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The most commonly used photocatalyst for CO, reduction is TiO,. However, this semiconductor material
is far from being ideally suited for this purpose, owing to its inefficient energy harvesting (it absorbs in the
UV), low reduction rates (it exhibits short carrier lifetimes), and lack of selectivity with respect to compet-
ing reactions (such as the nearly isoenergetic and kinetically more favourable water reduction). In this
work we compile a wish-list of properties for the ideal photocatalyst (including high reaction selectivity,
availability of multiple redox equivalents at one time, large contact area for CO, adsorption with indepen-
dently tunable band gap, and availability of electrons and holes at different locations on the surface for
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the two redox reactions to take place), and, using the principles of inverse design, we engineer a semi-
conductor nanostructure that not only meets all the necessary fundamental criteria to act as a catalyst for
CO, reduction, but also exhibits all the wish-list properties, as confirmed by our state-of-the-art atomistic
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1. Introduction

The importance of improving air quality in our cities is becom-
ing increasingly clear, not only for obvious environmental
reasons and to mitigate the effects of global warming, but also
for health concerns as climate change has been shown' to
directly promote or aggravate respiratory diseases, which, in
turn, increase vulnerability to viral infections, such as Covid-
19.

Carbon dioxide (CO,) is the primary greenhouse gas
emitted through human activities, accounting for over 80% of
all human-related greenhouse gas emissions in 2018 in the US
alone, and for over 65% globally,” having increased from about
6.5 billion metric tonnes in 2000 to over 10 in the last decade,’
its main source being the combustion of fossil fuels for trans-
portation and energy.

One of the most promising techniques to decrease environ-
mental CO,, apart from capture and sequestration, is its
photocatalytic reduction. Such process exploits semiconductor
materials as catalysts to chemically reduce CO,, generally in
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semi-empirical pseudopotential modelling. The result is a potentially game-changing material.

the presence of water. The main products are CH,, CH;0H,
CO and HCOOH (in order of increasingly negative potential vs.
normal hydrogen electrode — NHE). Other products, derived
from the C-C coupling reaction, do not exhibit comparable
activity and selectivity, because the corresponding reduction
reactions are thermodynamically unfavourable*” and consume
different numbers of electrons and protons.” The main steps
for this reaction to take place are:> (i) light absorption and
photogeneration of electron-hole pairs; (ii) carrier migration
to the catalyst’s surface; (iii) reduction of CO, by the electron
and oxidation of H,O (to O,) by the hole. The efficiency of the
CO, reduction is therefore determined by the efficiency of the
following processes: (i) light harvesting, (ii) charge separation;
(iii) surface reaction. Semiconductors are good light absorbers®
(i), and, through nanostructuring, their energy bands can be
engineered” both to enhance their light harvesting properties®
and to correctly match the redox potentials for specific reac-
tions® (iii), e.g., so that their conduction band minimum -
CBM - be located above the redox potential for CO, reduction,
and their valence band maximum - VBM - be below the redox
potential for H,O oxidation.” Furthermore, long carrier life-
times can be obtained in indirect-band materials,® so that the
photogenerated electron and hole do not recombine (ii) before
reaching the surface and reacting with CO, and H,O.
Alternatively, carrier separation (ii) can easily be achieved in
type II heterostructures, by combining two materials with suit-
ably chosen band structures, or at the interface between
different crystalline phases of the same material.”*" It is there-
fore not surprising that semiconductors have become increas-
ingly popular catalysts for CO, reduction.>'>?>?
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Historically TiO, has been the material of choice for this
reaction due to its low cost, non-toxicity, stability against
photoirradiation, and chemical inertness.'*> However, TiO, is
far from ideal for this application: for example, as bulk TiO,
absorbs in the near UV'* (and at even higher energies when
nanostructured), it can convert only a fraction (3-4% at most)
of the available solar photons into electron-hole pairs, result-
ing in poor light harvesting efficiency (i). Furthermore, the car-
riers’ recombination times in bulk TiO,, varying from sub-ps'’
to a few tens of ns,'® are fast compared with typical redox reac-
tion times, leading to reduced charge separation efficiencies
(ii). It should therefore not be impossible to find a material
that can surpass TiO,’s photocatalytic efficiency and replace it
as catalyst of choice for CO, reduction.

This is precisely what we set out to do in this work: to apply
inverse-design principles'’ to engineer a semiconductor nano-
catalyst with potential for unprecedented efficiency for the fol-
lowing reaction

CO, + 8H" + 8¢~ — CH,4 + 2H,0 (1)

i.e., CO, reduction to CH,. We choose this specific reaction
because, having the least negative redox potential, the for-
mation of CH, is thermodynamically the most favourable of all
most common CO, reduction reactions.” However, it is a
complex reaction and may involve intermediate steps:* indeed
three different pathways are commonly reported in the litera-
ture for CO, methanation,"®'® involving dissociation into CO
(carbide pathway), synthesis of HCOO (formate pathway), or
COOH (carboxyl pathway), depending on the specific catalyst
and on the reaction conditions. Nevertheless, there are many
examples of nanostructured semiconductor photocatalysts that
produce CH, as a main (see, e.g., the review by Xie et al.®), or
even exclusive’® product of CO, reduction in water.
Furthermore, a study by Yui et al.®>' has concluded that CO,
can be reduced to CH, at a single site through an 8-electron
process, rather than at two separate sites, first through a
2-electron and then through a 6-electron process. Indeed, the
different C, H and O affinities of a photocatalyst can heavily
affect the adsorption/desorption of reactants/intermediates
and the sequence of hydrogenation and deoxygenation, result-
ing in different product pathways and selectivities.*”

Unfortunately, however, reaction (1) is kinetically less
favourable than the competing reduction of water

2H' +2e” — H, (2)

which has a comparable (although slightly higher) redox
potential but only requires two electrons, instead of eight. The
reduction of CO, to CH30H has a very similar reduction poten-
tial (see maroon dashed line in Fig. 1), but, involving six elec-
trons, is kinetically less favourable than that of water (there are
other possible CO, reduction reactions, involving C,., products
- ethylene, ethanol, propanol, ethane - with intermediate
potentials between those of reactions (1) and (2), however, they
all involve greater changes in both Gibbs free energy and stan-
dard enthalpy,”® making them thermodynamically less favour-
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able). Therefore (1) thermodynamic selectivity for CO,
reduction vs. the competing H,O reduction® (which would, at
the same time also ensure selectivity vs. CO, to CH3;0H
reduction), and (2) availability of eight isoenergetic electrons
at one time for the CO, — CH, reaction, are essential attri-
butes to the ideal catalyst. Indeed, as in all three common
methanation pathways mentioned above the redox potential
for the initial step is higher than that for water reduction (2),’
property (1) would also ensure selectivity for direct CH, for-
mation. We note that TiO, can provide no such selectivity, as
the position of its bulk CBM is higher than the redox potential
for water reduction.’ Furthermore, the presence of a noble or
coinage metal co-catalyst (often used to increase the rate of
CH, formation) was observed®! to enhance the formation of
H, more than that of CH,, leading to an even poorer selectivity
of the reacted electrons for CO, reduction. It is worth stressing
the importance of achieving high selectivity, as the formation
of undesired byproducts (a) subtracts precious photogenerated
electrons from the main reaction, lowering the yield of the
target products, and (b) raises the challenging problem of sep-
arating the different products from the resulting mixture.*

Size and shape of the catalyst also play a fundamental role
in determining its efficiency. In the case of TiO, nanoparticles
with diameters between 4.5 and 29 nm, for instance, the
highest yields were obtained with a size of 14 nm.>® This was
interpreted as the result of a competition between two main
factors: surface area (determining the availability of surface
sites for CO, adsorption), and band-gap-dependent light
absorption efficiency.>® It would therefore be beneficial to be
able to decouple the catalyst’s size, or, more specifically, its
surface area, from its band gap. Indeed, independently
increasing the volume, while keeping a nearly constant band-
gap, will also increase absorption through an increase in the
absorption cross section. This leads to the next entries in the
‘wish-list’ for our ideal catalyst: (3) a large contact area for CO,
adsorption and reaction with the electrons and (4) the possi-
bility to tune the band gap independently from it. Also desir-
able would be (5) the availability of electrons and holes at
different locations on the surface for the two redox reactions to
take place. Finally, we would like properties (i)-(iii) and (1)-(5)
to be exhibited over a wide size window. In other words, it
should be possible to produce catalysts with these properties
using chemical growth methods with realistic size dispersions.

In what follows we will show that a catalyst exhibiting all
requisites to be able to efficiently reduce CO, to CH,, plus the
‘wish-list’ attributes listed above (including the ability to
deliver eight electrons in one go), exists and can be synthesized
with the present experimental capabilities, making it a poten-
tial game-changer of the CO, reduction technology.

We start by focussing on property (2), as it is the most
crucial requisite enabling the achievement of high reduction
efficiencies, and is, nevertheless, not featured by any of the
photocatalysts in use today. In order to be able to deliver eight
electrons, all at a given potential, a four-fold degenerate
ground state is needed. There are two possible strategies to
achieve this goal: engineering the material’s band structure or

Nanoscale, 2021,13,10024-10034 | 10025
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its shape. A bulk material with its CBM at the L point in the
Brillouin zone would guarantee the required four-fold degener-
acy for the ground state. However its absorption efficiency (i)
may be low, as its band gap is likely to be indirect. PbSe could
be a good candidate, as its VBM is also located at the L point,
making it a peculiar direct-band-gap material.>® However, bulk
PbSe absorbs in the infra-red (i.e., not where the solar irradi-
ance peaks, (i)) and its band structure does not satisfy (iii), one
of the fundamental requirements for CO, reduction, as its
CBM lies below the redox potential for that reaction.
Nanostructuring could solve this problem (but only for very
small dot sizes with R < 1 nm (ref. 7)), at the expense, however,
of reducing considerably the surface area available for CO,
adsorption and of losing the four-fold degeneracy of the
CBM.”” A better alternative is shape engineering: a nano-
structure with four identical regions where the CBM is loca-
lised would ensure its four-fold degeneracy. At the same time,
such a structure would also enable the simultaneous absorp-
tion of eight photons. A tetrapod (TP, see Fig. S1, ESI{),***° is
therefore what we will focus on. Unfortunately, however, in a
TP made of a single material, due to the band alignment
between the zinc blende core and the wurtzite arms, the CBM
is always localised in the core, not in the four arms.?*° In
order to achieve the desired localisation in the arms, the core
should be made of a different material having a higher CBM
than the arm material. Step (ii) - charge separation and long
carrier lifetimes - can be achieved if the core material also has
a higher VBM than the arm material, resulting in core-con-
fined holes, and hence in their spatial separation from the
electrons. Such a structure would also ensure electrons and
holes to be available at different locations on the surface for
the two redox reactions to take place (property (5)), and, pro-
vided the arms were suitably long, a large contact area to be
available for CO, adsorption and reaction with the electrons
(property (3)), and a large absorption cross section, enabling
the simultaneous absorption of eight solar photons. Finally, in
TPs, attribute (4) is easily satisfied, as the band gap has been
shown,*®*® to be largely independent of the arm length.
Selectivity vs. H,O reduction (attribute (1)) is also crucial and
can be achieved by careful engineering of the core size and
arms diameter.

Heterostructured (or core/arms) TPs of different materials
(ZnTe/CdSe,*" ZnTe/CdS,*** ZnTe/CdTe,** ZnSe/CdS,** CdSe/
CdS,* CdSe/CdTe**) have been synthesized experimentally for
over 10 years,* the seeded growth approach being the most
successful method for fabricating more uniform and reprodu-
cible structures. Among the different core/arm material pairs,
the most popular is CdSe/CdS,** where the type I band align-
ment existing between the CdSe core and the CdS arms®® is
exploited to funnel to the core region the electron-hole pairs
photogenerated in the arms, endowing these structures with
excellent light-harvesting properties that make them ideally
suited for applications such as light concentrators, solar cells,
and LEDs. According to their bulk band structure, ZnTe/CdTe
TPs are also expected to exhibit a type I band alignment,*®
however, with both electrons and holes localised in the arms.
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Unfortunately, as it was discussed above, this kind of band
alignment does not suit our purpose as it does not promote
charge separation. Furthermore, a high density of structural
defects, with alternating regions of wurtzite and sphalerite
phases, was recently identified in nanostructures whose arms
were made of CdTe by both HRTEM analysis and theoretical
modelling.>* Due to the different position of the band edges in
zinc blende and wurtzite, the presence of such mixed phases
creates local potential wells that could trap the electron, pre-
venting it from reaching the surface and react with CO,.

ZnTe/CdSe, ZnTe/CdS and ZnSe/CdS have all a type II (or
quasi-type II, in the case of ZnSe/CdS) band alignment in the
bulk,*® and hence the electron is expected to be confined in
the arms and the hole in the core (or throughout the whole
structure for ZnSe/CdS). The position of their CBM in the bulk
is also above the redox potential for CO, reduction, making
them good candidates as catalysts for this reaction.
Unfortunately, however, it has been recently observed®” that, in
mixed cation materials such as these, substantial cation
exchange takes place in the core, yielding alloyed structures
whose exact composition (hence band alignment) is difficult
to predict and control. Moreover, as the location of the CBM in
bulk CdS is already above the redox potential for H,O
reduction, TP catalysts with CdS arms can exhibit no selectivity
(1) vs. this reaction.

Considering same-cation hetero-nanostructures, CdSe/CdTe
TPs have a type 1I band alignment, but with the electrons con-
fined to the CdSe core. As CdSe can be grown as both seed and
arms material and CdTe is also suitable to be grown as seed,*
a possible choice yielding a type II structure with the desired
carrier localisation is a CdTe/CdSe®® TP.

Furthermore, as the ability to chemisorb CO, plays a crucial
role in the efficiency of its photocatalytic reduction to CHy,,
and since surface functionalization with organic amines has
been proved a successful strategy to enhance such chemisorp-
tion in the case of TiO,,* the use of CdSe as arm material, for
the surface of which a variety of amine groups can routinely be
employed as passivants,”*® could be an effective choice to
further enhance the photocatalytic reduction efficiency in
these hetero-nanostructures.

2. Results and discussion

We therefore modelled CdTe/CdSe hetero-nanostructures with
different arm diameters D (from 1.9 nm to 2.8 nm) and arm
lengths L (from 3.5 nm to 14 nm). For simplicity and ease of
notation we will refer to these structures as TPn: TP1 and
TP2 have the same arm length L = 14 nm, but different dia-
meters (1.9 nm and 2.1 nm), hence different volumes (TP1
with 7027 atoms and TP2 with 8115 atoms"'); TP3 has shorter
(L = 7 nm, i.e., half the length of TP1 and TP2), but thicker (D
= 2.8 nm) arms, and a volume (8005 atoms) only slightly
smaller than TP2; TP4 has the same arm diameter as TP2 (D =
2.1 nm) but a quarter of its length (L = 3.5 nm), and nearly a
quarter of its volume (2227 atoms); TP5 and TP6 have the

This journal is © The Royal Society of Chemistry 2021
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same diameters as, respectively, TP3 (D = 2.8 nm) and TP1 (D =
1.9 nm), but shorter arms than both (L = 3.5 nm) yielding
volumes of 4289 and 1907 atoms, respectively (see Table 1).
These nanostructures cover therefore a wide range of aspect
ratios L/D, from 1.25 to 7.27. We note that, although initial
attempts to grow CdTe/CdSe core/arms TPs yielded structures
with short, tapered arms,* in principle the seeded growth
method has the potential to produce CdTe/CdSe with the
characteristics modelled in this work, provided suitable mix-
tures of surfactants are employed. We hope that the present
study will spur further research to improve the synthetic pro-
cesses, leading to the same degree of control that is available
with TP made of other materials.**

We selected TPs whose CBM was above the redox potential
for CO, reduction, but, at the same time, lower than the redox
potential for the reduction of H,O to H, (see top dashed lines
in Fig. 1). This ensures the required selectivity vs. water

Table 1 The structures considered in this work (diameter D, length L
and number of atoms). Color highlights common features

Structure D (nm) L (nm) Volume (atoms)
TP1 1.9 14 7027
TP2 2.1 14 8115
TP3 2.8 7.0 8005
TP4 2.1 3.5 2227
TP5 2.8 3.5 4289
TP6 1.9 3.5 1907
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reduction (property 1), which is expected to be suppressed in
these nanostructures by virtue of their band structure alone.
In contrast, other semiconductor nanostructures usually
require some degree of surface manipulation to enhance their
photocatalytic reduction yields of CO, in the presence of H,O.
As a consequence, unlike with TiO,?** or other semi-
conductors, in the case of CdTe/CdSe core/arms TPs the use of
both solid-liquid or solid-vapour reaction modes should be
possible and should yield similar rates of CH, formation,
adding further flexibility to the design of the reactor.

The results presented in Fig. 1 also suggest that the TP geo-
metry can be easily engineered for the position of its CBM to
lie above (i.e., to be more negative vs. NHE than) the reduction
potential of other catalytic reactions for CO, reduction (e.g., to
CH3;0H, HCHO, CO, and HCOOH, in order of increasingly
negative potentials). This will, however, inevitably compromise
all selectivity, as water reduction (and CH, formation) will be
competing with those reactions.

We want to emphasise the importance of accurate band
edge engineering in these systems, an example of which is pro-
vided by the comparison between the photocatalytic perform-
ance of commercial WO3; microcrystals and nanosheets of the
same material: the former, whose CBM is 0.29 eV more posi-
tive than the reduction potential of CO, to CH,, could produce
no CH,; the latter, however, whose CBM, owing to increased
confinement, is 0.47 eV higher than that of the microcrystals
(and just 0.18 eV higher than the CO,/CH, reduction potential)
resulted in successful catalysis of CO, into CH,4.** Similarly, in
the case of Na,V¢0,¢ nanoribbons** successful CO, reduction

=
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- | I _
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> a1r B
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() i 1T E 1
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Fig. 1 Valence (squares) and conduction (circles) band edge energies, calculated with respect to vacuum, as a function of TP size: (a) arm length L,
for different values of the diameter D = 1.9 nm (green symbols), 2.1 nm (red symbols) and 2.8 nm (blue symbols); (b) arm diameter D, for L = 3.5 nm
(black symbols). The solid lines are a guide to the eye. The dashed lines mark the position of the redox potentials for the reduction of H, O to H,
(—2.997 eV, top brown line), the reduction of CO, to CHs OH (—3.027 eV, maroon line) and to CH,4 (-3.167 eV, middle brown line), and the oxidation
of H, O to O, (—4.215 eV, bottom brown line), at pH = 7. Their position relative to vacuum was obtained by shifting the values reported in ref. 5
(Fig. 2) using as a reference level our calculated position of the CBM of bulk CdSe (~3.49 eV, also confirmed experimentally”).
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to CH, in water was achieved despite their CBM position being
just 0.17 eV above the CO,/CH, reduction potential.

Very recently, spherical CdSe nanocrystals (NCs) exhibited
remarkable size-tunable selectivity in the photocatalytic
reduction of CO,.** Li and co-workers showed’® that, by
varying the NC size, the position of the CBM could be tuned to
lie between the potential for H, evolution and that for CH;OH
generation, resulting in over 70% selectivity towards the latter
product. They also found that the observed potentials for both
reactions (defined as ‘the potentials at which the electron has
Just started H, and CH3;OH production’) were more reducing
than the theoretical values. In particular the difference
between the observed potential for CO, reduction to CH;OH
(~—=0.4 V vs. NHE") and its value at pH 7 (—0.38 V vs.
NHE®*%), attributed by the authors* to kinetic factors includ-
ing the activation energy and the overpotential, was only ~0.02
V. Furthermore, they reported the presence of considerable
amounts of CH, in the reaction products, which were indepen-
dent of the NC size, as the potential for CO, reduction to CH,
is far below the position of the NCs’ CBM, for all sizes con-
sidered in the experiment.** Interestingly, for NC sizes
sufficiently large that no CH;OH was produced, (i.e., when the
CBM dropped below the potential for CO, reduction to
CH;0H), the selectivity achieved for CH, was 79%.*> These
results suggest that much higher selectivities for CO,
reduction to CH, should be achievable by carefully engineered
CdTe/CdSe TPs with suitable arm size and CBM position. Very
importantly, they also provide an estimate for the magnitude
of the activation energies and overpotentials for such a reac-
tion (~0.02 V) in these nanostructures.

We verified that the TP’s CBM originated from the CdSe
arms and the VBM from the CdTe core by decomposing each
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structure into an isolated CdTe core and an isolated CdSe arm,
and run electronic structure calculations on each (see Fig. S2,
ESIY).

As a consequence, we found that in all TPs considered: (a)
the holes are confined in the core, whereas the electrons are
localised in the arms (Fig. 2), as desired; (b) the band gap is
smaller than that of both core and arm (but still in the visible
region of the spectrum), and can be tuned over a wide range of
energies by an appropriate choice of core and arm sizes.

However, structures with small diameters (D < 2.1 nm) and
short arm lengths (L < 3.5 nm), exhibit two features that would
affect their exploitation as efficient photocatalysts: (I) a con-
siderable portion of the CBM charge density is found in the
core (Fig. 2); (II) the CBM does not exhibit the expected four-
fold degeneracy (Fig. 3 and Fig. S3, ESIY).

The large overlap between ground state electron and hole
wave functions resulting from (I) yields radiative recombina-
tion times of the same order of magnitude (i.e., tens on ns), as
those observed in CdSe nanocrystals of similar diameters or
calculated for CdTe TPs with similar dimensions (Fig. 4);
whereas, as a consequence of (II), some of these nano-
structures may fail to simultaneously deliver the eight isopo-
tential electrons needed for an efficient CO, reduction. It has
to be noted that, although the energy separation AEy, |
between the first (cb; = CBM) and the fourth (cb, = CBM + 3)
electron state of all of these nanostructures is much smaller
than in spherical nanocrystals with similar diameters (about
600 meV in CdSe), where it is much larger than the difference
between the redox potentials for CO, and H,O reduction, it
may still lead (especially for TPs with thinner arms) to a loss of
selectivity (1): i.e., if the energy of the excited electron is above
the redox potential for water reduction (top dashed line in

Arm diameter

Arm length

Fig. 2 Valence (bottom) and conduction (top) band edge charge densities (red), calculated for different values of the arm diameter D = 1.9 nm (a),
2.1 nm (b) and 2.8 nm (c), for L = 3.5 nm, and for different values of the arm length L = 3.5 nm (d) and 14 nm (e), for D = 2.1 nm. Cyan dots represent

Cd, blue dots represent Se and Te atoms.
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Fig. 3 Lowermost four conduction band state charge densities (red), calculated in TPs with D = 2.1 nm and (top) L = 3.5 nm (TP4), and (bottom) L =
14 nm (TP2). Also reported are the corresponding energies, relative to vacuum. Cyan dots represent Cd, blue dots represent Se and Te atoms.
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Fig. 4 Radiative recombination lifetimes, calculated at room tempera-
ture as a function of volume (red symbols, bottom x axis) and as a func-
tion of arm length (black symbols, upper x axis) in TPs with D = 1.9 nm
(red squares and black diamonds), 2.1 nm (red squares and black circles)
and 2.8 nm (red squares and black triangles). The lifetimes calculated in
homogeneous CdTe TPs are also shown (empty red squares) for com-
parison. The dotted arrows connect symbols relative to the same
structure.

Fig. 1), the latter reaction will be more likely to occur than the
reduction of CO, (if considering the two to eight electron ratio
for the two reactions). We also note that, although the large
separation AE, , in spherical structures can be reduced by
increasing the nanocrystal’s radius, this occurs at the expense

This journal is © The Royal Society of Chemistry 2021

of lowering the position of the CBM and decreasing the band
gap. In the case of CdSe, for example, the radius increase
needed to reduce AE, , below 100 meV leads to a lowering of
the CBM of over 600 meV (which brings it below the redox
potential for CO, reduction) and to a decrease of the band gap
of over 1 eV.’

Our results suggest that the non-zero amplitude of the elec-
tron-hole wave function overlap found in short- and thin-
armed TPs, despite the presence of a charge-separating band
alignment at the CdTe/CdSe interface, is due to a lack of avail-
able volume for the electron to ‘expand’ into. Indeed, the posi-
tion of the electron charge density moves away from the core
region as soon as the arms’ volume increases (Fig. 2). In CdTe/
CdSe core/arms TPs, the increase in L also leads to a nearly
vanishing AE., , which decreases from about 17 meV (for L =
3.5 nm) to 0.1 meV (for L = 14 nm), in structures with D =
2.1 nm, ensuring the desired four-fold degeneracy of the CBM.
Importantly, as it is the case with uniform-composition TPs,*®
within this length window the position of the CBM only varies
by a few tens of meV (see Fig. 1), and hence so does the band
gap (as the VBM is nearly constant). This has the double
benefit of increasing the absorption cross section with volume,
whilst maintaining absorption in the visible. Furthermore,
from Fig. 1 we can also see that, in this size range, crucially
the CBM remains between the redox potentials for H,O and
CO, reduction to CH, (top brown dashed lines), ensuring
excellent selectivity for the latter reaction.

We also find that a simple increase in the arm diameter
from 1.9 nm to 2.8 nm, yields an over five-fold increase in
radiative lifetime, even for a very short arm (L = 3.5 nm). Most

Nanoscale, 2021,13,10024-10034 | 10029
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remarkably, however, in structures with D = 2.1 nm, the calcu-
lated room temperature radiative lifetime increases by over two
orders of magnitude, from 45 ns to 4.6 ps, when increasing L
by a factor of 4, from 3.5 nm to 14 nm (filled black circles in
Fig. 4). This is in striking contrast with the behaviour of con-
ventional CdTe TPs, where, for similar increases in either D or
L, we find no appreciable variation in the calculated radiative
recombination time, which remains at around 25 ns (red
empty squares in Fig. 4), i.e., comparable to that of spherical
nanocrystals, owing to the fact that both CBM and VBM are
localized in the core (so that there is little change in their
overlap with increasing total volume). Even in CdSe/CdS TPs
with an aspect ratio of L/D as large as 10 the observed radiative
lifetime is only a factor of 3 longer than in spherical CdSe
nanocrystals with similar diameters.>® As a comparison, the
measured recombination time in TiO, nanoparticles, CO,’s
reduction catalysts of choice, is sub-nanosecond.*®

The radiative recombination lifetimes we predict for CdTe/
CdSe core/arms TPs with more than 8000 atoms are therefore
longer than (or comparable to) the typical redox reaction times
(>107® 5)° - which are usually too slow to compete with the
radiative lifetimes (~10"° s) exhibited by common semi-
conductor nanocrystals or conventional same-composition
TPs. This should allow the charge carriers sufficient time to
reach the surface (which is conveniently close, given the small
arm diameter, and provides a huge contact area for CO,
adsorption (3), due to the considerable arm length), and react
with CO, and H,O before recombining. Furthermore, the long
arms of these nanostructures present many facets with
different orientations, providing large amounts of undercoor-
dinated surface metal atoms, which have been shown*” to be
extremely efficient in transferring electrons to adsorbed reac-
tants, resulting in high catalytic activity and selectivity. Such
coordinatively unsaturated Cd atoms also serve as trapping
sites for efficient adsorption of CO, molecules,*® leading to a
significant improvement in their photocatalytic reduction.*’

Long radiative lifetimes are of limited utility in the presence
of fast non-radiative recombination pathways. In colloidal
nanocrystals, the most efficient of such processes is Auger
recombination (AR), where the recombination of an electron-
hole pair in the presence of excess electrons and/or holes is
accompanied by a (non-radiative) energy transfer to one of the
‘spectator’ particles, which is excited to a higher energy state
(see Fig. S4, ESIt). Typical AR lifetimes in CdSe spherical dots
with diameters of 2.4 nm are of the order of a few pico-
seconds,’” and decrease with decreasing dot size.

We find that in CdTe/CdSe core/arms TPs the weak elec-
tron-hole wave function overlap also leads to strong AR sup-
pression. Our calculated AR times are one to over two orders of
magnitude longer than in spherical nanostructures with
similar diameters, and increase with arm length, ranging (in
TPs with D = 2.1 nm), from about 40 ps (for L = 3.5 nm) to
about 800 ps (for L = 14 nm).

We want to stress that this twenty-fold increase with arm
length is not due to a simple volume scaling, as the increase
in AR times observed in spherical CdSe nanocrystals for a
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similar volume increase is only of a factor of less than 5.>°
Interestingly the AR lifetime associated with excess electrons
(ze) is of the order of ten microseconds, whereas that associ-
ated with excess holes () is shorter than 1 ns and dominates
the total calculated AR time, in the case of a CdTe/CdSe TP
with L = 14 nm (for L = 3.5 instead, the two contributions are
more similar to each other - of the order of 200 ps for 7z, and
40 ps for 7). The origin of such a large disparity is the
different contribution from arm and core states to the calcu-
lation of the two lifetimes: 7. involves three arm-delocalised
electron and one core-localised hole wave function (the initial
state is a hole in the VBM and two electrons in the CBM, the
final state is an excited electron), which have little overlap with
each other, whereas in the calculation of 7, three out of four
wave functions are relative to core-localised holes (the initial
state is an electron in the CBM and two holes in the VBM, the
final state is an excited hole), and therefore exhibit a much
larger overlap. In contrast, in CdTe TPs, where both CBM and
VBM can access the core region, and the charge densities of
electrons and holes are distributed more uniformly throughout
the nanostructure, we calculate 7. &~ 7;,. These results strongly
suggest that, owing to their specific band alignment at the het-
erojunction and the availability of a large volume for the CB
wave functions to spread, CdTe/CdSe TPs with long arms
favour the accumulation of electrons.

There has been some debate regarding which geometrical
feature, arm length®" or TP volume,’® most affects the TP pro-
perties. Our results clearly show that both the excitonic struc-
ture and the optical properties are determined by the TP
volume, more than by the arm length alone. To show this, we
will focus on four of our structures: TP1, TP2, TP3, and TP4
(see above). If arm length were the critical structural feature
determining the TP properties, we should find similar results
for TP1 and TP2 (if it were the diameter, our results should be
similar for TP2 and TP4, as they would if the volume were irre-
levant). If, however, TP volume were more important, then TP2
and TP3 should exhibit a similar behaviour.

Both excitonic structure and optical properties in semi-
conductor nanostructures are determined by the electron-hole
coupling (quantified by their wave function overlap). A quanti-
tative measure of this overlap is provided by the direct
Coulomb matrix elements (J,.) and by the dipole matrix
elements (M,.), calculated between valence (v) and conduction
(c) states. The former represent the electron-hole attraction
energy that binds the exciton, and is the main component
determining the excitonic red shift, compared to the single-
particle picture,® while the latter determines the nano-
structure’s optical properties, among which the radiative
recombination lifetimes. We calculated that in TP2 J. is very
small (18 meV) and has the same value for v = VBM, and ¢ =
CBM, CBM + 1, CBM + 2, and CBM + 3, (as a comparison, in a
spherical CdSe nanocrystal with the same diameter of 2.1 nm
we calculate Jygm,cpm ~ 400 meV), whereas in TP1 and TP4
Jvem,cem (= 39 meV and 105 meV, respectively) is different
from Jyem,cem+; (= 26 meV, and 82 meV, respectively, for j = 1,
2, 3), evidencing (A) a larger overall electron-hole coupling in
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TP1 and TP4 than in TP2, and (B) a different degree of overlap
between the VBM and the lowermost four CB states in those
structures. In contrast, in TP3 Jvem,cBMm and JvBMm,cBm+; are very
similar, their difference being of only about 3 meV.

These features have a direct effect on the TPs’ excitonic
structure: due to the four-fold degeneracy of its CBM, and to
the constant value of the overlap between VBM and CBM + j
(forj =0, 1, 2, 3), TP2 exhibits an almost perfect 32-fold degen-
erate ground state exciton (obtained from the combination of
four CBM and two VBM states and including the spin degener-
acy), with the whole fine structure contained within only
6 meV (i.e., the energetic separation between excitons 1 and 32
is only 6 meV. As a comparison, in a spherical CdSe nanocrys-
tal with the same diameter of 2.1 nm we calculate such a sep-
aration to be over 600 meV). Despite a similar and nearly
perfect four-fold degeneracy of the CBM (the difference
between the energetic position of CBM and CBM + 3 is here
only 1.5 meV), in TP1 the lowermost 32 excitonic states are
instead spread over 39 meV, compared with only 19 meV in
TP3, and 80 meV in TP4, reflecting the behaviour found in J,.
in the three structures. We conclude that arm length is impor-
tant (see TP2 vs. TP4), but volume is even more so (see TP1 vs.
TP2).

Turning now our attention to the optical properties, we,
again, find that the volume, not the arm length, determines
the radiative recombination lifetimes in these hetero-nano-
structures (Fig. 4). Indeed, we calculate the longest lifetime
(4574 ns) in TP2 (8115 atoms), followed by TP3 (503 ns, 8005
atoms), TP1 (298 ns, 7027 atoms), and TP4 (45.7 ns, 2227
atoms), confirming the strongest electron-hole couplings to
occur in TP4 (which has the smallest volume and arm length)
and TP1 (which has the same arm length as TP2, but a smaller
volume), compared to the other two structures.

3. Conclusions

In conclusion, our electronic structure calculations have
shown that CdTe/CdSe core/arms TPs with arms’ diameters of
about 2.1 nm (1.9 < D < 2.8) and arms’ lengths >14 nm can be
extremely efficient light harvesters (i) with large absorption
cross sections in the visible part of the spectrum, exhibit
charge separation (ii) where electrons and holes are localised
in different spatial regions of the hetero-nanostructure (5),
leading to long carriers’ lifetimes (compared to both homo-
geneous TPs and typical redox reaction times), provide short
charge migration pathways from the bulk phase to the surface,
and a very large surface area rich in coordinatively unsaturated
metal atoms promoting reactant adsorption (3) and reaction
(iii), which can be increased independently from the band gap
(4), exhibit high selectivity for CO, reduction vs. the competing
H,O reduction (1), and, finally, are capable to provide eight
isoenergetic electrons at one time (2). They therefore present
themselves as ideal catalysts for CO, reduction to CH,, exhibit-
ing potential for unprecedented selectivity and for unparal-
leled efficiency. We stress the word potential here, however, as,
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despite all of the TPs’ remarkable thermodynamical and dyna-
mical properties listed above, deriving from their electronic
structure, optical properties and charge dynamics, it is impor-
tant to highlight that adsorption/desorption properties of reac-
tants and intermediates also play a fundamental role in deter-
mining the product’s selectivity and yield. The modelling of
such properties is beyond the capability of our approach and
the scope of the present work. Nevertheless, the available lit-
erature suggests the presence of coordinatively unsaturated
metal atoms (such as the Cd atoms abundant on the TP’s
surface) to facilitate reactant adsorption, leading to high
reduction rates. Furthermore, the high selectivity for CH, pro-
duction achieved by large CdSe NCs, and the very low overpo-
tentials and activation energies measured in these systems,
provide further support to our claims. We therefore hope these
results will stimulate further research, such as detailed cata-
Iytic analysis and experimental implementation of TP-based
photocatalytic cells, aimed at verifying the effective selectivity
and efficiency of these versatile nanostructures for CO,
reduction to CH,.

4. Method

The TPs modelled in this work are assumed to have a bulk-like
crystal structure. This assumption is supported by both experi-
mental powder diffraction measurements performed on simi-
larly lattice mismatched ZnTe/CdS TPs,** which evidenced
identical crystal structures between the TP arms and wurtzite
CdS nanorods elongated along the 0001 direction, and by
high-resolution transmission electron microscopy images of
CdSe/CdS TPs,** which showed defect-free interfaces between
(111) planes of zinc blende CdSe cores and (001) planes of
wurtzite CdS arms. Accordingly, our TPs are composed of a
central zinc blende tetrahedral core with four (111) facets
made of CdTe, from which four wurtzite CdSe rod-like arms
protrude,*®**3* whose surface includes a similar number of
Cd and Se atoms (see Fig. S1, ESI}). The unsaturated bonds at
the TP surface are passivated by pseudo-hydrogenic, short-
range potentials with Gaussian form.>* The single-particle
energies and wave functions are obtained by solving the
Schrodinger equation using the atomistic plane-wave semi-
empirical pseudopotential method (SEPM) described in ref.
55, including spin-orbit coupling, and excitonic effects are
accounted for, in the calculation of the optical properties
(radiative lifetimes and optical spectra), via a configuration
interaction scheme®® (where we include up to 9 electron and
15 hole states - for a total of 540 configurations - as we are
mostly interested in the properties around the band gap). In
the SEPM method,’® the single-particle Schrédinger equation,
containing SEPM screened atomic potentials fitted to the DFT
potentials and to the experimental band structure, is solved
non-self-consistently using the folded spectrum method>® for
a selected set of states near the band gap. This approach
allows us to obtain DFT-like accuracy in the calculation of the
eigenstates of systems containing tens of thousands of atoms.
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Indeed SEPM and DFT bulk wave functions exhibit a 99%
overlap.” This well-benchmarked and accurate method has
been used in the past to successfully predict a wide range of
experimental features, including the extinction coefficients as
a function of size in CdSe dots,”” the size-dependent conduc-
tion and valence band edge energies in nanocrystals of
different materials,” the exciton dynamics in CdTe®® and
InSb*® colloidal dots, electron transfer rates in Cd chalcogen-
ide nanocrystals,®® Auger rates in CdSe nanocrystals,®" and the
electronic states properties of CdSe TPs.>°

Auger recombination times are calculated according to
established procedures®®* with the difference that here a size-
and position-dependent dielectric constant ¢, = &(R),>® was
assumed within the TP (and &, = 1, was assumed for its
environment), instead of a regional screening with &;, = epui
and eou¢ = Esolvent-~ We compared the results of the two
approaches in CdSe spherical nanocrystals with similar dia-
meters to the TPs considered here and found that the calcu-
lated lifetimes agree for ¢, &~ 2.5-3.5 (see Fig. S5 ESI{), which
includes the dielectric constants of the most commonly used
solvents and capping groups.
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