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Abstract 

Boron‑based nanomaterials are emerging as non‑toxic, earth‑abundant (photo)electrocatalyst materials in solar 
energy conversion for the production of solar hydrogen fuel and environmental remediation. Boron carbon oxynitride 
(BCNO) is a quaternary semiconductor with electronic, optical, and physicochemical properties that can be tuned by 
varying the composition of boron, nitrogen, carbon, and oxygen. However, the relationship between BCNO’s struc‑
ture and ‑photocatalytic activity relationship has yet to be explored. We performed an in‑depth spectroscopic analysis 
to elucidate the effect of using two different nitrogen precursors and the effect of annealing temperatures in the 
preparation of BCNO. BCNO nanodisks (D = 6.7 ± 1.1 nm) with turbostratic boron nitride diffraction patterns were 
prepared using guanidine hydrochloride as the nitrogen source precursor upon thermal annealing at 800°C. The X‑ray 
photoelectron spectroscopy (XPS) surface elemental analysis of the BCNO nanodisks revealed the B, C, N, and O com‑
positions to be 40.6%, 7.95%, 37.7%, and 13.8%, respectively. According to the solid‑state 11B NMR analyses, the guani‑
dine hydrochloride‑derived BCNO nanodisks showed the formation of various tricoordinate  BNx(OH)3−x species, which 
also served as one of the photocatalytic active sites. The XRD and in‑depth spectroscopic analyses corroborated the 
preparation of BCNO‑doped hexagonal boron nitride nanodisks. In contrast, the BCNO annealed at 600 °C using mela‑
mine as the nitrogen precursor consisted of layered nanosheets composed of B, C, N, and O atoms covalently bonded 
in a honeycomb lattice as evidence by the XRD, XPS, and solid‑state NMR analysis (11B and 13C) analyses. The XPS 
surface elemental composition of the melamine‑derived BCNO layered structures consisted of a high carbon com‑
position (75.1%) with a relatively low boron (5.24%) and nitrogen (7.27%) composition, which indicated the formation 
of BCNO‑doped graphene oxides layered sheet structures. This series of melamine‑derived BCNO‑doped graphene 
oxide layered structures were found to exhibit the highest photocatalytic activity, exceeding the photocatalytic activ‑
ity of graphitic carbon nitride. In this layered structure, the formation of the tetracoordinate  BNx(OH)3−x(CO) species 
and the rich graphitic domains were proposed to play an important role in the photocatalytic activity of the BCNO‑
doped graphene oxides layered structures. The optical band gap energies were measured to be 5.7 eV and 4.2 eV for 
BCNO‑doped hexagonal boron nitride nanodisks and BCNO‑doped graphene oxides layered structures, respectively. 
Finally, BCNO exhibited an ultralong photoluminescence with an average decay lifetime of 1.58, 2.10, 5.18, and 8.14 µs 
for BGH01, BGH03, BMH01, BMH03, respectively. This study provides a novel metal‑free photocatalytic system and 
provides the first structural analysis regarding the origin of BCNO‑based photocatalyst.
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Introduction
Metal-free nanomaterials are emerging as cost-effective, 
earth-friendly (photo)catalyst with high structural and 
chemical stabilities for various applications including 
solar fuel production, environmental remediation,  CO2 
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reduction, disinfection of harmful microorganisms, and 
enabled selective chemical synthesis of organic com-
pounds [1–7]. Compared to their metal counterparts, 
a metal-free catalyst is also less prone to poisoning and 
leads to higher cycle lifetimes. Thus, the search for  and 
development of new materials that are  stable, efficient, 
and cost-effective photocatalyst remains are critical  and 
challenging research endeavors. Carbon-based materials 
such as graphitic carbon nitride (CN) [4, 8, 9], carbon-
dot (C-dot) [2, 3, 10], and graphene-based materials [7, 
11] have been widely investigated due to their excellent 
physicochemical properties, structural and chemical sta-
bilities, and the ease of synthesis from earth-abundant 
elements. Recently, boron-based (photo)catalysts have 
been developed  as metal-free photocatalytic systems 
with remarkable performance. Notably, boron carbide, 
known for its hardness, showed metal-free visible light 
photocatalytic hydrogen generation, surpassing the 
state-of-the-art carbon-based CN photocatalyst [12, 13]. 
High surface area carbon-doped hexagonal boron nitride 
(BCN) nanosheets exhibiting visible light photocatalytic 
activity for  H2  andO2 generation as well as  CO2 reduction 
and capture have led to new  possibilities in photosystem 
[14, 15]. Other boron-containing (photo)electrocatalyst 
such as boron oxynitride (BNO)[16, 17], boron phos-
phide (BP) [18, 19], boron-doped graphene [20], boron 
carbon nitride (BCN) [14], boron-doped carbon nitride 
(B-dopedCN) [21] and elemental boron [22, 23] have dem-
onstrated significant  (photo) electrocatalytic activities 
[13].

Boron carbon oxynitride (BCNO) is a boron-based 
nanomaterials that has been studied less than other mate-
rials. It was first developed after their BCN predecessor, a 
semiconductor with a band gap of approximately 2 eV, to 
replace toxic phosphors based on oxynitride and nitride 
compounds [24, 25]. The substitution of B, C, O and N 
atom into the graphene or hexagonal boron nitride (hBN) 
network gave rise to BCNO compounds with tuneable 
photoluminescence properties and a  bandgap ranging 
from 0 eV (graphene) to 5.9 eV (hBN) [26]. These desir-
able semiconduction and photoluminescence proper-
ties have recently attracted researchers to develop a new 
synthetic methodology to synthesize low dimensional 
BCNO nanostructures with higher crystallinity [27], con-
trolled shapes [28], and in atomically thin 2D structures 
[29]. Previous works investigated the effects of annealing 
temperatures and times in modulating the photolumi-
nescence property of BCNO without providing in-depth 
structural characterization [30, 31]. In this paper, we 
investigated the effect of using different nitrogen source 
precursors, calcination temperatures (800  °C vs. 600C), 
and calcination times (0.5 h vs.  12  h) on the structure-
photocatalytic activity of BCNO nanostructures.

Methods
Chemicals and Instruments
Boric acid 99.99%  (H3BO3), melamine 99%  (C3H6N6), 
and hexamethylenetetramine ≥ 99%  (C6H12N4) were pur-
chased from Alfa Aesar and used without further puri-
fication. Guanidine hydrochloride 99.5%  (CH5N3 HCl) 
was purchased from Arcos Organics. BCNO was synthe-
sized according to the literature via the low-temperature 
annealing method [25, 32]. UPS analysis was performed 
in a ULVAC-PHI PHI 5000 Versaprobe II using He 
I 21.22  eV as a photon source with 5  V bias. The mor-
phology of BCNO samples was analysed via a transmis-
sion electron microscope (JEOL, JEM-ARM200FTH). 
XRD diffractions were obtained using the Bruker D2 
spectrometer. Photoluminescence emission spectra in 
solution were obtained using a photoluminescence spec-
trometer (PerkinElmer, LS55), and optical absorption 
spectra of BCNO in solution were determined by the 
UV–Vis spectrometer (HITACHI, U-3900). X-ray photo-
electron spectroscopy was analysed via high-resolution 
X-ray photoelectron spectrometer (ULVAC-PHI, PHI 
Quantera II) using Al Ka x-rays as the excitation source. 
The BCNO solution was drop-casted onto the silicon 
substrate for XPS characterization. The binding energy 
was calibrated to carbon at 284.8  eV. XPS peak decon-
volution and fitting were performed using CACS XPS 
software. Absolute PLQY was performed according to 
the literature [33] and detected by a CCD camera (PIXIS 
256BR, Princeton Instruments). The measurement of 
absolute PLQY was performed by using a fiber-based 
spectrograph, including a calibrated integrating sphere 
system (Labsphere) and a charge-coupled device (CCD) 
camera (PIXIS 256BR, Princeton Instruments). A diode 
laser (λ = 375  nm, Becker & Hickl GmbH) was used as 
the pumping source. Time-resolved photoluminescence 
was measured in a front-face configuration by using a 
pulsed nitrogen laser (λ = 337.1  nm, LTB Lasertechnik 
Berlin GmbH) as an excitation source, which was trig-
gered by a digital delay generator (DG645, Stanford 
Research Systems). The signals were detected by a pho-
ton-counting photomultiplier tube (PMC-100–1, Becker 
& Hickl GmbH), and the photon counts were accumu-
lated with a multiscaler module (MSA-300, Becker & 
Hickl GmbH). Infrared spectra were recorded by Fou-
rier-transform infrared spectrometer (Bruker, Vertex 
80v) using Attenuated Total Reflectance (ATR). Nuclear 
magnetic resonance spectra were obtained using Bruker 
Avance III 400 NMR spectrometer equipped with a 
9.4 T magnet using a 4 mm magic angle spinning (MAS) 
probe. 11B MAS NMR were recorded using the spin echo 
method with spinning rate of 10  kHz. 8000 scans were 
collected with 4  s recycle delay. Chemical shifts were 
referenced to 1 M  H3BO3 aqueous solution at 19.6 ppm. 
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13C CP/MAS NMR spectra were recorded using a 
cross polarization (CP) sequence with spinning rate of 
12.5  kHz. 30,000 scans were collected with 4  s recycle 
delay. All of the 13C chemical shifts were referenced to 
neat trimethylsilane using the secondary reference of the 
adamantane  CH2 peak at 38.48 ppm.

Preparation of BCNO
In this study, two series of BCNO were prepared using 
two different nitrogen precursor sources while fixing the 
boron and carbon precursor sources, precursor ratios, 
annealing temperature, and time. The effect of anneal-
ing temperatures and times were also investigated by fix-
ing all the other reaction parameters for each series of 
BCNO prepared in this study. Briefly, all three precursor 
components in a predetermined mole ratio were added 
to distilled water and heated to 90  °C until the solution 
appeared homogeneous (Table  1). The glutinous mix-
ture was dried in an oven overnight, yielding a dried 
white solid. The white solid was grounded using a mortar 
and pestle to fine powders. The solid precursor was cal-
cined in the furnace at a predetermined temperature and 
time, as shown in Table 1, with a ramping rate of 5  °C/
min under ambient atmospheric pressure. The yellow-
ish-tinged powder sample was grounded to a fine pow-
der after the furnace was naturally cooled down to room 
temperature.

Purification Strategies of BCNO
The as-prepared BCNO was purified by centrifugation 
at 6000  rpm for 10  min in water and ethanol (1:10 v/v 
in 10  mg/mL concentration). After centrifugation, the 
product was redissolved in distilled water, diluted with 
ethanol in a 1:10 v/v ratio of water: ethanol. The purified 
BCNO was deposited onto a carbon-coated copper grid 
for TEM analysis. For the preparation of SEM and XPS 
specimens, the purified BCNO sample was drop-casted 
onto a silicon wafer. Prior to sample deposition, silicon 
wafers were cleaned by sonication with water, propanol, 
and acetone for 10  min in each solvent. UPS specimen 
was prepared similarly to the procedure described for 

SEM and XPS samples, except that the samples were 
deposited onto an indium tin oxide (ITO) coated glass.

Preparation of Bulk Carbon Nitride (CN)
Bulk CN was synthesized by a facile method reported in 
the literature [34]. Briefly, melamine powder was placed 
into a crucible and annealed at 550℃ for four hours with 
a ramping rate of 5 ℃/min under ambient atmospheric 
pressure.

Photocatalytic Dye Degradation Procedure
The photocatalytic activities of various BCNO samples 
were evaluated via the methylene blue (MB) photodegra-
dation as a model reaction. In a typical dye degradation 
experiment, 10  mg of BCNO sample was added into a 
sample vial containing 15 mL of MB solution (10 ppm). 
After stirring for 10 min in the dark, the sample vial was 
irradiated with a 100 W Xenon lamp (250 nm ~ 1100 nm). 
Kinetic samples (2  mL) were extracted using a pipette 
from the solution at 20 min time interval until the total 
photocatalytic degradation time reached 80 min. Kinetic 
samples at different time intervals were analysed via a 
UV–vis spectrometer. The change in the concentration of 
MB was derived using Beer’s law.

Results and Discussion
Synthesis of BCNO
In our research for the preparation ofg low dimensional 
BCNO nanostructures with high crystallinity to facili-
tate charge transport, we  discovered of BCNO with dis-
tinctly different chemical structures and photocatalytic 
activities. Based on the synthesis of BCNO reported in 
the literature [25, 32], we investigated the effect of using 
two different nitrogen precursor sources  as well as the 
effect of thermal annealing temperatures, and time on 
the structure–property evolution of BCNO. In this study, 
two series of BCNO were prepared using boric acid and 
hexamethylenetetramine as boron and carbon sources, 
respectively (Table 1). The BCNO was synthesized using 
melamine and guanidine hydrochloride as the nitrogen 
source and  is denoted as BMH and BGH, respectively. 

Table 1 Precursor sources, ratios, annealing temperatures, and times for the preparation of BGH and BMH series

Precursor Temperature Time (h) Mole ratio (B:N:C) Sample name

1 (boric acid, guanidine hydrochloride, hexamethylenete‑
tramine)

600 °C 12 3:1:0.1 BGH01LT

800 °C 12 3:1:0.1 BGH01

800 °C 12 3:1:0.3 BGH03

2 (boric acid, melamine, hexamethylenetetramine) 600 °C 12 3:1:0.1 BMH01

800 °C 12 3:1:0.1 BMH01HT

600 °C 12 3:1:0.3 BMH03
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After   systematically investigating each reaction condi-
tion, the BMH series only exhibited photocatalytic activi-
ties when annealed at  the lower temperature of 600  °C 
for 12  hr. The BGH series  only exhibited photocatalytic 
activities with high-temperature annealing at 800  °C for 
12 h. In both series, the mole ratios of boric acid, mela-
mine, and guanidine hydrochloride were fixed at 3:1, 
while the mole ratios of hexamethylenetetramine were 
varied from 0.1 to 0.3. These ratiso of hexamethylenete-
tramine precursor are denoted in the sample names  as 
BMHH01/BGH01 and BMH03/BGH03, respectively 
(Table 1).

Figure  1 shows the representative TEM images of 
BGH calcined at 800 °C for 12 h composed of a crystal-
line core with quasi-spherical nanoparticle morphology 
and D = 6.7 ± 1  nm. The as-prepared BGH was read-
ily dispersed in water (Additional file 1: Fig. S1), and as 
evidenced by the deposition of discrete nanoparticles on 
the TEM copper grid. The aqueous dispersibility of BGH 
and BMH are most likely originated from electrostatic 
stabilization based on their negatively charged surface 
potential of BGH and BMH. Solid-state 11B NMR anal-
yses revealed that  the abundance of hydroxyl groups in 

both BMH and BGH nanostructures corroborated their 
dispersibility in aqueous media. Under high magnifica-
tion, each quasi-spherical nanoparticle exhibited distinc-
tive lattice spacing of the (002) planes measured to be 
0.338 nm, which is consistent with literature reports [24, 
35] (Fig. 1c). Compared to the 5 nm BCNO nanoparticle 
obtained through thermal annealing in the eutectic salt 
environment, the BGH nanoparticles prepared in this 
work possessed high crystallinity [25] (Fig.  1). Next, we 
characterized BMH that was prepared based on a litera-
ture report using boric acid, melamine, and hexamethyl-
enetetramine and annealed at 600 °C for 12 h. In contrast 
to the morphology of BGH, BMH is composed of multi-
layered sheets with ill-defined shapes (Fig. 1). At higher 
magnification, the TEM image of the edges on the mul-
tilayer sheets (Fig. 1d) revealed nanosheets with features 
of structural distortion [36] as shown in Fig. 1e. Figure 1f 
shows a representative SEM image of the BMH includ-
ing featureless micron-sized aggregates. However, unlike 
the BGH series, higher temperature calcination at 800 °C 
using melamine as the nitrogen source precursor did 
not yield a  nanodisk morphology. The  TEM, XRD, UV 
absorbance, and  photoluminescence of the other BGH 

Fig. 1 Representative transmission electron micrograph (TEM) and scanning electron micrograph (SEM) of the as‑prepared BGH and BMH 
deposited from a dilute ethanol solution. a, b High and low magnification TEM of BGH, c high‑resolution TEM of BGH with distinct (002) lattice 
spacing of 0.338 nm, d TEM image of representative BMH at low magnification, e expanded TEM image of the boxed area in Fig. 1d showing 
features of structural distortion within the layered graphene oxide, and f representative SEM image of BMH
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and BMH series compounds synthesized at different 
reaction conditions are available in the ESI.

Figure  2 shows the XRD patterns of BMH03 (green 
trace), BMH01 (red trace), and BGH01 (blue trace) pre-
pared in our laboratory at the prescribed reaction con-
ditions as listed in Table  1. The  BGH01exhibited broad 
diffraction peaks centered around 26.6° and 43.1° (2θ), 
which is the signature diffraction pattern of turbostratic 
boron nitride (t-BN). The broad peak centered at around 
26.6° was originated from the (002) reflection plane, and 
the 43.1° broad peak corresponds to  the (10) reflection 
plane induced by hexagonal boron nitride (h-BN) [37]. 
The XRD pattern of BMH was dominated by two broad 
diffraction patterns at 2θ of approximately 25.4° and 42.4°, 
which are signature patterns for the (002) and (10) bands, 
respectively of the hexagonal crystal structure of graphite 
[38]. The commonly denoted (10) band is also associated 
with the 2D reflection of turbostratic carbon [39]. More-
over, the absence of a peak at 2θ around 10.9° and the 
emergence of a broad band at around25.4° was due to the 
incorporation of dopants or impurities within the struc-
ture of graphene or graphite oxides [40–45]. Therefore, it 
is reasonable to propose that the dominant structure of 
BMH is doped graphene oxides.

Structural Analysis of BGH (Guanidine Series)
The XPS, FTIR, and solid-state NMR spectroscopy were 
performed to produce deeper insight into the molecular 

structure of BGH. The  XPS was utilized to confirm the 
presence of the core level electrons of the B, C, N and O 
elements and their respective chemical bonding in BGH 
compounds. Figure  3a–e show a typical XPS spectra of 
the BGH nanodisks. According to the XPS surface ele-
mental composition analyses, BGH contained a high B 
and N content (approximately 40% each), with a lower 
C and O compositions of approximately 8% and 13%, 
respectively (Additional file 1: Table S3). The near 1:1 sto-
ichiometry of the B and N composition is commensurate 
with the  XRD analyses, which confirmed that BGH01 
prepared in our laboratory was  composed of a  tur-
bostratic boron nitride structure. All XPS spectra were 
fitted with a Gaussian function with R2 > 0.99, which is 
represented by the red and green curves in the XPS spec-
tra for each element. For the BGH series, the  B1s spectra 
were deconvoluted into two fitted curves, which cor-
responded to B-O bonding (at 189.7 eV binding energy) 
and B-N bonding (at 190.7 eV binding energy). The  N1s 
spectra were fitted with two Gaussian curves composed 
of N-B bonding with 397.3 eV binding energy and B-N–O 
bonding with 398 eV binding energy [46]. Both N-B and 
B-N–O bonding indicated the presence of O-doped hBN 
or the formation of a  BNO compound [47]. Since the 
synthesis of BGH was performed under atmospheric 
conditions, an  oxygen atom was also incorporated into 
the h-BN domain for B-O bonding as reported in the lit-
erature [47]. This hypothesis was confirmed by analyzing 
the  O1s spectra, which showed a single peak correspond-
ing to the B-O bonding (binding energy at 532 eV). This 
result further supports our initial hypothesis that the 
BGH series is composed of O-doped hBN, and the major-
ity of the oxygen atom is bonded to the boron atom. The 
 C1s of the BGH spectrum was deconvoluted into three C 
species, namely C-O, C-B, and C–O–C, which bonded  at 
283.7 eV, 285 eV, and 287 eV, respectively. Due to the low 
composition of C and a 1:1 stoichiometry of B and N in 
the BGH series, we further speculated that the structure 
of BGH01 is C andO-doped h-BN. The proposed struc-
ture was supported by the formation of C-B, B-O, and 
B-N–O bonding within the hBN domain, as evidenced in 
the XPS spectra (Fig. 3). Thus, it is reasonable to deduce 
the structure of the  BGH nanodisks prepared at 800  °C 
as C and O-doped hBN. Furthermore, powder XRD and 
high-resolution TEM supported the formation of cova-
lently bonded B, C, N, and O in a honeycomb lattice 
with lattice spacing similar to that of turbostratic boron 
nitride. Throughout this manuscript, the structure of 
BGH01 will be referred to as BCNO-doped hBN.

We  also investigated the effect of calcination tem-
peratures and times on the structure-photocatalytic 
activity of BCNO nanostructures  while keeping the 
other synthesis parameters constant. Upon increasing 

Fig. 2 The XRD patterns of polycrystalline BMH03 (green trace), 
BMH01 (red trace), BGH01 (blue trace), and BGH01. The  broad peak of 
the BGH01 series at ca. 26.6° represents the (002) plane reflection of 
h‑BN and another broad peak at ca. 43.1° represents the unresolved 
reflection planes of h‑BN. Diffraction patterns of the BMH showed 
two broad reflections centered at around ~ 25.4° and ~ 42.4°. The XRD 
patterns of other BCNO series are shown in Additional file 1: Figure 
S3)
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reaction temperature (from 600°C to 800°C) and increas-
ing the reaction times from 30 min to 12 hrs, there was 
an overall increase in B-N and B-O bonding (Additional 
file  1: Figure S6). In contrast, B-C bonding decreases 
with increasing reaction temperature and time, which 
implied the formation of energetically stable hexagonal 
B-N and B-O bonds while sacrificing the metastable B-C 
bonds [48]. As anticipated, the B-C bonding composition 
increases upon increasing the ratio of hexamethylene-
tetramine precursor (as the C source) while keeping the 
other parameters constant [49]. A more detailed trend 
of the  chemical bonding evolution of BGH prepared at 
different calcination temperatures, times, and precursor 
ratios are provided in the ESI (Additional file  1: Figure. 
S6 and S7).

1 The 11B solid-state MAS NMR was utilized to quan-
titatively  analyze each B-related bonding composition 
in BGH and BMH quantitatively. Herein, we present 
the first detailed structural characterization of BCNO 
at the molecular level utilizing solid-state MAS 13C and 
11B NMR to gather specific C- and B-related bonding. 
Although hBN nanomaterials and their defect-induced 
electronic properties have attracted significant inter-
est, the molecular structure of hBN edges and defects 
structure are largely unknown [50]. The lack of structural 
characterization of boron-related nanomaterials is due to 
the difficulty in analyzing the solid-state 11B NMR spec-
trum because 11B is a half-integer quadrupole nucleus 
(I = 3/2) [51, 52]. Solid-state 11B NMR is also challenging 

to interpret due to the second-order quadrupole coupling 
resulting in the signal’s distortion, which can only be 
partially averaged via MAS NMR [53]. Furthermore, the 
range of chemical shift for 11B NMR is relatively narrow, 
making peak assignment of the broad, overlapping, and 
distorted peaks of various boron species extremely chal-
lenging [54]. In this study, we performed 11B solid-state 
NMR recorded at 9.4 T, and the spectrum was deconvo-
luted using topspin solid-line shaped analysis (SOLA). By 
following the CP-MAS 11B NMR experiment reported in 
the literature, we obtained meaningful B-related chemical 
bonding information by taking into account the quadru-
polar coupling constant (CQ) and the electric field gradi-
ent (EFG) tensor asymmetry (ηQ) [51, 52, 55]. Figure  3f 
shows the solid-state 11B spin-echo NMR spectra of BGH 
with three major peaks and δiso centered at 28.3  ppm, 
20  ppm, and 1.2  ppm, respectively. Based on literature 
studies on CP-MAS 11B NMR of boron nitride and their 
related structures, the peak with a δiso of 28.3 ppm (green 
trace fit) and a CQ of 2.85  MHz corresponded to the 
trigonal-planar  BN2(OH) species with a single hydroxyl 
group [53–55]. When   the hydroxyl group or oxygen 
bridging atom replaced the nitrogen atom around the 
trigonal-planar boron sites, a new B species with a  δiso 
of 20 ppm (blue trace fit) appeared. This lower chemical 
shift signal was most likely attributed to another trigo-
nal boron site with two hydroxyl groups or one hydroxyl 
group and one bridging oxygen atom (BN(OH)2 or 
BNO(OH) sites). The sharp peak at δiso of 1.2 ppm (red 

Fig. 3 a XPS survey spectra of BGH01. Core level spectra of b  B1s, c  C1s, d  N1s, and e  O1s. Each deconvoluted peak is fitted with Gaussian functions. f 
The 11B solid‑state MAS NMR spectra of BGH01. (11B solid‑state MAS NMR of BGH01‑LT is shownin Additional file 1: Figure S10)
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trace fit) corresponds to a four-coordinate tetrahedral B 
site, likely coordinated by nitrogen and multiple hydroxyl 
groups or a bridging oxygen atom (52–54) or carbon-
related C-B bonding [46, 52]. The CP-MAS 11B NMR 
analysis of BGH01 revealed various B-N, O-B, and B-C 
bondings commensurate with the  XPS and XRD analy-
ses. Furthermore, solid-state 11B NMR also revealed that 
most boron was bonded with nitrogen and with one or 
more hydroxyl groups as the  BNx(OH)3−x species. These 
hydroxylated species were speculated to provide colloi-
dal stability in  the aqueous solution through hydrogen 
bonding and electrostatic stabilization. We also observed 
a reduction in the tetracoordinate B-species such as 
 BNx(OH)4−x or  BNx(O)(OH)3−x (in which O is the bridg-
ing oxygen) and the boroxol rings [54, 56] with increasing 
reaction temperature. Concurrently, various tricoordi-
nate  BNx(OH)3−x species emerged when the   annealing 
temperature  increased from 600°C to 800°C (Additional 
file 1: Figure S8 and S10). This result implied that at high 
temperatures, the boroxol ring reacted with ammonia 
to form various hydroxylated  BNx(OH)3−x or  BNx(O)
(OH)2−x species [55] (Additional file 1: Fig. S10).

Structural Analysis of BMH
Based on our vigorous structural analysis via XPS  and 
FTIR as well as 11B, and 13C solid-state MAS NMR, the 
structure of BMH was proposed to be BCNO-doped 

graphene oxides. According to the XPS surface elemental 
analysis, BMH was composed of to 75% of carbon spe-
cies  and  only 5% of boron-related species (Additional 
file  1: Table  S3). The deconvoluted  B1s spectra showed 
BCN and BN bonding at 191.7 and 192.4 eV binding ener-
gies, respectively (Fig. 4). The  C1s species showed two dis-
tinct photoemission signals, which corresponded to C–C 
bonding  (sp2 and  sp3 C–C bonding) with binding energy 
at approximately 285.0 eV, and a weaker component arose 
from the B-C-N bonding appearing at 285.6 eV [57]. The 
other relatively small signals at 288.0  eV and 288.7  eV 
were due to C-N3 and C = O bonding, respectively [46, 
57, 58]. The oxygenated C atom (C = O) was speculated 
to form at the edges of the graphene oxide domains, 
and the C-N3 bonding was the characteristic peak for 
CN. The  N1s XPS spectra, centered at 399.0  eV binding 
energy, can be fitted with two Gaussian curves com-
posed of C-N-B at 399.2 eV binding and C = N bonding 
at 400.0  eV [46, 57, 59, 60]. Based on XPS analysis, the 
BMH series comprised only about 10–25% of O-related 
bonding compared to approximately 35% of O-related 
bonding in the BGH series. The  O1s spectra centered at 
531.2 eV binding energy can be deconvoluted into C = O 
and CO bonding, which could be attributed to the gra-
phene oxides domain. The 13C solid-state CP-MAS NMR 
further showed the presence of graphitic C = C bonding 
at 40.2 ppm, which corroborates with the XRD and XPS 

Fig. 4 a Survey XPS spectra of BMH01 and 11B NMR spectra. Core level spectra of b  B1s, c  C1s, d  N1s, and e  O1s. Each core spectra were fitted 
with a black trace, while the red and green traces under the peak were deconvoluted using a Gaussian function. f 11B solid‑state MAS NMR 
were deconvoluted using SOLA analysis to tricoordinate and tetracoordinate B‑sites. The XPS and 11B solid‑state MAS NMR of other BMH series 
compounds can be found in Additional file 1: Figure S7, S11, and S12)
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results [38] (Fig. 5). In each of the BMH series reported in 
this paper, the 13C NMR showed two equimolar ratios of 
carbon species at 160 and 154 ppm corresponding to Cα 
and Cβ, respectively, which is typically found in graphitic 
carbon nitride structures [61] (Fig. 5 and Additional file 1: 
Table S4). Compared to the bulk CN synthesized accord-
ing to the literature procedure [34], the chemical shift of 
the signature resonance for Cα and Cβ peak appeared at 
164 and 156 ppm, respectively (Fig. S13). Boron doping 
into the CN heptazine structure could have contributed 
to these slight chemical shift differences between the 
BMH series and the bulk CN (Additional file 1: Fig. S13).

Due to the abundant   evidence of the presence of car-
bon nitride (CN) in the BMH series based on solid-state 
NMR spectroscopy (Fig.  5), we considered three possi-
bilities of interactions between BCNO-doped graphene 
oxide and CN in BMH, namely: (i) bulk phase separation, 
(ii) disordered 2D network, and (iii) layered intercalation 
[62]. To eliminate the possibility of bulk phase separation, 
we examined the XRD pattern of CN nitride andBMH as 
well as a physical mixture of both in a 1:1 mass ratio. We 
found that the XRD patterns of the mixtures showed only 
the diffraction pattern of the bulk CN with a slight reduc-
tion in the crystallinity compared to the pristine CN dif-
fraction [63] (Additional file  1: Fig S4). Since the XRD 
pattern of BMH did not possess any diffraction peaks 
that corresponded to CN, this experimental result con-
firmed that CN did not form as a bulk-separated domain 
during the synthesis of BMH (Additional file 1: Fig. S4). 
We also considered the formation of a disordered 2D net-
work, in which CN and the doped-graphene oxides are 
bonded on the same 2D plane [62]. Based on a literature 
report on a CN/graphene oxide 2D matrix, the XRD pat-
tern of a disordered 2D network showed characteristic 

peaks for both species with a slight peak broadening and 
a slight peak shifting [64]. However, the XRD pattern of 
BMH (Fig.  2) did not contain any signature diffractions 
of CN. A previous study also showed that characteris-
tic peaks of graphene oxide disappeared in a  graphitic 
CN/amorphous CN/graphene oxide composite due to 
the layer-by-layer interactions [65]. Therefore, it is rea-
sonable to propose that CN is intercalated between the 
doped-graphene oxide layers. The FTIR spectrum of 
the selected BGH and BMH series is shown in Additional 
file 1: Fig. S5.

Boron-related bonding within the BMH series was 
investigated using 11B solid-state MAS NMR at 9.4T, 
and the broad NMR spectrum was deconvoluted using 
the SOLA analysis showing the presence of both tri-
coordinate and tetracoordinate boron site. The SOLA 
analysis yielded four line fittings under the broad 11B 
NMR spectrum, which could be assigned as trigonal 
planar  BN2(OH) or  BN2O at  a δiso of 19.8  ppm and a 
CQ of 2.85 MHz (green fitting). The bay and corner B 
sites as in B-doped CN appeared at a δiso of 5 ppm and 
δiso of 11  ppm, respectively [61]. These assignments 
are also commensurate with the formation of CN 
based on  the 13C NMR and XPS analyses. Compared 
to the BGH series, the relative composition of the 
tetracoordinate B(IV) site of BMH was much higher 
(ca. 55% in the BMH series vs. 3% in the BGH series). 
However, the tetracoordinate B(IV) species in BMH 
appeared at a lower chemical shift than those found 
in BGH (Fig.  3f ) and was therefore presumed to be 
the   BN2(OC)2−x(OH)x species [46]. Notably,  the h-BN 
domain was absent from the BMH series prepared via 
thermal annealing at a lower temperature (600  °C). 
However, upon increasing the thermal annealing 

Fig. 5 Solid‑state 13C MAS NMR of a BMH01 and b BMH03
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temperature from 600  °C to 800  °C, the structures of 
BMH01HT-30  min and BMH01HT-12  h showed a 
high composition of tetracoordinate  BN2(OH)2 species 
and the tricoordinate  BN3 bonding (Additional file  1: 
Fig. S11 and S12). The presence of a high composition 
of tetracoordinate  BN2(OH)2 and  BN3 bonding was 
shared among all the inactive BCNO investigated in 
this study. Moreover, although BMH01HT-12  h pos-
sessed an  identical surface elemental composition to 
that of BGH01, the solid-state 11B NMR revealed that 
both compounds possessed significant structural dif-
ferences, which explained for their differences in pho-
tocatalytic activity (Additional file 1: Table S3 and Fig. 
S12).

In light of the moderate photocatalytic activity of 
BMH01 and BGH01 (Fig.  7), further synthesis opti-
mization was performed to expand their light absorp-
tion spectrum into the visible light region. Previous 
literature showed that increasing the composition of 
the  hexamethylenetetramine precursor (as a  carbon 
source) could modulate the bandgap and photolumi-
nescence properties of BCNO. Based on these reports, 
BMH and BGH compounds with a higher ratio of hex-
amethylenetetramine were prepared accordingly while 
keeping the other parameters constant. The optimized 
BCNO with a  higher carbon content is denoted as 
BMH03  and BGH03, in which the molar ratio of  car-
bon source was increased from 0.1 to 0.3. The higher 
ratio of hexamethylenetetramine precursor yielded 
BMH03 with a higher composition of the graphitic 
domain as in  sp2 C = C, and  a small peak emerged 
which corresponded to BCN bonding at 191 eV bind-
ing energy (Additional file 1: Fig. S7). The increase in 
the graphitic  sp2 C = C domain upon increasing  the 
concentration of hexamethylenetetramine is consist-
ent with the role of hexamethylenetetramine as both a 
C and N source in the synthesis of N-doped graph-
ite [66]. The increased  sp2 C = C graphite bonding in 
BMH03 was further confirmed via 13C CP-MAS NMR 
with the emergence of a more prominent peak cen-
tered at 40.2  ppm, which is the signature of graphitic 
C = C(H) bonding (Additional file 1: Table S4).

Optical Properties
The optical properties of BMH and BGH were investi-
gated using UV–visible absorption and photolumines-
cence spectroscopy, as shown in Fig.  6. Since BGH and 
BMH series possessed distinctively different structures, 
and the optical properties of nanomaterials are highly 
correlated with their structures, the origin of absorption 
and luminescence for both series were also found to be 
different. In this study, BGH01 quasi-spherical nanopar-
ticles showed a featureless UV–vis spectrum. (Fig. 6a, red 

trace). As the ratio of hexamethylenetetramine increased, 
the intensity of absorbance peaked at 237 nm for BGH03 
and increased  with the emergence of an additional broad 
absorption peak centered around 330  nm (Fig.  6a, blue 
trace). The origin of the optical properties of BCNO is 
controversial due to the lack of structural analysis of 
BCNO nanomaterials. The most widely cited origin of 
photoluminescence of BCNO is attributed to the forma-
tion of B, C, N, and O self-interstitial sites, substitutional 
impurities, and native point defects within hBN or  the 
graphene matrix [50, 67, 68]. Other possible photolumi-
nescence mechanisms in the BCNO system include the 
electronic transition from the nitrogen-vacancy  (VN) 
levels to the carbon impurity levels, the electronic transi-
tion between the closed-shell  BO− and  BO2− anions, and 
intrinsic state emission and defect state emission (surface 
energy traps). The featureless UV absorbance of BGH01 
can be attributed to the electronic transition between the 
valence band (VB) and conduction band (CB) of boron 
nitride with a bandgap energy of ca. 5.9  eV. The lower 
energy absorption in BGH03 was a result of the mid-
gap absorption from the valence band to the nitrogen-
vacancy  (VN) level located approximately 0.7–1.0  eV 
below the conduction band of hBN.(62) The absorption 
peak at ca. 330  nm could be attributed to the presence 
of C-related impurities level located ca. 2–4 eV below the 
conduction band of hBN [69–71]. Under 365  nm exci-
tation, BGH01 produced a broad emission with three 
bumps located at 412 nm, 445 nm, and 489 nm, respec-
tively. Based on the BGH structural analysis, in which the 
dominant structure was composed of BN and BO-related 
bonding, the photoluminescence of the BGH series could 
be most likely originated from the B-O luminescence 
centers [24, 47, 72]. The yellow-green emission at 445 
and 489 nm could be induced by the transition from the 
 VN level to the carbon-related and oxygen defect levels 
(2–4  eV) below the conduction band of h-BN [69–71]. 
As the C composition increased in BGH03, the emission 
wavelength was further red-shifted to 506 nm, consistent 
with literature reports [73, 74]. The stacked photolumi-
nescence (PL), UV absorbance, and Tauc plot for differ-
ent BGH series prepared in this study are presented in 
Additional file 1: Fig. S14.

Based on XRD and various spectroscopic analyses, 
the structure of BMH was deduced to be dominated 
by BCNO-doped graphene oxides (Fig.  4, Additional 
file  1: Fig. S7, and  Fig. S12, and  Table  S4). Thus, the 
optical properties of the BMH series are hypothesized 
to be more closely related to  the carbon-quantum dot 
(CD) [75, 76] and doped-graphene oxides systems [44, 
77–79]. Based on the origin of photoluminescence of 
the  CD and graphene oxides, the optical properties 
of BMH prepared in this study can be attributed to 
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the intrinsic state emission [76, 80, 81], electron–hole 
recombination [82, 83], and defective state emission 
[84]. Intrinsic emission of BMH is speculated to have 
originated from isolated  sp2 luminescence centers 
embedded within the  sp3 matrix of  the carbonaceous 
film. The  sp3 matrix of graphene oxides is  composed 
of C–OH, C–O–C, and C = O edge sites, whose energy 
levels lie between the energy levels of π–π* states of 
the  sp2 C = C domain, thus giving rise to multiple 
absorption bands. Both BMH01 and BMH03 possessed 
a strong UV absorbance band at ca. 240  nm, corre-
sponding to the π to π* transition of C = C within the 
graphene oxides domain. With  the increasing ratio 
of hexamethylenetetramine in the BMH03 sample, 
an additional bump at 288 nm emerged, which can be 

ascribed to the n-π* transition of the C = O and C = N 
bonds of the oxidized graphitic region [77, 85, 86]. The 
latter absorbance band at ca. 288  nm was induced by 
oxygen, nitrogen, and boron defect sites, creating new 
radiative recombination sites [82, 87–89]. Upon pho-
toexcitation at 365 nm, BMH01 and BMH03 exhibited 
a maximum emission wavelengths at 429 and 447 nm, 
respectively. The  BMH03  sample showed a slight red-
shift emission, unlike BMH01 due to the greater extent 
of graphitization [77, 84] (Additional file 1: Figs. 5 and 
6). Both BMH samples  revealed a broad and much 
lower energy emission wavelengths than BGH  sam-
ples due to lower energy emissive centers arising from 
O, N, and B defects and surface states. According to 
the electron–hole recombination mechanism, these 

Fig. 6 a Overlay UV absorbance spectra of BMH01, BMH03, BGH01, and BGH03. b Stacked photoluminescence spectra of BMH01, BMH03, BGH01, 
and BGH03 upon excitation at 365 nm c stacked photoluminescence lifetime decay spectrum of BMH01, BMH03, BGH01, and BGH03 monitored at 
a predetermined λmax for each sample. Samples were excited with 337 nm laser pulses at 298 K, d Overlay Tauc plot (αhv)1/2 vs. hv, for BMH01 (black 
trace) and BMH03 (green trace). The optical band gap is represented by  thesolid line, while the interband state for BMH03 is represented by the red  
dashed line
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photoexcited electrons from each defect state recom-
bine with their corresponding holes in the HOMO, 
thus yielding a broad photoluminescence emission 
[90] (Fig.  6b). Interestingly, only BMH01 exhibited a 
pronounced excitation-dependent photoluminescence 
as observed in other BCNO [72] and carbon quantum 
dot systems [76]. The presence of O, and N impuri-
ties embedded within the  graphene oxides matrix 
was shown to create a large number of surface emis-
sive traps that corresponded to a diverse energy levels 
within the bandgap, thus yielding an excitation depend-
ent fluorescence spectra in BMH01 (Additional file  1: 
Fig. S15). In contrast, the lack of an excitation depend-
ent emission in BMH03 could be explained by the for-
mation of a greater extent of graphitization (C = C) 
with a concurrent reduction in the surface states popu-
lation (eg.: C = O) [44].

The  bandgap values of BMH and BGH prepared in 
this study were estimated from Tauc’s formulation: 
(αhν)2 − hν, where α is the absorbance (Fig.  6d). The 
bandgap was estimated by extrapolating the photon 
energy intercept at (αhν)2 = 0. For the BMH series, the 
presence of multiple energy levels within the optical 
bandgap may have originated from the electronic transi-
tion from various π-π* (C = C bonds) and n-π* of C = O 
or other surface groups [76, 82, 87]. As for the BGH 
series, carbon substituted on boron sites  (CB), nitrogen-
vacancy sites  (VN), and interstitial carbon defect levels 
gave rise to the emergence of interband states between 
the bandgap of hBN. The presence of multiple energy 
levels was supported by the photoluminescence spec-
tra of lower energy radiative recombinations [24, 47, 66] 
(Fig. 6b and Table 2). The BGH03 sample exhibited two 
large bandgaps at 5.7 eV and 3.8 eV, corresponding to the 
bandgap of hBN and the transition from the valence band 
to  VN levels, respectively [50, 74] (Additional file 1: Fig. 
S14).

Long-lived charge carriers that can persist into the 
microseconds and milliseconds timescales in semicon-
ductor photoelectrodes such as CN photocatalysts, have 
been proposed as an important parameter in enhancing 
photocatalytic activity by reducing charge recombina-
tions [91–95]. Time-resolved photoluminescence (TRPL) 
experiments were conducted to gain insight into the 
recombination processes of the photogenerated charge 
carriers of BCNO (Fig.  6c). The µs-PL decay kinetics 
could be fitted with three exponential decays according 
to the following equation.

The multiple exponential decays imply that BCNO 
undergoes complex recombination from both intrinsic 
and defect states of BCNO [32, 72].  In the equation,   I1 

I(t) = I1 exp(−t/τ1)+ I2 exp(−t/τ2)+ I3 exp (t/τ3)

through I3 are constants with  values of emission inten-
sity measured at t =0, andτ1 through τ3 are the lifetimes 
of three channels responsible for the decay, respectively. 
Through multiexponential fitting of the entire decay 
curves for  the BMH and BGH series, the average life-
times were calculated to be 1.58, 2.10, 5.18, and 8.14 µs 
for BGH01, BGH03, BMH01, and  BMH03, respectively. 
The  values of I and τ in Eq.  1 for  the BMH and BGH 
series are reported in Additional file 1: Table S5. The per-
sistent lifetime of the  charge carrier in the BCNO sys-
tem has been attributed to the presence of shallow traps 
composed of nitrogen-vacancy  (VN) stabilized by carbon 
impurities, which were located ca. 0.7 eV-1.0 eV below the 
conduction band of h-BN [72, 74]. Shallow traps in CN 
photocatalysts have been attributed to charge separation 
states with long life-times  due to chemical defects [95]. 
According to works related to prolonged photolumines-
cence in CN and other nanostructured photoelectrodes 
[91, 92], the microseconds lifetimes of BCNO-doped 
graphene oxides and BCNO-doped hBN are associated 
with the enhanced charged separation within the BCNO 
domain. The ultralong lifetimes are speculated to be a 
critical factor in facilitating heterogeneous photocatalysis 
[91].

Photocatalytic Dye Degradation
As a proof of concept demonstration, the photocata-
lytic performance of BMH and BGH was evaluated by 
the photodegradation of methylene blue (MB) under 
UV–visible light irradiation. Details of the experimental 
procedure and analysis of the photocatalytic dye degra-
dation are available in  the ESI. Figure  7 shows the per-
cent degradation (C/C0 × 100%) for BMH03 (red line), 
BMH01 (blue line), BGH01 (green line), BGH03 (orange 
line), and CN (purple line), where C is the concentra-
tion of MB at a time, t and C0 is the initial concentra-
tion MB after the dark equilibrium. According to the 
Langmuir–Hinshelwood model, ln(C/C0) = kt, where k is 
the rate constant, the dye degradation rate constant val-
ues were calculated to be 2.31 ×  10−3  min−1 for BMH03, 
1.52 ×  10−3   min−1 for BGH01, 1.48 ×  10−3   min−1 for 

Table 2 Optical bandgap energy and interband states estimated 
based on Tauc’s formulation

Tauc plots of BGH01 and BGH03 are available in Additional file 1: Fig. S14

BCNO Optical band gap (eV) Interband 
state (eV)

BMH01 4.2 –

BMH03 4.0 3.3

BGH01 5.7 –

BGH03 5.7 3.8
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BMH01 and 9.38 ×  10−4   min−1 for BGH03. Compared 
to the state-of-the-art metal-free photocatalyst, BMH03 
exhibited a 25% improvement in the photocatalytic dye 
degradation rates (Fig.  7). This proof-of-concept dem-
onstration warrants a more in-depth investigation of the 
structure–property relationship of this new metal-free, 
boron-based photocatalyst.

Based on the detailed structural analysis and the 
proposed structure in Fig.  7c, the highest photocata-
lytic activity of  BMH03 consisted of BCNO-doped 
graphene oxides [1, 65]. This ternary metal-free pho-
tocatalyst is reported to enhance the photocatalytic 
performances by increasing the charge separation and 
migration to the reaction site [1]. Additionally, the 
incorporation of boron into graphene-based materials 
[11, 20], CN [21, 96], and carbon nanotubes [97] has 
also exhibited enhanced performance compared to their 
pristine material without a dopant due to multiple syn-
ergistic effects. The large differences in electronegativity 
between boron, carbon, and nitrogen (2.04 vs. 2.55 vs. 
3.04, respectively) yielded a strongly polarized bond-
ing towards C and N atoms. As a result, a local positive 
charge was formed on boron that turned boron into a 
strong acidic defect site for preferential adsorption sites 
of pollutants [98],  O2 [97],  HOO− and  OH− [99, 100]. 
Therefore, electron-rich pollutants such as MB (used 

as a model reaction) were speculated to preferentially 
adsorbed onto the electropositive B sites of the BMH 
photocatalyst. The photocatalytic degradation of MB on 
BCNO was proposed to undergo an indirect dye deg-
radation mechanism [101]. In the indirect photodeg-
radation mechanism, the photogenerated holes on the 
surface of BCNO produced highly oxidative hydroxyl 
radicals and attack the  bond of MB. Meanwhile, 
photogenerated electrons from the conduction band of 
BCNO formed highly reducing superoxide radical anion 
 O2

− species that could directly attack MB. Figure  8 
illustrates the proposed mechanism of BCNO in photo-
catalyzing the degradation of MB

According to the  XPS and solid-state NMR analyses, 
BMH03 possessed a higher composition of graphitic 
 sp2 C = C with a simultaneous reduction in tetracoor-
dinate B site compared to BMH01 (Additional file  1: 
Fig. S9 and Table  S4) The high composition of tetraco-
ordinate B-sites in BMH01 (33%) also translated to a 
reduction in the number of boron Lewis acid sites serv-
ing as the active catalytic center, which explains the 
trend of photocatalytic activities among the BMH series 
[13]. However, the BGH series comprised the C,  and 
O-doped h-BN domain with various tri- and tetracoor-
dinate boron sites. Interestingly, BGH01 annealed at a 
lower temperature (Table 1, BGH01LT) was found to be 

Fig. 7 UV–visible light‑induced photocatalytic MB degradation using BGH and BMH. a Photodegradation of MB under UV–visible light (plot of C/C0) 
and b pseudo‑first‑order rate reaction kinetics for MB dye using BGH, BMH, and CN as a photocatalyst. c The proposed structures for BGH01, BGH03, 
BMH01, and BMH03 and their corresponding activities toward photodegradation of MB dye. Each domain is color‑coded, i.e., BCNO (orange), 
h‑BN and graphene oxides (blue), tricoordinate boron  BN2(OH) and  BO2(OH) (green), boroxol ring (purple), tetracoordinate B sites (aqua blue), and 
functional groups or dangling bonds (black).
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inactive but exhibited a high absorbing ability in remov-
ing dye from the solution (Additional file  1: Fig. S1 for 
TEM morphology; Fig. S16 for photodegradation MB 
UV–vis absorbance).

The previous report also concluded that BCNO was 
photocatalytically inactive towards dye degradation but 
exhibited an excellent absorbing ability in removing dye 
from the solution [102]. The inactive BGH01LT was com-
prised primarily of tetracoordinate B sites and boron 
oxides-related bonding. Based on  the SOLA analysis and 
the literature , the tricoordinate boron site with a δiso of 
16.7  ppm was related to boroxol rings  (B2O3) [54, 56]. 
Our results are also supported by other works on the cat-
alytic activation of peroxymonosulfate using amorphous 
boron [22]. However, the photocatalytic active BGH01, 
BMH01, and BMH03 possessed a high composition of 
BN(OH)2 and  BN2OH bonding sites. Our investiga-
tion suggested that the photocatalytic activity of BCNO 
is highly dependent on the local structure of the boron 
site. While the exact catalytic site and mechanism are yet 
to be explored, we proposed that  BNx(OH)3−x served as 
one of the BGH and BMH series catalytic sites. For the 
BMH series, the formation of tetracoordinate B-O sites 
was detrimental in catalyzing dye degradation due to the 
reduction in the Lewis acid site. At the same time, the 
increasing composition of the  sp2 C = C graphitic domain 
enhanced the photocatalytic activities  of the BGH and 
BMH series.

Conclusions
In summary, BCNO structures and their photocatalytic 
activities have been presented here and found to be highly 
dependent on the choice of precursor, precursor ratios, 
annealing temperatures, and times. In this study, two types 
of distinctly different BCNO nanostructures were pre-
pared via low-temperature annealing (600 °C–800 °C): (1) 
BCNO-doped boron nitride and (2) BCNO-doped gra-
phene oxides. Through systematic investigation of using 
two different nitrogen precursors, crystalline BCNO with 
a  quasi-spherical shape was prepared at 800  °C for 12  hr 
using guanidine hydrochloride as the nitrogen source. This 
series of BCNO exhibited moderate photocatalytic activ-
ity through the emergence of  BN2(OH) or BN(OH)2 trico-
ordinate boron serving as the Lewis acidic site. However, 
BCNO prepared using melamine as the nitrogen source at 
600 °C yielded multi-layered sheets with ill-defined shapes. 
These BCNO-doped graphene oxides layered structures 
exhibited the highest photocatalytic activity, surpassing 
the state-of-art metal-free photocatalyst, CN. For the mel-
amine-derived BCNO layered structures, the presence of 
tricoordinate boron species as  BN2(OH) or BN(OH)2 and a 
higher composition of graphitic  sp2 C = C were speculated 
to play an important role in promoting their photocatalytic 
activity. This study demonstrates the potential of BCNO as 
a photocatalyst for energy conversion and environmental 
remediation applications. Further structural optimization 
on this new B-C-N–O photocatalyst system is expected 

Fig. 8 Schematic illustration of the proposed mechanism of BCNO in catalyzing the degradation of MB upon light irradiation. The positively 
charged MB was selectively absorbed on the  N2B‑OH sites. The band structures of BMH03 were determined via UPS and Tauc plot (Fig. 6 and 
Additional file 1: Fig. S17). The redox potentials of  O2/O2 = − 0.13 eV vs  ENHE and  H2O/OH = 2.72 eV vs.  ENHE are given in black dashed lines as 
reference
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to facilitate the development of a sustainable catalyst for 
applications including solar hydrogen fuel production, 
environmental remediation, electrocatalytic oxygen reduc-
tion reaction, and catalytic oxidative dehydrogenation 
reaction.
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total reflectance.
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names investigated in this study. Figure S1: TEM images of (a) BGH01LT, 
(b)BGH01‑30min, (c) BGH01‑6hr, and (d) BGH02 in low magnification, (e) 
BGH02 in high magnification, (f ) BGH03 in low magnification, (g) BGH03 
in high magnification. (h) EDS mapping analysis of BGH03 (1) B (2) C (3) 
N (4) O. (i) BGH01LT, (j) BGH01‑30min, (k) BGH01, and (l) BGH03 under UV 
lamp (365 nm, 4 watts). Figure S2: TEM images of (a) BMH01‑30min, (b)
BMH01HT, (c) BMH02. (d) EDS mapping analysis of BMH03. (1) B (2) C (3) N 
(4) O. (e) BMH01‑30min (f ) BMH01HT (g) BMH01 and (h) BMH03 under UV 
lamp (365 nm, 4 watts). Figure S3: Stacked XRD of (i) BGH01LT, (ii) BGH02, 
(iii) BGH03, (iv) BMH01‑30min, (v) BMH01HT, (vi) BMH02. Figure S4: (a) 
Stacked XRD (normalized intensity) of g‑C3N4, BMH01, and the physical 
mixture of both. (b) Stacked XRD (normalized intensity) of g‑C3N4, BGH01, 
and the physical mixture of both. Table S3:  XPS surface elemental com‑
position BGH01, BGH03 and BMH01, BMH03. Figure S5: (a) Stacked FTIR 
of BGH01 (blue trace), BGH03 (red trace) and BGH01LT (green trace) and 
their corresponding IR active functional groups. (b) Stacked FTIR of BMH01 
(blue trace), BMH03 (pink trace) and BMH01‑30min (orange trace) and 
their corresponding IR active functional groups. Figure S6: Evolution of 
bonding composition, B‑N, B‑C and B‑O in BGH series with reaction tem‑
perature and time based on XPS analyses. Figure S7: (a) Survey XPS spec‑
tra of BMH03, and 11B NMR spectroscopies. Core level spectra of (b) B 1s, 
(c) N 1s, (d) C 1s, (e) O 1s.  Each core spectra were fitted with a black trace, 
while the red and green traces under the peak were deconvoluted using 
a Gaussian function. (f ) 11B solid state MAS NMR were further deconvo‑
luted with topspin SOLA software. Figure S9: Evolution of tetracoordinate 
boron site for BMH series based on 11B solid state MAS NMR analysis. 
Figure S8: Evolution of tetracoordinate boron site for BGH series based 
on 11B solid state MAS NMR analysis. Figure S10: Solid‑state 11B NMR 
for BGH01LT showing a high composition of tetracoordinated BN2(OH)2 
bonding, along with the high composition of boron oxides. Figure S12: 
Solid‑state B‑11 NMR for BMH01HT showing emergence of BN3 and its 
corresponding oxides. The tetracoordinate boron species here changed 
from BN2(OH)(CO) or BN2(CO)2 to BN2(OH)2, which resembles the 
tetracoordinated B‑sites in BGH series. Figure S11: Solid‑state 11B NMR for 
BMH01‑30min showing emergence of BN3 and its corresponding oxides. 
The tetracoordinate boron species here changed from BN2(OH)(CO) or 
BN2(CO)2 to BN2(OH)2, which resembles the tetracoordinated B‑sites in 
BGH series. Figure S13: Solid state 13C MAS NMR of g‑C3N4. Table S4: 
Carbon composition of BMH01 and BMH03 based on CP‑MAS 13C NMR 
deconvolution data and their corresponding integration values under 
each peak. Figure S14: Overlay emission spectra of BCNO prepared in 
this study. (a) Stacked normalized PL spectra and (b) Stacked normalized 
UV‑visible absorbance spectra BMH and BGH series prepared in this study. 
Excitation wavelength was set at 365 nm. (c) Overlay Tauc plot (αhv)1/2 
versus hv for BMH01 (red trace) and BGH03 (blue trace). Figure S15: 
Photoluminescence emission of BMH01 and BMH03 at different excitation 
wavelength.  The highest emission intensity is excited with 320 nm light 
for BMH01 and 340 nm for BMH03. (a) excitation dependent PL spectrum 

of BMH01 (b) normalized excitation dependent PL spectrum for BMH01 
(c) PLE spectrum of BMH01 at 420 nm emission (d) excitation dependent 
PL spectrum of BMH03 (e) normalized excitation dependent PL spectrum 
for BMH03 (f ) PLE spectrum of BMH03 at 440 nm emission. Table S5: 
Quantum yield and multiexponential decay fitting results of the µs‑time 
resolved photoluminescence spectra monitored at λmax of each sample. 
Excitation wavelength was set at 337 nm Figure S17: UPS spectra of (a) 
BMH01, (b) BMH02, and (c) BMH03. Figure S16: UV‑visible absorbance of 
methylene blue during dye photodegradation using BMH01‑30min. Fig-
ure S17: UPS spectra of (a) BMH01, (b) BMH02, and (c) BMH03. Table S6:  
Energy band position of BMH series.
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