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The thermoelectric properties of pristine graphene and H,S adsorbed onto bridge, hollow and top sites of a

graphene sheet are investigated using the semi-classical Boltzmann transport theory. The average values of
electrical conductivity, thermal conductivity, Seebeck coefficient, figure of merit (ZT) and the average value
of the power factor (P*) are reported and discussed in detail. While pristine graphene is a zero band gap
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semiconductor, adsorption of H,S onto the bridge site opens up a direct energy gap of about 0.04 eV,

adsorption of a H,S molecule onto the top site opens up a gap of 0.3 eV, and adsorption of H,S onto
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1. Introduction

The increasing energy demand is a global problem that needs to
be addressed. On the other hand the combustion of fossil fuels
affects the climate causing global warming." Thermoelectric
power generators can convert low grade heat into electricity and
appear to be a good solution because of their environmentally
friendly behavior and reasonable cost.> Extensive work has been
done on different materials in order to investigate and enhance
the thermoelectric properties for technological applications.>™**
Hence searching for novel thermoelectric materials is inter-
esting for both theoreticians and experimentalists.

Graphene is a honeycomb two-dimensional lattice of carbon
atoms. As a result of its many interesting properties graphene
seems to be a rapidly rising star on the horizon of materials
science, engineering and technology. Graphene exhibits
exceptionally high electronic properties, high efficiency, low
cost and higher strength to weight ratios. In recent past, it has
already revealed a copiousness of new physics and potential
applications in ultracapacitors, integrated circuits, hydrogen
storage materials, transparent conducting electrodes, sensors
and biodevices.”*™ It has unique thermal and thermoelectric
properties.’®'* Graphene exhibits excellent electrical conduc-
tivity,* however its exceedingly high thermal conductivity
makes it a poor contestant for thermoelectric applications.>* On
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the hollow site makes it metallic. The investigation of ZT and power factor values suggests that a top-site
configuration could be a potential candidate for thermoelectric applications in the range 300-600 K.

the other hand, different modifications can be applied to the
structure of graphene in order to reduce its thermal conduc-
tivity and thus increase the figure of merit. Pristine graphene is
chemically inert because of strong sp” binding between carbon
atoms in the graphene plane. Extensive work has been done by
experimentalists and theoreticians in order to understand and
improve the physical and chemical properties of graphene
nanosheets by means of adsorption of different chemical
species (CO, N,O, NH; and CO,) on its surface.”””>* The DNA-
decorated graphene elucidates high efficiency as chemical
sensors.”> Moreover multilayer graphene nanoribbons
(MLGNR)** personalized with Pd can be used as active materials
for sensors and hydrogen storage materials.>”*® The previous
literature exposed that organic electron donors,* acceptors® or
even DNA fragments®' can induce considerable changes in the
electronic structure of graphene which make it suitable for new
devices with optimized performances. H,S is a foul-smelling
and poisonous gas which is imperative in environmental
observation. Therefore much attention has been given to it. At
higher concentration (more than 250 ppm) it can cause death.*>
The previous work*-* exposed that pristine graphene is a good
absorbent of H,S on a single graphene nanosheet and can be
used as a promising contestant for detection of a single mole-
cule of H,S.

Although many properties of pristine graphene have been
studied by many researchers, there is not much work on the
transport properties. Hence in the present work we report the
investigation of the transport properties such as conductivity
and Seebeck coefficient of pristine graphene. We also explore
the effect of depositing H,S on a pristine graphene sheet at
different sites with a view to ascertain if such materials could be
good thermoelectric devices. We estimate the figure of merit
(ZT), a dimensionless quantity that characterizes the thermo-
electric properties.*
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2. Computational details

Pristine graphene single sheet is a zero gap semiconductor with
exceptional properties. To enhance and/or modify these prop-
erties a single H,S molecule is adsorbed at different sites
namely; the top site on the top of the carbon atom, the bridge
site in the middle of the C-C bond, and the hollow site at the
center of the carbon hexagon. The BoltzTraP program was
employed to investigate the thermoelectric properties based on
the analytical expressions of the electronic bands. This program
calculates semiclassical transport based on the all electron full
potential linear augmented plane wave (FPLAPW) method
within the framework of the WIEN2K code.*® The constant
relaxation time approximation and the rigid band approxima-
tion were used in the calculations.®” The self consistent calcu-
lation was done using Perdew-Burke-Ernzerh of generalized
gradient approximation (GGA-PBE).* In order to converge the
energy eigenvalues the wave functions in the interstitial regions
were expanded in plane waves with cutoff Ry;pKmax = 7.0. Here
Ryr represents the muffin-tin sphere radius and Kyax corre-
sponds to the magnitude of the largest K vector in plane wave
expansion. The selected Ry is 1.33 a.u. for C in a 4 x 4 gra-
phene sheet (32 C atoms) and 1.27, 1.55 and 0.83 a.u. for C, S,
and H atoms, respectively at top, bridge, and hollow sites of H,S
adsorption onto graphene. The wave function inside the sphere
was expanded up to [,,,,x = 10 whereas the Fourier expansion of
the charge density was up to Gmax = 20 (a.u.)”'. For investi-
gating the thermoelectric properties a denser mesh of 2500 k-
points in the IBZ was used. The self-consistent calculations are
considered to be converged when the total energy of the system
is stable within 10~° Ry.

3. Results and discussions

3.1. Salient features of the electronic band structures and
thermoelectric properties

Let us recall the main features of the electronic band structure
of pristine graphene sheet, bridge, top, and hollow configura-
tions. The pristine graphene sheet is a zero gap semiconductor,
the bridge configuration has a small energy gap of about 0.04
eV, the top configuration shows a bigger direct energy band gap
of about 0.3 eV, while the hollow configuration is metallic. We
should emphasize that the most stable adsorption configura-
tion is the one with the lowest total energy among other
adsorption sites.** Thus the top site (total energy (Eror) =
—3238.87878541 Ry) is the most stable configuration in
comparison to (hollow Eror = —3238.1058284 Ry and bridge
Eror = —3238.79501144 Ry in comparison to pristine graphene
Eror = —2438.50922329 Ry).

As there is no experimental work done on the thermoelectric
properties of H,S adsorbed graphene therefore we do not have
any information about the structure stability of graphene deriv-
atives (bridge, top and hollow). Zhang et al.*® proved that the
oxygen molecule adsorbed graphene/Ru (0001) surface shows
high stability at 600 K and when the temperature increased to
800 K the surface oxygen is removed. Therefore we investigated
the thermoelectric properties of pristine graphene and its
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View Article Online

Journal of Materials Chemistry C

derivatives in the temperature range between 100 K and 600 K
and avoided the higher temperature in order to maintain the
structure stability of H,S on the graphene nanosheet. However
we have done calculation up to 800 K and we find that the power
factor becomes maximum at around 600 K. The calculated
spectra of carrier concentration vs. chemical potential for the
four configurations (pristine graphene, bridge, top and hollow)
at 300 K and 600 K, respectively are shown in Fig. 1a-d along with
the electronic band structure in the energy region between 2.0
and —2.0 eV. Also shown in the insets are the various structures
used in our calculations. For the case of bridge configuration
(Fig. 1b), the band structure shows a gap of 0.2 eV at symmetry
point K, while the minimum gap of 0.04 eV (as revealed by the
density of states, which are not presented here) occurs at a non-
symmetry point. The difference between chemical potential and
Fermi energy (u — ¢) is positive for the valence band and negative
for the conduction band. In the case of pristine graphene the
carrier concentration shows a zero value at the Fermi level and
there is no significant difference in carrier concentration at two
different temperatures (300 K and 600 K). The bridge-site
configuration shows zero carrier concentration in the narrow
band gap region at room temperature (300 K), while at 600 K
there is a negligible increase in carrier concentration. The top-
site configuration shows zero electron concentration in a small
region at 300 K. The width of the curve decreases for maximum
temperature (600 K) suggesting that there is a small increase in
electron concentration while the hole concentration is almost
the same. In the case of the hollow-site the valence band
maximum and conduction band minimum strongly overlap
around the Fermi level resulting in a maximum carrier concen-
tration around the Fermi level.

Thermoelectric transport tensors can be evaluated on the
basis of the calculated band structure using the standard
Boltzmann kinetic transport theory and the rigid band
approach.’” The electrical conductivity o,5, Seebeck coefficient
S,p and thermal conductivity (electronic part) kg tensors are the
main transport properties. These quantities are functions of
temperature (T) and chemical potential (w):*”**

(7o) = g [a(0)| 27 e 1)

1

Sup (T ) = eTQoy(T:p) J%B(‘?)(f— ) X {—T

(7 = 7 [om@e -2 {- 20 0

where

() = % St kua (i, k) (i, k)6 (e — e4) (4)

ik

where o and B symbolize the tensor indices, e represents the
charge of the electron, Q stands for the volume of the unit cell, N
is the number of k-points sampled, ¢(k) is the band energy, v(k)
represents the band velocity, t(k) is the relaxation time and f is
the Fermi function. The transport properties of the investigated
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Fig.1 Calculated band structure and carrier concentration of (a) pristine graphene, (b) H,S adsorption on the bridge site, (c) H,S adsorption on
the hollow site and (d) H,S adsorption on the top site.

compounds were calculated using the BoltzTrap program?®” fact that the electrons contributing to transport are in a narrow
which depends on a well tested smoothed Fourier interpolation energy range due to the delta-function like Fermi broadening.
to obtain an analytical expression of bands. This is based on the = For such a narrow energy range the relaxation time is nearly the
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same for the electrons. The accuracy of this method has been
tested earlier, and the method actually turns out to be a good
approximation.”” The temperature dependence of the energy
band structure is ignored. It is suggested below that the high
thermoelectric efficiency of the material is due to high electrical
conductivity, large Seebeck coefficient and low thermal
conductivity.*

The crystal structures of pristine graphene, bridge site, hollow
site and top site configurations are stable in hexagonal symmetry
which contains two non-zero diagonal components of the second
order dielectric tensor along a, b and ¢ crystallographic axes. For
simplicity we calculated the average values of dominant tensor
components for electrical conductivity, Seebeck coefficient,
thermal conductivity and power factor, respectively.

3.1.1. Electrical conductivity. Fig. 2 shows the average
values of the electrical conductivity tensor component (") plot
for pristine graphene, bridge, top and hollow site configura-
tions. The relaxation time 7 is taken to be direction independent
and isotropic.** The t value (3.0 x 10~ "* s) is taken from ref. 45.
For pristine graphene (¢*") smoothly increases with tempera-
ture and shows a maximum value around 3.0 x 10° (Q m) " at
600 K whereas the bridge-site elucidates a maximum value of
about 1.9 x 10° (Q m) ™! around 100 K which gradually increases
with temperature and shows a maximum value of 7.0 x 10° (Q
m) " and 12.0 x 10° (2 m) " at 300 K and 600 K. The top-site
shows a minimum value of 0.8 x 10° (2 m)™" at 100 K, as we
move towards higher temperatures there is a linear increase in
the conductivity value. Finally, the hollow-site shows a
maximum value of about 37.6 x 10° (Q m) ™" at 100 K. For higher
temperature (600 K) the spectra shift to 31.2 x 10° (Q m)~". The
pristine graphene is a zero band gap semiconductor, bridge and
top-site configurations are narrow band gap semiconductors
while the hollow site shows metallic behavior. For the first three
cases (pristine graphene, bridge and top-site configurations) the
electron transition to the conduction band occurs even at lower
temperature to some extent. Further increase in the
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Fig. 2 Calculated average electrical conductivity (¢®") of pristine gra-

phene, H,S adsorption on the bridge site, H,S adsorption on the
hollow site and H,S adsorption on the top site.
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temperature results to enhance the electron thermal energy
which enables the electrons to rise above the energy barrier
(bandgap) to the conduction band and thus the conductivity of
pristine graphene, bridge- and top-site configurations increases
with increasing temperature. For hollow-site configuration the
situation is different, the flow of electrons can occur easily
because of its metallic behavior. When temperature is increased
the collision rate of conduction electrons with lattice phonons
is increased which causes a decrease in the electrical conduc-
tivity (due to the scattering electrons)*® as shown in Fig. 2.
3.1.2. Seebeck coefficient. Seebeck coefficient is the main
thermoelectric transport property. Actually it decides the effi-
ciency of thermocouples. It is related to the fact that electrons
carry both heat and charge. The diffusion of the electron
depends on temperature gradient present in the material which
creates the opposite electric field (E) and hence voltage known
as Seebeck voltage. The trend of the spectra in the Seebeck
coefficient and electronic conductivity depends on the Seebeck
voltage. Its magnitude and sign are correlated with an asym-
metry distribution of electrons around the Fermi level.*” The
asymmetric energy distribution of electrons moving in the
material related to the Fermi energy gives a greater value of
Seebeck coefficient. On the other hand reduction in Joule
heating results in a decrease in conductivity. The average value
of Seebeck coefficient (S*) shows a maximum of about 223 pv
K™ for pristine graphene at 100 K (Fig. 3). There is a significant
decrease in $* up to 300 K (31 uV K™ '). Further increasing the
temperature above 300 K results in a smooth decrease in the
curve which is finally reduced to 20 uv K™ * at 600 K. The bridge-
site configuration Seebeck coefficient has a value around
71.5 pV K~ at 100 K. It reduced to 59 uvV K * at 400 K and then
the curve became smooth towards higher energy with a minor
shift of 2.0 uV K~ *. The hollow-site configuration shows a small
value of $*" (8.0 uv K™ ') as compared to the other three cases at
100 K. For higher temperature (600 K) the $*" increased to 14 uv
K. The top-site gives higher values for $*¥ as compared to the
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Fig. 3 Calculated average Seebeck coefficient (5%¥) of pristine gra-
phene, H,S adsorption on the bridge site, H,S adsorption on the
hollow site and H,S adsorption on the top site.
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other three cases. At 100 K S? is 223 uv K . It decreased to
197 uv K~ ' around 200 K which again increased to 200 pv K" at
400 K. The spectra of $*" reduced to 193.5 uV K" at 600 K.
3.1.3. Thermal conductivity. Thermal conductivity is
physical quantity of a material that conducts heat. The overall
trend of thermal conductivity spectra shows that more transfer
of heat takes place as one moves towards higher temperatures
which results in a linear increase in thermal conductivity with
temperature. In real systems the behavior is more complicated.
The thermal conductivity has contributions from the lattice and
electrons. BoltzTraP calculates the electronic part. The average
electronic thermal conductivity (k") of pristine graphene is
nearly zero at 100 K as illustrated in Fig. 4. One can see that
there is a negligible increase in the thermal conductivity up to
200 K, after that the thermal conductivity increases rapidly with

View Article Online
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the temperatures. The maximum value of thermal conductivity
is 1.76 x 10°W m™ "K' at 600 K. The bridge sites have the value
of ¥V equal to 0.15 x 10> W m~ ' K" at 100 K, which gradually
increased to 3.1 x 10> W m~' K" at 600 K. The hollow site
configuration had a greater value of kY (0.81 x 10°W m ' K )
at 100 K which further increased to 2.125 x 10> W m™* K},
243 x 10°Wm 'K 'and 2.94 x 10°Wm 'K ' at 300K, 400 K
and 600 K, respectively. The top-site shows zero conductivity at
100 K which linearly increases showing a maximum value of
about 1.26 x 10° W m™' K" at 600 K.

3.1.4. Figure of merit. The thermoelectric performance of a
material is characterized by the dimensionless figure of merit
(ZT). In the expression ZT = $>Tc/(ke + kpn)*® where ke, and k1,
are the thermal conductivities attributed to electrons and
phonons (lattice), respectively. The phonon thermal conduc-
tivities of the lattice for pristine graphene for the temperatures
200, 300, 400 and 500 K are taken from ref. 48. As there is no
experimental value of phonon thermal conductivities for
bridge, hollow and top site configurations, we take the phonon
thermal conductivity for these cases to be the same as that of
pristine graphene. The total thermal conductivity and the
calculated values of ZT for pristine graphene and H,S on gra-
phene for different temperatures are reported in Table 1. The
table suggests that a high performance of the top-site configu-
ration may make it suitable for thermoelectric applications.

3.1.5.

Power factor. Power factor is also a keynote quantity
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Fig. 4 Calculated average thermal conductivity (k*¥) of pristine gra-

phene, H,S adsorption on the bridge site, H,S adsorption on the
hollow site and H,S adsorption on the top site.

Table 1 Calculated value thermal conductivity K/t (W m™ K=t s7?)

for investigating transport properties. The calculated values of
power factor (P* = $%¢) for pristine graphene, bridge, hollow and
top sites are shown in Fig. 5. Pristine graphene shows a nearly
zero value for the whole range of temperatures. The bridge-site
givesa P 0f 0.75 x 10 W m ' K ?at 100 K. This configuration
attains the value of 2.3 x 10> W m ™' K2 at room temperature
(300 K). Further increasing the temperature results in a linear
increase in the spectra and it finally shows a maximum value of
3.5 x 10> Wm ™' K2 at 600 K. While in the case of the hollow-
site the P*" shows a small value of 0.3 x 10 *Wm™ 'K >at 100 K.

and figure of merit (ZT) for pristine graphene with relaxation time

1=30x10s

Temp (K) Lattice K/t Electronic K/t“ Total K/t“ ZT"
Pristine graphene 200 0.25 x 10" 0.30 x 10" 0.55 x 10™* 1.9 x 1072
300 0.47 x 10 0.85 x 10" 1.32 x 10™ 8.0 x 1072
400 0.68 x 104 2.50 x 10™* 3.18 x 10™ 0.3 x 1072
500 0.78 x 104 4.13 x 10 4.91 x 10" 4.0 x 1072
Bridge-site 200 0.25 x 10" 2.00 x 10" 2.25 x 10" 5.4 x 102
300 0.47 x 10'*? 3.75 x 10™* 4.22 x 10" 6.9 x 102
400 0.68 x 104 1.75 x 10™* 2.43 x 10" 1.7 x 1071
500 0.78 x 104 2.37 x 10™* 3.15 x 10™* 2.1 x 107"
Hollow-site 200 0.25 x 104 5.50 x 10™* 5.75 x 10" 4.3 x107°
300 0.47 x 10 7.06 x 10™* 7.53 x 10" 7.2 x 1073
400 0.68 x 10 7.91 x 10™* 8.59 x 10 7.8 x 1072
500 0.78 x 10 8.73 x 10" 9.51 x 10™ 8.8 x 10°
Top-site 200 0.25 x 10" 0.37 x 10" 0.63 x 10" 0.51
300 0.47 x 10'*? 0.83 x 10™* 1.30 x 10™* 0.56
400 0.68 x 104 1.50 x 10" 2.10 x 10™ 0.61
500 0.78 x 10 2.10 x 10" 2.88 x 10" 0.58

“ Present work. ” Ref. 48.
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Fig. 5 Calculated average value of power factor (P?¥) of pristine gra-
phene, H,S adsorption on the bridge site, H,S adsorption on the
hollow site and H,S adsorption on the top site and the subplot
represents experimental power spectra of Bi,Tes thin films as a
function of temperature.

For higher temperature (600 K) the spectra shifts to 0.4 x 10 W
m~' K 2. The top-site shows better results in comparison to
other three cases. The power factor shows 2.1 x 10 >Wm ™' K>
at 100 K. It increases with temperature and shows a maximum
value of 12.3 x 10 W m ' K ? around 600 K.

Hence the monotonic increase in the power factor for top-
site configuration makes it suitable for technological applica-
tions in the temperature range between 300 K and 500 K. We
also compare our present calculated P*' to the power factor of
Bi,Te; thin films deposited onto polyimide substrates as
reported by Goncalves, et al.* The films are made of 35-40% Bi
and 65-60% Te, which makes them almost stoichiometric. At
different temperatures ranging from 423 K to 573 K Bi and Te
show different evaporation rates. The maximum evaporation
rate found in Bi and Te at 543 K is 2.0 A s™* and 6.4 A s™*
respectively. At this temperature (543 K) measurements show a
greater value of power factor as compared to other substrate
temperatures. This behavior demonstrates how to choose the
best thin film. The top site configuration shows approximately a
three times greater value in comparison to Bi,Te; thin films
deposited onto polyimide substrates which elucidate that the
top site configuration shows a high suitability for thermoelec-
tric devices. We must be cautious and remember that we have
used the thermal conductivity of pristine graphene in calcu-
lating the power factor.

The above-mentioned physical quantities (6%, $*", ¥ and
P) are discussed as a function of temperature. Also we should
emphasize that these quantities are very sensitive to the
chemical potential therefore we have calculated and briefly
discussed their relationship with chemical potential in the ESL.f

4. Conclusions

We have presented the transport properties of pristine gra-
phene, and a H,S molecule on pristine graphene at different

This journal is © The Royal Society of Chemistry 2014
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sites (top, bridge, and hollow). The transport properties were
investigated using the Boltzmann transport theory within the
full potential linear augmented plane wave (FPLAPW) method
based on DFT. The exchange correlation energy was solved with
the generalized gradient approximation (GGA-PBE). The average
values of tensor components of electrical conductivity, thermal
conductivity, Seebeck coefficient and figure of merit are dis-
cussed in detail. The investigation of the figure of merit and the
average power factor suggests that the top-site configuration
may be a potential candidate for thermoelectric technological
applications in the temperature range 300-600 K.
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