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a b s t r a c t

Negative thermal expansion (NTE) is an effect of a material contracting upon heating, and NTE materials are 
useful for the preparation of zero thermal expansion (ZTE) composite materials for applications in energy 
conversion and electronic devices. In this work, the NTE behaviour of graphdiyne (GDY) was observed and 
studied by temperature-dependent Raman spectroscopy. The characteristic Y mode in Raman spectra of 
GDY film exhibit blueshift with increasing temperature, in contrast to the redshift of positive thermal ex-
pansion materials. Our theoretical calculations show that the dimension of GDY decreases when the 
temperature is elevated, and the blueshift of the Y mode is due to the contraction of GDY. The thermal 
expansion coefficient (TEC) of GDY in the temperature range of 180–420 K was found to be negative, 
− 7.18 × 10−6 K−1 at room temperature. Our results provide a measure of the thermal property of GDY and 
indicate promising applications of GDY in NTE composite materials.

© 2022 Elsevier Ltd. All rights reserved. 

Introduction

Negative thermal expansion (NTE) materials exhibit the beha-
viour of contraction by heating and expansion by cooling in a certain 
temperature range [1]. For example, water is a typical NTE material 
within the temperature range from 273 K to 277 K. It has been re-
ported that NTE phenomena exist in ferroelectrics [2,3], semi-
conductors [4], superconductors [5] and magnetic materials [6]. 
Cubic zirconium tungstate, ZrW2O8, has been reported as a NTE 
material with a large NTE coefficient of − 9.1 × 10−6 K−1 between a 
broad temperature range from 0.3 K to 1443 K since 1996 [7] and has 
been utilized to modify Si nanoparticles to decrease the volume 
change enhancing electrochemical performance and safety [8].

Carbon materials, such as fullerene, graphene, carbon nanotube 
(CNT) and graphyne (GY), possess NTE properties due to their special 
chemical structures [9–12]. For example, temperature-induced 
coupling between the soft vibration modes and shape changes plays 

a dominant role in NTE property of fullerenes [9]. The NTE behaviour 
of CNT bundles is confirmed by bending of the CNT walls and the 
elliptization of the CNT cross section induced by thermal fluctuations 
[10]. The NTE phenomenon of graphene stems from the ripple effect 
[13]. GY is a two-dimensional (2D) carbon materials consisted of sp- 
and sp2- hybridized carbon atoms. Benefiting from the uniform pore 
structure and flexible links between benzene units, the NTE beha-
viour of GY can be induced by both the ripple effect and the rigid 
unit modes (RUMs) [11,12] similar to other framework structure 
materials such as ZrW2O8 [14]. Graphdiyne (GDY) is the most stu-
died structure in GY family, and the composite materials of GDY have 
shown important applications in many fields such as energy storage 
and conversion [15,16], photo-electrical device [17], biomedicine 
[18–20], etc. However, the thermal expansion property of GDY, 
which is extremely significative for the applications of GDY com-
posite materials, has not been explored yet.

Raman spectroscopy is a useful tool to explore the structural and 
electron-phonon properties of nanomaterials [21–23]. Besides, the 
thermal properties of materials, especially 2D materials, can also be 
monitored by Raman spectroscopy. The thermal conductivity of a 
suspended single-layer graphene can be measured by monitoring 
the Raman G band [23,24]. The extracted thermal conductivity at 
room temperature is in the range of 4.84  ±  0.44 × 103 to 
5.30  ±  0.48 × 103 Wm-1 K-1. The thermal expansion coefficient (TEC) 
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of graphene on a SiO2/Si substrate can also be roughly measured by 
means of temperature-dependent Raman spectroscopy, which is 
about − 8.0 × 10−6 K−1 at room temperature [25].

Here, we investigated the NTE behaviour of GDY and estimated 
its TEC in the temperature range of 170–430 K characterized by 
Raman spectroscopy. The observed NTE behaviour of GDY film on 
SiO2/Si substrate was found to originate from two effects: the in-
trinsic NTE property of GDY and the strain caused by thermal ex-
pansion mismatch between GDY and the substrate. Our theoretical 
calculations show that the NTE effect of GDY originates from the 
redshifts of low frequency phonon modes in GDY upon compression 
and the NTE mechanism is identified as RUMs which is similar to 
ZrW2O8. Both experimental data and theoretical calculation results 
verified the blueshift of the Y Raman mode with increasing tem-
perature. The experimental value of TEC is approximately 
− 7.18 × 10−6 K−1 at room temperature. Our findings reveal the in-
trinsic thermal property of GDY and indicate an advantageous 
function of thermal response in GDY composite materials.

Result and discussion

The GDY film was synthesized according to our previous work 
[26], and the film was then transferred onto a 300 nm SiO2/Si sub-
strate. Raman spectra were measured using a confocal Raman 
spectrometer with a temperature controller under inert gas atmo-
sphere as shown in Fig. 1a. When the temperature is raised or de-
clined, both the lattice variation of the GDY film and the volume 
change of substrate should be considered, as schematically shown in 
Fig. 1b. Due to the discrepancy in TEC between GDY film and the 
substrate, additional strain is exerted to GDY film. It has been re-
ported that two effects, the temperature-dependent phonon fre-
quencies and the modification of the phonon dispersion caused by 
strain, lead to the shift of Raman peaks [25,27]. Fig. 1c shows the 
optical microscope (OM) image of GDY film on a SiO2/Si substrate. 

The thickness of the GDY film is about 4.6 nm measured by atomic 
force microscope (AFM) as shown in Fig. 1d. The Raman spectrum of 
GDY film exhibits five typical peaks in the range of 1000–2400 cm−1

, 

in agreement with theoretical predictions (Fig. 1e) [27,28]. The G (at 
1559 cm−1), G′ (at 1515 cm−1) and G′′ (at 1287 cm−1) peaks are re-
lated to the vibrations of sp2-carbon, and the Y peak (at 2175 cm−1) is 
attributed to the alkyne-related modes. The peak at 1926 cm−1 is 
usually assigned to the vibration of intermediate C6H5C^CCu [27].

Temperature-dependent Raman spectra between 170 K and 
430 K are displayed in Fig. 2. All peaks show a significant decrease in 
intensity and broadening with increasing temperature (Fig. 2a). 
Fig. 2b shows the fitted Y peak at different temperatures, where a 
distinct blueshift is observed as the temperature gradually increases, 
in contrast to the redshift of positive thermal expansion 2D materials 
[29]. The results in Fig. 2c show the frequency shift of the Y band as a 
function of temperature. The relative Raman shifts / 0 to the 
reference at T = 300 K are exhibited in Fig. 2d. The peak positions 
were fitted as a polynomial function of temperature according to the 
phonon–phonon coupling, which leads to the nonlinear temperature 
dependent behaviour of the Raman peaks [22]. Therefore the tem-
perature-dependent Y peak position can be fitted using a second- 
order polynomial function of temperature (T):

= + +T B T B T( ) 0 1 2
2 (1) 

where, ω0 is the Y peak position at 0 K; B1 and B2 are the first- and 
second-order coefficients, respectively. The fitting parameters of ω0, 
B1 and B2 are 2156.4 cm−1, 0.0855 cm−1 K−1 and − 7.09 × 10−5 cm−1 

K−2, respectively. The positive first-order coefficient strongly in-
dicates that GDY is a NTE material.

In order to elucidate the origin of the NTE property, we calculated 
the Helmholtz free energy (F) of GDY as a function of the tempera-
ture (T) and the area of a unit cell (A). The computational results are 
plotted as a color-coded map shown in Fig. 3a, where the color re-
presents the change of Helmholtz free energy difference (ΔF) with 

Fig. 1. (a) Schematic illustration of in-situ Raman measurement for GDY film. (b) Schematic illustration of thermal expansion and contraction of GDY on a SiO2/Si substrate during 
cooling and heating processes. (blue arrows: contraction; green arrows: expansion) (c) Optical microscope (OM) image of GDY film on SiO2/Si substrate. (d) Atomic force 
microscope (AFM) image of GDY film. (e) Raman spectrum of GDY film on SiO2/Si substrate collected using 532 nm laser at room temperature.
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respect to the minimum at a specific temperature. From the color 
map, we can clearly see that, as the temperature increases, the lo-
cation of ΔF = 0 moves to smaller A. This indicates the lattice of GDY 
will contract at a higher temperature and the GDY has a negative 
thermal expansion coefficient. We plot the area of GDY unit cell as a 
function of the temperature, which corresponds to the black line of 
ΔF = 0 in Fig. 3a. The negative thermal expansion behaviour in a very 
broad temperature range is clearly shown in Fig. 3b. A0 is the area of 
unit cell of GDY at 0 K and ΔA = A – A0 is the change of A. It is seen 
that the area of GDY contracts rapidly by 1.4 % from 0 K to 500 K, and 
then the contraction becomes slower from 500 K to 1000 K. The 
absolute value of A as a function of T was plotted in Fig. S2. The 
results presented here are consistent with theoretical calculations 
for α-graphyne, β-graphyne and γ-graphyne in a previous study [11]. 
The TEC of GDY is calculated and shown as the red curve in Fig. 3b. A 
negative value is seen over the range of 0–1000 K, decreases sig-
nificantly from 0 K to 130 K, and increases at higher temperatures. 

The minimum value was observed at 130 K and is about 
− 4.81 × 10−5 K−1.

The blueshift of Y mode in Raman spectra of GDY can be ex-
plained by the contraction of material with increasing temperature. 
Fig. 4a and S3 show the phonon dispersion relations of GDY at − 1 %, 
− 0.5 %, 0 %, 0.5 % and 1 % strain, where negative strain corresponds 
contraction and positive strain corresponds expansion. All the high 
frequency modes, including the Y mode, blueshift with the increase 
of compressive strain and redshift with the increase of tensile strain. 
Fig. 4b shows the linear relationship between Raman frequency of 
the Y mode and the area of unit cell, where ω0 is the frequency of Y 
peak at 0 K and Δω = ω − ω0 is the frequency shift. Δω/ω0 drops line-
arly with ΔA/A0 and the slope is ∼ − 1.36. In contrast to the blueshift 
of high frequency phonons, upon compression, the low frequency 
phonons redshift or the density of states (DOS) of low frequency 
phonons becomes rich. At a higher temperature, the Helmholtz free 
energy contribution by low frequency phonons increase drastically 

Fig. 2. (a) Temperature dependent Raman spectra of GDY. (b) The fitted Y peak at different temperatures. (c) Raman frequency shifts of the Y peak as a function of temperature. (d) 
The relative Raman shift Δω/ω0 to the reference at T = 300 K.

Fig. 3. (a) Helmholtz free energy as a function of temperature and unit cell area of GDY, where ΔF(T, A) ^ F(T, A) − minA F(T, A), the free energy difference with respect to the 
minimum value for a given temperature, is depicted by the color-coded map. (b) Temperature dependence of the ratio of area expansion to the reference area at T = 0 K (black line) 
and the corresponding area thermal expansion coefficient (red line).
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(Eq. (S1)) and thus, the enrichment of the low-frequency DOS by the 
contraction of the GDY leads to a more stable structure [30]. The 
corresponding Δω/ω0 versus temperature was plotted in Fig. 4c, 
where Δω/ω0 increases rapidly from 0 K to 500 K and then becomes 
slower and slower from 500 K to 1000 K. This trend is the opposite of 
area strain ∆A/A0 versus temperature T, as ∆ω/ω0 is inversely pro-
portional to ∆A/A0.

According to the previous study [25], the temperature-depen-
dent Raman frequency shifts of freestanding GDY, T( )GDY

F , can be 
majorly attributed by two factors: thermal expansion of the lattice, 

T( )E , and the anharmonic effect, T( )A , which changes the 
phonon self-energy. Therefore, T( )GDY

F can be expressed as:

= +T T T( ) ( ) ( )GDY
F E A (2) 

It should be noted that our GDY sample is on the SiO2/Si sub-
strate, so the Raman shift resulted from the substrate, T( )sub. , 
should be included. Based on the assumptions of strong van der 
Waals (vdW) interaction and the strain effect between the substrate 
and the sample, the temperature-dependent Raman shifts of sup-
ported GDY, T( )GDY

sup. , can be written as:

Fig. 4. (a) The phonon dispersion relations under strain of GDY along the high symmetry lines in 2D hexagonal Brillouin zones. (b) Raman frequency shifts of Y peak as a function 
of the unit cell area. (c) Theoretically calculated temperature dependent Y peak frequency of GDY. (d) The relative Raman shift of Y peak as a function of temperature. Yellow 
square: experimental data, Δωexp.; green dot: theoretically calculated data, Δωcal.; red triangle: estimated data induced by strain, Δωsub. = Δωexp. − Δωcal.. (e) Experimental (red 
triangle) and theoretically calculated (yellow line) thermal expansion coefficient of GDY.
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= + +T T T T( ) ( ) ( ) ( )GDY
sup E A sub. . (3) 

Since T( )sub. is related to the strain effect caused by the TEC 
mismatch between the material and the substrate, T( )sub. can be 
expressed as:

=T T T( ) [ ( ) ( )]sub
T

T
SiO GDY

.

0
2 (4) 

where β is the biaxial strain coefficient of GDY, and SiO2 and GDY are 
the TEC values of SiO2 and GDY, respectively. The value of β was 
chosen as − 32.9 cm−1/% [27] and the temperature-dependent values 
of SiO2 can be found from literature [31] for calculating TEC of GDY in 
this work.

Fig. 4d shows the experimental (yellow squares) and calculated 
(green circles) Δω values (Y peak positions at T relative to the value 
at 300 K). Here, the experimental data of Raman shift T( )exp. was 
considered as T( )GDY

sup. . As the Raman shift for freestanding GDY 
was not available, the theoretically calculated data T( )cal. was 
used as T( )GDY

F . Therefore, the Raman shift induced by the sub-
strate can be expressed as:

=T T T( ) ( ) ( )sub exp cal. . . (5) 

which are plotted in Fig. 4d (red triangles). Finally, according to Eq. 
(4), the T( )GDY can be calculated by:

=T T
T

( ) ( )GDY SiO

T( )Sub

2

.

(6) 

The results are presented in Fig. 4e. It is clear that the experi-
mental data (red triangle) of TEC are negative at the measured 
temperature range between 180 K and 420 K, and agree well with 
the theoretical results (yellow line). The experimental and theore-
tical values of TEC at room temperature are approximately 
− 7.18 × 10−6 K−1 and − 26.1 × 10−6 K−1, respectively. The discrepancy 
between experimental and theoretical values may due to the facts 
that the GDY film contains multiple layers and the film is not free-
standing.

Similar results were also obtained for GDY film directly grown on 
the polyacrylamide (PAAM) hydrogel (GDY/PAAM). The Raman 
spectra of GDY/PAAM at room temperature were measured and 
shown in Fig. S4. Since the water contained in the hydrogel evapo-
rates during the heating process, we only measured the tempera-
ture-dependent Raman spectra below room temperature (Fig. S5). 
By fitting the Y peak positions, the findings are directly in line with 
the sample of GDY film on SiO2/Si substrate (Fig. S6). The fitting 
parameters of ω0, B1 and B2 are 2039.6 cm−1, 0.838 cm−1 K−1 and 
− 1.22 × 10−3 cm−1 K−2, respectively. The blueshift of Y peak is more 
pronounced than GDY film on SiO2/Si substrate, which may be due to 
the expansion of hydrogel [32].

Conclusion

In conclusion, we have explored the negative thermal expansion 
behaviour of GDY by temperature-dependent Raman spectroscopy 
and density functional calculations. The TEC of GDY film supported 
on SiO2/Si substrate was estimated between the temperature range 
of 180–420 K, agree well with the results of DFT calculations. 
Negative TEC values were found and the TEC of GDY film at room 
temperature was calculated to be approximately − 7.18 × 10−6 K−1. 
Our theoretical calculations indicate that the NTE effect is a con-
sequence of the red shift of low frequency phonon modes upon 
material contraction, and the theoretical TEC values are in good 
agreement with the experimentally observed ones. These findings 
reveal the thermal expansion property of GDY and indicate useful 
applications of GDY composite as ZTE materials.
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