This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Weak-Field Electro-Flash Induced Asymmetric Catalytic Sites toward
Efficient Solar Hydrogen Peroxide Production

Fangshuai Chen, Ximeng Lv, Haozhen Wang, Fan Wen, Liangti Qu, Gengfeng Zheng,* and Qing Han*

Cite This: JACS Au 2024, 4, 1219-1228 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

e »

metr‘aking on [a]-NB,Csite

Borocarbonitride (BCN), in a mesoscopic asymmetric
state, is regarded as a promising photocatalyst for artificial photosyn-
thesis. However, BCN materials reported in the literature primarily
consist of symmetric N-[B]; units, which generate highly spatial
coupled electron—hole pairs upon irradiation, thus kinetically
suppressing the solar-to-chemical conversion efficiency. Here, we
propose a facile and fast weak-field electro-flash strategy, with which
structural symmetry breaking is introduced on key nitrogen sites. As- ,
obtained double-substituted BCN (ds-BCN) possesses high-concen- ‘ Weak-field electro-flash )

Voltage (V)

tration asymmetric [B],—N-C coordination, which displays a highly
separated electron—hole state and broad visible-light harvesting, as well V=25V, T=10s
as provides electron-rich N sites for O, affinity. Thereby, ds-BCN
delivers an apparent quantum yield of 7.6% at 400 nm and a solar-to-
chemical conversion efficiency of 0.3% for selective 2e-reduction of O, to H,0,, over 4-fold higher than that of the traditional
calcined BCN analogue and superior to the metal-free C;N,-based photocatalysts reported so far. The weak-field electro-flash
method and as-induced catalytic site symmetry-breaking methodologically provide a new method for the fast and low-cost
fabrication of efficient nonmetallic catalysts toward solar-to-chemical conversions.
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could be kinetically accelerated for a higher product (i.e,, H,O,
or other fuels) yield. In addition, the introduction of B atoms
significantly optimizes the valence band level of the catalysts,
thus promoting the oxidation half-reaction,® with which the
SCC efficiency will be higher. However, it remains a huge
challenge to clearly identify the catalytic performance of
different N—B structures in BCN, and oriented coordination-
symmetry-breaking on specific catalytic sites (i.e., catalytic site
asymmetry) could hardly be achieved.

To obtain adequate BCN catalysts, diverse methods
including laser ablation, pyrolysis, chemical vapor deposition,
and dc arc discharge have been presented.'”'' However, the
harsh conditions (e.g., high temperature (700—1000 °C), long
reaction time (5—9 h), and strict gas atmosphere), along with a
slow rate (~5 K min™') in the heating and cooling stage,
required by these methods usually lead to sluggish crystal-
lization. Therefore, the formation of symmetrical N-[B]; units
(i.e., h-BN-like structure), which is thermodynamically more

Two-dimensional (2D) nonmetallic conjugated polymers, e.g.,
polymeric carbon nitride (C;N,) or boron nitride (BN)
materials, have recently attracted growing research interest as a
new generation of multifunctional materials.'™ However,
highly symmetrical molecular structures of these 2D polymers
usually result in delocalized electron states, which may
suppress electron enrichment in photocatalytic reactions.
Moreover, the relatively poor ability toward water oxidation
also significantly hinders the hole-involving half-reaction and
limits the solar-to-chemical conversion (SCC) efficiency in
water. To overcome these issues, a structural symmetry-
breaking strategy is employed to destroy the delocalization
states and enhance carrier generation and enrichments.”” For
instance, borocarbonitride (BCN) in an asymmetrical motif
state (i.e, the B-rich zone and C-rich zone coexist in a
molecule) is a promising photocatalytic candidate with a wide
spectrum of changes in the electronic structure and charge-
transfer resistance and has been successfully applied in water
splitting and CO, reduction.”” To date, mechanism studies January 26, 2024
have revealed that the unique N—B structures in BCN catalysts February 14, 2024
generally exhibit localized electron states, thus enriching the February 16, 2024
electron density on the N sites.”” As a result, the adsorption March §, 2024
along with activation of reactants (e.g., O,, CO,, etc.) would be

enhanced, and the subsequent proton-coupled electron transfer
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Figure 1. Structure—activity relation on different BCN catalysts. (a) Schematic illustration of the WFEF method and traditional calcining method
for fabricating ds-BCN with an asymmetric catalytic site and ts-BCN with an asymmetric motif, respectively. (b) Differences between ds-BCN and

ts-BCN toward photocatalytic O,-to-H,0, conversion.
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Figure 2. Performance in photocatalytic O,-to-H,0, conversion. (a) Photocatalytic H,O, production activities of C;N,, ss-BCN, ds-BCN, and ts-
BCN (4 > 400 nm). (b) Photocatalytic H,O, yield rate of ds-BCN for 20 h (4 > 400 nm). (c) Photocatalytic H,O, production activity on ds-BCN
with different contents of [a]-NB,C sites prepared by varying the WFEF treatment times (i.e., 3, 10, and 20 s). (d) Wavelength-dependent H,O,
production on ds-BCN. (e) H,0, production rate and AQY for ds-BCN in comparison with other doping and defect engineering on C;N,-based

photocatalysts (Note: detailed information is provided in Table S3).

stable,'? is usually dominant, and BCN catalysts with enriched
triple-substituted coedge N sites (i.e, [a]-NB;) are thus
obtained (marked as ts-BCN, Figure la, bottom right).
Although the reported BCN materials have the asymmetry
motif state, the symmetrical [a]-NB; coordination on these
BCN materials displays a significantly coupled electron—hole
structure upon light irradiation (Figure 1b, lower), which
generally suppresses the carrier transfer and thereby slackens
photoreduction.'”'* In contrast, a coordination-symmetry-
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breaking structure could prevent the formation of a highly
coupling state and thus enhance the photocatalytic perform-
ance.'® According to previous studies, thermal shock'® or
electric shock'” would result in an explosive crystallization with
an enriched metastable phase, which provides an opportunity
for asymmetric structure generation.“’18

Herein, we present a facile weak-field electro-flash (WFEF)
method for manufacturing BCN materials with symmetry-
breaking catalytic sites in the air. In this process, extremely fast
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Figure 3. Structural characterizations. (a) FTIR spectra of C;N,, ss-BCN, ds-BCN, and ts-BCN. (b) High-resolution N 1s spectra of ss-BCN, ds-
BCN, and ts-BCN. (c) Solid-state ''B MAS NMR spectra of ss-BCN, ds-BCN, and ts-BCN (inset: molecular structure; hepta refers to the heptazine
ring). (d) Solid-state *C MAS NMR spectra of C;N,, ss-BCN, ds-BCN, and ts-BCN.

heating (>3000 K s™") at 25 V leads to explosive crystallization,
and a metastable double-substituted BCN (ds-BCN, Figure la,
bottom left) is synthesized. In the metastable ds-BCN
structure, highly active asymmetric [B],—N-C (ie., [a]-
NB,C) coordinations with localized electron states are formed
(Figure 1b, upper), which feature lower exciton binding
energy, extend the visible-light response, and accelerate O,
adsorption. To elucidate the catalytic site structure, single-
substituted [B]—N-C, (i.e., [a]-NBC,) coordinations with less
localized electron states are prepared by the WFEF method
and designed as ss-BCN. We tested the performance of
photocatalytic H,0, production for WFEF materials (ds-BCN
and ss-BCN) against the traditional calcined BCN with
symmetric N-[B]; units (ts-BCN). Both ds-BCN and ss-BCN
exhibited excellent photocatalytic performance, in particular,
ds-BCN displayed a more sustained H,O, production than its
ts-BCN analogue and was more active than C;N, and its
derivates reported.

The WFEF method is utilized to construct asymmetric N—B
structures (Figure la). For example, a fine powder with a
weight ratio for dicyandiamide/sodium borohydride of 7.5:1

1221

was suspended on top of a carbon cloth holder connected with
the electrodes of a stable DC power supply. The solid-state
explosive crystallization reaction was performed with a voltage
of 25 V for 10 s. The reaction temperature can instantaneously
reach 1120 K with a heating rate of ~3000 K s (Figure S1)
with the simultaneous release of H, during the explosive
reaction, leading to the in situ generation of flake-like ds-BCN
with a yield of ~85 wt % (Figures S2ef and S3). The
Brunauer—Emmett—Teller (BET) surface area of ds-BCN was
measured to be 51 m* g/, and the pore size was less than 10
nm (Figure S4). Interestingly, the strong-field electro-flash
(SFEF) method generates BCN materials enriched with a
symmetrical [a]-NB; structure,’® similar to the traditional
calcined BCN (ts-BCN) (Figure S2gh). By changing the
dicyandiamide content (i.e., the weight ratio of dicyandiamide/
sodium borohydride is 30:1), a sample with different N sites of
[a]-NBC, is obtained, which was designated as ss-BCN (Figure
S2¢,d). Meanwhile, C;N, was also prepared by thermal
polymerization for comparison (Figure S2a,b).

The photocatalytic H,O, production performance was first
investigated in the presence of benzyl alcohol as a sacrificial
agent under A > 400 nm irradiation. As shown in Figure 2a, the
H,0, production rate of ds-BCN (2256 umol h™"' g™") is 200%
higher than that of ts-BCN (742 umol h™' ¢™") and also higher
than those of ss-BCN (1038 umol h™ g') and C,;N, (420
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Figure 4. Mechanistic study based on spectral experiments. (a) UV—vis absorption spectra of C;N,, ss-BCN, ds-BCN, and ts-BCN. (b) Band
structure alignments for C;N,, ss-BCN, ds-BCN, and ts-BCN. (c) PL spectra of C;N,, ss-BCN, ds-BCN, and ts-BCN, with the excitation
wavelength of 360 nm. (d) TRPL spectra of C;N,, ss-BCN, ds-BCN, and ts-BCN. (e) EPR spectra of C;N,, ss-BCN, ds-BCN, and #s-BCN tested in
ultrapure water under an O, atmosphere. (f) RRDE polarization curves recorded at 1600 rpm in 0.1 M phosphate-buffered saline for C;N,, ss-BCN,
ds-BCN, and ts-BCN. In situ DRIFT spectra of (g) ds-BCN and (h) ts-BCN.

umol h™" g™"). This result suggests that the symmetry-breaking
catalytic sites have a significant effect on the photocatalytic
performance, which was further studied by comparing the
photocatalytic activities of ds-BCN samples with different
contents of the asymmetric [a]-NB,C sites. A series of ds-BCN
samples were synthesized by varying the WFEF treatment
times (from 3s, 10s, to 20s), with the resulting samples
denoted as ds-BCNj;, ds-BCN, and ds-BCN,, (Figure SSa),
respectively. It was found that all of the ds-BCN samples show
a higher photocatalytic H,O, production rate compared with
ts-BCN (Figure 2a,c). ds-BCN also exhibits stable H,0,
production without performance degradation (Figure 2b) or
structural and compositional changes (Figure S6 and Tables
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S1, S2) for five cycles lasting 20 h, indicating its robust
photochemical stability. Moreover, the H,O, production
activity of the ds-BCN samples is correlated well with the
increase in the relative content of the asymmetric [a]-NB,C
sites (Figure 2c). Close analysis showed that the relative
content of the [a]-NB,C sites in the best sample of ds-BCN is
up to 40.5% (Figure SSb), which could significantly optimize
the electronic structures and redox energies. These results
suggest that the WFEF method is an eflicient technique for the
fast and controllable fabrication of the asymmetric [a]-NB,C
structure in conjugated polymers. H,O, can scarcely be
detected over ds-BCN (Figure S7) when there is no irradiation,
no O,, or no photocatalyst, implying that the formation of

https://doi.org/10.1021/jacsau.4c00076
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H,0, is a photocatalytic O, reduction process. Wavelength-
dependent H,O, production of ds-BCN matches its optical
absorption spectrum, further suggesting that it is a light-driven
reaction (Figure 2d). The calculated apparent quantum
efficiency (AQY) of ds-BCN is 7.6% at 400 nm, substantially
higher than the previous results obtained from doping and
defect engineering on C;N,-based photocatalysts (Figure 2e,
Table S3). Furthermore, the photocatalytic H,0, production
without sacrificial agents was also investigated for ds-BCN
(Figure S8a), which shows a considerable H,0, evolution rate
of 292 umol h™' ¢™" with an SCC efficiency of 0.30%, over four
times higher than that of its ts-BCN analogue (0.07%, Figure
S8b) and surpassing those of the metal-free C;N,-based
photocatalysts reported so far (Table S4).*

The structure of ds-BCN was first studied by powder X-ray
diffraction (XRD). Different from two distinctive peaks at
about 13.1° (in-plane structural packing motif) and 27.5°
(interlayer stacking) in C;N, (Figure $9),°** the peak
corresponding to in-plane structural packing motif disappears
in ss-BCN, ds-BCN, and ts-BCN, suggesting the destruction of
heptazine units.”*** Compared with C;N,, the Fourier
transform infrared (FTIR) spectrum of ds-BCN presents a
blue-shift at ~803 cm™ (i.e., the out-of-plane bending mode of
X—N-Y in heptazine rings, X,Y= C or B), and a new B—N
vibration peak at 1374 cm™' can be observed, suggesting the
introduction of B atoms in hepatazine units (Figure 3a).”®
Moreover, ss-BCN, ds-BCN, and ts-BCN have a new peak at
2161 cm™', typical of the stretching vibration of cya-
nogroups,”  suggesting an obvious ring-opening reaction
in the heptazine rings.

X-ray photoelectron spectroscopy (XPS) was performed to
analyze the chemical states of the photocatalysts (Figure S10).
The N 1s XPS spectrum of ds-BCN shows three peaks at
400.3, 398.9, and 398.2 eV, corresponding to N—C, N=C,
and N—B, respectively,””*’ whereas no N—B can be detected
in C;N, (Figure S10b). The N—B peak of ds-BCN was higher
than that of ss-BCN, indicating that there are more B—N
structures in ds-BCN (26.5%) than in ss-BCN (12.7%).
However, the N—B peak in ts-BCN showed a decrease
(24.2%), which may be caused by a kinetically slower
formation of [a]-NBj;. This decrease can also be confirmed
by elemental analysis (Table S1). Further subdivision of the
N-B group to illustrate the differences in the BCN catalysts
(Figure 3b) shows that ss-BCN exhibits B-NH, (398.9 eV) and
B—N—-C (398.4 eV) and ds-BCN and ts-BCN show a similar
peak at 398.9 eV (B-NH,).*' The slight shift of B—=N—C in ds-
BCN to lower binding energies results from the formation of
B—N—-B when more B was introduced, and a new peak at
397.9 eV belonging to the NB,C, is observed in ds-BCN. In
contrast to ss-BCN, the ts-BCN showed a new peak at 397.7
eV, which is ascribed to NB,C,. The observed blue-shift of the
NB,C, peak (~0.2 eV, Figure 3b) in the N 1s spectra of ds-
BCN revealed the formation of electron-rich NB,C coor-
dinates (i.e., the N—B,C coordinate weighs more than N—B,
in ds-BCN), which could prevent the formation of highly
coupling electron—hole pairs and thus enhance the photo-
catalytic performance.

Solid-state ''B magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectroscopy was performed to
further investigate the structure of ds-BCN. As shown in
Figure 3¢, ss-BCN, ds-BCN, and ts-BCN all display three peaks
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at —4.7, 12.4, and 22.3 ppm, which are ascribed to N,—B—
NH, (B1), N=B(H)-N (B2), and B—N, (B3)’**"
respectively. It should be noted that a new B1’ peak (N,—B-
N(C)) arises at ~0 ppm because of the ring-opening reaction
with the introduction of B dopants in ts-BCN, suggesting an
increase in a new type of bay-site B atoms. Furthermore, the
intensity of the B1’ peak is stronger than that of the B1 peak in
ts-BCN, which results in the increased intensity of the B3 peak
being markedly different from that of ds-BCN, indicating the
formation of an h-BN-like structure.

The *C MAS NMR spectrum of C3N, (Figure 3d) shows
two peaks at 157.2 and 165.0 ppm ascribed to N=C—N, (C1)
and N=C—N(NH,) (C2) in the heptazine units.”” New peaks
at 160.0 (C3) and 123.6 (CS) ppm and the widened peak of
N,—C—N(C=N) (C4) are observed for ss-BCN and ds-BCN,
which can be attributed to the B substitution reaction-induced
ring-opening to form N,—C=N(B), N,—C=N(C=N), and
cyanogroups,” respectively. Furthermore, ds-BCN shows the
strongest peak intensity of the cyanogroup and nearly
disappearing peak of C1, which suggests that more B atoms
substitute C atoms in the heptazine heterocycles, in
accordance with the variation trend of B content (Figure
S10d). Moreover, ts-BCN presents only two peaks at 157.2
ppm (C1) and 165.0 ppm (C2), which indicates the preserved
C;N,like C species in ts-BCN, further confirming the
coexistence of the enriched symmetric [a]-NB; sites (i.e., h-
BN-like structure) and the original C;N, frameworks.

To gain insights into the molecular mechanism, a series of
spectrum experiments were then conducted. The ultraviolet—
visible (UV—vis) absorption spectrum (Figure 4a) of the light-
yellow C;N, (Figure S11) presents an absorption edge at
about 471 nm, corresponding to the band gap of 2.63 eV. In
contrast, the rich-yellow ss-BCN and the light-brown ts-BCN
exhibit a slight red shift in the 410—800 nm region, while the
bark-brown ds-BCN shows a strong bathochromic shift in the
380—800 nm region, suggesting the superficial B doping for ss-
BCN and homogeneous B substitution for ds-BCN. The
individual band gaps of ss-BCN, ds-BCN, and #s-BCN were
found to be 1.70, 1.46, and 2.00 eV, respectively, by
extrapolating the linear region of the Tauc plots (Figure
S12a). As determined from the valence band (VB) XPS spectra
(Figure S12b), the VB maxima of C;N,, ss-BCN, ds-BCN, and
ts-BCN are 2.00, 2.13, 2.32, and 2.26 eV (vs RHE),
respectively. Together with the calculated bandgap values,
the band positions of the obtained samples are summarized in
Figure 4b. It can be seen that the reduction levels for O,/H,0,
and H,0/0, are well positioned in the middle of the band gap,
which indicates that the reduction and oxidation processes are
energetically possible.”* The more positive VBM shift of ds-
BCN caused by B substitution indicates a high driving force for
water photooxidation, in accordance with its higher currents
and lower onset potentials of the 4-electron water oxidation
pathway (Figures S13 and S14). Furthermore, the narrowed
band gap of 1.46 eV for ds-BCN favors visible-light harvesting,
which can also be confirmed by a photoluminescence (PL)
spectrum where the emission peak of ds-BCN is red-shifted
relative to C;N, (Figure 4c).

The PL signal intensity gradually decreases from C;Ny, ts-
BCN, and ss-BCN, to ds-BCN (Figure 4c), and the decline of
PL signals is correlated well with the increase in the relative
content of the asymmetric [a]-NB,C sites (Figure S15),
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Figure S. Theoretical calculations. (a) Adsorption energy of O, on C3N,, ss-BCN, ds-BCN, and ts-BCN. (b) DOS of ss-BCN, ds-BCN, and ts-BCN.
Electron—hole distribution of ss-BCN, ds-BCN, and ts-BCN in the first excited states are shown in the inset (green isosurface: electron distribution;
blue isosurface: hole distribution). (c) Exciton binding energy, electron delocalization index (EDI), and hole delocalization index (HDI) values of
C;N,, ss-BCN, ds-BCN, and ts-BCN. (d) Free-energy diagram for O,-to-H,0, conversions on different catalysts. The schematic illustration of the
initial, intermediate, and final states shows the adsorption model of each step.

indicating that the radiative recombination of electron—hole
pairs has been effectively suppressed due to the B substitution
and the formation of the metastable [a]-NB,C site-induced
electronic localization, which leads to eflicient charge
separation. Meanwhile, ds-BCN shows the highest photo-
current intensity and smallest semicircle in the Nyquist plot
(Figure S16) in comparison to C;N,, ss-BCN and ts-BCN,
further suggesting effectively enhanced charge separation and
transport.”> Time-resolved PL (TRPL) decay spectroscopy
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was further performed to determine the charge separation
properties. As shown in Figure 4d and Table S5, the electron
average lifetime of ds-BCN is 6.35 ns, significantly longer than
those of ss-BCN (2.24 ns), ts-BCN (1.96 ns) and C;N, (1.42
ns), which indicates that high-concentration asymmetric [a]-
NB,C sites efficiently enhance the charge separation efficiency.
Electrostatic potential surface maps (Figure S17) clearly reveal
that B introduction in heptazine units of ds-BCN results in a
remarkable symmetry breaking on the catalytic N sites, thus
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inducing a stronger intramolecular electrostatic potential (i.e.,
pyridine nitrogen at the broken site owns a negative potential)
and facilitating charge separation and transfer.

To confirm the reactive oxygen species during the
photosynthesis of H,0,, electron paramagnetic resonance
(EPR) technology was performed using S,5-dimethyl-1-pyrro-
line N-oxide (DMPO) as the spin-trap agent. As shown in
Figure 4e, the six strong characteristic signals for DMPO-*0,~
are observed on ds-BCN under light irradiation, which are
absent in the dark, but much higher than those of C;N,, ss-
BCN, and ts-BCN, implying that the asymmetric [a]-NB,C
sites effectively promote the formation of *OOH intermediates.
The rotating disk electrode test result indicates that the
average electron transfer number of ORR for ds-BCN is 2.1
(Figure S18), which indicates a two-step single-electron
route.”® Furthermore, ds-BCN exhibits higher current and
lower onset potential compared with C;N,, ss-BCN, and ts-
BCN (Figure 4f), which illustrates that faster ORR kinetics
occur on the asymmetric [a]-NB,C sites of ds-BCN. As a
result, ds-BCN displays an obviously higher H,0, selectivity of
~83% than those of C;N, (~66%), ss-BCN (~74%), and ts-
BCN (~71%) (Figure S19). In situ diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy shows that ds-BCN
(Figure 4g) displays obvious vibrational peaks at about 1343,
1206, and 114S cm™ corresponding to O—O, N—O and *O,~
species along with an increase in irradiation time.”” Moreover,
the peaks of the O—O and *O,” of ds-BCN are higher than
that of ts-BCN (Figure 4h), and the N—O peak is not detected
in ts-BCN, which strongly suggests that [a]-NB,C sites on ds-
BCN lead to significant enhancement in O, activation.

Density functional theory (DFT) calculations were also
performed to reveal the internal mechanism of superior
catalytic performance in ds-BCN. By employing several typical
sites in C5N,, ss-BCN, ds-BCN, and ts-BCN to assess O,
adsorption ability (Figure S20), it can be found that ds-BCN
has the tightest-bounded state at [a]-NB,C site with an
adsorption energy (E,q) of —39.17 kJ-mol ™, indicating that the
initiation site of ORR might be [a]-NB,C (Figure Sa and Table
SS). This adsorption energy is larger than those on C;N,
(—2.49 kJ'mol™"), ss-BCN (—27.49 kJ-mol™"), and especially
ts-BCN (>80 kJ-mol™"), indicating the formation of a necessary
stably adsorbed state in the ds-BCN framework for ORR
(Table SS). Furthermore, the temperature-programmed
desorption of O, (O,-TPD) shows that ds-BCN has a stronger
O, adsorption capacity than C;N,, ss-BCN, and ts-BCN
(Figure S21), which indicates that the introduction of the [a]-
NB,C site into ds-BCN can drastically increase the O,
adsorption capacity, in agreement with the calculation
conclusions. A higher effective mass of electrons (m*) at the
conduction band minimum can be observed with the
introduction of B atoms, ie, m* = 9.32, 11.71, and 10.50
for ss-BCN, ds-BCN, and ts-BCN, respectively (Table SS).
Meanwhile, the density of state (DOS) around the Fermi level
is significantly increased after the introduction of B dopants.
These two findings both suggest a localized electron state in ds-
BCN materials, which might be a key factor accounting for the
enhanced O, adsorption and as-promoted ORR perform-
ance.’® Furthermore, the enlarged DOS around the Fermi
level for ds-BCN with a narrow band gap also indicates the
potential for faster electron—hole separation. The excitation
state analyses proved the highly separated electron—hole
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configuration in ss-BCN and ds-BCN (inset in Figure Sb).
Enriched photogenerated electrons are majorly located at N
sites in the heptazine ring-like [a]-NB,C, suggesting the
potential for photocatalytic reduction on these N sites. In
contrast, a highly coupled electron—hole structure can be
observed in ts-BCN (inset in Figure Sb) and C;N, (Figure
S$22), suggesting a poor electron—hole separation efficiency for
these two catalysts.

The Bader charge analyses were also performed for models
with negative E indicating that the amount of charge
transferred from the catalyst to O, exhibits an increase of 2
orders of magnitude on ds-BCN compared with C;N, (ie., —
1031 X 107%lel vs —0.41 X 1073lel; Table S5). Further
assessment of the S, — S, excitation in these catalysts also
provides some information on the unique electron state in ds-
BCN. The exciton binding energy (E) in ds-BCN (2.87 eV)
is significantly smaller than that in other systems (3.60 eV for
CN, 3.29 eV for ss-BCN, and 3.83 eV for ts-BCN, Figure Sc),
implying a more stabilized electron—hole pair on ds-BCN."*
The electron delocalization index (EDI) and the hole
delocalization index (HDI) are also notably larger in ds-BCN
(ie, EDI ~ 10.1, HDI ~ 12.5; Figure Sc and Table S6),
further suggesting that localized electrons in ds-BCN may be
the key reason accounting for this stabilization effect. With
such a stabilization effect, the photosynthetic efficiency is
promoted,40’41 i.e., the ds-BCN structure exhibits the lowest
Gibbs free energy toward crucial *OOH intermediate (AG =
0.09 eV), resulting in an accelerated ORR-to-H, O, conversion
compared with ts-BCN (AG = 1.00 eV), C;N, (AG = 5.46
eV), or ss-BCN (AG = 0.25 eV) (Figure 5d). Taken together,
the introduction of [a]-NB,C coordination in ds-BCN led to a
remarkable symmetry breaking and significantly changed the
original delocalization state in the heptazine units to a localized
one. Therefore, well-separated electron—hole pairs can be
stabilized in such a localized system, and O,-to-reactive oxygen
species (ROS) conversion and subsequent H,0O, production
on electron-rich N atoms can be easily achieved through the
acquirement of more electrons.

In summary, we present a weak-field electro-flash approach for
the facile and quick synthesis of BCN materials made of
heptazine domains along with high-concentration catalytic site
asymmetry of [a]-NB,C coordination. The proposed ds-BCN
was obtained in only 10 s by simply mixing and electro-flashing
the reagents in air, which is particularly suitable for fast, low-
cost, and mass fabrication. As-obtained ds-BCN with the
optimized [a]-NB,C site content exhibits over S-fold higher
H,0, production than C;N, and much higher than those of
the reported metal-free C;N,-based photocatalysts. Our
research of the system revealed that the superior activity of
the catalyst may originate from the coordination-symmetry-
breaking structure with a broadened visible-light spectrum, on
which stable electron—hole pairs, enhanced O, adsorption, and
2e” reduction can be achieved. This work not only provides a
powerful weak-field electro-flash approach strategy for oriented
asymmetric catalytic site fabrication, meaningful for the
oriented syntheses of functional conjugated polymers, but
also sheds light on the structure—activity relationship of the
nonmetallic BCN photocatalytic process.
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A mixture of C,H,N, and NaBH, with a mass ratio of 7.5:1 was
ground finely and placed on the CC holder connected with a cheap
DC power supply (MAISHENG, 0—30 A, 0—30 V, Price: a few tens
of dollars). The ds-BCN samples were synthesized after applying an
output voltage of 25 V for 3, 10, and 20 s in air, respectively. For
comparison, ss-BCN was prepared by changing the mass ratio (30:1)
of the mixed powder of C,H,N, and NaBH,. The obtained samples
were washed with ethanol and deionized water to remove the

impurity.

The traditional ts-BCN was synthesized by heating the mixture of
C,H,N, and NaBH, in a weight ratio of 7.5:1 from room temperature
to 850 °C in N, with a ramp rate of 5 °C/min, stabilized for 4 h, and
then cooled to room temperature. The obtained sample was washed
with ethanol and deionized water to remove the impurity.

Ten milligrams of the as-prepared catalyst were dispersed in 48 mL of
deionized water containing 2 mL of benzyl alcohol. The suspension
was bubbled with O, in the dark for 30 min before irradiation. A 300
W Xe lamp (Micosolar 300, Beijing Perfectlight Technology Co. Ltd.,
China) with 4 > 400 nm was used as the light source. The
temperature of the reaction system was maintained at 20 + 0.5 °C
during the experiment. After the photocatalytic reaction, 1 mL of the
reaction liquid was filtered and then mixed with the as-prepared
Ce(S0O,), solution. Then, the concentration of the produced H,0,
was analyzed by a precolored UV—vis spectrophotometry method
(details in the Supporting Information).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00076.
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