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ABSTRACT: Highly porous CdTe nanoarchitectures (aerogels)
were prepared by sol—gel assembly of discrete nanocrystals
followed by supercritical CO, drying. CdTe nanocrystal surface
functionalization (either phosphine oxide or thiolate) is found
to be immaterial to oxidation induced gel formation suggesting

that the standard thiolate capping procedure is not a necessary CdTe aerogels

step in the gelation process. On the basis of this observation, and
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reduction induced dispersion of the gel network, the exposure of reactive sites and the subsequent surface oxidation reaction to form
polychalcogenide linkages are key steps in the gelation mechanism. Consequently, CdTe aerogels exhibit similar physicochemical
properties, regardless of original ligating functionality. The aerogels are mesoporous, with surface area >100 m*/g, and exhibit an
optical bandgap of 1.92 eV, consistent with quantum confinement within the 3-D linked network. Photoluminescence is suppressed

in the aerogels, but can be partially recovered upon heating.

B INTRODUCTION

CdTe nanocrystals (NCs) have received considerable atten-
tion due to their size-dependent emission properties, spanning
from the UV through the near IR, as well as their large window for
absorbance (4 < 825 nm, based on a bulk band gap of 1.5eV) and
high extinction coefficient (>1 x 10°> cm™ ' M )." These factors,
combined with the documented synthetic methods for obtaining
high-quality CdTe NCs with control of size,' > shape,** and
surface chemistry®® have made them promising materials for many
applications, such as light emitting diodes (LEDs),”~* photovoltaic
devices,"”"" and sensors.'>"* However, applications that rely on
electrically connected systems require the discrete nanocrystals
accessible by solution phase strategies to be assembled into
“wired” superstructures while retaining the inherent properties of
primary nanocrystals. Furthermore, for certain applications (e.g,,
sensing and photocatalysis), the assembled nanostructures
should be open and accessible to small molecules to facilitate
reactions occurring on the surface of nanocrystals.

Metal chalcogenide (MQ) aerogels (AGs) are composed of
physically connected nanoscale building blocks without organic
spacers and represent one class of semiconducting inorganic
porous nanostructure.'* The synthesis of MQ_aerogels devel-
oped by Brock and co-workers is based on a two-step sol—gel
synthesis route and is generally applicable to the assembly of a
range of MQ compositions, including CdS, PbS, ZnS, CdSe, and
CdSe/ ZnS,15717 in addition to heterocomposites between noble
metal nanoparticles and CdS NCs."®"? A typical synthetic route
involves the following: synthesis of primary phosphine oxide
capped NCs, surface ligand exchange with thiolates, gelation
of the thiolate-capped NCs by partial removal of thiolate
capping groups from the nanocrystal surface to form a wet gel,
and supercritical drying of the wet gel to yield an aerogel.
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The removal of surface thiolate groups can be achieved by the
chemical oxidation method by addition of oxidants [e.g., H,O, or
tetranitromethane (TNM)] or photo-oxidation (hv/O,). The
aerogels that result from supercritical drying retain 90—95% of
the wet gel volume and exhibit large surface areas and high
porosities, similar to the characteristics of base-catalyzed silica
aerogels. They are macroscopic assemblies in the form of bulk
monoliths and retain the inherent properties of the primary
nanobuilding blocks, specifically, the quantum confined optical-
electric properties.

The gelation mechanism for the assembly of thiolate
(11-mercaptoundecanoic acid) capped metal chalcogenide NCs
(CdSe, CdS, and ZnS) has been recently reported by Brock and
co-workers.”' Briefly, the study revealed that, during gelation,
the thiolate ligands were either chemically oxidized or photo-
oxidized to produce soluble disulfide species, thereby expos-
ing the nanocrystal surface. The decomplexed Cd** ions were
then dispersed in solution via solvation, leaving a chalcogenide
rich particle surface. By further oxidation, the Q* (Q = S, Se)
ions were oxidized into Q- fragments, which can link the
particles together to form a gel network supported by (Q,)*
or (Q,)* fragments. The polychalcogenide bonding in the
aerogels was confirmed by Raman and X-ray photoelectron
spectroscopies.”’ Consistent with the redox mediated gela-
tion, the resultant gels can be redispersed by addition of reduc-
ing agents (e.g., thiols, NaBH,). This oxidative gelation approach
is also expected to be applicable to the assembly of CdTe NCs,
because tellurides are more easily oxidized than sulfides or
selenides.
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A few studies have been performed on the assembly of CdTe
NCs. Kotov and co-workers reported self-assembly of thiolate
stabilized CdTe NCs into 1D nanowires”> or 2D sheets™ via
partial depletion of thiolate stabilizers by washing with methanol.
In contrast to the oxidization induced gelation process employed
by the Brock group, the assembly was reported to occur in the
absence of an external oxidant and in the dark, precluding photo-
oxidation induced processes (recently, it has been shown that
photo-oxidation can be used to make helical ribbons from the
straight ribbons formed in the dark®*). Gaponik and Eychmiiller
demonstrated 3D assembly of thioglycolic acid (TGA)-capped
CdTe NCs into gels and AGs.”® They used aging, chemical
oxidation, and photochemical methods to induce gelation and
produced the aerogel by supercritical drying. The CdTe gels and
aerogels were found to exhibit the classic pearl-necklace archi-
tecture and were highly luminescent. However, other physical
properties (e.g, surface area, crystal phase, and elemental
composition) were not evaluated. More recently, Eychmiiller
and co-workers reported 3D assembled nanostructures contain-
ing “piled-up” CdTe@Cd-TGA complex nanowires.>® Without
employing an oxidative process, the assembly was achieved by
partial removal of TGA capping groups in the presence of
ethanol and a highly concentrated salt. The CdTe NCs are
essentially embedded in the Cd-T GA gel matrix and are highly
luminescent. Metal cross-linking of tetrazolyl analogues leads
to similar assemblies.””

The present paper provides a detailed study of CdTe gel
formation by chemical oxidation as a function of surface ligation
and the consequences for the nature of the resultant aerogels. We
demonstrate that the common thiolate-capping approach is not a
prerequisite to gel formation, and reveal, for the first time, the
physicochemical properties of CdTe aerogels in terms of struc-
ture, morphology, surface area, and porosity, as well as optical
properties.

B EXPERIMENTAL SECTION

Materials. Trioctylphosphine oxide (TOPO, 90%), cadmium oxide
(99.99%), tellurium powder (99.9%), trioctylphosphine (TOP, 90%),
11-mercaptoundecanoic acid (MUA, 95%), 16-mercaptohexadecanoic
acid (MHA, 90%), and tetranitromethane (TNM) were purchased from
Sigma-Aldrich. Tetramethylammonium hydroxide pentahydrate (TMAH,
99%) was purchased from Acros. N-Tetradecylphosphonic acid (TDPA,
98%) was purchased from Alfa-Aesar. Ethyl acetate, toluene, acetone, and
methanol were purchased from Fisher Scientific.

Synthesis of Cadmium Telluride Aerogels. Synthesis of
TOPO-Capped CdTe Nanocrystals. TOPO-capped CdTe NCs were
prepared by Peng et al.’s method”® with slight modification. A typical
synthesis procedure occurs as follows. A mixture of CdO powder
(0.0514 g), TDPA (0.1116 g), and TOPO (3.7768 g) was loaded in a
250 mL Schlenk flask and slowly heated to 320 °C under argon flow to
obtain a clear solution. The temperature of the reaction solution was
reduced to 270 °C, and a tellurium precursor (0.0664 g of tellurium
powder dissolved in 2.4 mL of TOP) was quickly injected. The reaction
solution was cooled down to 100 °C immediately after the injection and
slowly heated back to 240 °C (10 °C per 10 min) where it was left for 1 h
and then allowed to cool to room temperature. The resultant CdTe NCs
were dispersed in toluene and precipitated with methanol. After
centrifugation, the precipitate of CdTe NCs was redispersed in toluene,
and the resultant CdTe sol was centrifuged one more time to remove the
insoluble byproducts and impurities. The subsequent CdTe sol was
precipitated with methanol to obtain the purified TOPO-capped CdTe
NCs, which were subjected to direct gelation or the thiolate ligand

exchange procedure. For direct gelation of TOPO-capped CdTe NCs,
the purified nanocrystals were redispersed in toluene and reprecipitated
by methanol twice more before final dispersion in 16 mL of toluene.

MHA-Capping of CdTe Nanocrystals. MHA-capped CdTe NCs were
prepared following a modification of the method reported by Aldana
et al? Briefly, 0.5770 g of MHA was dissolved in 10 mL of methanol,
and the pH was adjusted to >10 using TMAH. In the absence of light, the
resulting solution was added to TOPO-capped CdTe NCs prepared
from one batch of the reaction described in the proceeding section and
shaken vigorously to ensure that the CdTe NCs were dispersed
completely. The resultant MHA-capped CdTe NCs were precipitated
by ethyl acetate and dispersed in methanol. Ethyl acetate was used to
wash the nanocrystals two times to remove excess MHA and other
byproducts. The purified MHA-capped CdTe NCs were dispersed in
16 mL of methanol for gelation.

Gelation of MHA-Capped and TOPO-Capped CdTe Nanocrystals.
Gelation of an MHA capped CdTe sol was generally achieved by
addition of 0.0S mL of a 0.3 vol % TNM methanolic solution to 4 mL
aliquots ([Cd**] = 0.012 M) of the MHA-capped CdTe sol.'® The
subsequent solution was shaken vigorously to obtain a homogeneous
mixture. Typically, gelation was observed 3—4 h after mixing. Alterna-
tively, gelation was achieved by photochemical methods, in which the
MHA capped CdTe sol is illuminated by a mercury lamp for 9 h. The
resultant gels are allowed to age 7—10 days under ambient conditions.

Gelation of a TOPO-capped CdTe sol was performed by addition of
0.05 mL 0.3 vol % TNM methanolic solution to 4 mL aliquots ([cd*]=
0.011 M) of the TOPO-capped CdTe sol. Gelation was observed 3—4
days after mixing with oxidant. The resultant wet gel was aged for 2—3
weeks under ambient conditions prior to drying.

Production of TOPO-Capped and MHA-Capped CdTe Aerogels.
TOPO-capped and MHA-capped CdTe AGs were obtained by ex-
change of the aged wet gels with acetone 4—S5 times per day for two days,
followed by supercritical CO, drying with a SPI-DRY model critical
point dryer. In the typical drying process, the acetone washed monolithic
wet gels are loaded into the supercritical dryer boat under acetone and
subsequently immersed in liquid CO, at 19 °C for S—6 h. Subsequently,
the temperature is raised to 39 °C, and the pressure automatically
increases to 1300—1400 psi. The gel is maintained under these condi-
tions for 30 min to stabilize formation of the supercritical fluid. Monolithic
aerogels are obtained by venting the system over 30—40 min to remove
supercritical CO, from the gel while maintaining the temperature.

Dispersion Studies. Thiolate solutions of MHA were prepared for
dispersion studies by dissolving 0.1443 g of MHA in 5 mL of methanol
followed by addition of TMAH to drive the pH to >10. TOPO-capped
CdTe aerogel (~10 mg) was dispersed in the above MHA solution.
Ethyl acetate was used to precipitate the dispersed nanocrystals. The
resultant nanocrystals were washed by ethyl acetate once more to
remove excess thiolates and dispersed in 4 mL of methanol to obtain
a nanocrystal sol for TEM evaluation.

Characterization Techniques. Powder X-ray Diffraction (PXRD).
A Rigaku RU 200B X-ray diffractometer with a Cu Ka rotating anode
source was employed for powder X-ray diffraction measurements.
Powder aerogel samples were deposited on a zero background quartz
holder coated with a thin layer of grease. X-ray diffraction patterns
were identified by reference to the phases in the International Centre
for Diffraction Data (ICDD) powder diffraction file (PDF) database
(release 2000).

Transmission Electron Microscopy (TEM)/Energy Dispersive Spec-
troscopy (EDS). The TEM analysis was performed in bright field mode
by using a JEOL 2010 HR analytical electron microscope operating at a
200 kV acceleration voltage. Finely powdered aerogel samples were
dispersed in acetone followed by sonication. One drop of the solution
was added onto a carbon-coated copper TEM grid, and the solvent
was allowed to evaporate prior to introduction to the instrument.
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Semiqualitative elemental compositions of CdTe NCs and the resultant
AGs were obtained using an in situ energy dispersive spectroscopy
(EDS) unit (EDAX, Inc.) attached to the transmission electron
microscope.

Surface Area and Porosimetry Analysis. Surface area and porosime-
try profiles of powdered CdTe AGs were obtained from nitrogen
adsorption/desorption isotherms acquired at 77 K on an ASAP 2010
surface area and porosimetry analyzer from Micromeritics. The surface
areas of the aerogels were calculated by using the Brunauer—Emmett—
Teller (BET) model. The Barrett—Joyner—Halenda (BJH) model was
used to generate a pore-size distribution plot and calculate the average
pore diameter and cumulative pore volume. Aerogel samples were
degassed under vacuum at 100 °C for 48 h before analysis.

Diffuse Reflectance UV—Vis Spectroscopy. A Jasco V-570 UV—vis—
NIR spectrophotometer equipped with an integrating sphere was used to
measure the optical diffuse reflectance of CdTe AGs. A small amount of
powder was spread evenly on the sample holder and measured from 1000 to
200 nm (1.24—6.2 eV). The baseline was corrected by a reflectance
standard (BaSO,). The reflectance data were converted to absorption
to yield the optical absorption spectra according to the Kubelka—
Munk equation.*

Photoluminescence. A Cary Eclipse (Varian, Inc.) fluorescence
spectrometer was used for studying emission properties of nanocrystals
and aerogels. Nanocrystal solutions were loaded in a 1 cm quartz
fluorescence cell, and analyses were conducted under ambient condi-
tions. Powder aerogel samples were sealed in evacuated quartz tubes,
and analyses were conducted at liquid nitrogen temperature.

Atomic Absorption Spectroscopy. A Perkin-Elmer AAnalyst 700
atomic absorption spectrometer equipped with flame and graphite
furnace atomizers was employed for determination of Cd concentration,
[Cd**], in solutions of nanocrystals and in aerogel samples. The air—
acetylene flame technique was used. Samples were prepared by dissolu-
tion in 2 vol % HNO; solution. [Cd**] of five standard solutions was
measured to establish a calibration curve, and a 2 vol % HNOj; blank
solution was used to correct the background signal.

B RESULTS

Synthesis and Assembly of CdTe Nanocrystals. Trioctyl-
phosphine oxide (TOPO) -capped CdTe NCs were prepared by
arrested precipitation using a literature method.”® The phase was
confirmed to be that of hexagonal CdTe by PXRD (Figure 1),
with a crystallite size of 4.4 nm (calculated from the application of
the Scherrer equation to the peak at 39° 26). A portion of the
nanocrystals was subjected to surface exchange with thiolate
ligands under basic conditions (pH > 10). Intriguingly, our
standard thiol employed in exchange, 11-mercaptoundecanoic
acid (MUA), resulted in transformation of the red CdTe sol into
ablack precipitate, identified as crystalline Te by PXRD (Figure S1).
Accordingly, a longer chain thiol, 16-mercaptohexadecanoic acid
(MHA) was explored and found to yield stable thiolate-capped
sols. Gelation of the MHA-capped CdTe NCs was achieved via
oxidative removal of the surface thiolate groups by use of a chemical
oxidizing agent (tetranitromethane, TNM). Use of 0.025 mL of 3
vol % of TNM methanol solution (resultlng in the concentration
ratio of TNM to Cd*" equal to 1:8)*" led to gelation, but this was
accompanied by bleaching, resulting in a white gel. In contrast,
0.05 mL of 0.3 vol % TNM ([TNM ]:[Cd>"] = 1:40) led to slow
gelation over 3—4 h with no loss of the deep red color. The
resultant wet gel was aged for 7 days under ambient conditions to
obtain a robust monolithic wet gel. For comparison, photo-
oxidation of a MHA-capped CdTe nanocrystal sol by mercury
lamp illumination was explored for gelation.

TOPO-CdTe AGs
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Figure 1. PXRD pattern of TOPO-capped and MHA-capped AGs and
of TOPO capped CdTe NCs. The ICDD-PDF overlay of hexagonal
CdTe (PDF 19-0193) is shown as vertical lines. * indicates the most
intense reflection of crystalline Te.

TOPO-capped CdTe NCs can be directly assembled into gels
without first undergoing surface exchange with thiolate. This was
achieved by redispersing the as-prepared nanocrystals with
toluene and reprecipitating them with methanol two times prior
to addition of TNM. As for the MHA-capped CdTe gelation,
0.05 mL of 0.3 vol % TNM was applied to 4 mL of TOPO-capped
nanocrystal sol to achieve a concentration ratio of [TNM]:[Cd**]
equal to 1:40. The first sign of gelation (viscosity change) was
observed in 3—4 days, and complete gelation (clear supernatant)
required 3 weeks.

Structure and Porosity of CdTe Aerogels: TOPO- vs MHA-
Capped Precursors. Wet gels were exchanged with acetone to
remove reaction byproducts and dried via supercritical CO,
extraction to produce aerogels. As shown in Figure 1, the PXRD
patterns of the AGs resulting from TOPO-capped or MHA-
capped CdTe NCs are identical and consistent with the hex-
agonal CdTe crystal structure of their primary TOPO-capped
CdTe NCs. Moreover, the peak breadths are essentially identical
for all materials studied, suggesting the crystallite size has not
changed. The small peak at 27.9° in the PXRD of the TOPO-
capped aerogel is attributed to a small amount of crystalline Te,
while the broad peak at 30° might be due to an amorphous
component produced during the depassivation process in the
synthesis of the TOPO-capped aerogel.

Transmission electron microscopy was employed to study the
morphology of the CdTe AGs assembled from TOPO-capped
and MHA-capped NCs (Figure 2). The two aerogels exhibit
similar colloidal morphologies with a broad range of pores
extending from the microporous (<2 nm), through mesoporous
(2—50 nm), and into the macroporous (>50 nm) regime.
HRTEM images of the two aerogels demonstrate the presence of
interconnected networks composed of nearly spherical NCs.
Lattice fringes clearly show the nanoscale building blocks to be
highly crystalline. These can be indexed to hexagonal CdTe in
both aerogels.

Elemental compositions (Cd, Te, P, and S) of the precursor
nanocrystals and TOPO-capped and MHA-capped CdTe AGs
are shown in Table 1. The Cd to Te ratio is approximately 1:1 in
the primary nanocrystals and the assembled forms, consistent
with the formulation of CdTe. The P content of the twice toluene
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Figure 2. TEM images of MHA-capped (A) and TOPO-capped (B) aerogels (left, low resolution; right, high resolution). Groups of lattice fringes, and
their corresponding d-spacing and indices, are shown in the high resolution images.

Table 1. Energy Dispersive Spectroscopy Data on CdTe Nanocrystals and Aerogels

elemental composition (at. %)

sample Cd Te
TOPO-CdTe NCs 42.8 40.2
dispersed/reprecipitated TOPO-CdTe NCs 46.5 46.2
TOPO-CdTe AGs 482 459
MHA-CdTe NCs 39.3 35.8
MHA-CdTe AGs 47.2 45.8

P S atomic ratio
17.0 ND Cd:Te:P 1:0.93:0.40
7.3 ND Cd:Te:P 1:0.99:0.16
5.9 ND Cd:Te:P 1:0.95:0.12
6.5 18.4 Cd:Te:P:S 1:0.91:0.16:0.46
1.0 6.0 Cd:Te:P:S 1:0.97:0.02:0.13

dispersed/reprecipitated TOPO-capped NCs was decreased to
7.3 at. % from 12.2 at. % in the as-prepared nanocrystals due to
the partial removal of TOPO ligands during the dispersion/
reprecipitation process. This value is further reduced to 5.9% in
the aerogel, presumably due to loss of even more TOPO from the
particle surface during the oxidation process. In the case of
thiolate-capped systems, a substantially decreased P content
confirmed that the majority of the TOPO ligands were replaced
by MHA capping groups. A small of amount of S was still
observed in the MHA-capped CdTe aerogel, attributed to the
presence of residual thiolate functionalities on the surface of the
aerogels.

Porosimetry characteristics of the aerogels were determined
by N, adsorption/desorption isotherms. Isotherms of the AGs
formed from MHA-capped and TOPO-capped CdTe NCs
demonstrate a type IV curve, which is characteristic of a
mesoporous material, and are similar in shape (Figure S2).
The calculated BET surface areas of the TOPO-capped and
MHA-capped CdTe aerogel are comparable to a “traditional”
silica aerogel (600 m>/g) when converted to silica equivalence by
normalization for density differences (Table 2). A broad pore size
distribution is indicative of meso- to macroporosity in both of the
aerogel materials (Figure S3), consistent with a highly porous
structure as revealed by electron micrograph images (Figure 2).
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Table 2. Porosimetry Data for CdTe Aerogels”

BET surface area

sample (m*/g)
TOPO-CdTe AGs 143+23
MHA-CdTe AGs 120+ 6

silica equivalence BET surface

area (mz/g)b

568 £92
476 £ 25

BJH average pore BJH cumulative pore

diameter (nm) volume (cm®/g)

12.7+0.7
13.8+32

0.83£0.12
0.55£0.04

“Values represent the average of two samples for TOPO-CdTe, and three for MHA-CdTe. ¥ Silica equivalence surface areas were computed by
converting the BET surface area for 1 mol of CdTe aerogel into that for 1 mol of SiO, using respective compound formula masses.
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Figure 3. Optical absorption (data converted from diffuse reflectance)
spectra of TOPO-capped NCs (A), TNM oxidized MHA-capped AGs
(M), TOPO-capped aerogel (O), and photo-oxidized (PO) MHA-
capped AGs (0O).

Within the error of the measurements, the porosity character-
istics are reproducible from sample to sample, with standard
deviations on the order of 5—20% (Table 2).

Optical Properties of CdTe Aerogels: TOPO- versus MHA-
Capped Precursors. The optical energy band gap values of
CdTe AGs were measured as the onsets of the optical absorption
spectra converted from diffuse reflectance measurements
(Figure 3). The TOPO-capped and MHA-capped aerogels
exhibit identical band gaps at 1.92 eV, a value which is signifi-
cantly higher than that of bulk CdTe, 1.50 eV, demonstrating that
the aerogels are effectively quantum confined. These band gap
energy values are slightly red-shifted compared to the energy
value (1.9S eV) of the nanocrystal precursor.

In an effort to assess the effect of gelation strategy, chemical
oxidation vs photo-oxidation, on photophysical properties, the
band gap of a photo-oxidized (PO) MHA-capped aerogel was also
evaluated (Figure 3). The obtained band gap was 2.02 €V, which is
considerably larger than that for TNM oxidized MHA-capped
aerogel (1.92 eV) or even for the precursor nanocrystals (1.95 eV).
Moreover, there is a pronounced absorbance tail into the red.

Photoluminescence studies on the as-prepared TOPO-capped
CdTe NCs reveal an emission at 610 nm (Figure 4), near the
band-edge (635 nm). This is retained in the MHA-capped
nanocrystal products but with a decreased relative intensity
and the addition of a broad peak centered at 680 nm
(Figure 4). This new peak is attributed to the presence of surface
hole traps due to the thiolate capping functionalities. In contrast,
the luminescence of the TNM oxidized MHA-capped CdTe
AGs, as well as the TOPO-capped AGs, is fully quenched.

A TOPO-CdTe NCs
)| i 4 MHA-CdTe NCs

120 = TNM-MHA-CdTe AG (heated)
o PO-MHA-CdTe AG

e TNM-MHA-CdTe AG (unheated)
“Uy4 o TOPO-CdTe AG

80

Intensity (arb. units)

640 680 72
Wavelength (nm)

560 600

Figure 4. Photoluminescence spectra of TOPO-capped (A) and MHA-
capped (A) CdTe NCs, and heated TNM oxidized MHA-capped CdTe
AGs (M), photo-oxidized (PO) MHA-capped CdTe AGs (O), unheated
TNM oxidized MHA-capped CdTe AGs (@), and TOPO-capped CdTe
AGs (O).

However, two relatively sharp features at 600 and 615 nm near
the band edge (645 nm) can be obtained by heating the TNM
oxidized MHA-capped CdTe AGs at 100 °C under high vacuum
(Figure 4). Photo-oxidation of MHA-capped CdTe NCs leads to
aerogels with broad features at 595 and 615 nm, suggesting
photoxidation may lead to inherently more photoluminescent
aerogels.

Dispersion Studies. The reversibility of the gelation process
(dispersion) was probed by chemical reduction. Dispersion
studies were conducted by addition of a methanolic solution of
MHA/TMAH (pH > 10) to the TOPO-capped CdTe AGs. The
recovered nanocrystal sols were visually identical to the primary
nanocrystal sol. Evaluation of the product by TEM revealed that
the gels had been converted to finely dispersed NCs (Figure S3).

l DISCUSSION

Comparison of CdTe Aerogels to CdS and CdSe Aerogels.
Typically, formation of CdS or CdSe AGs involves (1) prepara-
tion of trioctylphosphine oxide capped NCs; (2) surface ex-
change with thiolate capping ligands; (3) oxidative loss of
thiolate ligands; and (4) oxidative gelation of nanocrystals. The
thiol of choice is MUA because the relatively long chain acts as a
good stabilizer, making the surface less accessible to oxygen and
hence resistant to spontaneous photoinduced aggregation. The
relatively stable sol can then be transformed to a gel when ready
by addition of chemical oxidants.

A key difference in the preparation of CdTe AGs relative to
CdSe and CdS AGs is the amount and concentration of oxidants
used for gelation of the MHA capped CdTe NCs relative to that

9989 dx.doi.org/10.1021/ic201333y |Inorg. Chem. 2011, 50, 9985-9992



Inorganic Chemistry

for MUA capped CdS and CdSe NCs. When the same concen-
tration ratio of TNM to Cd** (1:8), used for gelation of CdS and
CdSe NCs, was initially applied to the CdTe nanocrystal solu-
tion, a compact and white gel was formed. The shrinkage of the
gel network indicates the oxidizer to thiolate ratio (x =
[TNM]/[MHA]), which controls the number of reactive surface
sites, as proposed by Gacoin et al,>” is too big. The presence of
excess oxidant causes formation of new interparticle bonds after
gelation, due to the presence of excess reactive sites, thus leading
ultimately to shrinkage of the gel network. In contrast, a
decreased ratio ([TNM]/[Cd**] = 1/40) was found to effi-
ciently lead to slow and controlled gelation after 3—4 h. The fact
that the same relative concentration of TNM successfully
used for CdS and CdSe with minimal syneresis (Vgel/VsoI =ca.
60—80%) causes significant CdTe gel shrinkage (Vger/Vior =
ca.10—20%) may be explained by the lower redox potential for
Te” relative to Se* and §%, leading to a greater number of bonds
formed between particles. The bleaching phenomenon (observation
of a white gel from a red sol) was not mentioned in Gacoin et al.’s
study”” of CdS, even when the oxidant concentration was high
(x > 0.8). However, Eychmiiller and co-workers>® did observe
similar bleaching of CdTe gels at high oxidant concentration.
The color change is likely due to formation of tellurates (TeO,”),
which are reported to form upon reaction of telluride or tellurium
with oxidizing agents (e.g., H,O,, or chromic acid).33 Again, this
observation is consistent with more facile oxidation of Te>”
relative to S> or Se”".

Another difference in the synthesis of CdTe AGs relative to
CdS and CdSe AGs is that MHA is used as the thiolate stabilizer
for surface exchange of TOPO-capped CdTe NCs instead of
MUA, as is used for CdS and CdSe NCs. The latter was found to
yield elemental Te (as revealed by PXRD) when combined with
the TOPO-capped CdTe sol. While the origin of this phenom-
enon is not clear, it is possible that an adventitious oxidant is
introduced with MUA. This is also consistent with a greater
susceptibility to oxidation on the part of CdTe relative to CdS
and CdSe where no such problems were encountered during
MUA capping.

Effect of Capping Ligand on Gelation: Mechanism and
Properties of the Resultant Aerogels. If interparticle perch-
alcogenide bond formation is responsible for gelation of CdTe, as
previously demonstrated for CdSe and CdS, the critical step in
gel formation is exposure of Te” to the oxidant. Thus, thiolate-
capping should not be a prerequisite to gel formation, providing
surface ligands and metal ions can be sufficiently removed to
expose chalcogenide. Accordingly, we probed the suitability of
TOPO-capped NCs as gel precursors. A critical step is removal of
a portion of the surface groups to expose Te” for oxidation. This
is achieved by two cycles of dispersion with toluene followed by
reprecipitation of the nanocrystals with methanol to obtain a
moderately depassivated nanocrystal surface, followed by the
chemical oxidation reaction. It was found that a single disper-
sion/reprecipitation step yielded a sol that was resistant to
gelation, while dispersion/reprecipitation more than twice, or
with strong TOPO solubilizing solvents (i.e, chloroform),
produced precipitates (i.e., the precursor particles could not be
redispersed to form a sol). The gel-resistant sol suggests an
insufficient depassivation on the nanocrystal surface, whereas
precipitate formation indicates a near complete decomplexation
of the capping ligands from particle surface.

Whereas MHA-capped CdTe nanocrystal sols start to gel in
3—4 h and form a stable monolith after a further 7—10 days of

aging, the TOPO-capped NCs require 3—4 days before an
apparent viscosity change is even observed, and subsequent
aging is generally performed over 3 weeks to obtain complete
gelation (clear supernatant). The slower process of TOPO-
capped CdTe gel formation suggests the gelation process for
TOPO-capped CdTe NCs is not as efficient as that for MHA-
capped nanocrystals. In the latter case, the presence of an oxidant
during ligand (thiolate) removal enables the exposed CdTe
surface to immediately react, whereas ligand removal occurs as
a separate step in the gelation of TOPO-capped nanocrystal sol,
perhaps enabling some kind of surface chemical rearrangement
or reaction that makes the particles less susceptible to oxidative
gelation. However, when comparing all the collected data on the
characterization of as-prepared TOPO-capped and MHA-
capped AGs, the physicochemical properties of both of the
materials are found to be nearly identical in terms of structure,
morphology, crystallinity, quantum confinement effect, surface
area, and porosimetry. The similarity of properties of TOPO-
capped and MHA-capped CdTe AGs indicates that ligation on
the nanocrystal surface does not have a major effect on the
gelation process as long as proper depassivation of the particle
surface is achieved, consistent with the finding in the mechanism
study”" for gelation of CdSe NCs, where surface thiolate groups
are oxidatively removed first but oxidation of the subsequently
exposed surface chalcogenides is the step responsible for network
formation. Moreover, these data suggest that the gelation itself
can not involve any cross-linking thiolate linkages, as was
observed in the TGA-Cd or tetrazolyl-Cd gels prepared by
Eychmiiller and co-workers.***’

On the basis of the data presented above, we propose a similar
mechanism to that responsible for gelation of CdSe is occurring
in the MHA-capped and TOPO-capped NCs, as shown in
Scheme 1. Activation is achieved either by oxidative removal of
surface thiolate capping groups after exchange of TOPO-capped
CdTe NCs with thiolates (Scheme 1, PATH-1) or by dispersion
of TOPO-capped CdTe NCs with toluene/reprecipitation with
methanol two times to remove surface TOPO ligands and/or
Cd-TOPO species (Scheme 1, PATH-2). Both of the actions are
expected to lead to a Te-rich surface. Upon oxidation, Te” is then
oxidized to Te- ~ species that can combine with species on other
particles to form (Te,) > or (Te,) > linkers between particles,
leading to gelation. As shown with the dispersion studies, these
(Te,,) > linkages can be reduced by thiolate, reforming the sol,
confirming the oxidized state of interfaces within the gel network.

Comparison of Current Results to Previous Studies on
CdTe Gels. The study by Gaponik, Eychmuller, and co-workers’
produced gels by chemical oxidation methods that are similar to
our findings. Specifically, they observed PL quenching for the
gels produced by H,0, oxidation of NCs and bleaching phe-
nomenon when the H,O, concentration is high. However, their
UV-light illuminated (photo-oxidized) gels and aerogels were
found to be highly photoluminescent. Therefore, we performed a
study on the effect of chemical versus photo-oxidative gelation on
the photophysical properties of aerogels. However, the aerogel
prepared from supercritical drying of our photo-oxidized gel
actually has a wider gap than the precursor nanocrystals, suggest-
ing surface etching or oxidation (i.e., smaller chromophore size).
While peaks due to near-band-edge PL are discernible, the PL is
weak and not evident to the naked eye, as is the case for the gels
produced by Gaponik et al. The poor PL properties of the
prepared CdTe AGs in this study might be due to overoxidation
of the CdTe NCs either by overexposure of the CdTe NCs to
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Scheme 1. Proposed Mechanism of TOPO-Capped and MHA-Capped CdTe Nanocrystal Oxidative Gelation and Reductive
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TNM or hv/O, during the gelation and aging process or the
oxidants’ strength being too high (in the case of TNM). Indeed,
Gaponik et al. found that if slow centrifugation was employed
after the first sign of gelation in either H,O, oxidation or photo-
oxidation gelation processes, a higher degree of PL was observed.
In the former case, centrifugation was used to enhance coagula-
tion and remove unreacted H,O,, hence avoiding overoxidation
of nanocrystals. In the latter case, centrifugation followed by
immediate washing was used to facilitate interparticle networking
to shorten the photo-oxidation time (again effectively limiting
oxidizing equivalents). These approaches, while rendering useful
optical properties, are likely to result in sedimentation/compac-
tion of the gel, reducing surface areas. As Gaponik et al. have not
performed surface area analyses on their materials, no direct
comparison can be made.

Bl CONCLUSIONS

The present study has shown that CdTe NCs can be
assembled into highly porous gels and aerogels, regardless of
the surface ligation (i.e., thiolate capping is not obligatory). This
suggests that the mechanism of oxidation-induced interparticle
per-chalcogenide linkages postulated for CdS and CdSe is also
operative for CdTe, a conclusion strengthened by the observa-
tion of reduction-induced dispersion of the gels into sols. The
aerogels exhibited similar structural, morphological, and porosi-
metry properties, suggesting that surface ligation has no major
effect on the gelation process and the resultant aerogel proper-
ties. While the aerogels remain quantum confined, the PL is
highly quenched. The origin of the quenching is not clear, but is
most likely related to oxidation. Future work will focus on
maintaining the high surface area achieved by oxidation induced
gelation while minimizing surface oxidation to preserve the
photoluminescence characteristics.
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