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ne of the key goals of nanoscience
research over the past 2 decades
has been the development of
methods to precisely control structure at
the nanometer length scale. One route to
this control that has met with significant
success is amphiphilic templating of inor-
ganic materials. In this method, soluble
inorganic oligomers co-assemble with am-
phiphilic organic species to produce a struc-
tured inorganic/organic composite material.
Thermal or chemical removal of the organic
component leaves behind an inorganic ma-
terial with porosity on the nanometer length
scale and an architecture that is determined
by co-assembly of the organic and inorganic
components.'~® Common structure-direct-
ing agents include surfactants and block
copolymers, and these have been used
to prepare a broad range of mesoporous
architectures from soluble inorganic build-
ing blocks, in most cases utilizing sol—gel
chemistries.'0 ™28
While this method provides beautiful con-
trol of nanometer scale architecture, there is
much less control of the atomic scale struc-
ture in most templated nanoporous materi-
als. Pore walls can be crystallized by thermal
processing, but in many cases, the walls do
not fully crystallize during template removal,
resulting in a partially crystalline or amor-
phous pore wall.>**° Moreover, the lack of
control of grain growth during the crystal-
lization process can result in the destruction
of the pore-solid architecture and the inter-
connected porosity. Creating materials with
this type of nanometer scale architectureis a
worthwhile goal, however, as this architec-
ture imparts the unique combination of high
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diblock copolymer
Block copolymer templating of inorganic materials is a robust method for the production of nanoporous
materials. The method is limited, however, by the fact that the molecular inorganic precursors commonly
used generally form amorphous porous materials that often cannot be aystallized with retention of
porosity. To overcome this issue, here we present a general method for the production of templated
mesoporous materials from preformed nanocrystal building blocks. The work takes advantage of recent
synthetic advances that allow organic ligands to be stripped off of the surface of nanocrystals to produce
soluble, charge-stabilized colloids. Nanocrystals then undergo evaporation-induced co-assembly with
amphiphilic diblock copolymers to form a nanostructured inorganic/organic composite. Thermal
degradation of the polymer template results in nanocrystal-based mesoporous materials. Here, we
show that this method can be applied to nanocrystals with a broad range of compositions and sizes, and
that assembly of nanoaystals can be carried out using a broad family of polymer templates. The
resultant materials show disordered but homogeneous mesoporosity that can be tuned through the
choice of template. The materials also show significant microporosity, formed by the agglomerated
nanocrystals, and this porosity can be tuned by the nanocrystal size. We demonstrate through careful
selection of the synthetic components that specifically designed nanostructured materials can be
constructed. Because of the combination of open and interconnected porosity, high surface area, and
compositional tunability, these materials are likely to find uses in a broad range of applications. For

example, enhanced charge storage kinetics in nanoporous Mn30; is demonstrated here.

KEYWORDS: nanocrystals - evaporation-induced self-assembly - microporous -
mesoporous - ligand exchange - block copolymer - templated
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produced, and because thermal processing is needed
only to remove the polymer template and fuse the
nanocrystals into a network, and not to crystallize the
inorganic phase, open, interconnected porosity is well
retained. A few examples of this type of nanocrystal
templating exist in the literature3'® The problem is
that while the literature is full of beautiful routes to
soluble nanocrystals with well-defined chemical com-
position, size, shape, and distinctive optical, electronic,
and chemical properties,>”>° the vast majority of those
nanocrystals are coated with organic surface ligands that
provide solubility and prevent nanocrystal agglomera-
tion. In order to substitute sol—gel type precursors with
preformed nanocrystals in typical template-driven synth-
eses, the ligands must be removed from the nanocrystals
while maintaining nanocrystal solubility and preventing
aggregation. Most of the previous results for nanocrystal
templating utilized nanocrystals with hydrolyzable sur-
face groups that could be removed by the addition of
small quantities of water to produce metastable, hydro-
xyl-terminated nanocrystals.>™>? Such methods are not
general, however, because in many cases removal of the
surface groups leads to agglomerated nanocrystals that
cannot be templated, limiting the types of nanocrystal-
based nanoporous materials that can be produced.
One reason that nanocrystal templating is so im-
portant is that we have recently shown that nanocrystal-
based nanoporous titania demonstrates high levels of
pseudocapacitive charge storage accompanied by
fast charging/discharging rates.>® These materials
were synthesized from nanocrystals that contained
hydrolyzable surface ligands, as discussed above.”"*?
In that work, enhancement of electrochemical proper-
ties resulted from the unique combination of open
porosity, which allowed facile electrolyte diffusion
throughout the material, and the high density of
electrochemically active surface redox sites, which
results from the high surface area of the nanocrystal
building blocks that made up the pore walls® In
order to be able to extend this approach to a broader
array of nanocrystals, a more broadly applicable meth-
od for templating ligand-stripped nanocrystals is
needed. Because of this interest in materials for elec-
trochemical supercapacitors, the materials that we
have chosen to explore in this work are either con-
ductors or redox-active transition metal oxides. The
technique should be applicable, however, to any nano-
crystal system that is stable under the calcination
conditions required to remove the polymer template.
Recently, there have been a few reports on methods
to strip native ligands off the surface of nanocrystals
to produce bare, soluble nanocrystals that can be
dissolved in polar solvents.>*~>°> The first example
was work by Murray and co-workers, who reported a
method that employed nitrosonium tetrafluoroborate
(NOBF,).>3 In that work, the native organic ligands are
removed and replaced by some combination of protons
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and dimethylformamide (DMF) to produce dispersible,
cationic nanocrystals that are charge-balanced by BF,~
anions. The authors speculate that NO™ reacts with trace
water to form nitrous and/or fluoroboric acid which proto-
nate basic ligands such as carboxylic acids and amines so
that they desorb from the surface of nanocrystals, accom-
panied by phase transfer of the nanocrystals from nonpolar
to polar solvents.>* Milliron and co-workers used this method
to prepare nanocomposite films containing Sn-doped In,Os
(ITO) nanocrystals in transiton metal oxide matrices>®
Recently, related but milder ligand-stripping methods have
also been reported, so that ligands can now be removed
nondestructively from a broad range of nanocrystals.>®

In this work, we build from our previous work on
templating nanocrystals into porous architectures
and describe a general route to prepare hierarchical
nanocrystal-based mesoporous films of various sys-
tems. The NOBF, ligand-exchange strategy is utilized
to prepare dispersible nanocrystals of various systems
including ITO,*®~>® manganese oxide (Mn30.),>° and
manganese ferrite (MnFe,0,).°° We demonstrate the
generality of this approach by varying the composition
and size of the nanocrystals. In addition, nanocrystals
are templated with a range of diblock copolymers
containing variable block compositions and molecular
weights. Films are produced by various coating meth-
ods including dip-coating, spin-coating, and drop-
casting. We further show that even greater material
diversity is accessible through solid-state conver-
sion reactions. For example, the MnFe,0, system can
be converted to a mixed manganese—iron oxide
(Mn,Fe),05 with retention of the original porous archi-
tecture. Much of the significance of these results stems
from the fact that nearly identical porous networks are
produced from diverse nanocrystal systems with no
modification of the synthetic procedure. Because
this method focuses on assembly, decoupled from
molecular scale reactivity and nanocrystal synthesis,
procedures scale across materials systems without
adjustment. Taken together, the results demonstrated
in this work describe a powerful approach to templat-
ing nanocrystal systems and, therefore, a simple recipe
for preparing functional nanoscale architectures from
preformed nanocrystal building blocks.

RESULTS AND DISCUSSION

Preparation of Mesoporous Nanocrystal-Based Films. The
synthesis of mesoporous nanocrystal-based materials
is described in detail in the Materials and Methods. The
key steps in the process, however, are discussed here.
The overall synthetic process involves nanocrystal
synthesis, ligand removal, and templating of the de-
sired nanocrystal system. In all cases, nanocrystals
were synthesized using previously reported high-
temperature solution-phase syntheses that utilize or-
ganic ligands with either amine or carboxylic acid func-
tional groups to stabilize the nanocrystal surface.”® %
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Figure 1. TEMimages of ITO nanocrystals as-synthesized (a)
and after the ligand-exchange process (b); MnFe,0,4 nano-
crystals as-synthesized (c) and after the ligand-exchange
process (d); and Mn30,4 nanocrystals as-synthesized (e) and
after the ligand-exchange process (f). In all cases, the
particles do not agglomerate and maintain a uniform size
and shape after the ligand removal process.

As-synthesized nanocrystals dispersed in hexane were
then stripped of their surface ligands and phase
transferred into polar media by treatment with NOBF,
in DMF, as described above.>® In a typical film synthesis,
ethanolic dispersions of the ligand-exchanged pre-
formed nanocrystals, with ~10% DMF (v/v), were
mixed with a block copolymer template, dissolved
in pure ethanol, to prepare the coating solution. Thin
films were dip-coated onto clean polar substrates
through an evaporation-induced self-assembly pro-
cess.®’ In solution, the polymer forms micelles, and
upon evaporation of the solvent, the micelles co-
assemble with the preformed nanocrystals and both
components self-organize into a mesostructured or-
ganic/inorganic composite. Next, the organic polymer
template is thermally decomposed in air to leave
behind a mesoporous inorganic architecture that ex-
hibits three-dimensionally interconnected porosity.
Dispersible, ligand-free nanocrystal building blocks
are essential to this process. Figure 1 shows the trans-
mission electron microscopy (TEM) images of three
different compositions of nanocrystals, both before
and after ligand stripping with NOBF,4. The images show
ITO (Figure 1a,b), MnFe,O, (Figure 1c,d), and Mn304
(Figure 1e,f) nanocrystals with ligand-stripped samples
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in panels b, d, and f. As can be seen in Figure 1b, NOBF,-
treated ITO nanocrystals are not agglomerated or fused
together, suggesting they form stable dispersions.>?
A closer look at the particles after NOBF, treatment
reveals a shorter interparticle distance which is consis-
tent with removal of the native ligands.>® In addition,
the average particle size (73 £ 0.7 nm) does not
change, suggesting no etching of the surface of the
nanocrystals during the NOBF, treatment. Similar re-
sults were observed for both MnFe,0O, (Figure 1¢,d) and
Mn30, (Figure 1e,f) nanocrystals. There is no apparent
agglomeration or change in particle size for either
MnFe,0, (4.6 £ 0.5 nm) or Mn3O, (48 + 0.5 nm)
nanocrystals after NOBF, treatment. Taken together,
the TEM data for all three systems reveal that the
nanocrystals have a uniform size and shape that is not
altered by the ligand removal process. These data
suggest that NOBF, stripping is a viable method that
can be utilized to prepare dispersions of many nano-
crystal compositions for use in polymer templating.

To this end, Figure 2 shows top-view scanning
electron microscope (SEM) images of mesoporous
films produced from these same three nanocrystal
systems including ITO (Figure 2a,b), Mn;0, (Figure 2c,d),
and MnFe,0, (Figure 2e/f). For all three systems, the
block copolymer template utilized was poly(ethylene-
alt-propylene)-block-poly(ethylene oxide), (PEP-b-PEO)
(polydispersity index (PDI) = 1.05), which was thermally
decomposed between 350 and 450 °C in air to produce
the porous materials. This class of amphiphilic block
copolymers has been shown to produce well-ordered,
periodic mesoporous inorganic materials.'®3>2772 |n
the synthesis, we begin with ligand-exchanged nano-
crystals that are stabilized in solution by a combination
of dative bonds from the DMF solvent and electrostatic
repulsion from the charged nanocrystal surface. Upon
evaporation of the solvent, the polar PEO block and the
polar nanocrystals begin to associate, so that nano-
crystals preferentially segregate to the PEO region
of the composite film. Thermal treatment is then
used to thermally degrade the polymer and fuse the
nanocrystals together. The thermal stability of the
hydrophobic polymer block ensures that the nano-
crystals are well fused before full thermal decomposi-
tion of the template, resulting in a rigid inorganic
porous structure.

The films in Figure 2a,b were prepared from ITO
nanocrystals with a diameter of 7.3 £+ 0.7 nm.>®
Figure 2a shows a low-magnification image of an ITO
film where the mesopores are locally disordered, but
they are macroscopically homogeneous with an aver-
age diameter of 15 &= 3 nm. The pore walls range from
1 to 3 nanocrystals across, with approximately 2 nano-
crystals representing the majority of pore walls in
the film. Given an average nanocrystal diameter of
7.3 £ 0.7 nm, the sum of the pore diameter and the
average wall thickness is in reasonable agreement with
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Figure 2. SEMimages of various templated nanocrystal-based porous films. (a) Low-magnification and (b) high-magnification
top-view SEM images of PEP-b-PEO templated ITO nanocrystals. (c) Low-magnification and (d) high-magnification top-view
SEM images of PEP-b-PEO templated Mn;0, nanocrystals. (e) Low-magnification and (f) high-magnification top-view SEM

images of PEP-b-PEO templated MnFe,0,4 nanocrystals.

two-dimensional small-angle X-ray scattering (see
below, 2D-SAXS, Figure 6a) data where the average
repeat distance was found to be 32 nm. These films
are crack-free, and the pores are open at the surface.
Figure 2b shows a high-magnification image where the
presence of individual nanocrystals can also be seen;
the voids between these nanocrystals give rise to
micropores that significantly increase surface area.

Figure 2c shows a top-view low-magnification
image of PEP-b-PEO templated Mn3;O, nanocrystals
with an average diameter of 4.8 + 0.5 nm.>° A high-
magnification image of Mn30,4 films is shown in
Figure 2d. Similarly, low-magnification (Figure 2e)
and high-magnification (Figure 2f) images of MnFe,0,
nanocrystal-based films with an average particle di-
ameter of 4.6 & 0.5 nm® are also shown. For these two
films, just as for ITO, the mesopores are locally dis-
ordered, with an average pore diameter of 17 + 4 nm
for Mn;0, films and 16 & 2 nm for MnFe, 0, films. In
the high-magnification images for both Mn3;0, and
MnFe,0,, the presence of individual nanocrystals
that give rise to micropores is again visible. In all three
types of nanocrystal-based films, ITO, Mn3;O,, and
MnFe,0,, the pore walls comprise nanocrystals that
fuse only at point contact and retain their generally
spherical shape. Because the nanocrystals in the pore
walls do not fully fuse to form a dense wall, microposity
is generated.
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Figure 2 thus demonstrates that our templating
approach can be applied to nanocrystals with a broad
range of compositions, producing films with nearly
identical nanometer scale architecture. As discussed
above, previous work on nanocrystal-based nanopor-
ous solids utilized chemistries that were specific to a
small class of nanocrystal systems.3>>">2 The beauty of
the NOBF, chemistry used here®® is that it is quite
general, and recent variations on the method have
now extended this ligand-stripping process to even
more nanocrystal types> further increasing the
range of materials that can be formed into porous
networks.

Synthetic and Structural Tunability. To demonstrate the
extent of synthetic tunability in our approach, we
explored several different parameters including choice
of block copolymer, coating technique, and size of
the nanocrystal. In addition to the PEP-b-PEO polymer
used to prepare the films in Figure 2, we can template
films with poly(butadiene(1,2 addition))-block-poly-
(ethylene oxide) (PB-b-PEQ)”? and poly(butylene oxide)-
block-poly(ethylene oxide) (PBO-b-PEO). Chemically
speaking, all three polymers have a PEO hydrophilic
block that may vary in length and a hydrophobic block
which may also vary in length. To investigate
the architectural effects from each polymer template,
the differences in the weight fraction and molecular
weight for each block must also be considered. Here,
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Figure 3. SEM images of templated nanocrystal-based porous films demonstrating variability of the template and coating
method. Low-magnification top-view SEM images of PB-b-PEO templated ITO nanocrystals prepared by dip-coating (a) and
spin-coating (b). Low-magnification top-view SEM images of PBO-b-PEO templated Mn3;0,4 nanocrystals prepared by dip-
coating (c) and spin-coating (d). (e) SEM image of PEP-b-PEO templated ITO nanocrystals prepared by drop-casting.

the weight fraction for the PEO block, f,,PEO, in PEP-b-
PEO is defined as f,,PEO = M,,PEO/(M,PEO + M,PEP),
where M,,PEO and M,,PEP are the molecular weights
for the individual blocks. Using this definition, the
weight fractions for PEP-b-PEO are f,PEP = 0.49
(Mp, = 3900 g/mol) and f,,PEO = 0.51 (M, = 4000 g/mol),
for PB-b-PEO, they are f,,PB = 0.52 (M,, = 5500 g/mol) and
f,PEO =0.48 (M, = 5000 g/mol), and for PBO-b-PEO, they
are f,,PBO = 0.57 (M,, = 6500 g/mol) and f,,PEO = 043
(M,, = 5000 g/mol). All polymers have similar hydrophilic/
hydrophobic block ratios, but the total molecular
weights and the chemical nature of the hydrophobic
block vary significantly. A more detailed description of
the block length, molecular weight, and weight fraction
for each block in all three block copolymers can be found
in the Materials and Methods.

Figure 3ab shows top-view SEM images of PB-
b-PEO templated ITO nanocrystals with an average di-
ameter of 7.3 + 0.7 nm prepared by dip-coating
(Figure 3a) and spin-coating (Figure 3b). Similar to the
PEP-b-PEO templated ITO nanocrystals in Figure 2a,b,
these films demonstrate a locally disordered meso-
structure with macroscopically homogeneous porosity.
PB-b-PEO templated films have an average pore di-
ameter of 28 & 3 nm, and the pore walls are approxi-
mately one to three nanocrystals thick. In agreement
with these values, the average distance between pores
was found to be fairly large (around 36 nm) from 2D-
SAXS data (Figure 6e). The variation in pore diameter
and pore wall thickness for PB-b-PEQ versus PEP-b-PEO
templated ITO films can be explained by their struc-
tural difference. Our PB-b-PEO is a larger polymer
with M,, = 10500 g/mol, compared to PEP-b-PEO
with M,, = 7900 g/mol. Therefore, it is expected to
form larger micelles in solution, leading to larger pores.
In addition, the PEO block in PB-b-PEQ is larger than the
PEO block in PEP-b-PEO, which should lead to thicker
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pore walls since the particles co-assemble with the PEO
block of the micelles to form the pore walls during synthesis.

Figure 3c,d shows top-view SEM images of Mn;0,
nanocrystals with an average diameter of 4—5 nm
that were templated with PBO-b-PEO by dip-coating
(Figure 3c) and spin-coating (Figure 3d). Both PB-b-PEO
and PBO-b-PEO templates were thermally decomposed
at450 °Cin air. Interestingly, the total molecular weight of
our PBO-b-PEOQ is larger than that of our PB-b-PEO and
PEP-b-PEO. However, the average pore diameter for the
PBO-b-PEO system was found to be 13 &+ 1 nm with an
average pore wall thickness of 6—8 nm, which are both
smaller than values determined for PB-b-PEO and
PEP-b-PEO templated systems. This is corroborated with
2D-SAXS data (Figure 6f), which shows an average pore-
to-pore distance of 28 nm for PBO-b-PEO materials,
which is smaller than the average for the PB-b-PEO
and PEP-b-PEO templated systems. The smaller meso-
structure can be attributed to the less hydrophobic/more
hydrophilic nature of the PBO block compared to PB and
PEP. Some nanocrystals may associate with the nominally
hydrophobic block, leading to a smaller pore. More likely,
because of the increased solubility of the PBO-b-PEO
polymer in polar solvents, the polymer may have a lower
aggregation number, which could also lead to smaller-
sized micelles in solution. Lower aggregation number
also explains the combination of a smaller average pore
diameter and a smaller pore wall thickness, which would
lead to the shorter pore-to-pore distance observed in SAXS.

Figure 3e shows a top-view SEM image of ITO nano-
crystals with an average diameter of 7.3 4 0.7 nm that
were templated with PEP-b-PEO by drop-casting. To
prepare these films, nanocrystal/polymer solution was
drop-cast onto a polar substrate and the solvent was
allowed to evaporate in air at room temperature. The
films were heated to 450 °C to thermally decompose
the polymer template. The film in Figure 3e had
an average thickness of 2.0 + 0.1 um based on
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profilometry measurements. The average pore diameter
was found to be 15 + 3 nm, which is in agreement
with the films in Figure 2 that were also templated with
PEP-b-PEOQ. The drop-cast films show somewhat more
disordered porosity, compared with dip-coated and spin-
coated films. However, it is important to note that these
films are at least 1 order of magnitude thicker than either
dip-coated or spin-coated films, and from a macroscopic
perspective, the porosity is still homogeneous.

As described above, the method used to deposit
films plays a role in the final film architecture. On
average, spin-coating produces the thinnest films ran-
ging from 100 to 120 nm thick after calcination by
profilometry measurements. A single dip-coating proc-
ess produces films ranging from 120 to 220 nm after
calcination. It was also found that multiple coatings
could be used to make thicker films; for example,
double-dipped films up to 400 nm could be produced.
To produce thicker films, drop-casting can be used.
Drop-casting is a viable method for generating films in
the 1-5 um range.

A comparison of films prepared by dip-coating
(Figure 3a,c), spin-coating (Figure 3b,d), and drop-
casting (Figure 3e) reveals that surface roughness
increases from spin-coated < dip-coated < drop-casted
films. This can be explained by differences in the drying
kinetics for each coating technique. In drop-casted
films, the solvent evaporates very slowly and this can
lead to inhomogeneous drying, especially near the
surface of the film. During dip-coating, the solvent
evaporates faster than for drop-casted films but slower
than spin-coated films, and these variations in evapora-
tion rate can lead to small variations in surface rough-
ness. On the other hand, spin-coating involves very fast
evaporation of the solvent, producing films with a more
homogeneous thickness. For most sol—gel-based block
copolymer templated materials, spin-coating produces
significantly less ordered materials because there is not
enough time for hydrolysis and condensation reactions
to occur during the film deposition process.”> "> In
this case, however, no chemistry occurs during film
deposition, and so the pore structure in all cases is
similar, indicating that all methods are viable routes to
film deposition. This combination of results demon-
strates the robustness of this nanocrystal templating
strategy and indicates that homogeneous, nanoporous
nanocrystal-based films can likely be made by any
solution-phase deposition route, including industrially
scalable methods such as doctor-blading or roll-to-roll
deposition.

Another route to structural variation in these ma-
terials focuses on the ability to perform thermally
induced solid-state conversion reactions in nano-
porous materials with retention of the intrinsic nano-
structure.®®”® While many different kinds of nanocryst-
als can be synthesized, there are still more materials
that have not yet been made as soluble nanocrystals.
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Figure 4. (a) SEM image of PEP-b-PEO templated MnFe,0,
nanocrystal-based films. (b) SEM image of MnFe;0, films
from (a) after thermal conversion to (Mn,Fe),0; at 400 °C,
demonstrating retention of mesostrucuture. (c) WAXD data
showing full conversion of MnFe,0, to (Mn,Fe),0s.

Solid-state transformation thus provides a route to
expand the palate of accessible materials. Thermal
treatments stringent enough to drive a solid—solid
transformation can, however, lead to destruction of
the periodicity and obstruction of the porosity from
grain growth particularly at high temperatures. Here,
we show one example of a transformation that can
occur within our nanocrystal-based nanoporous mate-
rials with retention of nanometer scale architecture.

It is well-known that spinel-structured ferrites can
be converted to materials with a hematite structure
upon thermal treatment in air.”” The data in Figure 4
demonstrate this type of solid-state conversion reac-
tion in a PEP-b-PEO templated MnFe,O, nanocrystal
thin film. The spinel ferrite (Figure 4a) is converted to a
mixed oxide (Mn,Fe),03 system (Figure 4b). The con-
version of bulk spinel (cubic) MnFe,O4 phase to the
hematite (rhombohedral) (Mn,Fe),03 phase in air at
elevated temperatures (>650 °C) has been reported to
occur by oxidation of the Mn?* in the spinel to Mn®",
resulting in a solid solution of Fe,05 and Mn,03 with
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a hematite crystal structure.”” The films in Figure 4a
were heated to 350 °C to thermally decompose the
polymer template while still retaining the ferrite phase.
Interestingly, in the templated nanocrystal-based films,
thermal conversion to hematite occurs at only 400 °C,
which is significantly lower than the bulk conversion
temperature. This result is consistent with the estab-
lished fact that phase transitions in nanocrystals can
occur at very different temperatures than those in the
bulk systems.”®”® More importantly, the films retain the
nanoscale architecture and open porosity. Figure 4c
shows WAXD data collected on converted (Mn,Fe),05
films. The peaks can be indexed to the hematite phase
of iron oxide with a rhombohedral crystal structure
(JCPDS reference card no. 08-2902) with no indication
of the spinel phase suggesting complete conversion.
Scherrer analysis of the peak widths gives an average
grain size of ~40 nm, indicating that there is grain
growth during thermal conversion. Some nanocrystals
can still be seen in Figure 4b, however, suggesting an
inhomogeneous distribution of grain sizes. Interest-
ingly, the grain growth observed during the ferrite to
hematite transition implies that the many nanocrystals
of ferrite can convert into larger single hematite crys-
tals with large diameters and while preserving the pore
structure. The key feature to note is that the nano-
structure is not destroyed, and that comparison of
Figure 4a,b shows qualitatively similar porosity. This
type of conversion reaction can become important
when recipes for producing nanocrystals of a particular
composition are not available.

Structural Characterization. While the SEM images pre-
sented in Figures 2—4 provide the most direct route to
visualize these porous networks, they provide informa-
tion only about a small surface region of the film, and
they provide no information about the atomic scale
structure of the films. To further characterize the
structure of these nanocrystal-based nanoporous ma-
terials, we utilize a combination of low- and high-angle
X-ray scattering, combined with ellipsometric porosi-
metry. Analysis of the crystal structure was carried out
using wide-angle X-ray diffraction (WAXD) measure-
ments. Figure 5a shows WAXD patterns for ITO nano-
crystals as-synthesized (A), after NOBF, treatment (B),
and after templating with PEP-b-PEO (C). In all three
patterns (A—C), the evolution of the main peaks can
be indexed to the cubic phase (bixbyite) of In,O3
with Sn doped into the lattice (JCPDS reference card
no. 06-0416). Scherrer analysis of the peak widths for
ITO nanocrystals as-synthesized (A) and after NOBF,
treatment (B) gives in an average domain size of
7—8 nm, which is consistent with the particle size
found in TEM data (Figure 1a,b). In (C), the average
domain size of nanocrystals does not change after
templating with PEP-b-PEO, which is consistent with
SEM data (Figure 2a,b) that show individual nanocryst-
als comprising the pore walls of the films. The relative

RAUDA ET AL.

o]

(222) (400

321) @11) {431) (440)
{332)
WJ\AM_J\V- :
B

||l R

30 35 40 45 50 55
26 (degrees)

diffraction intensity
>

N
[4)]

o]

103
{103) @21)

@11)
] {112) 220y 19 @249 (314

] c
M B
M‘M A
| l R L “ |

25 30 35 40 45 50 55 60 65 70
26 (degrees)

diffraction intensity

9]
3

511)
{440)

.. | 29 400) (@22)

5 [
c

i}

£

c B
o

‘8’

£ A
©

25 30 35 40 45 50 55 60 65
26 (degrees)

Figure 5. (a) WAXD patterns of as-synthesized ITO nano-
crystals (A), ITO nanocrystals after the ligand-exchange
process (B), and a templated ITO nanocrystal-based film
(C). (b) WAXD patterns of as-synthesized Mn30,4 nanocryst-
als (A), Mn3;0, nanocrystals after the ligand-exchange pro-
cess (B), and a templated Mn30,4 nanocrystal-based film (C).
(c) WAXD patterns of as-synthesized MnFe,0, nanocrystals
(A), MnFe,0,4 nanocrystals after the ligand-exchange pro-
cess (B), and a templated MnFe,O, nanocrystal-based
film (C).
intensities of the peaks also suggest the nanocrystals
embedded in the pore walls are randomly oriented.
The fact that there is no phase transformation or grain
growth during thermal decomposition of the polymer
suggests the nanocrystals are thermally stable.
Similar trends were observed in both Mn;0,
(Figure 5b) and MnFe,0, (Figure 5c) systems when
examined by WAXD. Figure 5b shows patterns for
Mn30,4 nanocrystals as-synthesized (A), after NOBF,
treatment (B), and after templating with PEP-b-PEO
(C). The XRD patterns for (Figure 5b (A—C)) can be
assigned to the tetragonal Mn30, (hausmannite) struc-
ture (JCPDS reference card no. 80-0382). Scherrer
analysis of the peak widths in all three patterns gives
an average size of 4—5 nm, which is in agreement with
TEM data (Figure 1e,f). Finally, for the MnFe,0, system
(Figure 5c), the main peaks in all three patterns, as-
synthesized (A), after NOBF, treatment (B), and after
templating with PEP-b-PEO (C), can be indexed to the
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Figure 6. 2D-SAXS patterns obtained on PEP-b-PEO tem-
plated ITO-based films (a), Mn30,-based films (b), MnFe,0,-
based films (c), and (Mn,Fe),03-based films (d). Patterns for
PB-b-PEO templated ITO nanocrystal-based films (e) and
PBO-b-PEO templated Mn;0, nanocrystal-based films (f).
Data were collected at an angle of incidence 3 = 1.25° for (a),
p=2.25°for (b), 5 = 0.80° for (c), 5 = 0.80° for (d), 5 = 0.80° for
(e), and 5 = 0.60° for (f). Scattering vector S components are
given in 1/nm.

cubic phase of manganese ferrite (JCPDS reference
card no. 02-8666). The average grain size for (A—C) was
found to be 4—5 nm (Scherrer analysis), again confirm-
ing that the particle size is not affected by the NOBF,
treatment®? or thermal treatments, corroborating TEM
(Figure 1¢,d) and SEM data (Figure 4a). As in the case for
ITO, analysis of the peak intensities for both Mn;04 and
MnFe,0, also reveals that the pore walls are made up
of nanocrystals with random orientations. Overall, the
WAXD data shown here confirm that the nanocrystals
for all three systems are chemically stable during
NOBF, treatment®® and thermally stable during the
decomposition of the polymer. In addition, the data
indicate that the nanocrystals are fully crystalline before
the templating step, confirming they are in fact preformed
and ready to serve as architectural building blocks.

The nanoscale architecture was further character-
ized by 2D-SAXS experiments, which were collected on
beamline 1—4 at the Stanford Synchrotron Radiation
Laboratory. Measurements were carried out in reflec-
tion mode with the incoming beam at grazing or near
grazing incidence. Here we define the incident angle
(i.e., the angle between the X-ray beam and the plane
of the substrate) as . Higher 3 angles bias the diffrac-
tion against the out-of-plane scattering and are thus
used for the more ordered samples to produce more
even intensities around the ring. Figure 6 shows 2D-
SAXS patterns collected for PEP-b-PEO templated films
of ITO at 3 =1.25° (a), Mn30,4 at § = 2.25° (b), MnFe,0, at
B =0.80° (c), and (Mn,Fe),03 3 = 0.80° (d). In the ITO-
based films (a), the evolution of a diffuse ellipsoidal ring
with a strong in-plane scattering maxima along the
x-direction is observed corresponding to an average
repeat distance of 32 nm. The observed pattern is
characteristic of a disordered material with a homo-
geneous length scale. During thermal decomposition
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of the polymer template, the films experience aniso-
tropic contraction of the pores in the direction per-
pendicular to the plane of the substrate, which also
explains the ellipsoidal shape.

The observed 2D-SAXS data for Mn30, (Figure 6b)
show strong in-plane scattering maxima with an aver-
age repeat distance of 32 nm. The pattern shows a
less defined ellipsoidal ring with less scattering in the
z-direction. This type of pattern often occurs in partly
disordered thin film systems. Because there are only
10—20 pore repeats through the thickness of the film,
this is insufficient to produce strong constructive
interference in the out-of-plane direction when dis-
order is included. The scattering length in the x- and
y-directions is much greater, however, so constructive
interference is observed even in partly disordered
systems. The in-plane scattering maxima for both
MnFe,0, (Figure 6¢c) and (Mn,Fe),05 (Figure 6d) films
also correspond to an average repeat distance of 32 nm.

The fact that all four types of films exhibit a similar
average repeat distance is consistent with the fact that
the PEP-b-PEO template directs the mesostructure and
nanoscale architecture. Moreover, an average repeat
distance of 32 nm is approximately commensurate
with the sum of the average pore diameter and pore
wall thickness that was estimated from SEM for all of
the PEP-b-PEO templated nanocrystal-based materials
discussed thus far. For the PB-b-PEO film shown in
Figure 6e, a larger repeat distance (36 nm) is observed,
again consistent with SEM and the large polymer size
employed in the synthesis. Finally, for the PBO-b-PEO
templated samples shown in Figure 6f, a smaller repeat
distance (28 nm) is found. The reasons this polymer pro-
duces a smaller repeat distance were discussed above.
While the specific repeat distance shown in Figure 6
corroborate the conclusions from SEM, the SAXS data
also provide additional information. Specifically, all of
the SEM images in Figures 2—4 appear to show similar
levels of disorder. Examination of the SAXS data, how-
ever, shows that PEP-b-PEO templated films are actually
somewhat more ordered at the nanometer scale than
films synthesized using PB-b-PEO or PBO-b-PEQ. Perhaps
more importantly, the fact that scattering data can be
observed for all films in 2D-SAXS regardless of the level of
disorder confirms that all films show homogeneity of the
structure at the nanoscale. For most applications, it is this
homogeneity of pore size and wall thickness, rather than
pore periodicity, that is most important.®

To study the effects of nanocrystal size on the
porous architecture, ITO nanocrystals with an average
diameter of 4.6 + 0.4 nm (Figure 7a) and 7.3 = 0.7 nm
(Figure 7€)°°~>8 were templated with PEP-b-PEQ. For
both films, the average size of the mesopores by SEM
was found to be 17 & 3 nm arising from the template.
TEM images of 4.6 &+ 0.4 nm ITO (Figure 7b) and 7.3 +
0.7 nm ITO (Figure 7f) nanocrystals after NOBF, treat-
ment show that the particles are free of agglomeration
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Figure 7. (a) SEM image of PEP-b-PEO templated ITO nanocrystals with a diameter of 4—5 nm. (b) TEM image of the NOBF,-
treated ITO nanocrystals. (c) Typical toluene adsorption—desorption isotherm showing characteristic mesoporous behavior
for films shown in (a). (d) Pore size distribution data obtained from the isotherm in (c). (e) SEM image of 7—8 nm ITO
nanocrystals templated with PEP-b-PEO. (f) TEM image of the NOBF,-treated ITO nanocrystals. (g) Toluene adsorp-
tion—desorption isotherm showing characteristic mesoporous behavior. (h) Pore size distribution data obtained from the

isotherm in (g).

with a uniform size and shape.®® The micro- and
mesoporosity were further analyzed by ellipsometric
porosimetry measurements using toluene as the
adsorbate.2® Adsorption—desorption isotherms for both
templated 4.6 4+ 0.4 nm ITO (Figure 7c) and 7.3 £ 0.7 nm
ITO (Figure 7g) nanocrystals show typical type IV
behavior.2! For this type of physisorption behavior, the
presence of a hysteresis loop at higher relative pressures
is representative of a mesoporous structure with inter-
connected porosity. The adsorption curve describes the
pore size of the cages, and the desorption curve reveals
the pore size of the necks. For 4.6 &+ 0.4 nm ITO, a Kelvin
model fit to the isotherm (Figure 7c) produces a pore
diameter distribution centered at 22 nm and a neck
diameter distribution centered at 12 nm, as shown in
Figure 7d. The Dubinin—Radushkevich model was
further fit to the isotherm at lower relative pressures to
examine the micropores in these materials. Average
micropore sizes for films made from 4.6 + 0.4 nm ITO
nanocrystals were 1.2 nm (cage diameter from adsorp-
tion) and 0.8 nm (neck diameter from desorption). These
micropores arise from the spaces between the randomly
agglomerated nanocrystals that make up the pore walls.
Afittothe 7.3 £ 0.7 nm ITO isotherm (Figure 7g) gives a
mesopore diameter size distribution centered on 22 nm
with an average neck diameter centered on 12 nm, as
shown in Figure 7h, as expected, since both films were
prepared with the same polymer template. Interestingly,
the micropores in this case were found to have 1.6 nm
cages and 1.0 nm necks, which are larger, confirming
that the size of the nanocrystals defines the micropore
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structure. The isotherm for the templated 4.6 + 0.4 nm
ITO films shows a 55% toluene-accessible porous
volume, while for the templated 7.3 & 0.7 nm ITO films,
it shows a 50% total pore volume.

Additional ellipsometric porosimetry measurements
were carried out for PB-b-PEO templated 7.3 & 0.7 nm
ITO nanocrystals (Figure 8ab) and PEP-b-PEO tem-
plated 4.8 + 0.5 nm Mn30,4 nanocrystals (Figure 8c,
d). For PB-b-PEO ITO, a fit to the isotherm (Figure 8a)
gives a pore diameter size distribution centered on
30 nm with an average neck diameter centered on
15 nm, as shown in Figure 8b. The larger mesopores
determined by porosimetry are in reasonable agree-
ment with SEM and 2D-SAXS discussed earlier arising
from the larger size of the PB-b-PEO template. The
micropores, however, show 1.6 nm cages and 1.0 nm
necks, similar to that of 7.3 £ 0.7 nm ITO templated
with PEP-b-PEO, again confirming that the nanocrystal
size dictates the microporous structure. Figure 8c
shows a typical isotherm obtained for PEP-b-PEO tem-
plated Mn3z0, films. In this case, the mesopores (Figure 8d)
were found to be similar to those obtained from the data in
Figure 7d,h, with an average pore and neck size of 23 and
13 nm—as expected from the fact that all three samples
used the same PEP-b-PEO template. The micropores were
found to have 1.4 nm cages and 1.0 nm necks. The isotherm
for the PB-b-PEO ITO shows a 45% toluene-accessible
porous volume, while PEP-b-PEO Mn30, shows a 70% total
pore volume. Table 1 summarizes the porosity data show-
ing that nanocrystal-based templated films exhibit a bimo-
dal porosity where the micropore size can be tuned by
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TABLE 1. Summary of Mesopore Size Arising from the Block Copolymer Template and Micropore Size Arising from

Nanocrystal Size

f,, hydrophobic
polymer/nanocrystal size M, (g/mol) block® f,, PEO block®
PEP-b-PEQ 7900 0.49 0.51
PB-b-PEO 10500 0.52 0.48
PBO-b-PEO 11500 0.57 0.43

IT0, 4.6 nm
IT0, 7.3 nm
Mn30,, 4.8 nm

cage size (nm)” (mesopore from polymer)

neck size (nm)° (mesopore from polymer)

(micropore from nanocrystal) (micropore from nanocrystal)

22 12
30 15
16 9

12 0.8
16 1.0
14 1.0

“Total molecular weight of the block copolymer template. b Weight fraction for the hydrophobic block. “ Weight fraction for the PEQ block. "Average cage size for mesopores
arising from the template or micropores arising from the nanocrystal size. ¢ Average neck size for mesopores arising from the template or micropores arising from the

nanocrystal size.

changing the size of the preformed nanocrystals and the
mesopore size can be tuned by changing the size and
chemical nature of the template. Overall, the pore analyses
found here corroborate the observations from SEM, TEM,
WAXD, and 2D-SAXS described earlier in all systems
studied.

To demonstrate the advantage of our high surface
area mesoporous architecture materials, we examined
the electrochemical properties of a templated Mn;0,
nanocrystal-based mesoporous film and compared it
to an untemplated film, cast from the same ligand-free
nanocrystals. Figure 9 shows a comparison of charging
times calculated from cyclic voltammetric data at

RAUDA ET AL.

various sweep rates for a PEP-b-PEO templated
Mn30,4 nanocrystal-based mesoporous film (squares)
and an untemplated Mn30,4 nanocrystal film (circles)
cycled in a non-aqueous electrolyte. The data show
significant differences in charging behavior for the two
films. The most obvious trend is the total capacity; after
500 s, the total charge stored in the templated film is
about 300 C/g, twice the amount of charge compared
to the untemplated film (150 C/g). Perhaps more
important is the time-dependent trends. After 1200 s,
the templated film is fully charged while the capacity
in the untemplated films is still increasing at 2500 s.
The templated film stores more charge than the
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Figure 9. Comparison of capacity at various charging times
calculated from cyclic voltammetric data at various sweep
rates for a PEP-b-PEO templated Mn;0, nanocrystal-based
mesoporous film (squares) and an untemplated Mn;O,
nanocrystal film (circles).

untemplated film because the pore structure maxi-
mizes surface area and thus accessible redox sites.
Moreover, comparison of the templated film to the
untemplated film shows that the open and intercon-
nected porosity enhances charge storage kinetics by
facilitating ion/electrolyte diffusion to the redox sites.

CONCLUSIONS

In this work, we describe a general route for assem-
bling preformed nanocrystals into hierarchical meso-
porous architectures. By tailoring the nanocrystal

MATERIALS AND METHODS

Materials. The following chemicals were purchased and used
as received: oleylamine (90% Aldrich), oleic acid (90%, Aldrich),
stearic acid (95%, Aldrich), xylene (98%, Aldrich), manganese(ll)
acetate (98%, Aldrich), indium acetylacetonate (99.99+%, Aldrich),
tin bis(acetylacetonate) dichloride (98%, Aldrich), manganese(ll)
acetylacetonate (Aldrich), iron(lll) acetylacetonate (97% Aldrich),
1,2-hexadecanediol (90%, Aldrich), benzyl ether (98%, Aldrich),
and nitrosonium tetrafluoroborate (95%, Aldrich). Poly(butadiene-
(1,2 addition))-b-poly(ethylene oxide), with a mass ratio of
PB(5500)-b-PEO(5000), a block ratio of PB;gy-b-PEO; 14, and with
a polydispersity index (PDI) = 1.05, was purchased from Polymer
Source, Inc. Poly(butylene oxide)-b-poly(ethylene oxide), with a
mass ratio of PBO(5000)-b-PEO(6500), a block ratio PBOgy-b-
PEO;q4, and with a PDI = 1.09, was purchased from Advanced
Polymer Materials Inc. Poly((ethylene-alt-propylene)-block-poly-
(ethylene oxide), with a mass ratio of PEP(3900)-b-PEO(4000),
a block ratio of PEPs¢-b-PEOg;, and with a PDI = 1.05, was
synthesized using reported methods23#* Briefly, polyisoprene
was grown by anionic polymerization, terminated with an —OH
group, and then hydrogenated over Pd/C. The resulting PEP—OH
was subsequently extended by anionic polymerization of ethylene
oxide.

Synthesis and Ligand Exchange of Nanocrystals. Previously re-
ported procedures were followed to synthesize 7—8 and
4—5 nm ITO nanocrystals,®™>® 4—5 nm MnFe,O, nano-
crystals,®® and 4—5 nm Mn3O, nanocrystals,>® all of which were
stabilized by either oleylamine or oleic acid ligands. All as-
synthesized nanocrystals were purified and dispersed in hexane
(10—15 mg/mL). To carry out the ligand-exchange process, as-
synthesized nanocrystals were treated with NOBF, according to
a recently reported procedure.® In a typical ligand-exchange
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composition and size along with the block copolymer
template type and size, the methodology presented
here can offer a high degree of synthetic and structural
control over the final architecture of the material. In
addition, the ability to perform solid-state conversion
reactions while retaining the structure/porosity was
also demonstrated. The NOBF, ligand-exchange meth-
od used here resulted in soluble nanocrystals without
any particle etching or growth, or change in crystal
structure, suggesting this general method may be
extended to a wider range of functional nanocrystals.
As a demonstration of the utility of these materials, we
show enhanced charge storage kinetics for porous
Mn304, films. Many of the polymer templates used here
are commercially available, indicating that this is a
generally accessible route to the production of nano-
crystal-based nanoporous materials. Moreover, while
the materials presented here showed homogeneous,
but disordered porosity, recent advances using custom
synthesized polymers indicate that highly ordered
materials can also be produced from ligand-stripped
nanocrystals.

Taken together, this work provides a general strat-
egy for harnessing the incredible synthetic diversity of
nanocrystal-based materials and using it for the pro-
duction of nanoporous materials. This general route
should be applicable to many nanocrystal systems for a
wide range of applications.

reaction, 5 mL of nanocrystal dispersion in hexane was com-
bined with 5 mL of NOBF, solution in N,N-dimethylformamide
(DMF) (10 mg/mL) with stirring (5 min), or until the nanocrystals
were transferred to the DMF phase. The nanocrystals were
precipitated with toluene then centrifuged, followed by multi-
ple washings with DMF/toluene. The ligand-stripped nanocryst-
als were dispersed in DMF/ethanol (1:10 v/v) to give a final
concentration of 15—20 mg/mL.

Synthesis of Mesoporous Nanocrystal-Based Films. In a typical
synthesis, 40 mg of the desired diblock copolymer was dis-
solved in 0.5 mL of ethanol with gentle heating. To this solution
was added 3 mL of the desired nanocrystals in DMF/ethanol
(20 mg/mL). From this mixture, thin films were produced by dip-
coating onto polar substrates at a constant withdrawal rate of
1—10 mm/s with a constant 30% relative humidity. Thin films
were also prepared by spin-coating onto polar substrates at
1000 to 2000 rpm for 60 s. Finally, thick films could be produced
by drop-casting onto polar substrates. In most cases, some
optimization of the exact concentration of diblock copolymer
and nanocrystal was required for mesostructure optimization.
The films were dried using a 3 hramp up to 175 °C, followed by a
3 h soak. Thermal decomposition of the template was done
after the drying step using a 6 h ramp from 175 to 450 °C for ITO
and Mn30y films and to 350 °C for MnFe, 0, films, followed by a
3 h soak.

Methods. Transmission electron microscopy (TEM) images
were obtained using an FEI/PHILIPS CM120 electron microscope
operating at 120 kV, as well as a JEOL-2100 electron microscope
operating at 200 kV. Scanning electron microscopy (SEM)
images were obtained using a JEOL model 6700F electron
microscope with beam energy of 5 kV and with a Zeiss Gemini
Ultra-55 analytical electron microscope with beam energy
of 5 kV. Conventional wide-angle X-ray diffraction (WAXD)
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measurements were carried out on a Bruker D8-GADDS dif-
fractometer with Cu Ko radiation and on a Panalytical XPert PRO
MPD diffractometer, again with Cu Ko radiation. Two-dimen-
sional small-angle X-ray scattering (2D-SAXS) data were col-
lected at the Stanford Synchrotron Radiation Laboratory using
beamline 1-4 using the Rayonix165 large-angle CCD detector.
All measurements were performed in reflection geometry.
Ellipsometric porosimetry was performed on a PS-1000 instru-
ment from Semilab using toluene as the adsorbate. A UV—
visible CCD detector adapted to a grating spectrograph ana-
lyzes the signal reflected by the sample. The light source is a
75 W Hamamatsu xenon lamp, and measurements were per-
formed on the spectral range from 1.24 to 4.5 eV. Data analysis
was performed using the associated WinElli Il software using the
assumption of slit-like mesopores. If the mesopores are more
cylindrical, actual mesopore sizes could be slightly larger than
the values reported here. Electrochemical measurements were
carried out in a three-electrode cell using a PAR EG&G 273A
potentiostat in an argon-filled glovebox, with oxygen and water
levels <1 ppm. The working electrode consisted of ITO glass
upon which Mn30, films were deposited. The electrolyte solu-
tion used was 1.0 M LiClO, in propylene carbonate (PC), and
lithium metal foils were used as the counter and reference
electrodes. Cyclic voltammetry was performed using cutoff
voltages at 4 and 1.5 V vs Li/Li™.
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