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Abstract—Ultrasmall nanoparticles with tunable photo-optical properties and colloidal nature are
ideal for a wide range of photocatalytic reaction. Herein, we reported the facile synthesis of ultrasmall
aluminum nanoparticles (AlNPs), which exhibited unique UV-B photoluminescence and excitation
wavelength dependent fluorescence characteristic. Spherical aberration-corrected scanning transmission
electron microscope (ACTEM) and X-ray photoelectron spectroscopy (XPS) were used to study
the microstructure and verify the successful synthesis of AlNPs. Time-resolved photoluminescence
spectroscopy was employed to gain insight into the unique photoluminescence behavior. The
photocatalytic activity of ultrasmall AlNPs was evaluated by the photoreduction of resazurin (RZ)
to resorufin (RF) under UV light irradiation. This photodegradation of RZ obeyed the pseudo-first-
order reaction kinetics with reaction rate achieved 6.62 × 10−2 min−1. Our study suggested that the
prepared ultrasmall AlNPs have a great potential application in photocatalytic field.

1. INTRODUCTION

Ultrasmall metal nanoparticles in sub-3-nm usually exhibits molecular properties, such as HOMO-
LUMO transitions [1], bright photoluminescence (PL) [2], large Stoke shift [3], chirality [4],
magnetism [5] due to the electrons of metal atoms confined in molecular dimensions. These
typical molecular features make ultrasmall metal nanoparticles suitable for metal iron detection [6],
nanocatalysts [7], bioimaging [8], photothermal therapy [9], etc. In the last two decades, ultrasmall
metal nanoparticles have been widely used in catalysis research owing to the unique atom-stacking way
and enriched catalytic active sites [10]. Especially for spherical particles, a substantial reduction in
particles size leads to a dramatic increase in surface area, which gives rise to the specific photocatalytic
activities. However, researchers mainly focus on the noble metals (such as Au, Ag, Cu, Pt) for their
reactivity and catalytic properties [11, 12]. In view of economy and experimental feasibility, it is valuable
to seek other inexpensive and earth-abundant metal catalysts as a replacement.

Due to the unique plasmonic properties extending to the ultraviolet region and its abundant
earth reserves, aluminum has attracted extensive attention from researchers [13]. However, there
are still many important challenges preventing people from conducting extensive research on it, such
as reliable fabrication of aluminum instead of expensive nanosphere lithography (NSL) or e-beam
lithography (EBL) method [14] and excessive oxidation of small-sized aluminum nanoparticles [15].
Herein, a facile, environmentally friendly and cost effective reverse micellar method was reported
to realize the successful synthesis of ultrasmall aluminum nanoparticles (AlNPs). The morphology,
structural, and metallic state characteristics of AlNPs were studied using spherical aberration-corrected
scanning transmission electron microscope (ACTEM) and X-ray photoelectron spectroscopy (XPS).
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The photophysical properties were studied through UV-Vis spectroscopy, steady-state and time-resolved
photoluminescence study. In order to further confirm the feasibility of AlNPs as a nanocatalyst, a redox
indicator resazurin (RZ) was used to evaluate the photocatalytic properties. To our knowledge, this is
the first report on the photocatalytic properties of ultrasmall AlNPs.

2. MATERIALS AND METHODS

2.1. Materials

Aluminum chloride (AlCl3, anhydrous, powder, 99.999%), Tetraoctylammonium bromide (TOAB,
98%) and lithium aluminum hydride (LiAlH4, 2.4 M solution in THF) were obtained from Sigma
Aldrich. Resazurin (RZ), Tetradecylphosphonic Acid (TDPA, > 98%), xylene (anhydrous, > 98%),
Dimethylformamide (DMF, 99.5%) were purchased from Aladdin Corp. Dry ethanol (99.7%) was
purchased from Sinopharm Chemical Reagent Co., Ltd. All solvents were distilled to remove oxygen
and water prior to use.

2.2. Methods

All glassware used in the study were fully dried (130◦ for 8 h) before experiment. All experiments were
performed under an insert atmosphere using standard Schlenk Line filled with argon. The ultra-small
aluminum nanoparticles were synthesized in reverse micelles by the solution-phase reduction of AlCl3
with LiAlH4 in anhydrous xylene. Surface modification of the ultra-small aluminum nanoparticles was
achieved by treating the surface of the particles with TDPA. Ultrasmall AlNPs studied in this research
were prepared using a modified method reported by our previous study [16]. 133 mg AlCl3 (1 mmol)
was dissolved into 2 mmol/L TOAB xylene solution for the purpose of purification. A reducing agent
with a molar ratio of 2 : 1 was added, and the solution was stirred for one hour, producing unmodified
AlQDs. The surface modification followed the previous experimental protocol.

2.3. Characterization

Field Emission Transmission Electron Microscopy (Tecnai G2F20 S-TWIN FEI) was used to study the
morphology and size distribution of ultrasmall AlNPs. Spherical Aberration Corrected Field Emission
Transmission Electron Microscope (Titan G260-300 FEI) operated at 300 kV was used to observe the
atom alignments and study the lattice morphologis. The X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB XI+, Thermo Fisher Scientific) with Al Kα radiation as the excitation source was
used to verify the successful synthesis and study the metallic state of ultrsmall AlNPs. UV-Vis scanning
spectrometer (UV2550, Shimadzu, Japan) and fluorescence spectrometer (F2500, Hitachi, Japan) with
Xenon lamp excitation were used to record the optical response of ultrasmall AlNPs.

2.4. Photocatalytic Experiment

The photocatalytic experiment was carried out as follows: adding different amounts of AlNPs (2.5 mg,
2 mg, 1.5 mg, 1 mg) into 10 ml solution of 4.5µg/ml RZ. Before starting the photocatalytic experiments,
the mixed solution was thoroughly stirred to ensure the adsorption-desorption equilibrium for 20 min
in the dark condition. Use 200 mw 405 nm laser diode to irradiate the reaction vessel to initiate the
photocatalytic process. The UV-Vis spectra were recorded every two minutes to monitor the process.

3. RESULTS AND DISCUSSION

The morphologies of the as-prepared ultrasmall AlNPs were analyzed by high-resolution transition
electron microscopy (HRTEM) and ACTEM. The observed AlNPs were monodispersed and exhibited a
nice spherical shape as shown in Figure 1(a). The average diameter of AlNPs was 3.70±0.43 nm as shown
in Figure 1(b). To further verify the successful synthesis of ultrasmall AlNPs, ACTEM was employed
to investigate the microstructure, as shown in Figure 1(c). As discussed by Douglas-Gallardo et al., the
icosahedral is the most stable structure for aluminum under 5 nm [17], which perfectly matched with our
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Figure 1. (a) HRTEM image of synthesized AlNPs; (b) the size distribution analysis of synthesized
AlNPs; (c) an ACTEM image of an individual aluminum nanoparticles; (d) the corresponding Fast
Fourier Transformation of the AlNPs.

experimental results. In addition, the corresponding fast Fourier Transformation of single aluminum
nanoparticle was recorded in Figure 1(d). The lattice spacings of obtained nanocrystals were measured
to be 0.23 nm, 0.20 nm, and 0.14 nm, which could be assigned to the (111), (200), and (220) facets of
aluminum, respectively. The angle between (111) and (200) facets was ∼ 54◦, and the angle between
(200) and (220) facets was about 90◦ matched with face-centered cubic structure. It was worth noting
that point defects on the surface of AlNPs were expected to provide a large number of active sites for
photocatalysis. The above results revealed the characteristic of single-crystal phase and suggested the
successful synthesis of ultrasmall aluminum nanoparticles.

The surface composition and chemical states of related elements were analyzed by X-ray
photoelectron spectroscopy (XPS). The XPS spectra were corrected by the carbon peak of 284.6 eV.
The full scan spectrum revealed the existence of carbon (C1s 284.6 eV), nitrogen (N1s 398.4 eV), and
aluminum (Al2p 73.1 eV) as shown in Figure 2(a). It was worth noting that aluminum had a low
oxidation resistance, which naturally created a 2–3 nm thick alumina passivation layer. Considering
the ultrasmall size of AlNPs, on the one hand, the presence of aluminum oxide would greatly affect its
photoluminescence performance; on the other hand, it would hinder the transport of electrons on its
surface. The high-resolution spectra of Al 2p showed one main peak at 73.1 eV, which was consistent
with the previous study [15]. It could be clearly seen that there was no peak at 75.7 eV belonging
to aluminum oxide, indicating that the oxidation issue could be significantly inhibited by the reverse
micellar liquid phase synthesis method.

The distinct optical behaviour of as-prepared AlNPs was recorded by UV-Vis absorption and
photoluminescence spectroscope techniques (as shown in Figure 3). The formation of ultrasmall AlNPs
exhibited the characteristic adsorption peak around 260 nm, due to the plasma resonance excitation
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Figure 2. XPS survey scan of ultrasmall AlNPs spin-coated on silicon wafer. (a) XPS full scan
spectrum; (b) high resolution survey scan of Al 2p region.

(a) (b)

Figure 3. (a) UV-Vis absorption spectrum and photoluminescence spectrum (λex–260 nm), the inset
picture showed the Tauc plot of AlNPs sample; (b) Excited wavelength dependent emission spectra of
AlNPs ranging between 260 nm–300 nm, respectively.

of Al atoms on the surface of nanoparticles. The effective band gaps of ultrasmall AlNPs could be
deduced to about 5.1 eV, through Tauc plot method [18]. Meanwhile, the steady photoluminescence
was recorded in Figure 3(a), which exhibited UV-B fluorescence under 260 nm excitation.

We next focused on the steady photoluminescence behavior of AlNPs. The as-prepared sample
exhibited strong UV-B photoluminescence with an emission peak at 300 nm excited by 260 nm.
Generally, when the size of nanoparticle becomes comparable to the electron Fermi wavelength of
corresponding metal, the continuous band structure breaks into discrete energy states [19], thus making
them behave like molecules. The excitation wavelength dependent emission spectra were recorded in
Figure 3(b). It could be clearly seen that the fluorescence spectra gradually red-shifted with broadening
spectra and decreased intensity, when the excitation source was changed from 260 nm to 310 nm.
The Kasha’s rule explained that for organic dyes and inorganic semiconductors, the excited electrons
relaxation process is independent of the excitation wavelength [20]. However, inhomogeneous broadening
of the fluorescence spectrum was observed in our experimental results when the elicitation wavelength
was changed. For small noble metal nanoclusters, the surface states have been considered as the reason
for the broad and excitation-dependent photoluminescence behavior [21–23]. This might be ascribed
to the solvation process, where the ethanol solvent dipole would rotate to rearrange in a comparable
energy level with the excited-state dipole of AlNPs, thus lowering the energy of the excited states [24].
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To further investigated the effect of surface ligands on the relaxation kinetics of AlNPs, the Fourier
Transform Infrared Spectrometer (FTIR) was used to characterized the surface group composition as
shown in Figure 4. The peak located at 760 cm−1 represented Al-N transverse optical phonon mode [25]
and 1450 cm−1 for C-N mode [26, 27], which indicated the adsorption behavior of TOAB. The peak
located around 3400 cm−1 attributed to the O-H stretching mode, which might be introduced by the
H2O from the atmosphere. The peak located at 1152 cm−1 was the stretching vibration of P = O, and
the 1356 cm−1 was the bending vibration of P-O [28, 29], which indicated the successful modification of
TDPA.

Figure 4. FTIR spectra of synthesized ultrasmall AlNPs and used surfactant template TOAB.

To explore the charge carrier relaxation dynamics of AlNPs, time-resolved photoluminescence
studies were performed. The fluorescence decay trace was recorded in Figure 5, and could be fitted with
double exponential decay function. The fitting parameters were shown in the inset table of Figure 5. We
anticipated that the 700 ps component were mainly attributed to the radiative recombination related to
the core state; While, the longer 3.9 ns lifetime component was originated from the surface state related
to the absorbed TOAB and TDPA, which has been reported by several researchers [30, 31].

Figure 5. Fluorescence decay trace of ultrasmall AlNPs (excited at 280 nm and collected at 310 nm).

Ultrasmall AlNPs could maximize the external area of aluminum nanoparticles, and the surface
defects could serve as active sites. Hence, the photocatalytic activity of AlNPs was evaluated by
the photoreduction of RZ under UV irradiation (400 nm). RZ is a blue colored redox-indicator with
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a maximum absorbance at 610 nm and can be reduced into RF (a pink color dye with maximum
absorbance at 578 nm) [32]. By adding different amounts of AlNPs (2.5 mg, 2 mg, 1.5 mg, 1 mg) into
the RZ solution with the same concentration, the changes of the absorption spectra were recorded
every two minutes. Figure 6(a) shows the absorption spectra change of the experimental group with
2 mg AlNPs added. It could be clearly seen that the characteristic absorption peak of RZ (640 nm)
was gradually decreased under the UV irradiation, along with the gradual rise of the characteristic
absorption peak of RF (578 nm). The inset pictures were the experimental group, control group, andthe
blank control group. Under UV light irradiation and the presence of AlNP, the RZ solution changed
from blue to pink, indicating that RZ was photocatalytically reduced to RF. However, if the RZ solution
was only irradiated with UV light, the color of the solution became lighter, indicating that RZ was only
photodegraded. Figure 6(b) shows the control experimental results, where the RZ solution was only
irradiated with UV light at regular intervals.

(b)(a)

(c) (d)

Figure 6. (a) Time dependent reduction of RZ into RF catalyzed by AlNPs. Inset: Photographic of
AlNPs-RZ mixture after irradiation (left), RZ solution after irradiation (middle), AlNPs-RZ mixture
without irradiation. (b) Time dependent reduction of RZ without adding AlNPs as photocatalyst.
(c) Corresponding absorbance intensity change of RZ (610 nm) and RF (578 nm) under different reaction
time. (d). Fitting plot of reaction kinetics using different AlNPs photocatalyst concentrations.

In order to intuitively demonstrate the process of photocatalytic reduction of RZ to RF by AlNPs
under UV irradiation, Figure 6(c) recorded the intensity evolution of corresponding characteristic
absorption peak. It could be seen that the photodegradation and photocatalytic reduction processes
of RZ occurred simultaneously during the whole experiment. By fitting the intensity change of 610 nm
absorption peak of four experimental groups, it was found that the photodegradation of RZ followed
the pseudo-first-order reaction, which can be described as (InCt/C0) = −kt. Through using the
characteristic adsorption peak intensity at 0 min to represent C0 and the corresponding peak intensity
after t minutes of reaction for Ct, the fitting curves were recorded in Figure 6(d). The resulting slope
was the apparent rate constant k for the photodegradation reaction. In our case, the values of k for
AlNPs with concentration 2.5, 2.0, 1.5, 1 mg were found to be 6.62 × 10−2, 6.05 × 10−2, 4.85 × 10−2,
3.66 × 10−2 min−1, which were much larger than previous studies [13, 14].

The mechanism for the photocatalytic reaction involved several steps. Firstly, the UV light was
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absorbed by both AlNPs and dye molecule. Due to the quantum confinement effect of ultrasmall
AlNPs and surface plasmonic resonance (SPR) resonance of relatively large nanoparticles, irradiated
AlNPs absorbed the photons (hν) then generated an electron-hole pair (e−CB+h+VB) and enriched electron
density on the surface. The photocatalytic reduction process mainly involved the RZ molecule absorbed
electrons on the surface of AlNPs leading to the cleavage of N-O, along with the color of the solution
changed from blue into pink. This was verified by the results in Figure 6(a), with the decreased intensity
in 380 nm which was the characteristic n-π* transition of the N-oxide of the RZ molecule [33].

4. CONCLUSION

In summary, we reported the successful synthesis of ultrasmall AlNPs (∼ 3.5 nm) through reverse
micellar method, which showed highly-efficient photocatalysis properties. The ACTEM results
suggested the synthesized AlNPs exhibited good crystallinity with low point defect concentration. The
XPS study revealed that the oxidation issue of aluminum could be solved through organic liquid phase
synthesis method. Then we studied the physiochemical properties of AlNPs, which exhibited excellent
UV-B photoluminescence and excitation wavelength dependent photoluminescence. FTIR and time-
resolved photoluminescence studies were conducted to study the surface composition and surface-state
emission behavior of ultrasmall AlNPs. Moreover, the photocatalytic activity of ultrasmall AlNPs was
firstly observed and evaluated by the photoreduction of RZ into RF under UV irradiation, which obeyed
the pseudo-first-order kinetics. The photoexcited electrons of AlNPs due to the quantum confinement
effect and SPR effect were absorbed by the RZ molecule, thus triggering the photocatalytic degradation
process, which was verified by our experimental results. In a word, we have shown that ultrasmall
AlNPs could find use as a low-cost, earth-abundant, and potential harmless photocatalyst, and opens
an avenue for the construction of photocatalysts with aluminum based composite structures.
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