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metal—air battery

Defects in nanocarbon materials can trigger their intriguing electrochemical properties and
potential applications, but their synthesis is challenging. Herein, we report the synthesis of
ultrathin nitrogen-doped carbon nanosheets with intrinsic defects through the pyrolysis of ZIF-
8 with linker vacancies. The as-synthesized electrocatalyst exhibits excellent oxygen reduction
reaction (ORR) activity with an onset potential and half-wave potential of 1.05 and 0.873 V vs.
RHE, respectively, outperforming the reported metal-free ORR electrocatalysts. It also shows
a commercial Pt/C-comparable performance in zinc—air battery with a power density of 154.4
mW cm. Characterization and DFT calculation results suggest the adjacent sp3-carbon in
carbon pentagon can significantly strengthen the adsorption and activation of oxygen molecules
on sp2-carbon, hence the potential determining step is altered and ORR overpotential is lowered.
This work highlights a promising green synthesis strategy of MOF-derived metal-free

nanocarbon materials for wide application in advanced energy technologies.
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1. Introduction

The synthesis and application of nanocarbon materials (NCMs) is a highly active topic in
chemistry and materials science.[1,2] Since carbon atoms have varied bonding forms, different
kinds of defects (edges, vacancies, holes, heteroatom doping, topological defects, and
hybridization states) may exist in NCMs, evolving their intriguing chemical properties.[3,4]
Therefore, the regulation of defects on NCMs is critical to energy storage and conversion
applications such as batteries, supercapacitors, and catalysis.[5-8]

Heteroatom doping is a widely adopted strategy to tune the catalytic properties of NCMs.[9]
Nitrogen, sulfur, phosphorus, boron, and other dopants are believed to change the electronic
structure of adjacent carbon atoms or cause geometrical distortions.[10,11] Thereby, the
adsorption of catalytic reaction intermediates is optimized, and the performance is improved.
However, heteroatom doping often leads to complex catalyst structures, and the active sites for
catalytic reactions in these catalysts remain controversial.[12]

In recent years, the role of the intrinsic defects (topological defects, hybridization states) in
NCMs on the catalytic process has to be concerned. Yao revealed the oxygen reduction reaction
(ORR) activity of graphene with 585 defect, which exhibits superior performance to nitrogen-
doped carbon.[13] Hu also demonstrated the potential carbon pentagon and zigzag edges in
NCMs with excellent ORR performance.[14] Wei systematically studied the effects of
topological defects and nitrogen doping species on ORR performance and found that the
adjacent carbon pentagon and heptagon at the edge can bring extremely low ORR
overpotential.[15] Meanwhile, Yao directly observed topological defects tend to form at the
edge of NCMs, which leads to excellent electrochemical performance.[16] Although the above
studies have proposed the structural models of a variety of potential active sites, the density of
the generated intrinsic carbon defects is usually very low according to the second law of
thermodynamics, and the limited active sites hamper the catalytic activity and application
performance. Controllable and large-scale synthesis of high-performance defect-rich NCMs is
challenging.

Various synthetic strategies have been reported successively to introduce a large number of
carbon defects recently. Mu derived carbon pentagon-defect-rich NCMs from in situ alkali
etching of fullerene.[17] Ma obtained three-dimensional nitrogen-doped porous carbon with
rich sp/sp? carbon interfaces by radical polymerization and pyrolysis of ionic liquids.[18] Chen
reported a volatile salt etching strategy to obtain NCMs with abundant sp® hybridized carbon

atoms through pyrolysis.[19] However, these methods result in high production costs or low



yields due to expensive precursors or difficult-to-control processes. It is imperative to develop
synthetic methods that can effectively control various defects.

Herein, we introduce the synthesis of ultrathin metal-free nitrogen-doped carbon nanosheets
with rich carbon defects (D-NCNS) via the pyrolysis of ZIF-8 with linker vacancies (ZIF-8-
LV). Characterizations reveal that D-NCNS possesses abundant edge, carbon pentagon, and
sp®-carbon atoms. Owing to the abundant defects and improved mass/electron transfer
efficiency, the obtained electrocatalyst exhibits excellent ORR activity with an onset potential
(Eonset) and half-wave potential (Ei2) of 1.05 V and 0.873 V vs. RHE, respectively,
outperforming the commercial Pt/C and reported NCMs. Meanwhile, the D-NCNS exhibits a
Pt/C-comparable performance as a cathode catalyst in Zn-air batteries (ZABs). Density
functional theory (DFT) calculation results suggest the adjacent sp3-carbon in carbon pentagon
can strengthen the adsorption and activation of oxygen molecules on sp?-carbon significantly.
The potential determining step is altered, the overpotential is lowered, and the ORR
performance is improved. Interestingly, the calculation results imply that nitrogen doping has
no positive effect on ORR performance. This work provides a facile, cheap, and large-scale
synthesis strategy to obtain abundant active defect sites for high-performance electrochemical

applications.

2. Experimental Section

2.1 Materials

Zinc acetate (Zn(CHsCOQ)2-2H20) and 2-methylimidazole were purchased from Macklin
Chemical Co., Ltd. Boric acid (H3BOs) was supplied by Aladdin Chemical Co., Ltd. NaCl,
KOH, ethanol, and isopropanol were purchased from Sinopharm Chemical Reagent Co., Ltd.
All chemicals were used directly if without additional notification. Deionized (DI) water was

produced by Millipore Milli-Q Integral 10 Water Purification System.

2.2 Synthesis of precursors and electrocatalysts

Synthesis of ZIF-8-LV: Zn(CH3CO0O)2:2H20 (5 mmol) mixed with H3BOs (5 mmol) were
dissolved in deionized water (30 mL), 2-methylimidazole (80 mmol) was dissolved in another
deionized water (30 mL). The two solutions were mixed and stirring 1 h at room temperature.
Then, the solution was transferred to a Teflon-lined stainless steel autoclave (100 mL) and
heated to 175 °C for 3 h. After cooling to room temperature, the ZIF-8-LV was collected,
washed with deionized water, and dried at 60 °C under a vacuum overnight. For comparison,

ZIF-8 without added H3sBO3 was also synthesized.
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Synthesis of D-NCNS: ZIF-8-LV powder (0.1 g) and NaCl (1.0 g) were physically mixed by
grinding, then the mixture was placed in a graphite crucible, and transferred into a tube furnace,
heated to 1000 °C at 5 °C min* and kept for 3 h under flowing N2. After being washed with
plenty of deionized water and dried under vacuum overnight, the obtained product is denoted
as D-NCNS. To investigate the effect of NaCl, the different mass ratios between ZIF-8 and
NaCl were mixed. NC, NCNS, D-NC, D-NCNS (1/1), D-NCNS (10/1) (D-NCNS, the ratio of
10/1 if not indicated later), and D-NCNS (50/1) were obtained by calcining pure ZIF-8, ZIF-8
+ NaCl (mnaci : mzirs = 10 : 1), pure ZIF-8-LV, ZIF-8-LV + NaCl (mnaci : mziFsLv =1 : 1),
ZIF-8-LV + NaCl (mnaci : mzir-s-Lv = 10 : 1), and ZIF-8-LV + NaCl (mnaci : mzir-s-Lv =50 : 1),
respectively.

2.3 Physical characterization

The morphology of the electrocatalysts was portrayed by scanning electron microscopy (SEM,
Zeiss Sigma) and transmission electron microscopy (TEM, Talos F200X, FEI, accelerating
voltage of 200 kV). The crystallographic structure was determined using an Ultima IV X-ray
diffractometer (XRD, Rigaku) equipped with Cu Ka radiation (1 = 1.5418 A), and the data were
collected in the Bragg—Brentano mode with a scan rate of 10° min. X-ray photoelectron
spectroscopy (XPS) was offered out on an ESCALAB Xi+ XPS Microprobe (Thermo
Scientific). Al Ka (photon energy 1,486.7 ¢V) was used as the excitation source for XPS. The
Raman spectroscopy was performed on LABHRev-UV (Horiba) operated at 633 nm of
wavelength. Nitrogen isotherm adsorption/desorption curve was collected on 3Flex Adsorption
Analyzer (Micromeritics). The specific surface area is calculated based on the Brunauer—
Emmett—Teller model.

2.4 Electrochemical measurements
The electrochemical tests were performed under a three-electrode system using an
electrochemical workstation (VMP-300 bio-logic system). A graphite rod and Ag/AgCl
(saturated KCI) electrode served as the counter electrode and the reference electrode,
respectively. All measured potentials were calibrated to the reversible hydrogen electrode
(RHE) according to the equation:
ErnE = Eagiagel + 0.0591 x pH + 0.197 V

A rotating disk electrode (RDE, 5 mm diameter) was the working electrode. Electrocatalyst
(10.0 mg) was dispersed in a mixture composed of H20 (743 uL), isopropanol (247 uL), and 5
wt% Nafion solution (10 pL) and subsequently under ultrasonic for 2 h. The resulting ink (10
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uL) was loaded on the working electrode, achieving a catalyst loading of 0.5 mg cm, followed
by evaporation of the solvent in air. The loading of commercial 20% Pt/C catalyst is 0.2 mg
cm was used as the ORR benchmark. The ORR test was performed in 0.1 M KOH with
saturated oxygen. The linear sweep voltammetry (LSV) curve was recorded at a scan rate of 5
mV s? at 1600 rpm.

The kinetic current density (Jk) was calculated by the Koutecky-Levich equation:

1/J=1/.+1/k

where J, Jk, and Ju are the measured, kinetic, and limiting current density, respectively.

According to the Tafel equation, use the LSV profile data to calculate the Tafel slope:

n = b log (jk /jo)

where 7 is the overpotential calculated by # = |1.23 V — Erneg|, jk is the Kinetic current density,
Jo is the exchange current density, and b is the Tafel slope.

Electrochemical impedance spectroscopy (EIS) analysis was carried out with a
superimposed 10 mV sinusoidal voltage in the frequency range of 10 kHz to 0.1 Hz at 8 points
per decade. All data were recorded in a single sine mode. The impedance spectra were fitted
using Z-fit method with “EC-Lab” software.

Electrochemical surface area (ECSA) was evaluated by the double-layer capacitance (Car)
of the electrocatalysts. Cai was measured by CV at different scan rates in the non-Faradaic
potential range. The value of Cai was half of the slope derived from the difference between
anode and cathode current density (Aj = ja — jc) against the scan rate. The Ca is converted into
the ECSA using the specific capacitance value for a flat standard electrode with 1 cm? of real
surface area (Cs), the Cs is generally in the range of 20 to 60 pF cm™. Here we use the average
value of 40 uF cm™ per cmecsa? to calculate the ECSA.[20]

ECSA = Ca1/Cs

The normalized specific Jk (Jkecsa) can be obtained by:

Jkecsa = Jk/ECSA
For RRDE measurement, the electron transfer number (n) and peroxide intermediate
production percentage (H202%) were calculated according to the following formula:
n=4xIla/(la+ Ir/N)
H202% =200 x (Ir/N)/(la + Ir/N)
where lq is the disk current, Iris the ring current, and N is the current collection efficiency at

the ring, which was 0.37.



The stability was assessed by current-time chronoamperometric measurements at 0.8 V vs.
RHE. The stability was also measured by LSV curves before and after 12000 CV cycles across
the potential window of 0.6 to 1.0 V vs. RHE in an Oz-saturated 0.1 m KOH solution.

2.5 Zn—air battery assembles

To make a Zn—air battery, 10.0 mg electrocatalyst was mixed with 980 uL ethanol + 20 pL 5
wt% Nafion solution and subsequently under ultrasonic for approximately 2 h. The resulting
ink (113 pL) was loaded on carbon cloth, achieving a catalyst loading of 1.0 mg cm, followed
by evaporation of the solvent in the air, and then used as an air cathode. A zinc plate is used as
the anode. KOH electrolyte solution (6.0 M) was used as electrolyte. Use two electrodes to test

the homemade Zn-air battery at room temperature.

2.6 Theoretical Calculations

Spin—polarized density functional theory (DFT)[21] is conducted in the Vienna ab initio
simulation package (VASP 6.2.0).[22] We adopt the projected augmented—wave method
(PAW)[23] potentials, and the exchange—correlation energy of the general gradient
approximation (GGA) in the scheme proposed by Perdew—Burke—Ernzerh (PBE).[24] The cut—
off kinetic energies for the plane waves are set to 450 eV for all the calculations. The
convergence tolerance of energy and force on each atom during structure relaxation are less
than 10° eV and 0.02 eV A%, A set of Monkhorst—Pack mesh K points of 2 x 2 x 1 and 4 x 4
x 1 are used to sample the Brillouin zone for geometry optimization and electronic structural
calculations.[25] The ¢ axis is set to 15 A to ensure sufficient vacuum to avoid interactions
between two periods. Grimme’s DFT-D3 scheme was used to describe the van der Waals
(vdW) interactions in the systems.[26,27]

For ORR process, the oxygen will first adsorb on the active site and then each step obtains
an electron and generates OH- while forming *O, *OH and *OOH intermediates respectively.
The thorough four-electron pathway in the alkaline medium is as follows:

O2 + 2H20 (l) + 4e= — *O2 + 2H20 (1) + 4e” (5)
*02 + 2H20 (I)+ 4¢- — *O0H + OH + H20 (1) + 3¢~ (6)
*OO0OH + OH™ + H20(l) + 3" — *0O + H20 (I) + 2(OH +¢) (7
*0 + H20 (I) + 2(OH +e) —» *OH + 30H + e~ (8)
*OH + 30H + e — 40H" 9)



Here, “1” denotes the liquid state and “*” denotes the adsorbed species on the active site. The

OER process is the opposite.

3. Results and Discussion

3.1 Synthesis and characterization of ZIF-8-LV

The synthesis of D-NCNS is schematically described in Figure 1. First, ZIF-8-LV was
synthesized by a hydrothermal method with zinc acetate, 2-methylimidazole, and boric acid.
For comparison, the ZIF-8 without the addition of boric acid was also synthesized.

The crystal structure of ZIF-8 with different synthesis conditions was detected by X-ray
powder diffraction (XRD, Figure S1 in Supplementary Material), showing that the ZIF-8
precursors were successfully synthesized, and the addition of HsBOs did not affect the crystal
phase of ZIF-8. It is noteworthy that the diffraction peaks of both ZIF-8 and ZIF-8-LV show
negative shift compared with the ZIF-8 simulated pattern. Further analysis of the diffraction
peak of (110) facet exhibited a tensile strain of 1.65% and 1.88% in ZIF-8 and ZIF-8-LV,
respectively (Table S1). The lattice strain may be caused by the defect in the as-synthesized
ZIF-8. [28]

./
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Figure 1. Scheme of the synthesis route to D-NCNS electrocatalysts.

X-ray photoelectron spectroscopy (XPS) was adopted to investigate the content and
chemical states of the elements in ZIF-8 and ZIF-8-LV (Figures 2b—d, S2, and S3). The ZIF-
8 and ZIF-8-LV is mainly composed of carbon, nitrogen, oxygen, and zinc. The element content
of the precursor measured by XPS is listed in Table S2. It is noteworthy that no boron element
was found in the formed ZIF-8-LV (Figure S3e).[29] The complete removal of boric acid during
the post-synthesis treatment is possibly due to its great solubility in water, and the ability to
escape through the pore of ZIF-8. In the ideal ZIF-8 crystal, each Zn is bonded to four 2-
methylimidazole ligands. Interestingly, the N/Zn ratio of ZIF-8-LV through a hydrothermal

transformation process with the addition of HsBOs was 2.51, which was significantly lower

8



than the ZIF-8 synthesized without H3BOz3 (3.61). In Figure 2b, three type nitrogen were found
in both samples, namely the imidazole groups (N_imidazole), the presence of secondary amines
(-NH-), and Zn-N.[30] Meanwhile, the Zn?* cations in the ZIF-8-LV coordinate with CHsCOO~
anions can be confirmed by the increased CH3COO-Zn peak area from XPS (Figure 2c).
Moreover, the coordination of CHsCOO™ anions leads to the increase of area ration of Zn-
CHsCOO in Zn 2p peaks (Figure 2d). These phenomena indicate the partial substitution of 2-
methylimidazole by acetate anions in ZIF-8 and ZIF-8-LV, where the substitution in the latter

is higher.
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Different from other MOFs, typical zeolitic imidazolate frameworks (ZIFs) exhibit unusual
chemical and thermal stability in an aqueous and alkaline solution.[29] Previously, Zhang and
co-workers have studied the influence of water and acid gas on the formation of vacancies in
ZIF-8 through theoretical computation.[30] In our synthesis procedure, HsBOs undergoes
stronger ionization in hydrothermal conditions, resulting in an overall stronger weak acidity of
the solution, which affects the coordination and precipitation equilibrium between Zn?* cations
and 2-methylimidazole. With a weakened coordination between Zn?* cations and 2-
methylimidazole, a higher amount of acetate anions coordinate with Zn?* cations, leading to the
deficiency of 2-methylimidazole in the resultant ZIF-8-LV. This deficiency in the precursor is

inherited by the product, facilitating the construction of a defect-rich product.



3.2 Synthesis and characterization of D-NCNS

After the synthesis of the precursor, it is mixed and ground uniformly with a certain amount of
NaCl. Subsequently, the mixture is transferred to a tube furnace for calcination under the
protection of nitrogen gas. Finally, the samples were obtained after the removal of NaCl by
thoroughly washing with water. The NaCl plays several roles in the pyrolysis [31,32]: (i) The
molten NaCl acts as a template for the formation of carbon nanosheets. (ii) The Na* cations can
intercalate into the lamellar carbon nanosheets, leading to a decreased thickness. (iii) The
molten NaCl can trap and dissolve the carbon intermediates generated during the ZIF-8
pyrolysis, leading to an increased yield of the nanocarbon materials. (iv) The CI~ anions can
combine with the Zn atoms in the ZIF-8 to form volatile ZnCl2, which is a poregen that can
increase the specific surface area of the nanocarbon materials.

XRD patterns (Figures S4 and S5) show that zinc volatilized at a high temperature of
1000 °C as no peaks of zinc and related compounds were found. At the same time, no NaCl
peak was found, indicating that the washing process has removed NaCl. Two evident broad
peaks, located at ~25° and ~43°, correspond to the (002) and (101) planes of graphitic carbon
(JCPDS No. 41-1487), respectively.

As shown in Figure 3a, Figure S6 and Table S3, compared with NC and D-NC, the N2
adsorption/desorption isotherms of D-NCNS show evident hysteresis loops, indicating the
presence of NaCl during calcination has caused the formation of mesoporous structure. The
BET surface area of D-NCNS reaches 1707 m? g%, which is higher than NC (1282 m? g*) and
D-NC (1339 m? g!). Meanwhile, the average pore size of D-NCNS (3.71 nm) is also larger
than NC (2.64 nm) and D-NC (2.64 nm). The enlarged pore size and more exposed edge sites
are is conducive to the efficient mass transfer process during the electrochemical reaction,
thereby facilitating the catalytic efficiency.[33-35]

The resulting catalyst was tested using Raman spectroscopy to study the changes in the
carbon structure. As shown in Figure 3b and S7, the Raman spectra of all catalysts can be
divided into four peaks — G (~1587 cm™?), D1 (~1330 cm™), D2 (~1200 cm™t), and D3 (~1500
cm™). The G and D1 peaks correspond to the Ezg-symmetry in ideal graphitic lattice and Aig-
symmetry of disordered graphitic lattice, respectively, and the ratio of these peaks can be used
to characterize the overall degree of graphitization of the carbon material.[36-38] In addition,
D2 and D3 peaks are associated with carbon atoms outside the perfect graphene layer and with
pentagon or heteroatoms within the graphene layer structure, respectively. The D1/G area ratio
(Ap1/Ac) of the D-NC (2.46) is higher than NC (2.33) because the vacancies in the precursor
are inherited by the calcination product. With the addition of NaCl, D-NCNS has a much higher
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D1/G arearatio (2.61), indicating an increase in the overall degree of disorder.[39] An increase
in the D3 peak area ratio can also be noted (Table S4), demonstrating the presence of more
carbon pentagon structures or a higher proportion of nitrogen doping in D-NCNS than NC.[40]
The obtained products were further investigated by XPS. The C 1s, N 1s, and O 1s peaks can
be identified from the full survey XPS spectrum of the electrocatalyst (Figures S8—-S13). Boron
is undetectable in all catalysts. The content of the elements is summarized in Table S5.
Compared with the nitrogen content of NC (4.29 at%), the D-NC shows a lower nitrogen
content (3.78 at%) due to the absence of nitrogen-containing ligands in the precursors. However,
with the addition of NaCl, the nitrogen content of D-NCNS is increased compared with D-NC,
indicating that the molten NaCl contributes to the retention of N species during pyrolysis.[41]
This condition is also evidenced by the comparison between the N content of NCNS (5.93 at%)
and NC (4.29 at%). The nitrogen doping content of D-NCNS and NC is the same so the increase
in the proportion of D3 peaks is likely to stem more from defects in the carbon, such as the
carbon pentagon. In Figure 3c, the high-resolution C 1s spectrum can be deconvoluted into C
sp?, C sp®, C-N, O-C-0O, C=0, and n—n*, the peak position and area-based peak proportions in
the XPS C 1s spectra of as-prepared materials are listed in Table S6. Notably, the C sp®/sp?
peak area ratio of NC and D-NCNS is 0.58 and 1.17, respectively. As summarized in Figure
3d, the proportion of D3 in the Raman spectrum increases substantially in D-NCNS compared
with the original NC, whereas the XPS results also demonstrate the increase in sp® carbon

defects in the carbon material, indicating that more carbon defects were introduced during the
synthesis process.[18,19]
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Figure 3. Structural characterization of NC, D-NC and D-NCNS. (a) N2 adsorption/desorption
isotherms, (b) Raman spectra, (c) high-resolution C 1s spectrum, (d) the corresponding
proportion of D3 and the area ratio of sp*/sp? of NC and D-NCNS.

Scanning electron microscopy (SEM) images (Figures S14a and S15a) present the well-
dispersed polyhedral morphology of NC and D-NC derived from ZIF-8 with a size distribution
ranging from 100 nm to 200 nm. However, the addition of HsBOs did not have a significant
effect on the morphology and no formation of by-products or amorphous compounds, as already
confirmed by XRD.[42-44] After calcination, the precursor particles shrink isotopically and
form solid dodecahedral NC and D-NC with a smooth surface. Interestingly, after mixing with
an equivalent amount of NaCl, the ZIF-8-LV precursor anisotropically shrinks and the plane of
the dodecahedron is partly collapsed while the edge stripes are maintained, forming a concave
carbon nanopolyhedron structure, as shown in Figure S15b. With a further increase in the mass
of NaCl to 10 times of ZIF-8-LV, the ZIF precursor volatilizes carbon-containing intermediates
during the carbonization process, and these volatile intermediates are captured in the molten
NacCl, forming ultrathin graphene-like flakes.[45,46] When the NaCl was removed by water, a
unique architecture of nitrogen-doped carbon concave polyhedrons interface on ultrathin
carbon nanosheets is formed, as shown in Figure 4a. Such a continuous structure facilitates the
charge transfer process.[47]

The morphology and element distribution of D-NCNS was further evaluated using
transmission electron microscopy (TEM) images. Figure 4b shows the shrinkage of the
particles, forming a concave structure, which provides more accessible active sites in ORR. A
magnified TEM image demonstrates that ZIF-8-derived concave carbon polyhedron with a
rough surface is partly wrapped in and attached to carbon nanosheets (Figure 4c). Energy-
dispersive X-ray spectroscopy (EDS) element mapping exhibited uniform distribution of C, N,
and O in D-NCNS (Figure S16). The thickness of the carbon nanosheets are approximately
2.7-3.4 nm, corresponding to 8-10 graphene layers (Figure 4d). Based on the fast Fourier
transform (FFT) analysis of the junction between the carbon polyhedra and nanosheets, we
observed a relatively sharper ring from the nanosheets compared with that from the polydehra,
indicating that the nanosheets possess higher graphitic crystallinity than the amorphous
polyhedra.[19] The HRTEM results, combining the above-mentioned XPS and Raman
spectroscopy analysis, imply a higher sp? content in carbon nanosheets and higher sp® content
in carbon polyhedra; the sp®/sp? carbon interfaces mainly gather at the carbon polyhedra—
nanosheet homojunction. High-speed electron pathways can be facilitated by interfacial
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interactions between carbon polyhedra and nanosheets, thereby accelerating the electron
transfer process.[48]

a

Figure 4. Morphology and crystallinity characterization of D-NCNS. (a) SEM image in false
color. (b) TEM image. (c) HRTEM image. (d) Magnified area in false color. (e,f) FFT of the
corresponding areas in (C).

3.3 ORR performance

The ORR performance of the as-obtained samples was examined in O2-saturated 0.1 M KOH
electrolyte. As shown in Figure 5a, the D-NCNS exhibits a 1.05 V vs. RHE of onset potential
(Eonset, defined as the current density at —0.2 mA cm), 0.873 V vs. RHE of half-wave potential
(E1), and 5.65 mA cm2 of limited current density (J, defined at 0.20 V vs. RHE). These
values are higher than the other synthesized catalysts and surpass the reported metal-free
carbon-based catalysts (Figure 5b and Table S7).

The kinetic current density (Jk) is proportional to the intrinsic activity of the catalyst.[49,50]
To characterize the intrinsic activity of the catalysts, the potential dependence of Jk for different
catalysts is shown in Figure S17. Without H3BOs and NaCl assistance, NC exhibits poor
activity. The largest Jx of D-NCNS demonstrates the significantly enhanced ORR performance.
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Meanwhile, the decreasing Tafel slopes confirm that the corresponding reaction kinetics
becomes faster (Figure 5c). The electrochemical properties of the products obtained by
calcination with different ratios of ZIF-8 and NaCl were tested to further investigate the effect
of NaCl during calcination on the performance, as shown in Figure S18. The interface
resistance of all catalysts is measured by electrochemical impedance spectroscopy (EIS), as
shown in Figure S19, and the equivalent circuit elements are used to model the underlying
oxygen reduction processes (Figure S20), the fit results is listed in the Table S8. The Jk of the
electrocatalysts is further normalized by electrochemical surface area (ECSA, Figure S21) to
eliminate the influence of the active area and obtain the intrinsic activity, as shown in Figure
5d and S22. After normalization, the D-NCNS catalyst still exhibited an enhanced current
density compared with NC, D-NC, and NCNS. The normalized results suggest that the
increased performance was not only due to an increase in specific surface area, but also the
enhanced intrinsic activity of the active sites with the combination of carbon defect and
interface.

The selectivity of catalysts in the oxygen reduction process is given in Figure 5e, the number
of electron transfer (n) and the hydrogen peroxide yield (H202%) of D-NCNS is 3.90-3.96 and
1.88%—-4.85% in the range of 0.20-0.80 V, which was close to Pt/C (3.91-3.96, 1.95%-4.12%),
indicating that the reduction of O2 is carried out a four-electron process on D-NCNS. The
chronoamperometric response at 0.80 V vs. RHE of D-NCNS and Pt/C was measured to
evaluate the stability of electrocatalysts (Figure S23). The current retention of D-NCNS is
82.4% after 40000 s, whereas that of Pt/C drops to 54% under the same condition. The LSV
curve of D-NCNS and Pt/C before and after 12000 voltammetric cycles (Figure 5f and Figure
S24) was also measured in Oz-saturated 0.1 M KOH at a rotating speed of 900 rpm. The Pt/C
decreased 145 mV on Eusz, while the D-NCNS electrocatalyst only decreased 18 mV, indicating
good ORR durability of D-NCNS.
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Figure 5. ORR performance. (a) ORR LSV curves for electrocatalysts, and (b) contrasting
the Eonset and E1/2 values for D-NCNS and the catalysts in the reported paper (the references are
listed in Table S7). (c) Corresponding Tafel plots of ORR based on kinetic current (Jk). (d)
Normalized by ECSA of specific Jk (Jkecsa) at 0.8 V (vs. RHE) for electrocatalysts. (e) The
number of electron transfer (n) and H20: yield percentage versus potential, and (f) the LSV

curve of D-NCNS before and after accelerated degradation test of 12000 CV cycles.

3.4 Zinc—air battery performance

Considering the excellent ORR performance of D-NCNS, the ZABs assembled with D-NCNS
air electrodes were studied. Commercial Pt/C was also tested as the catalyst of air cathode under
the same conditions as the benchmark. The open-circuit voltage (OCV) of the ZAB using D-
NCNS as the catalyst reaches 1.559 V (Figure S25), which is higher than ZAB with Pt/C air
electrode (1.501 V). According to the discharge polarization curves (Figure 6a), the ZAB with
D-NCNS exhibits a peak power density of 154.4 mW cm at 384.3 mA cm, better than that
of ZAB with Pt/C (146.1 mW cm at 221.4 mA cm2). The ZAB with D-NCNS shows a higher
discharge voltage than that of ZAB with Pt/C at different discharge constant current densities
from 1 mA cm™ to 100 mA cm? (Figure S26), signifying that D-NCNS has a better rate
performance than Pt/C in ZAB. The specific capacity is calculated based on the standardized

mass of zinc consumed. As shown in Figures 6b and S27, the ZAB with D-NCNS presents a
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high specific capacity (815.3 mAh g?) and energy density (1046.9 Wh kg™), which is higher
than the ZAB with Pt/C (756.9 mAh g* and 955.9 Wh kg ™). Long-term discharge stability of
the Pt/C and D-NCNS in ZAB was evaluated by mechanically replacing Zn and 6 m KOH
electrolytes. As shown in Figure 6¢—d, the discharge voltage of ZAB using D-NCNS remains
unchanged after more than 144 h (24 h x 6) of running time, whereas the ZAB with Pt/C failed
after about 70 h. Interestingly, a light bulb or two small fans can be efficiently powered by a
ZAB using D-NCNS as an air-cathode catalyst, as shown in Figure 6e—f. The results indicated
that the superior ORR activity of D-NCNS electrocatalyst can potentially replace Pt/C and be
applied in ZABs. The performance of D-NCNS and reported catalysts are listed in Table S9
for comparison.
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Figure 6. Zinc—air battery performance of commercial Pt/C and D-NCNS. (a) Discharge
polarization curves and the corresponding power density plots. (b) Specific capacity of the Zn-
air batteries using Pt/C and D-NCNS as the cathode catalysts. (c, d) Discharge durability of Zn—
air battery based on commercial Pt/C (c) and D-NCNS (d). (e, f) Photograph of Zn—air batteries
based on D-NCNS, which is lighting a bulb (e) and two small fans ().

3.5 DFT calculations
To disclose the origin of the excellent ORR activity of D-NCNS, we conducted first-principle

density functional theory (DFT) calculations based on the 4e- ORR pathway in alkaline
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media.[51,52] The characterization results in Section 3.2 suggest D-NCNS possesses abundant
edges, carbon pentagons, and a high sp®sp? carbon ratio. Therefore, we investigated the ORR
reaction on seven configurations derived from zigzag-edged graphene nanoribbon to reveal the

role of nitrogen dopant, carbon pentagon, and sp® carbon (Figures 7 and S28).[19,53]
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Figure 7. The proposed atomic structures for the DFT calculation study. The grey, blue and

white balls represent C, N, and H atoms, respectively.

First, we calculated the Gibbs free energy diagrams of the configurations with different
adsorbed oxygen intermediates. The schematic reaction pathway is shown in Figure 8a. C6
behaves with the largest overpotential among all configurations, revealing that pristine
graphene is inactive in ORR (Figure S29). By introducing two sp? carbon atoms at the edge of
C6, the overpotential of C5 lowers to 1.01 V, suggesting the positive role of carbon pentagon
in ORR (Figure 8b).[17,53] If these two additional carbon atoms become sp? hybridization, the
overpotential of C5-sp® significantly drops to 0.48 V. In addition, the rate-determining step
(RDS) switches from O activation for C5 to OH- desorption for C5-sp®. Interestingly, the
introduction of pyridinic or graphitic nitrogen to C5 and C5-sp® leads to the raise of
overpotential, implying the negative role of nitrogen doping in ORR (Figure 9).[18,19] This
observation can be reflected by our experiments in Section 3.2, i. e. D-NCNS with lower
nitrogen content (4.29 at%) outperforms NCNS with higher nitrogen content (5.93 at%). The
low overpotential of C5-sp® indicates the combination of carbon pentagon and sp® hybridization

carbon atoms can boost the ORR performance of NCMs.
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To reveal the role of the sp®/sp? carbon interface in carbon pentagon, we further studied the
electronic structure of C5, C5-sp?, and their related adsorption intermediates. Based on the
projected density of state (PDOS) functions (Figure 10a), the spin-up orbital of C5 is partially
occupied by the density of electron states in the vicinity of the Fermi level. In comparison, with
the introduction of sp® carbon, the density of electron states near the Fermi level disappears,
and the overall charge density becomes more diffuse. Meanwhile, a strong spin-down empty
orbital appears above the Fermi level, which indicates the improved ability to gain electrons,
hence the adsorption and activation of the O2 molecule are strengthened. We further adopted
crystal orbital Hamilton population (COHP) analysis to study the interaction between the
catalytic active carbon atom and the terminal oxygen atom of *OOH intermediate (Figure 10b
and Figure S30). The calculated integrated COHP (ICOHP) for C5-O0H and C5-sp3-O0H is
—4.05 eV and —4.45 eV, respectively. The higher absolute value of ICHOP for C5-sp®-OOH
indicates a stronger C-O interaction. This phenomenon can also be verified from the Bader
charge analysis. When *OOH is adsorbed on C5, 0.46e of negative charge is transferred from
the substrate to *OOH. In comparison, 0.53e is transferred when *OOH is adsorbed on C5-sp®.
The increased electron transfer further indicates that the adsorption capacity of C5-sp® for

*OOH is enhanced. The above analysis shows that the introduction of sp® carbon in carbon
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pentagon can strengthen the adsorption and activation of O2 molecule on sp? carbon adjacent to
sp? carbon, thus reducing the overpotential and improving the ORR activity.
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Figure 10. Electronic structure of C5, C5-sp® and *OOH adsorption intermediate. (a) The
PDOS of C5 and C5-sp®. (b) The COHP of C5 and C5-sp? after adsorbed *OOH.

3. Conclusion

In summary, we developed an HsBOs-assisted hydrothermal synthesis to generate ZIF-8 with
linker vacancies and defective NCMs with subsequent pyrolysis. The as-synthesized D-NCNS
electrocatalyst with high specific surface area, abundant edge sites, rich carbon pentagon, and
high sp3/sp? carbon ratio exhibits record-breaking ORR performance among the reported metal-
free carbon-based materials. Theoretical calculation results disclose the synergistic effect of a
topological defect (carbon pentagon) and hybridization states (sp3/sp? carbon interface) to the
superior ORR activity. Surprisingly, nitrogen doping does not benefit the ORR activity in our
study. This work provides a new route to derive defective NCMs from defect-rich MOF

precursors for energy conversion and storage applications.
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