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Abstract
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refers to the stacking of graphene domains on the surface of h-BN. Herein, a simulated chemical vapor deposition method was
proposed for fabricating abundant vertically-stacked G/h-BN heterostructure by in-situ growing graphene quantum dots (GQDs)
on porous h-BN sheets. The catalytic performance of our vertically-stacked heterostructure catalyst is superior to the reported
carbon-based electrocatalysts in an alkaline environment, with the HoOq selectivity of 90%-99% in a wide potential range
(0.35 V-0.7 V vs. RHE), over 90% faradaic efficiency and high mass activity of 1167 mmolgcatalyst™t h"l. The experimental
results and density functional theory simulation verifies that the vertically-stacked heterostructure possesses greatly catalytic
performance for 2 e ORR and the edge B atoms in the B-centered AB stacking model are the most active catalytic sites. This
research well demonstrates the promising catalytic activity for the vertically-stacked G/h-BN heterostructure and provide a

facile route for fabricating other vertically-stacked heterostructures.
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Abstract: Recently, in-plane graphene/h-BN (G/h-BN) heterostructure was reported to be the catalytic
activity for HoOo synthesis by 2 e oxygen reduction reaction (ORR). However, there is rare report for the
vertically-stacked G/h-BN heterostructure, which refers to the stacking of graphene domains on the surface
of h-BN. Herein, a simulated chemical vapor deposition method was proposed for fabricating abundant
vertically-stacked G/h-BN heterostructure by in-situ growing graphene quantum dots (GQDs) on porous
h-BN sheets. The catalytic performance of our vertically-stacked heterostructure catalyst is superior to the
reported carbon-based electrocatalysts in an alkaline environment, with the HoOq selectivity of 90%-99%
in a wide potential range (0.35 V-0.7 V vs. RHE), over 90% faradaic efficiency and high mass activity of
1167 mmolgcam]yst'l h™'. The experimental results and density functional theory simulation verifies that the
vertically-stacked heterostructure possesses greatly catalytic performance for 2 e ORR and the edge B atoms
in the B-centered AB stacking model are the most active catalytic sites. This research well demonstrates
the promising catalytic activity for the vertically-stacked G/h-BN heterostructure and provide a facile route
for fabricating other vertically-stacked heterostructures.

1. Introduction

With the deep and wide study of two-dimensional materials!!!, their heterostructures have shown the ex-
citing prospects for the various next-generation application including electronic, photonic devices?. Espe-
cially, as the two typically metal-free two-dimensional materials (graphene and h-BN) with greatly similar
structure while distinctly different electrochemical properties, the fabricated in-plane and vertically-stacked
heterostructures of graphene/h-BN (G/h-BN) produce emergent properties such as quantum Hall effect and
phonon polaritons!®.

Graphene or h-BN has been widely used as metal-free electrocatalyst or thermalcatalyst due to their greatly
electrochemical or thermochemical properties, respectively. For example, the heteroatoms (N, S, P, et c.)
doped graphene was used for electrocatalyzing 4e oxygen reduction reaction (ORR) (4 and the defect h-BN
nanosheets act as the thermalcatalyst for the dehydrogenation of propane to propylenel®. Since electronic
structure of active sites can be well modulated by interfacial engineering to catalyze specific reaction[®. We
speculated that the appropriate graphene/h-BN heterostructure is properly a good candidate as electro-
catalyst for some electrochemical reaction. Currently, many researches experimentally and theoretically
demonstrated the prospects of in-plane G/h-BN heterostructure in the 2¢- ORR. For instance, the in-
plane heterostructure fabricated by embedding h-BN island into carbon matrix shows the Os conversion
to HyOowith "90% selectivity in an alkaline environment!”. However, there is no report researching the fab-
rication and electrocatalytic application of vertically stacked G/h-BN heterostructure. The vertically stacked
G/h-BN heterostructure were constructed mainly by mechanical cleavage methods or layer-by-layer transfer
techniques, which are obviously not suitable for industrial-scale application®!. Meanwhile, the low yield and
few vertically-stacked heterostructures also limit the further exploration of vertically-stacked heterostructure
in the field of catalysis. Therefore, it is imperative to develop a new route for facilely fabricating abundant
vertically-stacked heterostructure and meanwhile, the catalytic origin of vertically-stacked heterostructure
also needs to be explored.

Among the various topological nanostructures in nano materials, quantum dots, nanometer-sized zero-
dimensional structure featured with an enriched density of edge sites are considered to be ideal substrate
for fabricating edge active sites!?). For example, N doped graphene quantum dots have greatly enhanced
catalytic performance to 4 € ORR by edge doped heteroatom sites®?!. Given the requirement of abundant
active sites in the catalytic application, the abundant edge structure of quantum dots, as fundamental build-
ing blocks in vertically-stacked heterostructure will results into abundant heterostructures used as catalytic



sites. Therefore, it’s a promising graphene domain for graphene quantum dots (GQDs) deposited on h-BN
sheets to fabricate abundant vertically-stacked heterostructures.

Herein, we proposed one-step method for depositing GQDs on porous h-BN (C-BN) to construct abundant
vertically-stacked graphene/h-BN heterostructures for electrochemically synthesize HoO2 by 2 ¢ ORR in
an alkaline environment. The morphology characterization shows the uniform distribution of abundant
GQDs on h-BN sheets. The vertically-stacked heterostructures abundant catalyst exhibits the excellent
catalytic performances including 90%-99% HyOsselectivity in a wide potential range (0.35 V-0.7 V vs. RHE)
measured by rotating ring-disk electrode (RRDE), over 90% faradaic efficiency during continuous 8 h testing
and high mass activity (1167 mmolgcatalyst'l h‘l) in flow cell testing, superior to the reported metal-free
electrocatalysts. The density function theory (DFT) simulation demonstrates the high catalytic performance
is derived from the edge B atoms of h-BN interacted with GQDs by van der Waals in the B-centered AB
stacking heterostructure model.

Results and discussion
2.1 Morphological Characterization

In Figure 1, B (boric acid), N (dicyandiamide) precursors and the GQDs precursor (1, 3, 6-trinitropyrene)
were uniformly mixed by dissolving in DI water and then drying progress. The dried precursor mixture was
annealed at 800 for 3 h under NH3 (200 sccm). In the photograph (Figure S1), the as-prepared GQDs doped
porous h-BN (C-BN) shows light brown while the porous h-BN (BN, prepared by no adding GQDs precursor)
and the N-doped carbon (N-C, prepared by only 1, 3, 6- trinitropyrene) shows typically white and black,
respectively. In order to expose more vertically-stacked G/h-BN heterostructures, the C-BN was further
exfoliated into thin nanosheets by liquid Nypre-processing and then vigorously sonication in isopropanol/DI
solution (see method)!*?l. In the High-Resolution Transmission Electron Microscopy (HR-TEM) image,
abundant GQDs are uniformly dispersed on porous h-BN sheets in the C-BN (Figure 2a) and the diameter
distribution of GQDs is located at 5-10 nm. In the selected area Fast Fourier Transfer (FFT) patterns and
lattice fringes (Figure 2b, c¢), the C-BN shows clear spot lattice of (002) and (100) plane corresponding to
the (002) plane of h-BN with a 0.33 nm lattice space and the (100) plane of graphene with a 0.20 nm lattice
space, respectively'!]. To the contrary, the BN (Figure 2d) just shows obvious (002) spot in the FFT pattern
with a 0.33 nm lattice spacel!'?l. In Figure 2e, the uniform B, N, C element mapping images demonstrate the
uniform GQDs distribution on the C-BN nanosheet. Different from GQDs in the C-BN, the N-C just shows
amorphous structure with low crystallinity (Figure S2). The various growth processes of carbon structure in
C-BN and N-C can be attributed to the substrate of crystal h-BN. In the C-BN, the crystal h-BN domains
act as the catalytic substrate for epitaxial growth of crystal graphene structure, which has been widely
demonstrated in the vertically-stacked G/h-BN heterostructure preparation by chemical vapor deposition
(CVD) method™?. Compared to the BN (25 °), the degree of (002) peak in C-BN is shifted into higher
degree (25.6 °) due to the existence of highly crystal GQDs in the X-ray diffraction (XRD) spectra (Figure
2g). With the increasing of 1, 3, 6-trinitropyrene, the C-BN-x (x representing the doping amount of 1, 3,
6-trinitropyrene, x=20, 50, 100, 200) samples show the gradual increasing degree of (002) peak (Figure 2g
inset and Figure S3). The broad and low intensity peaks indicate the amorphous structure in the N-C. In the
Raman spectra, the BN and N-C exhibit their typical peaks, the 1377 cm 'peak for h-BN materials/!'P: 13]
and the D, G peaks for carbon materials!''? | respectively. Compared to the BN, the C-BN has the dispersed
typical peak of h-BN materials (Figure S4) indicating the coverage of GQDs on the crystal h-BN domains in
the C-BN, which also verifies that the growth mechanism of GQDs on the crystal h-BN domains by a similar
CVD progress!'?. The C-BN has a lower SSA (391.8 m? g'') than that of BN (589.2 m? g!) which can be
attributed to the “cross-linking agent” (GQDs)!"! inducing the formation of large sheets. Meanwhile, the
addition of GQDs into the C-BN results into the increasing mesopore diameter from 2.1 nm of the BN to 2.3
nm (Figure S5). The N-C has the specific surface area (SSA) up to 2267.8 m? ¢! with abundant micropores.
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Figure 2 . (a) The synthetic procedure of the C-BN. (b, ¢) The HR-TEM images of C-BN (the GQDs are
remarked with red circles, inset: the FFT patterns of a selected area). (d) The enlarged HR-TEM images
of C-BN containing distinct h-BN (red dotted line area) and GQDs (yellow dotted line area) (inset: the
corresponding lattice fringes). (e) The HR-TEM image of porous h-BN (inset: the FFT patterns and lattice
fringes). (f, g) The HAADF-STEM image of C-BN and the corresponding element mapping images of C

(blue), B (yellow), (green), and O (deep blue). (h-j) The XRD patterns, Raman spectra and Noadsorption-
desorption isotherms of porous h-BN, C-BN and N-C.
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Figure 3 . (a) The XPS survey spectra of all samples. (b-d) The high-resolution Cls, N1s, Bls spectra of
C-BN, and porous h-BN. e) The high-resolution Ols of C-BN. (f) The FT-IR spectra of C-BN, porous h-BN
and N-C.

The chemical composition and heteroatoms configuration were investigated by X-ray photoelectron spec-
troscopy (XPS). Compared to the BN, the high C content appears in the C-BN due to the existence of
GQDs in Figure 3a, and with the increasing amount of 1, 3, 6-trinitropyrene, the C contents gradually
increase for the C-BN-x samples (Tables S1). In the Cls spectra of BN (Figure 3b), the appearance of C-B
(22.5% accounting to all C species, unless stated otherwise, all relative content is accounting for all species)
and C-N (21.1%) peaks can be attributed to the C impurity as demonstrated in our previous study P!,
Compared to the BN, the C-BN shows slightly higher C-N (26.6%) and C-B (22.9%) contents indicating
the enhanced interaction between BN nanosheets and GQDs (Figure 3b), which can be attributed to some
in-plane hybridizations of GQDs and h-BN domains!"'" 4. In the N1s spectra (Figure 3c), the N1s peak
of C-BN is shifted into higher binding energy than that of the BN demonstrating the formation of many
N-C bonds, and the shift into lower binding energy of C-BN in the Bls spectra (Figure 3d) suggests the
formation of many B-C bonds[''®). In the N1s and Bls spectra, the BN and C-BN all show main B-N (NB3
or BN3) peak demonstrating the formation of h-BN domains. The N-B-O content of C-BN in the N1s and
Bls spectra decreases from 19.7% of the BN to 11.6% and from 21% to 18.7%, respectively, which can be
attributed to the formation of many C-B and C-N bonds by the edge N-B-O groups of h-BN domains and
the edge C atoms of GQDs due to some in-plane hybridizations''® 14!, In the Ols spectra (Figure 3e), the
C-BN also contains many oxygen species including C=0, C-O and B-O. In the Fourier Transform Infrared
Spectroscopy (FT-IR) spectra, two strong peaks are observed at 1349 and 755 cm™ corresponding to the
B-N and the B-N-B in the BN and C-BN, demonstrating the existence of h-BN domains!*®. Compared to
the BN, the C-BN has obviously enhanced C=C peak at 1640 cm™! indicating the existence of GQDs (Figure
3f)(16]. The B-N-B peak of C-BN shows weaker intensity than that of BN which can be attributed to the
cover of GQDs on the surface of h-BN domains (Figure S6)[17).
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Figure 4 . (a) The LSV curves of C-BN, porous h-BN and N-C (solid lines) together with the corresponding
H505 current on the ring electrode (dashed lines) at a fixed potential of 1.2 V vs. RHE in Oy-saturated
0.1 M KOH solution at 1600 rpm. (b, ¢) The calculated HoO4 selectivity and electron transfer number
according to the LSV curves. (d) The Tafel curves of all samples. (e) The comparison of HyOsselectivity
and ring current at 0.5 V vs. RHE for C-BN-x samples. (f) The comparison of HyOs selectivity to many
recently reported electrocatalysts in the alkaline solution measured by the similar RRDE method. (g) The
stability test of C-BN at a fixed disk potential of 0.5 V vs. RHE with the speed of 1600 rpm in Os saturated
electrolyte and the Pt ring was recovered once an hour.

2.2 Electrocatalytic Performance toward H>O5 Generation

In order to measure the 2 e© ORR performance, a standard three-electrode Rotating Ring Disc Electrode
(RRDE) was applied with the Og-saturaed electrolyte of 0.1 M KOH. The electrolyte was out of light during
electrochemical testing to reduce the HyO5 decomposition and the results show that low-concentration HoOq
has a negligible degradation rate (Figure S7). The ring electrode was held at 1.2 V vs. RHE to oxidize the
produced HyO5 formed at disk electrode in the RRDE measurement!8. The H,0, collection efficiency was
calibrated to be 0.37 by redox reaction of [Fe(CNg)]* /[Fe(CNg)]*in Figure S8. After the liquid Ny assisted
exfoliation process, the separated thin nanosheets dispersed into highly-conductivity carbon black (2 mg
ml!) were used as the catalyst ink. As shown in Figure 4a, all catalysts exhibit ORR polarization curves
with the disk current (solid line) produced from Og reduction and the ring current (dashed line) from H50O4
oxidation. Compared to the bare glassy carbon electrode (GCE), the C-BN loading on GCE shows much
higher ring current and more positive onset potential (Figure S9), which demonstrates the much abundant
catalytic sites with high activity in the C-BN. The C-BN and BN have similar disk current curves but the
former shows higher ring current indicating the higher catalytic activity to 2 e ORR. Although the N-C
shows higher disk current and onset potential, the low ring current reveals the low 2 e ORR catalytic activity
due to many N species!'?! (Figure S10) and abundant edge structure2?l. The H,0, selectivity was calculated
based on the LSV curves according to the equations (supporting information). The C-BN shows the highest
H50s selectivity of 90%-99% in the wide range of 0.35 V-0.70 V vs. RHE and the electron transfer number
is 2.1 close to the ideal two electron pathway (Figure 4b, ¢). Compared to BN (75.6 mV dec!) and N-C



(86.4 mV dec!), the C-BN has the lowest Tafel value of 55.2 mV dec™! demonstrating the higher catalytic
activity in the C-BN (Figure 4d). In order to optimized GQDs structure in the C-BN, various amount of C
precursor (1, 3, 6-trinitropyrene) was added and the corresponding samples are named as C-BN-x (x =20
mg, 50 mg, 100 mg, 200 mg). The catalytic measurement demonstrates that the performance of C-BN-x
samples exhibit a volcano trend in terms of HoOg selectivity and ring current (Figure 3e, Figure S11) and
the C-BN-50 shows the highest HoOq selectivity (93.2%) and ring current (0.39 mA) at 0.5 V vs. RHE.
The lower catalytic performance for C-BN-100, -200 can be attributed to the carbon accumulation into large
scale sheets leading to few vertically-stacked heterostructures as shown in the HR-TEM image (Figure S12).
The Hy05 selectivity of the optimized C-BN was further compared with many recently reported metal-based
and carbon-based electrocatalysts (Figure 4f and Table S2), and the HoO4 selectivity of C-BN is superior
to most of reported electrocatalysts. The catalytic stability was further tested by current-time curve with
the RRDE measurement. A gradual degradation of ring current during stability test was mainly due to the
surface oxidation of Pt ring electrode constantly operated at high potential (1.2 V vs. RHE), so the Pt ring
electrode was readily recovered by rapid cyclic voltammetry at low potentials once an hour to reduce PtOy
(Figure 4g)?Y. The C-BN shows a stable HyO5 selectivity of above 90% over the 5 h continuous operation
demonstrating the high electrochemical stability.

1
0.4 -

= 04,
—~02 i o 2
=3 2 = b
E 2 x
<00 Heo 0% 3@
£ s > I
@ © >
g2 a = E
H o
O.o4 Q |-—oman g 2 @

T 60{ —hBN wo. &

s
H

0.1
GQDs G/h-BN

Figure 5 . (a) The HR-TEM image of GQDs (inset: the corresponding lattice fringes). (b) The HR-TEM
image of exfoliated commercial h-BN nanosheets. (¢) The HR-TEM image of G/h-BN and the GQDs are
remarked with red circles. (d) The LSV curves of carbon black, h-BN, GQDs and G/h-BN (solid lines)
together with the corresponding HyO2 currents on the ring electrode (dashed lines). (e) The calculated
H;Ogselectivity according to the LSV curves. (f) The comparison of Eyyset at Ir= 0.05 mA and ring current
for different samples.

In order to demonstrate the catalytic activity of vertically-stacked G/h-BN heterostructures, we fabricated
a similar vertically-stacked heterostructures catalyst by mixing pre-prepared GQDs and commercial h-BN
nanosheets. As shown in Figure 5a, the GQDs prepared by hydrothermal reaction of 1, 3, 6-trinitropyrene
show uniform size distribution with the diameter of 3-5 nm and a 0.22 nm lattice space (Figure 4a inset). The
h-BN nanosheets have good crystallinity (Figure S13) and their size is mainly located at 200-300nm (Figure
5b). After overnight magnetic stirring, the GQDs are dispersed on h-BN sheets (Figure 5¢). The RRDE
was applied to measure the catalytic performance and the measuring conditions are same to those of C-BN.
Compared to the GQDs and h-BN, the G/h-BN shows the higher disk, ring current and more positive onset
potential (Figure 5d) indicating the high catalytic activity. The HoOq selectivity is calculated to be 90%-97%
in 0.35-0.7 V vs. RHE (Figure 5¢). The high selectivity of GQDs (795%) and h-BN (794%) in 0.3-0.6 V vs.



RHE can be derived from the abundant edge structure because there are many reports have demonstrated
that the graphene edge and h-BN nanosheet edge are the effective active sites for catalysisl® 22/, Therefore,
the G/h-BN shows a higher catalytic performance in terms of onset potential and ring current (Figure 5f),
which can well confirm our previous conclusion that many specific atoms at the vertically-stacked G/h-BN
heterostructures are the main catalytic sites.
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Figure 6 . (a) The schematic illustration of flow cell setup. (b) The LSV curve of flow cell setup with the
C-BN/carbon black as the catalyst in cathode. (c¢) The i-t curve at 0.2 V vs. RHE for the HyO5 production
in the flow cell. (d) The FE and HyO3 concentration in the flow cell during 15 h testing. (e) The Uv-vis
spectra of RB, MB and MO solution before and after adding electrolyte. (f) The photograph of dye solution
(50 ppm) before and after treatment.

In order to explore the practical application of C-BN catalyst, a flow cell setup was applied in Figure 6a
and Figure S14. The C-BN nanosheets mixing with conductive carbon black acts as the catalyst ink. A
gas diffusion layer (GDL) with the concentration of 1 mg cm™ as cathode, Pt film as anode, Ag/AgCl as
reference electrode and 0.1 M KOH as the electrolyte. The current density rapidly reaches to 90 mA cm™
at -0.5 V vs. RHE in this flow setup in Figure 6b. The stability was measured by i-t curve at a fixed
potential of 0.2 V vs. RHE corresponding the current density of “40 mA cm™, and the current density
is almost no change after continuous 15 h testing in Figure 6¢c. The HyO; in the electrolyte was detected
by the Ce** titration method!8?! (Figure S15) and the HoOsy concentration was gradually increasing to
35 mM in 300 ml electrolyte (produced HoO2 amount: 357 mg) by prolonging reaction time to 15 h in
Figure 6d. The average reaction rate is up to 1167 mmolgcatalyst'lh‘l (calculated by the concentration of
carbon black) higher than most of catalysts (Table S3). The Faradaic efficiency (FE%) is calculated to
be over 90 % at first 8 h and the FE% retains over 80% after 15 h testing. The retained FE% is higher
than the reported electrocatalysts measured by a flow cell setup/?3!. The decreasing FE% after long-time
testing can be attributed to the increasing HoO5 decomposition reaction rate with H,0saccumulation(23].
The dye degradation experiment was completed with containing HoOselectrolyte to explore the potential
application of electrochemically synthesized HoOs. The pH of electrolyte (5 ml, 35 mM) was modulated
to be 2.0 and then the electrolyte was mixed with various dyes (1.5 ml, 200 ppm) including Rhodamine B
(RB), methylene blue (MB) and methyl orange (MO). Fe?* was added into above mixing solution to induce
the Fenton reaction and the produced hydroxyl radical can effectively degrade dyes!?*. After the degrading
reaction, the typical absorption peaks of RB, MB and MO disappear in UV-vis spectra (Figure 6e) and the
mixture solution rapidly becomes colorless in 20 s after adding Fe?* (Figure 6f).
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Figure 7 . The vertically-stacked G/h-BN heterostructure models (a): B-centered AB stacking (model
1), N-centered AB stacking (model 2) and AA’ stacking (model 3). (b) The illustration of 2 e ORR base
reaction pathway on the different atoms. The active atoms are remarked by red circles. (¢) The volcano plot
between AGoop+ and the 2 e ORR Uljjpiteq for the optimized models and the purple dotted line representing
equilibrium potential of O2/H20O5. Pink, blue, and gray balls indicate B, N, and C atoms, respectively.

2.3 DFT Simulation

In order to explore the catalytic sites in the vertically-stacked G/h-BN heterostructure, the DFT simulation
was applied. Due to the greatly similar lattice structure between h-BN and graphene, we used the in-plane
lattice parameter of graphene for both supercell calculations to directly compare the potential active atoms
from graphene and h-BN in the vertically-stacked G/h-BN heterostructure>”]. Three kinds of stacking
configurations for the monolayer G /h-BN interfacel®?! (B-centered AB stacking, N-centered AB stacking and
AA’ stacking, corresponding to model 1, 2, 3, respectively) were given as shown in Figure 7a. There are two
kinds of C atoms (edge C and planar C) in the graphene and two kinds of B atoms (edge B and planar B)
and N atoms (edge N and planar N) in the h-BN.

In the 2 ¢ ORR, Os is converted to HoO5 involving two coupled electrons:
Os + * + H,0 + ¢ OOH* + OH- (6)
OOH* 4+ HyO + e *+Hy0, (1) + OH- (7)

The reaction rate of Oy to OOH* is greatly dependent on the reaction potential barrier. For an ideal model,
the reaction free energies (G ) for all electron-transfer steps are zero when the applied potential equals
equilibrium potential®®. Compared to the C, N atoms in different models, the edge B atom in B-centered
AB stacking model (edge B1) achieves a highest reaction rate in the same condition because itsG is 0.06
eV close to zero (Figure 7 b and Table S4)[%l. Moreover, the planar N in N-centered AB stacking model
(center N2, G=-0.12 eV) and edge N atom in AA’ stacking model (edge N3, G=-0.27 eV) also show low free
energies in the corresponding models. The limiting potential (Ujimited) is a metric of activity as the lowest
potential at which all the reaction steps are downhill in free energy[?® 27, The theoretical overpotential
represents the maximum difference between the Ujipiteqa and equilibrium potential. In Figure 7c and Table
S4, various models are located in a volcano plot and the left-side sites show strong adsorption energy of OOH*
(AGoon+) (equation 7 is a limiting step) while the right-side sites have weak adsorption energy (equation 6



is a limiting step)!?6l. In our research, the alkaline environment (pH=13, 0.1M KOH) make HyOsmolecule

to deprotonate and form HOs . Although there is little difference for their (HoO2/HO2™) formation free
energies, the volcano plots in the form of HyOs can provide a more general mechanism(2%. Compared to the
other models, the edge B1 site shows the energy of 4.15 eV approaching the ideal standard free energy of 4.22
eV (The AGoop+ of 4.22 eV corresponding to the thermodynamic equilibrium potential, Uy = 0.70 V[23]).
The Ujjmiteq of edge Bl site is 0.64 V close to the lowest potential of 0.70 V. The appropriate adsorption
energy and low Ujpnmiteq demonstrate the edge B1 has the highest catalytic activity to H,0,2%. Compared
to model 2 and 3, the C, N, B atoms in model 1 are located at the volcano curves indicating the more
appropriate vertically-stacked G/h-BN heterostructure for 2 ¢ ORR.

Conclusion

One “simulated CVD” method was proposed to fabricate vertically-stacked G/h-BN heterostructure by
grow GQDs to the h-BN nanosheets. As reported in many papers, the formation of crystal GQDs was
dependent to the h-BN substrate. The prepared vertically-stacked G/h-BN heterostructure (C-BN) shows
high 2 ¢ ORR performance especially, HoO5 selectivity in a wide potential range and stability. A simulating
vertically-stacked G/h-BN heterostructure also verify the greatly enhanced effect of heterostructure on the
2 ¢ ORR performance. The flow cell test further demonstrates the promising practical application of our
heterostructure catalyst. According to the DFT simulation, the B-centered AB stacking is the optimal
heterostructure for 2 e ORR, and its edge B atoms are considered to be the key active sites. Therefore, this
paper provides one new kind of catalytic site for various catalytic fields.

Experimental section

Synthesing C-BN, prous h-BN and N-C' :Boric acid (0.618 g), dicyandiamide (2.7 g), 1, 3, 6 - trinitropyrene
(50 mg) were dispersed into 50 ml deionized water in a 200 ml beaker and then above solution was sonicated
for 1 h (200 W). The solution was fiercely stirred and heated on a hot plate until all water completely
evaporated. The obtained solid was ground into powders in a mortar and then calcined at 800 °C for 3 h
under NHj (50 sccm) in a resistance-heating horizontal furnace. After cooling to room temperature, we can
get porous C-BN samples. In order to control the C content, various 1, 3, 6 — trinitropyrene amounts (20, 100
or 200 mg) were added and the corresponding samples were defined as C-BN-20, -100 and -200, respectively.
The porous h-BN was prepared by the same progress except no addition of trinitropyrene. The N-C was
prepared by directly annealing trinitropyrene at 800 °C for 3 h under NHj3 (50 sccm). The commercial h-BN
powders were purchased from Sigma-Aldrich. The 1, 3, 6 — trinitropyrene was prepared according to the
previous research!!12].

Liquid Ny assisted Fzfoliation: The sample (C-BN, BN and commercial h-BN) was placed in liquid Ny for
20 min and then the solution (isopropanol: DI (V/V) =1:1) was quickly added with the concentration of 1
mg ml "% The mixing solution was continuously sonicated for 10 h (200 W). The exfoliated nanosheets are
separated by centrifugation (3000 rpm, 5min). The supernatant is used for the application of catalyst ink.

Model experiments: The GQDs was prepared according to the previous research'@. The 40 ul GQDs in
isopropanol (2.5 mg mlt) and 200 pl supernatant of exfoliated commercial h-BN was mixed and diluted to
1 ml with isopropanol. After overnight magnetic stirring, 5 wt% Nafion solution (50 ul) and carbon black (2
mg) were added into the solution. After the sonication (200 W, 2 h), the G/h-BN catalyst ink was prepared.
The other measuring conditions are same to those of C-BN.

Electrochemical characterization : All the electrochemical tests were carried out in an electrochemical work-
station (Chenhua CHI760E) with a three-electrode system. A RRDE electrode with a disk glassy carbon
electrode area of 0.2475 cm™ and Pt ring area of 0.1866 cm™ was used as the working electrode. A graphite
rod and a Hg/HgO electrode acted as the counter electrode and reference electrode, respectively. The super-
natant (1 ml) after the liquid Na-assisted exfoliation was mixed with carbon black (2 mg) and 5wt% Nafion
solution (50 pl) by sonication (200 W, 2h) as the catalyst ink. 10 yl ink was dopped onto RRDE electrode
and dried at room temperature. Linear sweep voltammetry (LSV) curves were conducted in Os saturated
0.1 M KOH solution at a scan rate of 10 mV s at the speed of 1600 rpm. The solution resistance (Rg) was
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not compensated. A potential of 1.2 V vs. RHE was applied at the ring electrode. The HyOs selectivity
and electron transfer number were calculated by the following equations based on the LSV curves.

H,05 yield (%) = 200x =220 (1)

_ 41|
N=r s @)

Where Iy is the ring current, I is the disk current, and N is the collection efficiency (0.37 after calibration).

Electrochemical measurement in a flow cell: A flow cell setup is a two-compartment cell with a cation
exchange membrane as a separator. 150 pl C-BN catalyst ink (1 ml supernatant with 4 mg carbon black)
was deposited on the gas diffusion layer electrode (GDL, HESEN HCP120) (working area 1 cm?) with a
loading of 0.6 mg cm™ (the amount of carbon black) as the cathode. The Pt film and Ag/AgCl electrode
were used as the anode and reference electrodes, respectively. In the two compartments, 0.1 M KOH (300
mL) was used as the electrolyte and was recycled through each compartment at the flow rate of 20 ml min™'.
O, was fed at the rate of 40 ml min™! to the cathode. The electrosynthesis of HoOy was performed at a fixed

potential 0.2 V vs. RHE.
The faradaic efficiency (FE) of HyO2 was calculated according to the following equation:
FE (%) = 2CVF/Q * 100% (3)

where C represents the concentration of HyOo (mol I'!) in the electrolyte, V the volume of electrolyte (1), F
Faraday constant (96485 C mol™!), Q total charge amount (C) during the reaction. The Q was determined
by integral operation in the electrochemical workstation:

The Hy04 concentration in the electrolyte was measured by a titration method using Ce(SOy4)2. The adding
of HyO4 leads to the conversion from yellow Ce** to colorless Ce3t in the following reaction:

2064+ + H202 = 2Ce?’+ + 2H+ + 02 (4)
According to the equation, theC' g2 02 was calculated based on the equation:

Cr202 = 1/2 AC ceay (5)

UV-V is spectroscopy was used to make the linear calibration curve between Ce*t concentration and the
Ce** absorbance at 317 nm.

Characterization: The morphology was characterized by high-resolution TEM (FEI Talos F200s) with En-
ergy dispersive X-ray element detector (FEI Super-X EDS Detector). The structure and composition were
characterized by X-ray photoelectron spectra (Thermo Scientific Al K, ), X-ray diffractometer (Bruker, D8
FOCUS) equipped with a Cu K, radiation source (A=0.154 nm), FT-IR (Nicolet IS10). The Raman spectra
were measured by a Renishaw inVia with a 532 nm laser source. The surface area and meso/macropore
size distributions of the as-prepared materials were determined by the Brunauer-Emmett-Teller (BET) and
Barret-Joyner-Halenda (BJH) methods, respectively. Ny adsorption-desorption isotherm tests were per-
formed on a gas adsorption analyzer (ASAP2460, Micromeritics).

DFT simulation: We used the Vienna Ab-initio Simulation Package (VASP, 5.4.4) code54, 55 with GGA-PBE
exchange-correlation functional56 for DFT calculations?®]. The project-augmented wave (PAW) pseudopo-
tential57, 58 for describing the core-valence interactions and cutoff of 450 eV were used®®. h-BN and
graphene were known to have very similar lattice constant (ap gy = 2.504 5% and agraphene = 2.464 B1).
In this study, we performed two monomer calculations using graphene’s in-plane lattice parameters to di-
rectly compare the screening effects of each material. Furthermore, we assumed a thickness of "20 for the
vacuum layer to prevent the interaction between periodic images. In addition, we considered three different
stacked configurations (AA’ stacking, B-centered AB stacking, and N-centered AB stacking) for the mono-
layer h-BN/Graphene interface. The Brillouin zone in reciprocal space was sampled using Monkhorst-Pack
schemeb9, and the geometric/electronic structure optimization was performed using 1x1x1 and 2x2x1 k
point meshes[32].
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The Gibbs free energy of the 2 e ORR elementary steps is calculated using the computational hydrogen
electrode (CHE) model, defined as AGn (U) = AGn (U = 0) 4+ neU, where n is the number of e transferred
in reaction and U is the potential of the electrode to the reversible hydrogen electrode (RHE)B3. At
U=0V, AGn = AEn — AS + AZPE, where AEn is DFT-calculated reaction energy in vacuum, TAS is the
entropy contributions to reaction at T = 298.15 K, AZPE is zero-point energy (ZPE) correction based on
the calculated vibrational frequencies. The free energy of O2(g) was derived as Goa(e) = 2Gu20(¢1) - 2GH2
4 x 1.23 eV since the high-spin ground state of an oxygen molecule is notoriously poorly described in DFT
calculations.
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