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ABSTRACT: In this work, we explored the photoinduced charge carriers
dynamics rationalizing the photocatalytic oxidation of NO over N-doped
Bi2O2CO3/graphene quantum dots composites(N-BOC/GQDs) via time-
resolved photoluminescence (TRPL). Under visible light illumination, only
GQDs can be photoexcited and inject electrons to N-BOC within 0.5 ns.
Under UV light irradiation, the interfacial Z-scheme heterojunction
recombination between the electrons in N-BOC and holes in GQDs dominate
the depopulation of excited states within 0.36 ns. Such efficient Z-scheme
recombination regardless of the large energy difference (1.66 eV) is mediated
by the interfacial oxygen vacany defect states characterized by both density
functional theory calculations (DFT) and electron paramagnetic resonance
(EPR) measurement. This finding provide a novel strategic view to improve
the photocatalytic performance of the nanocomposite by interfacial engineer-
ing

KEYWORDS: time-resolved spectroscopy, interfacial Z-scheme heterojunction, interfacial oxygen vacancy, NO oxdiation

1. INTRODUCTION

Since it was pioneered by Fujishima in 1972, photocatalysis has
been considered as a promising technique for environmental
remediation.1,2 Various photocatalysts such as plasmonic
metals, metal oxides and metal-free compounds have been
explored in the last 40 years.3−10 Among these photocatalysts,
bismuth subcarbonate (Bi2O2CO3, BOC) with typical silleń
phase and unique alternating [Bi2O2

2+] as well orthogonal
intercalated CO3

2− layers has attracted highly attention due to
their low-toxicity and specific anisotropic structure resulting in
internal static electric field.11−14 Such internal static electric
fields in Bi2O2CO3 layered structure are expected to promote
the directed charge carrier transportation.15,16 However, their
poor absorption coefficient as well as the large optical band gap
(3.3 eV) restricts the capability of light harvesting during
photocatalytic reaction.
Such bottlenecks can be resolved by integrating BOC with

additional light harvesters including plasmonic metals, metal
oxides, and metal-free compounds to form composites.17−21

Graphene quantum dots (GQDs) have long been recognized
as superior visible light absorbers owing to their high chemical
stability, tunable optical band gap, and accessible surface
chemistry.22−28 In our previous work, we decorated nitrogen
doped Bi2O2CO3 (N-BOC) with −COOH or hydroxyl −OH
functioned GQDs to construct nanocomposites, which

exhibited approximately 5 times higher photocatalytic activity
over NO removal compared to pristine BOC.29 The enhanced
photocatalytic performance was expected but not yet
rationalized thoroughly. How the extra charge carrier
generated by light excitation in GQDs contributes to the
photocatalytic reaction in the nanocomposites needs to be
illustrated. Most importantly, both GQDs and N-BOC possess
numerous sub-bandgap trap states induced by surface dangling
bonds or other volume defects,16,30,31 but they seem to be
unharmful for the photocatalytic process. Investigation on the
photoinduced charge carrier dynamics is therefore highly
essential to manifest the underlying mechanism.
In the present work, both steady state and time-resolved

photoluminescence spectroscopies have been utilized to
monitor the photoinduced charge carriers’ separation and
recombination dynamics of the N-BOC/GQDs with different
GQDs ratios. We found that electrons generated from GQDs
transfer to the conduction band (CB) of N-BOC within 0.5 ns
under visible light illumination. Under UV illumination where
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both GQDs and N-BOC are excited, the electrons generated
from N-BOC will recombine with holes on the valence band
(VB) of GQDs via Z-scheme heterojunction within 0.4 ns, and
the residual electrons/holes in both parts will be trapped by
trap states. We further confirmed by the electron paramagnetic
resonance (EPR) measurements that the integration of GQDs
introduce additional O− radical defects, which facilitates the Z
scheme recombination via multiphoton emission. We believe it
is the main photophysical origin of the enhanced photo-
catalytic performance in N-BOC/GQDs nanocomposites.

2. EXPERIMENTAL SECTION
2.1. Materials. All the chemical reagents were analytical grade

purchased from Chengdu Kelong Co. Ltd. with used without any
further purification.
2.2. Synthesis of N-BOC Nanosheets. Nitrogen doped

Bi2O2CO3 (N-BOC) nanosheets with size of 200 nm were
synthesized base on our previous method.16 First of all, 4.85 g of

Bi(NO3)3·5H2O was dissolved in 10 mL of HNO3 (1M) which was
labeled as solution A. Next, 8.45 g sodium carbonate (Na2CO3) as
well as 1 g cetyltrimethylammonium bromide (CTAB) were dissolved
into 90 mL of water as solution B. Then, we add solution B into
solution A drop-wisely within 30 min and stirring at 30 °C for 1 h.
Afterward, the resultant precipitate was filtered and washed three
times with isopropanol and ultrapure water. Finally, final solid
products were collected and dried under vacuum at 60 °C.

2.3. Synthesis of GQDs. The alkali-mediated hydrothermal
method has been implemented to synthesis graphene quantum dots
(GQDs).32,33 First, 2 g of pyrene (purity >98%) was treated in 160
mL hot HNO3 under refluxing condition at 80 °C and stirring for 12
h to obtain yellow 1,3,6-trinitropyrene. Then, 0.75 g of 1,3,6-
trinitropyrene was dispersed in 150 mL sodium hydroxide (NaOH)
solution with aq 0.2 M and ultrasonicated for 2 h to get a
homogeneous suspension. Second, we transferred this suspension into
a 250 mL Teflon-lined stainless-steel autoclave and heated at 200 °C
for 10 h. Insoluble impurities were removed via filtration (0.22 μm
filter) when temperature cooling down. Third, remaining solution was

Figure 1. (a) Schematic illustration of the formation process of the N-BOC/GQDs composites. (b) XRD patterns of GQDs, N-BOC, and N-BOC/
GQDs and the corresponding PDF card information; (c) HRTEM of N-BOC/GQDs (1%) composite; (d) FT−IR spectra of GQDs, N-BOC, and
N-BOC/GQDs composites; (e) Crystal structure of Bi2O2CO3.
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then further purified with dialysis bags for 48 h so that the residual
sodium salt as well as undissolved small molecules (with retained
molecular weight: 3500 Da) can be removed. At last, GQDs solution
with deep-brown color can be obtained, which could be further
collected as solid crystals by rotary evaporation.
2.4. Synthesis of N-BOC/GQDs Composites Photocatalysts.

All the N-BOC/GQDs composites used in this system were
synthesized base on our previous reported method.29,34 Typically,
200 mg of the N-BOC powder as well as 2 mg GQDs were dispersed
into 100 mL DI water. Then, all the samples were ultrasonicated for
30 min and stirring for 5 h to obtain homogeneous suspension. After
that, the suspension was centrifugated and precipitated was
evaporated under 60 °C to get the dried solid composites. At last,
all the relevant composites were obtained and named as N-BOC/
GQDs (0.5%), N-BOC/GQDs (1%), and N-BOC/GQDs (2%),
respectively, which corresponds to 1, 2, and 4 mg of GQDs in mass
ratio.
2.5. Structural Characterization. Powder X-ray diffraction

(PXRD) was performed with a PANalytical X’pert diffractometer
operated at 40 kV and 40 mA using Cu Kα radiation. The high-
resolution transmission electron microscopy (HRTEM) images were
recorded on FEI Tecnai G2 20 microscope operated at 200 kV.
2.6. Steady-State Spectroscopies. UV−vis diffuse reflection

spectra (UV-DRS) was performed on an Agilent 8453 UV−vis
spectrometer pectrophotometer. Fourier transform infrared spectra
(FT−IR) was performed on a Nicolet 6700 spectrometer. X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo
Scientific XPS spectrometer, with Al Kα radiation (1486 eV) as the
excitation X-ray source. Photoluminescence (PL) was performed via
Spex Fluorolog 1681 standard spectrofluorometer.
2.7. Time-Resolved Photoluminescence Spectroscopies.

Time-resolved photoluminescence (TRPL) measurement was per-
formed using a Time-correlated single photon counting setup
(TCSPC) utilizing a pulsed diode laser which is triggered externally
at 5 MHz to excite the sample at 438 and 375 nm, the pulse duration
of the laser is about 40 ps. The emitted photons were detected by a

fast avalanche photodiode (SPAD, Micro Photon Device) with
response time less than 50 ps after passing through a 450 nm long
band-pass filter.35,36

2.8. Photocatalytic Measurements. Our homemade NO
photodegraded testing system has been utilized to measure the
photocatalytic performance, which has been described in our previous
work.29 In our experiment, dry air (2.0 L min−1) mixed with NO
(12.0 mL min−1) in ppb level are treated as target pollutant gas and
the removal ratio (η) of NO was calculated by the equation η (%) =
(1 − C/C0) × 100%, where C is the concentration of NO during the
photoreaction and C0 represents the initial concentration of NO
before photocatalytic reaction.

2.9. EPR Measurement. Electron paramagnetic resonance (EPR)
spectra were recorded at room temperature and 77 K on powdered
samples (approximately 20 mg) on a cw Bruker EMX X-band
spectrometer fitted with a ST4102 cavity and a liquid nitrogen finger
dewar.

2.10. Calculation Methods. All calculations were investigated via
density functional theory (DFT) together with the projected-
augmented plane wave method as implemented in Vienna ab initio
simulation package (VASP). Generalized gradient approximation
(GGA) with Perdew-Burke-Ernzer-hof (PBE) functional of the
electrons was selected to evaluate the exchange-correlation. The
Monkhorst−Pack mesh of 2 × 2 × 1 k-points here are selected to
sample the Brillouin zone in order to optimize the geometry as well as
electronic structure calculations. In this system, the plane-wave cutoff
energy and energy convergence tolerance is 400 eV and 10−4 eV,
respectively. Moreover, all atomic positions are relaxed at the PBE
level until the atomic forces are less than 0.05 eV/Å.

3. RESULTS AND DISCUSSION

3.1. Structure and Steady-State Spectroscopies. The
GQDs, Bi2O2CO3, and N-BOC/GQDs composites was
synthesized via refluxing and magnetic stirring method and
the possible formation mechanism was illustrated in Figure 1a.

Figure 2. (a) UV-DRS of N-BOC/GQDs composites. Inset is the absorption spectrum of GQDs dispersed in water; (b) XPS valence band spectra
of N-BOC and GQDs with energy band structure; (c) PL spectra of GQDs, N-BOC and N-BOC/GQDs composites. (Excitation wavelength: 420
nm, 280 nm for GQDs and N-BOC composites, respectively); (d) Photocatalytic oxidation of NO over BOC and N-BOC/GQDs under visible
light irradiation (λ > 420 nm).
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Moreover, according to our previous work, sample N-BOC/
GQDs (1%) exhibited best photocatalytic performance toward
NO photo-oxidation among all composites and therefore be
selected for the following test. Figure 1b displays the XRD of
GQDs, N-BOC, and N-BOC/GQDs composites. The broad
peak located at around 2θ = 26.61° is characteristic of the bulk
graphite with a (002) layer spacing equal to 3.34 Å, which
indicates successful synthesis of GQDs with high graphitiza-
tion.37 Compared to pristine N-BOC, N-BOC/GQDs (1%)
exhibit same diffraction peak in XRD patterns positions which
could be well indexed to tetragonal Bi2O2CO3 (JCPDS card
no. 41-1488). The characteristic peaks located at 12.9°, 23.9°,
30.3°, 32.7°, 42.3°, 47.0°, 53.4°, and 56.9° could be attributed
to the crystal facets of (002), (011), (013), (110), (114),
(020), (121), and (123), respectively. This demonstrated that
the crystal structure of N-BOC was not destroyed after
coupling with GQDs. On the other hand, the characteristic
diffraction peak of GQDs cannot be clearly observed in N-
BOC/GQDs composites, which may result from the low
content along with the random distribution of GQDs on the
surface of N-BOC.29

Supporting Information (SI) Figure S1 demonstrates the
SEM images of N-BOC/GQDs composites with a size of
hundreds of 2D nanosheets. Moreover, high-resolution TEM
(HRTEM) has been carried out to verify the samples crystal
structure which is showed in Figure 1c.29 GQDs around 3−5
nm can be clearly resolved with an atomic spacing of 0.34 nm
corresponding to the (002) plane and size distribution of QDs
from also provided in SI Figure S2. After that, the interaction
between GQDs and N-BOC was investigated by FT−IR
measurement plotted in Figure 1d. The small broad peak
situated at 1640 and 1402 cm−1 correspond to skeletal
vibrations of graphene domains and stretching vibration of O−
H for GQDs only while the peaks located at 846, 1062, and
1740 cm−1 can be attributed to the out-of-plane bending mode
of CO3

2− group and the antisymmetric vibration mode of
CO3

2− group, respectively.23,38−40 Compared with N-BOC/
GQDs physical mixture (SI Figure S3), the broadening as well
as red-shift of the peak at 1386 cm−1 with red-shift from 1403
to 1386 cm−1 in N-BOC/GQDs compared to pristine GQDs

(1403 cm−1) is a fingerprint of hydrogen bond formation
between the two components via magnetic stirring in water.41

Figure 2a shows the ground state absorption spectra of
GQDs and N-BOC composites measured by UV−vis diffuse
reflection spectroscopy. The pristine GQDs exhibited a broad
absorption band from 300 to 800 nm, from the both
absorption of the QDs as well as the surface states.36,42−44

The two characteristic absorption peaks located at 360 and 490
nm are related to the n → π* electron transition in the
molecular orbital of carbonyl groups (CO) in GQDs.44−47

The absorption spectra of all N-BOC/GQDs composites are
composed of the absorption band edge of neat N-BOC (380
nm, 3.26 eV) and the broad absorption band at 490 nm from
GQDs. The absorbance of 490 nm band increases gradually
with an incremental amount of GQDs.29 According to the XPS
valence band spectra in Figure 2b, the valence band maximum
positions for N-BOC and GQDs are 2.08 and 0.48 eV,
respectively, whereas the conduction band minimum position
can be calculated as −1.18 eV and −2.0 eV taking into account
the optical band gaps extracted from the Tauc plots of the
absorption spectra inset of Figure 2a. It should be noted the
difference between optical band gap and electronic band gap of
N-BOC and GQDs can be neglected due to the relatively low
exciton binding energy.48 The energy band structures were
summarized in Figure 2b. Figure 2c shows the steady state
photoluminescence spectra of the samples. The emission band
of GQDs at 600 nm given in the inset of Figure 2c is assigned
to the radiative recombination of the charge carrier at the
surface states induced by the oxygen functional groups.33 On
the other hand, the emission peak of neat N-BOC (535 nm) is
drastically red-shifted compared with the absorption band edge
(380 nm). Such sub-band gap radiative recombination is
usually attributed to the defect emission in particular related to
the O vacancy that would trap excited electrons from the
conduction band.49,50 After adding GQDs in the composites,
the PL of N-BOC has been overwhelmingly quenched as
depicted in Figure 2c indicating extra emissive state
depopulation pathway (e.g., charge transfer) has been
introduced as well the enhanced charge separation effi-
ciency.51,52 Figure 2d demonstrates the performance of

Figure 3. (a,b) TCSPC kinetics of GQDs and N-BOC, (b,d) schematics of the recombination pathways for GQDs and N-BOC, respectively.
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photocatalytic NO oxidation of both neat N-BOC and
composites. All the samples were pre-exposed to the NO
atmosphere for 30 min to reach the surface adsorption−
desorption equilibrium before photocatalytic reaction. The N-
BOC/GQDs composites (N-BOC/GQDs 1%) exhibited
superior photocatalytic performance with the maximal NO
removal ratio 5 times higher than that of the pristine N-BOC.
In order to understand the mechanism of improvement of the
photocatalytic performance, the changes of the surface area of
these samples studied first in SI Figure S4. BET surface area of
N-BOC, N-BOC/GQDs (0.5%), N-BOC/GQDs (1%), and
N-BOC/GQDs (2%) is 24.81, 22.10, 20.91, and 25.62 m2/g,
which means the enhanced photocatalytic activity can be
attributed to increased light harvest as well as charge
separation efficiency instead of the influence of surface
area.29 On the other hand, N-BOC/GQDs (1%) exhibited
the best photocatalytic activity in all the investigated samples
and therefore has been selected for the photocatalytic recycling
test, which is provided in SI Figures S5 and S6.29 Compared
with the photocatalytic oxidation in liquid phase,53,54 NO
photo-oxidation take place in solid−gas phase, and the
degradation product NO3

− cannot dissolve in any solvent,
but can be adsorbed on the surface of the sample to block the
active sites which finally causes the decrease of photocatalytic
performance.
In order to fully elucidate the photocatalytic mechanism, we

investigate the detailed excited state dynamics by the time-
resolved photoluminescence. It started with the study on the
neat N-BOC and GQDs samples. Figure 3a and b illustrates PL
decay dynamics of both pristine GQDs (excited at 438 nm)
and N-BOC (excited at 375 nm). The PL kinetics of GQDs
exhibit a rising edge slower than the instrument response
function (IRF, <50 ps) with a lifetime of 400 ps (τ1), which
can be attributed to the depopulation of the initial excited
states to the surface emissive states. On the contrary, the rising
of kinetics for N-BOC is instantaneous indicating the trapping
process (i.e., from band edge states to oxygen vacancy defect
emissive states) should be faster than the instrument response
(40 ps). The PL decays can be perfectly fitted using
biexponential decay equation.55,56

f t A A( ) e et t
1

/
2

/1 2= +τ τ− −
(1)

where τ is the lifetime of the different components, and A is
the contribution ratio of each component to the total decay.
The PL decay of neat GQDs consists of one major fast
component (1.32 ± 0.01 ns, 63%) and one minor slow
component (4.98 ± 0.02 ns, 37%). First it should be noted that

the excitation fluence is kept low enough (5 × 1011 ph/cm2) to
exclude any high order Auger recombination. In general, the
PLQY (η) could be evaluated as the fraction of radiative
recombination among all the recombination processes of the
charge carrier as

A k

A k A k
i i

i

i i
i

j j
j

rad

rad nonrad
η =

∑
∑ + ∑ (2)

where krad and Knonrad are the rates of the radiative and
nonradiative recombination processes, respectively, and Ai,j
represents the amplitude of each decay component. If we
assume the 1.32 ± 0.01 ns and 4.98 ± 0.02 ns components are
related to nonradiative and radiative recombination processes,
respectively. The calculated PLQY (13.4%) is in good
correspondence with the result from a direct steady state PL
measurement.57 Therefore, we can assign the fast component
to extra trapping processes (pool A in Figure 3b), while the
slow component with the lifetime of 5 ± 0.02 ns (τ2)
corresponds to intrinsic radiative recombination within the
other pool of GQDs free of trap states (pool B in Figure 3b).41

Apart from the oxygen based functional groups, there are also
remaining carboxylic groups on the surface of GQDs (FT−IR
spectra in Figure 1b), which could probably serve as electron
acceptors related to the fast trapping process stated above. In
neat N-BOC, the PL decays can be fitted by a dominating fast
component (1 ± 0.01 ns, 90%) and a minor slow component
(10 ± 0.08 ns, 10%) as shown in Figure 3c. As the absolute
PLQY of N-BOC is undetectable (≪1%), we can conclude
that the major decay component is attributed to the charge
carrier trapping resulting in quenching of the PL emission
(pool A in Figure 3d), while there still remains minor partition
of the N-BOC without any trap states that would undergo slow
radiative recombination (pool B in Figure 3d). Contrary to
GQDs, the trapping in N-BOC is more likely to be attributed
to the hole trapping from the unoccupied N 2p states near the
VB as shown in Figure 3b.16

The excited states dynamics in N-BOC/GQDs composites
was then investigated afterward. Here, two excitation wave-
lengths of 438 and 375 nm were employed where the former
can only excite the GQDs, whereas the latter ensure the
excitation of both components in the composites. We also
utilize 600 nm long-pass or 530 nm band-pass filter, to
selectively monitor the emission from each component using
their steady-state emission spectra as reference. Figure 4
exhibits the PL kinetics of GQDs in the composites with
various GQDs content using 438 nm excitation. The decays

Figure 4. (a) TCSPC kinetics of N-BOC/GQDs composites with 600 nm long pass filter, Excitation wavelength: 438 nm. (b) Schematic
illustration of charge carriers transfer dynamics

ACS Applied Nano Materials www.acsanm.org Article

https://dx.doi.org/10.1021/acsanm.9b02276
ACS Appl. Nano Mater. 2020, 3, 772−781

776

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b02276/suppl_file/an9b02276_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b02276/suppl_file/an9b02276_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.9b02276?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.9b02276?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.9b02276?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.9b02276?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://dx.doi.org/10.1021/acsanm.9b02276?ref=pdf


can be well fitted by two exponential components with lifetime
of a dominating fast component around 0.5 ns (>90%) and
minor long components around 5 ns, respectively (Table 1).
The slow component resembles the intrinsic radiative
recombination as indicated by the neat GQDs’ results in
Table 1, which should be related to some minor unattached
GQDs free from the interaction to N-BOC. The lifetime of the
major fast component (0.5 ns) is faster than the intrinsic
trapping of GQDs, and therefore should be assigned to the
electron injection to the conduction band of N-BOCs since it
is energetically favorable as shown in Figure 4b. Moreover, the
photoinduced charge carrier dynamics we stressed here are all
ultrafast, within a nanosecond time scale, whereas all the
photocatalytic chemical reactions (i.e., NO reduction, scav-
enges of holes, etc.) should be at least initiated within μs to ms
or even longer. This means after photoexcitation in the
equilibrium condition, the only available photogenerated
species for the photocatalytic reaction in our system is the
hole at the valence band (VB) of GQDs and electrons at the
conduction band (CB) of N-BOC. Therefore, we can conclude
that the photocatalytic reaction in this scenario emerges via the
hole at the VB of GQDs and electrons at the CB of N-BOC.29

We also noticed PL decays of GQDs’ emission in Figure 4a
become faster with increasing GQDs content indicating
enhanced charge transfer process with more GQDs addition.
We believe such an efficient charge separation process plays a
critical role for the photocatalytic performance of the

composites.17−21,58,59 However, as the emission of N-BOC
cannot be tracked under visible light excitation, the
recombination pathway for injection electrons in N-BOC is
by far not clear.
When UV excitation is employed where both N-BOC and

GQDs can be excited, the excited state dynamics looks entirely
different. Figure 5 demonstrates the PL decay kinetics of N-
BOC/GQDs composite with excitation wavelength of 375 nm.
As shown in Figure 5a and b, all PL kinetic curves of N-BOC/
GQDs composites decay faster compared to pristine GQDs as
well as N-BOC, which indicates excited charge carriers in both
N-BOC and GQDs would undergo additional depopulation
processes in the composites. According to fitting results (Table
2), both PL decays from the emission of GQDs and N-BOC,
consisting of the dominate fast component with almost the
same lifetimes around 0.36 ns. One possible explanation for the
fast decay components in both GQDs and N-BOC is the
electron injection from CB of GQDs to N-BOC together with
the hole injection from VB of N-BOC to GQDs. However,
such situation can be excluded as 1. the decay time (0.36 ns) is
significantly faster than the electron injection time observed
under visible excitation (0.5 ns); and 2. the rates for electron
and hole injection are not likely to be identical considering
different driving forces and electronic coupling for charge
transfer between CB and VB. Alternatively, we suggest that the
synchronized emissive state depopulation between N-BOC
and GQDs can be attributed to the Z-scheme recombination as

Table 1. TRPL Lifetimes and the Respective Amplitude of GQDs, N-BOC, and N-BOC/GQDs Composites (0.5%, 1% and
2%); Excitation Wavelength: 438 nm

probe wavelength N-BOC GQDs 0.5% 1% 2%

600 nm t1 (ns) 1.32 ± 0.01 0.57 ± 0.01 0.51 ± 0.01 0.48 ± 0.01
t2(ns) 4.98 ± 0.01 5.4 ± 0.02 4.15 ± 0.02 4.23 ± 0.02
A1(%) 63% 93% 92% 97%

Figure 5. TCSPC kinetics of N-BOC/GQDs composite with (a) 600 nm long pass filter and (b) 530 nm band-pass filter; (c) Schematic illustration
of charge carriers transfer dynamics. Excitation wavelength: 375 nm.

Table 2. TRPL Lifetimes and the Respective Amplitude of GQDs, N-BOC, and N-BOC/GQDs Composites (0.5%, 1%, and
2%); Excitation Wavelength: 375 nm

probe wavelength N-BOC GQDs 0.5% 1% 2%

600 nm t1 (ns) 1.06 ± 0.01 0.40 ± 0.01 0.36 ± 0.01 0.32 ± 0.01
t2 (ns) 4.97 ± 0.01 1.98 ± 0.02 1.92 ± 0.02 1.47 ± 0.02
A1(%) 69% 95% 98% 95%

530 nm t1 (ns) 0.97 ± 0.01 0.31 ± 0.01 0.36 ± 0.01 0.36 ± 0.01
t2 (ns) 10.3 ± 0.08 2.35 ± 0.01 2.47 ± 0.01 2.6 ± 0.02
A1(%) 90% 98% 99% 99%
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shown in Figure 5c. The residual excited electrons in the CB of
GQDs and holes in the VB of N-BOC can be further trapped
to the defect states which can be not directly identified via
TRPL results. The efficient Z-scheme recombination resolved
in our system is surprising due to the large energetic shift
between VBM of GQDs and CBM of N-BOC (1.66 eV).
3.3. The Interfacial Interaction. In order to employ the

interfacial interaction as well such Z-scheme recombination,
periodic calculations have been carried out by using the first-
principle theory. Figure 6 demonstrates the computational
model and optimized geometries of N-BOC/GQDs compo-
sites’ interface, and Table 3 list the Bi−O and hydrogen bonds

at interface, respectively. Before optimization, the H1 atom on
hydroxyl groups exhibiting a distance of 2.77 Å with O1 atom.
But after optimization, the H1 atom moves closer to O1 atom
(0.92 Å) and 0.63 electrons transfer from GQDs to N-BOC
according to the analysis of Mulliken charge partition scheme,

indicating the formation of the intermolecular hydrogen bond
in composites’ surface as well the strong interfacial interaction
between BOC and GQDs, which is consistent with XPS
analysis in SI Figure S7.29,60,61 Moreover, it is clear that the
BOC surface has obvious distortions after bridging with GQDs
via hydrogen bonds as illustrated in Figure 6. In this
circumstance, Bi−O bonds such as Bi1−O1, Bi2−O1, and
Bi3−O1 are extend from 2.9, 2.11, 2.17 to 3.15, 2.42, and 2.24
Å respectively, which are all in meta-broken status. As a result,
the O atoms have been extracted from [Bi2O2]

2+ layer and led
to formation of oxygen vacancy in BOC surface. To confirm
the oxygen vacancy, EPR measurements were carried out and
are illustrated in Figure 7. A clear EPR signal can be observed
in N-BOC/GQDs at g = 2.0039, which is usually assigned to
the superoxide radical at the surface oxygen vacancy sites of N-
BOC, whereas no signal can be resolved in neat N-BOC
samples.62,63 The intensity of the signal (double integral of the
spectra shown in Figure 7a) increases with the amount of the
GQDs in Figure 7b. The surface oxygen vacancy should be
formed by the displacement of the surface O atoms due to
their strong hydrogen bonding toward GQDs, which is also
observed in a similar N-BOC/organic molecule system.15 Such
defect states reside below the CB of the N-BOC as shown in
Figure 5c providing efficient pathways for Z-type recombina-
tion through multiphonon emission.64,65 The results perfectly
interpret the drastically enhanced NO photocatalytic perform-

Figure 6. (1) Computational model of the N-BOC/GQDs composites interface and (2) optimized interface structure ((a) and (b) demonstrates
the top view the N-BOC/GQDs composites computational interface of geometries before and after optimization).

Table 3. Length of Hydrogen Bonds and Bi−O Bonds in N-
BOC/GQDs Composites

O1−H1
(Å)

O1−Bi1
(Å)

O1−Bi2
(Å)

O1−Bi3
(Å)

before optimized 2.77 2.90 2.11 2.17
after optimized 0.92 3.15 2.42 2.24

Figure 7. (a) Charge density difference and the amount of charge transfer (Δq, e) of N-BOC/GQDs. (Yellow areas mean electron depletion and
blue areas indicate electron accumulation with an isosurface value of 0.003 electrons per Å3.) (b) EPR spectrum of N-BOC/GQDs composites, (c)
integrated EPR intensity vs GQDs ratio in the composites.
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ance of the composites compared with pristine N-BOC in our
previous studies.29 The pathway of Z-scheme recombination at
N-BOC/GQDs interface is demonstrated in Figure 8.

4. CONCLUSIONS
In conclusion, we successfully reveal the photoinduced charge
carrier dynamics of N-BOC/GQDs nanocomposite with
enhanced photocatalytic performance toward NO photo-
oxidation using time-resolved photoluminescence spectrosco-
py. We first discover the charge carrier recombination
dynamics in neat N-BOC and GQDs, which are strongly
determined by the defect trapping. For visible light
illumination of the composite sample, where only GQDs can
be excited, the photogenerated electrons in GQDs would be
injected to N-BOC within 0.5 ns leaving the holes in the
valence band of GQDs. When the composite is excited by UV
light, the interfacial charge transfer is replaced by efficient Z-
scheme recombination between the holes at the valence band
of the GQDs and electrons at the defect states of N-BOC
within 0.36 ns. This indicates that the Z-scheme photocatalytic
system can be formed via the interfacial oxygen vacancy defect
states due to the strong interaction between N-BOC and
GQDs, which was confirmed by DFT calculation and EPR
measurement. Notably, oxygen vacancy assisted Z-scheme
recombination has also been suggested for other hetero-
junction systems.66−68 Our results experimentally confirm the
pathway and time scale of such recombination, which provide
reference for materials design and engineering for the
photocatalytic composites.
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