Applied Catalysis B: Environmental 297 (2021) 120409

Contents lists available at ScienceDirect

Applied Catalysis B: Environmental
journal homepage: www.elsevier.com/locate/apcatb

Constructed palladium-anchored hollow-rod-like graphitic carbon nitride
created rapid visible-light-driven debromination
of hexabromocyclododecane
Mingge Wu a, b, Qianqian Li a, b, Cheng Chen a, b, Guijin Su a, b, *, Maoyong Song a, b, Bohua Sun a, b,
Jing Meng a, b, Bin Shi a, b
a

Key Laboratory of Environmental Nanotechnology and Health Effects, and State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, China
b
University of Chinese Academy of Sciences, Beijing, 100049, China

A R T I C L E I N F O

A B S T R A C T

Keywords:
Hexabromocyclododecane (HBCD)
Visible-light photocatalysis
Pd-single-atoms
Hollow-rod-like-g-C3N4
Debromination

The high-efficiency photocatalytic debromination of hexabromocyclododecane (HBCD) as new POPs and dis
covery of involved mechanisms remain a challenge. Herein, challenging Pd-anchored hollow-rod-like-g-C3N4
(Pd/HR-g-C3N4) was constructed as visible-light-driven photocatalyst. Complete destruction of (±)-α, (±)-β and
(±)-γ-HBCD with 92.6 % bromine-removal was achieved at 60 min in optimal system of anaerobic methanolwater (70:30) mixture with 0.5 % Pd/HR-g-C3N4, being superior to most studied HBCD catalytic systems. The
higher photocatalytic reduction performance is contributed to enhanced photoexcited-carriers separation and
more negative conduction band arising from distinctive 1D-cavity of HR-g-C3N4, and surface-atomically
dispersed Pd. A never-reported degradation pathway in which hydrodebromination and addition ring-opening
synergistically occur is proposed according to identified products of ten saturated chain alkanes, C12H19Br5
and C12H19Br7. Ulteriorly, hydride-transfer resulted in rapid hydrodebromination of HBCD over Pd/HR-g-C3N4,
where H chiefly derives from methanol instead of water although they synergistically promoted e¡ utilization.
This provided a valuable sight into the cost-effective pollution-removal of HBCD.

1. Introduction
HBCD was listed in Annex A of the Stockholm Convention signed as a
new persistent organic pollutant (POP), but about 90 % of HBCD ap
plications were still allowed considering the specific exemptions for
production and use in flame-retarded expanded and extruded poly
styrene foam in buildings [1,2]. As the third most widely used bromi
nated flame retardants (BFR), HBCD has a huge history output and
reached a global annual production of 31000 t in 2011 [3]. High con
centration of HBCD was detected around a huge HBCD production plant,
with 11700 ng/g in soil, 5080 ng/l in water, 6740 ng/g in sediment [4].
What’s more, the estimated daily intake of HBCD for local children and
adults from fish could reach 5.22 and 16.39 ng/kg/d, respectively [5].
Nonetheless, HBCD was sadly verified to be toxic to aquatic organisms
and humans, particularly concerning the neuroendocrine and develop
mental toxicity [6]. Accordingly, the safe and efficient disposal of HBCD

is of great significance to ecological environmental and human health.
Although the research pertaining to HBCD degradation was devel
oped slowly since the pollutant is quite resistant to be attacked [7,8],
HBCD readily undergoes reductive reaction without heating in com
parison with oxidation, and transform to lower brominated products
[8–10]. John et al. reported that the biotic reductive debromination of
HBCD in anaerobic digester sludge with the half-lives ranging from 2
days to 2 months [10]. Besides, classical reduction catalysts, nanoscale
zerovalent iron (nZVI) and improved sulfidated-nZVI, have been applied
to HBCD to enhance the disposal efficiency; Nevertheless, the complete
transformation of HBCD still took more than 12 h and the main detected
products are tetrabromocyclododecene and dibromocyclododecadiene,
which contain four and two bromines [9]. Therefore, the development of
the approach for rapid conversion and deeply reductive debromination
of HBCD is still an urgent and significant issue. In past decades, UV or
visible light-mediated reduction catalysis has emerged into a
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conceptually related valuable method for dehalogenation of halides in
the field of chemical synthesis or pollution remediation [11–13]. We
realized that HBCD was likely to be reductive debromination by the
conduction band (CB) electrons under illumination. However, there is
hardly any research regarding the photoreduction disposal of HBCD
over functional materials to our best knowledge. Notably, although the
photoreduction mechanism was pre-selected, the unique configuration
of halogenated cycloalkanes in HBCD lead to unpredictable degradation
pathways, particularly for the deep degradation mechanism based on
specific catalysts.
g-C3N4 which is one of the most well-studied visible lightphotocatalyst due to its suitable bandgap (ca. 2.7 eV), large abun
dance and high stability [14,15], while practical applications are still
hindered of the pristine bulk-g-C3N4 owing to the high recombination
rate of photogenerated electron-hole pairs, small surface area, and the
lack of light absorption above 460 nm [16,17]. Inspired by natural
photosynthesis, hollow nanostructured materials mimicking thylakoid
show good promise in heterogeneous photochemical applications for the
reason that it could not only optimize light capture and distribution, but
also be advantageous to the separation of oxidized and reduced species
[18,19]. By way of illustration, the ZnO hollow nanoparticles exhibited
3 orders stronger blue emission than the Zn/ZnO core − shell nano
particles, and thus result in enhancing photocatalytic activity for the
degradation of methyl orange [20]. The hollow g-C3N4 nanospheres
showed a remarkably increased apparent quantum yield in comparison
with bulk-g-C3N4 [21]. Except for the hollow structure, studies also
showed that the morphology engineering of irregular architectures into
one-dimensional (1D) structures would enhance the surface area of the
material and act as a highway for the oriented transfer of electrons,
which was of immense significance in improving the utilization of solar
energy [22–24]. When the extremely thin BiVO4 loading on high aspect
ratio WO3 nanorod, the effective generation, separation and transfer of
photogenerated electron and hole was achieved simultaneously with the
solar to hydrogen generation efficiency of 8.1 % [25]. However, the
design and preparation of materials featuring both 1D and hollow
structures are generally more challenging due to problems that the
coating with a high curvature surface is not easy to control and the shape
with large residual stress is hard to preserve [26,27]. Nonetheless, once
prepared, it always likely becomes a distinguished functional material
and have the potential to be introduced into practical applications [18,
27–29]. Consequently, it is significant and interesting to create 1D-cav
ity g-C3N4 and explore its photocatalytic performance.
Although the improvement of microstructure potentially promotes
light absorption as well as the separation of photoexcited-carriers, pure
g-C3N4 still showed insufficient catalytic reduction ability [11,14]. As
extensively discussed previously, the elementary construction of met
al/g-C3N4 heterostructure could apparently promote the separation ef
ficiency of photoexcited-carriers due to the generated Schottky barrier
and the effective capture of e− by metal [16]. To be specific, Pd loading
on g-C3N4, effectively enhanced the photocatalytic reduction ability, e.g.
the conversion of CO2 to CH3OH, CH4 or CO [30], hydrogen evolution
[31] and hydrodehalogenation of organics [32]. Early studies showed us
that many catalytic reactions depend on isolated atoms rather than en
sembles of atoms, which remarkably improve the utilization of metal
atoms [33,34]. Besides, considering the dependence of chemicals and
fuel cells production, and pollution emissions controlling on the pres
ence of Pd, Pt or Rh, increasing the noble metal atom utilization of a
catalyst is particularly important [35].
Hence, for the efficient and cost-effective photoreduction debromi
nation of HBCD, two complementary strategies, constructing 1D-cavity
architecture and loading single-atom Pd on g-C3N4 were implemented
to promote the visible-light absorption, photoexcited-carriers separation
and enhance the utilization of Pd atoms in this work. The hollow-rodlike g-C3N4 (HR-g-C3N4) was fabricated based on dual-SiO2-template
with precisely adjusting the template size. Isolated Pd single atoms
dominantly anchored onto HR-g-C3N4 in 0.5 % Pd loading amount

through the impregnation method. The impact of the key parameters
including reaction atmosphere, Pd loading, g-C3N4 carriers and solvent
composition on the visible-light photocatalytic degradation of
(±)-α-HBCD, (±)-β-HBCD, (±)-γ-HBCD were explored in detail. An
unanticipated mechanism was proposed that hydrodebromination and
ring-opening addition synergistically occurred based on the compre
hensive and accurate detection of degradation products. Isotope exper
iments were applied to reveal the origin of H entering products.
According to H2 reduction and frontier orbital calculation of di
astereomers, the mechanism of hydrodebromination of HBCD over Pd/
HR-g-C3N4 was ulteriorly investigated.
2. Experimental
2.1. Chemicals
Polyvinylpyrrolidone (PVP, average molecular weight Mn =
40.000),
N-hexanol,
n-octadecyltrimethoxysilane
(C18-TMOS),
ammonia (25~28 mass percent in water), PdCl2, NaCl, D2O, and Na2SO4
were purchased from Sinopharm (Beijing, China). Sodium citrate dihy
drate, tetra-ethyl orthosilicate (TEOS), Ludox HS40 and NH4HF2 were
bought from Aladdin (Shanghai, China). Cyanamide, NaBH4 and stan
dard stock solutions of Br− 1 were supplied by J&K (Beijing, China), Alfa
Aesar and Sigma -Aldrich, respectively. We obtained 5,5-dimethyl-1pyr
roline N-oxide (DMPO) from Sigma Chemical Co. (St. Louis, MO). The
Individual technical products (α-HBCD, β-HBCD, γ-HBCD, purity > 99.9
%) were acquired from Toronto Research Chemicals (Toronto, Canada),
whereas individual standard stock solutions (α-HBCD, β-HBCD, γ-HBCD)
were obtained from Accu-Standard (New Haven, CT, USA) with a con
centration of 100 μg mL− 1 in toluene. The single element standard so
lution of Pd and the multi-element standard solution containing Si were
purchased from the National Center for analysis and testing of non
ferrous metals and electronic materials. The organic solvents in the ex
periments were of HPLC grade (Fisher Scientific). All chemicals were
used as received without further purification. The water used
throughout all experiments was purified through a Millipore system.
2.2. Materials synthesis
HR-g-C3N4 was synthesized through the dual-template method.
Using both SiO2 nanorod core and mesoporous SiO2 shell as the sacri
ficial template (m-SiO2-SiO2) to construct 1D and hollow structures
simultaneously. As shown in Fig. 1a, m-SiO2-SiO2 was synthesized by a
multistep procedure. Typically, the monodisperse, rodlike SiO2 core was
synthesized using tetra-ethyl orthosilicate (TEOS) as the precursor [36].
Another controlled amount of TEOS was added with n-octadecyl
trimethoxysilane (C18-TMOS) as the porogenic agent to generate a thin
mesoporous SiO2 shell over the rodlike SiO2 nanorod core. Subse
quently, cyanamide (CY) was impregnated into mesoporous SiO2 shell
with ultrasonic and vacuum assistance to obtain CY/m-SiO2-SiO2 that
were converted into g-C3N4/m-SiO2-SiO2 nanocomposites after thermal
polymerization of CY at 550 ◦ C purged with N2. Finally, HR-g-C3N4 was
obtained after etching the m-SiO2-SiO2 template by NH4HF2. Moreover,
the comparative samples, mesoporous-g-C3N4 and bulk-g-C3N4 were
also synthesized using CY as the precursor and calcined at 550℃ under
N2 atmosphere. Pd as the co-catalyst were impregnated into HR-g-C3N4,
mesoporous-g-C3N4 and bulk-g-C3N4 at different weight percentages
(0.5 %, 1.0 % and 1.5 %) [31]. Details on the preparation of the catalysts
are given in Content S1.
2.3. Characterization of catalysts
The morphology and the corresponding elemental mappings were
characterized by a field emission transmission electron microscope with
an energy dispersive x-ray spectrometry (JEM-2100 F, JEOL, Japan).
High-angle annular dark-field scanning transmission electron
2
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Fig. 1. (a) Illustration of the synthesis of Pd/HR-g-C3N4; SEM images of the SiO2 nanorod template in different sizes obtained at different synthesis times: (b) 1 h, 3 h,
4 h and (c) 2 h; TEM images of (d) m-SiO2/SiO2 nanorod template and (e) 0.5 % Pd/HR-g-C3N4 sample; HRTEM images of the loaded Pd NPs in the insert of (e); (f)
AC-STEM-HAADF images of the loaded Pd single-atoms; (g) Elemental mapping of 1% Pd/HR-g-C3N4.

microscopy (AC-STEM-HAADF, JEM ARM200 F, JEOL, Japan) and field
emission scanning electron microscopy (SU-8020 U, Hitachi, Japan)
were also used to examine the morphology. Nitrogen adsorptiondesorption measurements were conducted at 77 K on an automated
gas sorption instrument (ASAP 2460, U.S.A.). The specific surface area
was determined following the Brunner − Emmet − Teller (BET) analysis.
The crystal structures were determined by characteristic X-ray diffrac
tion (XRD) using an X’Pert PRO power diffractometer with Cu Kα ra
diation (PANalytical, λ =1.5418 Å, 40 kV, 40 mA). Fourier transform

infrared (FT-IR) spectroscopy of all samples was conducted on a
INVENIO-R FT-IR spectrometer (Bruker, Germany). Raman spectra are
recorded on a laser confocal Raman micro-spectrometer (Horiba JobinYvon LabRAM HR800, France) with an excitation laser wavelength of
325 nm. X-ray photoelectron spectroscopy (XPS) and XPS-Valence Band
(VB) spectra were performed on an AXIS Ultra system (Shimadzu,
Japan) with an Al Kα radiation (hv = 1486.6 eV). All binding energies
were calibrated against the C 1s peak (284.8 eV), which arises from
surface adventitious carbon. Inductively coupled plasma mass
3
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spectroscopy (ICP-MS, Agilent-7800, America) was employed to mea
sure the palladium and silicon content in the solid and the Pd in the
reaction mixtures (Details are given in Content S2). UV–vis diffuse
reflectance spectra (DRS) were recorded on a UV–vis spectrophotometer
(UV-2450, Shimadzu, Japan) equipped with an integrating sphere as
sembly, using BaSO4 as the reference. The room-temperature photo
luminescence (PL) emission spectra were measured on Raman
spectrometer (Horiba Jobin-Yvon LabRAM HR800, France) at an exci
tation wavelength of 325 nm. The transient photocurrent (TPC)
response was performed with a three-electrode system on an electro
chemical workstation (Zannium, Zahner, Germany) with Ag/AgCl as the
reference electrode, and Pt wire as the counter electrode (Details are
given in Content S2). The radicals were monitored by electron spin
resonance (ESR) spectroscopy (EMX, Bruker, Germany).

g-C3N4/m-SiO2-SiO2 by calcining. After removing m-SiO2-SiO2 and then
loading with Pd through the impregnation method, the final
Pd/HR-g-C3N4 was synthesized. The XPS and EDS results show that
there is almost no residual Si on the surface of the final products, and the
actual Si content in 0.5 % Pd/HR-g-C3N4 detected by ICP-MS is as low as
0.2361 wt% (Figs. S2, S3). As shown in Fig. 1e, a hollow-rod-like
structure was captured, which inherited most of the geometrical fea
tures from the parent m-SiO2-SiO2 template, but no Pd nanoparticles
(NPs) could be directly observed for the as-prepared 0.5 %
Pd/HR-g-C3N4 in TEM images. After magnification, only a few Pd NPs
were found by HRTEM as shown in the insert in Figs. 1e and S4(a, b);
Their diameters were about 3 nm and the lattice fringes of approxi
mately 0.225 nm agreed well with the (111) plane of Pd [37]. The
dominant presence of isolated Pd atoms on HR-g-C3N4 was confirmed by
AC-STEM-HAADF as shown in Figs. 1f and S4(c–f) where only atomi
cally dispersed Pd was observed in multiple areas. The elemental map
ping images in Fig. 1g ascertain the coexistence of C, N and Pd in the
prepared Pd/HR-g-C3N4 products.
The XRD patterns of the novel HR-g-C3N4 and Pd/HR-g-C3N4 are
shown in Fig. 2a. They were all consistent well with the standard g-C3N4
pattern (JCPDS No. 87-1526). Two characteristic diffraction peaks of
(100) at 13.15◦ and (002) at 27.76◦ corresponding to in-plane repeat of
tri-s-triazine unites and interlayer stacking aromatic systems respec
tively [38,39]. The peak associated with Pd was not observed until the
loading content increased to 1.5 %, a distinct peak for Pd NPs appeared
at 40.1◦ (d = 0.225 nm, JCPD No. 46-1043) corresponding to (111)
plane. FT-IR and Raman analysis were also performed to characterize
the chemical properties of HR-g-C3N4 and Pd/HR-g-C3N4. The typical
characteristic peaks of g-C3N4 could be easily found in FT-IR and Raman
spectra of all samples, and the loading of Pd does not cause obvious
changes in these peaks (Figs. S5, S6). The chemical composition and
element valence of HR-g-C3N4, 0.5 % Pd/HR-g-C3N4 were further
investigated using XPS and compared with pristine bulk-g-C3N4. As
shown in Fig. S7a, the survey XPS spectrum shows that the main ele
ments on the surface of HR-g-C3N4 and bulk-g-C3N4 are C, N and a small
amount of adsorbed O, while the C, N, O and Pd coexist in 0.5 %
Pd/HR-g-C3N4. The O 1s spectra of the three catalysts show the same
two O species with a binding energy of 532.2 and 532.9 eV, which could
be assigned to the surface O–H and absorbed H2O (Fig. S7b) [40,41], as
confirmed by the FT-IR analysis (Fig. S5). Zhang et al. also detected and
only a small amount of adsorbed O on the surface of g-C3N4. The further
high-resolution analysis showed the identical binding energies of C 1s
(Fig. S7c) and N 1s (Fig. 2b) between HR-g-C3N4 and bulk-g-C3N4. After
loading Pd on HR-g-C3N4, although the C 1s spectrum is almost un
changed, the peaks assigned to C–N=C, N-(C)3, C-N(H)x and Π-excita
tion N of N 1s [39] partly shifted to the higher energy side, indicating
that the electron density of N atoms becomes lower in the presence of Pd
atoms. This could be attributed to the Pd-N coordination bonds [42].
Therefore, benefitting from the N/C coordinating framework formed by
the unique tri-s-triazine structure of g-C3N4, most of Pd co-catalyst co
ordinated with the lone pair electrons in N pots thus be distinctly
anchored on HR-g-C3N4 with excellent atomic-dispersion [31,43]. The
typical Pd 3d spectrum of 0.5 % Pd/HR-g-C3N4 displayed prominent
peaks assigned to Pd2+ 3d5/2 and Pd2+ 3d3/2 as well as the weak peaks of
Pd◦ 3d5/2 and Pd◦ 3d3/2 (Fig. S7c) [31]. These results demonstrated that
the amine groups in g-C3N4 carrier could stabilize highly dispersed Pd2+
species.

2.4. Visible-light photocatalytic degradation of HBCD
A PLS-SXE300 Xe lamp (Beijing Perfectlight) with a 400 nm filter
was used to simulate sunlight. The photocatalytic experiment was con
ducted in a quartz vessel at 25 ◦ C. In a typical run, HBCD, dissolved in
methanol, was added to the methanol-water mixture (α-HBCD: 1 PP m,
β-HBCD: 1 PP m, γ-HBCD: 1 PP m) at pH 6.5~7.5. The mixture was
purged with N2 for 30 min and protected under anaerobic N2 atmo
sphere during the experiment. Subsequently, 50 mg as-prepared mate
rial was added, and the suspension was stirred in dark for 30 min to
reach the adsorption/desorption equilibrium. The photocatalytic
degradation experiment was started by turning on the light.
2.5. Analysis
The unreacted and converted α-HBCD, β-HBCD, and γ-HBCD were
qualitatively and quantitatively analyzed by high-performance liquid
chromatography quadrupole time-of-flight mass spectrometry (HPLC-QTOF). The bromine-containing large molecular weight compounds for
the reaction systems were analyzed by electrospray ionization coupled
with Fourier-transform ion cyclotron resonance mass spectrometry (ESIFT-ICR-MS) in negative ionization mode. The products classing rela
tively weak polarity and low molecular weight were detected by gas
chromatography-mass spectrometry (GC–MS) with ionization methods
including both electron ionization (EI) and positive chemical ionization
(PCI). The concentration of produced Br− ions was detected by ion
chromatography (IC). The detailed analytical procedure is provided in
Content S3.
The theoretical calculations method is detailed in Content S4.
3. Results and discussion
3.1. Successful construction of Pd/HR-g-C3N4 and structural
characteristics
Pd/HR-g-C3N4 was first successfully synthesized in this study
through the dual-template combining impregnation method according
to the strategy of Fig. 1a. Although the design and synthesis of HR-gC3N4 featuring both rodlike and hollow structure are challenging, owing
to the difficult control of surface coating and high residual stress [26], it
was overcome through precisely adjusting the size of silica template. As
shown in Fig. 1(b, c), the varied primary template sizes of SiO2 nanorod
core stemming from different preparation times (1 h~4 h) were syn
thesized. Wherein, HR-g-C3N4 could be successfully constructed basing
on the SiO2 nanorod core prepared within 2 h with a diameter and
length of 150 ~ 250 nm and 1.0 ~ 2.0 μm respectively (Fig. 1c). The
exploration process is detailed in Content S5. The mesoporous SiO2 layer
with a thickness of 60~80 nm was coated onto the surface of SiO2
nanorod core to obtain monodisperse m-SiO2-SiO2 dual-templates
(Fig. 1d). Cyanamide (CY) was impregnated into the pore of the meso
porous SiO2 shell that was subsequently converted into

3.2. Visible-light photocatalytic degradation and debromination of HBCD
over Pd/HR-g-C3N4
3.2.1. Efficient degradation of HBCD over Pd/HR-g-C3N4 with the
atmosphere effect
As shown in Fig. 3a, in methanol-water (70: 30) mixture filled with
anaerobic N2 atmosphere, almost no HBCD was removed within 150 min
only under visible-light irradiation. However, after adding 0.5 % Pd/
4
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Fig. 2. XRD patterns of (a) HR-g-C3N4 and Pd/HR-g-C3N4 with varied Pd loading content; (b) XPS spectra of N 1s for bulk-g-C3N4, HR-g-C3N4, and 0.5 % Pd/HRg-C3N4.

HR-g-C3N4, HBCD was degraded rapidly where 100 % degradation ef
ficiency (DE) was achieved within 60 min. The corresponding degra
dation behavior could be fitted by the pseudo-first-order kinetic model,
being expressed as Eq. (1),

where RHBCD/IHBCD represents the percentage of the residual HBCD
amount accounting for the initial HBCD amount, kobs (min− 1) is the
pseudo-first-order rate constant, and t (min) is the reaction time. As
shown in Table 1, the kobs and t1/2 were evaluated to be 0.1409 min− 1
and 5 min, respectively. Comparatively, this degradation rate was
significantly faster than most of reported, where the complete removal
of HBCD took 8 h and 12 h taking nanoscale zerovalent aluminum [8]
and sulfidated nanoscale zerovalent-iron as catalysts [9], respectively.
Without changing other conditions, HBCD hardly degrades within 60
min when switching to the aerobic air atmosphere. There may be three
•
typical oxidizing species, h+, superoxide anion radicals (O −2 ) and hy
•
•
droxyl radical (O H) in the aerobic photocatalytic system. Actually, O H
couldn’t be produced because the VB potential of HR-g-C3N4 (1.1 eV) is
•
less positive than the redox potential of OH-/O H (2.4 eV) at pH 7 [44].
Besides that, considering the scavenging effect of methanol on both h+
•
and O H [45], none of them can exist in the reaction system. Nonethe
•
less, O −2 will be generated via e− reducing O2 in the air atmosphere (E
•−
(O2/O 2 ) = -0.33 eV at pH 7) [46] and was confirmed by the EPR
determination (Fig. S8). Thereupon, it can be rigorously concluded that
•
HBCD was resistant to the oxidation by O −2 in the photocatalytic system.
By contrast, in anaerobic conditions, the e− , which was not consumed by
O2, is likely to participate in the efficient reductive degradation of
HBCD.

from HR-g-C3N4 to Pd. As shown in Fig. 4a, a significant decrease in the
PL spectra was observed upon Pd loading on HR-g-C3N4, which indicates
that the recombination of photoexcited-carriers was markedly inhibited
[47] originating from the construction of Pd-g-C3N4 heterojunction.
Meanwhile, in comparison with pure HR-g-C3N4, Pd/HR-g-C3N4 dis
played considerably enhanced TPC response upon exposure to
visible-light irradiation (Fig. 4b), suggesting the efficient separation and
transfer of photoexcited-carriers on Pd/HR-g-C3N4 [48]. In addition,
after five ON/OFF illumination cycles, the TPC response intensity of
Pd/HR-g-C3N4 is highly reversible and reproducible, indicating great
photoelectrochemical stability. Accordingly, the results of both PL and
TPC indicate the efficient transfer of photogenerated electrons from
HR-g-C3N4 to Pd, which is critical to the rapid degradation of HBCD over
Pd/HR-g-C3N4 driven by visible light. To compare the effect of Pd
amount, three different initial/nominal Pd weight loadings (0.5, 1.0,
and 1.5 %) were tested, and the actual Pd loadings were determined by
ICP-MS (Table S1). As shown in Fig. 3b, an increase in the Pd loading
amount from 0.5 % to 1.0 % and 1.5 % corresponds to a decreasing kobs
from 0.1409 to 0.0688 and 0.0117 min-1 (Table 1). We have shown that
isolated Pd single atoms dominantly existed on HR-g-C3N4 with 0.5 % Pd
loading amount (Figs. 1f and S4(c–f)). However, in 1.0 % Pd/HR-g-C3N4,
a large number of Pd NPs can be directly observed on the surface of
HR-g-C3N4 in TEM images (Fig. 4c), and the diameter of Pd NPs is up to 8
nm in the amplified region in HRTEM images (Fig. 4d). Furthermore,
with the Pd loading amount increased to 1.5 %, the diameter of Pd NPs is
up to 12 nm even companying with the further agglomeration of Pd
nanoparticles as shown in Fig. 4(e, f). This suggests that the catalytic
activity of single-atom Pd sites (0.5 % Pd) higher than that of Pd NPs (1.0
% Pd), moreover, the aggregation of Pd nanoparticles (1.5 % Pd) further
leads to the decrease of catalytic activity. In summary, the atom utili
zation efficiency of the main active sites was increased by the atomically
dispersed Pd [35] to achieve efficient and cost-effective photo
reduction-disposal of HBCD over 0.5 % Pd/HR-g-C3N4.

3.2.2. Effect of the loaded Pd
The dependence of the degradation rate of HBCD on the loaded Pd on
HR-g-C3N4 was explored. As shown in Fig. 3b, the DE of HBCD was
merely 16.73 % at 150 min over HR-g-C3N4. However, HBCD was
completely degraded only within 60 min on 0.5 % Pd/HR-g-C3N4. The
sharp increase in the degradation rate of HBCD indicated that the
cocatalyst Pd loaded on HR-g-C3N4 acts as the main active sites for the
catalytic degradation of HBCD. Combining the results of atmosphere
effect above, one can estimate HBCD mainly undergoes reductive
degradation via the accumulated e¡ on Pd. PL spectra and TPC response
were measured to investigate the transfer of photogenerated electrons

3.2.3. Effect of g-C3N4 carriers
Compared with pristine bulk-g-C3N4, mesoporous-g-C3N4 has been
widely proved to exhibit higher photocatalytic activity owing to the high
surface area [44,49]. Therefore, not only bulk-g-C3N4, but also meso
porous-g-C3N4 were synthesized as the comparative carriers and their
characteristic XRD patterns were shown in Fig. S9. The photocatalytic
degradation activity of HBCD on HR-g-C3N4 is slightly higher than that
on mesoporous-g-C3N4, and both of them are obviously higher than that
on bulk-g-C3N4 (Fig. S10). While the DE of HBCD on the three pure
g-C3N4 all is less than 20 % within 120 min. The time-dependent visi
ble-light photocatalytic degradation of HBCD on the identical Pd-loaded

ln(RHBCD /IHBCD ) = − kobs t

(1)

The corresponding half-life (t1/2) be described by Eq. (2),
t1/2 =

0.693
kobs

(2)
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Fig. 3. Effects of (a) reaction atmosphere, (b) Pd weight percentage in Pd/HR-g-C3N4 (c) types of g-C3N4 carriers and (d) the ratio of water to methanol on the
degradation of HBCD; (e) Debromination efficiency of HBCD varied with reaction time and (f) the degradation or debromination efficiency of HBCD at 60 min in fivecycle runs under the preferred conditions.

(0.0069 min− 1) and 1% Pd/mesoporous-g-C3N4 (0.0120 min− 1),
respectively. However, according to the nitrogen adsorption-desorption
results, the BET surface area of mesoporous-g-C3N4 as prepared was
123.9 m2/g, being about 12.4 times that of the bulk-g-C3N4 with widely
reported 10 m2/g [50], and even about 3.4 times that of HR-g-C3N4 with
36.3 m2/g. These comparison results indicate that constructing 1D-cav
ity structure was beneficial to the photocatalytic degradation of HBCD
with a considerable prospect for photocatalytic applications. The gen
eration, separation and transfer of photoexcited-carriers of the three
g-C3N4 carriers were determined to reveal the root of their contrasting
photocatalytic performance. As shown in Fig. 4a, the PL emission peak
of the pristine bulk-g-C3N4, mesoporous-g-C3N4 and HR-g-C3N4
appeared at ca. 466 nm, 497 nm and 481 nm, respectively. Which was
attributed
to
their
band-band
recombination
of
the
photoexcited-carriers [39,47]. Cheerfully, compared with bulk-g-C3N4
and even mesoporous-g-C3N4, HR-g-C3N4 presents the lowest PL in
tensity, indicating the best separation efficiency of photogenerated eand h+. As shown in Fig. 4b, the TPC response, increasing with more
generation, better separation and faster transmission of photogenerated

Table 1
kobs and t1/2 of HBCD in various reaction systems filled with N2 under visiblelight irradiation.
Reaction system

kobs (min− 1)

R2

t1/2 (min)

0% H2O; 1% Pd/HR-g-C3N4
20% H2O; 1% Pd/HR-g-C3N4
30% H2O; 1% Pd/HR-g-C3N4
15% H2O, 15% acetonitrile; 1% Pd/HR-g-C3N4
40% H2O; 1% Pd/HR-g-C3N4
30% H2O; 0.5% Pd/HR-g-C3N4
30% H2O; 1.5% Pd/HR-g-C3N4
30% H2O; 1% Pd/mesoporous-g-C3N4
30% H2O; 1% Pd/bulk-g-C3N4

0.0039
0.0205
0.0688
0.0048
0.0377
0.1409
0.0117
0.0120
0.0069

0.97
0.98
0.95
0.97
0.98
0.98
0.97
0.99
0.98

178
34
10
144
18
5
59
58
101

bulk-g-C3N4, mesoporous-g-C3N4 and HR-g-C3N4 were further
measured, where DE increased to 20 %, 48 % and 99 % at 60 min,
respectively (Fig. 3c). According to the calculated kobs values in Table 1,
1% Pd/HR-g-C3N4 (0.0688 min− 1) exhibits 10 and 6-fold higher pho
tocatalytic degradation HBCD activity compared to 1% Pd/bulk-g-C3N4
6
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Fig. 4. The (a) PL spectra and (b) TPC response of prepared samples; TEM images of (c) 1.0 % and (e) 1.5 % Pd/HR-g-C3N4; HRTEM images of (d) the loaded
scattered Pd NPs and (f) the partially agglomerated Pd NPs corresponding to 1.0 % Pd/HR-g-C3N4 and 1.5 % Pd/HR-g-C3N4, respectively.

electrons [48], was further determined. As predicted, HR-g-C3N4 ex
hibits almost 2.6 and 1.5-fold higher photocurrent response intensity
compared to bulk-g-C3N4 and mesoporous-g-C3N4, respectively. As we
know, the energy position of the Conduction Band (CB) of photocatalyst
support determines the reduction ability to a certain extent. Accord
ingly, the band structures of g-C3N4 carriers were further explored.
Fig. 5a displays the UV–vis DRS spectra of mesoporous-g-C3N4 and
HR-g-C3N4 with the visible-light absorption edge at 465 and 485 nm,
respectively. Based on the UV–vis DRS data, the corresponding

Kubelka-Munk transformed reflectance spectra for bandgap energies
were inserted in Fig. 5a. Compared with the widely reported 2.7 eV of
bulk-g-C3N4 [14,15], mesoporous-g-C3N4 and HR-g-C3N4 showed a
narrower at 2.35 and 2.51 eV, respectively, which signified the wider
visible-light absorption range, thereby promoting visible-light photo
catalysis performance. The XPS VB analysis was performed to further
confirm the CB and VB potential. As shown in Fig. 5b, the VB edges were
located at 1.1 eV for HR-g-C3N4 as well as mesoporous-g-C3N4.
Combining the bandgap energies of them, the CB edges were calculated

Fig. 5. (a) UV–vis DRS, insert in (a) corresponding Kubelka-Munk transformed reflectance spectra for bandgap energies, (b) VB XPS spectra and (c) bandgap
structure of as-prepared catalysts.
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and their bandgap structures were shown in Fig. 5c. Compared with the
CB of bulk-g-C3N4 at -1.3 eV [14,15] and mesoporous-g-C3N4 at -1.25
eV, HR-g-C3N4 shows a more negative at -1.41 eV, which is conducive to
the reductive debromination of HBCD. In summary, compared to the
other two g-C3N4 carriers, the superior photoreduction degradation
HBCD activity of HR-g-C3N4 could be attributed to the enhanced
photoexcited-carriers separation, appropriate bandgap at 2.51 eV and
more negative CB at -1.41 eV arising from the distinctive 1D-hollow
structure. Hence, besides the well-known surface area, morphology is
also a key factor affecting the catalytic activity of photocatalysts.

Pd/HR-g-C3N4, XRD determination was performed. As shown in
Fig. S12, the XRD results exhibited consistent peak positions in the fresh
and reused composites, and the peaks associated with Pd did not appear
after four cycles. This indicates that the crystal phase of t 0.5 %
Pd/HR-g-C3N4 does not change before and after the reaction. However,
it is noted that the XRD peaks of (002) corresponding to interlayer
stacking aromatic systems of used 0.5 % Pd/HR-g-C3N4 became broad
ening, with decreased peak intensity, relative to that of fresh 0.5 %
Pd/HR-g-C3N4. This indicates a decrease in crystallinity of HR-g-C3N4 at
(002), which might be related to the disturbance/peeling of the
graphitic-like structure [55], and was consistent with the looser layers as
observed in TEM Fig. S11(c, d). The surface chemistry of the used 0.5 %
Pd/HR-g-C3N4 after four cycles has been characterized by XPS. As shown
in Fig. S13a, the peaks assigned to C–N=C, N-(C)3, C-N(H)x and
Π-excitation N of N 1s didn’t show an obvious change in the position or
relative strength. Like the fresh 0.5 % Pd/HR-g-C3N4, the typical Pd 3d
spectrum of the used ones also displayed prominent peaks assigned to
Pd2+ 3d5/2 and Pd2+ 3d3/2 as well as the weak peaks of Pd◦ 3d5/2 and Pd◦
3d3/2 (Fig. S13b). This suggests that the chemical environment of N and
Pd is consistent before and after the reaction. Besides, the content of Pd
leached into reaction solutions per cycle only ranges from 5.78 to12.59
ng/ml (Table S2). This indicates that the main active component Pd is
highly stable in the reaction. In order to further explore whether the
slight changes in morphology, a decline in crystallinity and the trace loss
of Pd after four cycles will affect the catalytic activity, the fifth degra
dation cycle test was carried out. As shown in Fig. 3f, although the
degradation efficiency and debromination efficiency decreased slightly
later on five cycles, they could still reach almost 98 % and 89 % at 60
min, respectively, indicating the good reusability of 0.5 %
Pd/HR-g-C3N4.

3.2.4. Effect of solvent composition
In this study, methanol was used as a solvent for the complete
dissolution of HBCD featuring strong hydrophobicity [8,10]. Interest
ingly, adding an appropriate amount of water to methanol as a
co-solvent could induce a dramatic increase in the degradation rate of
HBCD over 1% Pd/HR-g-C3N4. As shown in Fig. 3d, upon the water
content increased from 0% to 20 %, and then to 30 %, the DE of HBCD at
60 min raised incessantly, from 30.0%–80.3, and then to 98.9 %.
Whereas the DE dropped to 86.7 % in case of increasing the water
content to 40 %. The curve of solvent-dependent HBCD degradation
activity as a function of water content exhibits a volcano shape with the
maximum kobs at 0.0688 min− 1 in an optimum 70 % methanol-30 %
water mixture. Komamine et al. reported that the electron transfer is
faster in a solvent with greater polarity [51]. Thereupon, adding more
polar water (dielectric constant ε25℃ = 78.35) to methanol (ε25℃ =
32.62) would be bound to accelerate the transfer of e− in the reaction
system [52]. As shown in Fig. 3d, in the case of retarding the electron
transfer rate via keeping the proportion of methanol at 70 %, but
changing half of the water to acetonitrile (ε25℃ = 35.95) with weaker
polarity, the DE of HBCD at 60 min decreased sharply to 28.8 % with low
kobs only at 0.0048 min− 1. Therefore, the polar water accelerates the
reductive conversion of HBCD by promoting the transmission of e− in
the reaction system. On the other hand, methanol can enhance the
accumulation of effective electrons by inhibiting the recombination of
photoexcited-carriers considering its scavenging effect on h+ [45].
Accordingly, water and methanol play a synergistic role in the reductive
degradation of HBCD in the respect of enhancing the e- utilization with
their optimal ratio of 30: 70.

3.3. Degradation susceptibility of (±)-α, (±)-β and (±)-γ-HBCD
Most studies on the degradation kinetics of HBCD terminated at the
total HBCD [8,56–58]. However, theoretically, 16 kinds of HBCD ste
reoisomers could be formed owing to the six stereocenters of HBCD
located at 1, 2, 5, 6, 9, and 10. For commercial uses, HBCD consists
mainly of 1–12 % (±)-α-HBCD, 10–13 % (±)-β-HBCD and 75–89 %
(±)-γ-HBCD [59]. Those three diastereomeric pairs of enantiomers have
been given the most urgent attention [2,60]. Accordingly, further
revealing the degradation susceptibility of those six HBCD isomers is
integral to the current visible-light photocatalytic degradation system
for HBCD. As shown in Fig. 6a, (±)-α, (±)-β and (±)-γ-HBCD were
degraded in the preferred systems where RHBCD/IHBCD decayed with
reaction time for all six isomers based on their successful chromato
graphic separation (Fig. S14). Although the curves between enantiomers
are not exactly consistent, it can be considered that there is no signifi
cant difference in their degradation rates, especially in comparison with
the noteworthy disparity that occurred among diastereomers. The
particular kobs values of (-)-α-HBCD, (+)-α-HBCD, (-)-β-HBCD,
(+)-β-HBCD, (-)-γ-HBCD and (+)-γ-HBCD were evaluated to be 0.0897,
0.0900, 0.3274, 0.3123, 0.2064 and 0.2007 min− 1, respectively.
Thereupon, (±)-α-HBCD displays the slowest disappearance, and
(±)-β-HBCD is slightly faster than (±)-γ-HBCD.
As noted, the conversion among HBCD isomers reported in previous
studies [59,61] has not been observed in this system, which may be due
to the rapid degradation of six HBCD isomers. While the conversion from
(±)-β or (±)-γ-HBCD to (±)-α-HBCD was captured in slower degradation
systems of the varied anaerobic methanol-water mixture with 1.0 %
Pd/HR-g-C3N4 as shown in Fig. 6(b–d), where the remaining
(±)-α-HBCD increased first and then decreased during the whole
degradation process. Interestingly, it could be found that with the in
crease of water in the solvent, the conversion to (±)-α-HBCD was
enhanced by comparing the maximum amount of α-HBCD (about at 15
min) in each system, (20 % H2O: (-α: 107 %, +α: 111 %) < 30 % H2O:
(-α: 118 %, +α: 117 %) < 40 % H2O: (-α: 126 %, +α: 124 %).

3.2.5. Rapid debromination and the stable cycle in the preferred system
Based on the investigation of key condition parameters above, the
optimal system for efficient disposal of HBCD should be an anaerobic
methanol-water (70: 30) mixture with 0.5 % Pd/HR-g-C3N4 under
visible-light irradiation (Fig. 3a-red line). The concentration of bromine
ion (Br− ) was monitored by IC to assess the debromination status of
HBCD in the preferred system. As shown in Fig. 3e, at 60 min, along with
100 % degradation of HBCD, the debromination efficiency could be as
high as 92.6 %, which is peerless reported so far to our best knowledge
[8,53]. In the UV-photooxidation system with TiO2/persulfate reported
by Li et al., the debromination efficiency of HBCD is merely 74.3 % at
180 min although the DE could reach 100 % [53]. Consequently, the
established visible-light reduction system with Pd/HR-g-C3N4 in this
study can not only quickly degrade HBCD but also remove the connected
bromine in sharp.
The recycle trial was implemented to evaluate the reusability of Pd/
HR-g-C3N4 under the preferred conditions. As shown in Fig. 3f, the DE
and debromination efficiency of HBCD at 60 min hardly changed after
four cycling runs, indicating good reusability of Pd/HR-g-C3N4. TEM
analysis of the used catalyst was further carried out. As shown in
Fig. S11(a, b), there is almost no morphology change of 0.5 % Pd/HR-gC3N4 after two degradation cycles. After the fourth cycle, the hollowrod-like structure still could be observed clearly, while the surface of
some used catalysts partially expanded as shown in Fig. S11(c, d). This
can be attributed to the typical layered structure of g-C3N4 [54]. To
further check whether if there is any change in phase of the used 0.5 %
8
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Fig. 6. (±)-α, (±)-β and (±)-γ-HBCD were degraded in (a) the preffered system and varied water-methanol mixtures with the identical dispersed 1% Pd/HR-g-C3N4:
(b) H2O 20 % : 80 % CH3OH, (c) H2O 30 % :70 % CH3OH, (d) H2O 40 % :60 % CH3OH.

Furthermore, the increase of water content also led to the curves of
(±)-β-HBCD and (±)-γ-HBCD getting closer and closer, which indicates
that the difference of degradation rate between them is smaller and
smaller. Basing on the above results, an inference was further given that
the conversion of (±)-γ-HBCD to (±)-α-HBCD enhanced with increasing
the water content. This may be ascribed to the influence of water sol
vation on the properties of the three HBCD diastereomers are different
[62], but the specific relationship needs to be further explored.

initially induced with subsequent addition ring-opening; (ⅱ) addition
ring-opening firstly occurred followed by hydrodebromination. Noted
that this is different from the widely reported catalytic reduction sys
tems of BDE-209 [13], BDE-47 [65] and other halogenated aromatic
compounds, where almost only undergo successive hydro
dehalogenation reaction. It is probably due to the high energy required
for benzene fracture. Thus, ring-opening addition may be a unique re
action path to promote the degradation of halogenated cycloalkanes in
contrast to halogenated aromatic compounds.
To identify the source of H entering products, we carried out the
subsequent degradation experiments in which H2O was replaced by
D2O. Fig. 7(b, c) and Fig. S15 showed the mass spectra of intermediates
with the solvent conditions of 30 % D2O-70 % CH3OH or 30 % H2O-70 %
CH3OH. By comparing m/z and relative peak intensity, the mass spectra
of all the intermediates were found to be no distinct change when D2O
was used instead of H2O. Consequently, CH3OH was regarded as the
primary hydrogen donor in the photocatalytic HBCD system, which
could be ascribed to the oxidizing of h+ to CH3OH [66]. Accordingly,
CH3OH can not only enhance the accumulation of effective e− on Pd by
inhibiting the recombination of photogenerated h+ and e− , but also offer
H+, thereby promoting the photocatalytic degradation of HBCD over
Pd/HR-g-C3N4.

3.4. Degradation intermediates of HBCD over Pd/HR-g-C3N4
To elucidate the visible-light photocatalytic degradation pathway of
HBCD (C12H18Br6) over Pd/HR-g-C3N4, the intermediate products in the
preferred system were detected and analyzed. As shown in Fig. 7a and
Table 2, ten never-reported saturated chain alkanes (C12~C18) were
accurately identified by GC-EI/PCI-MS basing on the abundant fragment
ions with EI and the retained quasi-molecular ion ((M− H)+) with PCI
(Figs. 7b, S15). The detailed process regarding product identification is
outlined in Content S6. These results confirmed that all the six Br atoms
contained in HBCD could be completely removed via hydrogen substi
tution. Besides that, it shows an interesting discovery that the ring
skeleton of HBCD was opened. Compared with the reported unsaturated
final products of HBCD, such as cyclododecatriene (C12 H18) and
cyclododecane (C12 H24) [8,10,61], this photocatalytic disposal system
is superior in terms of deep hydrogenation. Unfortunately, the
bromine-contained intermediates with high polarity were not detected
by GC–MS. FT-ICR-MS is well known for its sensitivity to polar com
pounds as well as the ultrahigh-resolution [63,64], enabling the analysis
of trace bromine-contained compounds on a molecular level. Therefore,
the degradation samples of HBCD were further detected by FT-ICR-MS
combined with a soft ionization ESI in the negative mode, in which
not only C12H19Br5 but also C12H19Br7 were observed (Fig. 7c). It could
be inferred that the saturated chain alkanes could be generated from
parent HBCD via two possible paths: (ⅰ) hydrodebromination was

3.5. Degradation mechanism of HBCD over Pd/HR-g-C3N4
Activation of the carbon-halogen bond lies at the heart of hydro
dehalogenation. In general, it proceeds via the mechanisms of either
electron-transfer or hydride-transfer [67,68]. Wang et al. reported that
hydrodehalogenation, dominated by hydride-transfer mechanism at
metal surfaces in a photocatalytic system, could also utilize H2 as
hydrogen source leading to the rapid dehalogenation under dark [69];
Specifically, the photocatalytic hydrodehalogenation of BDE-47 by Pd
(Pt)/TiO2 was dominated by hydride-transfer, while its rapid degrada
tion was also observed under H2 atmosphere in dark. In contrast, Ag
9
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Fig. 7. (a) GC/EI-MS and GC/PCI-MS chromatograms and (b) the EI and PCI mass spectra of the degradation products corresponding to P1, and (c) ESI-FT-ICR mass
spectra of degradation products of HBCD in the preferred systems; Reaction solvent: (a) CH3OH-H2O (70: 30) mixture, (b) and (c) CH3OH-H2O/D2O (70: 30) mixture.

(Cu)/TiO2, which degraded BDE-47 mainly by electron-transfer under
UV light, couldn’t utilize H2 to degrade the target. In this study, the
mechanism of hydrodebromination dominated by hydride-transfer was
supported by the rapid degradation of HBCD in the
Pd/HR-g-C3N4-H2-dark system as shown in Fig. 8a. Therefore, the
photogenerated-electrons accumulated on Pd will reduce the H+ mainly
derived from methanol to form active species, hydrogen atoms (H–Pd)
or hydride (H––Pd) that nucleophilic attack the bromine-attached car
bon leading to rapid hydrodebromination [70]. Furthermore, it was
found that the degradation rates for the three diastereomers were also in
the order of α-HBCD < γ-HBCD < β-HBCD in the Pd/HR-g-C3N4-H2-dark

system, which is consistent with the result in the visible-light photo
catalytic system. Whereas theoretical calculation showed that the direct
electron transfer to β-HBCD and γ-HBCD is thermodynamically less
favored in comparison to α-HBCD via comparing the LUMO energy level
of three diastereomers (Fig. 8b, Content S7). This is contrary to the re
sults in the actual photocatalytic system, which additionally confirmed
that the visible-light-driven hydrodebromination of HBCD over
Pd/HR-g-C3N4 was dominated by hydride-transfer rather than
electron-transfer mechanism.
Thereupon, a mechanism responsible for the enhanced visible-light
photocatalytic degradation of HBCD over Pd/HR-g-C3N4 in an
10
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Table 2
Ring-opening and complete debromination products of HBCD over 0.5 % Pd/HR-g-C3N4 under visible-light irradiation.
Peak number

Name

Formula

m/z

P1
P2
P3
P4

Dodecane
Tridecane
Tetradecane
Tridecane, 2-methyl-

C12
C13
C14
C14

H26
H28
H30
H30

170
184
198
198

P5

Tetradecane, 4-methyl-

C15 H32

212

P6
P7

Hexadecane
Pentadecane, 3-methyl-

C16 H34
C16 H34

226
226

P8
P9
P10

Heptadecane
Octadecane
Heptadecane, 8-methyl-

C17 H36
C18 H38
C18 H38

240
254
254

Structural formula

Fig. 8. (a) The degradation of HBCD over 0.5 % Pd/HR-g-C3N4 purged with 90 % N2–10 % H2 mixed gas in methanol-water (70: 30) mixture under dark; (b) The
energy level of the lowest unoccupied molecular orbitals (LUMO) of (-)-α-HBCD, (-)-β-HBCD and (+)-γ-HBCD and the unit is hatree; (c) Schematic illustration of the
photocatalytic reaction of HBCD over Pd/HR-g-C3N4.

anaerobic methanol-water mixture was tentatively elucidated as shown
in Fig. 8c and Eqs. (3)–(12). It roughly contains five steps. In step 1, in
the case of visible-light irradiation, HR-g-C3N4 was excited to produce
conduction band electrons (eCB–) and valence band holes (h+
VB) (Eq. (3)).
The recombination of the photoexcited-carriers on HR/g-C3N4 is greatly
suppressed due to the specific 1D-cavity microstructure, supported by
the PL and TPC results. In step 2, the eCB– efficiently transfer from HR-gC3N4 to Pd as evidenced by PL and TPC characterization, resulting in the
increasing of d electron density (ed–) of Pd (Eq. (4)). Moreover, both
methanol and water as solvents are conducive to the accumulation of
effective electrons in Pd. In step 3, a large number of hot electrons (ehot–)

have formed by the interband transition of the ed– by absorbing visible+
light (Eq. (5)) [37]. In step 4, CH3OH was oxidized by h+
VB to offer H
+
(Eq. (6)) [66]. The ehot– reduced the adsorbed H and created a large
number of hydrogen atoms (H–Pd) (Eq. (7)) or hydride (H––Pd) on Pd
(Eq. (8)) for debromination (Eqs. (9)–(12)), which will be enhanced by
the more negative CB of HR-g-C3N4 at -1.41 eV, and the atomically
dispersed Pd with more active sites. In step 5, HBCD was attacked
directly by activity species, H–Pd or H––Pd, to produce C12H17Br5 (Eq.
(9)); The low-bromination intermediates undergo ring-opening or rapid
and successive hydrodebromination thereby producing saturated chain
alkanes (Eq. (10)); Besides, HBCD could firstly open its ring-skeleton
11
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(Eq. (11)), and then undergo gradually hydrodebromination to produce
saturated chain alkanes (Eq. (12)).
g-C3N4 + hv → eCB– + hVB+

(3)

eCB– (g-C3N4) → ed– (Pd)

(4)

ed– (Pd) + hv → ehot– (Pd)

(5)

CH3OH + hVB+→ ⋅CH2OH, HCHO,…… + H+

(6)

H+ + ed– (Pd) → H–Pd

(7)

H+ + 2ed– (Pd) → H––Pd

(8)

HBCD + H––Pd (H–Pd) → C12H17Br5 + Br-

(9)
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C12H17Br5 → open-ringing / + H––Pd (H–Pd) →→ CnH2n+2 (n:12~18) (10)
HBCD +HBr → C12H19Br7

(11)

C12H19Br7 + H––Pd (H–Pd) →→ CnH2n+2 (n:12~18)

(12)
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