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The solid-liquid interfacial interactions between nanoparticles and solvent molecules plays an important role in
the growth and phase transition of nanoparticles in colloidal solution. Selenium (Se) colloids with amorphous
phase (a-Se) are initially synthesized by laser ablation of Se target in deionized water, which are subsequently
collected and redispersed in three typical polar aprotic solvents, including dimethyl formamide, acetone and
ethyl acetate. A liquid phase in-situ Raman spectroscopy (LPRS) is used to monitor the phase transition of a-Se to
trigonal Se (t-Se) colloids in various polar aprotic solvents under room temperature and pressure. Corresponding
results reveal that the kinetics of phase transition from a-Se to t-Se is a kind of power function. Moreover, it is
interesting that the rate of phase transition of a-Se colloids in various solvents increases in proportion to the
polarity of solvents molecules, namely a-Se colloids display the fastest phase transition in dimethyl formamide,
then followed by acetone and ethyl acetate in turn. These ﬁndings demonstrate that polar aprotic solvent molecules have strong correlation with solid-liquid interfacial interactions and dominate the kinetics of phase
transition of a-Se colloids.

1. Introduction
Surface contacts with the surroundings is a vital part of the material’s application. Exactly, the properties of the material’s surface such
as chemical structure, homogeneity and crystallinity, as well as the
physical shape, are critical to the interactions between material’s surface and environment [1–2]. For nanoparticles (NP), the thermodynamic behavior apparently diﬀers from that of the bulk material
mainly derived from the surface (or interfacial) free energy and the
surface (or interfacial) area [3]. Thus, theoretically, the surface atoms
of NPs are highly active and unstable. According to various surface state
and dispersed medium, NPs can be classiﬁed into three categories:
naked NPs, uncapped NPs and capped NPs as shown in Fig. 1.
The naked NPs (in Fig. 1a), technically, have the clean surface,
which are usually synthesized in vacuum by following methods, including pulsed laser deposition [4], radio frequency (RF) magnetron
sputtering [5], electron beam evaporation [6], thermal evaporation [7],
and so on. However, such naked NPs are thermodynamically and kinetically unstable, which would quickly undergo coalescence, aggregation and growth, as well as surface reactions, while they are

exposed in liquid phase. Hence, to make sure the NPs exist stably in
liquid phase, kinds of ligands, surfactants, or polymers are usually used
to cap the surface of the NPs, as shown in Fig. 1c. This kind of NPs can
be prepared in ionic liquid through chemical reduction [8–9] or decomposition [10–11], by means of photochemical reduction [12] or
electro-reduction [13] of metal salts. Naturally, the adsorbate-stabilized
surface of capped NPs possibly result in losing some important properties originated from surface eﬀects, such as catalytic activity, adsorption and reactivity [14–16].
By comparison with the naked NPs and capped NPs, the uncapped
NPs that show a peculiar state in colloid solution. As shown in Fig. 1b,
the uncapped NPs were usually obtained by laser ablation in liquids
(LAL) that using pulse laser to attack a target in water or other organic
solvents [17–21]. In such prepared colloidal solution, NP’s surface is
positively or negatively charged but no stabilized ligands or molecules
exist. The surface charges of colloidal NPs attract dissolved counterions
to maintain charge balance. Together the ion and charged surface are
known as electric double layer, which makes the uncapped NPs a metastable state in colloidal solution [22–25].
On basis of previously reported works, it is known that solvent
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Fig. 1. The sketch of NPs with various surface states: (a) naked NPs in vacuum; (b) uncapped NPs in water; (c) capped NPs in aqueous solution.

Fig. 2. Formation of Se colloid and in-situ monitoring the phase transition in various solvents.

and there is a power function relationship between the evolution of a-Se
to t-Se and aging time, but the rate of phase transition is diﬀerent
within various solvents. In dimethyl formamide, Se colloids display the
fastest phase transition, then followed by acetone and ethyl acetate in
turn. We also ﬁnd the variation tendency in the rate of phase transition
show strong correlation with the polarity of solvent molecules. These
ﬁndings demonstrate that polar aprotic solvents dominate the kinetics
of phase transition, and give credible data to understanding the real
situation of uncapped NPs in colloidal solution.

molecules always play a crucial role in the dynamic behavior, including
growth, phase transition, self-assemble, aggregation and coalescence,
for both related stable capped NPs and metastable uncapped NPs. For
instance, Sukit Leekumjorn et al. carefully delineated the solvent eﬀects
on surfactant-coated NP hydrodynamic size, colloidal stability, and
aggregation behavior [26]. Also, we previously found that the uncapped Te NPs exhibit an analogous evolution of morphology in different solvent from nanoparticle to nanochain, then agglomerate and
ﬁnal microsphere, and further indicated that the polarity of solvent
molecules are key factors in such evolution of morphology [27].
Therefore, deeply unraveling the mystery of the nature of NPs in colloidal solution, and the solid–liquid interfacial interactions between
NPs and solvent molecules is important to understand the role of solvent molecules in the dynamic behavior of NPs [28]. But we have demonstrated that utilizing ex-situ strategies to study the spontaneous
growth and phase transition of uncapped Ge and Te NPs is tedious and
imprecise [27,29]. Because the state of ex-situ samples making at different time cannot represent the real situation of NPs in liquid phase.
Thus, developing in-situ techniques to explore dynamic behaviors of
NPs in colloidal solution is of profound signiﬁcance.
In this work, we use a liquid phase in-situ Raman spectroscopy
(LPRS) to probe the phase transition of uncapped selenium (Se) colloids
in various solvents. Also, conventional ex-situ characterizations in
morphology and phase structure were also performed. Initially, uncapped Se colloids with amorphous structure (a-Se) are synthesized by
laser ablation of Se target in deionized water, which are subsequently
treated by centrifugation and redispersion into three typical polar
aprotic solvents, including dimethyl formamide, acetone and ethyl
acetate. The results of LPRS indicate that a-Se colloids will transform
into Se nanowires with trigonal structure (t-Se) in such organic solvents,

2. Experiment section
2.1. Chemical reagents and materials
The Se plate target is 99.99% purity and purchased in Hefei
Zhongke Napu New Material Co.Ltd. Dimethyl formamide (DMF),
acetone, and ethyl acetate were all purchased from Sinopharm
Chemical Reagent Co.Ltd., and all of the reagents used in this experiment are analytical grade without further puriﬁcation.
2.2. Formation of Se colloids and in-situ monitoring the phase transition in
various solvents
As shown in Fig. 2, ﬁrstly, a Se plate was ﬁxed in a vessel ﬁlled with
15 mL deionized water and ablated for 2 min in rotating condition by a
fundamental (1064 nm) Nd: YAG laser with 10 Hz pulse repetition rate,
7 ns pulse duration, and 30 mJ pulse energy. Then, the red Se colloidal
solution were obtained. Subsequently, the as-prepared red Se colloidal
solution was underwent centrifugation and redispersion in DMF,
acetone and ethyl acetate. Finally, such colloidal solutions were placed
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0.5%, respectively. Few particles with micron scale present in Se colloidal solution should be ascribed to the bulk Se fallen from the fragile
target by strong shockwave. The zeta potential of fresh Se colloids in
water was −33 mV, as shown in Fig. 3f, which means that the uncapped Se are not very stable in water under room temperature and
pressure [30]. When the water dispersed uncapped Se colloids were
placed in black box for aging, evident sedimentation happen in couple
of hours, as show in Fig. S1a.

in a black box under room temperature and pressure for aging treatment. During the aging treatment, we used a RXN1-785 Raman spectrometer with an immersion optic for phase transition in-situ monitoring
in liquids.
2.3. Morphology, structure and phase characterizations of Se products
Scanning electron microscopy (SEM, Sirion 200 FEG) was adopted
to investigate the typical morphology of products. Transmission electron microscopy (TEM) images were conducted on a JEOL-2010 microscopy equipped with an acceleration voltage of 200 kV. X-ray diffraction (XRD) analysis of the collected powder products was performed
by using a philips X'Pert system with Cu-Ka radiation (λ = 1.5419 ˚A).
Shimadzu UV3600-MPC3100 spectrophotometer with a wavelength
range from 190 nm to 900 nm was used to measure absorption spectra
of product. MALVERN instrument (Zetasizer3000HSa) was used to
measure the zeta potential and average size of fresh uncapped Se colloids. Raman spectra of solid phase products were performed by a
SPEX-1403 laser Raman spectrometer with 785 nm Ar + laser excitation.

3.2. Morphology and phase structure of t-Se formed in diﬀerent polar
aprotic solvents
As above results, a-Se in water will coalesce together to form agglomerates in couple of hours, but they are still red color and amorphous phase in one week, no evident phase transition appear (Fig. S1b).
However, when the a-Se in water was centrifuged and dispersed into
polar aprotic solvents such as DMF, acetone and ethyl acetate, with
aging time of one week, all the red colloidal solution changed into
purple ones (Fig. S2). All purple Se colloidal solution were collected to
analyze the morphology and phase structure. As shown in Fig. 4c, f and
i, corresponding XRD patterns display sharp and strong reﬂection peaks
well indexed as a trigonal phase of selenium (JCPDS No.00-042-1425),
which reveal that trigonal phase occur in all solvents, meaning a phase
transition from a-Se to t-Se apparently happen.
But the morphology of three samples is diﬀerent. According to SEM
images (Fig. 4a and b) of t-Se obtained in DMF, the sample consist of
cross-linked nanorods, whose length and diameter are measured to be
about 5 μm and 350 nm, respectively. Diﬀerently, in acetone, we got the
uniform ultra-long t-Se nanowires with length over 50 μm and diameter
about 200 nm, as shown in Fig. 3d and e. Interestingly, t-Se nanowires
are also formed in ethyl acetate, as displayed in according SEM images
(Fig. 4g and h), the average length and diameter of such nanowires is of
20 μm and 120 nm, which are shorter but thinner than that in acetone.
Besides, it is found that dozens of t-Se nanowires lying side by side
closely and orderly just like bamboo rafts (Fig. 4g). On basis of the
results of SEM images and the XRD patterns, it can be concluded that
one-dimensional t-Se nanostructures with highly crystalline and purity
are successfully synthesized at room temperature in one week.

3. Results and discussion
3.1. Characterizations of the uncapped Se colloids formed in water
According to SEM image (Fig. 3a) and TEM image (Fig. 3b) of uncapped Se colloids formed in water, the products aggregate together
and present worm-like morphology, which might be originated from
the volatilization of water molecules induced disappearance of electronic double layer of uncapped Se colloids. XRD pattern (in Fig. 3c)
and selected area electron diﬀraction (SAED) pattern (insert in Fig. 3b),
indicate that uncapped Se colloids are amorphous phase without any
crystalline phase. UV–Vis spectra of Se colloidal solution shown in
Fig. 3d display an evident ultraviolet and visible adsorption range from
250 nm to 900 nm. And the optical picture (inset in Fig. 3d) of Se colloidal solution with Tyndall eﬀect display a narrow pathway in the liquid, which infers a narrow size distribution of Se colloids. Thus, we
measured the size distribution by dynamic light scattering spectra
(Fig. 3e), which exhibit size peaks at 70.24 nm with proportion of 1.5%,
224.6 nm with proportion of 98.1% and 5560 nm with proportion of

Fig. 3. The characterization of uncapped Se colloidal solution: (a) low magniﬁcation SEM images; (b) low magniﬁcation TEM images with inset SAED pattern; (c)
XRD pattern; (d) UV–Vis spectra; (e) size distribution obtained by dynamic light scattering; (f) zeta potential pattern.
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Fig. 4. SEM images and XRD patterns of the products which were dispersed in dimethyl formamide (a-c), acetone (d-f) and ethyl acetate (g-i) with aging time of one
week, respectively.

dry Se colloids on silicon wafer by a SPEX-1403 laser Raman spectrometer with same laser excitation, as shown in Fig. S3, but only a band
located at 252 cm−1 appear. These results verify that centrifugation and
redispersion treatment or LPRS will not change the Raman resonance
signal of samples. Hence, we conﬁrm that the absorption band located
at 252 cm−1 still belong to a-Se colloids, although there is a contradiction generate between previous results and our work.
According to in-situ dynamic Raman spectra in Fig. 5a, c and e, we
verify that phase transition from a-Se to t-Se happen, as well t-Se are
generate and grow in the solvents. As we all known, the intensity of
Raman resonance absorption band exhibit a linear relationship with the
amount of samples. Therefore, we select the intensity of band 237 cm−1
of t-Se nanowires as dependent variable (I) and aging time as independent variable (t) to investigate the phase transition. The obtained
I-t plots are shown in Fig. 5b, d and f, clearly and intuitively display the
evolution process from a-Se to t-Se. The intensity I is positively correlated with the yield of t-Se in liquid, so the variation tendency of intensity is coincide with the rate of phase transition from a-Se to t-Se. By
comparison of I-t plots in Fig. 5b, d and f, the intensity increase gradually with prolonging the aging time in all solvents. But an evident
time node at 6.25 min appear in DMF, after this time node the I-t plots
are scattered, which is attributed to the intensive Brownian motion and
sedimentation of generated t-Se cross-linked nanorods, aﬀecting the
amount of samples nearby the immersion optic. Similarly, a time node
at aging time of 47.4 min also occur in acetone, owing to the severe
ﬂocculation of ultra-long t-Se nanowires, the samples besides immersion optic vary much frequent, thus there is a sharp decline of the intensity range from 45 min to 75 min, but the intensity has no obvious
variation with aging time over 75 min. However, in ethyl acetate, with

3.3. In-situ monitoring the phase transition of Se colloids in diﬀerent polar
aprotic solvents by LPRS
With aforementioned results, it is clearly that a-Se will transform
into t-Se in all polar aprotic solvents with aging time of one week. But
the diﬀerent size and shape manifests that various kinetics process
happened in these solvents. To precisely investigate the growth process
and phase transition of a-Se in liquids, LPRS with temporal resolution of
5 s is adopted to achieve the in-situ monitoring. Firstly, when a-Se
colloids are severally dispersed in DMF, acetone and ethyl acetate for
aging treatment, a special immersion optic is immediately immerged in
the colloidal solution, then according in-situ dynamic Raman spectra
were carried out by LPRS, as shown in Fig. 5a, c and e. It is evident that
with prolonging aging time, the intensity of the band located at
252 cm−1 decline to extinction, at the same time the band located
237 cm−1 and 143 cm−1 appear and the intensity enhance gradually in
all solvents. The band presented at 237 cm−1 and 143 cm−1 both belong to t-Se, the former is assigned to the vibration of selenium helical
chains [31–32], and the latter is characterized to be the transverse
optical phonon mode (E bond bending mode) [33]. It should be noted
that the Raman resonance absorption band at 252 cm−1 should be assigned to a-Se in three polar aprotic solvents. However, as previously
reported results, monoclinic Se (m-Se) and amorphous Se is characterized at 256 cm−1 and 264 cm−1 in Raman resonance absorption band,
respectively [34]. The fresh uncapped Se colloids were demonstrated as
amorphous phase by XRD pattern and SAED pattern in Fig. 3, is there
another phase transition from a-Se to m-Se? To clarify this question, we
measured the liquid phase Raman spectrum of the fresh uncapped Se
colloids in water by LPRS, and the laser confocal Raman spectrum of
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Fig. 5. (a, c, e) LPRS and (b, d, f) the tendency of intensity changed with aging time (I-t plots) in DMF, acetone, and ethyl acetate, respectively.

aging time of 165 min, no time node present, inferring the slowest
phase transition from a-Se to t-Se.
To elucidate the kinetics of phase transition, we need ﬁnd the correlation between the rate of phase transition and aging time. Due to the
range of aging time across several orders of magnitude in various solvents, the data in Fig. 5b, d and f are simply processed in order to make
the comparison clearer. Firstly, the intensity is normalized recorded as
IN, which is calculated as equation (1):

IN =

I −Imin
Imax −Imin

(1)

The Imin and the Imax was the minimum and maximum intensity
exhibited in Fig. 5 a, c and e within aging time of 6.25 min, 47.4 min
and 165 min, respectively. Then, the aging time were taken the natural
log as ln(t). Finally, we can obtain the IN-ln(t) plots in Fig. 6. IN-ln(t)
plots show the normalized intensity changing with ln(t) clearly, and all
the tendency conformed to form of exponential function, so we can do
the simplest exponential function ﬁtting of IN-ln(t) plots as shown in
equation 2:

y = y0 + Ae R0 x

Fig. 6. The plots and corresponding exponential ﬁtting of the tendency of intensity changed with aging time in diﬀerent solvents. The intensity was normalized and the aging time were taken the natural log.

(2)

The ﬁtting curves (smooth one) are also displayed in Fig. 6, which is
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Table 1
The coeﬃcient and standard error in ﬁtting function between intensity and aging time.

I0
A
R0

DMF
Value

Standard error

Acetone
Value

Standard error

Ethyl acetate
Value

Standard error

0.12564
0.10900
1.01476

0.07321
0.05884
0.26042

0.04768
0.00542
1.37115

0.01173
9.59515E-4
0.04527

0.03632
9.13813E-5
1.81541

0.00140
4.26615E-6
0.00916
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The coeﬃcient I0, A, R0 in ﬁtting function was given in Table 1. As
shown in Eq. (4), we conﬁrm that there is a power function relationship
between normalized intensity of band located at 237 cm−1 and aging
time, meaning the rate or kinetics of phase transition from a-Se to t-Se is
a kind of power function. According to Table 1, A and R0 are both the
key coeﬃcients making major contribution to the rate of phase transition. It is worth that A in DMF is more than two and four orders of
magnitude over that in acetone and ethyl acetate, respectively, which is
the very reason eventually resulting in the fastest phase transition from
a-Se to t-Se in DMF. R0 in DMF is 1.01476, so the rate of phase transition show an approximate linear relation with aging time. By comparison, owing to the R0 is of 1.81541 in ethyl acetate, a similar
parabola relationship is presented between the evolution rate and aging
time. These ﬁndings show clearly that polar aprotic solvent molecules
dominate the phase transition of a-Se colloids, there must be a strong
correlation between the phase transition and some intrinsic properties
of solvent molecules. Previously reported references [3,24] demonstrated the polarity of solvents could enhance the solid-liquid interfacial
interaction and further accelerate the growth or phase transition of
uncapped NPs. Contrast with the basic physicochemical properties
listed in Table S1, it is amazing that the solvent molecules with larger
polarity present a bigger value of A, meaning a faster evolution rate.
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