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Hydrogel-Based Vat Photopolymerization of Ceramics and
Metals with Low Shrinkages via Repeated Infusion

Precipitation

Yiming Ji, Ying Hong, Dhruv R. Bhandari, and Daryl W. Yee*

Vat photopolymerization (VP) is a powerful tool for the fabrication of
architected ceramic and metal structures. However, conventional methods of
ceramic/metal VP, such as with the use of slurries or organic—inorganic
hybrid resins, have challenges with viscosities, light-scattering, and limited
material compositions. Recently, the use of metal-salt solutions has emerged
as a promising approach for the VP of ceramics and metals. While versatile
and accessible, the process is accompanied by a significant amount of
shrinkage, which causes warping, porosity, and structural damage. Here, a
versatile method is presented for fabricating dense architected ceramics and
metals with low conversion linear shrinkages. Central to this method is a
post-fabrication repeated infusion-coprecipitation process that

progressively increases the metal loading in the 3D “blank” hydrogels.
Thermal treatment of these high metal content hydrogels then converts them
into ceramic or metal architectures. To demonstrate the versatility of this
approach, a variety of 3D ceramic and metal structures with shrinkages as low

as 20% while maintaining densities >80% is fabricated. This

infusion-precipitation-based process thus enables the VP of high-quality
ceramics and metals, which is necessary for the fabrication of advanced

architected materials and devices.

1. Introduction

Architected materials are an emerging class of materials that
leverage 3D structural geometry to access functionalities and
properties inaccessible through composition and/or microstruc-
ture optimization alone.['?] Over the past decades, advances
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in our understanding of architecture-
property relationships and our manufac-
turing tools have led to the development of
3D nano- and micro-architected materials
with enhanced or emergent properties—
from extreme mechanical behaviorsi>=! to
exotic optical properties!®®l—that cannot
be achieved with conventionally processed
materials. Architected materials thus have
the potential to address society’s increasing
demand for high-performance devices
and enable next-generation technolo-
gies in energy,> biomedical,'*'* and
sensing!">"!"] applications.

Today, architected materials are predom-
inantly fabricated with additive manufac-
turing (AM) technologies since they are
able to produce 3D structures with ar-
bitrary complexity over a wide range of
length scales.l'! In particular, vat pho-
topolymerization (VP)—a category of AM
processes that utilizes spatial photopoly-
merization of a liquid resin in a vat to fab-
ricate 3D structures!’l—is often employed
due to its ability to achieve small feature
sizes!?%l and rapid fabrication speeds.!*!] However, a key limita-
tion of VP is that because it is fundamentally a photopolymeriza-
tion process, it is challenging to fabricate non-polymeric materi-
als with it. Since polymers offer limited structural and functional
properties, this material constraint restricts the possible range of
functionalities and use-cases of devices fabricated with VP. Con-
sequently, significant efforts have been made to develop methods
that enable the VP of non-photopolymerizable materials such as
metals and ceramics.[?23]

The most established methods for the VP of metals and ce-
ramics currently revolve around the use of either a photosensi-
tive slurry or an inorganic-organic hybrid photoresin. With the
slurry method, ceramic/metal powders are dispersed in a liquid
photoresin and then used with a VP technique to form a com-
posite polymer structure. The composite “green body” is then
thermally treated in the appropriate atmosphere(s) to obtain the
desired metal or ceramic structure.?*? Although highly acces-
sible and versatile,[2%] the inclusion of particles in the resin
increases its viscosity**! and causes light-scattering,*133] which
negatively impacts the quality and feature sizes of the resulting
ceramic and metal structures. An alternative approach that cir-
cumvents these issues is to use particle-free inorganic-organic
hybrid photoresins instead. These hybrid photoresins consist of
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photopolymerizable (macro)monomers that contain metal het-
eroatoms, forming polymers that act as both the binder and the
inorganic precursor. Similar to the slurry method, the printed
inorganic-organic hybrid polymers are thermally treated to yield
the desired ceramic or metal structures.3**’] Since these pho-
toresins are particle-free, they have low viscosities and have lit-
tle issues with light-scattering, allowing them to fully reach the
small features sizes afforded by VP.[*¥] However, the small selec-
tion of inorganic—organic (macro)monomers available limits the
compositions of the ceramics and metals that can be fabricated
with this approach. In addition, the shrinkage associated with the
polymer-to-ceramic conversion process can be significant, result-
ing in damage to the final structure.

In recent years, the use of aqueous metal salt solutions has
emerged as a promising alternative strategy for the VP of ceram-
ics and metals. In brief, polymers that contain aqueous metal salt
solutions are first fabricated and then thermally treated to con-
vert them into ceramics and metals.?**2] Compared to the slurry
and hybrid resin approaches, the metal salt method offers several
key advantages: a) a wide variety of metal salts are commercially
available; b) multicomponent inorganic materials can be made by
simply dissolving the constituent metal salts in the appropriate
ratios; %l and c) the particle-free aqueous resins do not scat-
ter light¥~*! and have low viscosities. The metal salt method
thus combines the simplicity and versatility of the slurry method
with the small feature sizes afforded by the hybrid resin method.
Building on this, we recently developed a process called hydro-
gel infusion additive manufacturing (HIAM), where “blank” hy-
drogels are infused with a variety of metal salt solutions post-
fabrication and then thermally treated to convert them into metal
oxides or metals.>®) HIAM is thus unique in that it enables a sin-
gle resin composition to be used for the fabrication of an almost
infinite array of non-polymeric materials. More importantly, it
highlights a new paradigm of AM where material selection oc-
curs after, rather than before, structure fabrication. However, de-
spite its accessibility and versatility, the utility of HIAM, and the
metal saltapproach in general, has been limited by the significant
shrinkages (50-90%) that occur during the polymer-to-ceramic
conversion process.l**] This excessive shrinkage causes signif-
icant warping, cracking, and porosity in the final ceramic/metal
parts, often rendering them too fragile for reliable use in practical
applications.

Since shrinkage is inversely proportionate to the amount of
metal precursors in the hydrogel, recent research in this area has
largely focused on the development of strategies that enhance
metal-ion loading in the hydrogels. Wang and colleagues devel-
oped charged ion-exchangeable hydrogels that could be infused
with up to 20 wt% of Cu?* ions, which was twice the previous
limit.>®] Their copper complexed polymers could be thermally
converted into copper structures with an associated linear shrink-
age of approximately 60%. Xiong and colleagues showed that 1-
vinylimidazole and acrylic acid synergistically coordinated with
metal ions in water and used them to increase metal-ion load-
ing significantly. Although not strictly an infusion-based process,
metal oxides structures fabricated using their approach exhibited
polymer-to-ceramic linear shrinkages between 30% and 55%.1%]
Although these strategies have been effective in reducing some of
the conversion shrinkage, their efficacies are fundamentally lim-
ited as the amount of metal-ions in the hydrogel is constrained
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by the solubility limit of the metal salts in water or the binding
capacity of the hydrogel. In addition, since a large volume frac-
tion of the ion-infused hydrogels is water, significant shrinkage
will necessarily occur during drying.

In this study, we describe an infusion-precipitation strategy
to fabricate 3D ceramic and metal structures with low conver-
sion shrinkages and improved densities. Using our approach, we
chemically transform 3D “blank” hydrogels into hydrogel com-
posites with high metal contents. Subsequent thermal treatment
of these composites converts them into ceramics and metals with
low linear shrinkages and high densities. To demonstrate the ver-
satility of our approach, we fabricated a variety of metal oxides
and metals, including Fe,O,, SrFe;,0,,, Fe, Cu, and Ag. Impor-
tantly, our method allows us to obtain equivalent metal ion load-
ings within the polymer templates of up to 79 wt%, which sig-
nificantly exceeds the state of the art. Such high metal loadings
drastically reduce shrinkage (as low as 20% for some composi-
tions) and warping after thermal conversion, while simultane-
ously increasing material density. Consequently, structures cre-
ated using our approach boast significantly improved mechanical
properties. Taken together, these findings demonstrate the low
shrinkage VP of dense architected ceramics and metals, which
could pave the way towards their use in practical applications.

2. Results and Discussion

2.1. Increasing Metal Loading via Repeated
Infusion-Coprecipitation Cycles

The amount of metal-ions that can be loaded into a hydrogel is
limited by its equilibrium adsorption capacity. Since this limit is
specific to metal-ions, a facile strategy to increase overall metal
loading is to incorporate non-ion-based metal precursors as well.
Inspired by prior work on biomineralized hydrogels,[*? we hy-
pothesized that we could achieve this by periodically precipitat-
ing the infused metal-ions in situ into metal-containing particles.
Since the precipitation process depletes the hydrogel of metal-
ions, the infusion-precipitation cycles can be repeated to pro-
gressively increase the overall metal content in the hydrogel!6%6!]
(Figure 1a). Our approach thus decouples metal loading from hy-
drogel ion-adsorption capacity since ionic and non-ionic metal
precursors are now used. Importantly, since the metal-containing
particles are only formed in situ post-fabrication, our infusion-
precipitation process retains all the hallmarks of metal-salt solu-
tion approaches: i) scatter-free fabrication, ii) compositional ver-
satility, iii) the ability for a single “blank” polymer to be trans-
formed into a multitude of other materials (Figure 1b). The high
metal-content hydrogel composites are then thermally converted
into ceramics or metals with significantly reduced shrinkages
(Figure 1a). To demonstrate the compositional versatility of our
approach, we fabricated 3D gyroid structures of iron oxide, stron-
tium hexaferrite, iron, copper, and silver (Figure 1b).

The “blank” hydrogel resin was first prepared by mixing
poly(ethylene glycol) diacrylate (PEGda, M,, = 700 g mol™), wa-
ter, lithium phenyl-2,4,6-trimethylbenzoylphosphinate, and tar-
trazine together (Table S1, Supporting Information). The hydro-
gel resin was then used with a digital light processing (DLP)
printer to fabricate gyroid lattices with wall thicknesses of 150 um
(Figure S1, Supporting Information). Post-fabrication, the gyroid
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Figure 1. a) Schematic of the hydrogel infusion and precipitation process for the VP of ceramics and metals. b) Optical images of metal oxides and

metals fabricated via our infusion-precipitation based VP process.

lattices were developed in water overnight to remove any un-
reacted resin and swell it to its equilibrium size. The general
infusion-precipitation process is then as follows: the “blank” gy-
roids are immersed in a metal salt solution to infuse them with
metal ions. However, instead of directly thermally converting the
ion-infused hydrogels into metal oxides, we form an interme-
diate hydrogel composite by using a precipitating agent to in-
duce the in situ formation of metal-containing nanoparticles. The
infusion-precipitation cycle is then repeated multiple times to in-
crease the mass of metal-containing nanoparticles in the hydro-
gel composite. Once the desired mass fraction of nanoparticles
in the composite is reached, they are thermally treated in the
appropriate atmospheres to obtain either metal oxide or metal
structures.

2.2. In Situ Synthesis of Nanoparticles

As the goal of our approach is to maximize metal loading in the
hydrogel templates, we sought to understand how to efficiently
increase the mass of nanoparticles precipitated within the hydro-
gels. For ease of discussion, we will use the ammonia-induced in
situ coprecipitation of iron oxide nanoparticles!®! as an example
to illustrate the key factors that impact mass loading. As expected,
we found that increasing the concentration of iron-ions in the in-
fusion solution led to an almost proportional increase in the mass
of the hydrogel after infusion (Figure S2a, Supporting Informa-
tion). Based on these results, the 1.5 m FeCl, and 2.7 m FeCl, so-
lution was used for infusion since it resulted in the largest mass
increase after (~80%). Increasing the concentration beyond this
was not possible due to solubility issues.

We next determined the impact of temperature on the infu-
sion process (Figure S2b, Supporting Information). Unsurpris-
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ingly, increasing the infusion temperature decreased the time
needed to reach the equilibrium adsorption capacity—at 80 °C,
equilibrium was reached after 30 min, whereas it took 60 min
at 65 °C. However, as metal ions can form acidic solutions, and
the rate of acid-catalyzed hydrolysis of acrylic esters is strongly
dependent on temperature, we posited that repeated infusion at
80 °C would result in significant degradation to the hydrogel ma-
trix. Indeed, we observed a slight decrease in the mass change
after 180 minutes at 80 °C, which suggested that some hydrogel
degradation had occurred. As such, to balance infusion efficiency
with hydrogel stability, ion-infusion was conducted at 65 °C for
60 min.

The iron-ion infused hydrogels were then immersed in a 30%
ammonium hydroxide solution to initiate the in situ coprecipi-
tation of iron oxide. To obtain some insight into the in situ co-
precipitation process, we examined cross-sections of infused hy-
drogel pillars (350 pm diameter) at varying exposure times to
ammonium hydroxide at room temperature (Figure 2a). Consis-
tent with the diffusion of ammonium hydroxide from solution
into the hydrogel, we observed the formation of a black ring that
rapidly advanced inward from the surface of the pillar towards
its core over time. The entire cross-section of the pillar turned
black after 60 seconds, with no further visual changes beyond
that, which suggests that the coprecipitation reaction was com-
plete by that time (Figure 2b). Considering that the 3D gyroids
had a wall thickness (150 um) smaller than that of the pillars, we
expect the coprecipitation reaction to be complete within 60 sec-
onds. After coprecipitation, the dried masses of the gyroid hydro-
gel composites were approximately 25% higher than that of their
initial “blank” dried masses. To ensure that the iron-containing
particles were incorporated within the hydrogels and not just de-
posited on their surfaces, we measured the masses of the hydro-
gel composites before and after 30 s of ultrasonication in water.
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Figure 2. a) Cross-sections of iron-infused hydrogel pillars after different exposure times to ammonium hydroxide. b) Extent of in situ coprecipitation
as a function of ammonium hydroxide exposure time. Linear coverage is measured by the length of the growth front as compared to the radius of the
pillar. c) Mass increase of the hydrogel as a function of the number of infusion-coprecipitation cycles. d) Optical image of the dried “blank” hydrogel
and IONP composites. The size of the composites increased with the number of in situ growth cycles.

No significant mass changes were observed, which indicated that
the precipitates were bound within the hydrogel.
Post-coprecipitation, the hydrogel composites were completely
depleted of iron ions, which allowed us to repeat the infusion-
coprecipitation process described above. We found that the mass
of the hydrogel composite could be increased significantly, with
an almost linear relationship between the mass change and the
number of infusion-coprecipitation cycles (Figure 2c). After 10
infusion-coprecipitation cycles, the mass of the dried hydrogel
composite was 4 times that of the dried initial “blank hydrogel,”
i.e., our composites contained up to 80 wt% of iron-containing
particles. Assuming that the mass change was solely attributed
to the in situ generation of Fe,;O, particles, this meant that our
hydrogels contained an equivalent iron-ion loading of 58 wt%,
which is significantly higher than the state of the art (Discus-
sion S1, Supporting Information). It is important to emphasize
that the VP of composites with such high mass fractions of light-
absorbing particles is challenging, even with established slurry
printing methods.[? For example, the fabrication of iron-based
composites, as we have shown here, is difficult since iron and
iron oxide particles strongly absorb light,!%] agglomerate due to
their magnetic properties,[® and can cause detrimental auto-
catalysis of the polymerization reaction.] To date, the highest
reported 3D printable iron-slurry is approximately 30 wt%.[®%]
Our ability to fabricate composites with significantly higher load-
ings highlights the utility of our in situ precipitation strategy. The
increase in mass of the composite was also accompanied by an
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increase in volume of the composite (Figure 2d), with an almost
linear relationship between the number of growth cycles and the
linear expansion of the structure (Figure S3, Supporting Informa-
tion). This was expected as the polymer network had to expand to
accommodate the growth of the particles within the free volume
of the polymer. We observed that 10 cycles of iron oxide growth
was the limit with our gyroid structures—beyond that, the hydro-
gel composites were fragile, difficult to remove from the ammo-
nium hydroxide solution, and often exhibited significant cracking
upon drying (vide infra).

Energy-dispersive X-ray spectroscopy (EDS) line scans taken
from cross-sections of the composite structures showed that iron
was detected across the entire cross-section (Figure S4, Sup-
porting Information), which corroborated the optical images in
Figure 2a. However, the size of the particles, as determined
via scanning electron microscopy (SEM), was observed to differ
across the cross-section of the structure. The 10-cycle iron oxide
composites had particle diameters of 22 + 6 and 27 + 8 nm at the
core and surface of the structure respectively. Despite the size
differences, the density of particles across the cross-sections ap-
peared to be qualitatively similar (Figure S5, Supporting Infor-
mation). We posit that the smaller particle sizes at the center of
the composite is likely due to a lower concentration of iron-ions
present during coprecipitation. As shown in Figure 2a, the cen-
ter of the pillar was the last region to undergo the coprecipitation
reaction. This delay allowed the iron ions initially present in the
core to diffuse outward toward the surface, effectively reducing
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their concentration in the center during the coprecipitation reac-
tion. The size and spatial distribution of the iron-containing parti-
cles in the 7-cycle composites are shown in Figure S5 (Supporting
Information). The size of the particles in the 4-cycles and 1-cycle
composites could not be accurately determined due to their small
sizes (<20 nm), the large volume fraction of insulating polymer,
and the general difficulty of imaging magnetic particles with elec-
tron microscopy.!°!

Although we only discussed the infusion and in situ copre-
cipitation of iron oxide, the factors that impact their growth are
expected to be similar for other in situ nanoparticle syntheses,
namely: concentration of metal-ion solution, infusion time and
temperature, concentration of precipitating reagent, and precip-
itation time and temperature. It is important to note that opti-
mizing the infusion conditions to maximize the mass of parti-
cle growth per cycle is not always necessary as, even with sub-
optimal growth, the infusion-precipitation process can just be re-
peated until the desired particle weight fraction in the composite
is achieved.

As alluded to earlier, hydrogel composites with different
nanoparticle compositions can be made by changing the reagents
used during the infusion-precipitation process. To demonstrate
this compositional versatility, we fabricated copper and silver hy-
drogel composites via the direct reduction of their respective
metal-ion infused hydrogels using sodium borohydride (Figure
S6, Supporting Information). Similar to the in situ precipitation
of iron oxide, we observed that metal formation (Cu or Ag) was
initiated at the surface and advanced towards the core of the mate-
rial, reaching completion within 60 seconds (Figure S7, Support-
ing Information). At the infusion and precipitation conditions
employed (See Experimental section), the maximum number of
growth cycles that could be sustained for the Cu and Ag gyroid
composites were 7 and 5 respectively, which resulted in metal
particle loadings of ~68 wt% and ~79 wt% respectively (Figures
S8 and S9, Supporting Information). Such high loadings of met-
als could be achieved with a lower number of growth cycles be-
cause higher concentrations of metal salt solutions could be used
during infusion. Similar to the iron oxide system, increasing the
number of growth cycles further resulted in cracking and com-
posite failure. We hypothesize that the reduced number of growth
cycles achievable with the sodium borohydride systems were pri-
marily due to the generation of H, gas during the metal-ion re-
duction process; for reference, no gases were generated during
the ammonia-induced precipitation of iron oxide. As more metal
particles grew within the free volume of the hydrogel, the gener-
ated H, gases likely encountered a more tortuous path to reach
the surface and escape. Thus, at a sufficiently high wt% of par-
ticles, gas buildup created internal pressure, which then lead to
crack formation. However, despite the reduced number of growth
cycles, the metal loadings of the Cu and Ag composites were ac-
tually higher than that of the iron oxide composites since metal
particles were formed directly during the reduction process, in-
stead of metal oxides that have a lower wt% of metal. Taken to-
gether, these results demonstrate that our infusion—precipitation
approach can be generalized to multiple nanoparticle systems,
enabling the fabrication of diverse hydrogel composites. Impor-
tantly, we show that high metal loadings can be achieved in all
our systems, which is critical for subsequent ceramic or metal
conversion.
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2.3. Thermal Conversion of the Polymer Composites into Metals

The hydrogel composites can then be thermally treated to con-
vert them into 3D ceramic or metal structures. To further in-
crease metal loading, an additional infusion step prior to thermal
treatment can be conducted. However, we observed that the effec-
tiveness of this step depended strongly on the type of metal salt
used. Infusion of metal nitrates solutions always led to extensive
cracking after thermal treatment, likely due to the strong oxidiz-
ing nature of nitrates, which facilitates rapid gas evolution!®’] (see
Discussion S2, Supporting Information for more details). Impor-
tantly, we observed that the drying process prior to thermal treat-
ment played a critical role in the structural integrity of the com-
posite, and by extension, the quality of the resulting ceramic or
metal structure. For example, although the hydrated infused 10-
cycle iron oxide hydrogel composites had no observable internal
cracks (Figure S10a, Supporting Information), rapid drying of the
composite resulted in the formation of cracks both within and on
the surface of the structure (Figure S10b, Supporting Informa-
tion), which remained in the iron oxide structure after calcination
(Figure S11, Supporting Information). Slow drying significantly
reduced defect formation, with the best results observed when
slow drying at room temperature in the presence of hygroscopic
silica gel (Figure S10c, Supporting Information). It is important
to note that due to the small feature sizes of the structures, the
stress on the network induced by the in situ growth of particles,
and the loss of polymer ductility due to the increasing amount of
fillers, the composites have to be handled carefully.

We then utilized a two-step thermal treatment process—i) de-
binding in nitrogen, ii) sintering in air—to remove the polymer
template and sinter the precipitated particles together. The two-
step process was chosen as it was previously shown to be effec-
tive in mitigating crack formation during thermal treatment.[68]
To optimize the debinding and sintering process, we conducted
thermogravimetric analysis (TGA) measurements on the dried
composites to identify the key reaction stages in both steps of
the process (Figures S12-S14, Supporting Information). The de-
binding and sintering parameters for the composites were then
set according to the TGA data (Figures S12-S14, Supporting
Information). X-ray diffraction (XRD) patterns obtained from
the structures post-calcination revealed that the iron oxide and
copper composites were converted to Fe,O; and CuO respec-
tively (Figure S15, Supporting Information). The silver compos-
ites were directly converted to Ag since AgO / Ag, O thermally de-
composes to Ag above 400 °C!7"! (Figure 3a,b) Importantly, the to-
tal overall mass loss from the debinding and sintering of the iron
oxide, copper, and silver composites were 34%, 15%, and 21% re-
spectively (Figures S12-S14, Supporting Information), which is
significantly lower than what can be typically achieved with state
of the art metal-salt solution approaches. For comparison, CuO
and Ag structures fabricated by Ma et al.[*® and Saccone et al.l>]
respectively experienced a mass loss of approximately 75% and
65% respectively. Fe, O, structures prepared from direct calcina-
tion of iron-ion infused hydrogels, i.e., using the conventional
HIAM approach,®® underwent a mass loss of approximately
84% (Figures S16 and S17, Supporting Information). These im-
provements in retained mass led to significant reductions in part
shrinkages—the Fe,0,, CuO, and Ag gyroid structures were ap-
proximately 20%, 31%, and 37%, respectively, smaller than the
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Figure 3. a,d,g) Optical images, b,e,h) XRD patterns, and c,f,i) EDS elemental maps of a—c) silver, d—f) iron, and g—i) copper gyroids.

original as-printed “blanks” (Figure S18, Supporting Informa-
tion). Shrinkage was evaluated relative to the as-printed, unde-
veloped structures since that best reflects the shrinkage of the
process — from printed hydrogel to final material.

The Fe,0; and CuO gyroid structures were then thermally
treated in forming gas (95% N,, 5% H,,) to reduce them to Fe
and Cu respectively (Figure 3e,h). The reduced metal structures
(Fe, Cu, and Ag) all appeared shiny and maintained their over-
all gyroid architecture (Figure 3a,d,g). Taken together, the overall
shrinkages from the as-printed “blank” hydrogels to the Fe and
Cu structures were approximately 38% and 46% respectively. To
accurately evaluate the success of our shrinkage reduction strat-
egy, it is necessary to take into consideration the density of our
material as well, since a structure that undergoes minimal di-
mensional shrinkage but remains highly porous (e.g., a shell) will
have little mechanical integrity. One approach to estimating den-
sity is to compare the experimentally observed linear shrinkage
with the theoretical linear shrinkage that would occur based on
the mass changes observed and assuming full conversion of the
metal oxide to metal (Discussion S3, Supporting Information).
From the TGA data in Figures S12-S14 (Supporting Informa-
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tion), the theoretical densities of the Fe, Cu, and Ag structures
were determined to be 88%, 84%, and 84% respectively. To cor-
roborate these density calculations, the microstructures of the Fe,
Cu, and Ag structures were measured using X-ray microcom-
puted tomography (uCT), and their reconstructed volumes used
to experimentally determine their densities.l’!] The experimental
densities of the Fe, Cu, and Ag structures were 91%, 88%, and
76% respectively, which were similar to that determined from
the theoretical calculations. The comparatively lower experimen-
tal densities of the Ag structures were likely due to the strong X-
ray attenuation properties of Ag itself, which made uCT imaging
inaccurate (see Discussion S4, Supporting Information). Consis-
tent with the density calculations, the Fe microstructures did not
contain any large pores or cracks (Figure S19, Supporting Infor-
mation). Micropores could be observed in the uCT scans, but we
were unable to accurately measure their sizes due to the insuffi-
cient resolution of our scans. However, some microporosity was
expected given the theoretical density of 88.0%. The uCT scans of
the Cu gyroids revealed a larger degree of porosity and cracking
(Figure S20, Supporting Information), which is consistent with
the lower calculated theoretical densities. The low shrinkages and
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comparatively high densities (Table S2 and Discussion S5, Sup-
porting Information) of our metal structures is testimony to the
effectiveness of our infusion-precipitation strategy for the VP of
metal.

The dimensional fidelities of the fabricated metal parts were
evaluated by comparing their reconstructed pCT scans with
scaled down versions of their CAD models (Figure S1, Support-
ing Information). Using CloudCompare (an open-source soft-
ware), the uCT reconstructions were aligned to the CAD models
using six correlated points, and the difference between them de-
termined. As shown in Figure S21 (Supporting Information), the
mismatch distances for the iron, copper, and silver gyroids were
9 + 42 um, -3 + 48 um, and 18 + 56 um, respectively. To high-
light the improved fidelity afforded by our infusion-precipitation
technology, we examined Fe gyroids fabricated using the HIAM
method and found substantially larger mismatch distances of
43 + 54 um. These results confirm that the reduced shrinkage
associated with our infusion-precipitation process also reduced
warpage. Further analysis of the mismatch distance heat maps re-
vealed that the largest mismatch distances were mostly observed
at the edges of the structures. To quantify this edge effect, we ex-
cluded the outer 12.5% of the structure (by linear length) from
all directions and recalculated their mean mismatch distances.
Without the edge contributions, the mismatch distances for the
inner core regions of iron, copper, and silver gyroids were re-
duced to 2 + 37, 1 + 38, and 2 + 38 um, respectively. The mis-
match distances for the HIAM Fe gyroids even without edge con-
tributions were still higher at 33 + 41 um (Figure S21f, Support-
ing Information). Taken together, these findings demonstrate
that our infusion-precipitation process yields structures with im-
proved dimensional fidelities across the bulk of the structure,
with the largest mismatches confined to their periphery.

EDS elemental maps of the metal structures confirmed a uni-
form distribution of the main metal throughout the structure
(Figure 3c,fi and Figure S22, Supporting Information). A trace
amount of oxygen was detected, likely due to oxidation of the sur-
face to metal oxide. High levels of carbon (~15-28 at% depend-
ing on the metal) were detected and were likely from combus-
tion residue and/or contamination. These could potentially be re-
duced in future by pre-treating the debinded structures in oxygen
plasma prior to sintering and reduction.!”?! Nevertheless, the EDS
and XRD data combined (Figure 3) suggested that our thermal
treatments were successful in completely converting the compos-
ites to metals. SEM imaging of the metal gyroids revealed smooth
surfaces with wall thicknesses of approximately 77-90 um, de-
pending on the composition. As compared to the wall thickness
of the original “blank” hydrogel (150 um), the wall thicknesses
of the metal structures were consistent with the overall linear
shrinkages of the structures. Additional SEM images and aver-
age grain sizes of the metals can be found in Figure S23 (Support-
ing Information). Some macroscopic cracks were observed on the
surface of the structures—these cracks occurred either from the
thermal conversion process and/or from handling of the materi-
als. A challenge with any ceramic/metal VP process is that dam-
age accumulates over the entire process, which then manifests
itself as cracks or other macroscale structural damage in the final
structure. As mentioned earlier, we observed that our composites
were the most susceptible to damage. Sufficiently large scratches
on the composite often led to the formation of cracks during the
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thermal conversion processes. However, with proper handling,
we were able to achieve an average yield of #90% from printed
hydrogels to final metal parts. The design of more mechanically
robust and/or self-healing hydrogels would help reduce handling
sensitivity and improve the yield, but it is a subject of future work.

It is important to note that our infusion-precipitation process
allows us to achieve larger wall thicknesses in our metal struc-
tures while still maintaining high material densities. In most
studies that utilize the metal-salt approach for ceramic/metal
fabrication, attention has always been drawn to their ability to
achieve small feature sizes by exploiting shrinkage, i.e., shrink-
age is portrayed as an advantage. However, shrinkage is a double-
edged sword in that it also imposes limitations on the maximum
achievable feature sizes. This drawback is hardly discussed even
though it fundamentally limits the types of parts that can be made
and, thus, the practical applications of the technology. Although
the wall thickness of the metal structures can be increased by
starting with proportionally larger polymer templates to compen-
sate for the anticipated shrinkage, this strategy has its limits. Be-
yond a certain critical polymer thickness, shrinkage cannot be
controlled well as the gases evolved during the debinding pro-
cess are unable to effectively escape from the structure due to the
large diffusion distances. This results in the formation of highly
porous, or even shell-like, ceramics/metals with poor mechan-
ical properties. Since shrinkage and density are often coupled,
the reduced material density often manifests itself as a reduc-
tion in shrinkage, which can be misleading if shrinkage alone is
used as a metric of success. Since the thermal conversion shrink-
ages are lower with our infusion-precipitation-based method,
higher metal wall thicknesses can now be achieved for the same
critical polymer thickness. We expect this ability to fabricate
dense components with larger wall thicknesses will expand the
range of practical parts that can be produced using metal-salt VP
technology.

2.4. Mechanically Robust Parts

To highlight the marked improvement of our infusion-
precipitation-based process over the state of the art, we compared
our Fe,0O; and Fe gyroids against their counterparts fabricated
using the HIAM process.®®! Given the large mass losses with
the HIAM of Fe,0; (Figure S16, Supporting Information), we
found that we had to increase the size of the “blank” hydrogel
structure by 20% to obtain Fe,O; structures that were compara-
ble in size to ones made with our infusion-precipitation process
(Figure 4a,b). At these template sizes, the “blank”-to-ceramic
linear shrinkage for the HIAM process was approximately 43%
(Figure 4a). uCT scans and SEM images of the HIAM Fe,O,
structures revealed significant internal cracking and porosity
(Figure S24, Supporting Information), which is consistent with
the calculated theoretical density of 22% (Discussion S6, Sup-
porting Information). The low densities likely arose due to the
larger templates needed to achieve the same wall thicknesses as
the structures made via the infusion-precipitation method (vide
supra).

The Fe,0O, structures were then compressed to determine
their mechanical properties (Figure 4c and Figure S25, Support-
ing Information). As expected, the porous and heavily cracked
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Figure 4. Comparison of density and shrinkage between Fe,O; and Fe gyroids made using a) HIAM and b) our infusion-precipitation approach. Repre-
sentative engineering stress-strain curves of the c) Fe, 05, and d) Fe gyroid lattices under compression.

HIAM-made structures were only able to sustain a maximum
engineering stress of ~#0.1 MPa. In contrast the denser struc-
tures fabricated with our infusion-precipitation method could
withstand significantly higher engineering stresses of approxi-
mately 2 MPa. Although the Fe,O, structures were similar in
size and shape, they were noticeably different after reduction
in forming gas. The HIAM Fe,O; structures shrank by 40%
during the reduction process, for a total “blank”-to-metal lin-
ear shrinkage of 66% (Figure 4a). For comparison, the “blank”-
to-metal linear shrinkage for the infusion-precipitation process
was 38%. The calculated theoretical and experimental density
of the HIAM Fe structures were ~49% and ~50% respectively
(Discussions S4 and S6, Supporting Information). uCT scans of
Fe structures made via the infusion-precipitation method con-
firmed that they were significantly denser than their HIAM coun-
terparts (Figure 4a,b). As expected, the Fe gyroids fabricated us-
ing our approach exhibited markedly improved mechanical per-
formance, with compressive strengths reaching ~5 MPa com-
pared to only ~0.2 MPa for the HIAM-derived structures, i.e., a
~25-fold increase (Figure 4d, Figure S25, Supporting Informa-
tion). Nanoindentation experiments performed on the struts of
the infusion-precipitation Fe gyroid structures revealed the hard-
ness and stiffness to be ~#178 Hv and 81 GPa respectively. The
HIAM-prepared Fe structures were too porous to be indented
meaningfully (Figure S26, Supporting Information). This sub-
stantial enhancement in strength, clearly underscores the utility
and advantage of our technology in enabling the fabrication of
mechanically robust parts. Additional mechanical characteriza-
tion and discussion of the metal structures fabricated using the
infusion-precipitation approach can be found in Discussion S7
(Supporting Information).

2.5. Demonstrating Scalability and Application Versatility

Most metal-salt-based metal printing approaches struggle with
scalability since their large polymer-to-metal shrinkages requires
the use of impractically large polymer templates. In addition,
the significant shrinkages of these large templates are frequently
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accompanied by significant warping, which limit the utility of
the final metal parts. To highlight the improved scalability of our
infusion-precipitation approach, we fabricated centimeter-scale
Fe gyroid lattices ~ 1.3 X 1.0 cm in size, with beam sizes ~ 90 um
(Figure 5a). As seen from Figure S27 (Supporting Information),
the size of the polymer template needed for our process is signifi-
cantly reduced compared to the state of the art (260% shrinkage).
Importantly, the lattices remained nearly flat after thermal con-
version, demonstrating the ability of our method to produce large
metal architectures with excellent part fidelities.

The reduced warping achieved with our process broadens
the range of parts that can be fabricated. While warping can
sometimes be tolerated in lattice structures, it becomes highly
detrimental in planar or tubular structures. To illustrate this,
Fe gears (planar) and stents (tubular) fabricated with our
infusion-precipitation process retained their intended geome-
tries (Figure 5b,c), whereas those produced with the original
HIAM method exhibited severe deformation (Figure S28, Sup-
porting Information). These stents and gears are representative
of critical components used in biomedical and mechanical de-
vices, underscoring the immediate potential of our technology
for manufacturing non-lattice-based industrial-relevant parts.

It is important to emphasize that the infusion-precipitation
process developed in this study is complementary to established
metal fabrication methods such as selective laser sintering (SLS).
SLS can easily achieve centimeter-to-meter scale metal parts with
>1 mm wall thicknesses, which our technology is unable to
achieve at the moment. However, achieving metal structures
with wall thicknesses below 300 um is generally difficult to
achieve with SLS, with only a few advanced systems reaching
~100 um.[”3] This challenge is further amplified for highly reflec-
tive metals such as copper!’* and silver,[”>! which absorb laser en-
ergy less efficiently; an issue that our fabrication process avoids
entirely. Although the silver and copper structures in Figure 3
already exhibited <100 pm wall thicknesses, we fabricated addi-
tional silver gyroids with ~30 um wall thicknesses (Figure 5d)—
which is beyond the practical limits of SLS today—to further
highlight the capabilities of our technology. The mean mismatch
distance of this smaller silver gyroid structure from the scaled
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Figure 5. Optical images of centimeter-scale Fe. a) gyroid lattice and b) stent, and c) millimeter-scale Fe gears fabricated using our infusion-precipitation
approach. d) Optical image of millimeter-scale Ag gyroid. e) Optical image of the SrFe;,0,4 gyroid structures. f) Iron oxide powder was used to visualize

the magnetic field around the SrFe;,O,q structure.

CAD file was 33 + 37 um. The differences in mismatch distance
between the silver gyroids in Figures 5d and 3a were likely due to
the sizes of the polymer template used (see Discussion S8, Sup-
porting Information). Finally, SLS technology is currently com-
patible with a broader range of metals compared to metal-salt
processes, as itis not limited to metals that can be readily reduced
by forming gas. However, this versatility comes at a significantly
higher cost due to the requirement for expensive lasers, atmo-
sphere control, and powder handling systems. In contrast, our
infusion—precipitation approach enables the fabrication of met-
als using only standard VP systems, metal salts, and a tube fur-
nace, offering a more cost-effective and accessible alternative to
metal fabrication.

Beyond structural metal parts, our technology can also be ap-
plied to fabricate functional ceramics. To demonstrate this, we
fabricated 3D gyroid structures out of hard-magnetic strontium
hexaferrite (Figure 5e; Figures S29 and S30, Supporting Informa-
tion). This was achieved by simply infusing the iron oxide com-
posite structure with a solution of strontium salt prior to ther-
mal treatment, enabling the formation of SrFe;,0,, through an
in situ reaction and conversion. This highlights the modularity
of our process, where different functional compositions can be
accessed by tuning only the final infusion step. Vibrating sam-
ple magnetometry (VSM) showed that the SrFe;,0,, structures
exhibited hard magnetic behavior and a magnetization of ~60
emu/g at 15 kOe (Figure S30, Supporting Information), which
is consistent with the magnetic properties of bulk SrFe;,0,y. A
simple iron oxide fillings test was used to visually demonstrate

Adv. Mater. 2025, €04951 e04951 (9 of 13)

the hard magnetic behavior of our 3D structure (Figure 5f). Con-
sidering the critical role of hard magnets in multiple areas of sci-
ence and engineering, and the growing interest in non-rare-earth
sustainable magnets, our ability to fabricate architected hard-
magnetic ceramics via our infusion-precipitation route opens
new opportunities for integrating magnetic functionality into
complex 3D architectures.

Finally, to benchmark our technology against the state of
the art, we compared our reported shrinkage and theoreti-
cal density values against other relevant works in this area
(Figure 6 and Table S2 and Discussion S5, Supporting In-
formation). The selected works cover a variety of methods
that utilize metal-salts as a source of metal precursors, in-
cluding infusion-based processes,[**2>*3¢] general metal-salt-
containing resins, 3424748571 and sol-gel processes.[*1*¢] The
data in Figure 6 demonstrates that the process developed in this
work is capable of producing architected ceramic and metal struc-
tures that have shrinkages and densities that significantly surpass
the state of the art.

3. Conclusion

In summary, we developed a facile and versatile method for
the VP of high-density ceramics and metals with low conver-
sion shrinkages. Central to our approach is the post-fabrication
chemical conversion of our “blank” hydrogels into hydro-
gel composites with high metal loadings. We achieve this
via a repeated infusion-precipitation process that progressively
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Figure 6. Comparison of linear shrinkages and theoretical densities for
this work and other relevant metal-salt solution VP works. Our infusion-
precipitation-based strategy enables the fabrication of ceramics and met-
als with higher densities and lower shrinkages than the state of the art. See
Table S2 and Discussion S5 (Supporting Information) for the calculation
of the theoretical shrinkages.

synthesizes metal-containing particles in situ within the hydro-
gels. The hydrogel composites are then thermally converted into
ceramics or metals. With our infusion-precipitation method, we
retain all the advantages of the metal salt solution method while
decoupling hydrogel metal loading from its ion equilibrium ad-
sorption capacity. We fabricated hydrogel templates with equiv-
alent metal-ion loadings > 50 wt% and used them to make Fe,
Cu, and Ag structures with linear shrinkages of 38%, 46%, and
37% respectively, and theoretical densities of 88%, 84%, and 84%
respectively. Importantly, parts made using our technology are
significantly more robust and scalable than the state of the art,
which broadens the range of potential real-world applications.
Although this study only demonstrated the fabrication of Fe,
Cu, Ag, Fe,0,, and SrFe;,0,,, we expect the technology to be
amendable to a wider variety of ceramics and metals since we
can readily leverage the extensive library of nanoparticle syn-
thesis methods developed by the inorganic chemistry commu-
nity. We expect our technology to be compatible with other AM
technologies that utilizes gels, and will be particularly benefi-
cial for technologies that cannot tolerate particle-induced light-
scattering, such as with volumetric additive manufacturing!’®
and two-photon lithography (TPL). For example, in TPL, the re-
quirement for optically transparent resins significantly limits the
incorporation of metal particles, which in turn restricts metal
loading and leads to substantial shrinkage during thermal con-
version. Our infusion—precipitation strategy overcomes this lim-
itation, potentially enabling the low shrinkage TPL of dense metal
structures with sub-micron features, which is highly challenging
to achieve today. While not the focus of this study, our infusion-
precipitation approach could also unlock the TPL of composites
with high filler weight fractions, which is impossible to achieve
today. Moving forward, we expect that automation of the repet-
itive infusion and precipitation process will reduce the labor
associated with the current manual process and also mitigate
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some of the challenges with hydrogel handling. The improved
part robustness, scalability, and feature sizes possible with our
technology will likely open up new avenues for scientific explo-
ration that were previously impossible or highly challenging. For
example, the ability to fabricate larger, high-fidelity architected
structures is essential for studying fluid flow and mass transport
in porous media, investigating mechanical behavior in compos-
ites with architected fillers, validating scaling laws in mechani-
cal metamaterials, and developing functional devices such as ar-
chitected carbon capture or catalytic systems. More importantly,
this ability to fabricate high-quality functional and structural ar-
chitected materials could enable future studies into architecture-
property relationships and the development of novel 3D devices,
i.e., this work lays the foundation for a fabrication platform that
can be translated to applications well beyond the scope of this
study.

4. Experimental Section

Materials:  Tartrazine (>85%, Sigma-Aldrich), iron (Ill) chloride hex-
ahydrate (FeCl; @ 6H,0, 97%, Sigma-Aldrich), iron (Il) chloride tetrahy-
drate (FeCl, o 4H,0, 98%, Sigma-Aldrich), copper (ll) nitrate trihy-
drate (Cu(NO;), e 3 H,0, 98.0-103% (RT), Sigma-Aldrich), silver nitrate
(AgNO3, cryst. extra pure, Sigma-Aldrich), sodium borohydride (NaBH,,
> 98%, Sigma-Aldrich), strontium chloride hexahydrate (SrCl, o 6H,0,
99%, Sigma-Aldrich), ammonium hydroxide solution (28.0-30.0% for
analysis EMSURE ACS, Reag. Ph Eur, Sigma-Aldrich), poly(ethylene gly-
col) diacrylate M, = 700 g mol~! (PEGda 700, Sigma-Aldrich), lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (>95%, Sigma-Aldrich),
and iron (ll, 1ll) oxide powder (Fe;O,, powder, < 5 um, 98%, Sigma-
Aldrich) were used as received without further purification. The iron (Il
111) oxide powder was used for the SrFe;,0,9 demonstration in Figure 5f.

Methods: “Blank” Hydrogel Resin Formulation: To prepare the “blank”
hydrogel photoresin, 20 mg of LAP and 15 mg of tartrazine were first dis-
solved in deionized water to give a solution of volume 5 mL. 5 mL of PEGda
700 was then added and mixed until a homogenous transparent solution
was formed.

Additive Manufacturing via DLP Printing: ~ Additive manufacturing was
performed using a commercial multi-wavelength DLP printer (MONO3-
MZ4, MonoPrinter). The design of the gyroid lattice structures printed in
this study is shown in Figure S1 (Supporting Information). The exposure
time was set at 30 s for the base layers and 16 s for the rest.

Development of Printed Structures: ~ After fabrication, the hydrogel lat-
tices were yellow in color due to the presence of tartrazine. The as-printed
structures were soaked in deionized water for 15 mins at room temper-
ature to remove any unreacted photoresin components in and around
the structure. The deionized water was then decanted, and the hydrogels
soaked again in fresh deionized water for 1 h at room temperature. At this
point, most of the tartrazine in the hydrogels were removed, and the struc-
tures appeared colorless. The hydrogels were then soaked again in deion-
ized water overnight, before being removed and stored in fresh deionized
water at room temperature.

Preparation of Metal Salt Solution: The iron salt infusion solutions
were prepared by dissolving FeCl; - 6H,0 and FeCl, - 4H,0 in a 1.8:1 mol
ratio in deionized water. To prepare the 1.5 M Fe?* and 2.7 m Fe3* infu-
sion solution used for Fe, O3 and Fe structure fabrication, 7.298 g of FeCl;
- 6H,0 and 2.982 g of FeCl, - 4H,0 were dissolved in deionized water
and the solution made to 10 mL. The copper salt infusion solutions were
prepared by dissolving Cu(NO3), - 3H,0 in deionized water. To prepare
the 5 M copper infusion solution used for CuO and Cu fabrication, 12.08 g
of Cu(NO3), - 3H,0 was dissolved in deionized water and the solution
was made to 10 mL. The silver salt infusion solutions were prepared by
dissolving AgNO; in deionized water. To prepare the 10 m solution used
for Ag fabrication, 8.5 g of AgNO; was dissolved in deionized water and
the solution was made to 5 mL.

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

95U8917 SUOWIWOD SAIIRID) 3|qeal|dde au Ag peussnob afe sojie O ‘oSN Jo o o) ARIg1T 8UIUQ 8|1 UO (SUONIPUOO-PUR-SWLB)/W0Y A8 |IM Al 1pul|uo//sdny) SUORIpUOD pue swie | 841 89S *[5z0z/0T/.z] Uo Areiqiauliuo A8|1M ‘TS6Y0S20Z eWpe/Z00T 0T/I0p/W0d As | 1m ATelq 1 jpuljuo"peaueApe//:sdiy Wolj pepeojumod ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Sample Handling: Hydrogel structures were placed in a cage, and the
cage moved between the infusion and precipitation solutions. This mini-
mized direct handling of the hydrogels. The hydrogel composites were only
removed from the cage prior to the drying process. A plastic spatula was
carefully used to avoid applying excessive pressure onto the composites.

Metal-lon Infusion: The hydrogel or hydrogel composite structures
were placed in metal salt infusion solutions with the desired composition
and concentration of metal salts. The infusion solutions were heated to the
desired temperatures using a hot plate. The structures were left to soak in
the solution without any stirring. After infusing for the desired time, the
cages that contain the metal ion-infused hydrogels were removed from
the solution and dabbed dry with a paper towel to absorb any salt solution
trapped in the structures and on their surface. The infusion conditions for
all metal salt solutions were 65 °C for 60 min.

In Situ Coprecipitation of Iron Oxide: The ammonium hydroxide so-
lution was first poured into a glass vial at room temperature. The iron-
infused hydrogels were then placed into the ammonium hydroxide solu-
tion for some time. The orange-brown iron-infused hydrogels turned black
in a few seconds on contact with the ammonium hydroxide solution. After
reacting for the desired amount of time, the iron oxide composites were re-
moved from the ammonium hydroxide solution and washed 3 times with
deionized water. The structures were then ultrasonicated in water for 30 s
to remove any excess surface-bound iron oxide. Following that, the struc-
tures were soaked in fresh deionized water for 1 hour before further pro-
cessing. Throughout the entire process, the hydrogels and hydrogel com-
posites were kept hydrated to minimize dimensional changes. For the fab-
rication of iron oxide composites, the in situ coprecipitation conditions
were 5 min in the ammonia solution at room temperature.

In Situ Reduction of Ag: A 1 m sodium borohydride solution was first
prepared by dissolving the appropriate amount of sodium borohydride in
ice-cold deionized water. The sodium borohydride solutions were always
prepared fresh and used immediately. The silver-infused hydrogels were
then placed into 10 mL of the ice-cold 1 M sodium borohydride solution
for the desired amount of time. The yellow silver-infused hydrogels turned
silver within a few seconds of contact with the sodium borohydride so-
lution. After reacting for the desired amount of time, the Ag composites
were removed from the sodium borohydride solution and washed 3 times
with deionized water. The structures were then ultrasonicated in water for
30 s to remove any excess surface-bound Ag particles. Following that, the
structures were stored in fresh deionized water before further processing.
Throughout the entire process, the hydrogels or hydrogel composites were
kept hydrated to minimize dimensional changes. For the fabrication of Ag
composites, the in situ reduction time used was 5 min.

In Situ Reduction of Cu:  The protocol for the in situ reduction of Cu is
identical to that of the Ag except that the concentration of sodium boro-
hydride solution used was 0.25 m.

Strontium Ferrite Preparation: The strontium-ion solution was pre-
pared by dissolving 6 g of strontium chloride hexahydrate in deionized
water and the solution made to 10 mL solution. The 10-cycle iron ox-
ide composites were then immersed in the solution at 65 °C overnight.
The drying and thermal treatments of strontium-infused 10-cycle iron
oxide composites were the same as that of the iron-infused iron oxide
composites.

Mass Measurements: Samples were first dried at room temperature
overnight and then further dried on a hot plate at 65 °C for 1 h. The dried
samples were then placed in a weighing boat and weighed using an an-
alytical balance. The mass of at least 3 samples were measured for each
processing condition tested.

Drying Prior to Thermal Processing: Samples were dried at room tem-
perature overnight in the presence of silica gel.

Tracking of Particle Growth within 3D Printed Pillar:  Pillars 350 um in
diameter and 3 mm tall were printed between two 0.2 mm thick base
plates. The pillars were then immersed in the appropriate metal salt so-
lution at 65 °C for 1 h. The ion-infused pillars were then immersed in a
glass vial containing the precipitating solution for a period of time. Post-
precipitation, the pillars were removed from the glass vials and dabbed
dry with a paper towel. The pillars were laid flat on the paper towel and
sliced using a blade. The sliced pillars were then immediately stored in a
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glass vial filled with deionized water to prevent dehydration. The pillars
were then imaged with an optical microscope (Keyence VHX 6000) to de-
termine the extent of precipitation within the hydrogel.

Cross-Section Imaging of 3D Gyroid Composites:  The gyroid composites
were first dried at room temperature with silica-gel and then embedded in
PDMS overnight. The PDMS-embedded samples were then bisected and
then coated with gold prior to SEM imaging.

Material Characterization: The samples were imaged with optical mi-
croscopy (MRCL 700, Microqubic AG and Keyence VHX 6000) and scan-
ning electron microscopy (SEM) (GEMINI 2, Zeiss AG, 5 kV). The parti-
cle size distribution was calculated by using Image] StarDist on the SEM
images. Energy-dispersive X-ray spectroscopy (EDS) maps and line-scans
were obtained with a Zeiss Crossbeam 540 equipped with an Oxford Inst.
Ultim Max EDX detector. The applied voltage used during EDS was 15 kV.
Powder X-ray diffraction (XRD, D6 PHASER, Bruker) patterns were col-
lected at 40 kV and 15 mA using a Cu source with a LYNXEYE XE-T detector.
The ceramic powders were obtained by pulverizing the respective compos-
ites using a mortar and pestle. The metal films were obtained by manual
flattening using wooden boards. The microstructures of the printed struc-
tures except for silver were characterized by X-ray computed tomography
(EasyTom L, RX Solutions) at 80 kV and 80 uA. The pCT scans of the silver
structures were obtained at 100 kV and 70 pA. A copper filter was placed
in front of the X-ray tube to absorb low energy X-ray. The sliced uCT scan
images and reconstructed 3D clouds were exported from xact64 (software,
RX Solutions). Fidelity data (mismatch distance) was calculated by using
“Cloud to map” function in CloudCompare (open-source software, Ver.
2.13.2). For these calculations, the reconstructed CT scan models were
manually aligned to their scaled down CAD file via 6 sets of correlated
points. Compression tests of the ceramics and metals were conducted
on a Zwick Z020 with a 1 kN load cell. The compression strain rate was
0.1 min~" for metals and 0.05 min~! for ceramics. Nanoindentation was
performed on polished samples using an Anton Paar NHT2 nanoinden-
ter with diamond Berkovich tip (B-U 09). The parameters of all indenta-
tion tests were set as: 10 Hz acquisition rate, linear loading, 50 mN max
load, 50 mN min~! loading rate, 50 mN min~! unloading rate, and 30
s pause. The polishing procedure used was as such: the metal gyroids
were first embedded in epoxy and then sequentially polished in a polisher
using 6, 3, and 1 um diamond polishing liquids to obtain smooth metal
cross-sections. Vibrating sample magnetometer (VSM, Quantum Design
PPMS, DynaCool) was employed to investigate the magnetic properties.
The VSM measurements were conducted at 300 K and at a pressure of
26 Torr. Thermal treatments were conducted in a tube furnace (MTI, OTF-
1200X-S) with a gas flow controller (EF-FLOW, Bronkhorst). The heating
programs are listed in Figures S12-S14 (Supporting Information). The av-
erage grain sizes of the metals were determined from the SEM images
using Image) and the linear intercept method.
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Supporting Information is available from the Wiley Online Library or from
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