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chemical resistance.[1–3] It has been widely 
used in various critical optical engineering 
applications, such as armored or sensor win-
dows, high energy laser windows and sophis-
ticated optical lens. It has replaced some of 
the traditional transparent single crystals or 
ceramics (e.g., sapphire, aluminium oxyni-
tride, and zinc sulfide) for applications 
requiring optical transmission between 
the wavelengths of ≈2–5  µm. Furthermore, 
spinel ceramics have very good resistance 
to radiation induced swelling and strength 
degradation which makes it a potential 
insulating material for fusion reactor.[4] The 
ceramics also have potential to be used as a 
catalyst or catalyst support for a great variety 
of reactions including oxidation of sulfur 
dioxide (SO2), selective catalytic reduction of 
nitrogen oxide (NO), n-butane dehydrogena-
tion, and ammonia synthesis, etc.[3,5,6]

Traditionally, spinel ceramics have 
been fabricated by die pressing, injection 

molding, or slip casting, followed by a hot press or hot isostatic 
press (HIP) heat treatment.[1] Ceramics with simple geo metries 
such as flat or curve shapes can be obtained. With the emerging 
demand for complex shaped spinel ceramics for various appli-
cations, such as hyper-hemispherical domes, tangent ogive 
domes and lenses, there is an urgent need to develop 3D, 
computer-aided printing of spinel ceramics to ease the design 
limitations from fabrication.[7–9] The 3D printing technique 
could further expand its application potential and bring in new 
design possibility. However, 3D printing of highly transparent 
spinel ceramics has not been reported yet. Very recently, Pappas 
et  al.[10] have used selective laser melting (SLM) 3D printing 
method to fabricate magnesium aluminate spinel ceramic, 
but the samples were translucent with cracks. 3D printing of 
other transparent ceramics such as Nd:YAG (neodymium-
doped yttrium aluminum garnet, Nd:Y3Al5O12) have also been 
attempted through direct ink writing (DIW).[11–14] However, the 
highest transmittance of the ceramics is only ≈70%. Hostaša 
et  al.[15] have fabricated Yb:YAG ceramics plate using stereo-
lithography (SLA) 3D printing method. The transparency of 
the ceramics achieved is also very low, at only ≈60%. This is 
because 3D printed ceramics normally contain large amount 
of structural defects and impurities due to the usage of large 
volume fraction of organic additives, such as photosensitive 
resins, dispersants, and plasticizers. In some cases, the volume 
fraction can be over 50 vol%. When these organic compounds 

3D printing of transparent ceramics has attracted great attention recently but 
faces the challenges of low transparency and low printing resolution. Herein, 
magnesium aluminate spinel transparent ceramics with transmittance reaching 
97% of the theoretical limit are successfully fabricated using a stereolitho­
graphy­based 3D printing method assisted by hot isostatic pressing and the 
critical factors governing the transparency are revealed. Various transparent 
spinel lenses and microlattices are printed at a high resolution of ≈100–200 µm. 
The 3D printed spinel lens demonstrates fairly good optical imaging ability, and 
the printed spinel diamond microlattices as a transparent photocatalyst sup­
port for TiO2 significantly enhance its photocatalytic efficiency compared with 
its opaque counterparts. Compared with other 3D printed transparent materials 
such as silica glass or organic polymers, the printed spinel ceramics have the 
advantages of broad optical window, high hardness, excellent high­temperature 
stability, and chemical resistance and therefore, have great potential to be used 
in various optical lenses/windows and photocatalyst supports for application in 
harsh environments.

Recently, magnesium aluminate (MgAl2O4) spinel ceramics 
have attracted great attention from academia and industry sec-
tors due to its several unique properties, such as ultrahigh trans-
parency at ultraviolet (UV), visible, and infrared (IR) wavelengths 
(>85% @ λ  = 0.25–6.5  µm), excellent mechanical properties, 
high melting point, low thermal expansion coefficient, and high 

Adv. Mater. 2021, 2007072

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202007072&domain=pdf&date_stamp=2021-03-07


© 2021 Wiley-VCH GmbH2007072 (2 of 9)

www.advmat.dewww.advancedsciencenews.com

decompose, they leave behind many nano- or micropores in 
the grain boundaries and within grains. Some impurity phases 
may also be present. These defects can significantly degrade the 
transparency of ceramics. Another reason for the opaqueness 
of ceramics can be attributed to its polycrystalline nature as the 
grain boundaries can induce scattering. Therefore, 3D printing 
of transparent ceramics is much more challenging compared 
with printing of transparent fused silica glass.[16]

Herein, we describe a SLA 3D printing method assisted by 
HIPing to fabricate highly transparent MgAl2O4 spinel ceramics 
with high printing resolution. Three strategies have been 
adopted to enhance the transparency of the ceramics, namely: 1) 
using ultrafine and ultrapure spinel nanoparticles with a mean 
diameter of 50  nm to prepare the printable paste; 2) using a 
multi-step debinding process with controlled atmosphere to 
thoroughly remove the organic additives in the ceramic green 
bodies; and 3) optimizing the HIPing process to completely 
remove micro- or nanopores induced by the decomposition of 
the organic additives. As the particle size of the spinel powders 
used is far smaller than the wavelength of the UV light used for 
curing in the SLA printing process (355  nm), scattering of UV 
light by the spinel particles is significantly reduced. This leads 
to a very high printing resolution of ≈100–200  µm, which is 
much higher than that of many 3D printed ceramics reported 
so far.[8,11,13,17,18] The multi-step debinding and HIPing process 
used in this work produced spinel ceramics with transparency 
approaching the theoretical limit. Therefore, our modified 3D 
printing and post heat-treatment processes pave a way to fab-
ricate spinel ceramics with high transparency and complex 
shapes with very fine feature size. As a demonstration of the 
potential applications of the printed spinel ceramics, various 
transparent optical components such as lens array, Fresnel 
lens, hemispherical dome, and microlattices (e.g., Kelvin cell, 

simple cubic) have been printed and some have been tested on 
their optical imaging ability. The 3D printed spinel gyroid and  
diamond microlattices have been tested as transparent support to 
immobilize TiO2 photocatalyst on their sheet surfaces and their 
effect on the photocatalytic efficiency have been investigated.
Figure 1A schematically illustrates the 3D printing and post 

heat-treatment process of spinel ceramics. Highly pure spinel 
ceramic nano powders were first dispersed in photosensitive 
resin trimethylolpropane triacrylate (TMPTA) with the assis-
tance of a dispersant (Solsperse 85000, Lubrizol) to prepare 
a printable ceramic paste. The morphology and size distribu-
tion of the spinel powders are shown in Figure  1B. The par-
ticles have a very narrow size distribution, ranging between 
40–60 nm and averaging at ≈50 nm. The ceramic paste exhibits 
a significant shear-thinning behavior, with a viscosity of  
≈12.8 Pa s at a shear rate of 30 s−1 (Figure 1C). Inset of Figure 1C 
shows a photo of the paste, demonstrating excellent self-holding 
ability which is important for the as-printed components to 
retain their shapes without any additional support. The ceramic 
paste was printed by a commercial SLA 3D printer (Ceramaker 
C900FLEX, 3DCeram). The printed ceramic green bodies have 
very smooth surfaces, with surface roughness of only ≈31 nm 
(Figure S1, Supporting Information) because spinel nanopow-
ders were used in the paste.

After printing, the ceramic green body was debinded in mul-
tiple steps in which the temperature ramping-up and dwelling 
steps were conducted in N2 atmosphere to slow down the 
decomposition process and finally in air to completely remove 
the organic additives. Lastly, highly transparent spinel ceramics 
were obtained after a two-step sintering process, that is, pres-
sureless pre-sintering and then HIPing. Figure  1D–F shows 
the 3D printed and HIPed highly transparent spinel lens 
array, Fresnel lens and Kelvin cell microlattice. Hemispherical 

Figure 1. A) Schematic illustration of the 3D printing and post heat treatment process of spinel ceramics. B) TEM image of spinel nanoparticles and 
particle size distribution (inset). C) The rheological behavior of printable spinel ceramic paste with 55 wt% solid load and 3 wt% dispersant, inset 
showing the photo of spinel ceramic paste with good self-holding ability. D–F) Photos of printed spinel transparent prototypes: lens array (D), Fresnel 
lens (E), Kelvin cell microlattice (F).
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dome and simple cubic microlattice have also been fabricated 
and shown in Figure S2 in the Supporting Information. The 
lens and microlattices were printed according to the 3D digital 
models designed by SolidWorks software and shown in Fig-
ures S2 and S3 in the Supporting Information. The topology 
and dimensions of the printed objects resemble the original 
design very well. The measured relative density of the ceramics 
after HIPing process reached 99.9% (the theoretical density 
of spinel ceramic is 3.65 g cm−3). Figure 2A shows the micro-
structure of the ceramics after polishing and thermal etching. 
The ceramics have very dense, almost pore-free grain packing 
and the average grain size is ≈19 µm. Such medium grain size 
enables the ceramics to exhibit high optical quality and good 
mechanical strength at the same time.

Figure  2B shows the magnified image of one lens in the 
lens array after HIPing. The spinel convex lens array was 
designed to have a focal length of 0.89 mm at the wavelength 
of 632  nm (visible light) or 1  mm at the wavelength of 4  µm 
(infrared light) and the aperture diameter is 1.27  mm. The 
actual diameter of the fabricated lens measured from the scan-
ning electron microscopy (SEM) images is ≈1.3 mm, which is 
≈30  µm (or ≈2.4%) larger than the designed diameter. Based 
on the actual aperture diameter, the focal length of the printed 
lens at λ  = 632  nm is ≈0.91  mm, with a very small deviation 
of ≈20  µm (or ≈2.4%) from the designed value. These results 
are very encouraging as it indicates that various optical lens can 
be realized with high size accuracy through SLA 3D printing 
of spinel transparent ceramics. The SEM image in Figure  2B 
shows that the top surface of the printed spinel lens is com-
paratively smooth, while the lateral surface near to the bottom 
is very rough, with a stripe-like appearance which is induced by 
the layer-by-layer printing manner used in the work.

Figure 2C is an SEM image of the sintered simple cubic micro-
lattice zoomed in from Figure S2D, Supporting Information. 

The diameter of the thin and thick struts is ≈ 115 and ≈168 µm, 
respectively and the strut length is 500  µm. Figure  2D–F is 
the image of the Kelvin cell microlattice sample. The strut dia-
meter is ≈220  µm and the length is ≈600  µm. The surface of 
the struts aligned in the spinel paste-cast plane is very smooth 
(Figure 2E). However, the lateral sides of the struts tilted from 
the paste-cast plane are rough (Figure  2F), similar to that 
observed in the printed lens. This, again, can be attributed to 
the layer-by-layer printing manner and the thick cast layers  
(≈30 µm in this work) worsen the surface finish. If the cast layer 
can be as thin as ≈1 µm, sub-micrometer surface roughness 
can be obtained, which, however, is still a technical challenge 
for commercially available ceramic SLA 3D printer. Neverthe-
less, it is noteworthy that the feature printing resolution of the 
3D printed spinel ceramics can be as small as ≈115–220 µm, as 
evidenced by the printed Kelvin cell and simple cubic lattices. 
It is possible to further push the printing resolution to below 
100 µm as the line cured by one laser scan across the paste is 
≈70 µm in size (Figure S4, Supporting Information). However, 
the printing resolution is limited by the paste casting manner 
used to build the 3D green body. If the strut is too thin, e.g.,  
<100 µm, it may be damaged by the blade when it sweeps new 
paste over it to create new layers. Nevertheless, the printing res-
olution of ≈100–200 µm is much smaller than that of other 3D 
printing techniques of ceramics (typically ≈0.5–1  mm),[10–15,18] 
and is still unachievable by conventional ceramic shaping and 
machining technique.[1,3,19]

In order to obtain highly transparent spinel ceramics, a crit-
ical controlling factor is the uniformity of the green body den-
sity. No large pores or agglomerates are allowed to be formed 
in the green bodies. Dispersion of the spinel nanopowders in 
the acrylate resins has great influence on the powder packing 
density of the green bodies. Figure 3A–C shows the sedimenta-
tion test result of a spinel suspension with 0.5 wt% dispersant 

Figure 2. A) SEM image of a spinel ceramic surface after polishing and thermal etching. B,C) SEM images of one lens in the printed lens array shown 
in Figure 1D (B), and a simple cubic microlattice (C). D) Optical image of the Kelvin cell microlattice. E,F) SEM images of the struts zoomed-in from 
Zone #1 and #2 in (D), which represent the struts in horizontal plane (i.e., paste-cast planes) and in the planes tilted from the paste-cast planes. All 
the samples have been HIPed to fully dense.
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(weight percentage to powder weight), an SEM image of the 
resultant green body and a photo of the sintered ceramics, 
respectively. As the dispersant used for dispersing the spinel 
powders in the acrylate resin was not sufficient (only 0.5 wt%), 
the repulsive energy of the powder surfaces was low, which 
resulted in coagulation of the powders and thus precipitation 
of large agglomerates in the suspensions. Many agglomerates 
and large pores were formed in the printed spinel green body, 
as shown in Figure  3B (pointed by arrows). It is very difficult 
to remove such microscale pores by sintering, even with high 
pressure assistance. The sintered sample is seen to have many 
white spots or becomes whitish (Figure 3C).

Figure  3D shows the sedimentation test result of a spinel 
suspension with 3.0 wt% dispersant. The suspension remained 
stable after settling for 30 days. This indicates that the colloidal 
particles in the solution have reached a balance in the interpar-
ticle attraction–repulsion force. Nanoparticle coagulation has 
been eliminated by a large extent. Therefore, the spinel green 
body printed from the paste with 3 wt% dispersant and 55 wt% 
ceramic powder has very uniform and dense powder packing, 
with the voids between powders in nano size range (Figure 3E). 
Thus, the resultant spinel ceramic after HIPing exhibits crystal-
clear transparency (Figure 3F).

A thermal debinding process is another important step to 
control the uniformity in the chemical composition and the 
density of green bodies as the printed spinel green bodies 
have a large amount of organic additives (≈45 wt%). A non-
optimized debinding process can result in carbon residuals, 
pores and even cracks in the green bodies, as shown in  
Figure S5A,B (Supporting Information). Through system-
atic studies on the effect of debinding process parameters, an 

optimized debinding process was designed with slow heating/
cooling rate of 0.5  °C min−1 and multiple steps of dwelling at 
the temperatures where majority of decomposition occurs, as 
shown in Figure S5C (Supporting Information). Crack-free 
samples have been obtained after debinding (Figure S5D, Sup-
porting Information).

Pre-sintering and HIPing are the most critical but chal-
lenging steps to get highly transparent spinel ceramics as the 
sintering window of spinel ceramics is very narrow. The pre-sin-
tering step was conducted in a normal box furnace to enhance 
the density of spinel green bodies to over 90% relative density 
and no open pores remained. Figure 4A–C shows the fracture 
surfaces of the spinel ceramics pre-sintered at 1600–1700 °C for 
20 h. Intergranular open pores seen in the 1600 °C pre-sintered 
samples have been mostly removed at the sintering tempera-
ture of 1650 °C and the relative density of the ceramic reaches 
≈95%. When the pre-sintering temperature was increased by 
another 50 °C (i.e., 1700 °C), abnormal grain growth occurred, 
which caused many pores to be trapped inside the grains. 
Once these intragranular pores are formed, it is very difficult 
to remove them even with high temperature and/or high pres-
sure.[20] The samples remain opaque after pre-sintering (Insets 
of Figure  4A–C). Therefore, the pre-sintering temperature 
should be kept in a very small range of around 1650 °C.

HIPing temperature was studied in the range of 1700–1800 °C 
with gas pressure fixed at 180 MPa and dwelling time of 15 h. 
All of the samples were pre-sintered at 1650  °C. Figure  4D–F 
shows the fracture surfaces of the ceramics. Most pores were 
removed from the ceramic matrix at the HIPing temperature of 
1750 °C and pore-free ceramics have been obtained at 1800 °C. 
The HIPing temperature of 1800 °C for full densification of the 

Figure 3. A) Sedimentation test result of 10 wt% spinel ceramic powders suspension with 0.5 wt% dispersant, showing that this suspension is not 
stable. B) SEM image of the spinel green body printed from the paste with 55 wt% spinel powder and 0.5 wt% dispersant, and C) photo of the resultant 
sintered ceramics, indicated by the white arrow. D) Sedimentation test result of 10 wt% spinel ceramic powder suspension with 3 wt% dispersant. 
E) SEM image of the spinel green body printed from the paste with 55 wt% spinel powder and 3 wt% dispersant and F) the resultant sintered ceramics, 
indicated by the white arrow.
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printed spinel is comparable to 1700–1850  °C reported in lit-
eratures for densifying the spinel ceramics with the assistance 
of sintering aids (e.g., SiO2, LiF, and CaO).[1] This implies that 
the spinel nanopowders used in this work have a very high sin-
tering activity. The spinel ceramics evolve from being opaque 
to transparent as the HIPing temperature increases, as shown 
in the insets of Figure  4D–F. Highly transparent ceramics 
can be obtained with HIPing temperature of 1800  °C. The 
result reveals that the HIPing process is a crucial and effective 
step to densify the spinel ceramics, especially for 3D printed 
spinel ceramics of which, a large volume of pores is present 
in the green bodies. It is worth mentioning that the sintering 
shrinkage rate of the ceramics after HIPing is 38.3% in height 
and 34.7% in diameter. These shrinkage rates are lower than 
that of the printed silica glass (i.e., ≈50%)[16,21] and help to 
reduce the geometrical deviation between the printed and the 
designed structures for intended applications.
Figure  5A shows the transmission spectrum of the spinel 

ceramic disk with a thickness of 1.2 mm made by the optimized 
3D printing, debinding, and HIPing processes. The sample 
exhibits a maximum transmittance of ≈84.8% at the wavelength 
of 1550  nm. The theoretical limit (Tt) of the transmittance of 
spinel ceramics can be calculated by:[22]

2 /( 1)t
2T n n= +  (1)

where n is the refractive index which is a function of wave-
length λ:[23]
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The theoretical transmittance limit at λ = 1550 nm is ≈87%. 
Therefore, the 3D printed spinel ceramics have a transmit-
tance reaching ≈97% of the theoretic limit at the wavelength 
of 1550 nm. The transmittance is comparable to or even better 

than that of the spinel ceramics made by conventional dry press 
method followed by HIPing process (75–85%).[1,2] The ultrahigh 
transparency of the ceramics can be attributed to the uniform 
and dense microstructure of the ceramics shown in Figure 2A.

Figure  5B presents the Vickers hardness of the 3D printed 
spinel ceramics, together with the hardness data of dry pressed 
spinel ceramics, silica glass, polycarbonate (PC), and poly(methyl 
methacrylate) (PMMA) polymers. The Vickers hardness of our 
3D printed spinel ceramics averages at ≈13.5 ± 0.4  GPa. The 
values are comparable to that of those spinel ceramics made by 
conventional dry press method (≈12–15 GPa).[1] Silica glass, PC, 
and PMMA are commonly-used transparent materials that have 
been successfully 3D printed for optical applications.[24] Their 
hardness values are ≈11, 0.4, and 0.2  GPa, respectively.[25,26] 
Comparatively, the 3D printed spinel ceramics are much harder. 
Moreover, the spinel ceramics can retain high transparency 
even when being heated at 800–1100  °C by a Bunsen burner, 
as shown in Figure  5C (sample indicated by the arrow). The 
sample remained intact after cooling. PC and PMMA cannot 
withstand such high temperature and they will either soften or 
be burned off. Therefore, the 3D printed spinel ceramics have 
great potential to be used in various optical windows and lens 
for harsh environment as the ceramics combine a few advan-
tages, such as high transparency, high hardness, and high-tem-
perature stability. The design flexibility offered by 3D printing 
further broadens their application fields.
Figure 6 is a comparison of the 3D printed spinel ceramics 

with other printed transparent ceramics (i.e., YAG) and glass 
reported so far, in terms of maximum relative transmittance and 
printing resolution. Here, the maximum relative transmittance 
(Trm) is a ratio of the highest measured transmittance (Tem) to 
the theoretical transmittance limit (Tt) calculated by Equation (1) 
at the same wavelength, as shown in the following relationship:

rm
em m

t m

T
T

T

λ
λ
( )

( )
=  (3)

Figure 4. A–F) SEM images of the fracture surfaces of the printed spinel ceramics pre-sintered at different temperatures (1600, 1650, and 1700 °C) (A–C) 
and HIPed at different temperatures (1700, 1750, 1800 °C) after pre-sintering at 1650 °C (D–F). The insets of (A–F) are photos of the corresponding 
spinel ceramics.
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where λm is the wavelength corresponding to the measured 
maximum transmittance. The printing resolution is defined 
as the finest strut diameter or width of a printed object that a 
printing technique can produce. Fused silica glass has been 
intensively studied for various printing techniques, such as 
SLA, DLP, DIW, SLS, and FDM method.[16,21,27–33] Here, DLP 
and SLS refer to Digital Light Processing and the selective laser 
sintering technique, respectively. FDM is a fused deposition 
modelling technique. The highest measured transmittance of 
printed glass reported so far is in the range of ≈80–90% at the 
visible and near infrared wavelengths from 300 to 1100  nm, 

which corresponds to the maximum relative transmittance 
of ≈80–96%. The printing resolution of the SLS, FDM, and 
DIW techniques for fused silica glass is rather low, varying in 
≈0.6–5 mm, while the printing resolution of SLA and DLP can 
reach ≈80–200 µm. YAG ceramics have been printed by DIW, 
SLA, and DLP method, but it is not well studied yet.[11–13,15] The 
DIW printed YAG ceramics have maximum relative transmit-
tance of ≈83–94%, but the printing resolution is very low, only 
≈ 0.5–1 mm. The SLA printed YAG ceramics have shown better 
printing resolution of ≈100 µm, however, the highest measured 
transmittance is ≈60% (at 2520 nm wavelength), only reaching 
71% of theoretical transmittance limit (Tt = 84.2%). There is still 
a large gap between the measured transmittance and the trans-
mittance requirement for optical application.

In our work, we have successfully 3D printed complex 
shaped spinel ceramics with a printing resolution as small as 
≈100–200 µm and the measured transmittance of 84.8% which 
corresponds to ≈97% of the theoretical transmittance limit. The 
optical quality of the spinel ceramics is closest to the theoretical 
transmittance limit, compared with the printed silica glass and 
YAG ceramics.[11–13,15,16,21,28–33] The printing resolution is much 
higher than that of many other printed transparent materials. 
Therefore, our work has simultaneously circumvented the two 
bottlenecks in optical transparency and printing resolution 
of the state-of-the-art 3D printing techniques of transparent 
ceramics and glass, thus enabling the harnessing of the advan-
tages of the unique physical properties of spinel ceramics and 
the flexibility of SLA 3D printing technique to create various 
advanced spinel based optics and catalyst supports for engi-
neering applications.

As a demonstration on the application of the 3D printed 
spinel ceramics, the optical imaging performance of the spinel 
convex lens array shown in Figure 1D was characterized by an 
optical microscopy system schematically depicted in Figure 5D. 

Figure 6. Plot of the maximum relative transmittance against printing 
resolution of the 3D printed transparent spinel ceramics in this work, 
together with the data of other printed transparent ceramics (YAG)[11–31] 
and glasses for comparison.[16,21,29–32]

Figure 5. A) Transmission spectrum of the printed and HIPed spinel ceramics with a thickness of 1.2 mm, together with the theoretical transmittance 
limit calculated by Tt = 2n/(n2 + 1) . B) Microhardness of the HIPed spinel ceramics, together with the data of spinel ceramics made by dry pressing, 
the silica glass, PC, and PMMA polymers.[25,26] C) Photo showing the spinel ceramic under heating at 800–1100°C by a Bunsen burner. D) A schematic 
illustration of the optical imaging setup and E,F) images of Arabic numeral “1” (E) and microgrid (F) projected from the 3D printed spinel ceramic 
lens array shown in the setup in (D).
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The spinel convex lens was placed between the objective lens of 
the microscope and the object, such as an Arabic numeral “1” 
and a transmission electron microscopy (TEM) Cu grid. Images 
of the Arabic numeral “1” and the microgrids can be clearly 
observed through the spinel lens without distortion, as shown 
in Figure 5E,F. The images of the microgrids viewed from four 
different spinel lenses have equally clear quality with high con-
trast and sharpness. These demonstrations indicate the great 
potential of the 3D printed spinel ceramics in the application 
of various optical lens, windows, and artificial compound eyes 
for cutting-edge applications in robotics, medical endoscopes, 
surveillance devices, and reconnaissance systems.

The printed transparent spinel ceramics can also be used as 
a catalyst support to immobilize various photocatalyst for the 
applications of water treatment, water splitting, ammonia syn-
thesis, and solar energy conversion, etc.[34–38] In a conventional 
photocatalytic reactor, photocatalysts such as TiO2 are usu-
ally immobilized on support materials such as glass, stainless 
steel, alumina, activated carbon, zeolite, and silica gel to avoid 
a tedious post separation process and facilitate the recycling of 
the photocatalyst.[39–44] Compared with these conventional sup-
port materials, 3D printed transparent spinel ceramics can have 
larger illuminated surface area, low light absorption, and can 
delicately control the mass flow by rational design of the hollow 
channels inside the ceramics and therefore offer much higher 
photocatalytic efficiency. Figure  7A schematically illustrates a 

photocatalytic reactor with the printed spinel ceramic lattices 
as a support to immobilize TiO2 photocatalyst for water treat-
ment and its working mechanism. In this work, a few types of 
photo catalyst supports consisting of the spinel diamond and 
gyroid sheet-based microlattices have been prepared and tested 
for benchmarking their resultant photocatalytic efficiency. The 
diamond and gyroid microlattices are with solid volume frac-
tion (Vf) of 0.35 and surface areas of ≈1767 and ≈1569 mm2 
(for sample size: ≈6.3 mm × 6.3 mm × 18.9 mm), respectively. 
Figure  7B,C show the photocatalyst supports assembled with 
the two types of the printed transparent spinel microlattices and 
coated with TiO2 thin films. Photocatalyst supports using opaque 
spinel ceramic lattices of same dimensions have also been pre-
pared for comparison which have the same volume fraction of 
0.35 but slightly larger surface areas of ≈1779 and ≈1699 mm2 
for diamond and gyroid lattices, respectively. SEM and energy-
dispersive X-ray spectroscopy (EDX) mapping images of the 
samples in Figure  7D,E and Figure S6A–C (Supporting Infor-
mation) confirm that the TiO2 coating was present uniformly 
on the spinel sheet surface. The thickness of the TiO2 films is 
≈ 600 nm (refer to Figure S6D, Supporting Information). In the 
photocatalytic activity test, a common water pollutant, methyl 
orange with a concentration of 2.5  mg L−1 in water was used 
and it was found to be decolored after exposing to UV light for 
1 h in the presence of the TiO2 coated transparent spinel photo-
catalyst support. The kinetic photodegradation test results are 

Figure 7. A) Schematic illustration of a photocatalytic reactor using the printed transparent spinel as photocatalyst support for water treatment. B,C) 
Photographs of two types of spinel photocatalyst support coated with TiO2 and designed as diamond (B) and gyroid (C) lattice structure. D) Micro-
structure and E) EDX mapping (Ti) of TiO2 films coated on the sheet surface of the printed spinel lattices. F) Plot of ln(A0/At) versus irradiation time (t) 
and G) Bar chart of the normalized rate constant (k′) of the different types of spinel photocatalyst support (TD: transparent diamond; TG: transparent 
gyroid; OD: opaque diamond; OG: opaque gyroid).
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shown in Figure 7F. The photocatalytic decolorization of methyl 
orange solution can be described as follows:

A

A
ktln 0

t







 =  (4)

where At and A0 are the absorption peak of the methyl orange 
solution after UV irradiation for a period of t (min) and on 
original condition, respectively. k is the apparent reaction rate 
constant. By linearly fitting the data of ln(A0/At) versus t in 
Figure  7F, the reaction rate constant of the TiO2 films immo-
bilized by the spinel microlattices can be obtained. The TiO2 
films coated on the opaque gyroid and diamond lattices has 
a very low reaction rate constant, only 0.009 and 0.010 min−1, 
respectively. The highest reaction rate constant of 0.017 min−1 
is found on the transparent TiO2-coated diamond microlattices. 
The transparent TiO2-coated gyroid lattices has slightly lower 
reaction rate constant of 0.013 min−1 due to its smaller surface 
area compared with diamond lattices. Figure  6G benchmarks 
the photocatalytic efficiency of the TiO2 films coated on the 
4 types of photocatalyst supports and the data of the reaction 
rate constant have been normalized by the total surface area of 
the spinel microlattices for a fair comparison. The transparent 
diamond microlattices still have the highest value of 9.62  ×  
10−6 (min mm2)−1, followed by the transparent gyroid micro-
lattice (8.28  × 10−6 (min mm2)−1). This is likely because the 
diamond microlattices have smaller hollow channels inside 
the unit cell and therefore the length of the path for the dye 
molecules to diffuse from the solution to the catalyst surface 
is shorter, resulting in faster photodegradation. The opaque 
gyroid and diamond lattices show similarly low normal-
ized reaction rate constant (k′) of 5.62  × 10−6 (min mm2)−1 as 
mainly the top surface of these spinel lattices are exposed to 
the UV light, while the other surfaces are blocked due to their 
opaqueness. Therefore, the transparent spinel support results 
in much higher photocatalytic efficiency. Furthermore, the 
photocatalytic efficiency can be further improved by tailoring 
the surface area and geometry of the open channels inside the 
ceramic lattices.

In summary, magnesium aluminate spinel transparent 
ceramics with transmittance reaching 97% of the theoretical 
limit have been successfully fabricated by SLA 3D printing 
method assisted by HIPing and a printing resolution as high as 
≈100–200 µm is obtained. The ceramics have microhardness of 
≈13.5 GPa and can retain its transparency at the temperature of 
800–1100 °C. The critical factors governing the transparency of 
the printed spinel ceramics have been revealed, including suit-
able dispersant concentration (3 wt%), debinding profile and 
sintering temperatures. The temperature window of pre-sin-
tering of the ceramics is ≈1650 °C and the HIPing temperature 
for full densification of the ceramics is 1800 °C.

The printed spinel convex lens array has shown fairly good 
optical imaging capability and the printed spinel diamond 
micro lattices as a transparent photocatalyst support for TiO2 
have significantly enhanced its photocatalytic efficiency com-
pared with opaque counterparts and the transparent gyroid lat-
tice which has a smaller free surface area. Therefore, 3D printed 
spinel ceramics have great potential to be used in various optical 
windows and lens, and support materials for photocatalysts.

Experimental Section

Materials: Commercial spinel nanopowders (S30CR) with a specific 
surface area of 28 m2 g−1 from Baikowski were used as raw material. 
The particle size of the powders was characterized by TEM (JEOL2010). 
The particle size distribution was measured using the dynamic 
light scattering method (SZ100, HORIBA, Japan). Photosensitive 
trimethylolpropane triacrylate (TMPTA) resin, photoinitiator 
2-hydroxy-2-methylpropiophenone (PI) and methyl orange were 
bought from Sigma-Aldrich. Solsperse 85000 from Lubrizol was used  
as dispersant.

Printing of the Spinel Green Bodies: The printable spinel ceramic 
pastes have been prepared by mixing the ceramic powders (55 wt%), 
dispersant (0.5–3.0 wt%), PI (0.3 wt%), and TMPTA (remaining) using 
vacuum planetary mixer (AVR310, Thinky, Japan). Sedimentation tests 
have been conducted on the spinel suspensions with 10 wt% solid load 
and different concentrations of dispersant to determine the optimal 
dispersant concentration.

Before printing, 3D digital models of convex lens array, Fresnel lens, 
hemispherical dome, Kelvin cell, simple cubic, gyroid, and diamond 
microlattices were designed using commercial software of SolidWorks 
and shown in Figures S2 and S3, Supporting Information. The spinel 
green bodies were printed according to these 3D digital models by a 
commercial SLA 3D printer (Ceramaker C900 FLEX, 3DCeram) which is 
equipped with a UV laser with beam diameter of 50 µm and wavelength 
of 355  nm. The printing is a casting/photocuring alternating process 
with a blade sweeping new paste across the cured layer beneath to 
control each layer thickness (≈30  µm in this work). The cast layer 
was then selectively cured by exposing to the UV laser. Through the 
layer-by-layer casting/curing process, the spinel 3D green bodies were 
printed.

Debinding/Sintering Process: In order to remove the organic additives 
in the printed ceramic green bodies, the multiple-step debinding process 
was conducted in a tube furnace (GHA 12/450, Carb Lite Gero). The 
debinding process consisted of multiple steps of heating in nitrogen and 
then in air and the heating/cooling rate was fixed at 0.1–1.0  °C min−1. 
The multi-step dwelling temperatures include: 250, 350, 450, and 600 °C 
and the dwelling time at each step is ≈5 h.

After debinding, the ceramic green bodies were pre-sintered in a box 
furnace (LHT 04/18, Nabertherm) at 1600–1700  °C for 25 h and then 
treated with HIP (AIP10-30H, AIP) process at 1700–1800  °C for 15 h 
under 180 MPa Ar gas pressure.

Characterization: The surface roughness of the as-printed spinel 
green body was measured by Surface Profiler (ASIQ, KLA Tencor). The 
transmittance of the printed and sintered ceramics was measured using 
UV–vis–NIR spectrometer (Cary 5000 UV–vis, Agilent). Sample surfaces 
were carefully polished with diamond paste before the measurement. 
Microhardness of the spinel ceramics was measured according to ASTM 
C1372-15 using 4.9 N load and dwelling time of 15 s. The morphology 
of the printed ceramic objects and the microstructure of the ceramics 
have been studied by SEM (Nova 600i, FEI). The optical imaging 
performance of the printed convex lens array was characterized on an 
optical microscope equipped with a CCD camera (SZX16, OLYMPUS).

Photocatalytic Activity Test: TiO2 thin films were coated on the 
transparent spinel diamond and gyroid lattice as a support by sol–gel 
dip coating process,[45] followed by annealing at 500 °C for 1 h. Opaque 
spinel photocatalyst supports were also prepared through the same 
processing route but without post HIPing process for comparison. The 
compositions of the thin films were analyzed by energy-dispersive X-ray 
spectroscopy (EDX). In the photocatalytic activity test, the TiO2 coated 
photocatalytic support with size of ≈6.3mm × 6.3mm × 18.9 mm were 
put in aqueous methyl orange solution with a concentration of 2.5 mg L−1  
in a quartz cell (10mm × 10mm × 30mm). A UV lamp (F500, Incure) 
with light intensity of 435  mW cm−2 was used as light source. The 
photodegradation kinetics of the methyl orange were studied by 
measuring the light absorbance of the methyl orange using UV–vis–NIR 
spectrometer (Cary 5000 UV–vis, Agilent) after exposure to UV light for 
different time intervals.
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