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Precursor design for additive manufacturing of
ceramics through hydrogel infusion¥

Natalie S. Yaw,*® Maryline G. Ferrier, 2 *@ R_Joey Griffiths,?
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Jean-Baptiste Forien,? Bradley C. Childs,® Aiden A. Martin, (2 *@ Kiel S. Holliday, (=@
Xiaofeng Guo (2 ° and Jason R. Jeffries®

Hydrogel-infused additive manufacturing (HIAM) is an emerging technique for the additive manufacturing
of ceramics and metals. Distinct from slurry- or powder-based techniques, a hydrogel scaffold is obtained
in the desired shape, infused with aqueous metal cations, and subsequently calcined to remove all
organic components. This study demonstrates that both organic (hydrogel scaffold formulations) and in-
organic (metal salts) precursors shape the quality and morphology of the final ceramic piece. Cu, Ce, Zr,
and U oxide-ceramic disks were prepared via HIAM and studied using simultaneous thermal analysis,
scanning electron microscopy, X-ray computed tomography, and small-angle X-ray scattering. Hydrogel
formulations were found to impact the porosity of the resultant ceramics, with concentrated formulations
generally yielding ceramics with a less cracked macrostructure. We hypothesize that this is due to the
resulting variation in cation infusion into the matrix. The choice of inorganic salts also influences the mor-
phology and porosity, likely due to the specific cation—polymer interactions and the energetic differences
in decomposition pathways upon calcination. In general, chloride salts lead to denser microstructures
than nitrate salts with some layer or foam-like macrostructures, while oxo-cations yield denser micro-
structures and macrostructures when compared to bare (monoatomic) cations. These results demonstrate
that the HIAM process can be tailored to deliver a wide range of ceramics successfully, provided precursor
feedstocks are adequately optimized.

eity, viscosity, and light permeability challenges, while
powder-based techniques can suffer from high porosity,

Ceramic materials are widely utilized due to their favorable
properties, including high thermal stability, chemical inert-
ness, and mechanical hardness." The ability to additively man-
ufacture (AM) complex shapes from these materials is highly
desirable for applications ranging from dental to aerospace.>”
However, specific challenges remain with regard to the AM of
ceramic materials in comparison with their metal or polymer
counterparts.” Slurry-based techniques suffer from homogen-
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thermal distortions, and the need for intensive optimization of
processing parameters.”® Nevertheless, the commercial
demand for these ceramic parts continues to push innovative
research in this field.

An emerging AM technique that could improve some of
these processing concerns is hydrogel-infused additive manu-
facturing (HIAM). Yee et al. first reported the AM of lithium
cobalt oxide structures using a homogeneous photocurable
resin that contained metal nitrate salts dissolved in a solution
of poly(ethylene glycol) diacrylate (PEGda).’® Upon curing, the
metal salts were trapped in the hydrogel in the desired shape,
and during the calcination step, they were transformed to the
corresponding micro-architected oxide ceramics without any
organic residue. Expanding upon this report, Saccone et al.
improved the flexibility of HIAM further by first printing the
organic polymer in the desired shape and then infusing the
metal salts in a separate step, followed by calcination into the
corresponding ceramic part.'* In this way, the act of 3D-print-
ing has been separated from the ceramic material, allowing
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HIAM to sidestep many of the challenges associated with tra-
ditional AM techniques, given the well-studied and facile 3D-
printing of hydrogel materials."*** While several follow-up
studies have confirmed the utility and flexibility of the HIAM
approach, a systematic study of the impact of chemical precur-
sors on the final printed pieces is still lacking."™”

To fully exploit HIAM and rationally design complex
ceramic parts, a robust understanding of the precursor feed-
stocks must be developed. The precursors for the HIAM tech-
nique can be divided into two broad categories: the organic
component (the polymer scaffold composing the hydrogel,
such as PEGda) and the inorganic component (the metal salts
selected for infusion). Interactions between these two com-
ponents in the aqueous medium need to be studied, as this
will inform how fully and homogeneously the cation of interest
will infiltrate the scaffold and thus dictate the quality of the
final ceramic piece. Previous studies, particularly in bio-
medical and environmental fields where PEGda hydrogels are
widely utilized, demonstrated that the interactions between
metal cations, water, and PEGda are extremely complex. For
example, the behavior of adsorbed water is highly dependent
on the physical properties, dissolved ions, and pore structure
of the hydrogel. Some portion of this absorbed water can coor-
dinate to the polymer, while the remaining ‘bulk’ water
remains free in the pores, resulting in two distinct classes of
water.'®! Cation infusion into hydrogel matrices is similarly
complex and is not merely controlled by diffusion but is influ-
enced by cation properties, as well as the interactions with
water and/or polymer moieties.>* > These studies have noted
the ability of PEGda hydrogels to discriminate between
cations, evidencing the interaction between cations and the
polymer scaffold.

Herein, we studied the impact of both organic and in-
organic precursors on the formation of ceramic oxides using
the HIAM approach. Nitrate and chloride salts, including both
bare (i.e., monoatomic) and oxo-cations, were compared for
various metals, ranging from transition metals to f-block
elements. The copper system, an already studied metal in
HIAM, is compared with various metals to probe different
chemistry types. The physical characteristics, such as viscosity
and cross-linking, of the hydrogel were altered by diluting or
concentrating the PEGda resin before curing. Scanning elec-
tron microscopy (SEM) and X-ray computed tomography (XCT)
techniques were used to study the characteristic structures of
the resulting ceramic oxides. Simultaneous thermal analysis
(STA), consisting of thermogravimetric analysis (TGA) coupled
with differential scanning calorimetry (DSC), was used to study
the decomposition of hydrogels and inorganic salts in situ.
Ultra-small angle X-ray scattering (USAXS) was used to study
the pore structure of hydrogels and ceramics and small angle
X-ray scattering (SAXS) was used to study the nanoscale struc-
ture within the hydrogels. We found that both inorganic and
organic precursors impact the final quality of the ceramic
piece (i.e., density, robustness, percentage of shape change,
etc.), although element-specific effects cannot be discounted
and will be further discussed.
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Experimental methods
General synthetic considerations

The reagents were purchased from commercial suppliers.
Caution: depleted uranium (**®*U) is a weak a-emitter with a
half-life of 4.47 x 10° years. All the manipulations were carried
out in a monitored radiation laboratory.

Synthesis of hydrogels

Synthesis of hydrogels was adapted from Saccone et al.'' Fig. 1
illustrates the components involved and the procedure. In
designing the photoresin which would be cured into the hydro-
gel scaffold, several material constraints had to be considered.
The hydrogel needed to be unreactive towards a variety of metal
cations, sufficiently porous to allow cation infusion, mechani-
cally stable after curing, and leave no impurities behind in the
ceramic after combustion. For this reason, resin components
were chosen strategically to include only carbon, nitrogen, and
oxygen (Fig. 1), based on the formulation proposed by Saccone
et al., which uses a UV-active molecule that does not contain
either phosphine or alkali metals."* A stock solution was gener-
ated by weighing Irgacure 379 (also called Omnirad 379, 2-di-
methylamino-2-(4-methyl-benzyl)-1-(4-morpholin-4-yl-phenyl)-
butan-1-one, 347 mg, photoinitiator), Michler’s ketone (bis[4-
(dimethylamino)phenyl]methanone, 229 mg, sensitizer), and
Sudan I (1-(phenyldiazenyl)naphthalen-2-ol, 10.3 mg, UV
blocker) into a Nalgene bottle, followed by DMF (N,N-dimethyl-
formamide, 35 mL, solvent) and PEGda (poly(ethylene glycol)
diacrylate, 35 mL, monomer). The bottle was shaken vigorously
until a viscous transparent orange solution was obtained, giving
the 1:1 polymer:solvent resin. For the more concentrated
resin, an aliquot of this standard resin was taken, and mixed
with an equal volume of a polymer to obtain a 2:1 polymer:
solvent ratio. For the more dilute resin, an aliquot of this stan-
dard resin was taken and diluted with an equal volume of DMF,
resulting in a 1: 2 polymer : solvent ratio.

While dilution of the resin might seem trivial, the viscosity
of a resin is an important parameter for many AM
technologies.”®?” Therefore, it is important to assess to what
extent varying this formulation might impact the integrity of
the cured hydrogels and the resultant ceramics, as engineering
constraints might necessitate flexibility. One difference from
popular recipes is that the UV active molecules are no longer
water soluble, thus the formation of an organogel in DMF fol-
lowed by subsequent transformation into a hydrogel is required.
Acetonitrile was explored as an alternative to DMF, given the
health hazards of the latter. While altering the original solvent
had little impact on the final ceramic piece, the organogels and
hydrogels took longer to cure and were far more difficult to
handle. Ultimately, DMF was selected for further study as it was
easier to handle and widely utilized, but the potential for optim-
ization with safer, greener solvents in the future is possible.

The solution was subsequently added to a mold and UV-
cured using a 3D printing wash and cure station (ELGOO
Mercury Plus 2 in 1, Version 2 Model). Two sizes of hydrogel
disks were generated in this work. For small disks (approx.

This journal is © the Partner Organisations 2025
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Fig. 1 Schematic describing the hydrogel-infused additive manufacturing (HIAM) procedure. (a) Resin is synthesized by mixing various organic
components to obtain a viscous bright orange solution. (b) Resin solution is pipetted into molds and then UV-cured to form clear yellow organogel
disks. (c) Organogels are rinsed with DMF to remove excess reactants for an hour at 70 °C, and the process was repeated once more. (d) Organogels
are transformed into hydrogels by submerging them in water at 70 °C for 1 hour. (e) Hydrogels are infused with the desired metal salt by immersing
them in the aqueous solution at 70 °C for 24 hours. (f) Hydrogels are calcined to remove organic components, and the ceramic disks remained in

shape.

4.5 mm diameter, 0.8 mm thick), 30 pL of solution was
charged to a silicon mold, slowly to avoid bubble formation,
and cured for 60 seconds (only the dilute 1:2 resins required
90 seconds) in the center of the chamber. For larger disks
(approximately 8.5 mm in diameter and 2 mm thick), the top
was cut from a 2 mL syringe and 100 pL of solution was
pipetted in and cured for 60 seconds vertically in the center of
the chamber. Across a broad range of resin concentrations and
cure times, handleable organogels were produced that could
be removed from the mold and rinsed. Successful formu-
lations and curing conditions were judged by whether the
organogel changed from a darker orange to a pale yellow upon
the first rinse with DMF, indicating that unreacted chemicals
were removed. Presumably, a failure to change color indicated
a lack of solvent movement in the pores (probably due to over-
curing), which may imply that the infiltration of the desired
cations would be difficult. On the other hand, under-curing
could result in insufficient polymerization and lead to the
failure of the ceramic parts to hold their shape. As a result,
curing time was selected where the resultant organogels could
be easily handled with tweezers but changed colors upon
washing, and the same curing conditions were used for all
samples and formulations, as it can impact infusion and swell-
ing behavior.”® Successful transformation to the hydrogel and
infusion of the metal cations could be observed by witnessing
the gel taking on the color of the cation solution (Fig. S17).
The resulting clear yellow organogels were cleaned by fully sub-
merging them in DMF at 70 °C for an hour, to remove the
unreacted constituents. The DMF was removed via a pipette
and the process was repeated once more with fresh DMF, at
which point the organogels were light yellow to colorless. To

This journal is © the Partner Organisations 2025

transform these organogels to hydrogels, the disks were sub-
merged in deionized (DI) water for one hour at 70 °C, three
times, whereupon DMF was exchanged for water in the pores
of the gel. The hydrogels were stored in DI water until infusion
with metal solutions.

Metal infusion and calcination

Hydrogels were submerged in 2 M solutions of the desired metal
salts dissolved in DI water (Fig. 1). The metal salts used in this
work were CuX,, CeXs, ZrOX,, and UO,(NO3), (with X = CI or
NOj3). In our set-up, 300 pL was a sufficient volume to completely
submerge the part. The closed vials containing the solutions
were heated to 70 °C for 24 hours on a hot plate. Hydrogels were
removed from the solution immediately prior to calcination. A
spatula was used to transfer the hydrogels from the solution to
the alumina crucibles. The infused disks were tightly spaced but
without any contact with each other. A benchtop box furnace
was set, all under an air atmosphere, to ramp up to 700 °C at
0.2 °C min™", followed by a dwelling time of 3 hours at 700 °C,
and then the furnace was cooled by natural convection.

Simultaneous thermal analysis (STA)

Analyses were conducted on hydrogels that had been infused
with 2 M metal salt solutions. Blank crucible corrections
were performed prior to each sample run to baseline-correct
the instrument in the same alumina crucible to be used
for the sample run. Measurements were performed on a
NETZSCH-Geratebau GmbH instrument, classification STA
449F1-Jupiter, simultaneous thermal analyzer. Samples were
run under an air atmosphere using laboratory air lines, heated
to 700 °C at a constant heating rate of 10 °C min™", with an air

Inorg. Chem. Front,, 2025, 12, 3055-3072 | 3057
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flow of 50 mL min~" under constant purging. Prior to analysis,
the instrument was calibrated over the sampling temperature
range (25-700 °C) with a series of standards. Given the highly
hydrated nature of the hydrogels, mass loss due to water evap-
oration occurred while loading the samples into the glovebox
as well as into the instrument during purge cycles, leading to
underestimation of the mass loss. To correct for this, the mass
of each sample post-STA was taken and used to calculate the
mass loss that occurred during the heating cycle. The largest
mass deviation was observed for the plain hydrogel (1:2). A
test from this sample analysed after only 1 pump per purge
cycle in the instrument showed a smaller mass deviation,
which confirmed the importance to account for water mass
loss during the sample transfer.

Scanning electron microscopy (SEM)

Electron microscopy was performed using an Apreo S (Thermo
Fisher Scientific, Pleasanton, CA) scanning electron microscope
equipped with an EDAX Octane Elite Plus silicon drift detector.
The ceramic pieces were placed on conductive carbon tape on an
aluminum stub and sputter coated with ~6 nm of Au-Pd using a
Lecia EM ACE600 sputter coating system to avoid or reduce char-
ging of the non-conductive ceramics during imaging.

X-ray computed tomography (XCT)

Non-destructive volume characterization of the calcined oxide
samples was conducted using an Xradia 510 Versa X-ray micro-
scope (Carl Zeiss X-Ray Microscopy, Inc., Dublin, CA, USA).
The X-ray tube voltage and power were set to 100 kV and 9
W, respectively, with no filter used. A x4 objective lens was
employed, and both the source-to-object and object-to-detec-
tor distances were set to 17 mm, resulting in a pixel size of
1.67 pm. A total of 1601 projections were collected over a
360° range with a 3-second exposure time. The sample was
shifted both vertically and horizontally at each view to mini-
mize ring artifacts. Standard filtered backprojection (FBP)
reconstructions were performed using the manufacturer’s
software.

Small angle X-ray scattering (SAXS)

The nano-scale morphology and atomic/molecular structure
within the hydrogels and calcined oxides were investigated
using a Xeuss 3.0 instrument (Xenocs, Grenoble, France),
equipped with a Bonse-Hart setup that can resolve heterogene-
ities between 0.1 pm and 1 pm, commonly referred to as ultra-
small angle X-ray scattering (USAXS). USAXS was only possible
on calcined samples (~0.05 mm thickness) under vacuum
using 8 keV X-rays to measure heterogeneity between 1 nm and
1 pum; X-ray diffraction (XRD) was also obtained up to 5 A™".
Since the wet and dry hydrogels were much thicker (~1 mm)
and filled with a high-Z electrolyte, only heterogeneities
between 1 nm and 10 nm were investigated; XRD was obtained
up to 3 A" to resolve the polymer and electrolyte structures.
Each sample was mounted within a 1 mm thick silicone-gasket
cell (Grace Bio-Labs), which was filled with an electrolyte for
the wet gels or kept dry with the dry gels or calcined samples.
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All of the SAXS and USAXS data were measured on an absolute
intensity scale using glassy carbon and calibration of the mag-
nitude of the scattering vector (g) was accomplished using
AgBeh.”® All 2D images were reduced by subtracting the back-
ground scattering of an empty Grace-Bio cell, scaling and azi-
muthally integrating using the Nika package for Igor Pro.*°
The azimuthally averaged SAXS data obtained from the cal-
cined samples were merged together and smeared (ggi =
0.23 A™") before merging with the slit-smeared USAXS data
using the Irena package for Igor Pro.*’ No anisotropy was
observed in the 2D images of any of the samples and therefore
all USAXS data were modelled using an isotopically slit-
smeared model.

The pore size distribution for CuO ceramics was modelled
using the numerical solution for a spherically symmetric
phase as a core-shell with a hollow core and an electron
density gradient at the surface; the model was motivated by
characteristic surface-gradient scattering observed in the data.
The electron density gradient was approximated by the comp-
lementary error function and introduced one extra fit para-
meter, Tgnen, Which was the thickness of the gradient region.
The size distribution of voids is assumed to be log-normal
with the scattered intensity equal to:

Rimax A2 (q‘ R)

Icwo(q) = Y2 V(R) Py(R,R,0)AR + b (1)
i=N
A(g,R) = Y lpu(r) = pu(ripn)]V (risa)F(g,72) (2)
=0
Tshell
_ _ Pcuo 2
PL(r) = Pcuo erfc T (3)
2

where Py is the log-normal distribution defined by a median
radius and standard deviation, o, v is the volume fraction of
voids, V is the volume of a sphere, F(g, R) is the scattering
form-factor of a sphere, pcyo is the scattering length density
of CuO (50 x 10" cm™) and b is the flat background
scattering.

The nanoscale pore size distribution for Zr and Ce oxides
was extracted from these USAXS data using a simple bimodal
lognormal distribution of spheres:

Ivo, (q) =

Rmax

Vsmall LOMOZ - ppore]2 Z V(R)FZ (qa R)PV(RaR’ G)AR+ (4)
Rmin
Rmax

2 ~

Viarge [P0, = Pvoial” ) V(R)F? (¢, R)Py(R. R, 0)AR + b

Rmin

where pyo, is the scattering length density of either ZrO, or
CeO, (43.96 and 52.53, respectively), ppore is zero (vacuum) and
Vsmall aNd Vlarge are the volume fractions of the small and large
voids, respectively.

This journal is © the Partner Organisations 2025
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Results
General trends and hydrogel behavior

The fabrication of several metal oxide ceramic disks was
attempted in this study, and successful formulations were
found to be unique for each metal cation (see Table 1). The
identity of the anion (nitrate vs. chloride) and the cation itself
both impacted the quality and morphology of the resultant
ceramic, as explored in the later sections. Some metal salts
(e.g., CuCl, and ZrOCl,) resulted in handleable ceramics
regardless of the resin formulation. In these cases, the best
conditions were chosen based on the observed density during
microscopy, and in general, the concentrated resin formu-
lation had a denser structure and thus was more attractive. In
the event that powdered or friable ceramics were all that sur-
vived (e.g. Cu(NOj;), and CeCl;), the best conditions were
chosen to be the ones that occasionally gave a solid ceramic
piece that could be manipulated with tweezers. Table 1 shows
the variety of metal salts used. While successful conditions
were found for most ceramics, some were consistently easier to
handle post-calcination (i.e., uranium and zirconium oxides),
while others were consistently fragile (i.e., cerium oxide). Pre-
calcination, it was observed that some cations significantly
shrunk the hydrogels during the infusion process as well as
after calcination, notably lanthanides and actinides (Fig. S2
and S37).

Significant morphological differences across the metals
were also observed in SEM with differing grain sizes, shapes,
and quality, and these will be described in the later sections.

Simultaneous thermal analysis (STA) was used to interpret
the calcining process in situ, to study how the decomposition
step affects ceramic quality. First, plain hydrogels (i.e., without
any metal infusion) were studied via STA in air to better under-
stand the role of the hydrogel scaffold during calcination,
applicable across the metals. Three hydrogels resulting from
different resin formulations, as detailed in the Experimental

Table 1
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methods section, were tested (Fig. 2). Overall, the behavior of
all three hydrogels was quite similar to each other and other
literature reports.'® Beginning at approximately 350 °C, all
three hydrogels exhibited an extended period of mass loss
until approximately no mass remained at 550 °C. Two exother-
mic events were observed in all three cases, the first near the
beginning of this mass loss event and a second distinct exo-
therm towards the end, at approximately 425 and 500 °C,
respectively. The residual mass reached nearly 0% by
525-550 °C, indicating complete combustion of the hydrogel
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Fig. 2 Simultaneous thermal analysis (STA) results from the plain hydro-
gels of varying resin formulations. Evolution of temperature-dependent
weight % (TGA indicated by dashed lines; left y-axis) and the heat flow
rate (DSC indicated by solid lines; right y-axis) as a function of tempera-
ture up to 700 °C, with a heating ramp rate of 10 °C min~2
Concentrated (2:1; purple) and normal (1:1; red) hydrogels are very
similar, while dilute hydrogels (1:2; black) show an early mass loss
around 100 °C, as well as some earlier mass loss and DSC peaks around
400-500 °C.

Inorganic precursors used in this study, along with their cation charge, metal type and oxidation state, as well as the calcined sample physi-

cal characteristics for all resin formulations associated with some calcination mass loss for the 1: 1 resin

Cation charge; metal type; Calcination

Metal(s) oxidation state Calcined sample physical characteristics for all formulations mass loss*

CuCl,-2H,0 +2; transition metal; +u Solid, easy to handle across all resin conditions 87.94%

Cu(NO3),-2.5H,0  +2; transition metal; +u Fragile, porous morphology, often obtained as a powder (concentrated 82.16%
formulations gave more consistent solids)

CeCl;-7H,0 +3; f-block; +mr Solid only in dilute resins, otherwise powdery 80.03%

Ce(NO3);-6H,0 +3; f-block; +m Fragile, porous morphology, often obtained as a powder (dilute formulations 81.06%
gave more consistent solids)

ZrOCl,-8H,0 +2; transition metal; +iv Solid, easy to handle across resin conditions, very dense morphology across all 58.88%
resin conditions

ZrO(NO3),-6H,0 +2; transition metal; +iv Solid, easy to handle across all resin conditions 69.96%

UO,(NO3),-6H,0  +2; f-block; +iv Solid, easy to handle across resin conditions, low porosity across all resin 74.94%

conditions

*STA measurements conducted only on 1: 1 formulation, except UO,(NO3), (2 : 1). Mass change (%) = [(Initial mass — Final mass)/Initial mass] x

100. Plain hydrogel mass loss is 99.1% (for 1: 1)

This journal is © the Partner Organisations 2025
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matrix. However, the most dilute hydrogel had an earlier mass
loss, a large decrease almost immediately upon heating, likely
due to the evaporation of excess water, which is not seen in
the two more concentrated hydrogels. In fact, the dilute hydro-
gel was characterized shortly after removing the disc from
water, without an extended air-drying time (e.g., overnight or
longer), explaining the rapid and more abrupt mass loss
observed around 100 °C. As a result, the dilute hydrogel, due
to less crosslinking and thus a bigger pore size, most likely
contained more infiltrated water, produced fragile discs
difficult to handle and often broke when handling with twee-
zers. As it will be discussed later, while changing the hydrogel
formulation does impact the final ceramic piece, this is un-
likely to be due to differences in the decomposition behavior
of the hydrogel itself, since all three formulations demon-
strated combustion at similar temperatures.

Ce and Cu salts

The influence of the leaving group (chloride and nitrate) was
first studied with bare cations from the d-block and the
f-block. Copper salts were the first metal species investigated,
due to their well understood oxidation behavior and the bright
color of their aqueous solutions, which allowed visual determi-
nation of infusion. Prior to calcination, there was no visible
difference between the infused Cu hydrogels; both nitrate and
chloride appeared to have a homogeneous shade, matching
the color of the aqueous solution in which they were soaked
(i.e., blue for Cu(NO;), and green for CuCl,; see Fig. S1}), and
no visible change in size was observed. After calcination,
however, there were clear morphological and physical differ-
ences between the nitrate and the chloride salts (Fig. S47).
Significant staining marred the crucible containing CuCl,, and
the disks were solid and easy to handle. In contrast, there was
minimal discoloration in the Cu(NOj3), crucible and the disks
were either powdered or very delicate and difficult to handle.
According to XRD, both salts decomposed to CuO over the
course of calcination (Fig. S5 and S67).

Investigation of the CuO morphologies using XCT and SEM
imaging revealed drastic differences between the ceramics
resulting from the nitrate and chloride precursors (Fig. 3 and
4). Macrostructurally, surface imaging of the samples showed a
similar appearance with uneven surfaces, a variable topogra-
phy and many rounded hill-like structures sized in the tens of
microns. These are most noticeable in Fig. 4c for nitrates, and
in Fig. 4e and f for chlorides, having a blister- or coin-like
appearance (Fig. S7at). Using XCT, however, clear macrostruc-
tural differences were observed between the two samples
(Fig. 3). The Cu(NOj;),-infused samples had dense regions
interspersed with large cracks spanning deep into the sample,
while the CuCl,-infused samples had a foam-like macrostruc-
ture with large surface grooves. No significant differences were
observed when characterizing the 1 : 1 hydrogels (Fig. S81).

These differences in structure were also evident at the micro-
structural level, with cracks and fragmentation seen in the lower
magnification images (Fig. 4a—c, on the left) for the Cu(NOj3),
infused samples. Examining the higher magnification imaging
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Fig. 3 XCT reconstruction slices of ceramics resulting from (a) Cu
(NO3), and (b) CuCl, infusion into concentrated hydrogels (2:1), along
with their corresponding vertical cross-sections (c) and (d). The Cu
(NO3), sample displays dense regions characterized by large cracks,
while the CuCl, sample reveals a foam-like structure with surface
grooves.

of the CuCl,-infused samples (Fig. 4d—f) resulted in a condensed
microstructure in the imaged surfaces, despite the porous
macrostructure. The individual grains had coalesced from the
ionic salt infusion and had formed a condensed interconnected
structure, akin in appearance to normally pressed and sintered
polycrystalline ceramics.*® In contrast, the Cu(NO;),-infused
hydrogels resulted in a discordant microstructure, where individ-
ual grains were chained together loosely rather than being
densely packed. This limited grain condensation and macropor-
osity translated into the Cu(NOj3),-infused samples being much
more friable and challenging to handle after calcination when
compared to the more robust CuCl,-infused samples having a
condensed microstructure arranged into a solid foam-like
macrostructure (see Fig. S9t).

In addition to the differing coalescence of grains, the two
Cu salt infusions varied in the resulting grain size and distri-
bution. While all the samples produced fine grains, a majority
with a size of ~1 um or less, the grains were typically much
finer in the Cu(NOs),-infused samples, with grains ~100 nm
or less in size being most prevalent. Both salts also gave rise to
a bimodal grain size distribution, which was influenced by the
resin formulations. The 2:1 concentrated Cu(NO;), infusion
(Fig. 4a) and the 1:1 CuCl, infusion (Fig. 4e) resulted in
uniform grain sizes; however, all the other samples produced a
bimodal structure with patches of extremely fine grains and
other patches of larger grains. In the nitrate-based samples,
this was typically ~500 nm:100 nm for the two sets of grain
sizes, and ~1 um: 100 nm in the chloride-based samples.

Ce solutions were colorless, making the judging of a success-
ful infusion challenging. However, post infusion, the gels had
shrunk significantly in size (Fig. S47), giving some indication of
infiltration. Upon calcination, most Ce ceramic disks were pow-
dered or crumbled. Ce(NO;); yielded only piles of powder except
for the most dilute resin conditions, while CeCl; gave slightly
better results and again showed a preference for dilute resin

This journal is © the Partner Organisations 2025
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Fig. 4 SEM of Cu and Ce ceramics resulting from the HIAM process showing the impact of anions and resin formulations on the final morphology.
Results from the infusion of Cu(NO3); salt (a—c) and CuCl; salt (d—f) showed that morphology was impacted by resin condition and anion. Infusion
of Ce(NOs3)s (g—i) was only successful in dilute resin conditions, while CeCl; infusion (j—1) showed morphological changes across resin conditions.

conditions, evidenced by the more cohesive macrostructure
(Fig. 4i). XCT reconstruction of the ceramic resulting from 1:1
the hydrogels infused with CeCl; reflected this observation,
showing very thin dense but fragile pieces (Fig. S10cT).
Microstructure imaging via SEM revealed that the CeCl;-infused
samples produced denser structures when calcining more
dilute hydrogels (Fig. 4j-1). While the one successful Ce(NO;)s;-
infused sample did have a larger grain size (Fig. 4i), these large
grains were separated by large voids (Fig. S10at), explaining the
fragility of the sample which ultimately crumbled upon hand-
ling. The 1:2 diluted CeCl; showed a bimodal grain size distri-
bution; the grains were condensed, like that seen in many of
the copper-infused samples. In contrast, the nitrate cerium-
based infusions showed irregular microstructures with numer-

This journal is © the Partner Organisations 2025

ous cracks, blisters, and poorly consolidated material
(Fig. S7b¥). Interestingly, the densest apparent structure of the
nitrate sample also suffered from some of the most severe
“charging” conditions during electron microscopy, even with
sputter coating, which may be due to its large grain size, while
the fine-grained chloride counterpart was more easily imaged.
STA analysis was conducted on the Cu and Ce salt-infused
hydrogels, to study their transformation into ceramics in situ.
The same conditions were used to study the non-infused
hydrogels. Fig. 5 shows the STA analyses of the nitrate- and
chloride-infused hydrogels for both cations. For both Cu(NOj3),
and CuCl, salts, the behavior of the metal-infused hydrogels
was closer to the one observed for the plain hydrogel than the
hydrated salt (Fig. S11%). Overall, Cu(NO;), decomposed at a
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Fig. 5 Graphics of a representative experiment illustrating the simul-
taneous thermal analysis (STA) for Cu (red) and Ce (black) infused 1:
1 hydrogels: (a) the nitrate system and (b) the chloride system. Evolution
of temperature-dependent mass loss (TGA indicated by dashed lines;
left y-axis) and the heat flow rate (DSC indicated by solid lines; right
y-axis) as a function of temperature up to 700 °C, with a heating ramp
rate of 10 °C min™.

lower temperature, with a large exothermic event and a sharp
mass loss at ~135 to 140 °C. Around the same temperature
range, the CuCl, system displayed only a small mass loss and a
small exothermic reaction. Part of the mass loss in both
systems can be attributed to the evaporation of bulk water
retained in the pores of the hydrogel network. Additional
nitrate decomposition was observed with a gradual mass loss
from 150-360 °C, while CuCl, exhibited a somewhat smoother
mass loss starting at around the same temperature and ending
much later at 560 °C. Compared to the plain hydrogel, which
showed 2 exothermic peaks at 420-550 °C, only one broad
peak was present in that range for the Cu-infused hydrogels,
likely encompassing any final scaffold decomposition as well
as metal oxidation. Finally, a confirmation of metal infusion
into these hydrogels was the presence of the material in the
crucible at the end of calcination that had about 20% mass
left from the starting hydrogel. In comparison, 0% mass
remained after calcination of the plain hydrogels.
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Ce salt-infused hydrogels also exhibited distinct differences
between the nitrate and chloride salts during the STA analysis
(Fig. 5). Ce(NO3);, in contrast to Cu(NOs),, had only a small early
exotherm and mass loss event, at approximately 135 °C, while
CeCl; exhibited a large exothermic event at 135-140 °C.
This decomposition is not seen in the analysis of other metal
chloride salts studied, and it is worth noting that the CeO, cer-
amics were the most challenging to fabricate and handle, even
resulting from the chloride precursors, very likely due to this
early energetic decomposition. Both Ce salt-infused hydrogels
showed a gradual mass loss starting at 250-300 °C and ending at
550 °C for the nitrate and 450 °C for the chloride, accompanied
by one large exothermic event near the end of the mass loss
region.

ZrO and UO, salts

Some oxo-salts were tested to determine if they could be suc-
cessfully used in the HIAM process. ZrOCl,, ZrO(NOj3), and
UO,(NO;), were selected for study, mirroring the choice of a
transition metal and an f-block element in the previous
section. Overall, oxo-cations yielded very dense, handleable
ceramics across all resin formulations. Notably, both ZrO
(NO3), and UO,(NOj3), yielded handleable ceramics despite the
more energetic decomposition of the nitrate salt. SEM analysis
(Fig. 6) revealed that both salts showed morphological changes
as the hydrogel resin formulations and salts were altered.

Observing the microstructures of the calcined oxo-salt infu-
sions, the microstructures were seen to be typically much
denser, with clearly coalesced materials and nearly none of the
discordant grain structures. In many cases, it is challenging to
provide a description of the specific microstructure due to the
poor grain boundary visibility and irregular surface features.
In the ZrOCl,-infused samples, the grains were elongated and
fibrous in nature, atypical of sintered zirconia polycrystals.**=>*
In the dilute ZrOCl,-infused sample, floret-like dendrite struc-
tures were seen growing on the surface of the sample as well,
which could imply some directionality to the coalescence of
solids during the calcination process (Fig. 6d and e). The
macrostructure of ZrOCl,-infused samples as studied by XCT
reveals a similar trend of dense regions with prominent cracks,
forming a more solid piece for the more dilute hydrogel
(Fig. S12%). As for the UO,(NOj),-infused samples, the 1:2
dilute resin formulation also had a clear microstructure, with
clearly defined grains typical of polycrystalline uranium oxide
(Fig. 6h).>® The 2:1 concentrated UO,(NO;), sample shows a
similar dense microstructure; however, grain boundaries are
not evident to provide a direct comparison (Fig. 6g). The
primary features in the high magnification imaging are some
cracks and surface topology. These results show that the oxo-
salt infusions provide more solids for densification, possibly
due to the pre-oxidized state of the oxo-molecules when com-
pared to the monatomic Cu and Ce ions.

To explain the changes in the morphology, STA was used to
compare the decomposition pathways of the infused hydrogels
(Fig. 7). In the case of zirconyl, STA showed that the nitrate
salt-infused hydrogel had energetic events and mass loss at
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low temperatures (<150 °C), far below the hydrogel decompo-
sition, while the chloride salt-infused hydrogel had only one
exothermic event, which coincided with the hydrogel
decomposition. This rapid decomposition is likely associated
with a physical breakup of the hydrogel disks, resulting in the
fragmented pieces observed in the macrostructural images of
Fig. 6. Evidently, the zirconyl is effective at delivering materials
for coalescence of the solid, but the nitrate is a more aggres-
sive leaving group that results in a break-up of the larger
pieces. In general, Zr ceramics were some of the sturdiest,
which could be explained by the better infiltration and better
intake, since these samples suffered from the least mass loss
according to TGA (Fig. 7). Despite UO,(NOj3), showing the
same region of early, rapid mass loss as other nitrate salts via
STA, the uranium oxide disks were easy to handle regardless of
the resin formulation. This highlights the combined roles of
the cation, anion, and resin concentrations on the final struc-
tures produced.

SAXS and USAXS investigations

Small angle X-ray scattering (SAXS) was used to study how
resin formulations and cation choices impacted the infusion
step of the HIAM process. Specifically, SAXS was used to study
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the hydrogels prior to calcination to resolve the size domains
of the polymer and electrolyte domains, first in plain hydro-
gels. In the high-g region, peaks from the polymer (¢ ~
1.48 A™") are readily observed in air, but are underneath the
primary peak from water (g ~ 2.06 A™") in solution (Fig. 8a).
The domain sizes, observed in the low-g region of the hydrated
gels, revealed two feature sizes: (1) > 10 nm feature size that
decreases in volume with an increasing polymer concentration
and (2) a feature size of 1-2 nm that increases in volume with
a polymer concentration. Consistent with Waters et al. on PEG
hydrogels, the 1-2 nm feature size is attributed to polymer
domains, while the larger scatterers are related to the hydro-
philic domains.®® Interestingly, the first peak of water shifts at
high polymer concentrations (Fig. 8b) and is observed in all of
the electrolytes to some degree (Fig. 8a-c). This shifting
cannot be explained by a linear combination of the two peaks
from the polymer and water and therefore is likely due to an
increase in interfacial water that is less dense at high polymer
concentrations.?” Therefore, the SAXS data from hydrogels in
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pure water are consistent with an increase in hydrophobic
domains and surface area with increasing polymer.

When the hydrogels were submerged in each electrolyte,
the small angle scattering (low-q region) changed significantly,
as the dissolved ions (primarily, the metal) changed the elec-
tron density contrast between the hydrophilic and polymer
domains (Fig. 8). SAXS from the Cu(NO;), and CuCl, electro-
Iytes were the same with concentration, suggesting very little
contrast between the hydrophilic and hydrophobic domains
(Fig. 8b). On the other hand, the polymer domains were very
well resolved in the ZrOCl, system and to some degree in the
CeCl; system (Fig. 8c). The reduced small angle scattering at ¢
~ 0.3 A™ from the polymer domains in the CuX electrolytes
provides direct evidence that the Cu ions infiltrate the polymer
domains much differently than the ZrOCl, ions, as both have
the same concentration and a similar number of electrons and
should have similar SAXS curves. On the other hand, the Ce
ions have significantly more electrons and, for the same con-
centration, should enhance the contrast between the hydro-
philic and polymer domains. However, it is only at the highest
polymer concentration that the polymer domains can be
observed, suggesting that the Ce ions penetrate the polymer
domains to some degree. Therefore, the SAXS data suggest
that there is a difference in the way the metal cations interact
with the polymer domains within the hydrogel. This confirms
that more ZrOCl, material interacted with the polymer, and as
a result more Zr likely infiltrated the hydrogel (as shown per
mass left at the end of the STA).

SAXS was also used to study ceramics post-calcination, to
further investigate their morphology. Where SEM provides
direct observation of pores near the surface, USAXS measure-
ments on the calcined pieces can provide the absolute volume
fraction and size of bulk porosity throughout the calcined
samples. Guided by SEM imaging and XRD (Fig. 4, 6, S6, and
S7t), the small angle scattering is expected to be dominated by
voids within the ceramic. Therefore, the USAXS data were mod-
elled as a log-normal size distribution of pores.

The negative deviation from the Porod scattering observed
at ¢ > 0.03 A™" (as represented from the line depicting the
relationship I(q) = Bq~®) for the copper salts suggested that the
pore surface in CuO does not meet the Porod condition for a
“smooth and well-defined surface”. We can thus infer that an
electron density gradient was present at the pore-CuO inter-
face and had to be included to model the high-g data beyond
the Guinier region; this feature was not observed in ZrO, or
CeO, (discussed later). This feature may be associated with Cu
infusion into the polymer network, resulting in a surface layer
of the pore-CuO interface that has a different electron density
from the bulk CuO. Typical values of 4 nm were obtained for
Tshen, the thickness of the shell surrounding a pore; the result-
ing model fits (Fig. 9a) and size distributions are shown in
Fig. 9b; the scattering from the samples prepared from the
diluted resin (1:2) was weak and is not shown here. There are
distinct differences between the pore size distributions
between the chloride and the nitrate, with a higher total
volume fraction of larger voids being observed in the chloride,

This journal is © the Partner Organisations 2025
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Fig. 9 Size distribution of pores in calcined ceramics resulting from 1:1
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and resin formulation is clear for Cu oxide (a and b). The impact of resin
choice is less pronounced for Ce and Zr oxides (c and d), but the results
show a clear difference in void space across metals.

also confirmed by XCT. While a clear difference in the void
size distributions is qualitatively consistent with a difference
in off-gassing during calcination, it is important to note that
any voids larger than ~5 pm cannot be resolved with USAXS
and are likely present in the nitrate sample. In both cases, a
reduction in polymer domains results in size distributions that
are larger in size and broader (Fig. 9b), likely due to larger
hydrophilic domains resulting in larger bubbles during
calcination.

Ce and Zr ceramics were also studied via USAXS. For the
same anion (Cl7), the two different metal oxides revealed a bi-
modal population of much smaller voids (~10 nm) alongside
larger voids similar in size to the CuO samples (Fig. 9b); no
evidence of an electron density gradient at the pore-wall
boundary was observed (Fig. 9c), since the data followed the
angle of the line representing the relationship I(g) = Bq~>. The
model fits are shown in Fig. 9c along with the size distri-
butions in Fig. 9d. It is clear from both the USAXS data and
size distributions that there is little difference in the nanovoid
morphology between ceramics resulting from the 1:1and 2:1
resin precursors. Moreover, there are significantly smaller
voids and fewer large voids on the meso-scale compared with
the CuO samples (Fig. 9a and b), suggesting that it is the
differences in the Cu infusion in the hydrogel (Fig. 8) that
resulted in a different bulk pore morphology.
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Discussion

The interaction between specific metals and the hydrogel
scaffold is difficult to study but nonetheless vital to under-
stand and control the HIAM process. Three precursor choices
stand out as clearly impacting the success of the HIAM
process and thus merit further discussion: (1) the polymer
concentration, (2) the type of metal (bare vs. —yl cations and
transition metals vs. f-block), and (3) the anion. The first two
choices influence the infusion step of the HIAM process, as
the cation and polymer interact with each other. Additionally,
the choice of anion and the choice of cation determine the
thermal decomposition path during the calcination step. All
three proved critical to obtaining handleable ceramic disks.

Polymer concentration effect

The change in Vo with the polymer ratio is small and within
errors associated with the method (any voids larger than 5 pm
are excluded from Fig. 10). However, SEM results clearly
demonstrate that diluting the hydrogel resin impacts the mor-
phology and quality of the final ceramic, albeit not predictably
across metals (Fig. 4 and 6). When comparing CuO from CI~
and NO;~, USAXS analysis of nanoscale voids shows lower
nanoporosity resulting from concentrated resins only for CI™
(Fig. 10). CuO ceramics exhibited observable differences in the
microstructure and porosity when only resin dilution was
adjusted, while XCT did not demonstrate any major difference
in the global density. Although the macrostructure was
similar, with regions of density and regions of large cracks,
SEM analysis of the surface of calcined samples showed a shift
in the grain size as the resin formulation was changed (Fig. 4
and Fig. S971). Therefore, it is the larger pores that change with
the polymer concentration more than the nanoscale.

Two competing forces could explain how diluting the
PEGda monomer has an impact on the final ceramic and why
the impact of dilution is not predictable across metals.
Diluting the PEGda monomer concentration means less
polymer will be present in the hydrogel, thus less gas will be
created when the organic scaffold combusts, potentially creat-
ing less porosity in the calcined ceramic. If this was the sole

01 1 Metal Salts
® CuO from CI-
0.08 = CuO from NO;
= ZrO,
20.06 = CeO,
>
0.04 -
0.02 -
0 4

1:1 2:1

Fig. 10 Plot of the total volume fraction of the nanoporosity (<2 pm)

observed by USAXS in the calcined samples. There is a clear difference
across metals and slight differences across different resin ratios.
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impact of diluting the resin, one would expect a larger grain
size and higher handleability for dilute resin formulations, as
is the case for Ce ceramics. However, many of the ceramics
generated in this study have smaller nanoporosity and better
handleability when generated from concentrated resins, like
Cu. We hypothesize that altering the resin formulation also
has an impact on the infiltration of metal cations, either by
altering the size of pores or polymer domains. While more gas
might be generated from a concentrated hydrogel, the impact
could be tempered if more metal was infiltrated prior to the
calcination step.

To study the impact of polymer combustion more closely,
thicker hydrogel molds were used to generate larger samples.
It could be reasonably assumed that the more energetic
decomposition of the nitrate salt necessitates a thinner hydro-
gel scaffold for off-gassing events to maintain structural integ-
rity. Indeed, the diluted hydrogels were slightly thinner than
their concentrated counterparts, 0.7 and 1 mm thick, respect-
ively. Saccone et al. printed hydrogels with even thinner fea-
tures (200 pm) and reported no challenges handling their cer-
amics resulting from Cu(NOj;),-infused hydrogels (but presum-
ably fragile, given the fine scale). To test this hypothesis, a
thicker hydrogel was prepared using a different mold, approxi-
mately 2 mm thick and 8 mm in diameter. Cu(NOs), was
infused and calcined and a solid ceramic piece was success-
fully produced, which was handleable and similar to the
smaller ceramics resulting from the same formulation. A
direct comparison between these larger disks and the small
ones cannot be drawn, as engineering differences could have
significantly impacted the hydrogel structure. However, it does
demonstrate that physically thin hydrogel precursors are not a
strict prerequisite for HIAM’s success.

Dilution of hydrogel resins has been shown to increase the
pore size in hydrogels, due to decreasing entanglements with
neighboring strands.*®?° Increased pore size and decreased
polymer domains will undoubtedly influence the infusion of
metal cations into the hydrogels and vary across cation identi-
ties, impacting the quality of the final ceramics. Similarly,
increased polymer domains may promote metal infiltration if
cations interact with the hydrogel scaffold directly. SAXS analysis
of the pre-infused hydrogels showed a decrease in hydrophilic
domains (pores) and an increase in polymer domains (pore
walls) as the polymer concentration was increased (Fig. 8a). Post-
calcination, SEM microstructure analysis demonstrated clear
differences in grain size in ceramics resulting from different
resin dilutions (Fig. 4 and 6). In particular, the bimodal structure
of the CuO ceramics—which vary depending on whether a con-
centrated or diluted resin is used—likely occurs due to isolated
regions of salt-infused hydrogels calcining independently from
one another until sufficient shrinkage or surrounding grain
growth occurs to bring the different sections into contact.
Evidently, the dilution or concentration of the resin influences
this behavior, meaning the formulation likely affects the resulting
gel polymer networks and the variability and magnitude of salts
it can take up, potentially compensating for increased off-gassing
from polymer combustion.
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The exact pore size of PEGda hydrogels—and the resulting
impact on calcined ceramics—is challenging to control and
predict due to the high degree of interpenetration and the ran-
domness of radical-initiated chain polymerization reactions, and
precise control often requires the use of a solid placeholder.****
This is reflected in the USAXS data of calcined pieces, which
indeed show a wide size distribution of voids and slight differ-
ences across the resin ratios for the same metals (Fig. 10).
Combined with the microstructure analysis from SEM, our
results demonstrated that dilution of the PEGda monomer can
impact the morphology of the calcined ceramic pieces. Metal
cation and anion effects prevent clear trends from emerging due
to resin dilution (ie. Ce salts improved in quality with dilute
resins, but not Cu), but the formulation of the hydrogel precursor
cannot be ignored in designing the HIAM process and will need
to be optimized for each ceramic. This study has shown that the
morphology of ceramics resulting from HIAM is influenced by a
complex combination of factors and cannot be explained by one
systematic trend.

Metal identity and interaction with the polymer

The exact nature of the polymer-metal interactions is difficult
to study within the hydrogel framework due to the highly dis-
ordered polymer strands, the high concentration of the cation
in solution both infused and not, and the large excess of water
molecules. Nevertheless, interactions between specific cations
and the hydrogel polymers must be considered, as each metal
had unique results and morphologies, which may be due to
their interactions with the hydrogel scaffold and the calcina-
tion process. The ability of polyethylene glycol polymers and
hydrogels to coordinate with and discriminate between cations
is well established in the literature.*>** Studies have shown
that the kinetics of metal adsorption into hydrogels is not
diffusion controlled, implying that rather than just diffusing
into the hydrogel pores, cations interact with the polymer
strands (i.e. the oxygen-containing ether and ester moieties).>®
Our SAXS data confirmed a clear difference in the nano-
scale heterogeneity of the metal infused hydrogels (Fig. 8) and
suggested a difference in the metal-polymer interaction. The
peak resulting from water, when infiltrated into the hydrogel,
indicated a change in the coordination environment. The shift
was most dramatic in the concentrated resin hydrogels, regard-
less of the infiltrated cation, although the magnitude and
direction of the shift appear unique between species. While Zr
and Cu ions have similar numbers of electrons and thus
should have similar SAXS curves, the data looked quite
different between the two, directly confirming their different
infusion behavior. During Ce infusion, only concentrated
resins allowed for polymer domains to be observed, whereas
the domains could be faintly observed in the 1:1 formulation
with ZrOCl, (Fig. 8c). This is direct evidence that Ce** and
ZrO*>* cations infiltrate the hydrogel differently than Cu
cations, which may explain the difference in the void mor-
phology between Cu (monomodal) and Zr and Ce (bimodal).
Three potential causes of the observed differences in hydro-
gel-cation interactions, and thus the resultant ceramic quality,
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will be discussed: (1) hard/soft acidity, (2) oxo-ligand inter-
action, and (3) the hydration shell. First, remarkable shrinkage
of the hydrogels was observed when f-block elements, Ce
(NO3); and UO,(NOs),, were infiltrated (Fig. S2t). Elements
from the f-block were hard Lewis acids and capable of forming
high coordination number complexes in water, and their
aqueous chemistry was distinct from the main group
elements.*>** Furthermore, the ether moieties of the PEGda
polymer (Fig. 11), which formed the crosslinking hydrogel
scaffold, were hard Lewis bases and thus a hard/hard match
between the f-block cations and the ether polymer was
achieved. As a result, the f-block cations could form high
coordination number complexes with the ether moieties of the
hydrogel scaffold, with the hard/hard match making such
complexation favorable and strong, which could explain why
hydrogel shrinkage was seen upon infusion of f-block elements
in contrast to their main-block counterparts. Increased inter-
action between the cations and the hydrogel could lead to pore
collapse and overall hydrogel shrinkage, as neighboring ether
moieties crowd around the same metal center (Fig. 11). Elliott
et al. demonstrated the ability of the repeating ether moieties
of PEGda to crowd metal centers, forming pseudo-crown
ethers, and it is possible to extrapolate that such a mecha-
nism, to a lesser extent due to the rigidity of the hydrogel, can
occur within the hydrogel matrix.*> Similar complexation has
been documented for UO,** cations when complexed with
polyethylene glycol, with neighboring ether moieties crowding
the cation in a crown-ether-like complex.*® Furthermore,
Elliott et al. noted a preference for hard cations, potentially
explaining why drastic shrinkage is only being seen with
f-block metals in our system. Our SAXS results corroborate this
observation, as the diffraction peaks from CeCl; and water
change significantly at a high polymer concentration, whereas
the main block elements Cu and Zr are slightly changed
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(Fig. 8). While it is impossible to distinguish the nature of this
coordination using this technique, it indicated that there are
differences between the f-block and main group cations upon
interaction with the polymer domains.

The existence of oxo-ligands on the cation also substan-
tively improved the ceramic quality, with ZrO*>* and UO,**
cations giving consistently successful HIAM results. The cer-
amics formed from these precursors were easy to handle
regardless of the resin formulation, and the microstructure
was significantly larger and possessed denser grain structures
compared to the Cu-based infusions (Fig. 6), even when using
the energetic nitrate anions. The simplest explanation for the
improved microstructure was that the presence of oxygen
already coordinated to the metal atom had minimized the dis-
ruptive oxidation reactions necessary to form the final
ceramic, aiding in retaining the structural integrity of the final
pieces. Alternatively, or additionally, the chemistry of the oxo-
group could play a role in bolstering infusion into the hydro-
gel, resulting in improved properties of the final ceramics. The
role of the uranyl oxo-group has been extensively studied, due
to the preponderance of the uranyl cation in natural and
engineered systems. Experimental and theoretical results have
shown that the oxo-group is not a spectator in aqueous
systems, being able to both exchange with equatorial water
ligands and participate in hydrogen bonding with the second-
ary solvation shell.*”*® Either of these mechanisms could
impact the overall infusion of the UO,** cation into the hydro-
gel (the solvation shell will be discussed below). As for the oxo-
group participating in hydrogen bonding, this offers opportu-
nities for further coordination to the hydrogel or for denser
infusion. Fortier and Hayton highlighted many examples of
hydrogen bonding in the uranyl oxo-ligand, as well as cation—
cation interactions, wherein the oxo-group coordinates to the
U of a different uranyl cation.**! These chemical interactions

water
molecule

Fig. 11 Potential solvent/polymer/cation interactions within the hydrogel matrix, either (i) direct metal—scaffold interaction, hypothesized for Ln/
An, or (ii) through the solvation spheres, hypothesized for Cu and Zr. Water molecules are shown in blue.
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Table 2 Difference in the thermal decomposition routes followed by Cu(NO3),-6H,0 and CuCl,-2H,0

Thermal decomposition of Cu(NO;),-6H,0

Thermal decomposition of CuCl,-2H,0

may be responsible for improved infusion of UO,>*, and by
extension ZrO>*, allowing for stronger cation-hydrogel
bonding or closer cation—cation packing.

Extending our view beyond the cation core to the larger
cation-solvent unit provides another potential mechanism for
differences in the infusion behavior. Properties like diffusion
and binding strength are often more accurately explained by
considering the solvent-ion unit holistically.>>* Fig. 11 illus-
trates how solvent-ion interactions within the hydrogel matrix
could impact interactions within the hydrogel itself. Transition
metals and f-block elements behave differently in solution, pri-
marily due to the inability of the f-block valence orbitals to
interact strongly with solvent molecules.>® Although some lit-
erature studies propose a direct metal-ether interaction in
metal-infused hydrogels, it is not clear that this is necessarily
the case for all cations.”” The drastic shrinkage of hydrogels
infused with f-block elements, but not when infused with
main group metals, could stem from the ability of Ln/An
cations to interact directly with the hydrogel due to their tran-
sient bonding with solvent molecules (Fig. 11 (area i) and
Fig. S31). In contrast, the main group elements tend to have
much lower rates of exchange and thus might be primarily
interacting with the hydrogel through their solvation sphere
(Fig. 11 (area ii)). There is evidence in the literature that
hydration shells can influence the cation behavior and infu-
sion within hydrogels. A detailed study of alkali metal infusion
into hydrogels suggested that the observed trends, which did
not follow hardness or size, were due to the differing nature of
the first hydration shell and its ability to either shield inter-
actions with the hydrogel or strengthen them.>* Another study
showed that larger metals, not harder ones, were preferentially
absorbed into hydrogels and suggested that more diffuse
charges and the ability to induce electrostatic charges in the
surrounding solution were factors responsible for the behavior
observed.>® Given the differing behavior seen in the hydrogels
that had been infiltrated by f-block elements, ie. extreme
shrinkage, it is likely that stronger interactions with the
solvent shell prevent direct Cu®" or ZrO**-hydrogel inter-
actions (small ionic radii), but Ce** and UO,>" (large ionic
radii) are able to directly associate with the monomeric strands
due to the rapid exchange of water, impacting the quality and
morphology of the final pieces.

Salt’s thermal path decomposition/anion identity

Investigation through USAXS, XCT, and SEM showed that the
anion choice also drives morphological differences in the cer-
amics. Macrostructural features on the surface of ceramics,
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Cu(NO;),-6H,0 — CuOH(NO;) + HNO; + 5 H,O (eqn 5)
HNO; — H,0 + 2 NO, (eqn 6)

CuOH(NO;) + NO, — CuO(NO,) + HNO; (eqn 7)
CuO(NO,) — NO + 10 + CuO (eqn 8)

CuCl,-2H,0 — 2 H,0 + CuCl, (eqn 9)

CuCl, — Cl, + CuO (eqn 10)

namely rounded hill-like structures, almost certainly resulted
from off-gassing during thermal treatment, combined with the
degree of copper coalescence and densification during calcina-
tion (Fig. 4). USAXS data showing the differences in the mor-
phology of nanoscale (<2 pm) voids also confirmed that the
anion choice impacts the ceramic morphology (Fig. 6).
Importantly, USAXS measurements could not accurately
resolve pores larger than 2 pm, which were clearly present in
the oxide beneath the surface of the CuO samples, as shown
by SEM (Fig. 4 and Fig. S9t). Therefore, the total volume frac-
tion of the nanoscale voids observed by USAXS in CuO result-
ing from Cu(NOj3), is actually lower than CuCl, (Fig. 10), when
only accounting for pores smaller than 2 pm. With a much
weaker and more porous CuO disk obtained from Cu(NOj;),
(Fig. 3 and 4), it is likely that much larger voids (>2 pm) are
present in the bulk, and indeed XCT revealed large cracks
penetrating the Cu(NOs), sample. The difference in the nano-
scale voids between the two CuO samples in addition to mark-
edly different micro- and macrostructures clearly demonstrates
the impact of the anion on the final ceramic morphology. On
the other hand, the total volume fractions of the nanoscale
voids in ZrO, and CeO, were far less than those in CuO with
the CI” anion (Fig. 10), indicating that the anion was not
solely dictating the pore volume.

STA analysis showed that during the calcination step, the
anion influenced the decomposition behavior, and corre-
lations between the timing of energetic events and ceramic
quality could be drawn. Early energetic events, exhibited by
nitrate salts (Fig. 5 and 7), resulted in ceramics that were
crumbly and difficult to handle, while those with later
decomposition events (chloride salts) that coincided with
hydrogel decomposition were consistently of higher quality.
The decomposition pathways for Cu salts are presented as an
example in Table 2, while Ce, Zr, and U salts followed a similar
pattern (Tables S1-S31). Cu(NOs), hydrate decomposed in a
complex series of reactions with an onset of 126 °C (Table 2,
eqn (5)—(8)), while CuCl, hydrate was reported to decompose
fully in a concerted step with the evolution of Cl, gas with an
onset of 365 °C (Table 2, eqn (9) and (10)).>*"” The resultant
nitrate gas was highly reactive and could easily oxidize at
high temperatures, causing further energetic reactions with
the copper species. The resultant ceramics from Cu(NOj;),
were much more fragile and porous than those resulting from
CuCl,, and this trend was also seen in Ce and Zr-oxo salts.
The extended period of decomposition and associated off-
gassing interfered with the ability of cation clusters to
coalesce into a dense structure, producing the discordant
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microstructures seen in the copper-nitrate samples. In con-
trast, the off-gassing in the chloride samples was seen to be
confined to a singular exothermic event, enabling a more
condensed final structure, clearly reflected in the SEM of the
final ceramics (Fig. 4).

Conclusions

Hydrogel-infused additive manufacturing (HIAM) is an emer-
ging process for the additive manufacturing of ceramics, in
which an organic scaffold is formed first, the desired metals
are subsequently infiltrated, and finally, they are calcined to
obtain ceramic parts. Overall, the variability in ceramic quality
and morphology between the elements tested herein indicates
that complex mechanisms between hydrogels, water, metal
ions, and salts dictate HIAM outcomes. Different metal salt
solutions were rapidly tested with minimal optimization of the
photocurable resin.

In this study, a PEGda hydrogel acted as the organic
scaffold and was subsequently infiltrated with a variety of tran-
sition metal and f-block elements, followed by calcination to
the respective ceramics. The importance of the individual
chemical precursors (hydrogel and inorganic metal salt solu-
tions) was studied using a variety of techniques including
SEM, STA, SAXS, and XCT. First, the hydrogel formulation was
found to impact the porosity of the resultant ceramics.
Concentrated formulations generally yielded low porosity and
denser ceramics, which could impact the cation infiltration
into the matrix. SAXS measurements showed that Cu, Zr, and
Ce ions penetrated differently into the polymer domain. Better
ceramics had measurements showing smaller voids and fewer
large voids. The inorganic salt choice also impacted mor-
phology and porosity due to specific cation—polymer inter-
actions and the energetic differences in decomposition path-
ways upon calcination. Metal adsorption into hydrogels is a
complex mechanism. Cations can have different hydration
shell sizes and will mechanically diffuse into the hydrogel
pore, as well as interact with the polymer strands via direct
metal bonding (i.e., with the oxygen containing ether and ester
moieties) or via hydrogen bonding (i.e., from water molecules).
Characteristically, successful parts exhibited high interactions
between the cations and the hydrogel or could be described as
complexes having diffuse charges. Finally, this study showed
that the thermal decomposition mechanism was found to
impact the quality of the resultant ceramics. XCT revealed that
CuO ceramics had vastly different macrostructures when
resulting from nitrate or chloride precursors. The former was
characterized by dense materials containing prominent cracks
and the latter by a more homogeneous foam-like structure.
The XCT study allowed us to obtain a more holistic view of the
ceramic structures, which could be observed in a low to
medium magnification of the SEM images and be confirmed
by USAXS conclusions. Moreover, SEM images at a high magni-
fication could focus on microstructures and grain sizes and
provide insight into possible polymer coalescence after metal
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intake and calcination. STA analysis showed that early ener-
getic events exhibited by the nitrate salts resulted in ceramics
that were more porous and fragile, while those with later
decomposition events that coincided with hydrogel decompo-
sition (e.g., chloride salts) were consistently of higher quality.
The results here provide a guide for the development of
high-density ceramics using the HIAM process. Obtaining
high-density ceramics is more likely when (a) a high concen-
tration of hydrogel is employed, (b) a metal precursor which
binds strongly to the hydrogel scaffold is chosen, or (c) a salt
which undergoes decomposition via mild exothermic pathways is
used. An understanding of the various ceramic formation mecha-
nisms associated with the HIAM process and subsequent calcina-
tion, as presented here, is critical to the expansion of material
systems and the enablement of the production of high-density
ceramic components. Given the flexibility of HIAM, this tech-
nique can be rapidly exploited without the need for complex print
parameter optimization, which is typical of other AM processes.
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