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The formation and growth of bismuth nanoparticles onto BiOCl have been directly 

observed and characterized in a transmission electron microscope. 
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The synthetic techniques for novel photocatalytic crystals had evolved by a trial-and-error process that spanned more than 
two decades, and an insight into the photocatalytic crystal growth process is a challenging area and prerequisite for 
achieving an excellent photoactivity. Bismuth nanoparticles based hybrids, such as Bi/BiOCl composite, have recently been 
investigated as highly efficient photocatalytic systems because of the localized surface plasmon resonance (LSPR) of 
nanostructured bismuth. In this work, the observation towards the formation and growth of bismuth nanoparticles onto 
2D structured BiOCl photocatalyst has been performed in a transmission electron microscope (TEM) directly in real time. 
The growth of bismuth nanoparticles on BiOCl nanosheets can be emulated and speeded up driven by electron beam (e- 
beam) in TEM. The crystallinity, growth and the elemental evolution during the formation of bismuth nanoparticles have 
also been probed in this work. 

Introduction 

Ever since the ground breaking achievement of Fujishima and Honda 
in 1972, TiO2 has extensively been adopted as a promising 
photocatalyst for the water splitting and environmental 
remediation.1-3 The quest for synthesis of alternative photocatalysts 
has currently attracted intense research and development in this 
direction because the large band gap of TiO2 (3.2 eV for anatase and 
3.0 eV for rutile) restricts the efficient harvesting of solar visible 
light, which is around 42 % of the total light spectrum of the solar 
radiations.4 Pioneer achievements in the development of alternative 
photocatalysts are persistently inspiring researchers to hunt novel 
materials having extraordinary photocatalytic activity under visible 
light irradiation.5-10 One of the designing strategies for visible light 
harvesting is to utilize the localized surface plasmon resonance 
(LSPR) of metallic nanoparticles, which can be induced by exciting 
surface plasmon with photons of appropriate wavelengths.11-15 In 
the pool of metallic nanostructures with LSPR effect, bismuth is 
particularly interesting in its LSPR properties. The dependence of 
tunability of surface plasmon resonance band from ultraviolet to 
infrared on size and shape of metal particles was also revealed in 
both theoretical calculations and experimental studies.16-19 

Inspired by the LSPR effect of nanostructured bismuth, various 
bismuth/bismuth-containing-semiconductor (Bi/BCS) hybrid systems 

have recently been synthesized and demonstrated as superior 
photoactive materials compared to alone BSC, and it is due to the 
heterojunction-like contact between bismuth nanoparticles and BCS 
that promotes the harvesting of visible light and efficient separation 
of photogenerated carries in these hybrid systems. A few routes of 
“one-pot” synthesis were also reported for the preparation of Bi/BCS 
composites using bismuth containing salts and reductants as the 
precursor materials, such as Bi/(BiO)2CO3 and Bi/BiOX (X=Cl, Br, I), 
etc.20-22 Moreover, noticing the relatively low ionization potential of 
BCS crystals, progress has also been made to develop the in situ 
growth strategy for the synthesis of Bi/BCS heterostructured 
photocatalysts by partially reducing BCS into bismuth nanoparticles 
with the assistance of reducing matters, either by reductants or by 
photogenerated electrons. Weng et al. reported an in situ 
preparation of Bi/BiOCl heterostructured photocatalyst by reducing 
BiOCl in aqueous solution with the assistance of UV light irradiation 
and hole scavenger, and during the UV irradiation, photogenerated 
electrons in BiOCl semiconductor (Eg=3.4 eV) participated in the 
reduction of Bi(III) to form bismuth particles on the surface of 
BiOCl.23 Hu et al. prepared Bi/BiOCl heterojunction photocatalysts via 
an in situ chemical reduction of BiOCl nanosheets in KBH4 solution at 

room temperature. The combination ratio of Bi to BiOCl can be 
adjusted by simply changing the concentration of the reductant 
(KBH4).24 From the prospective of electrochemistry, the Zhang et al.’s 
report demonstrated that the BiOCl compounds at potential less 
than -1.16 V (vs. SHE) can be completely converted into 
nanostructured bismuth.25 

The formation and possible growth dynamics, which are highly 
beneficial to heterogeneous nanoparticles photocatalysis, are still 
not very clear to date. The visualization of the crystals during growth 
process is fundamentally limited in conventional characterization 
techniques due to the fact that the results could only be obtained 
from the final structure. However, the technical advances in in situ 
electron microscopy, which has made it possible to visualize the 
nanocrystals growth of a step-by-step nanoscaled evolution in real 
time, can provide not only quantitative measurements but also 
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deeper insight into the growth process.26-30 Given today’s intense 
interests in nanomaterial and nanotechnology, it is particularly 
worth mentioning that the recent development of liquid cells for 
TEM has unprecedentedly achieved the direct observation of 
nanoparticle growth in a liquid solution.31-33 

In the current investigation, we report the in situ observation of the 
formation and growth of bismuth nanoparticles on 2D structured 
BiOCl photocatalyst under a field emission gun transmission electron 
microscope (FEG-TEM). The electron beam (e- beam) generated by 
200kV FEG was used as an alternative reducing agent. Hence, the 
direct and real-time analysis of the formation and growth of bismuth 
nanoparticles was achieved easily that facilitates the in-depth 
understanding of the formation and growth of photocatalytic 
nanocrystals. 

Experimental 

Materials and preparation 

All chemicals used in the study were of reagent grade and applied 

without further purification. Sodium bismuthate hydrate 

(NaBiO3·2H2O) and hydrochloric acid (HCl, 37wt %) were used as 

reagents supplied by Sinopharm Chemical Reagent Co., Ltd. China. 

Deionized (DI) water was used in the whole experiment. Single 

crystalline BiOCl photocatalytic crystals dominated with {001} facets 

were prepared for in situ TEM characterization.34 

In addition, Bi/BiOCl-t (t=2 and 7 min) composite photocatalysts 

prepared at different Bi-growing stages were obtained via a UV-

induced photoreduction process. Typically, 50 mg of BiOCl was 

added into 50 mL potassium iodide aqueous solution (KI, purchased 

from Sinopharm Chemical Reagent Co., Ltd. China) with 

concentration of 1g L-1. The suspension was irradiated by a full-arc 

Xenon lamp (Beijing Trusttech Co., Ltd., CHF-XM) for different 

exposure times of “t” minutes. The resulting solid products were 

washed by DI water and absolute ethanol, and then dried in vacuum 

at 30 oC. 

Characterization and optical properties 

2D structured BiOCl photocatalyst was dispersed in acetone via 

ultrasonic treatment first, and then drop cast onto a 

formvar/carbon-coated copper grid or pure formvar film. TEM 

analysis was conducted on a FEI Tecnai F20 TEM with a field emission 

gun. All imaging results were obtained with an accelerating voltage 

of 200 kV unless otherwise specified. A Gatan Orius SC200D CCD 

camera was employed for in situ TEM imaging with low 

magnification and selected area electron diffraction (SAED). High 

resolution TEM images (HRTEM) were recorded with a Gatan Orius 

SC1000B CCD camera. High angle annular dark field imaging of 

scanning transmission electron microscopy (STEM-HAADF) was 

achieved by using a HAADF detector (Fishione, MODEL 3000) with an 

inner semi-angle of 36 mrad and an outer semi-angle of 180 mrad. 

Elemental composition was investigated by energy-dispersive X-ray 

spectroscopy (EDS) silicon (lithium) semiconductor drift detector. 

To evaluate the capability of visible light harvesting for the 

composite of bismuth and BiOCl, UV-Vis absorption spectra of as-

prepared Bi/BiOCl composite photocatalysts were measured on a 

Varian Cary 50 UV-Vis-NIR spectrophotometer in diffuse reflectance 

spectrum (DRS) mode, and pure BaSO4 was employed as a reference. 

First-principles calculation 

All ab initio calculations presented in this work were performed by 

employing the Cambridge Serial Total Energy Package (CASTEP) code 

with the Vanderbilt-type ultrasoft pseudopotentials.35-37 The 

exchange-correlation functional within the generalized gradient 

approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) was used 

to solve the Kohn-Sham equations with an energy cut-off of 340 

eV.38,39 A Monkhorst-Pack grid of 6×6×3 was employed to sample the 

Brillouin zone.40 The basis set of valence electronic states was set to 

be 6s26p3 for bismuth, 2s22p4 for oxygen and 3s23p5 for chloride, 

respectively. Structure parameters were fully relaxed using the BFGS 

minimization method, in which free movement of the atoms in any 

direction is allowed and no symmetry constraint is imposed.41 In self-

consistent field (SCF) calculation, the Pulay density method was 

used, in which the convergence test was set to be 10-6 eV every 

atom.42  In the total energy convergence test, the successive energy 

change on each atom was less than 1.0 × 10-5 eV, meanwhile the 

maximum force tolerance and total stresses were below 0.01 eV/Å 

and 0.05 eV/Å3, respectively. 

Results and discussion,  

E
- 
beam dose dependence of the BiOCl crystallographic structure 

 

Fig. 1. Low-mag TEM images and the corresponding SAED patterns of 

an as-prepared BiOCl nanosheet obtained under total electron 

irradiation dose of 8.2 ×103 e/nm2 (a, e), 2.98×107 e/nm2 (b, f), 

5.92×107 e/nm2 (c, g) and 1.3×108 e/nm2 (d, h, i, j), respectively. (i) 

depicts the enlarged SAED with pattern indexation. (j) and (k) show a 

magnified TEM image and the corresponding size distribution 

histogram of bismuth nanoparticles induced by e- beam irradiation, 

respectively. The squares and circles in (e-h) indicate the tetragonal 

structure of the BiOCl matrix and the changing of the brightest 

diffraction spots excited by the electron beam, respectively. 
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Fig. 1(a) and (e) show a TEM image of a representative piece of BiOCl 

nanosheets having size of ca. 300 nm and the corresponding 

selected area electron diffraction (SAED) pattern, respectively. The 

SAED result indicates that the nanosheet is a single crystal with 

tetragonal structure and closely orientated to <001> zone axis 

labelled with a red square. Blank experiments suggested that at low 

e- beam dose rate, ca 1,000 e/nm2 ·s, no apparent changes within 

the nanosheets can be observed in both the TEM images and the 

SAEDs for 30mins, while at high e- beam dose rate, ca. 10, 000 

e/nm2·s, noticeable changes both in the morphology and in the 

crystal structure of the nanosheets, as shown in Fig.1 (b-d) and (f-h), 

can be observed as a function of total beam dose. It was found out 

that bismuth nanoparticles grew randomly in the matrix of the BiOCl 

nanosheet, and their numbers and sizes increased quickly with the 

rise of total e- beam dose from 2.98×107 e/nm2 to 1.3×108 e/nm2. 

Eventually, the bismuth nanoparticles with diameters centered at 7.5 

nm (average particle size of 9.17 nm) were obtained as shown in Fig. 

1 (k), indicating the e- beam induced transformation over the entire 

irradiated region. When the BiOCl nanosheet was subjected to e- 

beam irradiation with total dose of 1.3×108 e/nm2, the spotted 

patterns were transformed to ring patterns associated with the 

randomly orientated bismuth nanoparticles. The three strongest 

reflections displayed in the SAED can be indexed as (012), (110) and 

(021) of the rhombohedral (hexagonal axes) bismuth (JCPDF: 85-

1331). 

Furthermore, it was also noticed that the intensity distribution of the 

diffraction spots (excluding the direct beam, indicated by a white 

circle) varied during the e- beam irradiation. As the intensity 

distribution of the diffraction spots is strongly dependent on the 

orientation of a crystalline specimen with the incident beam, it can 

be hypothesized that the orientation of the BiOCl nanosheet on 

carbon film is slightly tilted due to the growth of the bismuth 

nanoparticles. 

HRTEM characterization 

 

Fig. 2. HRTEM images and the corresponding FFT spectra (insets) of 

an individual bismuth nanoparticle viewed along the zone axis of [42

1
_

] (a) and an as-prepared BiOCl nanosheet viewed along the zone 

axis of [001] (b), respectively. 

Fig. 2 (a) shows a HRTEM image of an individual bismuth 

nanoparticle produced by the e- beam irradiation, and the 

interplanar spacings of 0.33 and 0.24 nm were measured from two 

sets of well-defined lattice fringes with an included angle of about 

48.5o as labelled in the HRTEM image. By looking up the table of 

interplanar spacings, the properties of the measured two lattice 

planes matched those of the (012) and (104) planes of rhombohedral 

bismuth crystal, which theoretically have d-spacings of 3.2705 Å and 

2.3605 Å, respectively with an included angle of 48.9 o (on the basis 

of hexagonal system). Based upon the Weiss zone law, the 

orientation of the bismuth nanoparticle can be further identified as 

[421
_

] zones axis and the reflection spots in fast Fourier transform 

(FFT), as shown in the inset in Fig. 2 (a), can be indexed accordingly. 

The 0.275 nm interplanar spacing of (110) and the 90o angle 

between (110) and (11
_

0), as shown in Fig. 2 (b) for an as-prepared 

BiOCl nanosheet, are compatible with the theoretical d-spacing and 

angle values for the generic tetragonal system. 

STEM-HAADF characterization 

 

Fig. 3. STEM-HAADF images of a BiOCl nanosheet before (a) and after 

e- beam irradiation in TEM mode (electron dose rate: 4.0 ×105 e/nm2 

·s) for 10 mins (b), 20 mins (c) and 40 mins (d), respectively. 

STEM-HAADF images (so called Z-contrast images) are generated by 

collecting very high angle scattered electrons, and the intensity of 

these images is monotonically proportional to the atomic number of 

the specimen.43 This imaging technique further allows us to observe 

the mass-thickness evolution of BiOCl along the [001] direction 

during e- beam irradiation process. Fig. 3(a) depicts a STEM-HAADF 

micrograph of an as-prepared BiOCl nanosheet with a diameter of 

ca. 655 nm. Homogenous image contrast suggests the uniform 

thickness and single crystallinity in the BiOCl nanosheet. The 

nanosheet was exposed to the e- beam irradiation in TEM mode for 

10, 20 and 40 mins and the collected images are shown in Fig. 3 (b-

d). The higher contrast of randomly produced bismuth nanoparticles 

in the BiOCl matrix and their increased population were noticed with 

the prolonged exposure period of the e- beam, and the nanosheet 

eventually turned into a porous structure after 40 mins exposure 

(Fig. 3d) possibly due to the partial decomposition of BiOCl in the 

presence of the e- beam. As proved by SAED and TEM analysis, the 
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resultant nanosheet is no longer a single crystal but is disintegrated 

into many individual domains (bismuth nanocrystals). 

Chemical composition characterization 

Variations in chemical composition of samples, caused by the e- 

beam exposure, have been extensively reported in in-situ TEM 

studies. Sepulveda-Guzman et al. reported the in situ formation of 

bismuth nanoparticles from NaBiO3 induced by e- beam in TEM. They 

noticed considerably increase in ratio of bismuth to sodium after 

reduction of NaBiO3 into bismuth nanoparticles under e- beam 

irradiations, possibly due to the segregation of sodium and oxygen or 

volatilization in vacuum.27 Su et al. carried out a real-time 

observation of the reduction of V2O5 to V6O13 induced by e- beam in 

TEM, which was explained as the loss of oxygen from the top of V-O 

layer in V2O5 crystal as well as the diffusion of oxygen from the bulk 

phase to the surface. The loss of oxygen atoms at the surface of 

metal oxides could be attributed to the inter-atomic Auger process.44 

Liu et al. noticed real-time formation of Fe3O4 (O) on Fe4N (γ’) in a 

400kV TEM for the first time. It was believed that the nitrogen in 

Fe4N might be desorbed into the vacuum after the oxidation of Fe4N 

induced by the electron beam.45 

 

Fig. 4. EDS spectra acquired from the entire BiOCl nanosheet before 

(a) and after electron irradiation (electron dose rate: 4.0 ×105 e/nm2 

·s) for 10 mins (b), 20 mins (c) and 40 mins (d). The dose rate of e- 

beam during the EDS acquisition process was 120 e/nm2 ·s. 

Fig. 4 depicts the acquired EDS spectra of BiOCl specimens under 

identical e- beam irradiation dose for different periods. Under low 

dose of e- beam irradiation, bismuth, oxygen and chloride EDS 

signals were apparently noticed, and the semi-quantitative molar 

ratio of Bi/O/Cl was 1/0.54/0.99. The non-stoichiometric molar ratio 

between bismuth and oxygen could be attributed to the oxygen 

vacancies produced by e- beam exposure.21 Considerable increase in 

molar ratios of both Bi/Cl and Bi/O were found with the continuous 

exposure of beam irradiations. After 40 mins of beam exposure, 

chloride was not detected and the molar ratio of Bi/O eventually 

reached to 9.53, as shown in Fig. 4 (d), suggesting the newly formed 

nanocrystals are chloride free and only contain bismuth and oxygen. 

Effect of supporting film 

Previous studies showed that carbon materials can be activated 

under e- beam in certain circumstances via direct atomic 

displacement or activation and radiolysis.46 Consequently, carbon 

materials may have reducing property in the presence of e- beam 

with sufficient energy. To completely rule out the possibility of the 

reduction process being affected by the carbon film on copper grid, 

the growth of bismuth nanoparticles was attempted on 

formvar film coated grid. As depicted in Fig. S1 (ESI), the selected 

BiOCl is single crystalline and exposing {001} facets only. It appears 

that the formation and growth of Bi nanoparticles proceed in a 

nearly identical manner to that observed for the carbon film 

experiment. Many particles were observed having (001) planes of 

BiOCl after e- beam irradiation for 30 mins. In the meantime, the 

ring-like SAED patterns, which can be indexed as the reflections of 

rhombohedral bismuth, were noticed, indicating partially 

transformation of BiOCl under e- beam. Hence the formation and 

growth of bismuth nanoparticles on BiOCl is arguably not to the 

ascription of the carbon supported film, but rather the influence of e- 

beam. 

Mechanism discussion 

Generally, the e- beam induced transformation includes one or 

combination of three principal mechanisms: inelastic scattering 

breaks the chemical bonds (radiolysis); direct displacement of 

atoms from the crystal lattice creates point defects (knock-on 

process); and the heating effect caused by the phonons.47 The BiOCl 

crystals are thermostable up to 500 oC.48 The melting points of bulk 

and nanoscaled (10 nm in diameter) bismuth are ca. 271 oC and 180 
oC, respectively.49 The realistic temperature on the specimen inside 

a TEM is normally less than 100 oC. 50 Hence the heating effect from 

the e- beam on the growth of bismuth nanoparticles can be ignored. 

Fig. 5 Electron density maps and the corresponding atomic locations 
(bismuth, oxygen and chloride atoms are purple, red and green 
balls, respectively) in BiOCl crystal along the exposed facets of {110} 
(a), {001} (b) and {010} (c), respectively. 
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Fig. 5 depicts the electron density maps for the BiOCl crystals 
viewed along the direction of [110], [001] and [010], respectively. 
The relative higher electron density was noticed in [Bi2O2] slabs 
along the [001] direction of BiOCl as shown in Fig. 5 (b), possibly 
due to the influence by the neighbour oxygen and chloride atoms 
with high electronegativity. The contour plots reveal that the 
bonding between Bi and O exhibits a covalent nature, which is due 
to the hybridization of O2p and Bi6p orbitals. The most positively 
charged area was found in the interlamellar space between (001) 
lattice planes (viewed along the direction of [110] and [010]). In our 
case, the positively charged area in the exposed {001} facets would 
be attacked by e- beam with high priority,29 and a charge-up process 
where electrons tend to gather at the surface of BiOCl might be 
expected as the prerequisite for the formation of bismuth over 
BiOCl through radiolysis mechanism. 

 

 

Fig. 6 Schematic illustration of the comparison between bismuth 

nanostructures growth on BiOCl driven by UV photon (a) and e- 

beam (b). 

When e- beam hit vertically at the entire sample area, parts of 

electrons experienced inelastic scattering and transfer certain 

energy to the sample. Therefore, the inter and intra band 

transitions as well as other effects such as phonon excitations 

and plasmon excitations can be expected, which are considered as 

the classical process of energy loss.51 BiOCl is an indirect 

semiconductor with a band gap energy of 3.4 eV, and the 

corresponding conduction and valence band (CB and VB) edges are 

reported at -1.2 V and 2.2 V (vs. NHE), respectively.21,24 If the energy 

transferred from inelastically scattered electrons is equal to or 

greater than 3.4 eV, a pair of electron and hole will be generated at 

CB and VB, respectively. Because Bi6p make a major contribution 

above the Fermi level and the potential of the CB bottom is -1.2 V,52 

the energy of photogenerated electron at CB will be equal to or 

even greater than 1.2 eV, which is sufficient to reduce Bi(III) into 

bismuth (BiOCl+2H++3e-→Bi+Cl-+H2O, E0=0.1583V vs. SHE53). In the 

course of radiolysis, the chloride anions (Cl3p contributes both CB 

and VB52) displaced by high energy electrons may shrink to 

dislocation loops and finally diffuse to the surface of BiOCl, leading 

to the loss of chloride anions, which favour the formation of 

metallic bonds in elementary bismuth.54 Then afterwards bismuth 

clusters, crystal nuclei, nanoparticles and finally the larger single 

crystals successively grew on the BiOCl nanosheets.55 On the other 

hand, it is also necessary to take account of direct reduction of 

Bi(III) in BiOCl by high energy e- beam, which has been adopted and 

proved as a reducing agent in the growth of metallic nanoparticles 

in liquid TEM stage.33  Thus, it is reasonable to believe that the UV-

induced photoreduction of bismuth nanoparticles on BiOCl 

photocatalyst24 resembles with the formation of nanostructured 

bismuth onto BiOCl nanosheets driven by e- beam and their 

processes are schematically illustrated in Fig. 6. In the 

photoreduction synthesis of Bi/BiOCl composites, continuous 

photogenerated electrons, which are regarded as an “e- beam”, can 

be created in BiOCl photocatalyst under persistent UV light 

irradiation regardless of others processes that inhibit the 

photoreduction performance such as the recombination of carries 

and trapping of electrons by grain boundaries, etc. 

 

Fig. 7 80kV TEM images and the corresponding SAED patterns of a 
BiOCl nanosheet before (a, b) and after e- beam irradiation (dose 
rate: 9.5×104 e/nm2·s) for 15 mins (c, d). 

If knock-on displacement, the high energy e- beam displace atomic 
nuclei to interstitial positions and degrade the crystalline 
perfection, is the main mechanism, it would be reasonable to 
believe that the formation of bismuth will be greatly inhibited by 
decreasing the accelerating voltage substantially.54, 56 To confirm 
the assumed possible knock-on effect, low-voltage TEM observation 
was performed in another set of experiments. As shown in Fig. 7, a 
single BiOCl nanosheet exposed under an 80 kV e- beam with a 
similar dose rate of 9.5x104 e/nm s for 15 mins, but no suppression 
in the growth of the bismuth nanoparticles was noticed, further 
confirming the major contribution of radiolysis mechanism in the 
transformation process. But the knock-on effect still cannot be 
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completely ignored due to the extremely high momentum of the 
incident electrons. In the case of 200 kV accelerating voltage, the 
maximum calculated transferred-energies from a relativistic 
electron that knocks a nucleus directly are 2.544 eV, 33.232 eV and 
14.997 eV for bismuth, oxygen and chloride atoms, respectively.28, 

57 Unfortunately, the threshold displacement energies (Ed) for 
bismuth and chloride containing compounds are rarely reported, 
and the reported Ed values for oxygen vary from 20 to 60 eV due to 
strong dependence on the types of bonding status as well as the 
crystallographic orientation.58-61 But it is understandable that 
compared with the bismuth, displacements of oxygen and chloride 
atoms might preferentially take place due to the relatively higher 
transferred energies. 

Coalescence of bismuth nanoparticles 

 

Fig.8 Evolution of the average particle size as a function of e- beam 
irradiation time. 

As being continuously irradiated under the e- beam, the nucleation 
of bismuth occurs in a fraction of second that gives way to the 
growth and coalescence, which have been directly observed in real 
time. Changes in average particle size of the bismuth nanoparticles 
as a function of the irradiation time were investigated within the 
field of view (Fig. S2, ESI). Fig. 8 shows that the average particle size 
reached to 9.74 nm after the e- beam irradiations for 153 seconds. 
However, further increase in the irradiation time was not found 
beneficial for the growth of the nanoparticle size, and only slight 
increase in the average size was achieved in the next 33 seconds 
irradiations. Smaller nanoparticles tend to promptly coalesce to the 
neighbouring nanoparticles so that the speed of the growth which 
was faster at the early stage till 94 seconds is 0.035 nm s-1. The 
density decline of the nanoparticles caused by the growing up of 
these nanoparticles may decrease their collision possibilities, 62 and 
hence slow the growing speed down to 0.012 nm s-1 at the later 
stage of the growth (94-186s). In addition, an increasing number of 
Moiré fringes were observed in a time-series of TEM images, as 
depicted in Fig. S2, due to the stacking behaviour of bismuth 
nanoparticles along the thickness. 

Fig. 9 Time series of HRTEM images (viewed along the [001] 
direction of BiOCl) showing the coalescence of two nanoparticles 
(NP1&2, dose rate: 4.5 ×105 e/nm2·s). Three reference points are 
labelled with “ref. 1, 2 and 3”. The lapse time has been rounded to 
the nearest integer seconds. 

It is likely that bismuth nanoparticles have similar formation course, 

however, they have growth along different pathways. Fig. 9 

illustrates a few selected sequentially recorded TEM images at the 

most instructive time steps that display the asymmetric coalescence 

of two unequal sized bismuth nanoparticles as e- beam irradiation 

proceeds. At the early stage, as shown in Fig. 9 (a), smaller 

nanoparticle (NP2) with size of 7.33 nm migrated towards the bigger 

one (NP1) having size of 8.78 nm due to the dipole-dipole 

electrostatic interaction.63 In the subsequent stage, both the 

nanoparticles were merged by coalescence and a “neck” with 

diameter of 3.24 nm was observed which is depicted in Fig. 9 (b). 

Eventually the dumbbell like nanoparticle relaxed into a spherical 

particle having size of 9.72 nm, as shown in Fig. 9(c), under the 

driving force of minimizing the number of dangling bonds via 

decreasing the surface area.64 
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Fig. 10 Snapshots of HRTEM images (a-c, viewed along the [001] 

direction of BiOCl) showing the coalescence of three nanoparticles 

(NP1-3, dose rate: 8.9 ×105 e/nm2·s), and the corresponding colour 

gradient maps displaying the coalescence behaviour (d-f). The inset 

of (a) depicts the crystal structure of BiOCl with (001) orientation 

(bismuth, oxygen and chloride atoms are purple, red and green balls, 

respectively). The insets of (b, c) show the of FFT patterns of selected 

areas. The displayed time has been rounded to the nearest integer 

seconds. 

Fig. 10 displays a different type of coalescence event of multiple 
nanoparticles. At first, single crystalline bismuth nanoparticles 
orientated to the c-axis were formed on the (110) facet of BiOCl, and 
then sequential coalescence events took place in the presence of e- 
beam; finally, the elongated polycrystalline nanoparticles with 
nanorod liked morphology (43.4 nm in length and 5.2 nm in width) 
were resulted. The final shape of the nanoparticles after crystal 
growth is usually decided by the competition between coalescence 
and collision processes. Larger spherical particles will be produced if 
the coalescence time is less than collision time. The coalescence of 
nanoparticles have specifically been evidenced in liquid cell based in 
situ TEM monitoring system33, 62, 63 because of the relatively low 
concentration of nanoparticles in the cell, while a collection of 
smaller attached particles (i.e. the aggregates) will be resulted if the 
coalescence is negligibly slower than collision process.62, 64 

It is believed that the morphological evolution of bismuth in the 

formation of Bi/BiOCl composite photocatalyst should be essential to 

the light harvesting properties of bismuth because of the LSPR 

effect. The UV-Vis absorption spectra also reveal that the 

hybridization of bismuth on BiOCl semiconductor gives rise to the 

continuous absorption of visible light from 380-780 nm, which might 

be attributed to the LSPR effect of nanostructured bismuth (Fig. S3, 

ESI). It is inferred that the LSPR energy gap of bismuth nanoparticles 

should be less than 1.6 eV, assuming the absorption band centered 

at 780 nm. But, of more interest to us, is the electron energy-loss 

spectroscopy (EELS) which has been demonstrated as a very 

powerful tool for identifying the SPR behaviour of various 

nanostructures.65, 66 Therefore, during the crystal growth process, 

the LSPR peak of bismuth nanoparticles could be measured in real 

time by means of a high energy resolved EELS equipped with 

monochromator, which remains undiscovered and is 

currently under investigation in our lab. Thus a direct correlation 

between the light harvesting ability and the catalyst growth kinetics 

could be anticipated, which would eventually guide the synthesis of 

highly-efficient bismuth based composite photocatalyst. 

Conclusions 

In summary, the growth and coalescence of bismuth nanoparticles 

on 2D structured BiOCl photocatalysts was studied under e- beam 

exposure via an in situ TEM characterization technique. 

Investigations using first-principle calculation of the electron density 

maps for BiOCl and the low-voltage electron microscopy (at 80kV) 

suggested that the effects of both radiolysis and knock-on 

simultaneously play a role in the formation process of the bismuth 

nanoparticles. The asymmetric coalescence of unequal sized 

nanoparticles as well as the coalescence of multiple nanoparticles 

was observed during the growth of the bismuth nanoparticles. 

This work not only directly reveals the formation and growth of 

bismuth nanoparticles on BiOCl nanosheets in real time via the in 

situ TEM characterization technique, but also sheds light on the 

resemblance of growth behaviours between the UV and e- beam 

induced growth of bismuth nanoparticles on BiOCl photocatalysts, 

which could provide a better understanding of the synthetic 

chemistry of bismuth based composite photocatalysts. 
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