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ABSTRACT The applicability of sol—gel nanoparticle assembly
routes, previously employed for metal chalcogenides, to phosphides
is reported for the case of InP. Two different sizes (3.5 and 6.0 nm) of
InP nanoparticles were synthesized by solution-phase arrested
precipitation, capped with thiolate ligands, and oxidized with

H,0, or 0,/light to induce gel formation. The gels were aged,

3 3
o ik

InP nanocrystals

solvent-exchanged, and then supercritically dried to obtain aerogels

{ peroxide

InP gel

with both meso- (2—50 nm) and macropores (>50 nm) and accessible surface areas of ~200 m*/g. Aerogels showed higher band gap values relative to

precursor nanoparticles, suggesting that during the process of assembling nanoparticles into 3D architectures, particle size reduction may have taken place.

In contrast to metal chalcogenide gelation, InP gels did not form using tetranitromethane, a non-oxygen-transferring oxidant. The requirement of an

oxygen-transferring oxidant, combined with X-ray photoelectron spectroscopy data showing oxidized phosphorus, suggests gelation is occurring due to

condensation of phosphorus oxoanionic moieties generated at the interfaces. The ability to link discrete InP nanoparticles into a 3D porous network while

maintaining quantum confinement is expected to facilitate exploitation of nanostructured InP in solid-state devices.
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erogels are an important class of
Ananostructured materials consisting

of nanoscale building blocks that are
interconnected, leading to a porous net-
work structure. Because of the unique phys-
ical nature of aerogels, they have a wide
range of applications as catalysts, adsor-
bents, and thermal insulators. Aerogel com-
positions were traditionally focused on oxides,
especially SiO,, but expanded to embrace
carbon in the 1990s."® In 2004, metal chalco-
genide (MQ) aerogels were reported for the
first time via supercritical drying of gels pro-
duced by a nanoparticle assembly route in
which discrete nanoparticles were capped
with a thiolate ligand, followed by controlled
oxidative removal of the ligand to form a gel.”
The interparticle linkages in the gel network
were found to consist of catenated chalco-
genides, a result of oxidation of surface Q> to
form bridging (Q,)*~ (n = 2) species between
particles. This approach has been extended
to a wide range of compositions, including
CdS, PbS, ZnS, CdSe, and CdTe.®'° Since our
original report, alternative approaches have
also appeared, extending the compositions
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and morphologies of chalcogenide aerogels
that can be produced."" "

An untapped element of the periodic table
vis d vis sol—gel chemistry is phosphorus.
Phosphorus has a great propensity to cate-
nate into chains, rings, and clusters. There
are numerous examples of binary (M4Pg
where M = K, Rb, Cs, Rb3zP5, and Cu,P,0)
and ternary metal polyphosphides (CusInP+¢)
featuring P—P bonds.2**' Therefore, it should
be feasible to produce linkages via P—P bond
formation at the nanoparticle interfaces by
chemical oxidation, analogous to what is
done with chalcogenides. This would open
the door to a new class of materials unprece-
dented in the literature. Here we demonstrate
the efficacy of oxidative gelation of nanopar-
ticle networks of phosphides, specifically InP.

InP is a direct band gap semiconductor
that has a bulk band gap value of 1.35 eV
and Bohr excitonic diameter of 15 nm, which
gives a large window for tuning particle size
and, hence, the optical properties (CdSe has
a 7.5 nm Bohr excitonic diameter).?? Thus,
InP-based nanowires have been evaluated
as components in field effect transistors,
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photodetectors, light-emitting diodes, and solar cell
materials.>>~%° In contrast, no work has been reported
on sol—gel assembly for generation of InP nanostruc-
tures. The ability to connect InP nanoparticles in 3D,
while maintaining accessibility via the pore network, is
expected to enhance the utility of InP nanostructures for
applications benefiting from connectivity, openness, and
interfacial interactions with complementary components
(e.g., sensing, photocatalysis, hybrid photovoltaics).

RESULTS AND DISCUSSION

The gel network formation mechanism for thiolate
(11-mercaptoundecanoic acid)-capped CdSe nanopar-
ticles has been reported by Brock and co-workers.?
The assembly appears to be held together by inter-
particle Se—Se bonds that form due to oxidation of
surface Se®~ species. The process of gelation can
accordingly be reversed by reduction of Se—Se bonds
using agents such as thiolates, leading to dispersion.
This mechanism appears to extend to all metal chalco-
genides (ie, Q—Q bonds are responsible for gel
networks). If we consider a similar mechanism for metal
phosphide particles, as shown in Figure 1a, thiolates on
the surface of the nanoparticles will be oxidized to
form disulfides, which will leave the surface of the
particles exposed to the oxidant. Subsequent solubili-
zation of metal ions will result in a surface rich in P>~
species. If oxidation of P>~ species occurs analogously
to S, Se, and Te, we expect to see formation of P—P
bonds, e.g., P,* . Such P,*~ species are well established
in the solid-state chemistry of phosphides.?” While
there is no precedent for a binary indium polyphos-
phide phase, In can coexist with polyphosphides, as
seen in the ternary phase CuslnPs, suggesting the
proposed route should be feasible.?°

To test this hypothesis, we prepared thiolate-capped
InP nanoparticles and evaluated their propensity to-
ward gelation in the presence of oxidants. Briefly, InP
nanoparticles capped with trioctylphosphine oxide
(TOPO) were prepared by solution-phase arrested pre-
cipitation following reported methods in the literature
with slight modifications. The TOPO ligands on the InP
nanoparticle surface were subsequently exchanged
with 11-mercaptoundecanoic acid (MUA). Upon treat-
ment with 3% H,0,, we observed the initiation of gel
formation within approximately 30 min (Figure 2).
Moreover, capped sols left under ambient fluorescent
lighting in the lab also yielded gels, but this process is
slow and takes approximately 3 weeks before gel
formation becomes apparent. Presumably, in the latter
case gelation is occurring by photooxidation with O,
from air, consistent with our previous work on chalco-
genide gels? The gels were aged for 10—14 days to
provide the gel network more mechanical integrity,
and then the mother liquor was thoroughly exchanged
with acetone, taking care not to disturb the gel net-
work. Supercritical drying was employed to maintain
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Figure 2. Gelation of a sol of InP nanoparticles upon
introduction of the oxidant, 3% H,0,.

the pore structure in the solid state, generating an
aerogel.

Structure and Morphology of InP Nanoparticles and Aerogels.
InP aerogels (AG) are crystallographically identical to
the nanoparticles from which they were assembled.
Structural-phase identification was carried out using
powder X-ray diffraction (PXRD). The PXRD patterns of
InP nanoparticles (NP) of two different sizes are shown
in Figure 3a and b. There are three distinct peaks that
correlate to the expected pattern for cubic InP. The
peaks are broad, consistent with formation of nano-
particles. Crystallite sizes were calculated by applying
the Scherrer formula to the (220) peak. The calculated
particle sizes were 3.5 £ 0.2 nm for a single precursor
injection synthesis and 6.0 = 0.3 nm for a synthesis
employing multiple injections of precursor.

InP aerogels display the distinctive pearl necklace
morphology of colloidal aggregates, similar to base-
catalyzed silica gels. Transmission electron microscopy
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Figure 3. PXRD patterns of (a) 3.5 and (b) 6.0 nm InP nanoparticles (NP) and their aerogels (AG). The ICDD-PDF overlay of InP
(PDF #32-0452) is shown as vertical lines in (a) and (b). TEM micrographs of AGs prepared from (c) 3.5 and (d) 6.0 nm InP NPs.

(TEM) was used to study the morphology of InP
nanoparticles and aerogels. TEM micrographs of 3.5
and 6.0 nm InP nanoparticles are shown in Figure S1 in
the Supporting Information. Both samples of nanopar-
ticles are narrowly polydisperse and showed average
sizes of 4.0 + 0.9 and 8.0 & 0.9 nm, slightly larger than
values obtained by application of the Scherrer formula
to the PXRD data (from this point forward when
referring to the particle size, the sizes computed from
the Scherrer formula will be used). TEM images of InP
aerogels (Figure 3c and d) show that the material has an
interconnected network morphology with an extensive
network of pores spanning a range of sizes. Energy-
dispersive spectroscopy data for the aerogel suggest a
In:P ratio of 1:1.1 and the presence of 4.5% S (Figure S2).
The latter is attributed to residual thiolate ligands.
Surface Area Measurements of InP Nanoparticles and Aero-
gels. In order to further probe the porous nature of the
network, nitrogen adsorption—desorption isotherms
were acquired. Surface areas of InP nanoparticles and
aerogels were determined by application of the Brunauer—
Emmett—Teller (BET) model, and the pore size distributions
were determined using the Barrett—Joyner—Halenda
(BJH) model. The adsorption—desorption isotherms of all
four samples (3.5 nm NP and AG and 6.0 nm NP and AG)
are similar in shape and represent a type IV curve, char-
acteristic of a mesoporous (2—50 nm pore diameter)
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material, with a sharp upturn in the high relative pressure
region due to liquid condensation in macropores (>50 nm,
Figure 4a and b, Figure S3). There was a bimodal distribu-
tion of mesopores in both AG samples (insets of Figure 4a
and b). These pore size distributions are atypical for
aerogels, where a broad range of pores extending from
the micro- to the upper macropore region is normally
observed and usually what we see for the chalcogenide
systems.>*® This bimodal distribution, observed consis-
tently from sample to sample, is not evident in TEM
micrographs, where the variation in pore size appears
continuous.

InP aerogels have comparable surface areas to
chalcogenide aerogels of similar mass. The surface
areas of the precursor nanoparticles were very low
compared to theoretical surface areas; less than 25% of
the theoretical surface area was achieved (Table 1).
However, by assembling nanoparticles into aerogels we
were able to introduce an interconnected pore network,
thereby improving the accessible surface area. Thus,
more than 60% of the theoretical surface area was
achieved for aerogels (Table 1). As expected from our
calculations, the 3.5 nm NP and AG samples showed
higher surface areas and higher cumulative pore vol-
umes compared to 6.0 nm NP and AG samples (Table 1).

Surprisingly, nanoparticle isotherms also can be
modeled by BJH as having a pore size distribution,
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Figure 4. Nitrogen adsorption/desorption isotherms for (a) 3.5 nm AG and (b) 6.0 nm AG. The insets of (a) and (b) show the BJH
pore size distributions for 3.5 and 6.0 nm AG, respectively. (c, d) Diffuse reflectance UV—visible spectra of 3.5 and 6.0 nm InP
NP and AG. The insets of (c) and (d) are the corresponding (athv)? vs energy plots (o. = absorbance, h = Plank's constant,and v =
frequency). The x-intercept of the (ahv)? vs energy plot corresponds to the direct optical band gap of the semiconductor.

TABLE 1. Theoretical and Experimental Surface Areas;
Experimental Pore Sizes and Pore Volumes of NPs and AGs

h ical peri | g cumulative
surface surface pore pore
sample area” (m?/g) area (m?/g) size”(nm)  volume (cm*/g)
3.5nm NP 356 82 48 0.12
3.5 nm AG 356 212 8.7 0.46
6.0 nm NP 208 50 70 0.13
6.0 nm AG 208 195 17 0.41

? Based on the expected surface area of discrete nanoparticles. ° Average pore size =
4 x total pore volume/total pore area.

but these are largely in the lower mesopore region
(<10 nm, Figure S3). This bears some similarity to the
first peak in the aerogel pore size distribution plot, but
there is no corresponding broader feature at larger
pore diameters as observed for aerogels. The appear-
ance of <10 nm pores may be attributable to filling of
interstitial spaces or vacant lattice sites within packed
nanoparticles.?® Monodisperse particles, such as those
produced here, can adopt close-packed structures, and
we do see short-range 2D ordering of InP particles in
the TEM (Figure S1). The average pore sizes from
surface area analyses are comparable to the average
particle size from TEM (~4—8 nm), consistent with the
hypothesis that interstitial or vacancy sites are being
probed in the former technique.

HITIHAMI-MUDIYANSELAGE ET AL.

Diffuse Reflectance UV—visible Absorption Measurements of InP
Nanoparticles and Aerogels. In order to discern the effect of
assembly on the extent of quantum confinement, diffuse
reflectance UV—visible spectroscopy data were acquired
on InP nanoparticles and aerogels (Figure 4c and d). We
hypothesized that, in keeping with the proposed mech-
anism of di- or polyphosphide bonding between nano-
particles, we would see a decrease in the band gap
upon gel formation due to enhanced delocalization of
charge within the network (i.e., the decrease in quan-
tum confinement).

To our surprise, we found that gelation led exclu-
sively to an increase in the band gap. The direct optical
band gaps, which were determined from (ahv)® vs
energy plots (insets of Figure 4c and d), for 3.5 nm nano-
particles and the resultant aerogel are 1.7 and 2.1 eV
(730 and 590 nm), respectively, and are significantly
greater than the band gap of bulk InP (135 eV,
919 nm??). Similar data are obtained from solution-
phase measurements of dispersed InP nanoparticles
and InP aerogel aggregates (Figure S4), suggesting the
shift in band gap is not due to differences in solid-state
packing of the powders for the nanoparticles and
aerogels. The blue shift relative to the bulk value of
InP suggests that both InP nanoparticles and aerogels
are quantum confined. In contrast, the direct band gap
values of 6.0 nm nanoparticles and resultant aerogels
(~1.1 and 1.35 eV, respectively) are very close to the
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bulk band gap (even though this size is far smaller than
the reported bulk Bohr exciton diameter of InP,
15 nm??). The fact that aerogels demonstrate higher
band gap values than their precursor nanoparticles
(irrespective of the size) indicates that gelation has
resulted in a decrease in the size of the chromophore
(i.e., enhanced quantum confinement), despite the fact
that they are connected in a 3D linked architecture.
Application of the effective mass approximation model
to 3.5 nm InP nanoparticles and the resultant aerogels
suggests the change in diameter is on the order of
0.5 nm3° This is not apparent in crystallite sizes
determined from PXRD data because of the lower
sensitivity and larger error (£0.2—0.3 nm) associated
with the technique and application of the Scherrer
equation. The decrease in chromophore size is in direct
contrast to what is observed in metal chalcogenide
gels. Brock and co-workers have reported optical band
gaps for CdSe nanoparticles, wet gels, aerogels, and
xerogels. All of the above-mentioned nanostructures
had wider band gaps relative to bulk CdSe. However
both aerogels and xerogels of CdSe show a distinct red
shift in the band gap relative to the precursor nanopar-
ticles, due to delocalization through the network>' This
trend has been reported for many other metal chalco-
genide systems as well.'®%® Thus, the blue shift in direct
band gap of InP upon gelation suggests a different
mechanism is operable in this phosphide system. This
has led us to re-evaluate our hypothesis and consider the
possibility of surface etching and/or formation of a thick
oxidized shell during the process of oxidation with H,O,.

Probing the Gelation Mechanism of Metal Phosphides. For-
mation of a phosphate/phosphite shell, if it occurred
by sacrifice of part of the InP core, would result in an
increase in quantum confinement relative to the pre-
cursor nanoparticles (Figure 1b). We note that, in
contrast to phosphide gels, there is considerable evi-
dence in the literature for phosphate gels. Thus, sol—gel
techniques are used to make mesoporous, high surface
area amorphous AIPO,—SiO, and other phosphate gels
and glasses3%%

If the hypothesis of oxygenation (Figure 1b) is valid,
we expect that use of a non-oxygen-transferring oxi-
dizing agent, such as tetranitromethane (TNM)3*
would not lead to gelation. Moreover, if phosphates
or phosphites are forming, the surface phosphorus will
be transformed from a negative to a positive oxidation
state, and this change in oxidation state should be
evident by X-ray photoelectron spectroscopy (XPS).

Accordingly, we attempted to prepare InP gels using
TNM, under air-free conditions, but no gelation was
observed. This is in contrast to chalcogenide gelation,
which proceeds rapidly with TNM. Surface oxidation of
aerogels was confirmed by XPS. Peaks corresponding to
In, P, C, and O are all present in both nanoparticle and
aerogel samples (Figure S5). High-resolution spectra were
also taken for the In 3d and P 2p regions. The In 3d and P
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Figure 5. High-resolution XPS spectrum of the P 2p region
for TOPO-NP (black) and AG (red).

2p peaks of the aerogel were observed to shift together
to a higher binding energy (by 0.87 eV) relative to
precursor nanoparticles. This observed shift may be
associated with the size reduction of the precursor
nanoparticles during gelation (increased quantum con-
finement effects), or it could be due to the ionization of
species prior to the observation of photoemission.>®
Since the In 3d and P 2p peaks characteristic of InP shift
together, the shift cannot be due to any change in
oxidation state of the observed species. Therefore, we
normalized the InP In 3d and P 2p peak positions of
aerogels relative to the InP In 3d peak of precursor
nanoparticles. These spectra are shown in Figure 5 and
Figure S6, respectively, and the original (non-normalized)
spectra are shown in Figure S7. In addition to the peak at
127.9 eV corresponding to P from InP, a second peak was
observed for TOPO-capped nanoparticles at around
131.2 eV, which we attribute to TOPO on the surface of
nanoparticles. This peak is absent in MUA-capped nano-
particles (Figure S8), suggesting TOPO has been dis-
placed during thiolate ligand exchange. In the aerogel,
this peak is again absent, and a new peak appears at
132.5 eV, corresponding to an oxidized form of phos-
phorus that is distinct from, and in higher formal oxida-
tion state than, the phosphorus in TOPO. The oxidized “P”
species in the aerogel is attributed to the oxidation of
surface phosphorus on InP nanoparticles during gelation,
forming phosphorus oxoanions as proposed in Figure 1b.
Thus, XPS data are consistent with the formation of
phosphate (and/or phosphite) on the surface of nano-
particles during gelation; such species, upon condensa-
tion, could lead to formation of P—O—P bonds between
particles, resulting in the observed network. There is no
evidence for phosphate/phosphite formation in the
PXRD of aerogels, suggesting that the oxidized layer
formed during gelation is amorphous.

As a final check of our hypothesis, we considered
that, if there are P—P bonds between the nanoparticle
components of the aerogel, we should be able to
disperse InP aerogels using mild reducing agents such
as thiolates or phosphines (bond strengths Se—Se <
P—P < S—S < P—0), which are successfully used for the
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dispersion of metal chalcogenide aerogels. However,
metal phosphide gels were not dispersible using MUA
or even stronger reducing agents (NaBH,). Therefore, the
oxidation-induced metal phosphide gelation mechanism
does not involve P—P bond formation and is not rever-
sible, unlike the case for metal chalcogenide gelation.

CONCLUSIONS

Sol—gel strategies based on nanoparticle assembly,
previously established for metal chalcogenides such
as CdS and CdSe, can be used to interconnect InP
nanoparticles, leading to a network in which the extent
of quantum confinement is increased relative to precursor
nanoparticles. The interconnected 3D architectures of

METHODS

Reagents. All preparation procedures were carried out under
inert atmosphere conditions using an argon-filled glovebox or a
Schlenk line, the exception being the thiolate capping and
gelation processes, which were carried out in the lab ambient.
Indium(lll) chloride (InCls5, 99%, Alfa-Aesar), tris(trimethylsilyl)-
phosphine (P[Si(CHs)3]s, 98%, Strem), tris(dimethylamino)-
phosphine (P[(CH3),N]5, 98%, Strem), pyridine (py, Fisher,
99.9%), chloroform (Fisher, 99.9%), 11-mercaptoundecanoic
acid (MUA, Aldrich 95%), tetramethylammonium hydroxide
pentahydrate (Acros, 99%), hydrogen peroxide (H,O,, 3%),
absolute ethanol (AAPER Alcohols and Chemicals), and ethyl
acetate (Fisher, 99.9%) were used as received. Trioctylphos-
phine oxide (TOPO, Aldrich, 90%) was distilled prior to use.

Synthesis of InP Nanoparticles. A method employed by Heath
and co-workers was applied, with slight modifications. A rapid
injection of a phosphorus precursor (a phosphine) into a hot
coordinating solvent (TOPO), in which the indium precursor
(InCl3) is dissolved, causes a rapid nucleation of InP nanoparti-
cles, as observed by a reaction color change from colorless to
reddish-brown (ca. 3—5 min). Although the relatively inexpen-
sive P[(CH3),NI; has been reported to yield InP, it did not yield
any isolable product in our hands, necessitating the use of the
more reactive phosphine P[Si(CHs)s]s.

A solution of tris(trimethylsilyl)phosphine (1.36 mmol) in
1-octadecene (7.0 mL) was injected into a mixture of InCls
(1.36 mmol) and TOPO (5.0 g) preheated at 260 °C for 30—60 min.
The nanoparticles were isolated after 24 h of reaction at 260 °C by
reducing the reaction temperature to 60 °C followed by dispersion in
CHCl; and precipitation with absolute ethanol. The nanoparticles
were collected by centrifugation. (Note: the reaction can be carried
out at 200 °C, instead of heating at 260 °C, with the same results.)

The synthesis of 6.0 nm InP nanoparticles was carried out
using a continuous injection method. Briefly, the InCl; (1.36
mmol) was completely dissolved in 7 mL of TOP by slight
heating. The phosphorus source, tris(trimethylsilyl)phosphine
(1.36 mmol), was mixed with this solution after cooling to room
temperature. The mixture, in a syringe attached with a long
needle, was injected into hot TOPO (260 °C) at a varying rate
profile using a syringe pump. First, 2 mL of solution was injected
at a rate of 2 mL/min and the reaction allowed to proceed for
1.5 h; then a 1 mL aliquot was injected at a rate of 1 mL/min.
Thereafter, 0.5 mL was injected every 30 min at a rate of 0.5 mL/min.
The rest of the reaction procedure is as described for the single
injection method.

Thiolate Exchange of Phosphide Nanoparticles. The TOPO ligands
on the InP nanoparticles' surface were subsequently exchanged
with 11-mercaptoundecanoic acid. The amount of MUA used
was determined relative to the mole amount of metal precursor
used in the nanoparticle synthesis (the targeted metal precursor:
MUA ratio was 1:3). The requisite amount of MUA was dissolved
in 10—15 mL of absolute ethanol, and the pH was adjusted to
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nanoparticles have both meso- and macropores, with
accessible surface areas of ~200 m%/g. XPS studies of
nanoparticles and aerogels suggest the formation of a
surface phosphate/phosphite, indicating a gelation mech-
anism based on phosphorus oxoanion condensation,
in contrast to related chalcogenide materials, where there
is no oxygen incorporation. The high surface area and
interconnected pore structure suggest these materials
may be useful in applications such as photocatalysis and
hybrid photovoltaics. Studies probing the generality of
this approach, as well as postmodification strategies to
remove oxygen from the interfaces without compromis-
ing the network, are under way en route to demonstrat-
ing applications of this new class of materials.

10—11 by the addition of tetramethylammonium hydroxide
pentahydrate. Nanoparticles were dispersed in this solution and
stirred for 24 h at room temperature under periodic argon
flushes. Ethyl acetate was used to wash the MUA-capped
nanoparticles and remove excess MUA and TOPO. Thiolate-
capped nanoparticles were dispersed in 2—4 mL of absolute
ethanol for gelation.

Wet Gel Formation and Aerogel Preparation. Wet gel formation
was conducted through oxidative sol—gel assembly by using an
aqueous solution of 3% H,0,. The MUA-capped InP nanoparti-
cles were dispersed in absolute ethanol (ca. 2—4 mL) in a
polyethylene vial under ambient conditions. Dispersion was
assisted with sonication (ca. 5 min). Then 0.1—-0.5 mL of the
oxidant, 3% H,0,, was mixed with the solution by vigorous
shaking, and the solution was allowed to sit until gelation
occurred. The gelation starts after ca. 30—60 min, and gels were
aged for 10—14 days. Prior to the liquid CO, exchange and
supercritical drying, the gel solvent was thoroughly exchanged
with 3—5 mL aliquots of acetone without disturbing the gel
network. This was done three times over at least 3—4 days. In
each exchange cycle, fresh acetone was used. The wet gel was
subsequently transferred to a porous capsule, taking care not to
disturb the gel structure. Sample capsules were loaded in the
drying boat and inserted into the critical point dryer (a SPI DRY
model) maintained at 19 °C. Solvent exchange was carried out
at 19 °C by alternatively filling the sample chamber with liquid
CO, and draining the CO,, in one-hour intervals, over a time
period of 4 h. For the supercritical drying step, the chamber was
filled halfway with liquid CO, followed by a temperature
increase to 39 °C. With the increase of the temperature, the
pressure inside the chamber increased (1300— 1500 psi). The gel
was kept at that temperature and pressure for 1 h, and then the
pressure was released to dry the gel.

Characterization. Powder X-ray Diffraction. A Rigaku RU 200B
X-ray diffractometer with a Cu Ka rotating anode source was
employed to study the phase and crystallinity of the nanoparticles
and aerogels. The vacuum-dried samples were deposited on a low-
background quartz (0001) holder coated with a thin layer of
grease. X-ray diffraction patterns were identified by comparison
to phases in the International Centre for Diffraction Data (ICDD)
powder diffraction file (PDF) database (release 2000).

Transmission Electron Microscopy. A JEOL 2010 HR TEM
electron microscope operating at an accelerating voltage of
200 kV and a current of 106—108 uA with a coupled EDS
detector (EDAX Inc.) was employed to study the morphology
and composition of nanoparticles and aerogels. Nanoparticle
samples were prepared by placing a drop of a dilute chloroform
dispersion of nanoparticles on a carbon-coated copper grid and
evaporating the solvent. Aerogel samples were made by grind-
ing the aerogel to a fine powder and pressing the carbon-
coated grid onto the powder.

VOL.7 = NO.2 = 1163-1170 = 2013 K@N&NJK)\

WWwWW.acsnano.org

WL

1168



Surface Area Analysis and Porosimetry. A Micromeritics TriStar Il
3020 surface area analyzer was used for surface area and pore size
analysis. The surface areas of nanoparticles (vacuum-dried) and
aerogels were obtained by applying the Brunauer—Emmett—Teller
model to nitrogen adsorption—desorption isotherms acquired at
77 K. Samples were degassed at 150 °C for 24 h prior to the analysis.
The Barrett—Joyner—Halenda model was employed to analyze the
pore size distribution of aerogels.

Optical Absorption Measurements. A Jasco V-570 UV/vis/NIR
spectrometer equipped with an integrating sphere was em-
ployed to measure the optical diffuse reflectance of the nano-
particles and aerogels. The powder samples were evenly spread
on a sample holder with a reflectance standard (BaSO,) and
measured from 200 to 1000 nm (1.24—6.20 eV). The baseline
was corrected by a reflectance standard (BaSO,). The Kubelka—
Munk equation was used to convert the reflectance data to
absorbance. The absorbance spectra for InP nanoparticles and
aerogels were replotted according to a. = C(hv — E;®*")""*/hv
(where o is the absorption coefficient, C is a constant, hv is
photon energy, and Egb”'k is bulk band gap), and the direct
optical band gap of the semiconductor was obtained from the
x-intercept of the (athv)? vs energy plot.

X-ray Photoelectron Spectroscopy. A PerkinElmer PHI 5500
with a monochromatic Al Ko X-ray radiation source (1486.6 eV) and
an Auger-Scan system control (RBD Enterprises, Bend, OR, USA)
was employed. The samples were prepared by pressing powder
samples onto a piece of indium foil. Survey scans were collected to
1200 eV, with a 1 eV/step resolution. High-resolution scans were
collected over a range of 125—137 eV (for P 2p) and 440—448 eV
(for In 3d). To prevent any possibility of adventitious oxidation of
nanoparticles and aerogels, the samples were handled under air-
free conditions except for the rapid transfer to the XPS chamber.
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