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37 ABSTRACT: Microwave heating provides an efficient method to rapidly heat materials through
39 interaction of microwaves with the media. Here we demonstrate the rapid synthesis of mesoporous
cobalt oxide films through the heating of the silicon substrate by microwaves. A non-sol-gel
44 approach based on cobalt nitrate-citric acid complex cooperative assembly with poly[methoxy
46 poly(ethylene glycol)methacrylate]-block-poly(butyl acrylate) (PMPEGMA-b-PBA) block
48 copolymer was used to fabricate the cobalt oxide through a cobalt carbonate intermediate. The
time required to convert cobalt carbonate to cobalt oxide with the full removal of PMPEGMA-b-
53 PBA template can be decreased by two orders of magnitude with microwaves in comparison to

55 standard heating in a furnace at 350 °C. At the highest microwave power examined (1500 W), this
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can be accomplished within 2 s, while > 5 min is required at 350 °C in a furnace. At microwave
power < 400 W, there is insufficient energy to induce the transition from carbonate to oxide, but
even at only 420 W the oxide can be formed within 26 s. The rapid heating by the microwaves
tends to increase the crystallinity and mean crystal size of the cobalt oxide within the mesoporous
films. Despite the growth of larger average crystals, the pore size and porosity tends to be larger
when the film is processed using microwaves, with higher microwave power leading to larger
average crystals and average pore size. These results suggest that rapid processing to crystallize
frameworks in mesoporous materials may allow for highly crystalline frameworks without loss of

the mesostructure.

INTRODUCTION

From the initial reports of surfactant templated ordered mesoporous silicates,!”> there has been
significant interest in developing efficient and facile synthesis methods to expand the diversity of
these materials in terms of framework chemistry,3# pore size,’® and ordered morphologies.” This
expansion in the types of ordered mesoporous materials available has enabled the investigations
into the suitability of these material frameworks for a diverse set of applications that can take
advantage of their high surface area and interconnected structures, including drug delivery,®
catalysis,”!? separations,'! energy generation and storage.!>!* The thin film form factor for these
mesoporous materials is beneficial for a variety of potential applications. For example,
mesoporous metal oxide thin films provide high surface area along with fast electrical response
for gas sensors.!>"!7 Grid-like mesoporous TiO, thin films are highly efficient photocatalysts for

the degradation of undesired organic species in aqueous environments.'® These ordered

ACS Paragon Plus Environment

Page 2 of 36



Page 3 of 36

oNOYTULT D WN =

Langmuir

mesoporous materials are most commonly fabricated by hard or soft templating.!®-?* Soft
templating uses amphiphilic molecules to direct the mesostructure via self-assembly, while hard
templating employs a preformed porous material to define the porous mesostructure. Though hard
templating using mesoporous silica or carbon provides an approach to improved control over
structure of the products, increased time and costs associated with inorganic template synthesis
and removal are thought to limit its efficiency. Soft templating provides efficiency and
convenience in the simple thermal removal of the soft template, but the low thermal stability of
soft templates and need for multiple components to simultaneously assemble into the ordered

structure can limit its applicability to some systems.

To improve the efficiency for the synthesis of mesoporous materials, a variety of different
techniques have been examined to accelerate different aspects of the synthetic process. For
example, alternative methods to remove the template have been explored through solvent
extraction’! or UV-ozone degradation.”> These methods tend to help to retain the desired
mesoporous structure. One common synthetic strategy is the use of microwaves to accelerate the
reactions, generally through hydrothermal means, to decrease the reaction time from days or hours
to minutes.2>-2> Microwaves have been used to accelerate the fabrication of cobalt oxide, but these
processes tend to require both microwave and conventional furnace heating steps.??7 In one case,
an initial microwave hydrothermal process (10 min) was followed by several conventional heating
steps to obtain the mesoporous cobalt oxide materials,?® while Luo ef al. used microwaves (3 min)
to generate a cobalt hydroxide intermediate that could subsequently be converted to oxide.?” For
other materials, microwave have been shown to be effective for calcination of mesoporous
materials to decrease processing time from hours to minutes.?® In addition to accelerating the

synthesis, microwaves also can impact the morphology developed?® with increased surface area
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with highly crystalline frameworks,3%-3! potential for increased porosity,>? and controlled surface
chemistry?? reported. As the heating with microwaves tends to be more uniform, the materials

obtained tend to have less defects.?®

Typically in order to decrease the potential for collapse of the mesostructure for crystalline
frameworks, the amorphous framework formed from sol gel processing is commonly extensively
aged to improve the mechanical robustness prior to crystallization,?-3¢ Larger block copolymer
templates produce materials are more tolerant of crystallization of the framework.3” Alternative
strategies that employ a template that in-situ provides a hard template can produce ordered
mesoporous materials with highly crystalline frameworks.3® There is evidence that microwaves
can facilitate crystallization without the collapse of the mesostructure without the need for long
aging times.>> 3° A non-sol gel route to a variety of metal oxides and metal carbonates was
developed by Eckhardt ef al. based on metal nitrate-citric acid complex that progresses through a
metal carbonate intermediate.**-4! This route is advantageous for its ability to use low cost
precursors in comparison to metal alkoxides and the sol is non-reactive under ambient conditions.
However, the metal nitrate-citric acid complex route imposes limitations on the template as the
complex is modestly hydrophobic and significant volume change between the precursor and the
oxide could lead to structural collapse.*> Common commercial templates such Pluronic F127 do
not lead to mesoporous materials with this metal nitrate-citric acid complex.*-4! Thus, custom
block copolymer templates are typically required for the synthesis of mesoporous materials.
Interestingly, this route was able to produce highly crystalline mesoporous manganese oxide films
through microwave processing of the carbonate while maintaining the mesostructure, while
calcination in a furnace led to much lower crystallinity and loss of the ordered mesostructure.?®

The increased crystallinity was attributed to the rapid heating by the microwaves and the direct
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coupling of the microwaves to the Mn to locally provide energy. In this case, growth of the crystals
ceased after 45 s of microwave irradiation, which limits the overall crystallinity. Routes to tune

the crystals within mesoporous films using microwaves were not explored.

Here, the ability to use microwaves to tune the morphology of micelle-templated mesoporous
cobalt oxide films using rapid microwave heating is systematically investigated as a function of
both microwave power and processing time. These two factors influence the pore texture and
crystal characteristics of the mesoporous cobalt oxide films. Microwave power can be used to
precisely control the critical heating time required for the conversion of cobalt carbonate into
cobalt oxide and full removal of the poly[methoxy poly(ethylene glycol)methacrylate]-block-
poly(n-butyl acrylate) (PMPEGMA-b-PBA) template. The window for this conversion and
template degradation is less than 1 s for microwave conditions. At insufficient power (<420 W),
both the template and carbonate phase remain after 3 min of microwave exposure, while at 420 W,
the critical heating time is 26 s and this time is decreased to 2s at 1000 W. The films processed
with microwaves exhibit higher crystallinity and larger average crystalline size, which increases
with increasing power, than those processed using a conventional furnace. Additionally,
microwaves enable a small increase in pore size and a significant enhancement in the porosity for
the mesoporous films. These results demonstrate that microwaves provide a simple methodology

to fine tuning the crystallinity and morphology of mesoporous transition metal oxide films.

EXPERIMENTAL SECTION

Materials. Cobalt (II) nitrate hexahydrate (Co(NOs),-6H,0) (ACS reagent, >98%)), citric acid
(ACS reagent, >99.5%), tetrahydrofuran (THF, contains 250 ppm BHT as inhibitor, ACS reagent,

>99.0%), sulfuric acid (ACS reagent, 95.0-98.0%), methoxy poly(ethylene glycol) methacrylate
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(PMPEGMA, 475 gmol™), n-butyl acrylate (>99%), N,N-dimethylformamide (DMF)
(anhydrous, 99.8%) and hexane (anhydrous, 95%) were purchased from Sigma-Aldrich. 2,2-
Azobis(isobutyronitrile) (AIBN) (Aldrich, 98%) was purified by recrystallization from methanol
and used as the initiator. 4-cyanopentanoic acid dithiobenzoate (CPADB) was synthesized
following previous methods and used as the reversible addition-fragmentation chain transfer
(RAFT) agent.** Hydrogen peroxide (30% w/w) was obtained from BDH Chemicals. Ethanol (200
proof, anhydrous) was purchased from Decon Laboratories, Inc. A Millipore Milli-Q system was
used to purify water to 18.2 MQ-cm. All chemicals were used as received unless noted otherwise.
500 pum thick double-side polished silicon wafers (resistivity=10-20 Q-cm, Silicon, Inc.) were used
as the substrates for the films. Silicon wafers (0.01-0.02 Q-cm, Silicon, Inc.) were used as
substrates for scanning electron microscopy (SEM) cross-section measurements of the Co;O, films

processed by furnace heating.

Preparation of Mesoporous Co;04 films. The block copolymer (BCP) template for the
mesoporous films was synthesized by RAFT polymerization of methoxy poly(ethylene
glycol)methacrylate, followed by butyl acrylate as previously described.** The molecular weight
of the poly[methoxy poly(ethylene glycol)methacrylate]-block-poly(butyl acrylate). PMPEGMA-
b-PBA, was 59 kg/mol with 57.6 wt% PBA as determined by gel permeation chromatography and
'H NMR, respectively.** The precursor solution was prepared by dropwise addition of a solution
0f 0.274 g Co(NO3),-6H,0 and 0.090 g citric acid dissolved in 0.9 g ethanol to a solution of 0.2 g
PMPEGMA-bH-PBA dissolved in 2.7 g THF under continuous magnetic stirring at room
temperature. The solution was stirred for an additional 12 h before film casting to ensure

homogeneity of the solution.
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Prior to use, the silicon wafers were cleaned in piranha solution (H,SO4: H,O, = 3:1 v/v) at 90
°C for 45 min, rinsed five times with water, and dried with N, gas. Films were fabricated using
approximately 20 pL of precursor solution by flow-coating® at 15 mm/s with a gap height of 200
um. The films were dried/aged at room temperature for 30 min prior to calcination at 200 °C for 1
h in a preheated muffle furnace (Ney Vulcan 3-130) to generate micelle structured cobalt carbonate
films. The silicon wafer coated with the cobalt carbonate film was cleaved into =1.5 cm X =1.5 cm
pieces. Microwaves (BP-210, Microwave Research & Applications Inc.) were used to induce the
transformation to oxide and removal of the BCP template through energy absorption by the silicon
substrate to rapidly heat the films.*¢-#” The microwave power (350 W to 1500 W) and time (1 s to
60 s) were systematically varied. As a control, a muffle furnace at 325 °C was used for the
transformation to oxide and removal of the template instead of microwave heating, but longer

heating time (> 5 min) was necessary to obtain mesoporous cobalt oxide films.

Characterization. Fourier-transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet
iS50 FTIR spectrometer) with a resolution of 8 cm! based on the average of 128 scans was used
to determine the chemical evolution of the films during calcination. The FTIR measurements were
performed in transmission mode with details of the measurements following our prior work
examining reaction kinetics in thin films.*® Briefly, the spectra were obtained under continuous
purge gas (dried air, Parker-Balston) and were corrected for the background of the silicon wafer.
A standard baseline correction was applied using the OMNIC software (Thermo Scientific Nicolet)
to the subtracted data for the spectra presented herein.

Atomic force microscopy (AFM, Dimension ICON, Veeco) in tapping mode using a silicon

AFM probe (AppNANO, ACT-200, /= 200-400 kHz, k£ = 13-77 N/m) probed the surface
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morphology of the films. The refractive indices of the films were determined using a variable angle
spectroscopic ellipsometer (UV-vis-NIR; 250-1700 nm; VASE M-2000, J.A. Woollam Co.). The
ellipsometric angles were fit to a multilayer model consisting of silicon, 10 A thick interface, 8 A
SiO; (based on prior reports for native oxide on silicon),* and a general oscillator (GenOsc) model
(WVase, J.A. Woollam) using Gaussian and Lorentzian functions to describe the optical properties
of the cobalt oxide films.

Ellipsometric porosimetry (EP)*° was used to determine the mesopore size distribution using
toluene as the probe solvent with both adsorption and desorption isotherms measured at a fixed
incident angle of 70°. The relative pressure of toluene (P/Py) controlled by two mass flow
controllers (MSK-146C-FF000-1). The relative volume fraction of the absorbed toluene as a
function of P/P, was estimated using the Lorentz-Lorenz effective medium approximation. The
pore size distribution was determined from the adsorption isotherm using the Kelvin equation.’!
In order to calculate the surface area from the EP measurements, a reference film of cobalt oxide
was prepared using the same conditions as the furnace heating sample but without the BCP
template in the precursor solution to obtain the partial pressure dependent thickness of adsorbed
toluene on cobalt oxide as shown in Figure S1.°2 The surface areca was estimated via the 7-plot
method* 3233 assuming the equivalent adsorption behavior for the flat reference surface and

mesoporous surface.>?

The morphology of the mesoporous Co;0O4 films was assessed using grazing incidence X-ray
diffraction (GIXD) and grazing incidence small angle X-ray scattering (GISAXS) on the Complex
Materials Scattering (CMS/11-BM) beamline at the National Synchrotron Light Source II

(Brookhaven National Laboratory, Upton, NY). The films were illuminated with 13.5 keV
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radiation (A = 0.918 A) at an incident angle of 0.15°. A line cut along ¢, at g.= 0.03 £ 0.01 A"!
(specular condition) of 2D scattering pattern was used to obtain the 1-D profiles. A clean silicon

wafer was used for the background reference and the scattering from silicon was subtracted from

the GISAXS data.

The nanostructures associated with the mesoporous Co;0,4 films were directly visualized using
transmission electron microscopy (TEM, FEI Tecnai F20). To prepare the samples for TEM, the
films were scraped from silicon wafers and ground using an agate mortar and pestle (Cole-Palmer).
The ground mesoporous cobalt oxide powders were dispersed in acetone using an ultrasonic
cleaner (VWR 97043-960). A drop of the dispersion was deposited on carbon-coated copper grids
(CF200-CU, Electron Microscopy Sciences) and allowed to dry before imaging. Additionally, the
mesopore structure was imaged through a cross-section of the Co3;0, film using a Quanta 450 FEG
instrument with an accelerating voltage of 10 keV. The cross-section sample was prepared simply

by cleaving the silicon wafer with the film attached along the Si (100) plane.

Results and discussion

In order to generate templated porous metal oxides from the metal nitrate-citric acid precursors, a
thermally stable carbonate framework must form prior to significant degradation of the templating
agent.*>-41 The PMPEGMA-b-PBA template begins to decompose at > 250 °C as determined by
TGA (Figure S2), while a much lower temperature is required for the conversion of cobalt-nitrate-
citric acid complex precursor to cobalt carbonate (~130 °C).#!> 48 5% The conversion of cobalt
nitrate-citric acid complexes to cobalt carbonate at 200 °C without significant degradation of the
template was confirmed using FTIR spectroscopy (Figure S3). For the as-cast films that contain
the PMPEGMA-b-PBA template and the cobalt nitrate-citric acid complex, the FTIR spectra

contain peaks attributed to C-H stretching between 3000 and 2800 cm™! and C=O0 stretching at 1735
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cm™! from the polymeric template and the citric acid as well as two broad peaks at 1450 and 1290
cm™! due to the asymmetric stretching of the coordinated nitrate and the peak at 1050 cm™! due to
the symmetric stretching of the coordinated nitrate (to the cobalt).>>-57 After heating the films at
200 °C, these two broad peaks shift from 1450 and 1290 cm! to 1590 and 1400 cm™!. This shift in

wavenumber is consistent with the formation of inorganic (cobalt) carbonates.*!

Calcination at 325 °C for 45 min generates cobalt oxide and removes the PMPEGMA-b-PBA
template based on TGA (Figure S2). These two changes are confirmed by FTIR (Figure S3) where
the broad carbonate band between 1600 cm™' and 1320 cm! and peaks associated with the C=0
vibration at 1735 cm! and C-H stretch between 3000 and 2800 cm! of the PMPEGMA-b-PBA
disappear, while sharp peaks at 661 cm™' and 656 cm™!' associated with Co;04 emerge after
calcination at 325 °C. Similar FTIR spectra to those obtained from furnace heating at 325 °C for
45 min can be observed with relatively short microwave heating (for example at 600 W for 6 s) of
the cobalt carbonate films as shown in Figure S4. This indicates the rapid conversion from cobalt
carbonate to cobalt oxide and the removal of the block copolymer template with microwaves in
two orders of magnitude less processing time than typically used for calcination of mesoporous
materials. These spectra for the cobalt oxide films contain only characteristic peaks from the
inorganic compound, which indicate the complete removal of the block copolymer template within
the detection limits of the FTIR measurement. This rapid conversion on the heating of the film
through the interactions of the microwave with the silicon wafer substrate,*® which can result in

hundreds of degrees temperature rise in the matter of seconds.

Figure la illustrates the sensitivity of the film chemistry to the microwave time using 420 W
microwaves. For 25 s or less, the FTIR spectra are essentially unchanged, but the spectrum rapidly

transitions to indicate complete removal of the template and nearly complete conversion to the
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oxide at 26 s. This result suggests that the conversation reaction occurs within 1 s. Additional FTIR
spectra for different microwave power are shown in Figures S4. In these each of these cases, there
is an abrupt transition from pure carbonate to nearly pure oxide within 1 s. There is however an
apparent threshold power requirement to induce this transition. As shown in Figure S5, the
conversion of cobalt carbonate into cobalt oxide does not occur within 60 s at microwave power
less than 400 W. Even at 3 min at 400 W, there is no evidence for any chemical change in the film.
However, upon reaching or exceeding the power of 420 W, complete conversion of cobalt
carbonate into cobalt oxide and full removal of block copolymer template occur within 30 s, as
shown in Figure 1b. As the microwave power increases, the critical time required for the
conversion of cobalt carbonate into cobalt oxide decreases. For example, at the microwave power
of 1000 W or 1500 W, this conversion of cobalt carbonate into cobalt oxide occurs within 2 s. It
is instructive to compare the conversion kinetics for the microwave processing with that in a
preheated furnace. As shown in Figure S6, the conversion from cobalt carbonate to cobalt oxide
required 10 min with furnace heating at 325 °C, which confirms the acceleration of the calcination

process using microwaves relative to these typical calcination conditions.4!- 48, 54
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Figure 1. (A) FTIR spectra of templated films after processing with 420 W microwaves for
different times. The transformation from cobalt carbonate to cobalt oxide can be clearly
distinguished as the microwave time is increased from 25 to 26 s. (B) Influence of microwave

power and heating time on the chemical nature of the films.

The nanostructure of the mesoporous cobalt oxide films is dependent on the processing details as
shown in Figure 2. The mesopores obtained from the PMPEGMA-b-PBA template are not highly
ordered, but there is a common size throughout the micrographs of approximately 15 nm that can
be attributed to the mesopores. The sample preparation of the powders for TEM from the films
tends to lead to multiple layers of pores and particles as well as stochastic orientation of the
structure, so we avoid any quantitative analysis of these TEM images to avoid misinterpretation
due to image containing multiple layers. Nonetheless, the limited ordering from the TEM images
is consistent with the surface morphology determined by AFM (Figure S7). When comparing the
TEM micrographs, the structure of the framework is dependent on the processing details. Heating
in the furnace leads to small particles in the framework (Figure 2a). The average particle size
appears to increase slightly with microwave processing at 420 W (Figure 2b) in comparison to the
furnace calcination. The size of the particles that comprise the framework increases as the power
is increased to 785 W (Figure 2¢) and 1500 W (Figure 2d). For the highest power examined, the
particles appear to have grown to the size of the framework and faceting consistent with
crystallization of the Co;0,4 can be observed in the TEM micrographs (Figure 2d). Interestingly,
this film was processed for the shortest period of time (2 s), which suggests extremely rapid crystal

growth in the framework with microwaves at high power.

One consequence of the film geometry is that the material is confined by the substrate, which limits

contraction in the plane of the film. The stresses developed during calcination tend to result in
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uniaxial contraction for block copolymer templated mesoporous materials using conventional

heating.>*-%° This uniaxial contraction leads to significant pore shrinkage along the axis oriented

oNOYTULT D WN =

perpendicular to the substrate and in some cases collapse of the mesopore structure.’> 34 6! To
10 illustrate similar contraction in these Co3;04 films, Figure S8 shows a cross-sectional SEM
micrograph of Co;04 films produced by furnace heating at 325 °C. The mesoporous cobalt oxide
15 film exhibits asymmetric ellipsoidal pores with major axes of ~15 nm oriented parallel to the
substrate and minor axis of 6 nm oriented perpendicular to the substrate. These observations are

20 consistent with anisotropic contraction of the mesostructure that leads to ellipsoidal mesopores.

51 Figure 2. TEM micrographs of mesoporous cobalt oxide films calcined by (a) furnace heating at

53 325 °C for 10 min or microwave heating at (b) 420 W for 26 s, (¢) 785 W for 5 s, and (d) 1500
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W for 2 s. The time used is the minimum required to transform to oxide and remove the template

for each condition.

As an ordered structure is not readily apparent from the TEM micrographs and these only provide
local structural information, the nanostructure of the mesoporous cobalt oxide was further
investigated using GISAXS. Figure 3a illustrates the 2D scattering profiles of mesoporous cobalt
oxide films calcined in the furnace and with microwaves at 475 W for identical exposures. 2D
GISAXS profiles for the other microwave conditions are shown in Figure S9. These scattering
profiles are similar with a diffuse spot at finite q,, associated with in plane correlations, centered
at g, corresponding to the specular condition. A streak extends from this spot in q, that appear
similar to Bragg rod scattering, but no discrete peaks associated with out of plane correlations are
observed in any of the scattering patterns. To quantify the in-plane correlations, 1D profiles from
a line cut at g,= 0.03 = 0.01 A-! (corresponding to the specular reflection of the beam) are shown
in Figure 3b. There is a broad peak associated with the correlation between mesopores for all
conditions examined, but no higher order reflections as expected for the limited ordering of the
mesopores observed by TEM (Figure 2). There is a quantitative shift in the peak position to lower
g, indicative of larger spacing, with the microwave processing with the lowest g peak position at

the highest microwave power.

Figure 3c illustrates how the in-plane d-spacing for the mesoporous cobalt oxide films determined
from this correlation peak in the line cut depends on the processing conditions. In general, the d-
spacing is not dependent on the processing time for a given microwave power, which is somewhat
unexpected due to the crystallization of the Co;04. The in-plane d-spacing for mesoporous cobalt
oxide produced by furnace heating is approximately 30 nm. This d-spacing of the mesoporous

cobalt oxide is increased slightly when using microwaves, ranging from approximately 31.2 to
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33.2 nm, depending on the heating power. Larger d-spacing is found for higher microwave power.

These results suggest that rapid heating (and by inference, conversion to oxide) reduces the

oNOYTULT D WN =

volumetric contraction. This effect may be similar that leading to decreased defects in zeolite

10 membranes through rapid thermal processing.%?
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Figure 3. (a) 2-D GISAXS profiles for mesoporous cobalt oxide films fabricated by furnace
43 heating at 325 °C for 10 min and microwave heating at 475 W for 60 s. (b) Comparison of the
45 1D GISAXS profiles as a function of process condition. The calcination time was the critical
(minimum) time to obtain the oxide phase. (c¢) In-plane d-spacing of mesoporous cobalt oxide
50 films prepared using furnace heating (FH) at 325 °C and microwave heating (MW). Note the

52 different time scales for FH and MW methods.
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This differences in the structure of the mesoporous cobalt oxide films can be better illustrated
through pore texture determined by ellipsometric porosimetry (EP). Figure 4a illustrates the
adsorption and desorption isotherms for mesoporous cobalt oxide films prepared by furnace and
microwave heating. Figure S10 illustrates these isotherms for other microwave conditions. All of
the mesoporous cobalt oxide films exhibit the type IV isotherms with Type H1 hysteresis loop,
which are typical of ordered mesoporous materials with spherical pores.®3-%4 The hysteresis loop
is shifted to higher partial pressure with microwaves (Figure 4a), which should correspond to larger
mesopores. As shown in Figure 4b, the pore size distribution for the mesoporous cobalt oxide
prepared by calcination in a furnace is nearly Gaussian with an average mesopore size of 2.5 nm,
while microwave calcination at 1000 W for 2 s leads to an apparent bimodal pore distribution. The
smaller mesopore size appears similar to that of the furnace processed film, but there is a larger
mesopore component that is centered at 4.2 nm. This suggests that the rapid calcination by
microwaves decreases the contraction experienced by the mesopores, despite the larger apparent
particle size from TEM (Figure 2). Due to the anisotropic shape of the mesopores (Figure S8), the
pore size estimated from the Kelvin equation (Kelvin radius [7¢]) is nearly the minor axis of the
asymmetric ellipsoidal pores due to the mechanism of capillary condensation in the mesopores.>?

Furnace heating at 325 °C leads to an average r; = 2.5 nm, which is similar to the minor axis of

the corresponding asymmetric ellipsoidal pores (=3 nm) from cross-sectional SEM micrographs

(Figure S8).

Figure S11 illustrates the pore size distributions obtained from the microwave calcination for the
different conditions. Porosimetry indicates that there are some smaller (micro)pores, which we
attribute to the interstitial space between particles in the walls. As ellipsometric porosimetry has

not been established for micropores,>® we will focus on the mesopores for quantitative analysis. At
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low power (420 W), compared to the pore size distribution of the furnace processed film, this
distribution broadens and becomes slightly bimodal with an apparent peak at approximately 4.0
nm and a slight shoulder at around 2.4 nm. As the power is increased, the pore size distribution
further broadens, but with a clear bimodal distribution. There appear to be two common sizes for
the mesopores, approximately 2.4-2.5 and 4.0-4.2 nm, which is suggestive of an interplay between
processes. The smaller size is solely obtained with calcination in a furnace, but the fraction of this
smaller size grows as the microwave power increases. In addition to the pore size, the details of
the processing influence other pore texture properties. Figure 4c illustrates how the porosity of

these mesoporous cobalt oxide films, as estimated from V,,/Vgim, at P/Py =~ 1 with the assumption

that all pores are filled, is enhanced using microwave heating compared to those processed using
furnace heating. An increase in the microwave power leads an increase in the porosity of the
mesoporous films (Figures 4c and S12). Intriguingly, the microwave heating time has little impact
on porosity (Figure S13). From the adsorption isotherms, the surface area of the mesoporous films
can be estimated using ¢-plots (Figure S14). As shown in Figure 4d, there is a small decrease in
the surface area of mesoporous cobalt oxide films fabricated with microwaves relative to more
standard furnace calcination. This can be rationalized in terms of the smaller pore size and smaller
primary particle size (Figure 2) of the furnace processed films. The surface area of the microwave

heated cobalt oxide films is nearly independent of the microwave power.
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Figure 4. (a) Adsorption (black O) and desorption (red O) isotherms for mesoporous cobalt
oxide films processed using furnace heating at 325 °C for 10 min and microwave heating at a
1000 W for 2 s from EP and (b) corresponding pore size distribution from the adsorption
isotherms using the Kelvin equation. (c) Porosity and (d) surface area of cobalt oxide films
calcinated at 325 °C in furnace (gray O) for 10 min or by microwaves (black O) as a function of

power at the critical time corresponding to the transformation of carbonate to oxide.

GIXD was used to elucidate information about the crystal structure of these cobalt oxide films as
a function of processing conditions. Figure 5a illustrates the difference in the GIXD patterns for
the furnace and microwave (1000 W for 2 s) calcined mesoporous cobalt oxide films. Despite the

much shorter heating time (2 s vs. 10 min), the diffraction peaks associated with cubic Co;04 (PDF
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card number: 01-078-1969) are much better developed with microwave heating. This result
suggests that the microwaves can dramatically promote crystallization of the Co3;0;, as the initial
film thickness was identical. Figure S15 presents additional GIXD patterns of the microwave
processed films. These GIXD data provide clear evidence for the rapid conversion of the carbonate
to crystalline oxide: after microwave at 475 W for 8 s, there are no peaks in the diffraction pattern
(amorphous cobalt carbonate), which agrees with the FTIR results in Figure S2, but increasing the
time by 1 s (475 W for 9 s) leads to well defined diffraction peaks consistent with cubic Co30,.
Increasing the microwave heating time to 60 s does not appreciably change the GIXD profile
(Figure S15). This observation is counter to furnace heating where the diffraction peaks grow in

intensity and sharpen as the calcination time is increased.
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Figure 5. (a) GIXD profiles for microwave heated (black) and conventional furnace heated (red)
cobalt oxide films. (b) Average crystallite size of Co;04 films prepared using conventional
furnace heating (FH) at 325 °C and microwave heating (MW) at different powers with different

heating time. Note the time for FH is in minutes while MW is in seconds.
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Examination of the width of the most intense (311) diffraction peak provides some insights into
the average size of the Co3;0, crystallite from the Scherrer Equation®>-%¢ assuming a shape factor
value of 0.9 (Figure 5b). With the furnace heating process, the average crystallite size of Co;0y, is
approximately 2.7 nm after 10 min at 325 °C. Increasing the time from 10 min to 55 min leads to
an increase in the crystallite size from 2.7 to 3.6 nm, which is indicative of crystal growth with
longer heating time in the furnace. In contrast, microwaves exhibit a much weaker dependence of
the average crystal size on heating time. However, the microwave power dramatically influences
the average crystal size of Co30, increasing from approximately 3.9 to 6.7 nm as the microwave
power was increased from 420 W to 1500 W. Even at low power, the crystal size from the
microwaves (< 60 s) is greater than that obtained using the furnace for 55 min. This dependence
of crystallite size of Co;04 on the different heating strategies estimated from the GIXD patterns
coincides with the trend of cobalt oxide particle size observed in TEM micrographs, but the
average crystal size calculated from the Scherrer equation does not quantitatively match the
particles sizes from TEM (Figure 2). This suggests that the particles are polycrystalline, which
leads to a lack of a quantitative relationship between d-spacing from GISAXS, average crystal
size, pore size observed in TEM micrographs, and Kelvin radius. Due to the anisotropic pore
structure, we will briefly describe the consistency in the structural sizes for the different
measurements. For an isotropic sample, the d-spacing and the sum of the pore and crystal size
should be roughly equivalent if the crystal size is approximately the wall thickness. However for
the films examined here, contraction of the film perpendicular to the substrate during calcination
leads to anisotropy in the mesostructure with ellipsoidal mesopores. The pore size from
porosimetry (Kelvin radius) is nominally similar to the minor axis of the asymmetric ellipsoidal

pores (from SEM, Figure S8), while the pore size observed in TEM micrographs is consistent with

ACS Paragon Plus Environment

20

Page 20 of 36



Page 21 of 36

oNOYTULT D WN =

Langmuir

the major axis of the ellipsoidal pores (from SEM, Figure S8). The GISAXS patterns exhibit
defined correlations specifically in the plane of the film, so the d-spacing determined from
GISAXS represents the center-to-center distance between mesopores in the plane of the film. This
d-spacing is nominally consistent with the sum of the pore size observed in TEM micrographs (~

15 nm) and the particle size.

Previous studies have suggested that microwave heating process can promote the crystallization
by accelerating nucleation and crystal growth.6’-%% However, to understand the dependence of
crystallite size on the microwave power, one need to consider which stage of the syntheses between
nucleation and crystal growth is selectively accelerated by microwave irradiation. Scheme 1 shows
three cases of acceleration in the microwave synthesis: (a) acceleration in both nucleation and
crystal growth, (b) acceleration in nucleation only, and (c) acceleration in crystal growth only.
Accounting for the thickness of these mesoporous cobalt oxide films and the area of the (311)
diffraction peak, the relative crystallinity of the mesoporous cobalt oxide framework on
conventional thermal heating at 325 °C and microwave heating at different powers with different
processing time can be estimated according to Eq. (1). In this case, the crystallinity is relative to

that of the mesoporous cobalt oxide film microwave heated at 1000 W for 5 s (reference).

Isample(3 1 1) % Myeference
Ireference(?’ 11) Msample

Relative Crystallinity (%) = X 100% (D

where I54mpie(311) is the intensity of diffraction peak (311) obtained from the sample to be
estimated, I¢ference(311) is the intensity of diffraction peak (311) obtained from the mesoporous

cobalt oxide film microwave heated at 1000 W for 5 s, mggmpie 1s the mass of the sample to be
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estimated, and My¢ference 1S the mass of the mesoporous cobalt oxide film microwave heated at

1000 W for 5 s.

>

Crystallinity

i >

Time

Scheme 1. Dependence of crystallinity of material with heating time representing several modes
of microwave irradiation accelerations in the synthesis: (a) nucleation and crystal growth are
accelerated, (b) only nucleation is accelerated, (c) only crystal growth is accelerated, and (d)

conventional furnace heating without any acceleration.

Figure 6 illustrates the relative crystallization of mesoporous cobalt oxide films as a function of
processing strategy. These curves are consistent with the suspected acceleration effect of
microwave irradiation on the crystallization of mesoporous cobalt oxide films. These
crystallization curves are consistent with acceleration in both the nucleation and crystal growth
stages by microwaves. Upon the conversion of cobalt carbonate to cobalt oxide at the critical time,
the crystallization exhibits no induction period. Thus, it is difficult to separate the effect of
microwave irradiation on nucleation and crystal growth of the cobalt oxide crystals. Nonetheless,

these results clearly illustrate the ability to control the relative crystallinity and crystal size using
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microwave power, while dramatically decreasing the required reaction time. These concepts could
be useful for catalysis and energy applications where the crystal size and facets exposed can

dramatically influence performance.
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Figure 6. Relative crystallization curves for mesoporous cobalt oxide films using furnace

calcination and microwave irradiation at different power. The crystallinity is relative to that

obtained when processing for 5 s at 1000 W.

Conclusions

Micelle templated mesoporous cobalt oxide films based on the cooperative assembly of metal
nitrate-citric acid and an amphiphilic block copolymer, PMPEGMA-b-PBA, template were
fabricated using non-hydrothermal, rapid microwave heating. The microwave power and

processing time were systematically investigated for their impact on the composition, morphology
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and crystallization of the mesoporous cobalt oxide films. The critical time required for the
conversion of cobalt carbonate into cobalt oxide as well as full removal of PMPEGMA-b-PBA
template decreases with increasing microwave power with a sharp transition (<1 s required for
complete decomposition and conversion). Despite the significantly reduced processing time for
microwave heating as compared to the conventional furnace heating, the relative crystallinity is
increased and larger average crystal sizes are found. The crystallinity develops rapidly with
microwaves with limited growth following the initial conversation to oxide from carbonate (within
1 s). In addition to the crystallinity, the microwaves promote larger average pore size and increased
porosity of the mesoporous films as compared to those obtained using furnace heating. This work
provides new insights into the potential to use microwaves to readily manipulate the morphology

of mesoporous metal oxide films with microwaves.
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