 100 nm) compared to ICP-AES (bulk). It is noted that the first coordinated shell of Co-Fe-N-C
remains nearly identical during OER, indicating that the in-situ formed Co-Fe-N-C double-atomic
structure is stable during extended OER. Notably, the possibilities of the formation of CoOOH and
any type of cobalt oxides can be excluded even after reacting for 5 h, since the spectroscopic
features of Co-N-C and Co-Fe-N-C are evidently different from those cases (Fig. S26).

As illustrated in Fig. 4b, the oxidation state of Co is significantly higher than +3 after 45 min of
OER and it reaches an even higher value after 180 min of OER. This observation would be
consistent with a Co(lV)=0O species acting as the intermediate of OER. Because of the
fundamental challenge to obtain in-situ the XAS spectrum of Fe ions in Co-Fe-N-C due to the
extreme low Fe amount, XAS analysis of Fe K edge was conducted on the post-catalytic samples
of Co-Fe-N-C. Both the XANES and EXAFS spectra are characteristic of a divergent feature from
those of reference cases including the FeOOH, metal oxides and metallic foil (Fig. S27 and S28),
while the oxidation state of Fe is approximately +3. The major coordinated element in the first
shell is oxygen. The presence of a rather weak peak at the second scattering shell is attributed to
the single-scattering path of Fe-Co, in which the CN and the apparent distance is ~0.96 and 2.69
A, respectively (Fig. S28). The CN value (~0.9) indicates that most Fe ions are bonded with Co
ions to form the double-atom moiety as proposed in Fig. 4d. The distance of Fe-Co obtained from
the Fe K edge data is consistent with that obtained from the Co K edge data.

Summing up, the XAS data reveal the following structural evolution of the single-atom Co
precatalyst during activation and OER (Fig. 4d): the as-prepared sample comprised of atomically
dispersed Co atoms stabilized by three N and one C atoms from the N-doped carbon support and
one oxygen from OH/H,0; upon immersion into an alkaline electrolyte, the ligand environment of
Co ions changes significantly, and the Co ions are now coordinated to 1 C and 1 N from the
support and 4 OH/OH; groups coming from the electrolyte. After electrochemical activation, Fe
is incorporated and a dimeric Co-Fe moiety is formed, probably through one or two bridging OHs.
This structure remains stable during OER. Taking into consideration of the essential role of Fe in
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catalysis and the activity scales with the amount of Fe, we attribute this dimeric, Co-Fe double-
atom site as the active site of Co-Fe-N-C.
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Fig. 4. Operando X-ray absorption spectroscopy. (a) XANES spectra, (b) K-edge energies (at
50% level) of XANES spectra in Fig. (a) and cobalt references compounds containing Co(0),
Co(ll), or Co(lll). (c) Fourier transform of Co K-edge EXAFS spectra w/o phase correction for as-
prepared Co-N-C and the catalyst after activation as well as under OER for various durations. (d)
Proposed model for the formation of Co-Fe double-atom catalyst; after immersing the pre-catalyst
in the electrolyte solution, either two N or one N and one C were replaced by O. For simplicity,
only the model where two N were replaced is shown. (e) Potential dependent TOFs of Co-Fe-N-
C (blue curve) and comparison with selected state-of-the-art catalysts.

Table 1. Structural parameters of Co-N-C extracted from in-situ Co K-edge EXAFS refinement for

as-prepared Co-N-C and after activation as well as under OER for various duration.

condition path R (A) N o2 (A?) R factor
' Co-C 1.61(2) 1.10(1) 0.0097(3)
Co-N 1.89(1) 3.36(2) 0.0085(1)
As-prepared
Co-0 2.15(2) 0.75(2) 0.0039(4) 9.899
Co-Fe - - -
' Co-C 1.36(3) 0.43(1) 0.0090(9)
In electrolyte Co-N 1.64(1) 1.53(1) 0.0099(1)
Co-0 1.86(1) 3.21(1) 0.0055(1) 3.962
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Co-Fe - - -

Co-C 1.48(3) 0.47(3) 0.0097(5)
Co-N 1.67(1 1.48(6 0.0094(4
Activation © (@) ©) “)
Co-0 1.86(1) 3.32(5) 0.0062(1) 2.978
Co-Fe 2.53(3) 0.22(2) 0.0095(7)
' Co-C 1.48(3) 0.46(1) 0.0098(6)
Co-N 1.67(1 1.51(2 0.0085(2
- 0 ® @ @
Co-O 1.86(1) 3.45(2) 0.0061(1) 2.881
Co-Fe 2.65(3) 0.26(2) 0.0089(4)
' Co-C 1.40(6) 0.46(2) 0.0091(7)
180 min Co-N 1.68(2) 1.52(4) 0.0096(2)
Co-0 1.87(1) 3.25(3) 0.0047(1) 3.039
Co-Fe 2.68(2) 0.27(2) 0.0095(4)

As the XAS results above indicated the active site of Co-Fe-N-C is the Co-Fe dimeric unit, the
turnover frequencies (TOFs) of the catalyst could be calculated using the total amount of such
units (Fig. 4e). With TOFs of higher than 1 s at (1111300 mV and about 12 s at [1 = 350 mV,
the Co-Fe-N-C has activity comparable to the most active nanomaterials based on transition
metals (Table S4).213%46 |t is noteworthy that the Co-Fe-N-C also exhibited the best OER
performance compared to previously reported OER catalysts consisted of single atoms or sub-
nano clusters (Table S5).14.16:47

Conclusions

In summary, electrochemical activation of Co species atomically dispersed on nitrogen-doped
carbon (Co-N-C) in Fe-containing alkaline electrolyte led to incidental Fe-incorporation and the
formation of a Co-Fe double-atom catalyst (Co-Fe-N-C). Fe is essential for the enhanced activity
of Co-Fe-N-C compared to Co-N-C, and the activity of the former scales with the amount of Fe.
Operando XAS data indicate that Co-N-C undergo major structural changes upon immersion into
an alkaline electrolyte, followed by Fe incorporation during electrochemical activation to yield a
dimeric Co-Fe structural motif that is the active site for OER. This double-atom active site appears
to be stable during OER. Its TOF is among the highest for non-precious OER catalysts. This work
introduces an easily accessed, molecularly defined, and earth-abundant bimetallic
electrocatalysts for OER. Such double-atom catalyst bridges the transitionally separated
molecular and solid-sate catalysts, thereby offering an attractive platform for the fundamental
studies of metal oxides in OER.
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Experimental Section
Synthesis.

All the chemicals (including metal salts and organic ligands) were purchased from Sigma-Aldrich
unless otherwise noted. The solvents include ultra-pure water (18.2 MQ/cm), ethanol (Fluka), and
isopropanol (Fluka).

Synthesis of the Co-N-C pre-catalyst. 0.5 mmol Co(OAc)2-4H.0 (125 mg, Ac = acetate) was
dissolved in 40 mL ethanol. An ethanol solution (10 mL) of 1,10-phenanthroline (Phen, 1.0 mmol,
180 mg) was added dropwise and the reaction mixture was sonicated for 30 min. 90 mg of Phen
and 4 g of Mg(OH). were then added and the reaction mixture was further sonicated for 30 min.
The mixture was then refluxed at 60 °C for 4 h. The ethanol solvent was removed by rotary
evaporation and the remaining solids were dried overnight in air and finely ground. The powder
was calcinated at 700 °C for 2 h under a nitrogen atmosphere (ramping rate: 2 °C/min). A black
solid was obtained. It was stirred in a 1 M HNO3 solution at room temperature for 2 h to remove
the MgO support and residual cobalt nanoparticles. The solid was further washed with ultra-pure
water until the filtrate became neutral. The solid was dried in air at room temperature overnight
(see Scheme S1 for illustration).

Synthesis of the Co-N-C-900C reference. 0.5 mmol Co(OAc)2-4H,0 (125 mg) was dissolved in
40 mL ethanol. An ethanol solution (10 mL) of 1,10-phenanthroline (Phen, 1.0 mmol, 180 mg)
was added dropwise and the reaction mixture was sonicated for 30 min. 90 mg of Phen and 4 g
of Mg(OH). were then added and the reaction mixture was further sonicated for 30 min.The
mixture was then refluxed at 60 °C for 4 h. The ethanol solvent was removed by rotary evaporation
and the remaining solids were dried overnight in air and finely ground. The powder was calcinated
at 900 °C for 2 h under a nitrogen atmosphere (ramping rate: 2 °C/min). A black solid was obtained.
It was stirred in a 1 M HNOs solution at room temperature for 2 h to remove the MgO support.
The solid was further washed with ultra-pure water until the filtrate became neutral. The solid was
dried in air at room temperature overnight.

Preparation of Fe-free (Ni-containing) KOH. The Fe impurities in normal KOH solutions can be
removed by treating with high-purity Ni(OH)..22 In a clean 50 mL polypropylene centrifuge tube, 2
g of Ni(NO3)2-6H,0 (99.99%) was dissolved in 5 mL of ultrapure water. 20 mL of 1 M KOH solution
was added to give a Ni(OH). precipitate. The suspension was agitated and centrifuged, and the
supernatant was decanted. The Ni(OH). precipitate was washed with ultrapure water for three
times by centrifugation. The solid was dispersed in 10 mL of 1 M KOH by centrifugation, and the
supernatant was decanted. This solid was used as the Fe-absorber. The normal KOH solutions
could be cleaned by adding to this Ni(OH).. The cleaning procedure involves dispersing Ni(OH).
in the KOH solution, mechanically agitated over-night, followed by at least 3 h of resting.

Physical Characterizations

Powder X-ray diffraction (XRD) measurements were carried out on an X'Pert Philips
diffractometer in Bragg-Brentano geometry with monochromatic Cukq radiation (0.1541 nm) and
a fast Si-PIN multi-strip detector. The step size was 0.02 degree s. Transmission electron
microscopy (TEM) was performed on an FEI Talos-S operated at 200 kV high tension. Elemental
energy dispersive X-ray spectroscopy (EDXS) mapping was used for elemental characterization,
with simultaneously acquired high-angular annular dark field scanning transmission electron
microscopy (HAADF-STEM) images showing atomic number and thickness contrast. For atomic

14



resolution imaging, the measurements were performed on an FEI Titan Themis 60-300 operated
at 200 kV with an aberration-corrected electron probe and using HAADF-STEM conditions.
Samples for TEM were prepared by drop-drying the samples from their diluted ethanol
suspensions onto carbon-coated copper grids. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a PHI5000 VersaProbe Il XPS system by Physical Electronics
(PHI) with a detection limit of 1 atomic percent. Monochromatic X-rays were generated by an Al
Ka source (1486.7 eV). The diameter of the analyzed area is 10 um. Raman spectrum was
recorded on a LabRAM high resolution Raman spectrometer. The power of laser was set as 0.1%
in order to alleviate the damage of carbon matrix caused by stronger laser beam. ICP-AES
(Inductively coupled plasma — Atomic Emission Spectroscopy) results were obtained by a Nexlon
350 (Perkin Elmer) machine. Before dissolving in ultra-pure nitric acid (65%, Merck KGaA), all the
samples were put in muffle oven and then heated at 600 °C for 12 h in air to remove carbon
support and make sure all of the metal ions were exposed to be digested by nitric acid. N»-
physisorption measurements were performed on a Micromeritics 3Flex apparatus at liquid
nitrogen temperature between 10° and 0.99 relative N, pressure. Samples (ca. 100 mg) were
dried at 120°C under vacuum (< 10 mbar) for 4 h and a leak test was performed prior to analysis.

Operando X-ray Absorption Spectroscopy (XAS)

The operando XAS were recorded at SP8 (Japan) 12B2 Taiwan beamline of National Synchrotron
Radiation Research Center (NSRRC), the electron storage ring was operated at 8.0 GeV with a
constant current of ~100 mA. The operando XAS measurement was performed at the desired
condition with a special cell designed for these experiments, and the data were collected in
fluorescence mode.

XAS data analysis. An E° values of 7709.0 eV was used to calibrate all data with respect to the
first inflection point of the absorption K-edge of Co foil, respectively. The backscattering amplitude
and phase shift functions for specific atom pairs were calculated ab initio using the FEFF8 code.
X-ray absorption data were analyzed using standard procedures, including pre-edge and post-
edge background subtraction, normalization with respect to edge height, Fourier transformation,
and nonlinear least-squares curve fitting. The normalized k3-weighted Extended X-ray Absorption
Fine Structure (EXAFS) spectra, k3x(k), were Fourier- transformed in a k range from 1.5 to 11 A-
1 to evaluate the contribution of each bond pair to the Fourier transform (FT) peak. The
experimental Fourier-filtered spectra were obtained by performing an inverse Fourier
transformation with a Hanning window function with r between 0.8-2 for first coordinated shell
and 1.8-3.1 A for second coordinated shell. The Se? (amplitude reduction factor) values of the Co
was fixed at 0.88, to determine the structural parameters of each bond pair.

Electrochemical Characterizations

The catalyst ink was prepared by mixing of 1 mL water, 0.25 mL isopropanol, 0.01 mL 5 wt%
Nafion solution and 3 mg catalysts. The ink was sonicated for at least 2 h. Then 10 or 40 pL of
the ink was uniformly loaded onto a glassy carbon electrode (GC, freshly polished, 0.07065 cm?)
or a carbon cloth electrode (CC, plasma treated, 0.25 cm?), respectively. The electrodes were
dried in a 75 °C oven for 30 mins before measurements.

The electrochemical measurements were performed in a three-electrode electrochemical cell, in
which Pt wire and Ag/AgCl electrode were used as counter and reference electrode, respectively.
The working electrode and reference electrode were separated with counter electrode by a glass
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frit. 1M KOH standard solution (Merck KGaA, pH = 13.6) and polypropylene beakers were
adapted in order to make our measurements rigorous. All potentials were reported versus the
reversible hydrogen electrode (RHE) unless otherwise specified by using the follow equation:
E(RHE) = E(Ag/AgCI)+0.197 V+0.0592x13.6 V. The solution was stirred by a magnetic stirring
bar in all of the electrochemical measurements. All of the electrochemical results were
compensated with solution resistance. The polarization curves were recorded by the linear scan
voltammetry (LSV), the scan rate was 2 mV/s and 0.5 mV/s for GC and CC electrode, respectively.
To investigate redox peaks, the scan rate was set to 50 mV/s in order to obtain higher signal to
background ratio. The activation curves were measured in chronopotential mode with a current
density of 2 mA/cm?, via the stability test were measured at a current density of 10 mA/cm?. Five
cyclic voltammetry (CV) scans should be carried out before galvanic static activation in case to
oxidize the carbon surface (vide infra). Accelerated degradation studies were performed in
continuous CV scans at a scan rate of 50 mV/s for 3000 cycles (electrochemical window: 0.2—-0.6
V vs. Ag/AgCI). The TOF could be calculated as Eq. S1, where J is the anodic current density at
certain overpotential, A is the geometrical surface area of the electrode, F is the Faraday constant
(96485 C/mol), and m is the loadings of dimeric active sites (see main text for the details).
Faradaic efficiency were determined in a gas-tight H-type electrochemical cell. The cell was filled
with 1M KOH solution until the headspace of the compartment containing the working electrode
was about 9.2 ml. The oxygen probe was inserted into this headspace. The quantification of
oxygen was performed using an Ocean Optics Multifrequency Phase Fluorimeter (MFPF-100)
with a FOXY-OR 125 probe. A linear two-point calibration curve was created using air (20.9% O5)
and the headspace purged with N2 for more than 1 h (0% O-). A constant oxidation current of 2.5
mA (corresponding to a current density of 10 mA/cm?) was passed for 300 min. It should be
mentioned that the final volume increased to 12 mL due to the increased pressure. The Faradaic
yield was calculated from Eq. S2, where P is the pressure of atmosphere (1.013x10° Pa), V is the
volume of the headspace, R is the universal gas constant (8.314 J /(mol K)), T is the
environmental temperature (298.15K), w(O5) is the volume concentration of oxygen measured by
the oxygen sensor, | is the constant current (2.5 mA), t is the time (s) for the galvanic static
electrolysis, and F is the Faraday constant. The volume of the head space was assumed to
increase linearly with the concentration of oxygen, that is w(0)/0.232x(12.0-9.2)+9.2 (23.2% was
the final oxygen concentration).

JxA

TOF = T m (Eq. 1)

__ PV xw(0,)x4F
FE% = ~RTxQt %X 100% (Eq. 2)
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