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Mono-dispersed transition metal atoms supported on solid substrates have recently
emerged as an exciting class of single atom catalysts with the combined merits of both the
homogeneous and heterogeneous catalysts, including high atom utilization efficiency,
superior durability and excellent recyclability. Rational design and synthesis of single atom
catalysts are of immense interest but have so far been plagued by the lack of a definitive
structure-catalytic property correlation. The development of general synthetic strategy to
mono-dispersed single atoms with systematically tunable active sites and the ability to

identify the exact atomistic coordination configurations are both essential in addressing
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such challenges. Here we report a general approach to a series of mono-dispersed atomic
transition metals (e.g., Fe, Co, Ni) embedded in nitrogen-doped graphene. The systematic
X-ray absorption fine structure analyses and direct transmission electron microscopy
imaging unambiguously reveal single metal atoms adopting an identical MN4Cs4 atomic
structure in the two-dimensional graphene lattices. The unambiguous structure
determination allows density functional theoretical calculation prediction of MN4Cs
moieties as efficient oxygen evolution catalysts with the activities following the trend of Ni >
Co > Fe, which is confirmed by the electrochemical studies. Particularly, the NiN4C4
catalyst exhibits excellent activity and stability with low overpotential and high turnover
frequency. The determination and correlation of atomistic structure with the catalytic
properties represents a critical step towards the rational design and synthesis of precious
or nonprecious atomic catalysts with exceptional atom utilization efficiency and catalytic

activities.

Efficient and cost-effective electrocatalysts play critical roles in energy conversion and
storage’~. Homogeneous and heterogeneous catalysts represent two parallel frontiers of
electrocatalysts, each with their own merits and drawbacks*’. Homogeneous catalysts are
attractive for highly uniform active sites, tunable coordination environment and maximized atom
utilization efficiency, but are limited by their relatively poor stability or recyclability.
Heterogeneous catalysts are appealing for their high durability, excellent recyclability, and easy
immobilization and integration with electrodes, but usually with rather low atom utilization
efficiency due to the limited surface sites accessible to reactants. To this end, considerable efforts
have been devoted to developing nanoscale heterogeneous catalysts that can increase the exposed
surface atoms®. However, the inhomogeneity in the distribution of particle sizes and facets poses
a serious challenge for controlling active sites and fundamental mechanistic studies®’. In
contrast, the homogeneous catalysts typically exhibit the well-defined atomic structure with
tunable coordination environment that is essential for deciphering the catalytic reaction pathway

and rational design of targeted catalysts with tailored catalytic properties®.

Single atom catalysts (SACs) with mono-dispersed single atoms supported on solid
substrates are recently emerging as an exciting class of catalysts that combine the merits of both

homogeneous catalysts and heterogeneous catalysts®’. However, most SACs studied to date



employ metal oxides (e.g., TiO2, CeO2 and FeO,) as supporting substrates to prevent atom

aggregation’>’8

, which cannot be readily applied in electrocatalytic applications due to their low
electrical conductivity and/or poor stability in harsh liquid-phase electrolyte (e.g., strong acid
and base). Atomic transition metal-nitrogen moieties supported in nitrogen-doped carbon (M-N-
Cs) represent a unique class of SACs with high electrical conductivity and superior
(electro)chemical stability for electrocatalytic applications’””. In particular, Fe-based M-N-Cs
have been extensively studied as electrocatalysts towards oxygen reduction reaction (ORR) with
the demonstrated activity and stability approaching those of commercial Pt/C catalysts?*?/. In
addition, as suggested by numerous theoretical studies, M-N-Cs are promising candidates for
catalyzing a wide range of electrochemical processes, such as hydrogen reduction/oxidation

reaction®?, CO»/CO reduction®’, and N, reduction reactions®?.

A significant advantage of SACs is that the well-defined single atomic site could allow
precise understanding of the catalytic reaction pathway, and rational design of the targeted
catalysts with tailored catalytic activity (in a manner similar to the design and tailor of
homogeneous catalysts). However, this perceived advantage was only investigated
theoretically’>?*, but has not yet been demonstrated experimentally in M-N-Cs to date, largely
because the existing M-N-Cs were generally obtained through pyrolysis of metal-, nitrogen- and
carbon-containing molecular or polymeric precursors and the as-synthesized materials are
typically highly heterogeneous, concurrently containing single atomic metals along with
crystalline particles, crystalline and amorphous carbon®2%, Such structural and compositional
heterogeneity poses a key obstacle to unambiguously identify the exact atomistic structure of the
active sites and to further establish a definitive correlation with the catalytic properties that can
guide the subsequent design of the future generations of SACs. This issue is readily manifested
by tracking the research status of Fe-N-Cs ORR catalysts. Despite extensive efforts, the nature of
the active sites and the atomistic structure of the FeN,C, moieties remain elusive, largely due to
the difficulty in synthesizing Fe-N-C catalysts free of Fe particles and the lack of accurate
method to determine the coordination configuration of the metal sites?”?’. Only until very
recently that Zitolo et al. identified the porphyrin-based FeN4Ci> moiety by X-ray absorption
fine structure (XAFS) analysis?. Additionally, it is of great challenge to produce a series of
closely related single atomic sites with systematically tunable compositions, which are essential

for mechanistic studies. Although attempts have been made to elucidate the roles of different



metals in affecting the catalytic activity in M-N-Cs, they were severely complicated by the fact
that the physicochemical characteristics (e.g., the degree of graphitization, the carbon structure,
the nitrogen doping types, surface area) of the synthesized M-N-Cs are highly dependent on the
metal identity and any observed differences in catalytic activity are highly convoluted with

various structural characteristics’®.

These limitations represent the key challenges in
establishing the exact structure-to-property correlation in SACs, which is essential for the
rational design and synthesis of new SACs with tailored activities for wide ranges of

electrocatalytic processes’>3%,

Here we report a general approach to a series of atomic 3d metals embedded in nitrogen-
doped holey graphene frameworks (M-NHGFs, M = Fe, Co or Ni), unambiguously determining
their atomistic structures and their correlation with electrocatalytic activity towards oxygen
evolution reaction (OER), a reaction that is essential for diverse clean energy technologies
including water splitting, CO» reduction and rechargeable metal-air batteries>?>~”. Our studies
show that different M-NHGFs adopt an identical MN4C4 moiety with the same local atomic
coordination configuration embedded in graphene lattices, as revealed by thorough analyses of
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure
(XANES), and directly imaged by annular dark-field scanning transmission electron microscope
(ADF-STEM). The unambiguous identification of the MN4Cy structural configuration has further
allowed us to use density-functional theory (DFT) to explore the catalytic properties of M-
NHGFs towards OER, which predicts that the catalytic activity and mechanistic pathways are
strongly dependent on the d-orbital configurations of the metals with the activity trend Ni-NHGF
> Co-NHGF > Fe-NHGEF. This is further corroborated by electrochemical measurements, which
show the Ni-NHGF exhibits outstanding catalytic activity, demonstrating the first example of
single Ni atoms as highly efficient OER catalysts. Stability tests by electrochemical
measurements and XAFS structural characterizations suggest that the Ni atoms and their
coordinators in Ni-NHGF are able to withstand OER testing conditions and demonstrate good

durability comparable to nanoparticle based catalysts.

Synthesis and structural characterization of M-NHGF's
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Figure 1 | lllustration of the preparation route to M-NHGFs. The graphene oxide solution with the
presence of H202 and metal precursors was hydrothermally treated to form a 3D graphene hydrogel. After
freeze-drying the hydrogel, a thermal annealing process in NHs atmosphere was used to further reduce
the graphene and incorporate N-dopants into the two-dimensional graphene lattice.

The preparation of M-NHGFs involves a two-step process (Fig. 1). In brief, an aqueous
suspension of graphene oxide (GO), metal precursor and H>O2 was prepared with proper ratio
and hydrothermally treated to self-assemble into three-dimensional (3D) graphene hydrogel.
After being freeze dried, the gel was then thermally annealed in NH3 atmosphere to obtain M-
NHGFs. This annealing treatment further reduces graphene and incorporates nitrogen dopants
into the graphene lattice as the effective binding sites for individual metal atoms. In our synthetic
strategy, the use of GO as carbon substrate precursor is advantageous in that it could be mass-
produced and that its reduced form exhibits rich defective sites inherited from GO that provide
tremendous numbers of vacancies for incorporating nitrogen atoms and anchoring metal atoms”.
In addition, it can prevent the formation of amorphous carbon that has been proven to be a
serious interfering species preventing clear atomistic imaging of the exact coordination
configuration of the metal centers. The H>O> added in the hydrothermal treatment was employed
to create in-plane holes in graphene sheet via an oxidative-etching process, which is beneficial
for mass transport during catalytic processes as demonstrated in our previous studies’”#’. The
increased porosity in M-NHGFs compared to its non-holey counterpart M-NGFs was
characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and Brunauer—Emmett-Teller (BET) surface area analysis (Supplementary Figs 1-3).
Compositional analysis by X-ray photoelectron spectroscopy (XPS) and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) reveals that the different M-NHGFs have
similar contents of nitrogen (~5 at%) and metal (~0.05 at%) (Supplementary Fig. 4 and



Supplementary Table 1). It should be noted that keeping metal content at a sufficiently low level
during preparation is critical in ensuring exclusive single atom dispersion as the increased
loading could lead to aggregations and the formation of crystalline metal particles

(Supplementary Figs 5 and 6) that could complicate the mechanistic studies.
Atomic structure analysis of M-NHGFs by XAFS and ADF-STEM

Element-selective XAFS spectroscopy including EXAFS and XANES is powerful in
determining the coordination environment and chemical state of the absorbing center with high
sensitivity. The existent forms of the metal in M-NHGFs (M = Fe, Co and Ni) are first identified
by EXAFS analysis. Figure 2a shows the EXAFS Fourier transform (FT) of all three M-NHGFs.
The Ni-NHGF exhibits a main peak at 1.44 A, which is much shorter than the Ni-O peak at 1.65
A for the NiOs octahedra in NiO reference and thus can be attributed to the backscattering
between Ni and light atoms. In addition, the FT of Ni-NHGF also reveals a minor signal at 2.01
A, which overlaps partially with the Ni-Ni peak at 2.18 A for bulk Ni. The same observations
can be made in Fe-NHGF and Co-NHGF with the minor peaks located at 2.03 and 1.92 A,
respectively, which are shifted to the lower R direction compared to the corresponding Fe-Fe
(2.20 A) and Co-Co (2.17 A) peaks of bulk Fe and Co. We note that such EXAFS-FT profile,
featured by the co-presence of the Gaussian-like main peak and the minor satellite peak, has

never been observed in previously reported M-N-C materials®®#/

, which turns out to be a key
characteristic of the MN,C, atomic structure adopted by M-NHGFs and will be discussed later.
EXAFS wavelet transform (WT) analysis is powerful in discriminating the backscattering atoms
even when they overlap substantially in R-space, by providing not only radial distance resolution
but also k-space resolution. In contrast to the FT analysis, WT analysis of all M-NHGFs detects
only one intensity maximum at c.a. 4.0 A" (Fig. 2b) that can be assigned to the M-N/O/C
contributions (Supplementary Figs 7-9), suggesting that the metals in M-NHGFs exist as
mononuclear M centers without the presence of metal-derived crystalline structures. FT and WT
analysis of the control samples with higher metal loading reveals that the increased loading could
lead to the formation of metallic crystallite (Supplementary Figs 7-11), which could prevent an
unambiguous identification of atomic-site structure. Therefore, it is critical to keep the amounts
of metal precursors sufficiently low to achieve exclusive atomic dispersion. While the pyrolysis

of molecular or polymeric precursors used in the majority of previous studies require the

inclusion of excessive amount of metals to catalyze the decomposition of molecular or polymeric



carbon precursors to form graphitized carbon with high electrical conductivity necessary for
electro-catalytic applications, graphene oxide used in our synthetic strategy can be thermally

reduced into conductive graphene without the catalytic effect from metals.
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Figure 2 | Structural characterizations of M-NHGFs (M = Ni, Fe or Co) by EXAFS spectroscopy. a,
Fourier transform magnitudes of the experimental K-edge EXAFS signals of M-NHGFs along with
reference samples (solid lines). The dashed lines represent calculated spectra based on divacancy-based
MN4C4 moiety enclosed in graphene lattice. The Fourier transforms are not corrected for phase shift. b,
Wavelet transforms for the k3-weighted EXAFS signals of M-NHGFs with optimum resolutions at 2.0 A.
The maxima at c.a. 4.0 A" are associated with the M-N/O/C contributions. c,d, Ni K-edge EXAFS
analysis of Ni-NHGF in k and R spaces, respectively. Curves from top to bottom are the Ni-N, Ni-O and
Ni-C two-body backscattering signals x@ included in the fit and the total signal (red line) superimposed on
the experimental one (black line). The measured and calculated spectra show excellent agreement. The
inset shows the structure of NiN4C4 moiety derived from EXAFS result, where the teal, red, blue and gray
spheres represent Ni, O, N and C, respectively.



The coordination configurations for the MN,C, moieties in M-NHGFs were then
investigated by quantitative least-squares EXAFS curve fitting analysis. The EXAFS spectrum of
Ni-NHGF was first analyzed by using three backscattering paths, i.e., Ni-N, Ni-O and Ni-C
paths, based on the EXAFS-WT results. The best-fitting analyses show clearly that the main
peak at 1.44 A originates from Ni-N and Ni-O first shell coordination (Fig. 2c,d), whereas the
minor satellite peak at 2.01 A is satisfactorily interpreted by Ni-C contribution. The coordination
numbers of the N and O atoms in the first coordination sphere of Ni are estimated to be 3.9 and
1.1 at distances of 1.89 and 2.10 A, respectively (Supplementary Table 2), indicating a square-
pyramidal configuration for the Ni-N/O bonding. Besides, a second coordination sphere by C
atoms is clearly demonstrated at 2.65 A with coordination number of 4.3 (Supplementary Table
2). Together, these analyses reveal a NiN4C4 moiety with one oxygen atom in the axial direction,
as schematically shown in the inset of Fig. 2d. The same analysis was applied to Fe-NHGF and
Co-NHGF, which are determined to adopt the identical coordination configurations as Ni-NHGF
and the M-N, M-O and M-C distances are determined to be 1.98 A, 2.16 A and 2.67 A,
respectively, for Fe-NHGF, and 1.90 A, 2.17 A and 2.58 A, respectively, for Co-NHGF
(Supplementary Figs 12-16 and Supplementary Tables 3 and 4). We note that the as-determined
M-N and M-O distances in our MN4C4 moiety agree well with those of the previously reported
porphyrin-based FeN4Ci> moiety in Fe-N-C material®® and the pyridinic-N-based CoN4Cs moiety
in Co-N-C material*/, which were identified by EXAFS analysis and DFT predictions, whereas
the M-C distance is considerably shorter than that (~ 3.00 A) of the porphyrin-based FeN4Ci2
moiety with the number of C atoms in the second coordination sphere larger than 10%%, but only
slightly shorter than that (2.76 A) of the pyridinic-N-based CoN4Cs moiety*/. These comparisons
exclude the existence of the porphyrin-based moiety in our MN4C4, but whether the pyridinic-N-

based moiety are present in our MN4Cs moiety needs further examination.
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Figure 3 | Structural characterization by XANES spectroscopy on M-NHGFs (M = Ni, Fe or Co). a-c,
The experimental K-edge XANES spectra and first derivative curves (the inset) of M-NHGFs and
reference samples. d-f, Comparison between the experimental K-edge XANES spectra of M-NHGFs and
the theoretical spectra calculated based on MN4+C4 moieties embedded in the 2D graphene lattice. The
teal, golden and plum spheres symbolize Ni, Fe and Co, respectively, whereas the blue, red and grey
spheres represent N, O and C, respectively. g-h, Comparison between the experimental XANES spectra
(black dotted lines) for M-NHGFs and the best-fit theoretical spectra (solid red lines). The inset shows the
geometrically refined MN4C4 structure.

XANES spectroscopy has higher sensitivity to the 3D arrangement of atoms around the
photo-absorber and was applied to better identify the atomic-site structures. Figure 3a-c show the
XANES profiles for Ni-NHGF, Fe-NHGF and Co-NHGF along with their corresponding

reference samples, i.e., bulk metal and metal oxide. The results show that for each metal the



XANES profile of M-NHGF is significantly different from those of the corresponding
references. Interestingly, irrespective of the metals, the XANES profiles of all M-NHGFs are
nearly identical, which strongly suggest the same coordination environment adopted by MN4C4
moieties in different M-NHGFs. Comparison of the first derivative XANES for Ni-NHGF, Fe-
NHGEF and Co-NHGF with references indicates that the stable valence states for the metals are
ca. +2, +3, and +2, respectively. Moreover, the pre-edge peak, which is due to a 1s-4p;
shakedown transition characteristic for a square-planar configuration with high D4n symmetry,
demonstrates rather weak intensity in all M-NHGPFs, indicating a broken D4n symmetry and

calling for axial ligands.

We continued our path towards resolving the atomic-site structure in M-NHGFs by
comparing simulated XANES spectra with the experimental spectra of various MN,C, moieties.
To avoid artificial biases, all models were first optimized by DFT calculation. We have first
evaluated previously identified porphyrin-based FeNsCi» moiety?® and pyridinic-N-based
CoN4Cs moiety?’. XANES calculation performed on the porphyrin-based MN4Ci2 moieties, with
various axial oxygen or nitrogen ligands considered (Supplementary Figs 17-19), show that all
simulated spectra are drastically different from the experimental spectra after 50 eV above the
absorption edge. Although with some improvement, the structures based on pyridinic-N-based

MN4Cs architecture also show unsatisfactory agreement (Supplementary Figs 20-22).

We then carried out another series of XANES simulation by embedding the NiN4Cs,
FeN4C4 and CoN4C4 moieties in the two-dimensional graphene lattice (Supplementary Figs 23a,
24a and 25a). In contrast to the porphyrin-based moiety and the pyridinic-N-based moiety, the
graphene-enclosed MN4Cy structure motif can be regarded as a single metal atom occupying the
divacancy in the graphene lattice with coordination to four pyridinic N included in six-member
rings. With such divacancy-based motif, the agreement is substantially improved over the entire
energy range. Particularly, the white line and post-edge features in Ni-NHGF, Fe-NHGF and Co-
NHGEF are well reproduced, but a discrepancy is still present at the pre-edge features a and b.
With the addition of one end-on dioxygen molecule to MN4Cs moieties in the axial position of
the metal center, excellent agreement was obtained; all the features for the experimental spectra
in Ni-NHGF, Fe-NHGF and Co-NHGF were correctly reproduced, especially for the weak pre-
edge peaks a-b and the relative intensities between the peaks c-f (Fig. 3d-f). Further, it appears

that the spectra are slightly influenced by the orientation of the absorbed dioxygen (six-member-

10



ring direction versus the five-member-ring direction) (Supplementary Figs 23b, 24b and 25b).
However, when an additional N atom or end-on dioxygen was included, large discrepancies on
the relative intensities between the pre-edge features and white line start to emerge
(Supplementary Figs 23c-f, 24c-f, 25c-f). Together, these XANES simulations -clearly
demonstrate single metal centers with four N atoms and one adsorbed O atom in the first
coordination sphere and four C atoms in the second coordination sphere (see the structure model
in the inset of Fig. 3d-f), which is fully consistent with the EXAFS results. Structural refinement
based on the as-determined MN4C4 moiety via XANES fitting reveals that the calculated spectra
matches excellently with the experimental ones (Fig. 3g-1), and the bond metrics are in good
agreement with those determined by EXAFS analysis and DFT prediction (Supplementary Table
5). Further, EXAFS simulations based on such divacancy-based MN4Cs4 moiety show the
simulated EXAFS spectra are nearly identical to the experimental ones (Fig. 2a), and each
coordination sphere’s spectral contribution to the overall spectra can be well interpreted by the
analysis of shell-by-shell EXAFS simulation (Supplementary Fig. 26). The combination of
EXAFS-WT, EXAFS-FT and XANES analysis on Ni-NHGF, Fe-NHGF and Co-NHGF
materials has unambiguously revealed the implantation of the NiN4Cs, FeN4Cs and CoN4Cy
moieties in the two-dimensional graphene lattices. Such divacancy-based MN4C4 moiety in
graphene lattice is clearly distinct from previously identified porphyrin-based MN4Ci2 moiety or
the pyridinic-N-based MN4Cg moiety derived from pyrolysis of molecular or polymeric
precursors. While this divacancy-based moiety has been previously explored theoretically for its

intriguing electronic/magnetic/catalytic properties***

, its experimental identification has never
been fully demonstrated, which seriously hampers its fundamental and applied investigations.
We note that although several previous experimental studies suggested the divacancy-based
MN4Cs moiety’>##| there were insufficient spectroscopic evidences to date to verify its
existence since such structural assignments were mainly based on EXAFS spectra and none of
the previously reported EXAFS spectra could well match with the simulated standard spectrum
of the divacancy-based MN4C4 moiety (see the comparison between our/others’ experimental
EXAFS spectra and the simulated standards in Supplementary Fig. 27). Significantly, our
comprehensive structural analyses, for the first time, provide the solid spectroscopic fingerprints

of this divacancy-based MN4C4 moiety. The formation of this MN4Cs4 moiety could be related to

the use of crystalline graphene as the carbon precursor and the fact that it causes the least

11



geometrical distortion to the hosting graphene lattices by having the metal atom occupying the
divacancy of graphene lattice. In contrast, the porphyrin-based FeN4C2 moiety (and pyridinic-N-

based MN4Cs) cannot be easily integrated in graphene lattices®.

Figure 4 | Atomic structure characterizations of M-NHGFs by ADF-STEM. a,b, Uniform distribution of
single metal atoms dispersed in the graphene matrix. The circle and arrow indicate some typical
individual metal atoms in multi-layer and single-layer region of the graphene support, respectively. Scale
bars correspond to 5 nm in (a) and 2 nm in (b). c-e, high resolution TEM images enable the direct
visualization of the atomic metals of Ni (¢), Fe (d) and Co (e) embedded in the 2D graphene lattice. The
overlaid schematics represent the structural models determined from XAFS analysis. Scale bar, 0.5 nm.
The bright region at the top part of Fig. 4d is attributed to out-of-focused thick graphene layers or non-
planar flakes.

The atomic structures of M-NHGFs were further directly imaged by ADF-STEM performed
on an aberration-corrected STEM at 80 keV. The STEM images show a uniform dispersion of
the heavy metal atoms, almost exclusively in the single atom format as represented by the bright
dots, throughout the graphene matrix (Fig. 4a,b). Though most of the metal atoms are identified
in the region with multi-layer stacked graphene that prevents unambiguous resolution of the
atomic structure, there are cases where they can be found in single-layer regions. The atomic

thickness of single-layer graphene provides an ideal imaging platform for visualizing structural

12



details at atomic scale. As demonstrated in the high resolution STEM images (Fig. 4c-e), the
atomic structures within the single-layer graphene can be clearly resolved and the observed
coordination configurations of the atomic metals apparently match well with the MN4C4 moieties
derived from XAFS studies. In addition, the arrangement of the light elements near the metal site
and the overall graphene honeycomb lattice structure remain largely undistorted, which further
excludes the existence of the porphyrinic structure or pyridinic-N-based structure in M-NHGFs
since they can only form in strongly disordered graphene lattice or between graphene zigzag

edges?¥!.

Theoretical and experimental evaluation on oxygen evolution catalysis

While Fe-, Co- and Ni-based oxides and derivatives are intensively studied as OER
catalysts, the size dependence of electronic structure and catalytic reactivity suggests that the
atomic metals within M-NHGFs could have different catalytic behavior®®. In addition, the
catalytic properties of SACs can be tuned by a ligand-field effect, which differs depending on the
identity of the metal centers and their interaction with the coordination configuration. The well-
defined atomistic structure and the adoption of the identical MN4C4 moiety by different metals
provide us an ideal model system to probe the effects of the metal centers in determining the
catalytic activity (both theoretically and experimentally). To this end, density functional theory
(DFT) calculations using the Vienna ab initio Simulation Package (VASP)#**? were conducted to
explore M-NHGFs as potential OER catalysts. Considering that the different M-NHGFs adopt
identical atomic structure, DFT simulations are focused on elucidating the roles of metals in
influencing the electronic nature of the atomic sites and consequently the energetics of OER.
Consistent with prior studies’’, we assumed a four-step OER mechanism that proceeds through
the OH*, O*, OOH* and O>* (the asterisk denotes the adsorption site). As suggested by previous

DFT calculations by us and others™?~?

, the C close to N in nitrogen-doped carbon catalysts are
the preferential binding sites for the oxygen intermediates rather than the N itself due to the
doping-induced charge redistribution. Therefore, we considered both the M and C in MN4Cy
moieties as possible absorption sites for the above-mentioned intermediates. For each
intermediate, the preferred absorption location (M or C) can be determined by the difference in
absorption energy between these two sites (see Supplementary Table 6). It can be concluded that

whether the C atoms participate in the OER process depends strongly on the number of d
electrons (NVy) of the metal in MN4C4 moieties. Specifically, for Fe (Ns = 6) and Co (N = 7), all

13



intermediates bind stronger at the M site than the C site and therefore the reaction proceeds
through the single-site mechanism (Fig. 5a). On the other hand, for the Ni (N = 8), O* and OH*
prefer to reside at the C site, while the OOH* is favorably adsorbed on the M atom. This reaction
pathway is referred as the dual-site mechanism (Fig. 5b). The calculated energy diagrams of the
OER at 1.23 V for the different M-NHGFs following the suggested reaction pathways are
presented in Fig. Sc. One important parameter that can be used to evaluate the catalytic activity is
the limiting reaction barrier, which is determined from the free energy of the rate-determining
step (RDS). For Fe-NHGF, the RDS is the oxidation of O* to OOH* with limiting barrier as
large as 0.97 eV. In addition, the free energy of the intermediates for Fe-NHGF are most
negative among all studied catalysts, suggesting that the chemical adsorption of the intermediates
is very strong, leading to a high activation barrier for the reaction to proceed. For the Co-NHGF,
the RDS is the oxidation of OH* to O* with much lower limiting barrier of 0.52 eV. The Ni-
NHGF with dual-site mechanism shows the smallest limiting barrier of 0.42 eV, with the
formation of OOH* as the RDS. The desorption of O2* from the active site is the last step for
OER and its energy barrier is largest for Fe-NHGF, followed by Co-NHGF and Ni-NHGF. For
comparison, we also included the energy diagram of the Ni-NHGF with single-site mechanism,
which gives significantly larger limiting barrier of 1.24 eV, highlighting the critical role of the C
atoms 1in the graphene-enclosed MN4Cy in facilitating the OER kinetics of Ni-NHGF. The energy
diagrams for these three different catalysts at their respective minimum potential where all steps
become downhill are shown in Supplementary Fig. 28. Further, by correlating the overpotential
and descriptor (difference between free energy of O* and OH*), a typical volcano plot was
constructed, where the NiN4C4 (dual-site mechanism) was located at the peak position and thus
identified as the most active OER catalyst (Supplementary Fig. 29). Additional calculations
performed on the MN4C4 moieties with the presence of the axial dioxygen molecule show the
activity trend keeps the same as Ni > Co > Fe (Supplementary Fig. 30). Our simulation results
indicate that the catalytic activity and reaction pathways are strongly dependent on the metal

identity in M-NHGFs.

We then proceeded to evaluate the OER catalytic activities of M-NHGFs by
electrochemical measurements. The testing was performed in traditional three-electrode system
in 1 M KOH electrolyte. Fig. 5d shows the polarization curves obtained from linear sweep

voltammetry (LSV) for the different M-NHGFs along with metal-free NHGF, which is prepared
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in the same manner but without the addition of metal precursors. Precious metal-based OER
catalyst RuO»/C was also included for reference purpose. The results show that the metal-free
NHGEF exhibit inferior OER activity and the overpotential at current density of 10 mA cm (3710)
is as large as 494 mV. The addition of metals results in activity increase to different degrees with
Ni > Co > Fe. Specifically, the Ni-NHGF catalyst shows an onset potential of 1.43 V (defined as
the potential at 0.5 mA cm™) and its 710 is 331 mV, much smaller than those of Co-NHGF (402
mV) and Fe-NHGF (488 mV). This experimentally observed trend is consistent with the
predicted trend from DFT simulations. Optimizations on the synthetic conditions reveal that the
catalytic activity of Ni-NHGF is sensitive to the annealing temperature and the Ni concentration
(Supplementary Figs 31 and 32). In addition, it was found that acid leaching treatment did not
lead to a decrease in OER activity, confirming the absence of Ni nanocrystallines
(Supplementary Fig. 33). The control experiments on the non-holey Ni-NGF suggest that the
porous structure introduced by H>O» etching leads to improved OER activity in Ni-NHGF, which
can be attributed to the enhanced mass transport properties (Supplementary Fig. 34). To put it
into context, the 710 value of Ni-NHGF is superior or comparable to most of the documented
nanoparticulate Ni catalysts, such as Ni/NiO(OH) particles embedded in nitrogen functionalized
carbon (390 mV)>, nickel vanadium layered double hydroxide (NiV-LDH) (318 mV)S,
exfoliated NiCo-LDH (334 mV)®/, NiCoO; thin film (380 mV)*®, and nickel carbide on
conductive carbon (NizC/C) (316 mV)*’.
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Figure 5 | Evaluation of catalytic activity by DFT simulations and electrochemical measurements.
a-b, Proposed reaction scheme with the intermediates having optimized geometry of the single-site (a)
and dual-site mechanism (b) towards OER. ¢, Free energy diagram at 1.23 V for OER over Fe-NHGF,
Co-NHGF and Ni-NHGF with single-site mechanism, and Ni-NHGF with dual-site mechanism. The
highlights indicate the rate-determine step with the values of the limiting energy barrier labeled. d, OER
activity evaluated by LSV in 1 M KOH at the scan rate of 5 mV s-! for NHGF, Fe-NHGF, Co-NHGF and
Ni-NHGF along with RuO2/C catalyst as reference point. The data is presented with iR-correction. e, The

Tafel plots of the corresponding catalysts shown in (d). f, TOF values of the Ni-NHGF catalyst and other
recently reported OER catalysts based on earth-abundant metals, including NiCo-UMOFNs (ref. 6), G-
CoFeW (ref. 61), MnCo-LDH (ref. 63), NiCeO,-Au (ref. 60), exfoliated NiFe-LDH (ref. 57), NiV-LDH (ref.

56), a-Ni(OH)2 (ref. 62). The TOF values are based on the total amounts of metals for all catalysts.

The OER kinetics were then analyzed by Tafel plots (Fig. 5e). The Tafel slope for Ni-
NHGEF (63 mV decade™!) is much smaller than Co-NHGF (80 mV decade™) and Fe-NHGF (164
mV decade!). The metal-free NHGF has an even larger Tafel slope of 175 mV decade’,
suggesting the important roles of metals in promoting the reaction kinetics. The Faradaic
efficiency of Ni-NHGF was determined to be ~99.2% by rotating ring-disk electrode (RRDE)
technique (Supplementary Figs 35 and 36), indicating the exclusive generation of O during OER
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process through a 4-electron process, i.e., 4 OH — O + 2 H>0 + 4 e". To evaluate the intrinsic
activity of Ni-NHGF, we estimated the turnover frequency (TOF) that indicates the activity of a
catalyst on the per-active-site basis. For the estimation, it is assumed all the Ni atoms participate
in catalysis and one Ni atom contributes to one active site. The TOF of Ni-NHGF catalyst at
different overpotentials is presented (Fig. 5f) along with the TOF values of some recently
reported non-precious-metal catalysts, including gold-supported cerium-doped NiO, (NiCeO.,-
Au)®, NiCo ultrathin metal-organic framework nanosheets (NiCo-UMOFNs)%, gelled CoFeW
oxyhydroxides (G-FeCoW)®, nickel-vanadium monolayer double hydroxide (NiV-LDH)%,
nanostructured o-Ni(OH)>%, exfoliated NiFe-LDH’/, and MnCo-LDH®. The comparison results
clearly show that Ni-NHGF is among the most active OER catalysts with the highest atom
utilization efficiency. For example, at 0.3 V overpotential, the TOF of Ni-NHGF (0.72 s™') is two
orders of magnitude higher than that of a-Ni(OH)z (0.0024 s™!). Furthermore, this value is even
higher than G-CoFeW (0.46 sH%" and comparable to NiCo-UMOFNs (0.86 s, which represent
the most active OER catalysts reported to date.

Carbon is known to undergo oxidative degradation at high potentials and its electro-
oxidation resistance is highly dependent on its exact physicochemical properties that can be
tuned by functionalization (e.g., heteroatom doping)’>%. The stability of Ni-NHGF was first
evaluated by cyclic voltammetry scanning up to 2000 cycles and the cycled sample was
characterized by XAFS. No significant activity degradation was observed after 2000 cycles
(Supplementary Fig. 37a) and the XANES and EXAFS spectra of the cycled catalysts show
essentially the same features as those of the fresh catalysts (Supplementary Fig. 37b,c),
suggesting the metal atom center and its coordinating matrix are robust enough to withstand
repeated electrochemical cycles with no significant Ni aggregation or apparent structural changes
of the coordination environment, as further corroborated by the in situ XAFS studies on catalysts
at operando states (Supplementary Fig. 38). Additional stability tests by galvanostatic
measurements suggest that the Ni-NHGF can deliver stable activity up to 20 h at 10 mA cm?
(Supplementary Fig. 39). Importantly, the electrochemical stability observed in Ni-NHGF is
comparable to metal nanoparticles-based catalysts, which may be partly attributed to the highly
active single metal sites that can facilitate efficient electron transfer for the desired water
oxidation on the metal center so that the oxidative stress to carbon matrix can be effectively

reduced. Lastly, we show that Ni-NHGF is also highly active towards ORR in alkaline media
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(Supplementary Fig. 40) and therefore can serve as a superior bifunctional electrocatalyst
(Supplementary Fig. 41 and Supplementary Table 7). To demonstrate its potential for practical
applications, a two-electrode rechargeable Zn-air battery was fabricated from Ni-NHGF
(Supplementary Fig. 42). Importantly, the device with Ni-NHGF catalyst air electrode show
superior peak power density (158 mW cm™) when compared to that with precious Pt/C-RuQ,/C
catalysts (98 mW cm) (Supplementary Fig. 42b), which can be ascribed to its high catalytic

activity as well as hierarchical porosity for improved mass transport.
Conclusions

In summary, we have developed a rational and general strategy to a series of mono-
dispersed atomic metals embedded in nitrogen-doped graphene lattices. By combining EXAFS,
XANES analyses with direct STEM imaging, we unambiguously identified that the resulting M-
N-Cs (M = Fe, Co, Ni) adopt an identical MN4Cs configuration with single metal atom
occupying the divacancies in graphene lattice that exerts the least distortion to the 2D graphene
lattice. Significantly, the presence of the well-defined MN4C4 moieties in different M-NHGFs
provides an ideal model system to probe and quantitatively establish the correlation between the
atomistic structure of the metal centers and the catalytic properties, which, for example,
successfully identified Ni-NHGF to be a highly active and stable OER catalyst, as demonstrated
by both theoretical calculations and experimental studies. With the high intrinsic activity, the
overall OER catalytic performance of Ni-NHGF may be further improved by increasing the
metal loading and thus the density of active sites. Our study defines a general and efficient
synthetic strategy to a broad class of MN4Cs-based M-N-C catalysts for diverse electrocatalytic
applications, including OER/ORR, hydrogen oxidation/evolution, CO; reduction and N2

reduction.
Methods

Synthesis of M-NHGFs (M = Fe, Co, Ni). All chemicals were purchased from Sigma-Aldrich
unless otherwise specified. Graphene oxide (GO) was synthesized by oxidation of natural
graphite flakes (100 mesh) following a modified Hummers’ method®. The M-NHGFs were
synthesized using a two-step process. In a typical procedure for synthesizing Ni-NHGF, 50 uL of
3 mg mL! NiClp*6H20 and 15 puL of 30% H20, were added into 10 mL of 2 mg mL"' GO

suspension and sonicated for 1 h. The mixed suspension was hydrothermally treated at 180 °C
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for 6 h, forming a porous hydrogel. After being freeze-dried, the gel was placed in the center of
1-inch quartz tube furnace and annealed at 900 °C for 1 h with flows of Ar (100 sccm) and NH3
(50 sccm) to obtain Ni-NHGF. As control samples, non-holey Ni-NGF was prepared without the
addition of H>O» during hydrothermal process and metal-free NHGF was prepared without the
addition of Ni precursor. Fe-NHGF and Co-NHGF were prepared by using the same procedure
but changing the metal precursor to 2 mg mL™! FeCls and 3 mg mL"! CoCl*6H,0, respectively.

Material Characterizations. The morphology and structure of the resulting materials were
characterized by scanning electron microscopy (SEM, Zeiss Supra 40VP), transmission electron
microscopy (TEM, Titan S/TEM3 FEI), X-ray diffraction (XRD, Panalytical X Pert Pro X-ray
Powder Diffractometer) and X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD
spectrometer). Quantitative analysis of metal loading was carried using inductively coupled
plasma atomic emission spectroscopy (TJA RADIAL IRIS 1000 ICP-AES). The BET surface
area and DFT pore size distribution were measured by Micromeritics ASAP 2020. Annular dark
field scanning transmission electron microscopy (ADF STEM) imaging was performed on an
aberration corrected JEOL ARM300CF STEM equipped with a JEOL ETA corrector operated at
an accelerating voltage of 80 kV located in the electron Physical Sciences Imaging Centre
(ePSIC) at Diamond Light Source. ADF imaging was performed at 80 keV with a CL aperture of
30 um, convergence semiangle of 24.8 mrad, beam current of 12 pA, and acquisition angle of

27-110 mrad.

X-ray absorption data collection, analysis, and modeling. Fe, Co and Ni K-edge X-ray
absorption spectra were acquired under ambient condition in fluorescence mode at beamlines
IWIB and 1W2B of Beijing Synchrotron Radiation Facility (BSRF), using a Si (111) double-
crystal monochromator. The storage ring of BSRF was operated at 2.5 GeV with a maximum
current of 250 mA in decay mode. While the energy was calibrated using Fe/Co/Ni foil, the
incident and fluorescence x-ray intensities were monitored by using standard N»-filled ion
chambers and Ar-filled Lytle-type detector, respectively. A detuning of about 25% by
misaligning the silicon crystals was performed to suppress the high harmonic content. The in situ
XAFS experiments at operando state was performed using a house-made plastic electrochemical
cell under the fluorescence model. The cell had flat walls (~ 4.5 cm wide) with a single circular
hole of 0.8 cm in diameter. A thin carbon paper with thickness of 50 um was loaded with Ni-

NHGEF catalysts and used as the working electrode, which was kept in contact with a slip of
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copper tape and fixed with epoxy glue to the exterior of the wall of the cell, over the 0.8 cm hole,
with the Ni-NHGEF layer facing inward. A platinum spiral wire and a Hg/Hg>Cl,, KCl (saturated)
electrode were used as counter electrode and reference electrode, respectively. During the
measurement, a series of potentials controlled by an electrochemical workstation were applied to
the working electrode in 1 M KOH solution. The XAFS raw data were background-subtracted,
normalized, and Fourier transformed by the standard procedures with the ATHENA program®%-%7.
Least-squares curve fitting analysis of the EXAFS y(k) data was carried out using the ARTEMIS

program®, based on the EXAFS equation which expressed in terms of single and multiple-

scattering expansion is

Np|FL (k. Rp)
2y =52y — 14 RZ r‘exp(—zkr//1(1<)—2k20§)s,in(2kkr+¢F(k)+2§c(k)) )
r T

where k =2m,(E - E,) represents a scale conversion from the photo energy (E, eV) to the

wave number (k, A’l) of the excited photoelectron as measured from absorption threshold Ep.
The sums are over a series of equivalent scattering paths, I', which originate at the central
absorption atoms, travelling to one or more of the neighboring atoms, and then back to the
original central atoms. The equivalent scattering paths, with a degeneracy of Nr, are grouped
according to the atomic number of the passed atoms and the total path length Rr of the

photoelectron. The dependence of the EXAFS oscillatory structure on path length and energy is

reflected by the sin(2kRp + (k) +20,.(k)) term, where ¢-(k) is the effective scattering phase shift

for path T. Fe%(ﬂ',k,Rl—) denotes the effective scattering amplitude for path I'. The amplitude

decay due to inelastic scattering is captured by the exponential term exp(-2R-/A(k)), where A(k)
is the photoelectron mean free path. Additional broadening effect due to thermal and structural
disorder in absorber-scatterer(s) path lengths is accounted for by the Debye-Waller term

exp(—Zkzai). So* is a many-body amplitude-reduction factor due to excitation in response to the

creation of the core hole. In present work, while the scattering amplitudes and phase shifts for all
paths as well as the photoelectron mean free path were theoretically calculated by ab-initio code
FEFF9.0%, the variable parameters that are determined by using the EXAFS equation to fit the
experimental data are Nr, Rr, and or?. The Sy° parameter was determined in the fit of Fe/Co/Ni

standards, and used as fixed value in the rest of the EXAFS models. All fits were performed in
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the R space with k-weight of 2. The EXAFS R-factor (Ry) that measures the percentage misfit of
the theory to the data was used to evaluate the goodness of the fit. The best-fit results are shown
in Supplementary Figs 12-16, with the fitting parameter values listed in Supplementary Tables 2-
4.

The Fe, Co and Ni K-edge theoretical XANES calculations were carried out with the
FDMNES code in the framework of real-space full multiple-scattering (FMS) scheme using
Muffin-tin (MT) approximation for the potential®®”’. The energy dependent exchange-correlation
potential was calculated in the real Hedin-Lundqvist scheme, and then the spectra are convoluted
using a Lorentzian function with an energy-dependent width to account for the broadening due
both to the core-hole width and to the final state width. The MN,C, (M = Fe, Co or Ni) moieties
were built based on three typical architectures, namely the porphyrin-based and pyridinic-N-
based ones, and those enclosed in a graphene sheet. The probability of various axial oxygen or
nitrogen ligands was also considered in the calculation. Satisfactory convergence for the cluster
sizes had been achieved. Additional EXAFS simulations based on the porphyrin-based moiety
and divacancy-based MN4Cs moiety were performed with FEFF9.0, and the thermal disorder
was taken into account by using the correlated Debye Model with Debye temperature of 475 K.

Quantitative XANES fitting was carried out with the MXAN code in the framework of the
full MS scheme”””2. The potential calculation was consistent with FDMNES. Inelastic processes
were taken into account by a convolution with a broadening Lorentzian function having an
energy-dependent width of the form I'(E) = I'c + I'mfpE) in which the constant part I'c takes care
of both the core-hole lifetime and the experimental resolution, while the energy-dependent term
represents intrinsic and extrinsic inelastic processes. The minimization of the M-NHGF XANES
spectra has been carried out starting from the structures provided by DFT calculation. The fitting
quality was evaluated using the square residue function (Rsq), where a statistical weight of 1 and

a constant experimental error of 1.2% were used.

DFT modeling. The spin-polarized DFT calculations were performed by using the VASP. The
Kohn-Sham wave functions were expanded in a plane wave basis set with a cutoff energy of 550
eV. The projector-augmented wave (PAW) method and PBE potential for the exchange-
correlation functional were used. The Brillouin zone was sampled by the 3 x3x 1 Monkshood-

Pack k-point mesh. All atoms were allowed to relax until the forces are less than 0.01 eV/A. We
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employed a graphene supercell with surface periodicity of 6 x 6 including 72 atoms as a basis to
construct the M-NHGFs moieties. A vacuum region of 15 A was created to ensure negligible
interaction between mirror images. The ZPE and entropy corrections were included by

calculating the phonons by the using the Phonopy””.

The overpotentials were evaluated using the approach developed by J. K. Ngrskov’?. The

OER occur via the following steps:

AOH +* — *OH + 30H + & 2)
*OH + 30H + e — *O + H,0 + 20H + 2¢ 3)
*0 + H,0 + 20H + 2e "— *OOH + H,0 + OH + 3¢ (4)
*OOH + H,0 + OH + 3¢ — *O, + 2H,0 + 4¢” (5)
*Q, + 2H,0 + 4e” — O, + 2H,0 + 4e” + * (6)

where * represents the preferable adsorption site for intermediates. For each step, the

reaction free energy is calculated by
AG=AE+AZPE-TAS+AGy+tAGy (7)

where AE is the total energy difference between reactants and products of reactions, AZPE
is the zero-point energy correction, AS is the vibrational entropy change at finite temperature T,

AGy= — eU, where U is the electrode potential, AGpy is the correction of the H™ free energy.

The overpotential 1| can be evaluated from the Gibbs free energy differences of each step as
lemax[,AGl,AGE,ﬁngﬁG‘q_,AGs]J/e - 123] (8)
where AG;, AG,, AG;, AG, and AGs are the free energy of reaction (2)-(6).

Besides ZPE corrections and entropy corrections, we also take the influence of water
environment into account by using a bilayer water model. The interaction between water and
adsorbed intermediates will stabilize OH* and OOH* groups on the surfaces relative to adsorbed

O atom, due to the hydrogen bonding”*.

In the main text, we have discussed two kinds of possible reaction pathways, depending on
the favorite adsorption sites for O*, OH* and OOH* intermediate (center M atom or C atom

adjacent to M-N4 complex). The binding energies of O*, OH* and OOH* intermediates on the
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two competing adsorption sites, for Fe-NHGF, Co-NHGF and Ni-NHGF systems are
summarized in Supplementary Table 6. The binding energies of adsorbed intermediate I (I = O%*,

OH* or OOH*) are calculated by equation (9):
Elb =E —E.—nepy—mepy (9)

where E; are the total energies of MN4Cs-embedded graphene sheet with adsorbed
intermediate /, E, is the total energy of free MN4Cs-embedded graphene sheet, n and m are the
numbers of H and O atoms, py and pg are chemical potentials of H and O, corresponding to gas

phase molecules.

Electrochemical measurements. A CHI 760E electrochemical workstation (CH Instruments)
was used to measure the electrocatalytic properties of the samples. The catalyst dispersion was
prepared by mixing 4 mg catalyst, 1| mL ethanol and 40 pL 5 wt% Nafion solution and
sonicating the mixture for 1 h. 14 puL of the catalyst suspension was drop-cast onto a freshly
polished glassy carbon electrode (5 mm in diameter), leading to loading density of 0.275 mg cm”
2. For reference purpose, electrode of RuO,/C catalyst, synthesized by oxidizing 20 wt% Ru/C
(Premetek) in air at 300 °C for 1 h, was prepared with mass loading of 0.138 mg cm™. The
electrochemical test was performed in three-electrode cell using Pt wire as counter electrode,
Hg/HgO, 1 M NaOH as reference electrode. The measured potential against reference electrode
was converted to reversible hydrogen electrode (RHE) according to ErHe = Engneo + 0.915 in 1
M KOH. For OER test, a 1 M KOH aqueous solution saturated with oxygen was used as the
electrolyte. The LSV polarization curves were recorded at 5 mV s! after 5 sweeps to reach stable
state. The Faradaic efficiency for OER was determined by rotating ring-disk electrode (RRDE)
consisting of a glassy carbon disk electrode and a Pt ring electrode. Specifically, to determine the
OER reaction pathway by detecting HO>" formation, the ring electrode is kept at a constant
potential of 1.5 V vs RHE for oxidizing any HO2 produced at the disk electrode, which was
swept at 10 mV s’! in the OER potential region at a rotating speed of 1500 rpm. To determine the
Faradaic efficiency, a constant current of 200 uA was applied to the disk electrode, and the ring
electrode was held constant at 0.4 V vs RHE to reduce the O> generated at the disk. The Faradaic

efficiency (f) is calculated by equation (10):

I

f= 2 a0

IgN
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where Iq and I, are the disk and ring current, respectively, and N is the ring collection efficiency
(N ~ 0.2, calibrated with a potassium ferricyanide redox couple).
The TOF value is calculated by equation (11):

j xA
4 XF xm

TOF = (11)

where j is the current density at a given overpotential, A is the geometric surface area of the

electrode, F is the Faraday constant, and m is the number of moles of metal on the electrode.
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