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ABSTRACT

Metal-free catalyst for photocatalytic production of H,0, is highly desirable with the long-term vision of artificial photosynthesis of
solar fuel. In particular, the specific chemical bonds for selective H,O, photosynthesis via 2e- oxygen reduction reactions (ORR)
remain to be explored for understanding the forming mechanism of active sites. Herein, we report a facile doping method to
introduce boron-nitrogen (B—N) bonds into the structure of g-C;N, nanosheets (denoted as BCNNS) to provide significant
photocatalytic activity, selectivity and stability. The theoretical calculation and experimental results reveal that the electron-
deficient B-N units serving as electron acceptors improve photogenerated charge separation and transfer. The units are also
proved to be superior active sites for selective O, adsorption and activation, reducing the energy barrier for *OOH formation, and
thereby enabling an efficient 2e- ORR pathway to H,O,. Consequently, with only bare loss of activity during repeated cycles, the
optimal H,O, production rate by BCNNS photocatalysts reaches 1.16 mmol-L-"-h-" under LED45,,, irradiation, increasing nearly
2~5 times as against the state-of-art metal-free photocatalysts. This work gives the first example of applying B-N bonds to
enhance the photocatalytic H,O, production as well as unveiling the underlying reaction pathway for efficient solar-energy
transformations.
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candidates have stood out for H,O, photosynthesis, in particular,
polymeric carbon nitride (C;N,) based composites catalysts [11,
12]. As a typical 2-dimentional (2D) polymer semiconductor, the
graphitic carbon nitride (g-C;N,) possesses advantages of visible-
light response, suitable band structure, easy scalable-synthesis,

1 Introduction

Hydrogen peroxide (H,O,) is one of TOP 100 chemicals with
widespread ~ applications in  bleaching,  semiconductor
manufacturing, chemical synthesis, and even employed as an

alternative energy carrier [1,2]. Artificial photosynthesis has
emerged as a greener and eco-friendly approach for H,0O,
production, due to its advantages of safety, efficiency and no
pollution output as compared with the conventional
anthraquinone oxidation process [1]. Driven by sustainable solar
energy, photocatalysts that promote O, reduction reaction (ORR)
and water oxidation with photogenerated electrons can be used to
synthesize H,O, [3,4]. As for water oxidation pathway to directly
synthesize H,0,, the two-electron water oxidization (2H,O + 2h*>
H,0, + 2H") by photogenerated holes is thermodynamically
unfavorable, due to the higher oxidation potential (+1.78 eV vs.
NHE) than that of four-electron water oxidation to form O,
(+1.23 eV vs. NHE) [5-7]. Thus, developing highly active and
selective 2e” ORR catalysts that are composed of inexpensive and
earth-abundant elements is the prerequisite of this direct reaction
route [8-10]. To date, numerous promising 2e- ORR catalysts

excellent thermal stability and chemical stability, endowing it with
practical long-term application potential [13, 14]. Although great
progress has been achieved [15], the ORR activation of C;N, is still
retarded and the intrinsic low kinetics of the reaction are
associated with rapid photogenerated charge recombination and
poor selective O, adsorption [3].

The introduction of specific chemical bonds to materials is now
generally believed to alert the electron arrangements and promote
the charge separation for reactions carried out in fuel cells [16-18],
which is very promising to meet the surge in demand of high-
efficiency H,0, production photocatalyst. At present, the
introduction of boron (B) atoms into carbon-based matrixes have
been theoretically predicted and verified by experiments that can
act as superior adsorption or activation sites for inert N,, CO, and
CO [19-21]. In addition, Wang et al. demonstrated that in-situ
formed B-C bonds contribute to a direct and continuous
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electrochemical generation of H,O, with high selectivity (reaching
95%) and high H,O, partial currents [22]. It is proposed that the
presence of B could create new catalytic active sites without
affecting surface m-electron distributions on carbon-based
catalysts. More importantly, the organic semiconductors with
B-N coordinate bonds (B<N) have been proven to act as
electron acceptors in organic solar cells [23, 24].

Here we introduced electron-deficient building blocks of B-N
bonds into the s-triazine framework based g-C;N,, significantly
promoting the photogenerated charge separation and transfer. A
rational design of B-N units modified g-C;N, nanosheets
(BCNNS) was achieved by B-atoms doping and they are capable
of yielding H,O, at an impressive rate of 1.16 mmol-L™h™ under
365 nm-monochrome light emitting diode (LEDsgs,,,) irradiation
with only bare loss of activity during repeated cycles, surpassing
most of the state-of-art photocatalysts. The structural
characterizations revealed that the B-N units successfully
constructed in g-C;N, framework, which can be regarded as
electron acceptors. Meanwhile, as an electron-deficient building
block, B-N units in g-C;N, framework can act as adsorption and
activation sites for O, molecules, contributing to an enhanced
H,0, production performance. This B-N modified catalyst also
shows excellent stability by maintaining over 90% in continuous
five  cycles.  Furthermore, the  optical/electrochemical
measurements indicated that the electron donor-acceptor (D-A)
pairs induced by B-N bonds in conjugated polymers (g-C;N,) can
finely tune their band gaps to realize an enhanced visible light-
harvesting. More available electrons can be trapped and participate
in surface reactions because of the accelerated photogenerated
charge separation and transfer. The comparison of photocatalytic
H,0, formation and decomposition rates, time-resolved
photoluminescence decay (TRPD) and ORR measurements
analysis provided strong evidences for the improved H,O,
production kinetics and strong O, adsorption and activation on
BCNNS photocatalyst. More importantly, the density functional
theory (DFT) theoretical and electron spin resonance (ESR)
spectroscopy analysis demonstrated that H,O, is produced via a
selective 2e- ORR pathway by BCNNS with a significant reduced
energy barrier of *OOH-intermediates formation. This work
would bring new insights in settling two key issues of O, activation
and photogenerated charge transfer to achieve efficient 2e- ORR
process for photocatalytic H,O, production.

2 Results and discussion

In this work, a boron (B)-doped g-C;N, nanosheets (BCNNS)
photocatalyst was synthesized through a facile thermal treatment
followed by ultrasound-assisted exfoliation and vacuum freeze-
drying approach. The proposed reaction route and atomic
diagram of final product are schematically illustrated in Scheme 1.
For comparison, the bulk g-C;N, (CN) and g-C,N, nanosheets
(CNNS) without B-doping were also fabricated. The
microstructure morphologies of CN, CNNS and BCNNS were
characterized by the scanning electron microscope (SEM) and
transmission electron microscope (TEM). Obviously, CN displays
a layer-stacked agglomerates morphology in Fig. 1(a), while after
ultrasound-assisted exfoliation, the resultant CNNS reveals much
thinner nanosheets with more nanoscale pores in Fig. 1(b).
Interestingly, as can be seen from Fig. 1(c), the BCNNS possesses
more loose structure with large pores, meaning more edge active
sites on thin nanosheets. Accordingly, the elemental mapping
images in Fig. 1(d) indicate the uniform distribution of C, N and B
over BCNNS, suggesting the successful fabrication of B-doped g-
C;N,. Moreover, their corresponding SEM images are provided in
Fig. S1 in the Electronic Supplementary Material (ESM).
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Scheme 1 Diagram of preparation process for BCNNS photocatalyst.

The corresponding powder X-ray diffraction (XRD) patterns of
prepared samples are revealed in Fig. 1(e). Compared with that of
CN sample, the intensity of both two diffraction peaks at 13.1°
(100) and 27.7° (002) for CNNS reduce obviously [25]. Similarly,
the two distinct diffraction peaks nearly disappear in the XRD
pattern of BCNNS, and only a weak broad peak appears near
27.7°, suggesting the loss of long-range order in the in-plane
atomic arrangements in BCNNS sample due to the B-atom
doping. In addition, Fig. S2 (in the ESM) illustrates the Fourier-
transform infrared (FT-IR) spectra of all three samples.
Clearly, all spectra display three main absorption regions at
3,600-3,200 cm™ (—-OH or N-H band), 1,600-1,200 cm™ (CN
heterocycles) and 806 cm™ (tri-s-triazine units), indicating that the
tri-s-triazine-based structure of g-C;N, is remained for all
prepared samples during the H;BO;-incroporated thermal
treatment, ultrasound-assisted exfoliation and vacuum freeze-
drying process. Furthermore, there is an obvious IR signal at 930
cm™ for B—O appearing in the plot of BCNNS, mainly ascribed to
edge B-OH sites, while several peaks at 1382 and 798 cm™
corresponding to B-N are overlapped by IR absorption peaks of g-
C;N;, intrinsic framework [25,26]. More importantly, compared
with those of CN and CNNS, obvious peaks around 3,420 and
3,180 cm™ of ~OH and N-H groups can be detected in the FTIR
spectra of BCNNS, endowing the prepared samples with
hydrophilicity [26].

Furthermore, the nitrogen (N,) adsorption-desorption
isotherms of all prepared were detected to clarify their pore
structure. In Fig. 1(f), all tested samples demonstrate type IV
isotherm with H3-type hysteresis loop, illustrating their
mesoporous characteristics [27]. Compared with those of CN and
CNNS samples, the pore diameter distribution curve (inset of Fig.
1(f)) of BCNNS exhibits highest mesoporous content in
region of 10 -50 nm, agreed well with TEM results. As
expected, the BCN exhibits largest specific surface area of 182
m*g™" than those of CNNS (123 m*g”) and CN (52 m*g"). It is
obvious that the porous structure and large specific surface area of
BCNNS result in more catalytic active sites and promote mass
transport for high-efficiency photocatalysis.

To confirm the successful doping of B-atoms in g-C;N,
frameworks, we further performed the X-ray photoelectron
spectroscopy (XPS), and "C and "B solid-state magic-angle
spinning nuclear magnetic resonance (SSMAS NMR)
characterizations. The surface XPS full spectra of CN, CNNS and
BCNNS sample are shown in Fig. S3(a) in the ESM). All three
measured samples contain C, N and O elements, while B element
can be only detected in BCNNS with a B-doping content of 8.8
wt.%. In Fig.2(a) of the high-resolution C 1s spectrum for
BCNNS, no binding energy peak centered at around 283.0 eV
derived from B-C bonds can be found [28], signifying that no N
atoms were replaced by B-atoms doping. In comparison with that
of CNNS, the intensity of peak at 284.8 eV for BCNNS raises
notably, associating with carbon contaminants from the ambience
and sp* hybridized carbon atoms (C-C). Moreover, a new peak at
286.2 eV assigned to C-O bond appears in BCNNS [29], derived
from the introduction of H;BO; precursor. Figure 2(b) reveals the
high-resolution N 1s spectra of CNNS and BCNNS. An additional
binding energy peak centered at 398.1 eV can be monitored for
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Figure1 (a)-(c) TEM images of CN, CNNS and BCNNS. (d) TEM image of BCNNS and corresponding element mapping images of C, N and B. (e) XRD
patterns and (f) N, adsorption-desorption isotherms and corresponding pore size distribution curves (inset) of CN, CNNS and BCNNS.
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Figure2 High-resolution (a) C 1s and (b) N 1s XPS spectra of CNNS and
BCNNS. High-resolution (c) B 1s spectra and (d) "B SSMAS NMR spectra of
BCNNS (insets in d of the inferred g-C;N, unit with different B doping sites).

=30

BCNNS, ascribed to C-N-B bonds [28]. In addition, the observed
binding energies from CNNS and BCNNS corresponding to the bi-
coordinated N (C-N=C) are 398.5 and 398.8 €V, respectively. The
increased binding energy of C-N=C in BCNNS is mainly due to
the electrophilic property induced by B-atom doping [25, 30].
Meaningfully, compared with that of CNNS, the peak area ratio of
bi-coordinated and tri-coordinated N atoms (N-(C);) in the N 1s
spectra of BCNNS reduces remarkably, which could be ascribed to
that some of C-N=C bonds converts to C-N-B bonds due to the
B-atoms doping. Additionally, the enhanced intensity of binding
energies peak derived from amino nitrogen (-NH,) for BCNNS
agrees well with the FT-IR result (Fig. S2 in the ESM), conductive
to promoting hydrophilicity of photocatalyst.

As can be seen from Fig S3(b) of high-resolution O 1s
spectrum, three binding energy peaks can be found at 533.2, 532.0
and 531.1 eV, corresponding to ~OH, adsorbed H,0 and C-O
species, respectively [17]. Apparently, the intensity of all peaks for
BCNNS is higher than that of CNNS, mainly owing to the
introduction of H;BO; precursor and ultrasound-assisted
exfoliation treatment in water. In addition, the binding energy
peaks in high-resolution B 1s spectrum of BCN are mainly
concentrated at 1924 and 191.6 eV (Fig.2(c)), resulting in the

formed B-(N); and -N,BH bonds, respectively.

Figure S3(c) in the ESM and Fig. 2(d) illustrate the solid-state
“C and "B MAS NMR spectroscopy, respectively. As shown in the
“C NMR spectra, the plots of BCNNS is very similar to that of tri-
s-triazine-based g-C;N, framework in CNNS [29]. This verifies
that the tri-s-triazine units of g-C;N, materials are remained in
BCNNS, coincided with the FT-IR result. More importantly, the
"B NMR spectrum of BCNNS reveals a dominant signal peak at a
chemical shift of -0.42 ppm, along with a shoulder peak at 0.9
ppm, and a board one at 15.5 ppm, attributed to the B-doping in
the bay-(including sp*-coordinated borane such as -N,BH) and
corner-carbon sites (inset of Fig. 2(d)) of tri-s-triazine units in g-
C;N, [31]. Meaningfully, no B-C or B-B signal peak can be
detected in solid-state "B NMR spectrum, as well as in the XPS
analysis, indicating the incorporated B atoms dispersed atomically
in the g-C;N, framework to form B-N-C coordination (Scheme
1). The obtained B-N-C coordination possibly plays key role as
electron acceptors for boosting the photogenerated charge
transfer, and active sites for O, activation and reduction reaction
[23,24].

The optical properties and corresponding band structure of
prepared photocatalysts were systematically investigated through
UV-vis diffuse reflectance spectra (DRS), XPS valence band
spectra and Mott-Schottky (M-S) plots. In Fig. 3(a), the
UV -visible (350-850 nm) absorption spectra reveal a slight
blue shift of the intrinsic absorption edge in the exfoliated
BCNNS and CNNS with respect to CN sample, ascribed to
their thinner nanosheet feature. The derived bandgaps from
the plots (Fig. S4(a) in the ESM) estimated by Kubelka-Munk (K-
M) equation are 2.77, 2.89 and 2.8 ¢V for CN, CNNS and
BCNNS, respectively [32]. Figure S4(b) in the ESM illustrates the
XPS valence band spectra of prepared photocatalysts,
demonstrating same valence band edge energy (1.56 V) for both
CN and CNNS. Meaningfully, the VB maximum increased to 1.86
eV for BCNNS, owing to the p-type doping of B-atoms [32, 33].
The Mott-Schottky (M-S) plots within frequencies ranging
from 1.5 to 3.2 kHz were subsequently conducted to identify
the conductivity types and flat band potential of prepared
samples. As shown in Figs. S4(c) -S4(e) in the ESM), the
obtained positive slopes prove that all three photocatalysts are
typical n-type semiconductors. The determined flat band
potentials from the x-intercepts in the corresponding M-S
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Figure3 (a) UV-vis DRS and (b) corresponding band structure of CN, CNNS and BCNNS. (c) Photocatalytic H,0, yield rate of prepared samples under different
irradiation. (d) Time-dependent curves of photocatalytic H,O, formation under simulated sunlight (AM 1.5 G, 100 mW-cm™) in 1 h, (e) Time-dependent curves of
photocatalytic H,O, decomposition (C, = 2 mmol-L") and (f) K;and K constant of ZnO, CN, CNNS and BCNNS samples.

plots for CN, CNNS and BCNNS are -1.55, -1.60 and -1.39 eV
(versus the saturated Ag/AgCl reference electrode at pH = 6.4),
respectively. The band structure versus reversible hydrogen
electrode (RHE) of obtained samples is consequently shown in
Fig. 3(b) [34].

The photocatalytic H,O, production rate by obtained g-C;N,-
based photocatalysts were thereafter measured under different
irradiation (simulated sunlight and LED monochrome light
source) with isopropanol (IPA) as hole sacrificial agent. The
yielded H,O, was determined by iodometry colorimetric method
[1], and the calibration curve is illustrated in Fig. S5 in the ESM.

A series of B-doped carbon nitride (BCN) photocatalysts with
different doping content were synthesized (Figs. S6(a) and S6(b) in
the ESM), and evaluated under simulated sunlight (AM 1.5 G, 100
mW-cm?) irradiation, in comparison with commercial boron
nitride (BN). As shown in Fig. S6(c) of the ESM, the H,O,
production rate of optimal photocatalyst of 0.5-BCN achieved 255
pmol-Lh™. To further improving the photocatalytic activity for
H,0,

production, the BCNNS was obtained by the ultrasound-
assisted exfoliation and vacuum freeze-drying treatments on 0.5-
BCN. As expected, in Fig. 3(c), the H,O, production activity of
BCNNS with thinner nanosheet structure grew even higher,
reaching 304 pmol-L™h™, nearly three times larger than that of
pristine CN sample (109 pmolL"h™). Meanwhile, the
photocatalytic activity of commercial ZnO photocatalyst was
tested (251 umol-L™h™) as a comparison. Especially, under LED
monochrome light source (365 and 420 nm, 200 mW-cm?),
photocatalytic activity of BCNNS increases dramatically, achieving
a highest H,0, production rate of 1.16 mmol-L™"-h™ (LEDs¢s,)-
This brilliant performance comparable to that of other reported
metal-free and some metal-based photocatalysts (Table S1 in the
ESM).

The pondus hydrogenii (pH) effect of reaction solution and the
catalyst dosage effect on photocatalytic efficiency were performed
and shown in Figs. S7(a) and S7(b) in the ESM. As revealed in Fig.
S7(a) in the ESM, the acidic condition of reaction solution is
beneficial to H,O, generation, owing to the proton coupled
electron transfer (PCET) mechanism in ORR process [16], which
would be limited by alkaline environment. Figure S7(b) in the
ESM indicates that the H,O, yield rate was enhanced with the
catalyst dosage increasing. The scale-up photocatalytic test over
BCNNS with gram-scale dosage was also carried out (Fig. S7(c) in
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the ESM). With 1 g of BCNNS photocatalyst in 1 L of 10% IPA
reaction solution, the H,O, yield rate reaches 523 pmol-L™-h™ in 3
hours under simulated sunlight irradiation (AM 1.5 G, 100
mW-cm?). The produced H,O, amount by 1 g of BCNNS was
much higher than that of BCNNS with milligram-scale, indicating
the application potential in industrial production. Meanwhile,
BCNNS also revealed excellent photocatalytic performance
stability by maintaining over 90% in continuous five cycles (Fig.
S8(a) in the ESM). After the cycling stability tests, the BCNNS
photocatalyst was collected and characterized by TEM and XRD
(Figs. S8(b) and S8(c) in the ESM), further verifying the structure
stability of BCNNS.

Noteworthily, the detected H,O, concentration is determined
by the competition between formation (K and decomposition
(Ky) rate constant of H,O, [3, 12]. The overall production kinetics
of H,0, ([H,0,]) can be determined by the following Eq. (3):

[H,0,] = (Ki/Ky) x [1 —exp(—Kyt)] (1

In our case, zero-order and first-order kinetics are adopted for
estimation the formation and decomposition rate constants of
H,0,, respectively [8]. The values of K; and Ky of BCNNS, CNNS
and commercial ZnO are evaluated via fitting the data of
photocatalytic H,O, formation (Fig. 3(d)) and decomposition (Fig.
3(e)) in 60 min by following Egs. (2) and (3):

C =Kt (2)

3)

The fitted In(Cy/C)-t plots are shown in Fig. S8(d) in the ESM,
and the obtained date of K; and Kj are displayed in Fig. 3(f). It is
preferable for H,0, production reaction with high K; and low Ky
values. According to the fitting results, BCNNS possesses a highest
K; value and relative lower K; value, which can be ascribed to the
controllable conduction and valence band levels, and improved
adsorption and activation of O,, leading to a significantly
enhanced H,O, production rate by BCNNS.

Furthermore, based on the binding strength between the
adsorbed NH; and adsorption sites [35], the temperature
programmed desorption of ammonia (NH;-TPD) analysis was
conducted to determine the influence of heteroatom (primarily B
atoms)-doping on the formation of surface active sites. As revealed
in Fig. 4(a). Since both the -NH, and N-(C); endow g-C;N, with
intrinsic Lewis basicity [36], no desorption peak can be observed

In(C,/C) =Kt

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure4 (a) NH,-TPD profiles of CNNS and BCNNS. (b) Room-temperature
TRPD spectra (excited by 375 nm) of BCNNS photocatalyst under different
atmospheres. (c) Transient photocurrent responses and (d) K-L plots and
corresponding electron transfer number (1) value of prepared samples.

in the NH,-TPD profile of CNNS. For BCNNS sample, there are
desorption broad peaks of around 240, 340 and 410 °C in the NH;-
TPD profile, corresponding to the presence of weak, moderate
and strong acid sites, respectively [36-38]. The Lewis acid sites can
be attributed to edge B-OH groups (weak acid sites), N,BH
(moderate acid sites) and BNj; species (strong acid sites) [39, 40].
The superior Lewis acidity of B sites is mainly ascribed to the
electron-deficient nature of B atoms, and meanwhile high
electronegativity of adjacent N or O atoms that further attracts
outer electrons from B atoms [40, 41]. The strong Lewis acidity
enables the B-N units to be superior electron accepters, regulating
the electron distribution of adjacent a-carbon atoms, and in turn
to be active sites for ORR [42, 43].

The steady-state photoluminescence (PL) spectra and time-
resolved photoluminescence decay (TRPD) spectra of prepared
photocatalysts were applied to investigate the recombination of
photogenerated charges and PL decay kinetics under different
atmosphere, respectively. In Fig.S9(a) in the ESM, the CNNS
exhibits a strong PL emission peak at 440 nm, higher than that of
CN sample at ~450 nm. This is mainly due to the quantum
confinement effect of thinner C;N, layers in CNNS, contributing
to a blue-shift of absorption edges and higher PL intensity [44, 45].
While after B-doping, BCNNS displays a dramatic PL quenching,
indicating a significantly suppressed recombination of
photogenerated charges, as a result of electron/holes redistribution
driven by electron acceptors derived from introducing B-N units.
The TRPD spectra of CNNS and BCNNS were further detected
under different atmosphere (Ar or O,). It can be drawn from Fig.
S9(b) in the ESM that both lifetimes of photogenerated charge
carries for BCNNS are obviously longer than that of CNNS,
demonstrating an improved charge separation and transfer in B-
doped carbon nitride [32, 46]. To observe the adsorption of O, on
photocatalysts in situ, we replaced Ar atmosphere of PL decay
with O, atmosphere. As expected, both of CNNS and BCNNS
display remarkable decreased decay of emissive states in O,
atmosphere than that recorded in Ar atmosphere, meaning
efficient O, capture and interfacial electron transfer (Fig. S9(c) in
the ESM and Fig. 4(b)) [47]. In addition, all TRPD curves can be
well fitted through a bi-exponential function, as described in the
supporting information [48, 49].

As revealed in Table S2 in the ESM, the determined short decay
(radiative recombination) 7, (1.6 ns) and long decay (nonradiative
recombination) 7, (7.6 ns) of BCNNS-O, are both lower than
those of BCNNS-Ar (1, = 1.9 ns, 7, = 9.2 ns), confirming an

5

obviously decreased PL lifetime when detected in O, atmosphere.
Furthermore, the determined average lifetime T,,. of BCNNS-O,
(6.6 ns) reduces for around 14% in Fig. 4(b), compared with that
of BCNNS-Ar (7.7 ns). While 7,,, for CNNS sample only reduces
9% when detected in O, atmosphere (5 ns), rather than in Ar
atmosphere (5.5 ns). In addition, as the A, and A, stand for the PL
intensities (amplitudes) of the short and long decay components,
the A, component for both CNNS and BCNNS are obviously
increased under O, atmosphere, compared with that acquired
from Ar atmosphere, reflecting an enhanced contribution of slow
recombination (long decay) components to the overall lifetime of
photoelectrons. The long decay of emissive states can be mainly
ascribed to the nonradiative recombination of photoelectrons that
trap in defects, vacancies, et al., or captured by surface reactants
[47]. The significantly enhanced A, value of long decay (insets of
Fig. S8(c) in the ESM and Fig. 4(b)) for BCNNS in O, declares the
superior O, adsorption and activation, thereby contributing to the
ORR.

The efficient separation and transfer of charge carries are
essential for higher photocatalytic performance. Figure 4(c) shows
the transient photocurrent curves of CN, CNNS and BCNNS
photocatalyst electrodes under irradiation of 365 nm LED lamp
(light intensity of 100 mW-cm?), revealing that the transient
photocurrent density of BCNNS is obviously higher than that of
CN and CNNS electrodes. Additionally, it can be detected
obviously that a quick decreasing at the moment of light on
occurred in the photocurrent curve of CN, which is mainly
ascribed to rapid recombination of photogenerated charges [27].
Whereas photocurrent densities of both CNNS and BCNNS
reached to a relative higher level, owing to their thinner nanosheet
structure and B-N units induced electron donor-acceptor pairs [1,
26].

For an efficient photocatalytic H,O, production pathway, the
selectivity towards 2e- ORR is of great importance. Figures
S10(a)-S10(c) in the ESM show the linear sweep voltammetry
(LSV) curves of all prepared photocatalysts on rotating disk
electrode (RDE) at different rotation speeds (in O,-saturated 0.1
mol-L" KOH), demonstrating different disk current densities for
CN, CNNS and BCNNS samples. Based on these polarization
curves at different rotation speeds, the electron transfer numbers
(n) were calculated through Koutecky-Levich (K-L) equations
[51-54]. In Fig. 4(d), the calculated n value of BCNNS based on
RDE measurement at 0.5 V vs. RHE achieves 1.98, almost equal to
2. While # values of CN and CNNS are estimated to be 2.76 and
1.77, respectively. This indicates that BCNNS exhibited more
selective toward a 2-electron ORR pathway with dominating
product of H,0, [50].

To further verify the mechanism of such excellent 2e- ORR
selectivity occurred on B-N units modified g-C;N, at atomic scale,
the density functional theory (DFT) calculations were conducted
for O, adsorption and activation. The calculated optimal structure
results indicate that O, has the lowest adsorption energy near the
in-plane triazine ring of melon units (Fig. 5(a)). For pristine g-
C;N, melon units (CN), the O, molecules would preferentially
adsorb at an adjacent C (dy_=1.50 A) and N (dq_y=1.45 A) sites
of CN heterocycle with adsorption energy (E,4,) of -0.47 eV (Fig.
5(a) left). After modified with B-doping, the BCN sample exhibits
a more superior E,4 of -1.12 eV. As expected, O, molecules
preferentially adsorb at B-N units sites of in-plane triazine ring
(dop = 1.54 A and d,, = 1.44 A), and meanwhile more electrons
can be transferred to O=0 (Ag = 0.69 e) as revealed in Fig. 5(a)
right. The results indicate that O, molecules are more easily
adsorbed on B-N units incorporated by B-doping, and the
enhanced electron transfer is critical for subsequent proton-
coupled electron transfer pathway for 2e ORR [55]. Meaningfully,
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Figure5 (a) Top and side views of the structure with different charge densities
for O, adsorption on pristine g-C;N, (left) and B-doped g-C;N, (right). The
yellow and light blue color represent the electron accumulation and electron
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Free energy diagrams of adsorbed O, reduction to H,O, pathway. (c) DMPO-
-0, spin-trapping ESR spectra of BCNNS under different atmosphere and
irradiation.

it can be found that the length of O=0 bonds on BCN surface
reduced obviously (do o = 1.45 A) than that on CN (dq_o = 1.52
A), demonstrating that the O-O band is easier to be broken with
presence of B-N units [3].

Furthermore, according to previous reports, a reliable “side-on”
binding configuration process (Figs. S11 and S12 in the ESM), and
the free energy diagrams of disproportionation pathway of
adsorbed O, molecules for H,0, production were calculated in
Fig.5(b) [3,55]. In this process, the *OOH is the crucial
intermediate species, where the asterisk (*) represents the active
site of prepared photocatalyst. Observably, the B-N units in BCN
exhibits a much lower free energy for the activation and
protonation of adsorbed O, molecules (*O,) to produce *OOH
and *H,O, intermediates [4], following a PCET pathway to
produce H,O, [16], in favor of the H,O, production activity.

Since the superoxide radicals (-O,) intermediates is a powerful
evidence for the presence of *OOH intermediates in a two-step
single-electron O, reduction process [11, 50], we further collected
in situ the 5,5-dimethyl-pyrroline N-oxide (DMPO) spin-trapping
electron spin resonance (ESR) spectroscopy of prepared
photocatalysts during photocatalytic H,0, production [3]. In Fig.
S12(a) of the ESM, characteristic signals assigned to DMPO--O,"
can be monitored for BCNNS and CNNS in 10% IPA under O,
atmosphere after visible-light irradiation for 10 min, indicating
that H,O, is produced via two-step single-electron O, reduction
(Oyte” > O, and -O,+2H*+e” > H,0,) [1, 8]. Obviously, the
intensities of DMPO--O,” peaks for BCNNS are stronger than
those of CNNS, demonstrating an improved H,O,-production
activity [3]. Moreover, compared with that in Ar atmosphere, both
of BCNNS and CNNS photocatalysts reveal enhanced intensities
of DMPO--O, signals in O, (Figs. 5(c) and Fig. S12(b) in the
ESM), further confirming that the H,0O, product is generated from
gaseous O,. Interestingly, the ESR spectroscopy of BCNNS tested
in pure water only displays characteristic signals of DMPO--OH
(Fig. S12(c) in the ESM), indicating a good water oxidation ability.
Nevertheless, there are undetectable amount of H,O, produced by
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BCNNS or CNNS under irradiation in pure water. This further
demonstrates that the produced H,O, is exclusively generated
from provided O,, rather than oxidation of water [5].

3 Conclusions

To sum up, we have provided the first example of systematically
studying the role of B-N units in C;N, scaffolds on their
performance in photocatalytic H,O, production. Confirmed by
characterizations, including phase and morphology structure
analysis, optical/electrochemical tests, etc., the B-N units were
embedded in carbon matrix to serve as electron acceptor, which
can adjust the band structure of carbon nitride photocatalyst,
accelerating the photogenerated charge transfer. Meanwhile, the
electron-deficient B-N units can act as active sites for O,
adsorption, in where local charge polarization is in favor of O,
adsorption and subsequent selective 2e- ORR process with a H,O,
production rate of 1.16 mmol-L™-h™* (2-5 times the performance
of state-of-art metal free photocatalysts). BCNNS also provides an
excellent stability by maintaining over 90% in continuous five
cycles. The corresponding radical detection and DFT theoretical
calculations were applied to further investigate and find strong
evidence for the selective 2e- ORR pathway toward efficient H,0,
production, improved photocatalytic performance and stability,
which can be ascribed to more delocalized charges of B-N bonds.
This study would provide new insights into the nature of active
site structure for H,0, photosynthesis and development of high-
efficiency catalyst for solar energy conversion.
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