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ABSTRACT: Specific heat capacity is one of the most
fundamental thermodynamic properties of materials. In this
work, we measured the specific heat capacity of PbSe nanocrystals
with diameters ranging from S to 23 nm, and its value increases
significantly from 0.2 to 0.6 J g~' °C™'. We propose a mass
assignment model to describe the specific heat capacity of
nanocrystals, which divides it into four parts: electron, inner,
surface, and ligand. By eliminating the contribution of ligand and
electron specific heat capacity, the specific heat capacity of the
inorganic core is linearly proportional to its surface-to-volume
ratio, showing the size dependence. Based on this linear
relationship, surface specific heat capacity accounts for 40—60%
of the specific heat capacity of nanocrystals with size decreasing. It

Specific heat capacity Size-dependent effect

Nanocrystals A
< ©
o= Electron %
S >
1S
+ 5
Inner <
+ el °
‘S ([
Surface °. ®
+ A . ®__e..
‘‘‘‘‘ Ligand Size

can be attributed to the uncoordinated surface atoms, which is evidenced by the appearance of extra surface phonons in Raman

spectra and ab initio molecular dynamics (AIMD) simulations.
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In comparison with bulk materials, nanocrystals show a wide
range of size dependent effects including optical,' >
magnetic,”’ catalytic,”” and thermodynamic properties.*” "
With the development of nanocrystal based photonic and
optoelectronic devices, stability becomes an urgent issue to
initialize industrialization.'>" Temperature increase is a
commonly observed phenomenon related to the thermal
stability of nanocrystal devices."*™'® Specific heat capacity,
termed as heat capacity per unit of mass, is one of the most
fundamental thermodynamic properties of materials.'””'® In
principle, temperature increase is inversely proportional to heat
capacity under certain conditions, which is a key parameter to
design highly stable electronic devices. Early works and
simulations have shown that the specific heat capacity of
metal nanocrystals increases by 10% to 40% at low and room
temperatures.'”~>® The enhanced specific heat capacity of
metal nanocrystals can be attributed to the increase of surface-
to-volume ratio, which can explain the decrease of Debye
temperature induced by extra surface phonons.”*™** In
comparison, the specific heat capacity of semiconductor
nanocrystals has received limited attention. Here, we report
the size dependence in the specific heat capacity of colloidal
PbSe nanocrystals.

Colloidal nanocrystals consist of an inorganic core and an
organic ligand, where the specific heat capacity of the ligand is
usually larger than that of the inorganic core. From a
microscopic perspective, a phonon describes the vibration of
solids, which is correlated with its specific heat capacity.”
Because of the high surface-to-volume ratio of nanocrystals,
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surface phonons induced by uncoordinated surface atoms play
a vital role in determining their thermodynamic properties.’’
As shown in Figure 1, the specific heat capacity of colloidal
nanocrystals is different from that of bulk materials and is
determined by four parts: electron, inner, surface, and ligand.
The proportion of specific heat capacity of each part is
assigned by mass. The specific heat capacity of nanocrystals is
expected to exhibit size dependence, because the content of
ligands and the ratio of surface atoms are size related.

A series of monodisperse PbSe nanocrystals with different
sizes were synthesized via the previously reported hot injection
method. Transmission electron microscope (TEM) images and
the corresponding size distributions are shown in Figure 2a—c
and Figure S1 and S2. Synthesis parameters are listed in Table
S1. Figure 2d shows the specific heat capacity of PbSe
nanocrystals for different sizes (refer to the Methods for test
details and calculations). The specific heat capacity of PbSe
nanocrystals decreases with increasing size. For example, the
specific heat capacity of PbSe nanocrystals with a diameter of 5
nm at 25 °C is 0.61 J g~ °C™!, which is three times bigger than
that of PbSe nanocrystals with a diameter of 23 nm (0.19J g™*
°C™!). In addition, the specific heat capacity of PbSe
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Figure 1. Schematic illustration of the components of specific heat capacity for nanocrystals and bulk materials and the size-dependent effect of

nanocrystals.

nanocrystals is almost linearly dependent on the temperature,
and its slope decreases with increasing size (Figure S3 and
Table S2). According to our proposed mass assignment model,
the specific heat capacity of nanocrystals can be described in
equations 1 and 2

¢(T, D) = ac(T) + (1 — a)c

nano

(T, D) + ¢(T) (1)

Cuanol Ty D) = B(D)c(T) + [1 = B(D)]e(T) )

where ¢, is the specific heat capacity of nanocrystals, « is the
weight fraction of the ligand, ¢ is the specific heat capacity of
the ligand, and c,,, is the specific heat capacity of bare
nanocrystals without ligand coverage. c, is the electron heat
capacity and ¢, = yT, where y = 3.829 x 107° J.g~'K™?
(derived from Figure 2e). § is the fraction of surface atoms to
the total number of atoms, D is the diameter of nanocrystals,
and ¢, is the specific heat capacity of surface atoms. ¢; is the
specific heat capacity of the inner core and ¢; = ¢, where ¢, is
the specific heat capacity of the bulk.

As shown in equation 1, the specific heat capacity of
nanocrystals can be split into four parts based on the mass
fraction of each component. Based on the measurement of the
Quantum Design-Physical Property Measurement System
(PPMS) at 2—20 K, the specific heat capacity coefficient of
electrons (y) was obtained from the intercept by fitting the ¢,/
T — T? line,”* as shown in Figure 2e. ¢, is about one-sixtieth
smaller than ¢, at 100 °C for small size nanocrystals. Besides,
the mass fraction and specific heat capacity of the ligand can be
determined by thermogravimetric analysis (TGA). Based on
the TGA curve of PbSe powder in Figure S4a, no thermal
decomposition was observed before 600 °C. Therefore, we
calculated the mass fraction of ligands (@) from the TGA curve
of PbSe nanocrystals (Figure S4b). Figure 2f shows the
calculated mass fraction of the ligand for different sizes of PbSe
nanocrystals. In addition, we can also clarify the type of ligand
from the first-order derivative of TGA (DTG) curves and X-
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ray photoelectron spectroscopy (XPS). Figure SSa and SSb
shows TGA and DTG plots of typical nanocrystals and
possible ligands, respectively. Table S3 summarizes the
decomposition temperatures (Figure SSc) and characteristic
decomposition peaks. The decomposition mode of lead oleate
is very similar to that of the PbSe nanocrystals. As shown in
Figure S5d, the existence of oleate anion was also confirmed by
Fourier transform infrared spectroscopy (FTIR). According to
the XPS measurements (Figure S6), the resulting PbSe
nanocrystals contain very slight N and P elements, which
suggests the absence of oleylamine and trioctylphosphine on
the surface. Therefore, the specific heat capacity of lead oleate
was measured as ¢, as shown in Figure S7. The specific heat
capacity of lead oleate is more than six times larger than that of
PbSe bulk and shows a large increase with temperature. After
determining the ¢, ¢, and @, the c,,,, at different temperatures
can be calculated from equation 1 (refer to the Methods for
details). c,g,, is slightly varied with temperature (Figure S8),
suggesting that the large variation of ¢, with temperature is
attributable to the ligand. By rewriting equation 2, equation 3
clearly shows the linear proportion between c,,,, and f at a
given temperature.

cuano Tr D) = [e(T) = ¢,(T)IF(D) + ¢,(T) 3)

P is related to the morphology of the nanocrystals and the
number of atomic layers on the surface. (D) functions were
calculated for spherical and cubic nanocrystals considering
different thicknesses of the surface (Figure S9). To minimize
the error resulting from the morphology variation, the (D)
function is used to consider a single layer of surface atoms (n =
1), as shown in Figure 2g. Figure 2h shows the size
dependence of ¢, Cyano i linear with # when the diameter
of the nanocrystals is less than 20 nm. The c,,,, of cubic PbSe
nanocrystals is faster approaching ¢, when the diameter of
nanocrystals is larger than 20 nm, due to the self-assembly of
homogeneous nanocrystals (Figure S10). The size-dependent
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Figure 2. Characterization and specific heat capacity calculation of PbSe nanocrystals. (a—c) TEM images of the as-synthesized PbSe nanocrystals.
The scale bar is 100 nm. (d) Plot of the specific heat capacity versus temperature for PbSe nanocrystals with different sizes. (e) Plot of the low-
temperature specific heat capacity of PbSe nanocrystals. y is obtained from the intercept of the fitted curve. (f) Mass fraction of ligands (a) for
different sizes of PbSe nanocrystals. The error bars are the standard deviation of three measurements. (g) The (D) function for spherical and cubic
PbSe nanocrystals with one surface atom layer (n = 1). Inset: schematic of a cubic nanocrystal with one surface atom layer. (h) Size dependence of
Cano fOr PbSe nanocrystals. The colors of the dashed circles represent the different morphologies of PbSe nanocrystals. The error bars are derived
from the size distribution. (i) Contributions of the specific heat capacity of ligands, surface, and inner of core for different PbSe nanocrystal

samples.

effect of c,,,, of PbS nanocrystals was also measured to verify
the versatility of the model (Figure S11). ¢, can be derived
from the slopes of the fitted curve in Figure 2h. Figure 2i shows
the percentage of the specific heat capacity of each part for
PbSe nanocrystals (refer to the Methods for details). The
specific heat capacities of the ligand and surface are dominant
in small nanocrystals, leading to the enhancement of the
specific heat capacity of nanocrystals.

To further investigate the enhancement of surface specific
heat capacity, Raman spectra of PbSe nanocrystals with
different sizes were performed, as shown in Figure 3a. The
peaks for each sample were subject to Lorentzian fitting
(Figure S12), and the positions and corresponding vibrational
modes of all fitted peaks were summarized in Table S4. The
asymmetric shoulder near the longitudinal optical (LO) mode
is attributed to the surface phonon (SP) mode.” Compared
with bulk materials, nanocrystals show additional SP modes
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due to insufficient coordination of surface atoms, which can
enhance the specific heat capacity of the nanocrystals. In
addition the LO peak shifts to higher wavenumbers as the
nanocrystal size decreases (inset of Figure 3a). A shift of the
LO mode to lower wavenumbers was also observed under
high-power excitation, which may be related to the photo-
thermal effect of PbSe nanocrystals (Figure S13). Furthermore,
the vibrational properties of PbSe nanocrystals were inves-
tigated by using AIMD simulations. As shown in Figure 3b, the
phonon density of states of PbSe nanocrystals consisting of
216 atoms (Figure S14a) was calculated at 300 K, with 10 ps,
where the nanocrystals were divided into three layers (inset of
Figure 3b). The positions of the transverse optical (TO) mode
and the LO are consistent with the results of Raman spectra.
Compared to the density of states of the core atoms, the
surface atoms exhibit a broadened density of states.” Figure 3¢
visualizes the evolution of the density of states, where Ag(®) =
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Figure 3. Vibration analysis of PbSe nanocrystals. (a) Normalized Raman spectra of PbSe nanocrystals. The inset is an enlarged diagram of the LO
mode. (b) Phonon density of states of PbSe nanocrystals with different atomic layers calculated at 300 K (10 ps trajectory). The inset shows PbSe
nanocrystals consisting of 216 atoms. (c) Differences between the phonon density of states for the surface and the core. (d) Radial distribution
functions of different atomic layers in PbSe nanocrystals. The inset shows the characteristic bond lengths (A) of the surface atoms at a certain
frame. (e) Time-dependent band gap distribution of PbSe nanocrystals at different temperatures. The inset table is a record of the average band gap
and the standard deviation at different temperatures. (f) Power spectrum of Eg(t) at 10 K.

Gurfacel®) — Geore(®). Additional SP modes are observed near
the LO mode (135 cm™') and the TO mode (47 cm™). Pb-
and Se-rich (111) surfaces exhibit more softening by projecting
the surface phonon density of states of different facets (Figure
S15). Extra SP modes of PbS nanocrystals were also observed
in Figure S16. The positions of the SP mode near the LO
mode are consistent with those in Raman spectra, while the
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TO mode has a low resolution in Raman spectra (Table S4).
The Pb atoms are mainly vibrating at low frequencies, and Se
atoms are vibrating at high frequencies in the nanocrystals, due
to the greater mass of the Pb atoms than the Se atoms (Figure
S$17).*” The amplitude of Pb atoms is greater than that of Se
atoms, and the amplitude of surface atoms is greater than that
of core atoms (Figure S18a). The slight shift of the TO and
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LO peaks toward lower wavenumbers and the overall density
of states increase at high temperatures (Figure S18b), which
agrees with the slight increase in c,,,, at high temperatures.
The density of states increases for small-sized nanocrystals
(Figure S18c). Additional SP modes in PbSe nanocrystals may
be related with asymmetric vibrations of surface atoms.”’
Figure 3d shows the radial distribution function of the surface
and internal atoms, where the bond lengths of the surface
atoms are 0.15 A smaller than those of the internal atoms.
Surface atoms have two types of bond lengths: one part is less
than 3 A, and the other part is greater than 3 A (the inset
shows the bond lengths of the atoms at a certain frame). This
asymmetric surface vibration is weakened at high temperatures
(Figure S19). The electron—phonon coupling property is
important for optoelectronic materials. The band gaps for each
frame were calculated from the AIMD traces of the PbSe
nanocrystals. Figure 3e shows the distribution of the band gap
versus time Eg(t) at different temperatures. The band gap of
the nanocrystals becomes smaller, and the distribution is
broadened at high temperatures. Dramatic fluctuations of the
band gap indicate the dependence of the electronic structure
on the atomic positions of the nanocrystals, suggesting strong
electron—phonon coupling.”* The power spectrum density

|T[Eg(t‘)]|2 of the time-dependent bandgap was calculated,

where ¥ denotes the Fourier transform, as shown in Figure 3f.
The peaks in the power spectrum density indicate that
phonons at these frequencies are actively driving the energy
state fluctuations. Figure 3f shows that electrons couple to
phonons with wavenumbers of 23—26 ¢cm™ and 150 cm™,
exactly corresponding to the SP mode of PbSe nanocrystals.

Softened and extra surface phonons lead to a larger specific
heat capacity of the nanocrystals than its bulk. Size dependence
of the specific heat capacity of nanocrystals implies that the
specific heat capacity can be controlled by varying their size.
Larger values of the specific heat capacity are useful to resist
the influence of heat in optoelectronic devices. Therefore, the
specific heat capacity of nanocrystals is undoubtedly an
important parameter to design high-performance and high-
stability (optoelectronic) devices. However, photothermal
applications may require a balanced specific heat capacity to
achieve a high temperature increase.

In conclusion, we synthesized a series of homogeneous
monodisperse PbSe nanocrystals and investigated the size
dependence of their specific heat capacity. By considering the
effects of ligands, electrons, surface, and inner, we have
developed a model to describe the enhancement and size
dependence of the specific heat capacity of nanocrystals. The
results show that each part contributes differently to the
specific heat capacity of nanocrystals with size decreasing
(ligand, from 10% to 25%; surface, from 40% to 60%; inner,
from 50% to 15%), while the contribution of electron specific
heat capacity is only 1%. Most importantly, c,,,, is inversely
proportional to the size-related # (surface-to-volume ratio).
This model is also applicable to describe the size dependence
of the specific heat capacity in PbS nanocrystals. Furthermore,
by using Raman spectroscopy and AIMD simulations, it was
revealed that extra SP modes near the TO and LO modes of
nanocrystals may be related to the asymmetric vibrations of the
surface atoms, which mainly accounts for the enhancement of
the specific heat capacity of the nanocrystals.
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