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ABSTRACT: Aerogels are attracting increasing interest due to

their functional properties, such as lightweight and high

porosity, which make them promising materials for energy

storage and advanced composites. Compressive deformation

allows the nano- and microstructure of lamellar freeze-cast

aerogels to be tailored toward the aforementioned applications,

where a 3D nanostructure of closely spaced, aligned sheets is

desired. Quantitatively characterizing their microstructural

evolution during compression is needed to allow optimization

of manufacturing, understand in-service structural changes, and

determine how aerogel structure relates to functional proper-

ties. Herein we have developed methods to quantitatively

analyze lamellar aerogel domains, sheet spacing, and sheet

orientation in 3D and to track their evolution as a function of increasing compression through synchrotron phase contr
ray microcomputed tomography CT). The as-cast domains are predominantly aligned with the freezing direction
random orientation in the orthogonal plane. Generally the sheets rotate tovearand their spacing narrows progressivel
with increasing compression with negligible lateral strain (zero Pdssatio). This is with the exception of sheets close t
parallel with the loading directionZ)), which maintain their orientation and sheet spacing un80% compression, beyond
which they exhibit buckling. These data suggest that a single-domain, fully aligned as-cast aerogel is not necessary to
post-compression aligned lamellar structure and indicate how the spacing can be tailored as a function of compressiv
The analysis methods presented herein are applicable to optimizing freeze-casting process and quantifying |
microdomain structures generally.

KEYWORDS:freeze-casting, architectures, nanomaterial, micro domains, MXenes, time lapse imaging

AEROGELS AND THEIR CHARACTERIZATION Aerogel manufacture via freeze-casting involves appl

Freeze-cast aerogels are an emerging class of mateffjiPerature gradient to induge unidirectional freezing
exhibiting 3D architectures comprising sheets, tens of nano: oid, which causes the solid phase to be rejected b

meters in thickness, within a 3D hierarchical structure. Contr%ﬁ)gvvzlr;% 'Ct?ycrsﬁt)ﬁ:f] ;(t)i ;26 !)?S:r:g Sscgllsgtl ntgfrtcéin?(;ﬁg:v\:ggl

of the aerogel nano- and microstructure is key to tailoring thegihtering to consolidate the structure (in ceramic sus

for high performance applications. Compression is a Sim@ﬁ)ns)‘? A high degree of nano- and microstructural cont
and eective way of modifying the sheet spacing angyer the as-cast aerogel is achieved by varying manufa
alignment. Compressed aerogels aneing applications in

an array of technologies including supercapadimrgo- Received: May 28, 2021
sites, sensor$,and oil cleanup.To precisely control their  accepted: December 17, 2021
processing, methods for quantitatively analyzing and undetiblished: February 8, 2022
standing the changes in aetogrchitecture in three

dimensions as a function of compression are needed which is

the focus of this paper.
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Figure 1. Structural features associated with aerogels. Aerogel architectures include (a)Cegh)ldnpneycomb! (c) lamellar
multidomain!? (d) lamellar single domaif’ and (e) lamellar radial® Typical domain structural parameters illustrating (f) small pore size/
sheet spacing(g) larger pore size/sheet spacih¢h) unaligned sheet/domain anglé$(i) greater alignment of sheet/domain angféj)
small domain siz&; and (k) larger domain siz&. Sheet/wall structural features include (1) large wall/sheet thickn&¢s) smaller wall/
sheet thicknes¥ (n) wall/sheet opening$,(0) wall/sheet bridges? (p) plate-like wall compositio’® (q) brous wall compositioh’ (a,0)
Reproduced with permission from r&f. Copyright 2017 American Chemical Society. (b,b(inset)) Reproduced with permission frafn ref
Copyright 2008 ACS Publications. (c,d) Reproduced with permission frorh2r€opyright 2019 under a Creative Commons CC BY 4.0
License from MDPI. (e,p) Reproduced with permission fromlr@fCopyright 2018, ACS Publications. (f,g) Reproduced with permission
from ref 7. Copyright 2019 Elsevier. (h,i) Reproduced with permission fromleefCopyright 2012 Elsevier. (j,k) Reproduced with
permission from refl5. Copyright 2018 under a Creative Commons CC BY 4.0 License from MDPI. (I,m) Reproduced with permission
from ref16. Copyright 2006 American Association for the Advancement of Science. (n), Reproduced with permissionZr@opefight
2019 American Chemical Society. (q) Reprinted with permission from #e€opyright 2017 American Chemical Society.

parameters such as freezing rate, temperature gradient, colloeveral methods have been used in the literature to study
particle size, shape, and concentration, and useretli  aerogel microstructure$, however, they have been used
freezing agents or additivemabling a wide range of inconsistently across studies. Pycnometry and porometry can
architectures at the nano-, micro-, and mesoscales. AerogiRntify porosity, the volume of the solid phase of the aerogel
can display a wide range of microstructures including cellulaRd spect surface aré&However, these methods give no
honeycomb, lamellar, and radiad(re &5e) con gurations.  indication of many features characteristic of aerogels which
Aerogels often form domains which are clearly @aatin impact on functional properties, such as domain size or sheet
lamellar structures: these domains can be tailored in termsig¢lination angle. Scanning electron microscopy (SEM) is
domain size, domain angles, and sheet spaginge (13k). commonplace for observation of aerogel sheet spacing and
At the nest level they tend to comprise individual sheets, fangement. While one can infer the 3D geometry from SEM
varying sheet thickness, openings, and networks, and can'B ging,SEM is a surface 'maging technique requiring cutting
made up of plates obers: for instan’ceF(gure 15q) ' and stereology to assess internal structures. By contrast, X-ray
For electrode applications, highly aligned sheets of hi mputed microtomographydT) o ers nondestructive 3D
acking density are desirable to increase volumetri'aging, which also has the. advantage that microstructural
P } ) . e !:(f]anges can be tracked over time. Synchrotron S0lircas
capacitanceFor composites, compressive straining allows

desired Vol fracti £ 1h | oh b ; viously been used to observe aerogel sheet and domain
esired volume fraction ot the aerogel phase to be attainggmation during freeze-casting in real’finte, analyze

prior to in ltration of a second material prft_is&eensors and  gerogel structures resulting from varying manufacturing
oil cleanup applications, aerogels are designed for repeated H&fameter® and to followin situstructural rearrangements
whereby the sample must withstand many (>10 000 for sensgjfisoolymer foams during compres&ignparticular challenge

and >35 for oil cleanup, respectively) compression ang the imaging of MXene aerogel is the aspect ratio of features
relaxation cyclés.Across all applications, it is essential toof interest. The domains can span the full height of the sample
determine what ects the nano- micro- and mesostructural(several mm) in the solidation direction, yet the thickness
features of a given aerogel have on its behavior duringlamellar sheets making up the domains canhe astens
compression to predict and control domain collapse and w@f nanometers, produced from coalesced single-atom-thick
guide material design. particulate$.Synchrotron CT lends itself to imaging high
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Figure 2. MXene aerogel sample with a section of the aerogel removed by plasma focused ion beam milling imaged at low (top) and high
(bottom) magni cation by (a) SEM and (b) laboratory sourc€T in the form of a segmented 3D view (voxel size 1.85. Arrows
indicate the same features observed by both imaging techniques.

aspect-ratio features, as seen in aerogels, by taking advantageasftitative analysis of MXene aerogel compres&m o
phase contrast capability, as nagostudies have demon- scope to guide and control functional and mechanical
strated? properties. While the analysis methods discussed herein are
Visual inspection is often used to provide a qualitativevidely applicable, this system demonstrates the capability of
assessment of aerogel donfaiffshowever, automated the method to quantifyne nanoscale features.
gquantitative image analysisero a rapid, less-subjective
alternat.ive. Shget s_pacing and sheet thickness can PESULTS AND DISCUSSION
determined using lines drawn perpendicular to sheet ) o )
orientation, as commonly used for the analysis of 2D Aerogel Visualization by CT.A comparison of the same
micrograph$, or using the Imagélbcal thickne$plugin®® region of aerogel by SEM ar@T (seeFigure } con rms
which eectively computes the largest sphere thatwathin ~ that, despite the relatively large voxel size oCthe(1.25
a pore space. A similar approach is to use a distance map f8)°) compared to the sheet thicknesses1§l stacked
identify, separate, and qitatively measure the pores MXene akes, corresponding to a thickness $5a®m);
between sheets, which has been successful in identifying HiRigreat majority of the sheets are detected, however, it does
separating particfésThe ImageJdirectionality plugin has ~ mean that ne nanoscale features ($egure @, orange
also been used to identify domains based on orientation of tRE'OW) appear to be thicker (1 voxel or more) than that
sheet-pore boundarybut this method can be less accuratefevealed by SEM observatioRgyre 2, orange arrow).
where sheet roughness is préSébomain orientations can  Similarly, the sheets appear to be much thicker when viewed
be determined via greyscale gradient using local Foury CT when compared to SEM imagesre 2,d, white
transform$® as proposed by Jeulin et’aflere we determine  arrow). That they can be detected at all is in part due to the
sheet spacings using the distance map approach and ideriffgse contrast which introduces fringes at the boundaries of
domain orientations using the Fourier transform method. features? enhancing their visibility, but the coarse voxel size
Quanti cation and mapping of aerogel structure, in both th@recludes recording their actual width. This makes the
as-manufactured and in-service states, is necessary for aperoach well suited to the imaging of the architectures and
comparison and development of aerogels. We provide morphologies of the nanothickness aerogel sheets but not their
framework for the quantitative analysis of aerogel domaidglume fraction, wall thickness, or nanosized features, such as
using synchrotron phase contr&T (in our case using the surface texture.
ID15 beamline at the European Synchrotron Radiation Facility As-cast Aerogel Microstructure.A 4.2x 4.2x 10 mnd
(ESRF)). Further, we characterize the collapse mechanisregion in the center 20 10 x 10 mnf of the sample was
that operate within this lamellar structure during uniaxidmaged by synchrotron sour€T at a voxel size of 3.in,
compression. This analysis has been applied to characterizep@kmitting observation of many domains over the full height of
behavior of freeze-cast MXene (2RCJN,) aerogef, the sample Kigure 3 The full data set has been made
comprising 2D MXene, which is a class of material reportewvailable onlin€>*> From this gure, it is clear that the
in 2011° and freeze-cast in 201 The collapse mechanisms aerogel exhibits a lamellar structure arranged in domains made
and change in sheet spacing of MXene aerogels governs thpiof equally spaced, parallel sheets of material. These domains
electrochemical performance in supercapacitor applicatiorare oriented such that their sheets are preferentially aligned
and compression guided structural changes aaende with the freezing directiofY)(but with their plane normals
mechanical properties for composite applications, therefdmandomly oriented in theXZ plane. Adjacent to the sample
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