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hermoelectric converters based on
metalloporphyrin nanotubes†

Qusiy H. Al-Galiby, *a Laith A. Algharagholy, b Hatef Sadeghi c

and V́ıctor M. Garćıa-Suárez *d

Novel devices based on porphyrin nanotubes may lead to a wide range of uses in electronic functionality

and thermoelectric conversion. p-Conjugated metallo-porphyrin nanotubes have been designed with

a configuration of oppositely charged porphyrin molecules, which leads to oscillatory bandgaps as

a function of the diameter of the nanotube. We focus in this work on bottom-up porphyrin nanotubes,

rather different from conventional carbon nanotubes, making them favorable candidates as precursors

for nanotube devices. We exploited the asymmetric band gap feature to design configurations of stacked

six-metalloporphyrin rings connected by butadiyne to form a periodic nanotube structure with different

metallic atoms (Zn, Fe, and Fe–Cl). The electronic transport properties given by the transmission

coefficients show that porphyrin nanotubes with Zn produce step-like features located asymmetrically

relative to the Fermi energy (EF), which lead to huge enhancements of the thermoelectric performance.

The highest values obtained for the thermopower and the electronic figure of merit can also be obtained

for many different positions of EF, which makes Zn-porphyrin nanotubes an optimal candidate for

designing novel thermoelectric devices.
1. Introduction

The organization of metallo-porphyrin molecules in one-
dimensional nanostructures, like for instance nanotubes, is of
great interest for several properties that can incorporate
discrete p-conjugated electronic systems,1–7 tunable bandgaps8

and quantum connement effect in self-assembled binary
porphyrin structures.9 Such structures can have different forms,
like for example stacked and cyclic nanorings of six butadiyne
(C4)-linked porphyrin units (labeled c-P6).10 Notice that the use
of other linkers (C0 and C2), both along the circumference of
the nanotube or along the nanotube axis, is also possible;
however, in the rst case (circumference), the use of smaller
linkers would cause additional tension that would make it
necessary to use more porphyrin units along that direction; in
the second case (axis), the use of other conjugate linkers would
modify the electronic structure (although probably not too
much, since the electrons would still nd it easy to delocalize
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along the conjugate states), but a more detailed investigation is
beyond the scope of this article. More recently, a p-conjugated
porphyrin nanotube was synthesized, and it was observed that
additionally stacking two (c-P6) nanorings forms a tube (labeled
t-P12), which clearly transforms the optical properties due to an
increase in the conjugation, followed by metalation with zinc.11

The increase in conjugation affects the optical properties
because when the porphyrin nanoring structures are coupled
strongly, leading to conjugate states all over the circumference,
light of different frequencies can be absorbed by delocalized
excited states over the entire circumference, similar to a regular
p-system, instead of more localized states located on each
porphyrin unit. Recent DFT calculations have also shown
details of the electronic properties of porphyrin nanotubes and,
in particular, abnormal and highly oscillatory bandgaps of
these structures upon increasing their size were observed.11

Moving one step beyond, the use of porphyrin tubes in nano-
devices currently faces great challenges, not only in their design
and fabrication, but also in controlling their structural and
functional properties. Notice as well that the use of porphyrins
in structures like nanotubes makes them easier to handle and
connect to terminals, compared to other structures such as
single molecules and combinations of them. Also, the use of
nanotube structures increases their tunability by introducing
factors such as the chirality and the diameter of the nanotube
and by making it easier to use other methods such as chemical
doping,12 which adds more freedom to the design of specic
thermoelectric materials based on porphyrins. Regarding
J. Mater. Chem. A, 2025, 13, 9323–9331 | 9323
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Fig. 1 The relaxed supercell of a 30-hollow metalloporphyrin nanotube made of 1260 atoms. Three possible structures corresponding to three
metallic atoms (Zn, Fe, and Fe–Cl), which vary for each structure.
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thermoelectric properties, the consideration of p-typematerials,
like carbon nanotube-based thermoelectric devices, has
remarkably increased in recent years.13–18 The specic use of
porphyrins in novel structures changes their electronic prop-
erties and can lead, as we will see, to sharp features in the
electronic structure around the Fermi level; such features are
different from those observed in other porphyrin systems (such
as e.g. resonances in single molecule systems), leading to rather
different thermoelectric performances (higher performance, in
many cases). This is then the rst study of the thermoelectric
performance of such structures.

The route to convert waste heat into electric power is through
thermoelectric materials specically designed for that.19–22

Waste heat can be harnessed in different ways and through
different devices, including thermal sensors,23–25 aerospace
applications26,27 and energy conversion devices.28–31 In partic-
ular, through the Seebeck effect, it is possible to generate
electricity from sources of waste heat, which is represented by
the thermopower coefficient S = −DV/DT, where DV is the
voltage difference generated across a device from a temperature
difference DT. The efficiency of a thermoelectric converter is
dened in terms of the dimensionless gure of merit ZT =

S2GT/k, where G is the electrical conductance (which represents
the conduction of an electric current across a device) and k is
the thermal conductance (which represents the conduction of
heat across a device). The aim is to design devices with ZT as
high as possible, but nding strategies for minimizing the
denominator (k) and maximizing the numerator (S and G) of ZT
is currently a big challenge. New alternatives have then to be
explored, such as the use of organic materials, whose thermo-
electricity has been extensively studied in the last few years. For
instance, the room-temperature thermopower S of semi-
conducting single-walled carbon nanotubes (SWCNTs) (160–
170 mV K−1),32 the thermopower (∼70 mV K−1) and the gure of
merit (∼0.11 at 305 K) of p-type metallic SWCNT lms33 and the
thermopower of metalloporphyrin/SWCNT complex composite
lms (47 mV K−1) were measured.33

In this paper, we examine the potential of metalloporphyrin
nanotubes for thermoelectric performance. The proposed
structures, shown in Fig. 1, are made of a one-dimensional
supercell of hollow metalloporphyrin nanotubes with three
types of transition metal centers (Zn, Fe, and Fe–Cl); in this last
9324 | J. Mater. Chem. A, 2025, 13, 9323–9331
case, a Cl atom is bonded to the Fe atom in the center of each
molecule; notice that we use Cl because this is a halogen atom
that leads to precise oxidation/reduction changes between Fe(II)
and Fe(III), i.e. to the absorption of one electron, see ref. 34. In
such structures, the hollow metalloporphyrin nanotube, which
has a length L = 6.7 nm and a diameter D = 2.7 nm, is made of
butadiyne-linked porphyrin nanorings. Different views of the
calculated geometries are also shown in Fig. S1 of the ESI.† The
coupled states of these nanorings make the electrons highly
delocalized between them.35 Such a particular electronic struc-
ture leads to a wide range of optoelectronic properties9 and can
also be exploited to make electronic and thermoelectric devices.
In particular, to exploit the potential of these periodic structures
as thermoelectric converters, it is necessary to nd asymmetric
step-function and narrow delta-function like features in the
electronic structure that can lead to high thermoelectric
performance,36–39 as we shall see. In order to understand and
clarify the role of such features in the thermoelectric perfor-
mance, we present a discussion in the ESI.†
2. Computational method

We used density functional theory (DFT) as implemented in the
SIESTA code.40 We employed the generalized gradient approxi-
mation (GGA-PBE) as the exchange and correlation functional,41

double-zeta polarized basis sets to span the valence states and
norm-conserving pseudoatomic orbitals to get rid of the core
electrons. Notice that a better description of the d states of Fe
would still be possible by using DFT + U, since the strong on-site
Coulomb repulsion would substantially affect the electronic
interactions in the localized d-orbitals. All results were also
calculated with such correction, with a U of 4.5 eV. A similar
effect would also be induced by more sophisticated functionals,
like HSE06, which would open the band gap, but we found that
in these cases the results were quantitatively and qualitatively
very similar, so we decided not to include it. Notice as well that
the use of functionals with dispersion corrections would not be
necessary in this case, since no van der Waals interactions are
considered in single nanotubes. We dened a real-space grid
with a plane-wave cut-off of 200 Ry and relaxed all geometries
until all atomic forces were smaller than 0.02 eV Å−1. We also
used the GOLLUM quantum transport code42 to calculate the
This journal is © The Royal Society of Chemistry 2025
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transmission T(E) and the corresponding thermoelectric coef-
cients from the electronic structure provided by SIESTA.
3. Results and discussion
3.1. DFT calculations

Five nanoring units with six metallo-porphyrins were stacked to
form the nanotube. We also considered different metallic atoms
(Zn, Fe, and Fe–Cl) as central atoms in the metallo-porphyrins.
For all these cases, the structures are completely relaxed,
leading to the nanotubes shown in Fig. 1 (different views of the
calculated geometries are shown in Fig. S1 of the ESI†). The
relaxations are carried out without problem and the nanotubes
always relax to the same structure, which shows that they are
stable (also conrmed by experiments).6 Notice that in some
cases (PFe and PFe–Cl), there is some deviation from planarity.
This deviation is real, as already found for other molecules43

and not an artifact of the simulations.
Fig. S2–S4 of the ESI† show the frontier molecular orbitals

(FMOs) of the PZn, PFe, and PFe–Cl nanorings, respectively. Red
Fig. 2 (a)–(c) right: the DFT calculated optimized geometry of the unit c
atoms (Zn, Fe, and Fe–Cl), (a)–(c) middle: the density of states (DOS) and (
lines indicate the Fermi level.

This journal is © The Royal Society of Chemistry 2025
corresponds to the positive and blue to the negative regions of
the wave function. The plots show that the HOMO of the PZn
ring is distributed through the pathways of the p-system, while
for the LUMO is delocalized across their pyrrole subunits.

The butadiyne linkers (C4) between the 6-porphyrin nanor-
ing have frontier orbitals in antiphase, which is similar to that
of the 12-porphyrin nanotube.6,44 However, the FMOs are
distributed through the pyrrole subunits of porphyrins with
scarcity around the metal center Fe(II) and signicant reduction
across the C4-linkers of the PFe(II) nanoring.

For the PFe(III) complexed with Cl−, the HOMO is oen
distributed cross the p-system and the C4-linkers, whereas the
LUMO is partially distributed and the FMOs resemble that of
the C4-linkers in the PFe(II) nanoring. Notice that the donation
of electrons from the HOMO PFe populates the counter ion Cl,
while for the LUMO of PFe–Cl, there are two bare chloride
atoms.

For each unit cell of the metallo-porphyrin nanoring struc-
ture in Fig. 2 (right-hand panels), the electronic band structure
(le-hand panels) and the density of states (DOS) (central
ell for 6-metallo-porphyrin nanoring structures with different metallic
a)–(c) left: the band structure for all structures, respectively. The dashed

J. Mater. Chem. A, 2025, 13, 9323–9331 | 9325
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panels) were calculated. The calculations show that the PZn
nanoring structure has an electronic structure with an energy
gap of ∼1 eV at the Fermi energy. The bandgap appears for this
particular size (6 porphyrin units around the tube).11 For the
metal center with Fe, however, panel (b) shows that the energy
gap moves below the Fermi energy EF, which makes this
nanotube metallic. Finally, for the PFe(III)-complex, which has
the presence of Cl− counter anions that capture electrons, the
energy gap shis above the EF, which makes it metallic as well,
as shown in panel (c). Notice as well that the gap is always
direct, since the top of the valence band coincides with the
bottom of the conduction band.

For each metalloporphyrin nanotube (PZn, PFe and PFe–Cl)
in Fig. 2, the transmission T(E) was calculated, as can be seen in
Fig. 3. Since these structures are periodic, T(E) in all these cases
is equal to the number of open channels and is given by a series
of step functions. Fig. 3(a) shows that for the porphyrin nano-
tube with Zn atoms an asymmetric step-function in the trans-
mission T(E) appears around Fermi energy, while for the
nanotube with Fe atoms a series of steps related to bands of the
metal atom and the molecule appear. Finally, for the PFe
Fig. 3 For the metallo-porphyrin nanotube structures of Fig. 1, the black
T(E) versus energy for (a) PZn, (c) PFe and (e) PFe–Cl. The pink dotted cur
The thermopower S, power factor PF = sS2 and electronic figure of me

9326 | J. Mater. Chem. A, 2025, 13, 9323–9331
nanotube in the presence of a Cl− counter anion, a broad and
asymmetric structure forms around the Fermi level. Notice that,
in particular, steps near the Fermi level likely lead to high
thermoelectric performance. It is then convenient to study how
the thermoelectric coefficients change with the position of
Fermi energy EF relative to the original one EDFTF . This can be
achieved experimentally, by using electrostatic or electro-
chemical environments or by doping, i.e. by varying for instance
the transition metal in the center of the porphyrin.

Once the transmission coefficient T(E) is obtained, then the
room-temperature electrical conductances (pink dotted curves
in the le-hand panels of Fig. 3) and the thermoelectric coeffi-
cients (panel (b) in Fig. 3) can be calculated using eqn (S3) to
(S6) in the ESI.† The variation of the conductance, both elec-
trical and thermal, is easy to understand by looking at the
transmission, since this quantity roughly follows it. The ther-
mopower follows the derivative, so it reaches high values when
there are sharp variations in the transmission. In particular, if
the Fermi level is on the right (le) of a sharp feature, the
thermopower is positive (negative). Notice as well that the
transmission for all these systems has in general peaks close to
solid line in each panel shows the calculated transmission coefficient
ves show the room-temperature electrical conductance. (b), (d) and (f)
rit ZTe over a range of Fermi energies.

This journal is © The Royal Society of Chemistry 2025
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the Fermi level, as opposed to typical carbon nanotubes, which
have a gap or a at transmission around it (leading to poorer
thermoelectric performance). Fig. 3 also shows the power factor
(PF = s2S) in panel (d), and the electronic gure of merit ZTe in
panel (f) over a range of Fermi energies. The calculations show
that for the PZn nanotube, the asymmetric-located feature in
T(E) around the Fermi level leads to the highest positive and
negative thermopower magnitudes: S = +760 mV K−1 at EF −
EDFTF = 0 eV and S = 1065 mV K−1 at EF − EDFTF = 0.07 eV. The
explanation for such high values is that the Fermi energy aer p-
doping (metal into porphyrin) at the PZn lies close to the
HOMO, so that the metal causes the Fermi energy to lie closer to
the HOMO, in a region of a steep slope for the transmission
function. This behaviour is shown in Fig. 3(a), where the Zn
atom causes the energy levels of the porphyrin nanotube to
increase in energy and therefore the HOMO resonance moves
closer to the Fermi energy, leading to an increase in the slope
and hence to a more negative Seebeck coefficient. Meanwhile,
in the case of PFe, the step-function remarkably decreases
(around −0.2 eV) accompanied by a broad delta-function (∼0.6
eV) moving away from DFT-Fermi energy, leading to a decrease
in the slope and this produces low thermopower at EF =

EDFTF . For porphyrin nanotubes with Fe–Cl, the step-function
shis away from Fermi energy to higher energies and a broad
delta function emerges over a range of Fermi energies resulting
in a decrease in the slope and this also produces a low ther-
mopower. For porphyrin nanotubes with Fe and Fe–Cl, S shows
values of −52 and +1.7 mV K−1 at EF = EDFTF , respectively. As
before, both the magnitude and the sign of thermopower
depend on the location of Fermi energy and rather high values
can appear for certain EF. For instance, for the nanotube with Fe
atoms, the thermopower is −285 mV K−1 at EF − EDFTF =−0.2 eV,
Fig. 4 Electrical conductance G (a), thermopower S (b) and power facto
0 eV.

This journal is © The Royal Society of Chemistry 2025
while for the nanotube with Fe–Cl, it can reach +628 mV K−1 at
EF − EDFTF = 0.58 eV and −770 mV K−1 at EF − EDFTF = 0.67 eV.
These values are much higher than those typically found in
molecular electronic systems or similar systems such as nano-
wires of molecules,45,46 or other systems made of periodic arrays
of nanoscale elements.47 Such high values of thermopower
would allow the fabrication of much more efficient heat-to-
electricity converters, coolers and other systems with applica-
tions in several industries, ranging from domestic systems to
the automobile or aerospace industries.

Regarding the gure of merit, the porphyrin nanotube in the
presence of Zn has the highest value of ZTe (around 100), which
reects its thermopower and conductance. Such high values
make the PZn nanotube a favourable material for thermoelec-
tric devices. Notice as well that for bulk systems, the gure of
merit ZT = S2sT/k involves two crucial quantities, which are the
power factor (PF = S2s) and the total thermal conductivity (k),
where k includes both electron and phonon contributions (this
differs from ZTe= S2sT/ke, where ke has only contributions from
electrons). The quantity PF = S2s, known as the power factor,
can also be calculated to have an idea of its contribution to ZT.
The conductivity is s = GL/A, where L is the length of the
molecular device and A is the cross-sectional area. In this work,
we use L= 6.7 nm and A= 7.4 nm2. These values come from the
length and cross-section used in the simulations. Above that
length, the nanotube is assumed to be connected seamlessly to
metallic electrodes. The results show that the highest power
factor is obtained at EF − EDFTF = 0.35 eV (PF = 8 × 10−3 W m−1

K−2) in the case of the PZn nanotube. For PFe, the power factor
is 7 × 10−3 W m−1 K−2 at EF − EDFTF = −0.25 eV. A similar value
is found at EF − EDFTF = 0.86 eV for the PFe nanotube in the
presence of a Cl− counter anion. These values are higher than
r PF = sS2 (c) as a function of temperature T, evaluated at EF − EDFTF =

J. Mater. Chem. A, 2025, 13, 9323–9331 | 9327
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Fig. 5 Electronic contribution to the thermal conductance (ke) (a) and the figure of merit ZTe (b) over a range of temperatures T.
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the measured value of the single-walled carbon nanotube/
ZnTPP, which was found to be 247 × 10−6 W m−1 K−2.33

Finally, the temperature dependence of the thermoelectric
coefficients was also calculated. The electrical conductance G,
thermopower S and power factor PF = sS2 are shown over
a range of temperatures T and evaluated at the DFT-Fermi
energy, as shown in Fig. 4(a)–(c). As can be seen, the electrical
conductance strongly decreases as the temperature increases,
which is a consequence of the temperature window covering
larger portions with small conductance as it increases (i.e. as the
derivative of the Fermi distribution becomes wider). The ther-
mopower has a similar trend for PZn, although the decrease is
smaller and sustained, while it is roughly constant or decreases
(it becomes more negative) a little for the other two cases; the
decrease or increase of this quantity depends on the introduc-
tion of more sharp features into the temperature window.
Finally, the power factor decreases for all cases except for the
PFe system, where it increases due mainly to the increase of the
absolute value of the thermopower in this case. Also, the elec-
tronic contributions to the thermal conductance (ke) and gure
of merit ZTe as a function of temperature T are shown in
Fig. 5(a) and (b). The electronic thermal conductance of PFe–Cl
and PFe nanotubes increases with temperature due to the
covering of the temperature window of more features as it
increases, while the highest temperature-dependent gure of
merit, which is a combination of all previous quantities, occurs
Fig. 6 The black solid line shows the DFT + U calculation of the transmis
structures (a) PFe and (b) PFe–Cl. The pink dotted curve shows the room

9328 | J. Mater. Chem. A, 2025, 13, 9323–9331
for the PZn nanotube, with the highest values given at high
temperatures (>300 K).
3.2. DFT + U calculations

To describe accurately the electronic properties in porphyrin
nanoring, DFT-density of states (DOS) calculations for the PFe
and PFe–Cl rings were carried out using GGA-PBE, GGA + U and
the hybrid functional GGA-HSE06. The results of the HSE06
calculation are similar to those of GGA for PFe around the DFT-
Fermi energy, while largest differences are observed with GGA +
U (as shown in Fig. S5 and S6 in the ESI†). Comparing GGA and
HSE06, we found that HSE06 changed the size of the energy
gaps of the PFe and PFe–Cl rings. For the PFe ring, the PBE band
gap is located below the DFT-Fermi energy, as shown in
Fig. 2(b), and has a value of 0.8 eV, whereas the HSE06 energy
gap reduces it to approximately 0.2 eV, as shown in Fig. S5(c).†
In case of the PFe–Cl ring, the PBE band gap lies roughly 0.75 eV
above the Fermi energy (Fig. 2(c)), while with HSE06 it disap-
pears and a new energy gap below the Fermi energy appears
with a value of ∼0.1 eV, as shown in Fig. S6(c).†

Using DFT + U combined with Green's function formalism,
the transmission T(E) was calculated for periodic PFe and PFe–
Cl nanotube structures. The calculation shows that the step-
functions like T(E)s shied about 0.2 eV close to DFT-Fermi
energy for the PFe nanotube, as shown in Fig. 6(a), while for
the PFe–Cl, Fig. 6(b) shows a higher broad asymmetric delta-
sion coefficient T(E) versus energy for the metallo-porphyrin nanotube
-temperature electrical conductance.

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08282f


Fig. 7 The room-temperature thermoelectric coefficients calculation using DFT + U for the PFe and PFe–Cl nanotubes: (a) thermopower S, (b)
power-factor PF = sS2, (c) electronic thermal conductance ke and (d) electronic figure of merit ZTe versus Fermi energy.
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function (about 1.6 eV) than those in PFe (about 0.6 eV) around
the Fermi energy.

This particular feature (steps near EF) is favorable for
enhancing the thermoelectric properties and again using
transmission T(E) based GGA + U functional, the thermoelectric
coefficients were calculated, as shown in Fig. 7(a)–(d). The
higher room-temperature thermopower S and power factor PF
were observed for the PFe nanotube at EF− EDFTF =−3.4 eV (near
the step-function), with values of +262 mV K−1 and 6.3 × 10−3 W
m−1 K−2, respectively. These higher values are accompanied by
lower electronic thermal conductance ke = 3.5 × 10−10 W K−1,
resulting in a higher electronic gure of merit ZTe = 6.2.
Meanwhile for the PFe in the presence of the counter ion Cl−,
a higher thermoelectric coefficient appears within the range of
Fermi energies EF− EDFTF from 0.8 to 0.94 eV, which lies near the
step-function of transmission. This leads to a change in the sign
and the magnitude of thermopower S = −487 mV K−1, increases
the value of the power factor 7.5 × 10−3 W m−1 K−2 and
enhances the electronic gure of merit to ZTe = 18. This ability
to enhance the thermoelectric coefficients of metalloporphyrin
nanotubes depends on the consideration of the full efficiency
gure of merit ZT by taking into account the total thermal
conductance (k = ke + kph), where kph is the phonon thermal
conductance and ZT = sS2T/k. Therefore, to determine the full
efficiency ZT, the kph value needs to be considered. A compar-
ison between GGA and GGA + U calculations is found in
Fig. (S13–S20) of the ESI.†
4. Conclusions

We have demonstrated the possibility to design metal-
loporphyrin nanotube thermoelectric devices with particular
This journal is © The Royal Society of Chemistry 2025
electronic properties such as specic band gap values and band
structures by varying the central metallic atom of the porphyrin
unit and the type of self-assembly formation (nanotubes, in this
case). These variations can highly affect the transmission and
therefore tune the thermoelectric properties. Our aim was to
examine three cases of metalloporphyrin nanotubes (PZn, PFe,
and PFe–Cl), with induced asymmetric step-functions around
the Fermi level in the transmission coefficients. Finding such
features can signicantly improve the thermoelectric
performance.

GGA calculations show that asymmetrically located features
in the transmission lead to rather high positive or negative
values of the thermopower for many values of EF − EDFTF . The
PZn nanotube exhibited the best thermoelectric performance
with a rather high room-temperature thermopower of S = +760
mV K−1 at the DFT-Fermi energy. The thermopower can also
switch sign to negative, with the highest negative magnitude of
S =−1065 mV K−1 at EF − EDFTF = 0.07 eV. Notice that the sign of
the thermopower depends on the type of feature that is at the
Fermi level; if such a feature has a “positive slope” (i.e. the
feature is below the Fermi level), the thermopower is negative,
while it is positive in the opposite case. Since the Fermi level
scan can cover both types of features, the thermopower switch
sign in various cases. The resulting PFe and PFe–Cl thermo-
powers range from +628 mV K−1 at EF − EDFTF = 0.58 eV to −770
mV K−1 at EF − EDFTF = 0.67 eV. On the other hand, the highest
power factor, 8 × 10−3 W m−1 K−2, was found for the PZn
nanotube at EF− EDFTF = 0.35 eV, which is much higher than the
measured value of single-walled carbon nanotube/ZnTPP
composites (247 × 10−6 W m−1 K−2), improving therefore the
thermoelectric properties of such systems and the degree of
miniaturization over mixtures of different nanoscale
J. Mater. Chem. A, 2025, 13, 9323–9331 | 9329
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elements.33 Finally, the porphyrin nanotube with Zn has the
highest value of ZTe, much higher than other nanoscale
systems. All these rather high thermoelectric coefficients make
these nanotubes favourable materials for thermoelectric
conversion, with promising performance for thermoelectric
applications.

For GGA + U calculations, particular features near the Fermi
level enhance the thermoelectric properties, giving rise to
higher room-temperature thermopower S and power factor PF
for PFe nanotubes at EF − EDFTF = −3.4 eV (near the step-
function), with values +262 mV K−1 and 6.3 × 10−3 W m−1

K−2, respectively. Something similar is found for the thermal
conductance, ke = 3.5 × 10−10 W K−1, and the electronic gure
of merit ZTe= 6.2. Meanwhile for PFe–Cl, higher thermoelectric
coefficients occur within the range of Fermi energies EF −
EDFTF from 0.8 to 0.94 e, near the step-function of transmission.
This leads to a change in the sign and magnitude of thermo-
power S = −487 mV K−1 and increases the value of the power
factor 7.5 × 10−3 W m−1 K−2, while also increasing the gure of
merit to ZTe = 18. This shows that the inclusion of U is neces-
sary in this case, as it leads to different results (higher ther-
moelectric performances).
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