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ABSTRACTThe freeze CaStIng process has been Wldely usedlotg ee}zn?a(l:iséir?fugavity high':-[ﬁ:fri:ﬁ:g:gu%r;ivi(y patter:;:-elﬁzr(;:::jzgnodnuctivity
fabricating aerogels due to its versatile and environmentally friendly surface surface surface

nature. This processears a variety of tools to tailor the entire
micropore morphology of thaeal product in a monolithic fashioR
through manipulation of the freezing kinetics and prec
suspension chemistry. However, aerogels with nonmon gl
micropore morphologies, having pores of various sizes locg
certain regions of the aerogels, are highly desired by o€
applications such as controlled drug-delivery, bone tissue eng
ing, extracellular simulation, selective liquid sorption, immol
catalysts, and separators. Furthermore, aerogels compoSe#se
micropores with predesigned size, shape, and location can open

up a new paradigm in aerogel design and lead to new applications. In this study, a general manufacturing approach is develope
control the size, shape, and location of the pores on the aerogel surface by applying a precise control on the local therm
conductivity of the substrate used in a unidirectional freeze casting process. With our method, we created patterned low and hi
thermal conductivity regions on the substrate by depositing patterned photoresist polymer features. The photoresist polymer ha
much lower thermal conductivity, which resulted in lower cooling/freezing rates compared to the silicon substrate. Patterne
thermal conductivity created a designed temperatueeypetding to local regions with faster and slower freezing rates. Essentially,
we fabricated aerogels whose micropore morphology on their surface was a replica of the patterned substrates in terms of size
location of the micropores. Using the same substrates, we further showed the possibility of 3D printed aerogels with precise
controlled, surface micropore morphologies. To the best of our knowledge, thististtidy that reports aerogels having
micropore morphologies (e.g., size, shape, and location) that are precisely controlled through locally controlled thermal conductiv
of the substrates.

KEYWORDS:aerogel, micropore, freeze casting, microstructure manipulation, controlled local thermal conductivity, 3D printing

1. INTRODUCTION nal product have been deeply investigated and several review

Aerogels are highly porous materials whose porosity R@Pers have been publistied” Typically, freeze casting
achieved by replacing the liquid component of a wet g@foduces a homogeneous micropore morphology where
with air Material properties of aerogels are direatigted micropore size is controlle(_j th_rough tuning th_e freeze f:astnjg
by their micropore structures and use of a spemiogel for a parameters. Ho_wever, a_ppllcatlons I|_ke b_ont_a tissue engineering,
particular application requires precise control of its micrd:_ontrollgd multidrug delivery, selective liquid absorption, and
porosity’ For instance, the micropore structure of the aeroge@eparating membranes may Hefrem nonhomogeneous

can be tailored for best mechanical propéripszo- micropore morphologies, that is, having pores of varying sizes,
resistivity, thermal conductivity,absorption performante,
optical transmittan¢é electromagnetic interference shieldingReceived: October 29, 2020

e ciency, etc. Freeze casting, which is a widely utilized\ccepted: December 28, 2020
method for fabrication of aerogels and porous structures fromblished: January 5, 2021

a variety of materials,ens many derent tools for tailoring

the microstructure of thenal product. Freeze casting

parameters used for manipulating the microstructure of the
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Figure 1.Schematics of proposed process: (a) Si substrate with PR patterns placed on top of a cold plate. Aqueous suspension is poured intc
PDMS mold placed on top of the Si substrate for freeze casting. (b) Before freezing, the aqueous suspension is composed of water &
homogeneously dispersed nanoparticles. (¢c) Once the temperature of the cold plate is reduced, the freezing process is initiated on the top of the
and Si surfaces. Due to theedénce in thermal conductivity of both surfaces, the average size of the ice crystals varies. (d) After freeze-drying
sublimates all the ice content, the porosity is obtained as a replica of the patterned PR features.

those are located in specicontrolled regions of the aerogels. a silicon (Si) wafer following a lithography process. The
Fabricating aerogels with a controlled nonhomogeneow$ erence in thermal conductivity between PR and Si yielded
microstructure has always been a challenge. Furthermorefdnnonmonolithic microstructures on the surface of the
the age of atomic and close to atomic scale manufdéfiiring, aerogels with micropores whose size and location can be
controlling the pore morphology of the aerogels with aontrolled by the user. We selected two common freeze-cast
micrometer resolution would be of the interest. suspensions such as colloidal silica and graphene oxide (GO)
To address this issue, several researchers performasd base materials to demonstrate our method as a general
sequential freeze casting of multiple slurries to mimic thapproach. Furthermore, by adjusting the temperature of the
bone microstructuf&!’ Since the increasing solid content of cold plate used in the freeze casting procedure, the average size
the slurry yields to pores with decreasing size, they performedfahe pores at derent regions can be tailored foretgnt
two-step freeze casting procedure using slurries with low agide requirements. Using the Si substrates with patterned PR
high solid loadings. Using this method, they achieved bone-lileatures, we distinguished boundaries between the regions with
scaolds with larger pores at the center surrounded by mucstmall and large pores and achieved a resolution as Eiv as
smaller pores at the shell. Ogden et al. on the other hand, used. We further showed the possibility of 3D-printed aerogels
an ultrasound-directed self-assembly method to achievewih precisely controlled surface micropore morphologies. To
control on the microstructure during the freeze castinghe best of our knowledge, this is the study to report
proces$® They used an ultrasound waedd to drive the  aerogels with controlled micropore morphologies (e.g., pore
nanoparticles in the slurry into a concentric ring patterisize, shape, and location) precisely controlled by creating
achieving alternating regions with low and high porosities. thermal conductivity patterns on the substrates. We believe our
another study, Yang et al. reported that surface wettability @€thod can be further extended for controlling pore size and
the substrate used for freeze casting has aagriect on location in 3D, and can be betial for applications such as
micropore siz€. They showed that performing freeze castingdrug delivery, bone tissue engineering, photo catalysis,
on a hydrophilic substrate leads to small pores, whereag@llutant absorption from water, etc.
hydrophobic substrate results in large pores. They fabricated
substrates with various wetting behaviors and were able 40 RESULTS AND DISCUSSION
manipulate the microstructure of the freeze-casted aerogéis.the freeze casting method, thermal conductivity of the
Even though these studies achieved nonmonolithic micreubstrate has a tremendousce on the cooling rate of the
structures with controlled size and location of the microporeslurry, nucleation and growth of the ice crystals, and eventually
proposed processes are complex, and lack design possibilitigs, nal microstructu?@. To date, in all reported cases,
high resolution, and clear boundaries betweeredti pore-  substrates with uniform thermal conductivities were used. Here
size regions. in this work, we prepared Si wafer substrates with patterned PR
Thermal conductivity of the substrates used in a unidiredeatures that are deposited by photolithography. Using these
tional freeze casting process has acghiimpact on the substrates with patterned PR features, we performed unidirec-
nucleation and growth of ice crystals during the freezing as w&hal freeze casting procedures as schematically described in
as the micropore morphology of timal product® Herein, Figure &a. Patterned PR features on the Si substrate were
we beneted from this phenomenon and fabricated substratgsarallel stripes with a feature size (width). dfo test the
with varying thermal conductivity patterns, which was achievedect of dierent stripe dimensions, we fabricated patterned
by fabricating patterned photoresist (PR) polymer features d?R features with varying values on Si substrates. The

925 https://dx.doi.org/10.1021/acsami.0c19087
ACS Appl. Mater. Interfac2621, 13, 924 931


https://pubs.acs.org/doi/10.1021/acsami.0c19087?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19087?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19087?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19087?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19087?ref=pdf

ACS Applied Materials & Interfaces WWW.acsami.org

a b DI water Region 2 and PR patterns
= O
Boundary condition: _ [ | ;ggi og
25°C air free convection '29'10 o
| I -29.19°C
. & -29.28°C
. P a2
g 1 DiwaterRegionl i@ 0725 75 125 175 225 275300 [ ‘::i; g
c =£3.
g § () - -29.54 °C
8% DI water Region 2 E ¢ 29.63 o
>y E <[ _(refined meshes) S _.-29.75 '29'72 oc
a S s B s | — - | &) | = .
? g 3 298 & % M .9s1°c
tr Si wafer g 5298 = Ty — -29.90°C
wn o [e] -water interface (redina - o
| E’_ -29.91 % sj.water interface (blue in a) 29.98°C
300um E -29.95
Boundary condition: = 30| eeeOoaaeO i
-30 °C cold plate 60 80 100 120 140 160 180
X (um)
d e
-29.75 A=50um
e
e
2 -29.8
o
§ -29.63 °C
Q -29.72°C
20.85 [ -29.81°C
20 o 20 B -29.90°C
x (um) Il -29.98°C

Figure 2.(a) The sketch, dimensions, and boundary conditions of a 2D model for FEA simulation. (b) The 2D tempkrdtutbeoro
neighborhood of Si, PR, and DI interfaces. (c) The temperature curvesaiePRterface and Siater interface. (d) Temperature curves of
PR water interface with variousalues. (e) 2D temperature pes in the neighborhood of PR patterns with varymagues.

relatively low thermal conductivity (0.1@WMK) 1! of the stripes as shownigure 2 was constructed to represent the

PR features compared to Si (148¥K) 1)) helped us to repeated stripes in our simulations. We ignored ¢bée &f
manipulate the temperature gradient above the PR and t8Be PDMS mold, since the size is much larger than the PR
surfaces. To achieve a unidirectional freeze casting processstipes and the aqueous suspension was represented as pure DI
poured the prepared aqueous suspensions into a PDMS waeidlter because the concentration of slurries used was low (less
structure, which was placed on top of the PR-featured #ian 1 wt % for GO). Since there is no body-heabn the
substrate. At this stage, the poured suspension contained ligaigdel domain, the heat equation for the 2D model given in
water and homogeneously dispersed nanoparticles. Thereaftéfure 2 can be written as

the substrate was placed on top of a precooled cold plate, _

whose temperature was well below the freezing point of Waterk(T(x Yo ¥ T x Yy = C )

and was used to manipulate the rate of freezing. Due to t
di erence in the thermal conductivities of those surfac
nucleation and growth rate of the ice crystaésedi and
resulted in a variation in the ice crystal size. As schematic
demonstrated irFigure b,c, due to a higher thermal KT, T, K T,T)dyix

conductivity of the Si substrate surface, we obtaired 0 T i

sized ice crystals. The size was much coarser on the PR feature= 'y 17 AYEX + T dgEy

surface where the thermal conductivity was much lower. Once 0 o 0 e )

the frozen structures were freeze-dried, we obtained a surfag®r our simulations, we obtained the temperaturie [no
porosity that replicates the patterned PR features on the e neighborhood of Si, PR, and DI interfaces as presented in
substrate Kigure #). Even though we only generated Figure B. As clearly seen there, we obtained a wavy
patterned PR features as parallel stripegitthe mininum  temperature prée on the heights that is close to the substrate
resolution, it is also possible to deposit the PR polymer ingnhd patterned PR features. As the height is increasing, the
designed 2D shape, which will result in a micropore structut@mperature prée becomes more uniform. Due to the
in a desired pattern. temperature prée reaching to equilibrium and becoming
To better illustrate how the unidirectional freeze castingniform after a certain height above the substrate, we only
using Si substrates with patterned PR features works, we usbderved the patterned microstructure on the surface of the
nite-element analysis (FEA) and simulated the temperatus@rogels. However, we believe that by performing an
eld around the aqueous suspensonvafer interface and optimization study for parameters such as the thermal
the aqueous suspensi®R patterns interface. We used conductivity values of the materials used, dimension of the
several assumptions for simplifying the model as explainedpitterns, and initial temperatures, we think the wavy
the experimental section. The geometry that covered three Rinperature prée can be extended much above the substrate

Wherek is the heat conductivitx and y are spatial

€Coordinates:;” indicates a spatial derivative, @nid the
éﬁg\peraturdzquation Ican be rewritten to a weak form as
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Figure 3.Optical microscope images showing the Si substrates with PR patterns and SEM images sbavahtheéhBR pattern feature size
on the microstructure of the freeze-casted siliog); féthout PR pattern, () =9.68 m, (g i) =19.01 m, and (j o) = 48.64 m.

surface and can be used to tune the microstructure of theterface, which is the driving force for making distinct region
aerogels in 3D. To compare the temperature curves of PRof the di erent pore size, becomaster across the surface of
water and Siwater interfaces, we prepared the 2D temperthe substrate. This change in the temperaturie ptatained
ature prole given inFigure 2. Due to a lower thermal with the decreasing would make it harder to obtain a
conductivity, the temperature of water at the wRlker patterned microstructure as aomed by the SEM images
interface is higher than that of the water at the same heigbiven inFigure 3for = 9.68 and 19.01m cases.
above bare silicon. Therefore, the water above the PR freezé#/e rst investigated the fabricated Si substrates with and
more slowly than the water at the same height above the Without PR patterned features, as presentedure 3a,d,g,
surface and the water in contact with the Si wafer to freemsing an optical microscope. Widths of the PR pattern features
earlier and grow smaller ice crystals than water contacting PR were measured as 48.64, 19.01, and®.6% a designed
patterns. As the above-mentioned simulations were performedf 50, 20, and 10m, respectively, while the width of the
for a feature size o 50 m, we also provided the simulation gaps between PR stripes were measured as 52.24, 21.87, and
results for much smaller feature size value2(, and 10  10.55 m. For each value, a distinct boundary between the

m) to see the ect of the feature size on the temperaturePR features and the Si surface was obtained and the height of
pro le above the patterned substrate. As givieigume d, each pattern was measured as approximatelyn.20o
with the decreasing values, the dérence between the understand how these featurextthe microstructure of the
maximum and minimum temperature at the viRRer fabricated aerogels, we freeze-casted colloidal silica suspension
interface (T) reduces. Furthermore, as presentédginre and investigated their microstructure as preserfigliia 3
2e, wavy temperature pi® in the vicinity of PRwater In Figure B,c, we provided the control experiment where
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Figure 4.(a) SEM image of the GO aerogel freeze casted on Si substrate with a cold plate tempgda@Qrél)f SEM image of the GO

aerogel freeze casted on Si substrate covered with PR layer without any pattern with a cold plate teB@pCafa)eSafe distribution of the

pores on the aerogel surfaces given in a andfpSEM images of the GO aerogel freeze casted on Si substrate patterned with PR=features (
48.64 m) with a cold plate temperature &0°C. (g i) SEM images of the GO aerogel freeze casted on Si substrate patterned with PR features
( =48.64 m) with a cold plate temperature af0 °C. (j) Average size distribution of the pores on the aerogel surfaces given in d and g.

Figure 5.(a) Schematics of the 3D freeze printing process using substrates with patterned PR f@ahawsartd high-magmiation SEM
images showing the tailored microstructure of the graphene oxide aerogels fabricated through the 3D freeze printing process using the patterne
substrate with = 48.64 m.

there was no PR feature on the Si substrate. As seen in e a replica of the patterned PR features on the Si substrate
scanning electron microscope (SEM) images, the micrdFigure &,l). The border between regions witledint pore
structure morphology was identical to common unidirectionaize was distinct, as it can be seen from the highgaatgni

freeze casting. Wherm 9.68 m, we observed that patterned SEM image given iRigure 8 We further provided low-

PR features hadected the freeze casting process and resultadagnication SEM images of thes 48.64 m case to show

in a patterned orientation in the pore morpholéggu(e the long-range control on the microstructure of the aerogel
3e,f). However, we did not observe any trace on controllesurfaces ifrigure &,0.

location of varying pore size. Even though the substrate having o demonstrate it as a general method, we also freeze-casted
patterned PR features witkk 19.01 m showed some traces a GO suspension since reduced graphene oxide is one of the
of location control on the pore size, the distinction betweemost common functional aerogels fabricated by freeze casting.
di erent-sized regions was not clear. Also, the wjidittite We rst fabricated two control specimens, using a Si substrate
regions with derent pore sizes did not match with the without any PR features and Si substrates covered with PR
patterned PR featureSidure 8,i). With = 48.64 m, we (without patterning) using a cold plate temperatur8®fC.
obtained a spatial control on the micropore-sized distributios presented Rgure 4,b, the average pore size of the sample
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fabricated on top of the Si substrate without PR is mach  suspensions), we have seen that due to thermal conductivity
when compared to the sample fabricated on top of the $n the patterned PR features, the pore siZe (m) is much
substrate with PR. The average pore size was meas@fed aslarger than the regions without patterned PR featufes (
and 6 m with and without PR cases, respectiFajvie 4). m).

In our experiments with the substrates having patterned

features (= 48.64 m), we used two derent ( 30°C and 3. CONCLUSIONS

70°C) cold plate temperatures to investigate it f the In summary, we used substrates with patterned thermal

Ireeze tetmper?:t;érgcon thﬁ mlcr%sttr.uctgre. V.V'th a Co'.? SurfaESnductivities to fabricate aerogels with designed surface
err}perafur;]a 0 ' V(‘j’ePF\?\]fe obtained a mlcz%pgrpsay as a]:Jorosities in terms of size and location of the micropores. The
replica of the patterne eatures as presenigdna d. patterned thermal conductivity was obtained as a replica of PR

'(Ij'_he high t;nagntatiohn SEM images c;eahrly show theg?%tures on the Si substrates deposited by a lithography
| erence between the average size of the pores on bR cess Due to patterned thermal conductivity of the

(Figure #) and Si Figure ) surfaces. When we reduced the substrates, we obtained a wavy temperatute phmve the

cold plate temperature 1670 °C and repeated the freeze sur{ace, which manipulated the nucleation and growth of the

rystals during the freeze casting process. On the surface of
X ; . : TR the nal aerogels, we observed larger ice crystals above the PR
between the regions havingdent pore-size distribution is as g ;face while the ice crystals were much smaller above the Si
clear as the other cases 80 °C cold plate temperature. o tace The aerogels fabricated through our method exhibited
Average pore size on the other hand is much smaller in bolhyesigned surface micropore morphology, in which size and
regions due to the much faster freezing rate. To quantify th§eation of the pores can be determined by the user. Our
di erence betweerB0°C and 70°C cold plate temperature  oxneriments with the 3D freeze printing method also showed
cases, we have used an image-processing software (Imagef);{0 sypstrates with varying thermal conductivities can be
help us measure the average size of individual pores. As gi¥Rfher implemented to a 3D printing processes based on a
in Figure 4 the average size of the pores increased &M  fe076 casting method to fabricate aerogels with custom macro
mto 24.5 m when the substrate surface changed from Sing microstructures. We think that by further improving/
to PR for the cold plate temperature 8D °C. With the  timizing thermal conductivity patterns on the substrates, the

lower cold plate temperature70 °C), average size of the conirol on the microstructure morphology on the aerogel
pores for both surfaces was mudr compared to the30 surface can be extended to 3D.

°C plate due to a much faster freezing'tatéWhile the Si
surface yielded to an average pore sizé ofn, the PR 4. MATERIALS AND METHOD

surface resulted ikl m. Measured pore size for tig0°C ' S ObS
case was also in a good agreement with results provided

casting procedure using the same GO suspension, we obtai
the microstructure provided kgure 4. The distinction

if-1. Preparation of the PR Patterns on Si Wafer Substrates.
For the substrates, we used 4-in.-diameter silicon wafers. To begin the

Fl(i:)ure g limi he d d ff . process, AZ 4620 PR was spun onto the Si wafer, which was then soft-
n order to eliminate the dependency of ireeze castiNghyeq on a 110 hot plate for 80 s with full contact. A second layer

method on molds, our group recently developed a 3D freege Az 4620 PR was then spun onto the wafer, followed by a 180 s

printing (3DFP) method, which is a hybrid method composedoft-bake on a 1F& hot plate with full contact. Theal thickness

of unidirectional freeze casting and drop-on-demand (DODJf the PR was approximately 24. After applying the PR, it was

printing®® 2° In a 3DFP process, droplets of liquid precursorgatterned using photolithography. Using a patterned photomask, the

are generated using a DOD dispenser and are deposited on Yier was exposed to a dose of 1742miJThe pattern was then

of a substrate whose temperature is well below the freezﬁi\?/eloped through submersion in AZ 400 K 1:4 for 300 s. The wafer
W

; ; P ; s then placed in an oven at 2000 hard-bake the PR pattern.
point of the solvent used in the liquid precurBgu(e 3). e i ¢
As droplets reach the precooled substrate, the solve ﬂg rféitr)]rc;c?otugg,irnets#éu?agnggg?tigofr;he PR features were measured
experience an immediate freezing, which allows them 1047 Freeze Casting ProcedureFor the freeze casting process,

preserve their shape. With the reduced distance and timg used a commercially available colloidal silica suspension (Nyacol,
between separate droplets, uniform lines can be obtained aft@9711) with a concentration of 30 wt % and an average particle size
the coalescent®.Using these lines, complex 3D frozen of 20 nm. We prepared the GO suspension by adding graphene oxide
structures can be achieved by a mold-free method. Frozeewder (Cheaptubes Inc.) into DI water and using sonication for 30
structures with desired shapes are freeze-dried, whign. The concentration of the GO suspension was set tmB fng
sublimates the solvent crystals and a porous aerogel T obtain agrogels with spgtlally controllgd porosity, we prepared the
obtained. Since 3DFP involves freeze casting, the micffgeze casting setup describédgare a. First, we prepared square

- polydimethylsiloxane (PDMS) (Dow Corning, Sylgard 184) walls to
structure of the nal aerogel can be manipulated by thebe used as bottomless molds for the freeze casting process according

freezing kinetics. To further increase the impact of thg, the manufacturerdirections. Brig, we rst prepared 3D printed
proposed freeze casting method by increasing the freedompilylactic acid (PLA) molds using a commercially available fused
material design, we investigated thetef the patterned PR  deposition modeling type 3D printer to shape the PDMS molds.
features on the microstructure of 3D freeze printed GQOhen, we mixed the PDMS with curing agents of 10:1 weight ratio.
aerogels. For this experiment, we used a.rﬁLrﬁgGo The mixturg was kept ir) avacuum chambgrfpr 30 min to remove gas
suspension along with PR-patterned Si substrate$8(64 bubbles. Finally, the mixture was poured inside the already prepared

m) and fabricated saads as presented figure 5. With 3D printed PLA molds and cured for 24 h in ambient temperatures.
the high-magnéation SEM images presenteEi'guré 5.d To freeze-cast the suspensions, we poured the prepared suspension

b d th ; f the 3D f . inside the PDMS wall structure placed on the PR-patterned Si wafer
we observed the microstructure of the reeze printe bstrate, which was placed on top of a precooled cold plate (Instec,

aerogels is also manipulated with the patterned PR featuresifp204SG). We pushed the PDMS watily from the top to
the Si substrate. As we observed in the previous casgSure there was no leakage after pouring the suspensions. We left the
(unidirectional freeze casting using silica and GO-base&dspensions at the target temperature for at least 30 min to ensure
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complete freezing. Frozen samples were moved’@°@ freezer Kansas 66506, United Stetescid.org/0000-0002-
for further crystallization and then a subsequent freeze-drying was 1967-2822Email:dongl@ksu.edu

applied at 35 °C and 0.02 mbar using a commercial freeze-dryer

(Labconco, Freezone Triad). Authors

assumptions. First, all materials were assumed to be homogeneous Systems Engineering, Kansas State University, Manhattan
and isotropic, with thermal properties independent of temperature eI . } n '
change. The PR stripes were assumed to have consistent width and ggg?fSSSSOG’ United Statemrcid.org/0000-0003

gap distance so the temperature distribution was uniform along the . . .
PR stripe direction. We simptil the model with the region covering ~ Dan Feng School of Mechanical Engineering, Purdue

three PR stripes as shownFigure 2to represent the repeated University, West Lafayette, Indiana 47907, United States
stripes. We ignored theeet of PDMS mold, since the size is much ~ Samuel W. OxandaleDepartment of Mechanical and

larger than the PR stripes. The aqueous slurry was represented as pureNuclear Engineering, Kansas State University, Manhattan,
DI water since the concentration was very low. Because we were more Kansas 66506, United States

interested in the temperature peodiscrepancy between aqueous Guang Yang Department of Industrial and Manufacturing

suspensiorSi wafer interface and the aqueous suspeRBion gygtems Engineering, Kansas State University, Manhattan,
patterns interface, rather than the exact transient temperature during Kansas 66506. United States

the process, the simulation was at steady state. In addition, the initialK Zh D t t of Industrial and M facturi
temperature of waterexted the freezing rate (i.e., Mpemleztg, eren £hao Department o Industrial an anuracturing

the reason for which is still unclear. We ignored the phase change of Systems Engineering, Kansas State University, Manhattan,
DI water, because a phase-change problem requires an FEA solver Kansas 66506, United States

with transient analysis or quasi-static iterations to update the physicaKatelyn Feist Department of Industrial and Manufacturing
properties. As discussed in previous assumptions, we were more Systems Engineering, Kansas State University, Manhattan,
interested in the trend of temperaturedprdiscrepancy between the Kansas 66506, United States

two interfaces. The model was built in ABAQUS, following the sketch Ngsrullah Shah Department of Industrial and

i g e DR s, 5wt o1 v e i ManUEGLUng Systems Engineing, Kansas State Universiy
re ned’ meshes, and a DI water region with cbarse meshes. Boundary E/Ir?nhf_ittan,pl\(;dnslaVSVGr_SiOhG, USIt.ed SFateG; I?jeparlt/lme(rilt of
conditions were chosen to satisfy right-hand sidp2f Kh;tr)nelrStFr’)gkhtunukhW: '2 3 288 Pr;\li?srtztny ardan, Maradan,

1. There was no heatx onx = 0X (i.e., Neumann boundary  vjjiang Liao Department of Industrial and Manufacturing

conditionsT(x = 0y),, = 0, T(x = Xy),, = 0)). . . ; .
2. The precooled coxld plate eved ; Dirichlet boundary Systems Engineering, lowa State University, Ames, lowa

condition to the bottom of the Si wafer with a constant 50011, United States

temperature of 30 °C (i.e.,T(xy = 0) = 30°C). Zayd C. Leseman Department of Mechanical and Nuclear

3. The air on top of DI water provides a Neumann boundary  Engineering, Kansas State University, Manhattan, Kansas
condition by free convection with a°25room temperature 66506, United States; Department of Mechanical
and a Im coe cient of 5 Wm?K) * (i.e., T(xy = V), = Engineering, King Fahd University of Petroleum & Minerals,
h(T(xy =) - Ta), wherehis the Im coe cient andT; is Dhahran, Eastern Province 31261, Saudi Arabia

the room temperature).

We chose DC2D4 (a four-node, linear heat-transfer quadrilater.
element for all the parts. Since the simulation was at steady state,
only needed the heat conductivity of each material, which were 0.19 o
W-(m-K) %, 149 W(m-K) %, and 0.58 Wm-K) for PR, Si, and DI  Author Contributions
water, respectively. After our convergence study, we chose to useT6® manuscript was written through contributions of all
elements for each PR pattern, 9,375 elements for Si wafer, 2,Hifthors. All authors have given approval totilesersion of
elements for the DI water region withneel meshes, and 3,290 the manuscript
elements for the DI water region with coarse meshes.

4.4. 3D Freeze Printing ProcedureWe used a similar inkjet-  NOtesS _ o
based 3D printing method that had been reported in other &tudies.The authors declare no competingncial interest.
Brie y, as a prepared GO suspension (find) was loaded inside
a syringe barrel attached to a three-axis motion stage. A solenoid ACKNOWLEDGMENTS

microdispensing device was used to generate droplets of ﬁ%'-' thanks the support of the National Science Foundation

suspension. Generated droplets were deposited on top of
precooled substrate. By controlling the interdroplet distance arf'der Award No. 1943445 and the support from the Johnson

time lapse between droplets with the help of a three-axis motion stag@ncer Center. Z.C.L. acknowledges support from King Fahd
we 3D printed lines and complex structures after the coalescencedsfiversity of Petroleum & MinetaBeanship of Scienti
the droplets. Printed structures were freeze-dried using conditioResearch under GratSR191001. H.T. acknowledges the
provided for the freeze casting case. graduate research scholarship from the Turkish Ministry of
4.5. Surface Characterization of the Fabricated Aerogels. National Education.
Dried aerogels were investigated under SEM (FEI Versa3D Dual
Beam) after sputter-coating the samples with a thin layer ofigbld (
nm). Obtained SEM images were used to investigate characteristics of ABBREVIATIONS
the micropore morphology of the aerogels. To measure average pore3DFP = 3D freeze printing
size distribution, we used an image-processing software (ImageJ). DOD = drop-on-demand
FEA = nite-element analysis
AUTHOR INFORMATION GO = graphene oxide
Corresponding Author PR = photoresist
Dong Lin Department of Industrial and Manufacturing PLA = polylactic acid
Systems Engineering, Kansas State University, ManhattaRDMS = polydimethylsiloxane
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