N -

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Low-Coordinated Co-N-C on Oxygenated Graphene for Efficient Electrocatalytic H2O-
Production
Haisheng Gong, Zengxi Wei, Zhichao Gong, Jingjing Liu, Gonglan Ye,* Minmin Yan, Juncai

Dong, Christopher Allen, Jianbin Liu, Kang Huang, Rui Liu, Guanchao He, Shuangliang

Zhao,* Huilong Fei*

H. Gong, Z. Gong, J. Liu, Prof. G. Ye, M. Yan, J. Liu, K. Huang, R. Liu, G. He, Prof. H. Fei
Advanced Catalytic Engineering Research Center of the Ministry of Education, State Key
Laboratory for Chemo/Biosensing and Chemometrics, and College of Chemistry and
Chemical Engineering, Hunan University, Changsha 410082, China

E-mail: glye@hnu.edu.cn, hifei@hnu.edu.cn.

Dr. Z. Wel, Prof. S. Zhao

Guangxi Key Laboratory of Petrochemical Resource Processing and Process Intensification
Technology and School of Chemistry and Chemical Engineering, Guangxi University,
Nanning, 530004, China

E-mail: szhao@gxu.edu.cn

Dr. J. Dong

Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, Chinese Academy
of Sciences, Beijing 100049, P. R. China

Dr. C. Allen

Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK and

electron Physical Science Imaging Centre, Diamond Lightsource Ltd., OX11 ODE, UK.

Keywords: electrochemical H202 production, single-atom catalyst, electronic structure, low

coordination, epoxide groups, microwave synthesis


mailto:glye@hnu.edu.cn
mailto:szhao@gxu.edu.cn

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Abstract: Electrochemical H202 production through the 2-electron oxygen reduction reaction
(ORR) is a promising alternative to energy-intensive anthraquinone process. Herein, by
simultaneously regulating the coordination number of the atomically dispersed cobalt sites and
the nearby oxygen functional groups via a one-step microwave thermal shock, we obtain a
highly selective and active Co-N-C electrocatalyst for H202 electrosynthesis that exhibits a high
H20: selectivity (91.3%), outstanding mass activity (44.4 A g* at 0.65 V) and large kinetic
current density (11.3 mA cm2 at 0.65 V) in 0.1 M KOH. In strong contrast to the typical Co-
N4 moieties for the 4-electron ORR, the present Co-N-C catalyst possesses a low-coordinated
Co-N2 configuration and abundant epoxide groups, which work in synergy for promoting the
2-electron ORR, as demonstrated by a series of control experiments and theoretical simulations.
This work may provide an effective avenue to modulating the composition and structure of
electrocatalysts at the atomic scale, leading to the development of new electrocatalysts with

unprecedented reactivity.

1. Introduction

The ever-growing demand of hydrogen peroxide (H202) in daily life and various industrial
processes has driven it as one of the 100 most important global chemicals.™ It is predicted that
the market need for H202 would reach about 6 million tons in 2024.12 Currently, the industrial
production of H202is predominantly achieved by an energy- and waste-intensive anthraquinone
process that needs complex infrastructures, tedious extraction and additional discreet
transportation.®! Therefore, it is imperative to develop a more ecofriendly and sustainable
alternative technology for H202 production. Selective electrocatalytic oxygen reduction
reaction (ORR) via the 2-electron pathway appears to be an attractive and feasible route that
enables portable, on-demand and distributed H202 synthesis.! However, the production of
H202 through ORR competes with the 4-electron ORR pathway towards H20 and consequently

requires highly active and selective electrocatalysts. The selectivity of the ORR electrocatalysts
2
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is strongly correlated with the electronic structure that governs the absorption strength of the
reaction intermediates on the active sites. Specifically, for the selective production of H202, the
catalysts need to absorb the reaction intermediate OOH" with an optimal binding energy that
could facilitate its reduction to H202 with the preservation of the O-O bond, but suppress it
from being further reduced or dissociated to O and OH" that will lead to the formation of
H20.57 Platinum-group metals (PGMs) are known as the state-of-the-art 4-electron ORR
catalysts, but researchers found that PGMs can also selectively catalyze the 2-electron ORR by
forming alloys with catalytically inert mercury (e.g., Pt-Hg and Pd-Hg), which can isolate the
active sites of PGMs and thus prevent the breaking of O—O bond during ORR.[** Nevertheless,
the scarceness and low mass activity of PGMs become a great obstacle for their practical use,

calling for alternative electrocatalysts.

Metal- and nitrogen-doped carbons (M-N-Cs) as a unique class of single atom catalysts
(SACs) have attracted considerable interests in electrocatalysis.*?! The electronic structure of
M-N-Cs can be fine-tuned by a variety of knobs such as the central metals, the coordination
environment or the composition of the surrounding carbon matrix, leading to optimized
catalytic performance in different electrochemical energy conversion processes, including ORR,
CO:2 reduction, H2/O2 evolution reaction, N2 reduction reaction, etc.[*>14 Particularly, M-N-Cs
(M=Co) have recently been intensively studied as 2-electron ORR catalysts and the regulation
of the electronic structure plays critical roles in determining their performance.l*® The Co
centers in Co-N-C catalysts typically adopt the thermodynamically stable Co-N4 porphyrin-like
moiety that is more favorable for the 4-electron ORR.I*62% Interestingly, recent studies
suggested that modulating the oxygen functional groups near the Co-Na site could effectively
tune its electronic structure and therefore steer the ORR process for H202 production. 1819 21-22]
For example, Li et al. used concentrated nitric acid to oxidize the Co-N-C catalyst and the as-

treated catalyst exhibited a significant increase in oxygen content that led to enhanced
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selectivity towards H202.1?2 Zhang et al. treated the Co-N-C catalyst with electrochemical
oxidation and H202-involved chemical oxidation, which introduced abundant epoxy groups that
resulted in enhanced performance for H20: synthesis.['¥1 However, the harsh oxidation
conditions applied in these pioneering studies not only complicate the preparation process of
oxygen-rich Co-N-C catalysts, but also may lead to the demetallation and stability issues of the
atomic metal sites.!?® Other than the oxygen functional groups introduced on the carbon support,
the coordination number of the atomic metal sites is another key factor in determining the
electronic structure of M-N-Cs.?*l In this regard, vast studies have found that low-coordinated
M-Nx (x< 4) moieties can present better catalytic performance for CO2 reduction than the M-
N4 moieties.[?>2%1 However, the effect of lowering the coordination number of M-N-Cs on the
2-electron ORR selectivity towards H202 remains seldomly studied, which could be partially
ascribed to the limited synthetic approach to the low-coordinated M-Nx sites that are less stable

than the M-Na counterparts.[24 26 291

Ultrashort thermal shock (e.g., Joule heating,*-2! solid-state microwave irradiation[®2-341)
with rapid heating and quenching capability has recently been utilized to synthesize kinetically-
controlled materials with unprecedented composition, structure and reactivity that are
inaccessible by conventional prolonged high-temperature processing.® For example, Hu et al.
synthesized a wide range of high-entropy multimetallic nanoparticles by rapid electrical Joule
heating.*6-3"1 Tour et al. applied a similar strategy to obtain graphene with turbostratic
arrangement between the stacked layers,* and metastable 1T-phase MoS2 and WS..18 Further,
thermal shocking, with the benefits of minimizing the high-temperature atom aggregation, has
recently been employed to synthesize atomically dispersed metal catalysts.*-32 However, these
studies focused on the demonstration of new synthetic approach to SACs, while little attention
was paid to the effects of the synthetic methods on the coordination configuration, electronic

structure and catalytic reactivity of the resulted SACs.
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Herein, by making use of a facile and transient microwave irradiation treatment, we
simultaneously achieved the regulation of the coordination number and the surrounding
oxygenated functional groups in Co-N-C SACs. The as-prepared catalyst possesses a low-
coordinated Co-N2 configuration and high content of C-O-C epoxide groups (denoted as Co-
N2-C/HO thereafter). In comparison to the typical Co-N4-C/LO with low content of epoxide
groups by conventional prolonged annealing method, Co-N2-C/HO shows a significantly
enhanced performance for H202 production with a high selectivity (91.3%), prominent mass
activity (44.4 A g tat 0.65 V) and large kinetic current density (11.3 mA cm™2 at 0.65 V),
making it one of the most active SACs for H202 electrosynthesis. Control experiments and
theoretical calculations suggest that the high activity and selectivity of Co-N2-C/HO come from
its unique electronic structure resulted from the synergy of the low coordination configuration

and oxygen functional groups.

2. Results and Discussion

To synthesize Co-N2-C/HO, a solid mixture of amine-functionalized graphene oxide and small
amounts of Co precursor was treated with a 1-s-long microwave pulse (Scheme 1, details were
provided in Experimental Section). A similar microwave-assisted synthesis has been previously
reported by us to access a variety of graphene-supported SACs, while the present study
focuses on the effects of the instant heating and quenching procedure on the composition,
structure and catalytic reactivity of the resulted SACs. It is proposed that the instant microwave
irradiation could generate Kkinetically-controlled Co-Nx moieties. For comparison, a
thermodynamically stable Co-Ns-C/LO catalyst was synthesized by annealing the mixture of
graphene oxide and Co precursor in NHs atmosphere at high temperature for 1-h-long period.
As shown in the X-ray diffraction (XRD) patterns (Figure S1), Co-N2-C/HO and Co-N4-C/LO
exhibit two diffraction peaks belonging to the (002) and (100) planes of graphitized carbon

without Co-derived peaks, indicating the absence of metal atom aggregation. The Raman
5



1

2

3

10

11

12

13

14

15

16

17

18

spectrum of Co-N2-C/HO presents a lower D-to-G band ratio and a more distinct 2D band
compared to Co-N4-C/LO (Figure S2), manifesting the more efficient reduction and exfoliation
of graphene oxides by the microwave heating.[? 32

4
dominated

®N ®co ™ Nsource

Co-N,-C/HO

Scheme 1. Schematic diagram of the synthesis route to Co-N4-C/LO and Co-N2-C/HO.

To explore the chemical states and elemental composition of the samples, X-ray
photoelectron spectroscopy (XPS) survey spectra reveal the coexistence of C, N and O peaks
and the absence of Co peaks in both samples due to their low contents (Figure 1a). The Co
contents in Co-N2-C/HO and Co-Ns-C/LO were estimated to be 0.88 wt% and 0.10 wt%,
respectively, by inductively coupled plasma mass spectrometry (ICP-MS) (Table S1). From the
N 1s XPS spectra (Figure S3), Co-N2-C/HO is enriched with graphitic N and deficient with
pyridinic N, in contrast to Co-Ns-C/LO, possibly due to the transformation of the pyridinic N
to more stable graphitic N under the microwave-induced high-energy environment.[32 3
Similar features of N species in Co-N2-C/HO and Co-N4-C/LO were observed in N K-edge
near-edge X-ray absorption fine structure (NEXAFS) spectra (Figure S4a). Figure 1a further
reveals that Co-N2-C/HO has an obviously higher oxygen content (7.9 at%) than that of Co-Na-
C/LO (5.70 at%), which can be ascribed to the much shorter exposure duration to high-

temperature environment during the synthesis of Co-N2-C/HO. The higher content of oxygen

6
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in Co-N2-C/HO was confirmed by combustion elemental analysis (Table S2). The high-
resolution O 1s XPS spectra can be deconvoluted into three oxygen functional groups (C=0,
C-O-C epoxides and C-OH) (Figure 1b, ¢).[*¥l It can be observed that Co-N2-C/HO shows a
much stronger C-O-C peak (3.80 at%) than Co-N4-C/LO (1.68 at%). The high-resolution C 1s
spectra in Figure 1d involve three carbon species (C=C, C-O-C/C-N, C=0), and a higher C-O-
C/C-N peak was observed in Co-N2-C/HO (19.9%) than Co-Ns-C/LO (16.8%), consistent with
the results from O 1s XPS spectra. The difference of oxygen functional groups over Co-Nz2-
C/HO and Co-Ns-C/LO was confirmed in Fourier-transform infrared spectroscopy (FTIR)
(Figure 1€), where a stronger peak at about 1200 cm™* assigned to C-O-C epoxide was observed
in Co-N2-C/HO compared to Co-Ns-C/LO.1> 18 The O K-edge NEXAFS spectrum of Co-N.-
C/HO exhibits a more intense peak at 540.5 eV that can be ascribed to the transitions of the O
1s core level to * states and o* states from C-O bonds (e.g., C-O-C epoxides) (Figure S4b),?
18 further revealing the enrichment of oxygen-containing functional groups in Co-N2-C/HO.
For the high-resolution Co 2p XPS spectra (Figure 1f), the Co 2p peaks of Co-N2-C/HO shift
slightly to the lower binding energy compared to those of Co-Ns-C/LO, indicating the lower

oxidation state of Co in Co-N2-C/HO.
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Figure 1. Compositional characterizations. (a) XPS survey spectra of Co-N4-C/LO and Co-N3-
C/HO. (b) High-resolution O 1s XPS spectra of Co-Ns-C/LO and Co-N2-C/HO. (c) The atomic
percentages of oxygen species in Co-N4-C/LO and Co-N2-C/HO. (d) High-resolution C 1s XPS
spectra, (e) FTIR spectra, and (f) high-resolution Co 2p XPS spectra of Co-Ns-C/LO and Co-

N2-C/HO.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image of Co-N2-C/HO reveals that the Co metals are atomically dispersed throughout the
graphene matrix (Figure 2a). Energy dispersive X-ray spectroscopy (EDS) mapping of Co-No-
C/HO reveals the homogeneous distribution of C, N, O and Co elements (Figure 2b). X-ray
absorption spectroscopy was then used to provide structural information on the valence states
and coordination environment.[*l Co K-edge X-ray absorption near-edge structures (XANES)
of Co-N2-C/HO and Co-N4-C/LO show similar profiles (Figure 2c), suggesting their analogous
bonding configurations. Careful examination of the pre-edge at around 7710 eV suggests the

evidently increased 1s—3d transition peak i in Co-N2-C/HO (Figure 2c), signifying rather

distorted Dan centrosymmetry of the Co sites.3?l Compared to Co-N4-C/LO, an obviously

reduced peak ii (1s—4pxy transitions) was observed for Co-N2-C/HO, revealing a defective

graphene architecture and low-coordinated coordination configuration around the Co atoms.
Comparing the Co K-edge position at the half of the edge maximum intensity, it can be found
that the valence state of Co in Co-N2-C/HO is lower than that of Co-N4-C/LO,%2 41 which is
consistent with Co 2p XPS results. Fourier transform (FT) magnitudes of Co K-edge extend X-
ray absorption fine structure (EXAFS) of Co-N2-C/HO and Co-N4-C/LO display a dominant
peak at ca. 1.4 A corresponding to the Co-N coordination and no obvious peaks from Co-Co
contribution can be observed (Figure 2d). In addition, Co-N2-C/HO presents an evidently lower
peak intensity of Co-N compared to Co-Ns-C/LO, manifesting a lower N coordination number

of the Co center, in line with the results from the Co K-edge XANES. The atomic dispersion of

8
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the Co was further confirmed by EXAFS wavelet transform (WT) (Figure 2e), where only one

intensity maximum at =~ 4.0 A shows up in Co-N2-C/HO and Co-N4-C/LO. Quantitative

structural results were extracted by least-squares EXAFS curve-fitting analysis (Figure S5 and
Table S3), suggesting that the coordination number of Co-N2-C/HO and Co-Ns-C/LO is 2.0 and

3.8, respectively.
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Figure 2. Characterizations of atomistic structure. (a) HAADF-STEM image of Co-N2-C/HO.

(b) EDS elemental mapping of Co-N2-C/HO. (c) Co K-edge XANES spectra of Co-N2-C/HO,
9
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Co-Nz-C/LO and reference samples (cobalt oxide and bulk cobalt). (d) Fourier transform
magnitudes of Co K-edge EXAFS for Co-N2-C/HO, Co-N4-C/LO and the reference samples.
The reference spectra had been reduced in size. (e) Wavelet transforms for Co-N2-C/HO, Co-

N4-C/LO and the reference samples.

The ORR performance was evaluated on a rotating ring-disk electrode (RRDE) at 1600 r.p.m.
in an Oz-saturated 0.1 M KOH electrolyte. The Pt ring electrode was held at 1.2 V to quantify
the amount of H202 produced on the disk electrode. The collection efficiency of RRDE was
calibrated to be 0.237 (Figure S6). The optimized catalyst loading amount was 37.5 ug cm 2
(Figure S7). Figure 3a shows the polarization curves for Co-N2-C/HO, Co-Ns-C/LO and metal-
free N-C, with the oxygen reduction current measured on the disk electrode (solid lines) and
the H202 oxidation current on the Pt ring electrode (dashed lines). The corresponding H202
selectivity as a function of potential was plotted in Figure 3b. Among the three catalysts, Co-
N4-C/LO exhibited the highest oxygen reduction current and most positive onset potential at
the disk electrode, indicating its highest ORR activity. However, the corresponding H202
oxidation current is relatively low and starts at a less positive potential, indicating that Co-Na-
C/LO mainly catalyze the ORR through the 4-electron process. In contrast, Co-N2-C/HO
achieved the highest H202 production current and selectivity within the entire potential range,
along with an onset potential as high as 0.801 V (determined at the current density of 0.15 mA
cm 2). Particularly, at 0.7 V, Co-N2-C/HO exhibited a H202 production current density of 1.46
mA cm2 and selectivity of 91.3%, which were much higher than those (0.91 mA cm2 and
48.7%) of Co-Ns-C/LO (Figure 3c). The average number of electrons transferred (n) was
calculated from the disk current and ring current of RRDE. As shown in Figure S8, Co-N2-
C/HO exhibited an n = 2.3, indicating that it mainly catalyzes the ORR through the 2-electron
pathway, in contrast to Co-Ns-C/LO with n = 3.0. A control sample of LCo-N2-C/HO with a

similar Co content (0.14 wt%) to that of Co-Ns-C/LO (0.10 wt%) was prepared via microwave
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irradiation and its selectivity was similar to Co-N2-C/HO and higher than Co-N4-C/LO (Figure
S9), confirming that the catalytic property is strongly dependent on the heating protocol. In the
absence of Co, the control sample of N-C suffered from decreased activity and selectivity for
the 2-electron ORR. As a reference sample, the commercial Pt/C catalyst exhibited a diffusion-
limited disk current density close to 6 mA cm2 with negligible ring current density and H20:
production (Figure S10), suggesting that it catalyzed the ORR via a complete 4-electron process.
To correct for mass-transport limitation, the kinetic current density (jk) for H202 production was
calculated according to the Koutecky—Levich equation. The obtained jk of Co-N2-C/HO at 0.65
Vis 11.3 mA cm2, manifesting its outstanding H202 production activity that outperforms most
of the state-of-the-art catalysts (Figure 3d). Furthermore, the calculated Tafel slope of Co-N2-
C/HO (51.3 mV dec™?) is significantly smaller than those of Co-N4-C/LO and control samples
(Figure S11), signifying its faster reaction kinetics. The mass activity and turnover frequency
(TOF) of Co-N2-C/HO at 0.65 V were estimated to be 44.4 A g~! and 1.54 s'%, respectively,
superior to most of recently reported SACs (Figure 3e, Figure S12 and Table S4). Moreover,
Co-N2-C/HO shows stable activity and selectivity, as demonstrated by the 8-h
chronoamperometry test and 2000 cycles of CV test (Figure 3f and Figure S13). The
performance of Co-N2-C/HO was also evaluated in acidic (0.1 M HCIO4) and neutral
electrolytes (0.1 M PBS), demonstrating better selectivity towards 2-electron ORR than Co-Ns-
C/LO and N-C (Figure S14). To explore the possibility for practical use, Co-N2-C/HO was
casted on a hydrophobic carbon paper and evaluated in an H-cell under a constant current
density of 25 mA cm2. According to the linear fitting curves between absorbance and titrant
(Figure S15), the concentration of H202 produced can be determined that reached ~1000 mg
L~ within 1 h and ~1800 mg L™* within 8 h (Figure S16), which can sufficiently satisfy the

direct usage in industries including water disinfection and bleaching.[ 42
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Figure 3. Electrochemical ORR performance. (a) RRDE voltammograms of Co-N2-C/HO, Co-
N4-C/LO and N-C in an Oz-saturated 0.1M KOH. (b) H20: selectivity on Co-N2-C/HO, Co-Ns-
C/LO and N-C. (c) Comparison of H202 current and H20: selectivity at 0.7 V for Co-N2-C/HO
and Co-Nz-C/LO. (d) Comparison of kinetic current density for H202 production between Co-
N2-C/HO and catalysts reported in prior works in alkaline media (solid ling)[® 18 22 43471 gnq
acidic media (dash line).l>1% 48491 (g) Comparison of mass activity at 0.65 V between Co-Na-
C/HO and SACs catalysts reported in literatures under alkaline media.[®> 22 44 4647, 501 (f)
Chronoamperometry stability test of Co-N2-C/HO at 0.09 V in 0.1 M KOH. The Pt ring
electrode was cleaned by cyclic voltammetry scanning from 0 to —0.3 V vs RHE for 40 cycles

and the electrolyte was refreshed every 2 h during the chronoamperometry test.

To explore the possible active sites for H202 production, poisoning study of Co-N2-C/HO
and Co-N4-C/LO were performed in 0.1 M KOH electrolyte containing 20 mM KSCN. After
being immersed in the poisoning electrolyte for 1 h, an apparent decline of disk current density
and increased overpotential (77) was observed over Co-N2-C/HO and Co-N4-C/LO (Figure S17),
confirming the pivotal role of Co center in the activity for H2O2 production. To gain insights

into the effect of the oxygen functional groups on the H202 selectivity, Co-N2-C/HO was treated
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under Hz atmosphere at 500 °C for 1.5 h so as to partially remove the oxygen functional groups.

As shown in Figure S18a and S18b, the reduction treatment on Co-N2-C/HO induced a
significant decline in the total oxygen content with a largest decrease of the C-O-C groups. The
XRD patterns and Co 2p XPS spectra of reduced Co-N2-C/HO were similar to those of Co-N2-
C/HO (Figure S18c and S18d), indicating the absence of metal atom aggregation druing the Hz
reduction. This is expected as the catalyst had been thermally treated by microwave shocking,
the temperature of which could reach > 1000 °C that is much higher than that used for the H2
reduction (500 °C).I%2 34 Further, ICP-MS measurements suggested that the Co contents were
similar before and after H2 reduction (Table S1). These results together suggest that the
reduction treatment would not lead to the agglomeration of Co atoms and destruction of the Co-
N2 active sites. Comparing the RRDE voltammograms and H20: selectivity (Figure S19a and
S19b), a dramatical decrease of H202 production current and H202 selectivity (by 20%) was
observed in the reduced Co-N2-C/HO, manifesting the crucial role of oxygen groups in
obtaining the high H202 selectivity. Another control sample of Coi-NG(O) with Co-N4
configuration and rich oxygen functional groups (especially epoxy groups) was synthesized
according to the literature.!*8l The catalytic activity and selectivity of this sample was evaluated
and compared with other samples. As shown in Figure S20, Co1-NG(O) presented a lower ORR
activity and H202 selectivity compared to Co-N2-C/HO, suggesting the crucial role of low
coordination configuration in promoting the activity and selectivity for H202 production. These
control experiments demonstrate that the high activity and selectivity of Co-N2-C/HO come
from the synergy of the low coordination configuration and oxygen functional groups. To
explore the origin of high H20: selectivity and the reaction mechanism, hydrogen peroxide
reduction reaction was conducted in N2-saturated 0.1 M KOH electrolyte containing 3.5 mM
H20z2. As shown in Figure S21, compared to Pt/C and Co-N4-C/LO, Co-N2-C/HO shows the

lowest H202 reduction current, suggesting its negligible activity toward the H202 reduction
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reaction. This result explained the origin of high H20: selectivity of Co-N2-C/HO, which

avoided the further reduction of H2O2 product and a 2e~ + 2e” mechanism of ORR.['#51-52]
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26 28 30 32
AG.... (8V)

d *O0H

14 21 28 35 42
AG.oq, (V) CoN,H,-40-0

Figure 4. Theoretical studies on the synergy between the Co-Nz2 sites and oxygen groups on the
carbon matrix. (a) The plot of 7 as a function of AG+oon for the CoNzHx (x = 4, 6, 8, 12, 14)
moieties. (b) The plot of # as a function of AG*oon for CoN2He with epoxy groups (CoNzHe-0)
with different locations and coverages. (c) The introduced solvent species on the Co site of
CoN:zHs with 4 epoxy groups (CoNzHs-40-0, o = H, H20, OH or O). The » was plotted as a
function of AG+oon for CoN2Hs-40-w. (d) Schematic of the optimal Co-N2 configuration with
4 epoxy groups and one O solvent species (CoN2Hs-40-0). The green, gray, dark blue, red and

blue spheres represent the H, C, N, O, Co atom, respectively.

To further elucidate the synergy between the low-coordinated Co-N2 configuration and C-O-
C epoxide groups, density functional theory (DFT) calculations were conducted. As shown in
Figure S22, a serial of Co-N2 moieties (CoN2Hx, x = 4, 6, 8, 12, 14) were constructed with the
defective edge sites hydrogen-passivated for stabilizing the structure. The adsorption free

energies of the *OOH intermediate (AG+=oon) oOf the 2-electron ORR process on these Co-N2
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moieties were calculated and the corresponding adsorption configurations were provided in
Figure S23. Figure 4a shows the plot for ORR activity in terms of # as a function of AG*ooH,
showing that all considered moieties have too strong adsorption of the *OOH intermediate with
high # for the rate-determining step (*OOH + e + H* — H202).5%1 Among these moieties,
CoN2He possesses the lowest # of 1.62 V and is thus selected as the moiety for the followed
optimization by introducing epoxy groups around the Co sites. Different locations and
coverages of epoxy groups near CoN2Hs were considered (Figure S24 and S25). When one
epoxy group was introduced at the position of 10a, 10b, 1Oc, 104, 10e, 10¢, 10g, 10n (Figure
S24a-h), the n decreases by 0.16 V with 10a and 0.07 V with 10y, while other positions that
are far away from the Co site have no effects on reducing the # (Figure 4b). When increasing
the coverage of epoxy groups, the » can be further reduced (Figure 4b and Figure S24i-m).
Especially for the configuration with four epoxy groups nearby CoNz2Hs (CoN2Hs-40), the
computed 7 is reduced to be less than 1V (0.97 V). Taking a step further, the solvent effects on
the catalytic properties of the CoN2Hs-40 moiety were taken into accounts by introducing the
solvent species of H, O, H20 and OH on the Co sites (Figure S26 and S27). The calculated
results in Figure 4c demonstrated that the introduced H would lower the catalytic activity (r =
2.10 V), while the oxygenated species (O, H20 and OH) could improve the activity. Among
them, the OH and O solvent species are most effective in weakening the adsorption strength of
*OO0H on the Co site, leading to the significantly enhanced catalytic activity with a lower 7 of
0.58 and 0.42 V, respectively, in agreement with our experimental results that the Co-N2-C/HO
catalyst is most active in alkaline media (0.1 M KOH). The schematic structural model of the
optimized CoN2Hs-40-O moiety is displayed in Figure 4d. Besides the Co-N2 configuration,
additional calculations were performed on other Co-Nx (x = 3 and 4) configurations. For the
Co-Ns configuration (Figure S28a-f), the considered moieties of CoNsHs, CoN3Hs-40 and
CoNsHs-40-0 exhibited limiting » of 1.06 V, 1.35 V and 0.54 V, respectively, while for the

Co-Na4 configuration (Figure S28g-h), the considered moiety of CoN4-40-0 exhibited a limiting
15
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n of 0.64 V, further indicating that the catalytic performance is sensitive to the coordination
configuration and the oxygen functional groups. Therefore, these computational results jointly
suggest that the Co-N2 moieties could work in synergy with the nearby epoxy groups for
improved catalytic activity towards the 2-electron ORR to produce H202, corroborating the

experimental results.

3. Conclusion

In summary, we demonstrated the simultaneous tuning of the coordination number and the
surrounding oxygen functional groups in Co-N-C catalysts by an ultra-fast heating protocol that
lead to the discovery of a highly active and selective catalyst for H202 electrosynthesis.
Compared to the typical Co-N4-C/LO SACs, the newly developed Co-N2-C/HO exhibited a
significantly enhanced performance with an early onset potential (0.801 V), a high H20:2
selectivity (91.3%), outstanding mass activity (44.4 A gt at 0.65 V) and Kinetic current density
(11.3 mA cm2 at 0.65 V). Combined experimental and theoretical analyses suggest that such
high performance is attributed to the unique electronic structure of Co-N2-C/HO as a result of
the synergistic effects between the low-coordinated Co-N2 configuration and the surrounding
C-O-C epoxide groups. This work highlights the importance of synthetic parameters and
procedures in affecting the atomistic structure and composition of SACs, and could motivate
studies on establishing the synthesis-structure-performance correlations towards the rational
design of SACs. Further, additional in situ XAS analysis can provide more information on the
structural changes and chemical behavior of the active sites during the H202 electrosynthesis,
which would contribute to the understanding of the detailed reaction mechanism and deserve
more research efforts in the future. On the other hand, considering the generality of the present
synthetic methodology, this work offers a pathway towards the exploration of catalysts with
unconventional structure and composition for catalyzing reactions beyond ORR, such as CO2

reduction and N2 reduction reaction.
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4. Experimental Section

Synthesis of Co-N2-C/HO: Graphene oxide (GO) was firstly prepared according to a modified
Hummers’ method.®* Amine-functionalized graphene oxide (AGO) was obtained by treating
graphene oxide (GO) with NH4OH solution. Typically, 0.288 mL of NH4OH solution (26.5%,
Sinopharm chemical) was dropwise added into 2.5 ml of GO solution (2 mg mL™?) under
stirring, and then stirred for another 15 min. The obtained black brown suspension was sealed
in a Teflon-lined autoclave and kept at 70 °C for 5 h. After the reaction, the black suspension
was washed by centrifugation repeatedly with water until the pH of the supernatant became
neutral. Then, 25 uL of CoClz - 6H20 (AR, Aladdin Industrial Corporation) aqueous solution
(3 mg mL™?) was added dropwise into 2.5 mL of AGO suspension and stirred for 1 h. After
being freeze-dried, the aerogel of Co?* and AGO (Co-AGO), combined with small amounts of
thermally reduced (300 °C for 1 h in Ar) graphene as initiators, were sealed in a glass tube
within Ar-filled glovebox, and then microwaved (Panasonic NN-GF37JW) at 1000 W for 4 s
(3 s as the induction period and 1 s as the reaction time). After cooling, the black product was
collected for use. The synthesis of control samples (N-C, Co-C and LCo-N2-C/HO) was similar
to that of Co-N2-C/HO, except without adding CoCl2 - 6H20 for N-C, replacing AGO with GO
for Co-C, and adding 3.1 pL CoCl2 - 6H20 aqueous solution (3 mg mL™?) into 2.5 mL of AGO
suspension. To synthesize reduced Co-N2-C/HO, Co-N2-C/HO was reduced at 500 °C in the

atmosphere of Hz/Ar (38/152 sccm) for 1.5 h with a ramping rate of 20 °C min™.

Synthesis of Co-N4-C/LO: GO solution (2 mg mL ™) was sonicated for dispersion. Then, 6.25
uL CoClz - 6H20 aqueous solution (3 mg mL™1) was added dropwise into 5 mL GO solution
under stirring, and then stirred for 1 h. After being freeze-dried, the Co?*-containing GO aerogel
was loaded into a tube furnace. After continuous purging with Ar flow, the aerogel was annealed
at 900 °C for 1 h with a ramping rate of 25 °C min ! under the flow of NH3 (50 sccm) and Ar

(150 sccm) to obtain Co-N4-C/LO.
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Electrochemical measurements:

The electrochemical measurements were conducted in a three-electrode cell equipped with a
rotating ring-disk electrode (RRDE, Pine Research Instrumentation, USA) setup and CHI 760E
electrochemical workstation. For preparing the working electrode, the catalyst ink was prepared
by dispersing 1 mg of catalyst into 1 mL ethanol and 20 pL Nafion (5 wt%) solution by
sonication for 1 h. After polishing RRDE mechanically with alumina suspension, 7.5 pL of
catalyst ink was drop-casted onto the disk electrode (0.196 cm? area) of RRDE, resulting a
catalyst loading of 37.5 ug cm=2. Hg/HgO (1 M NaOH) electrode and graphite rod were used
as the reference electrode and counter electrode in 0.1 M KOH electrolyte, respectively. The
potentials against Hg/HQO reference electrode were converted to reversible hydrogen electrode
(RHE) by ErHe = EHgHgo + 0.897 in 0.1 M KOH based on calibration results. Electrochemical
measurements were conducted in an Oz-saturated 0.1 M electrolyte. Cyclic voltammetry (CV)
curves were scanned from 1.2 to 0 V at a scan rate of 100 mV s 1to reach a stable state. Then,
the LSV polarization curves were scanned from 1.0 to 0 V at a rate of 10 mV s™* while keeping
the RRDE at a rotating speed of 1600 r.p.m. The Pt ring electrode was held at 1.2 V to quantify
the amount of H202 produced on the disk electrode. To subtract the contribution of background
current, the polarization curves were corrected by subtracting the currents measured in a N2z-
saturated electrolyte. The ring collection efficiency (N) of RRDE was determined to be 0.237
using a typical redox system of potassium ferricyanide solution (Figure S6). The H20:2
selectivity and the number of electrons transferred can be calculated from the following

formulas based on the disk current (l4) and ring current (Ir):
Selectivit (0/)—200x([r)/(1 + Ir)
electivity (%o N ity
Number of electrons transferred:
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n al Uy N)

The kinetic current density (jk) was calculated based on the measured total current density
(jm) and the diffusion-limited current density (ji) according to Koutecky—Levich equation:

1 —_—

1
- -+t
]m Jl

1
Ji

Here, the limiting current density (ji) was derived from the steady current of the
polarization curves. Chronoamperometry stability test of Co-N2-C/HO was conducted under a
constant disk electrode potential at 0.09 V in O2-saturated 0.1 M KOH electrolyte with an
RRDE rotating speed of 1600 r.p.m. After 2 h chronoamperometry test, the ring electrode was
refreshed by cyclic voltammetry scanning from 0 to —0.3 V vs RHE for 40 cycles so as to
remove the accumulated PtOx species on the surface of Pt ring electrode,™ 4" and the electrolyte
was renewed with fresh electrolyte to avoid the interference of accumulated H202 to the

detection of H202 oxidation current on the Pt ring electrode.
H202 concentration quantification:

To evaluate the productivity of H202, the electrochemical H202 production was conducted in
an H-cell with two chambers separated by an anion-exchange membrane (Fuma FAA-PK-130).
For the preparation of the working electrode, the catalyst ink was drop-casted onto the
hydrophobic carbon paper (1 cm?, Toray, TGP-H-060) with a catalyst loading amount of 0.1
mg cm 2. The working electrode with the Hg/HgO reference electrode were placed in one
chamber, and the counter electrode (graphite rod) was loaded in a separate chamber to avoid
the oxidation of H202. Both chambers were filled with 25 mL of 0.1 M KOH, and the cathode
chamber was bubbled with pure Oz under stirring during electrolysis. Ethylenediamine

tetraacetic acid (EDTA,10 mM) was added into the electrolyte in the cathode chamber to inhibit
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the decomposition of H202. The productivity of H202 was evaluated by chronopotentiometry

at a constant current of 25 mA in the H-cell.

The concentration of the generated H202 was quantified by cerium sulfate (Ce(SOa4)2)
titration. Standard Ce(SQOa4)2 solution (0.5 mM) was prepared by dissolving Ce(SOa4): salts into
0.5 M H2S04 solution. The calibration curves between absorbance and H202 concentration were
determined by adding different amounts of H202 solution (0.1 wt%) into the standard Ce(SOa)2
solution, where yellow Ce*" cation would be reduced to colorless Ce*" by H20z, leading to a

decline of the absorbance with the increase of H202, according to the following equation.

H202 + 2Ce(S04)2 — Ce2(S04)3 + H2SO4 + O2

After electrolysis for a certain time period, 10 uL of the electrolyte in the cathode chamber
was added into the standard Ce(SOa): titrant solution. By linear interpolation from the
calibration curves, the concentration of H202 in the electrolyte can be calculated according to

the fitted linear equation (Figure S15).

Characterization:

The compositions and structures of samples were characterized by X-ray powder diffractometer
(Bruker, D8 ADVANCE), Raman spectrometer (RENISHAW inVia-reflex, 532 nm laser), X-
ray photoelectron spectrometer (KRATOS AXIS SUPRA) and Fourier-transform infrared
spectroscopy (Shimadzu, IR Affinity-1). Combustion elemental analysis (C, H and N) of
samples were conducted on an Elementar Vario EL cube Element analyzer. The annular dark-
field scanning TEM (ADF-STEM) was performed on JEOL ARM300 CF with JEOL ETA
aberration correctors with beam energy 80 keV, 40 um condenser lens aperture (32mrad), ADF
detector (inner angle 47mrad) and beam current approx. 46 pA. Energy dispersive X-ray

spectroscopy were measured on FEI-Titan Cubed Themis G2 300. The metal content of samples
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was evaluated by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900). The
ultraviolet-visible spectroscopy of Ce(SOa4)2 titrant solution was measured on Shimadzu UV-
2600 spectrophotometer. Soft X-ray absorption spectra were acquired at MCD-A and MCD-B
beamlines of Soochow Beamline for Energy Materials at NSRL in the total electron yield mode.
Hard X-ray absorption spectra at Co K-edge were obtained at 1W1B beamline of Beijing
Synchrotron Radiation Facility in fluorescence mode using a Si (111) double-crystal
monochromator. A detuning of about 25% by misaligning the Si (111) crystal was performed
to minimize the higher harmonics. The storage ring of BSRF was operated at 2.5 GeV with a
maximum current of 250 mA in decay mode. The incident and fluorescence X-ray intensities
were monitored by using standard N-filled ionization chambers and Ar-filled Lytle-type
detector, respectively. An energy calibration was conducted using reference bulk Co. The raw
data were all background subtracted, normalized, Fourier transformed and fitted using the

Demeter software.®]

Computational Methods:

The spin-polarized density functional theory (DFT) calculations were performed by using the
Vienna ab initio Simulation Package (VASP).58l The generalized gradient approximation
(GGA) toward Perdew-Burke-Ernzerhof (PBE) level was adopted in the projector augmented
wave (PAW) potentials.®"1 The Monkhorst-Pack type of k-point sample was shifted to the
gamma center to adopt for all the structures in this work. The Gaussian smearing of 0.05 eV
was adopted to satisfy the self-consistence and convergence of the electron density. All the
atomic positions were allowed to relax until the forces were less than 0.02 eV/A, and the
electron convergence energy was set to 107 eV. The vacuum was set to 20 A for all the
interfacial structures to avoid the interactions between its periodic images. The plane wave
cutoff was set to 500 eV. The DFT-D3 scheme is adopted to correct the van der Waals

interaction.[®
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To calculate the reaction free energy profile for the electrochemical oxygen reduction
reaction (2e/4e’), the computational hydrogen electrode (CHE) model was adopted.®®! Under
standard conditions (298.15 K, 1 atm, pH=0), the free energy of H*/e" pair (G(H"+e")) is
equivalent to that of a half of hydrogen (1/2G(H2)) without applied bias (U). The reaction free
energies were defined as:

AG = AE + AZPE —TAS

where AE, AZPE and AS stand for the reaction energy, differences in zero point energy and

entropy, respectively. With an applied bias (U), the reaction free energies can be described as:
AG = AE + AZPE — TAS — neU

where n is the number of electrons involved in the reaction. The 2-electron ORR can be

described in the following:

2-electron ORR:
AG,
0,(g)+*+(H*+e™) —» *OOH

*OOH+(H*e™) = H,0,(I)
The catalytic activity of 2-electron ORR can be described by the theoretical # under the
standard conditions.
For the 2-electron ORR, 7292 can be given from the Gibbs free energy differences of AG1

and AG2:
H,0
G2 = max{AG,,AG,}
nH202=070 Vv — GH202 /¢
The adsorption free energies of *OOH can be taken as the descriptors for the n#2%2at an

activity volcano diagram. The adsorption free energies are calculated as follows:

AG+oon = Groon — G« — Goon
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where G~ and GooH are the free energies of clean substrate and the substrate binding with

*OOH. Goon is the free energy of isolated gas molecules, which can be replaced by (2Gy,0 —

%GHZ). Gu,o and Gy, are the energies of H20 and H: in gas phase, respectively.
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