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1. Introduction

One of the biggest challenges to planet
Earth is the unprecedented rising of carbon
emissions (estimated 410 ppm in 2020),
which is the major contributor to environ-
mental pollution and climate change.[1–3]

Moreover, the increasing energy demand
together with the depleting fossil fuel
reserves are ringing alarms to find alterna-
tive energy resources. To deal with these
global challenges, renewable energy
resources are widely recognized as the
most plausible options. Among numerous
different available renewable energy
resources, hydrogen (H2) generated from
water splitting is considered as the most
green, cost-effective, and clean energy car-
rier and fuel.[4] It can be directly used for
domestic heating, fuel cells, automobiles,
and a variety of applications in industry.[5–7]

Currently, majority of H2 is produced via the
methane steam reforming process which is
environmentally unsustainable and econom-
ically expensive.[8,9] H2 production via electro-
catalytic water splitting has been extensively

interesting and widely explored.[10–12] As an alternative, solar
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Direct ink writing technique is used to 3D print Ti-metal–organic framework
(MOF) NH2-MIL-125 mixed with boehmite dispersal. Pt is also deposited onto
3D-printed monolith using atomic layer deposition (ALD) to offer additional
catalytic sites. The Ti-MOF-derived powder sample and the pyrolyzed 3D-printed
monolith samples are evaluated for photocatalytic H2 evolution under UV–vis
light. As a proof of concept, herein, it is demonstrated that 3D-printed MOF-
derived monolith photocatalysts show five times higher H2 evolution perfor-
mance compared with TiO2/C powder sample due to better interaction between
3D-printed photocatalysts and the incident light. The high surface area, the
formation of hierarchical macro- to nanopores, and the optimizable shape/size of
the 3D-printed catalyst maximize the exposure of catalytic active sites to incident
photons and increase their photocatalytic H2 evolution performance. In addition,
the N-functionalized porous carbon from organic linker, and the uniformly
distributed Pt/PtOx species deposited by ALD, provide cocatalytic active sites for
photocatalytic reaction and further enhance photocatalytic activity 30% of
3D-printed monoliths. This work on the 3D-printed MOF-derived free-standing
monoliths for photocatalytic application provides a readily available approach to
further fabricate a variety of 3D-printed MOF-based and derived materials for
different energy and environment applications.
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light-driven water splitting in the presence of suitable catalysts is a
very promising approach to generate green H2. However, the bot-
tleneck is the high cost for the use of noble metal catalysts and the
lower efficiencies when non-noble metal photocatalysts are used.[13]

Despite the availability of plenty of new materials for photo-
catalytic water splitting, TiO2 is still one of the most promising
photocatalysts due to its nontoxicity, natural abundance, and low
cost.[14,15] Nevertheless, the wide-bandgap energy (3.2 eV for
anatase TiO2), the poor visible light absorption, the low specific
surface area, the fast surface charge recombination, and the
agglomeration of the particles are the major factors to limit their
large-scale utilizations as efficient photocatalysts. However, the
bandgap energy of TiO2 can be readily tuned by controlled dop-
ing of cationic or anionic species to expand its light absorption
capacities of TiO2 from ultraviolet light into visible light region of
the electromagnetic spectrum.[14,16,17] For a high-performing
photocatalyst, charge recombination should be minimized and
the catalytic active sites should be easily accessible for photoca-
talytic reactions.[15,18–20]

Metal–organic frameworks (MOFs) are a class of coordination
polymers in which metal ions/clusters and organic linkers con-
nect through coordination bonds to form reticular structures via
a self-assembly method.[21,22] Usually they exhibit exceptionally
high surface areas, tunable porosities, well-defined morpholo-
gies, and highly crystalline structures. Among them, Ti-based
MOFs, such as NH2-MIL-125(Ti), are chemically stable under
ambient conditions and have demonstrated their potential to
be functioning as photocatalysts.[23–26] Nonetheless, the limited
electric charge generation and the poor charge transfer mecha-
nisms make such systems less favorable to be directly employed
as photocatalysts.[27,28] However, in the past few years, MOFs have
been demonstrated to be ideal sacrificial templates and precursors
to derive multifunctional and tunable nanocomposites, where self-
doped metal or metal compound (oxide, sulfide, carbide, or phos-
phide, etc.) nanoparticles are embedded in (multi)functionalized
porous carbon structures. Ti-MOF-derived TiO2/C composites
usually offer better catalytic performance compared to conven-
tional TiO2 due to the self-doped nonmetal species from organic
linkers.[29–33] Such composite systems inherit high specific surface
areas, tunable pores, and easily accessible catalytic active sites.

Despite the great advancement in this field, both conventional
metal oxides and MOF-derived metal oxide photocatalysts are
usually available in the form of powder.[5,31,34] From the applica-
tion of catalysts in the industrial-scale point of view, practically, it
is expensive and difficult to work with powder-based photocata-
lysts. Moreover, in a photoreactor, not all the powder dispersion
is equally exposed to the incident solar light due to the limitations
of the reactor design.[35] Therefore, the development of novel
hybrid materials with optimal photocatalytic properties and prac-
tical designs is of utmost importance to obtain easy-to-handle
high-performing photocatalysts. Additive manufactured catalysts
such as 3D-printed MOFs based and/or derived materials can be
an excellent approach to fabricate free-standing and customized
catalytic materials for high performance.[36,37] Direct ink writing
(DIW) technique (also called robocasting) is a readily available
process which can be used to 3D print MOF-containing
paste.[38,39] As a proof of concept, our study on 3D-printed
Ti-MOF-derived photocatalysts for H2 evolution from water
splitting is presented in this work. It is demonstrated that under

UV–vis light, H2 evolution performance of 3D-printed Ti-MOF-
derived monolith is five times higher than that of photocatalysts
in the form of powder. Moreover, loading of Pt on 3D-printed
monoliths via atomic layer deposition provides additional
catalytic active sites, which further enhance H2 evolution perfor-
mance up to 30%. It is important to note that increasing the MOF
content in the 3D-printed monolith precursor can create more
catalytic active sites. Furthermore, diffusion limitations (mass
transport and/or heat transfer) in H2 evolution reaction can
be minimized by optimizing the shape/size of the printed mono-
liths. Optimally these parameters can efficiently enhance the
interaction between incident light and catalytic active sites to
maximize the photocatalytic activity.[40] In contrast to powder cat-
alysts, using shaped catalysts allows conveniently switching from
(semi-)batch setups to continuous flow reaction processes. In
addition, optimal pyrolysis conditions of 3D-printed MOF-
derived photocatalysts also play a very crucial role in determining
their photocatalytic performance for H2 production. To the best
of our knowledge, this is the first ever study on 3D-printed
boehmite/Ti-MOF derived free-standing monoliths for photoca-
talytic application. This approach can be easily expanded to
fabricate a variety of 3D-printed MOF-based or derived materials
for energy and environment applications.

2. Results and Discussion

The boehmite/MOF monoliths were 3D printed by a DIW
method. The grid-like structures of boehmite and boehmite/
Ti-MOF with a target diameter of 10mm and seven layers with
each layer height of 0.4mm were printed by extruding the paste
through a thin nozzle (diameter 0.51mm). The extruded paste
is shear thinning, enabling a constant flow through the
nozzle when pressure is applied as well as stable structures
after the extrusion. As shown in Figure S1a–d, Supporting
Information, after drying, the grid-like structures have an overall
diameter of 9 mm and a total height of 2.7mm. The average
diameter of the extruded strand is 0.5 mm and the strand length
in the printed monolithic structures is �61mm. Compared with
the targeted dimensions, only 90% of the overall diameter and
96% of the overall height are present after drying. Upon pyrolysis
of these boehmite/Ti-MOF grids at 750 °C for 2 h under Ar atmo-
sphere, a further small but uniform shrinkage in all dimensions
was observed (Figure S1e–f, Supporting Information) due to the
evaporation of organic species during the pyrolysis process. The
precursor material such as boehmite was transformed into
γ-Al2O3, whereas the Ti-MOF NH2-MIL-125 was transformed
into TiO2/C, respectively,

[19,29,31,41,42] which was confirmed by
powder X-ray diffraction (PXRD).

As shown in Figure 1a, the overall diameter of the pyrolyzed
monolith (Al2O3/TiO2/Pt/C3DP) was measured to be 8.4 mm
with a strand diameter of 0.42mm and the strand length of
55mm, respectively, which suggest that pyrolyzed Al2O3/
TiO2/Pt/C3DP monolith retains 93% of original overall diameter,
83% of strand diameter, and 90% of strand length of its 3D-
printed boehmite/Ti-MOF monolith precursor. Moreover, the
overall height of the pyrolyzed monolith is 2.5mm, which
accounts for 90% overall height of its precursor. In general,
compared with the as-printed boehmite/Ti-MOF monoliths,
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10% of volume shrinkage was observed in the pyrolyzed Al2O3/
TiO2/C3DP monoliths. However, due to the slow and uniform

shrinkage, the geometrical shape remained intact. As shown
in Figure 1a (enlarged region), the individual strands in each
printed layer of the pyrolyzed samples are stacked uniformly
without showing any structural deformation. The formed macro-
pores can be clearly observed in the pyrolyzed monoliths. The
formation of hierarchical pores from micropores to macropores
was confirmed by N2 gas sorption analysis.

Scanning electron microscopy (SEM) images of the precursor
boehmite/Ti-MOF paste are shown in Figure S2, Supporting
Information. NH2-MIL-125(Ti) shows disc-like morphologies
with an average diameter of 500 nm (Figure S2a, Supporting
Information). In boehmite/Ti-MOF paste (Figure S2b,
Supporting Information), NH2-MIL-125(Ti) is coated with small
boehmite particles which are uniformly distributed throughout
the sample. After pyrolysis at 750 °C for 2 h under Ar atmo-
sphere, the average crystallite size in the derived powder sample
TiO2/CP reduces to �300 nm (Figure 1b).[29] The SEM images of
the pyrolyzed 3D-printed Al2O3/TiO2/C3DP grids show that the
MOF-derived TiO2/C is uniformly covered with Al2O3 nanopar-
ticles (Figure 1c).

PXRD patterns of boehmite, NH2-MIL-125(Ti), and their
mixed paste (Figure S3, Supporting Information) confirm that
Ti-MOF is chemically stable after 3D printing. The signature
peaks of boehmite and NH2-MIL-125(Ti) remain intact and
can be clearly observed in the boehmite/Ti-MOF paste. As shown
in Figure 2a, after pyrolysis at 750 °C in Ar atmosphere,
Ti-MOF and boehmite/Ti-MOF-derived sample TiO2/CP and

Figure 1. a) Optical image of pyrolyzed 3D-printed Al2O3/TiO2/Pt/C3DP

monolith. Right-hand enlarged image is the cross-sectional view of the
monolith. SEM images of b) Ti-MOF-derived TiO2/CP and c) Pt-deposited
boehmite/Ti-MOF-derived Al2O3/TiO2/Pt/C3DP.
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Figure 2. a) PXRD patterns, b) TGA curves under synthetic air atmosphere, c) Raman spectra, and d) N2 sorption isotherms of Ti-MOF derived TiO2/CP

(black) powder and 3D-printed boehmite/Ti-MOF-derived Al2O3/TiO2/C3DP monolith (red) and Al2O3/TiO2/Pt/C3DP monolith (blue). Inset in
d) represents the PSD derived from the adsorption branch of N2 sorption isotherms.
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Al2O3/TiO2/C3DP exhibit the diffraction peak of TiO2 at 2θ of
25.26°, indexed to (101) of anatase, whereas this diffraction peak
was shifted to 25.40° in Pt-deposited sample Al2O3/TiO2/Pt/
C3DP. Moreover, the characteristic (110) peak of rutile phase
of TiO2, which appeared at around 2θ of 27.36° in Pt-free sam-
ples, almost disappeared in Pt-deposited pyrolyzed sample.[43,44]

This clearly indicates that the Pt species not only chemically
interact with TiO2 and Al2O3 species but also influence their crys-
talline phases. In sample Al2O3/TiO2/C3DP, the PXRD patterns
show signature peaks appearing at 2θ of 37.4°, 39.37°, 46.0°, and
66.8°, which correspond to the (311), (222), (400), and (440)
planes of γ-Al2O3 respectively. However, in Pt-deposited sam-
ples, two additional peaks were observed at 2θ of 36.8° and
39.5° which are assigned to (210) of PtOx and (111) of metallic
Pt0 nanoparticles respectively.[44–46] The particle sizes, chemical
nature, and oxidation states of the deposited Pt, TiO2 and γ-Al2O3

were further confirmed by high resolution transmission electron
microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS),
and Raman spectroscopy.

When Ti-MOF and boehmite/Ti-MOF precursors are pyro-
lyzed under Ar atmosphere, it is expected that a significant
amount of nitrogen-functionalized porous carbon can be formed
due to the decomposition of organic linker NH2-BDC in the Ti-
MOF. Thermogravimetric analysis (TGA) was carried out to
quantify the amount of carbon in these pyrolyzed samples. As
shown in Figure 2b, Ti-MOF-derived TiO2/CP exhibited a relative
weight loss of 37 wt% under synthetic air due to the oxidation of
carbon and nitrogen species in the form of COx and NOx, respec-
tively. In samples Al2O3/TiO2/C3DP and Al2O3/TiO2/Pt/C3DP,
the weight loss was observed 9.7 and 9.2 wt% respectively. A
small difference of 0.5 wt% in these two (otherwise identical)
samples can be due to the presence of Pt in one of the samples.
Obviously, the TGA curves of these pyrolyzed samples are

completely different from the TGA curves of their precursor spe-
cies (as-prepared Ti-MOF, boehmite dispersal, and their mixture)
under the same conditions (Figure S4, Supporting Information).

To investigate the nature of Ti-MOF-derived carbon, Raman
spectra were recorded. As shown in Figure 2c, D and G bands
of graphitic carbon were observed at 1350 and 1590 cm�1 respec-
tively in sample TiO2/CP. In general, D bands arise from the out-
of-plane vibrations therefore correlated to defect or disordered
carbon and G bands on the other hand are caused by in-plane
vibrations of sp2-bonded carbon atoms in hexagonal rings.[47,48].
The ID/IG ratio in this sample was calculated to be 0.94.
However, in 3D-printed boehmite/Ti-MOF-derived sample
Al2O3/TiO2/C3DP, the D and G bands were shifted to 1340
and 1593 cm�1 respectively with a ID/IG ratio of 0.79. It is inter-
esting to note that in Pt-deposited sample Al2O3/TiO2/Pt/C3DP,
the D and G band values were shifted to 1357 and 1589 cm�1

respectively and ID/IG was calculated to be 0.77. The higher
ID/IG value indicates the formation of defects in graphitic
carbon. A relatively higher ID/IG value in sample TiO2/CP

is due to the presence of higher N species in porous
carbon.[14,16,18,42,49,50] However, in 3D-printed boehmite/
Ti-MOF-derived Al2O3/TiO2/C3DP and Al2O3/TiO2/Pt/C3DP

samples, the relatively lower ID/IG value can be attributed to
the lower amount of N species on carbon. This is likely as less
heat can be transferred into the carbon due to the presence of
Al2O3 on the carbon, which results in less surface defects in such
carbon.[29,47,49]

The Brunauer–Emmett–Teller (BET) surface area and pore
size distribution (PSD) of the 3D-printed boehmite/Ti-MOF (pre-
cursors) and their derived composites were recorded. As shown
in Figure S5, Supporting Information, the specific surface areas
(SSAs) of activated Ti-MOF, boehmite, and boehmite/Ti-MOF
are 1460, 98.4, and 363m2g�1 respectively. It can be clearly seen

Figure 3. TEM images of a) TiO2/CP and b) Al2O3/TiO2/C3DP. HRTEM images of c) Al2O3/TiO2/C3DP and d) Al2O3/TiO2/Pt/C3DP. EDX elemental
mappings of e) TiO2/CP, f ) Al2O3/TiO2/C3DP, and g) Al2O3/TiO2/Pt/C3DP. Color codes for each element are Ti: yellow; O: green: C: red; N: grey;
Al: cyan; and Pt: magenta.
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that in boehmite/MOF paste, due to the presence of 30 wt% of Ti-
MOF, this printed monolith has higher amount of micropores
with pore diameter of 0.7 nm that originates from the pure
MOF. Moreover, a small amount of relatively larger pores of
1.4 nm are also presented in both samples. In 3D-printed derived
pyrolyzed samples (Figure 2d), the SSAs were recorded to be 180,
115, and 140m2g�1 for samples TiO2/CP, Al2O3/TiO2/C3DP, and
Al2O3/TiO2/Pt/C3DP respectively. A relatively higher specific sur-
face area of Pt-deposited sample may be due to the fact that the
presence of Pt benefits to create additional mesopores (as shown
in the PSD of the inset in Figure 2d), which offers additional
surface area and resultingly provides more catalytic active sites.

Figure 3a shows the transmission electron microscopy (TEM)
image of NH2-MIL-125(Ti)-derived TiO2/CP. The TiO2 nanopar-
ticles are distributed in a porous carbon matrix, inheriting a
disc-like morphology of the Ti-MOF precursor that can also be
seen in the SEM images. When mixed with boehmite paste,
NH2-MIL-125(Ti) was homogeneously distributed within the
paste. After pyrolyzing the 3D-printed monoliths, the derived
TiO2/C was enveloped by γ-Al2O3 nanoparticles (Figure 3b).
High-resolution TEM images confirm that the Ti-oxo clusters
are transformed into crystalline TiO2 nanoparticles. The crystal-
line phase of TiO2 is determined by the pyrolysis temperature as
well as the surrounding chemical environment.[19,42] In
Figure 3c, a polyhedral TiO2 nanoparticle exhibiting different
crystalline phases embedded in a porous carbon matrix can be
clearly observed. The lattice spacing of the different phases is
averaged to be 0.227 and 0.202 nm, attributed to (101) and
(200) planes respectively. In sample TiO2/Al2O3/Pt/C3DP

(Figure 3d), individual Pt nanoparticles with size around
1.5 nm located next to a larger TiO2 nanoparticle are clearly seen.
The lattice spacing between planes of TiO2 is measured to be
0.328 nm, corresponding to (101) plane of anatase phase.
Compared with the major lattice spacing of pure anatase
(0.352 nm) and pure rutile (0.243 nm), the differences in lattice
spacing of these MOF-derived TiO2 nanoparticles are caused by
the in situ-doped N and C derived from the organic linker
(NH2-BDC) of precursor NH2-MIL-125(Ti).[29,42] This was
further confirmed by XPS.

Energy dispersive X-ray analysis (EDX) elemental analysis was
also carried out to evaluate the distribution of atomic species. As
shown in Figure 3e, in Ti-MOF-derived powder sample TiO2/CP,
elements including Ti, O, C, and N are homogeneously distrib-
uted throughout the sample. It is interesting to observe that in
3D-printed samples such as Al2O3/TiO2/C3DP (Figure 3f ), all ele-
ments including Al are uniformly distributed with content deter-
mined by their relative weight percentages in the sample. In Pt-
coated 3D-printed sample Al2O3/TiO2/Pt/C3DP, a small amount
of Pt can also be observed in Figure 3g.

XPS spectra were recorded to investigate the chemical states
of the atomic species in 3D-printed precursors (Figure S6,
Supporting Information) and the pyrolyzed monoliths
(Figure 4). The XPS peaks of Ti 2p confirm that Ti4þ oxidation
state are present in all these samples. It is interesting to note that
in the 3D-printed boehmite/MOF paste, after loading Pt, the Ti
2p peaks remain unchanged (Figure S6a, Supporting
Information), indicating that Ti-MOF is very stable. In pyrolyzed
Ti-MOF-derived TiO2/CP powder, the Ti 2p peaks show higher
intensities (Figure 4a), whereas in pyrolyzed 3D-printed

Al2O3/TiO2/C3DP monoliths, relatively lower intensity of the
Ti 2p peaks is the reason that TiO2 nanoparticles are covered with
alumina particles.[29,42] The deconvoluted O 1s peaks in Ti-MOF
precursor (Figure S6b, Supporting Information) are observed at
532.6, 530.5, and 534.8 eV, which are attributed to Ti(IV)─O
bond in Ti-oxo cluster and –OH/–COOH group respectively.[23]

However, after deposition of Pt, an obvious shift in binding ener-
gies is observed. In this sample, the strongest deconvoluted O 1s
peak is observed at around 532.5 eV, along with the other peaks at
530.1 and 534.7 eV. The change in relative intensity of the decon-
voluted O 1s peaks clearly indicates that the deposited Pt chemi-
cally interacts with O species, forming either Pt─O-like bonds
and/or other surface defects.[45,46] In Ti-MOF-derived sample
TiO2/CP, the main O 1s peak (Figure 4b) appearing at
532.4 eV is the signature peak of lattice O in TiO2. The other
two peaks observed at 529.3 and 534.7 eV can be assigned to
surface-attached –OH and –COOH functional groups. However,
in the presence of alumina in sample Al2O3/TiO2/C3DP, the O 1s
peaks are shifted to the binding energies of 529.7, 531.03, and

Figure 4. XPS spectra of a) Ti 2p, b) O 1s, c) Al 2p, d) C 1s, and e) N 1s
of the pyrolyzed samples TiO2/CP, Al2O3/TiO2/C3DP, and Al2O3/TiO2/
Pt/C3DP.
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532.18 eV respectively.[17,18,51] The presence of Disperal-60,
Pural-SB, and acetic acid and a small amount of hydroxypropyl-
methylcellulose in boehmite/MOF paste precursor contribute to
the multiple oxygen species, which upon high-temperature pyrol-
ysis may remain as residues in the form of oxygen-based func-
tional groups, exhibiting higher intensity of –OH/–COOH
species compared with the sample TiO2/CP. In Pt-deposited
sample Al2O3/TiO2/Pt/C3DP, the relative intensity of the decon-
voluted O 1s peaks is changed and the peak positions are shifted
to 530.7, 532.8, and 535.2 eV respectively. It clearly indicates that
the deposited Pt particles chemically interact strongly with the
O species.[46,52]

The oxidation states of the deposited Pt on Ti-MOF precursor
were determined by XPS spectra. As shown in Figure S6c,
Supporting Information, two main peaks of Pt 4f7/2 and Pt
4f5/2 appearing at 69.5 and 72.86 eV respectively represent Pt0

species, deposited on the Ti-MOF.[45,52] Two small peaks were
also observed at 71.6 and 74.9 eV, which can be assigned to Pt
4f7/2 and Pt 4f5/2 of Pt4þ species.[53,54] However, in 3D-printed
MOF-derived composite Al2O3/TiO2/C3DP, the binding energy
of Al and Pt overlaps and lies in the same region as the signature
peak of Al 2p is observed at 75.5 eV. In Pt-deposited
sample Al2O3/TiO2/Pt/C3DP, Al 2p peak remains unchanged
(Figure 4c). However two additional low intensity peaks can
be observed at around 71.9 and 75.5 eV, suggesting the presence
of Pt0 species. It is expected that upon pyrolysis of 3D-printed
boehmite/Ti-MOF(Pt) monolith, most of the Pt migrates to
TiO2 at high temperatures and are entrapped only partially in
Al2O3 but mostly in TiO2,

[55] which is also confirmed by
HRTEM and EDX elemental mappings. The presence of Pt
in(to)/around TiO2 was further confirmed by Raman spectra.
As shown in Figure S7, Supporting Information, the main
vibrational mode Eg(1) of TiO2 (anatase) appeared at
154 cm�1. A blueshift in Eg(1) compared with pure TiO2

(144 cm�1) is due to the localized doping of N and C atoms from
organic linkers of MOF into TiO2.

[55] The peak appeared at
427 cm�1 is assigned to the Eg vibrational mode of rutile
TiO2. In Pt-deposited sample, a small shoulder peak and two
new low intensity peaks at around 856.6 and 1082.3 cm�1 were
observed, which can be attributed to the vibrational modes of
metallic Pt0 and PtOx species.[44,55]

As shown in Figure 4d, the XPS binding energy peak of sp2-
bonded C═C was observed at 284.8 eV in sample TiO2/CP. Two
other low-intensity peaks appeared at 286.6 and 290.4 eV that can
be assigned to C─O and O─C═O bonds.[42] In 3D-printed
boehmite/MOF-derived sample Al2O3/TiO2/C3DP, these peaks
show a negligible shift indicating that the presence of Al2O3 does
not change the nature of MOF-derived carbon. However, in
Pt-deposited sample, the sp2 C═C peak was shifted to
283.7 eV, and the C–O peak at 286.0 V was more prominent,
which clearly suggests that the deposited Pt atoms are chemically
bonded, forming Pt─C and Pt─O like bonds and consequently
creating additional surface defects.[47,52,56]

The deconvoluted N 1s XPS peaks in precursor Ti-MOF and
Pt-deposited Ti-MOF are shown in Figure S8, Supporting
Information. The main peak that appeared at 399.3 eV is attrib-
uted to the Ti─NH2 bonds. In Pt-deposited sample, this peak is
suppressed and a stronger peak is observed at 396.8 eV, clearly
indicating that the Pt atoms attract the electrons from the lone

pair of NH2, forming Pt─N bonds.[53] In sample TiO2/CP derived
from Ti-MOF (NH2-MIL-125), N 1s spectra (Figure 4e) were
deconvoluted into three peaks. The main peak appeared at
396.0 eV can be assigned to Ti─N bonds. The other two
low-intensity peaks at 398.9 and 401.3 eV represent pyridinic
N and quaternary pyrrolic N atoms in porous carbon matrix
derived from organic linker NH2-BDC in Ti-MOF.[29,42] It is
interesting to observe that in 3D-printed boehmite/MOF-derived
samples Al2O3/TiO2/C3DP, no peak at 396.0 eV is observed. This
may be due to the fact that the surface of MOF-derived TiO2

nanoparticles is encapsulated by a large amount of Al2O3, which
makes XPS difficult to detect these bonds since XPS is basically a
surface technique which normally detects only the surface or
near surface of the samples. However, in Pt-deposited 3D-
printed sample, this peak appeared at 396.9 eV. The appearance
of this peak (in the presence of γ-Al2O3) with a shift to higher
binding energy compared with TiO2/CP sample (396.0 eV)
confirms that the Pt atoms do form Pt─N bonds with –NH2

functional groups in Ti-MOF by attracting more electrons due
to their high positive charge.[57–59]

The optical properties of the as-synthesized 3D-printed mono-
liths were recorded by UV–vis absorption spectra. The absorption
band of Ti-MOF (NH2-MIL-125) appeared at 491 nm.[23,27] In
Pt-deposited NH2-MIL-125 sample, the absorption band was
redshifted to 517 nm (Figure S9, Supporting Information), which
clearly indicates that the absorption of visible light is improved
due to the Pt atoms deposited via ALD being chemically
coordinated with the –NH2 functional groups.

[53] Upon pyrolysis
of 3D-printed samples, boehmite/Ti-MOF is transformed into
Al2O3, TiO2, and carbon composite. The UV–vis absorption spec-
tra (Figure 5a) and bandgap energy of the pyrolyzed composites
from Tauc plots (Figure 5b) are calculated to be 2.6, 3.0, and
2.9 eV for samples TiO2/CP, Al2O3/TiO2/C3DP, and Al2O3/
TiO2/Pt/C3DP respectively. The bandgap energy of the pristine
γ-Al2O3 is estimated to be 3.8 eV.

The photocatalytic performance of the Ti-MOF derived and
3D-printed boehmite/Ti-MOF-derived samples for photocatalytic
hydrogen (H2) evolution by water splitting under UV–vis light
was tested. A 285 nm cutoff filter was used, and methanol
was added as hole scavenger. As shown in Figure 6a, the photo-
catalytic H2 evolution performance of Ti-MOF-derived powder
sample TiO2/CP and 3D-printed samples Al2O3/TiO2/C3DP

and Al2O3/TiO2/Pt/C3DP all increases with reaction time

Figure 5. a) UV–vis absorption spectra and b) Tauc plots of pristine
γ-Al2O3, Ti-MOF-derived TiO2/CP, and 3D-printed boehmite/Ti-MOF-
derived Al2O3/TiO2/C3DP and Al2O3/TiO2/Pt/C3DP.
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exposure to UV–vis light, and their photocatalytic activities are
70, 354, and 503 μmol. gcat

�1 respectively after 5 h reaction. In
conventional MOF-derived TiO2/CP sample, the powder catalyst
is dispersed throughout the whole reactor, whereas the diameter
of the window of incident light is 2.27 cm2. Therefore, not all the
dispersed catalysts in a traditional reactor configuration are
exposed to the photons of the incident light at the same time,
which makes it difficult to precisely determine the actual photo-
catalytic activity of the catalyst.[35] A significant increase in the
photocatalytic activity of the 3D-printed samples compared with
TiO2/CP powder is due to the fact that the 3D-printed catalyst
provides a better and much improved incident light exposure
to the photoactive N/C-doped TiO2 nanoparticles which are
uniformly distributed throughout the printed monolith.
Actually, all the catalysts in printed monoliths are exposed to
the incident light at the same time. As a result, an improved pho-
tocatalytic activity is expected. As shown in Figure 6b, samples
TiO2/CP and 3D-printed pyrolyzed monoliths of Al2O3/TiO2/
C3DP and Al2O3/TiO2/Pt/C3DP demonstrated H2 evolution per-
formance of 14, 71, and 101 μmol. gcat

�1.h�1 respectively. The
highest photocatalytic activity of Pt deposited 3D-printed pyro-
lyzed monoliths can be attributed to various factors including
the N/C doped TiO2, functionalized porous carbon, and the pres-
ence of Pt and PtOx nanoparticles which provide additional active
sites.[45,46,56] In these derived samples, photocatalytically active

species are N/C-doped TiO2 nanoparticles and Pt/PtOx species.
A detailed mechanism of photocatalytic H2 evolution under
UV–vis light is discussed in our recently published studies.[19,42,50]

As mentioned earlier, this study is a proof of the concept that
3D-printed monoliths can provide a novel method to improve
the photocatalytic performance of the materials.

Briefly, when UV–vis light is irradiated and hit on the
TiO2-based catalyst, electrons and holes are generated in anatase
and rutile phases of TiO2 nanoparticles. Since the bandgap
energy of γ-Al2O3 is very large, and the derived TiO2 nanopar-
ticles are embedded inside a porous carbon matrix derived from
organic linker, therefore, it is less likely that a heterojunction is
formed between TiO2 and Al2O3. However, the presence of γ-
Al2O3 as a support material may help to suppress the charge
recombination which results in improvement of the photocata-
lytic activity of these composite materials. The self-doping of
C and N species from organic linker (NH2–BDC) into TiO2 dur-
ing pyrolysis at high temperature in our recent studies[19,42] as
well as Pt as a cocatalyst in this study primarily contributes to
the enhanced photocatalytic activity. The photogenerated
electrons (e�) in anatase and rutile TiO2 jump to their respective
conduction bands, leaving the holes (hþ) behind in the valence
bands. Due to the type-II staggered energy bands (band off-set of
0.4 eV) between anatase and rutile phases of TiO2, photogener-
ated electrons migrate to the conduction band of the anatase
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Figure 6. a) Photocatalytic H2 evolution under UV–vis light for 5 h. b) Photocatalytic activity of TiO2/CP (black), Al2O3/TiO2/C3DP (red), and Al2O3/TiO2/
Pt/C3DP (blue). c) The recyclability of best-performing sample Al2O3/TiO2/Pt/C3DP. d) Schematics illustration of the proposed band structure of active
photocatalyst in sample Al2O3/TiO2/Pt/C3DP. Here, Al2O3 only acts as a support material.
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phase while the holes migrate to the valence band of the rutile
phase. This accumulation of holes and electrons in different
phases reduces the charge recombination, which resultingly
enhances the photocatalytic activity compared with pure anatase
and/or rutile TiO2.

[15,51,60] As confirmed by PXRD, Raman,
and XPS spectra, in Ti-MOF-derived N/C-doped TiO2/CP and
pyrolyzed 3D-printed boehmite/Ti-MOF derived monolith
Al2O3/TiO2/C3DP, anatase and rutile phases coexist, forming a
phase junction.[42,43] In these samples, the photogenerated elec-
trons migrate from the conduction band of rutile phase to the
conduction band of anatase phase, whereas the photogenerated
holes migrate from the valence band of anatase to the rutile
phase. Due to the presence of nitrogen-functionalized porous
carbon matrix (9.7 wt%) from organic linker (NH2-BDC) of
Ti-MOF, these photoelectrons also migrate to this carbon, result-
ing in the minimization of the charge recombination.[50] The
photocatalytic reduction reaction takes place at the electron-rich
conduction band of anatase phase, which acts as an active site for
half reaction, reducing the water molecules into H2, while the
other half reaction of oxidation (in the presence of MeOH) is
accommodated by the photogenerated holes in the valence band
of rutile phase.[16,20,51] However, in Pt-deposited 3D-printed
pyrolyzed monolith Al2O3/TO2/Pt/C3DP, only anatase phase is
observed by PXRD.[43,45,52,55] This may be due to the deposition
of heavy Pt atoms into Ti-MOF, and the phase transformation
from anatase to rutile does not take place at 750 °C.[43]

Although only anatase phase of TiO2 is present in 3D-printed
pyrolyzed Al2O3/TiO2/Pt/C3DP, the uniformly distributed
Pt/PtOx species (calculated to be 0.55 wt% via TGA) provide addi-
tional cocatalytic active sites for photocatalytic H2 evolution reac-
tion. Synergistically, other parameters including high BET
surface area, N-functionalized porous carbon, and the presence
of γ-Al2O3 enable the enhanced accessibility to the photocatalytic
active sites; consequently, the printed samples Al2O3/TO2/C3DP

and Al2O3/TO2/Pt/C3DP monoliths display much improved pho-
tocatalytic performance in H2 evolution than TiO2/CP powder.

The recyclability and the structural stability of the best-
performing sample Al2O3/TiO2/Pt/C3DP was also evaluated.
As shown in Figure 6c, the photocatalytic H2 activity almost
remains stable and unchanged after five successive photocatalytic
performance cycles, each of 5 h. Throughout the reaction pro-
cess, the structure and morphology of the catalysts also remain
unchanged. XRD patterns of the used catalysts Al2O3/TiO2/C3DP

and Al2O3/TiO2/Pt/C3DP are the same as that of catalysts prior to
the reaction (Figure S10, Supporting Information). Moreover,
the optical image (Figure S11a, Supporting Information)
confirms that the mechanical stability of the photocatalysts is
not sacrificed in water/methanol solution and the overall
geometry of the monolith is largely stable. The SEM image
(Figure S11b, Supporting Information) further confirms that
the disc-like morphology of Ti-MOF-derived photocatalyst
embedded in Al2O3 is still preserved after the reaction. The
benefits of these 3D-printed photocatalysts may offer that the
separation of the catalyst from the leftover reaction solution is
very easy and no trivial separation processes with excess solvents
are needed. Furthermore, by changing from powdery to shaped
catalyst, these 3D-printed MOF derivatives offer freedom of
customizing the microstructure of the printed monoliths to be
fitted to the designed reactor-specific shapes. In addition, the

potential change of the use of 3D-printed catalysts from batch
or semi-batch setup to continuous flow processes is another
advantage. All these suggest that 3D-printed photocatalysts can
offer a practical available solution to improve the catalytic
performance as well as scaling up of the use of catalyst. For
MOF-derived photocatalysts, the catalytic activity can be further
improved by optimizing the synthesis parameters such as better
shape and size of the printed monoliths (to overcome diffusion
limitations that might negatively influence the reaction), control-
ling over the pyrolysis temperature and tuning gaseous
atmosphere. Moreover, increasing and optimizing the content
of MOFs in the boehmite/MOF paste precursor to maximize
the amount of active catalyst in 3D-printed monoliths can also
significantly improve the photocatalytic performance.

3. Conclusion

Ti-MOF NH2-MIL-125, mixed with boehmite dispersal, was 3D
printed by DIW technique followed by Pt deposition using
atomic layer deposition. The 3D-printed monoliths were
pyrolyzed at 750 °C under Ar atmosphere and the resulting
3D-printed samples were evaluated for photocatalytic H2 evolu-
tion under UV–vis light. As a proof of concept, this study dem-
onstrates that the 3D-printed photocatalytic monoliths exhibit 5
times higher H2 evolution performance compared with the
powder samples due to the better interaction between
incident light and the printed catalyst as a maximum amount
of catalyst can be exposed to the incident photons. Moreover,
the uniformly distributed Pt/PtOx species, deposited by ALD,
provide additional cocatalytic active sites to improve 30% of
the H2 evolution activities compared with Pt-free 3D-printed
monoliths. Additionally, N-functionalized porous carbon, high
BET surface area, and the presence of porous Al2O3 synergisti-
cally enhance the accessibility to the photocatalytic active sites.
Consequently, the 3D-printed samples Al2O3/TO2/C3DP and
Al2O3/TO2/Pt/C3DP monoliths display much improved photoca-
talytic performance in H2 evolution than TiO2/CP powder.

4. Experimental Section

Synthesis of NH2-MIL-125(Ti) Powder: To scale up the synthesis
of Ti-MOF, NH2-MIL-125, 6.875 g (38mmol) of 2-aminoterephthalic acid
(NH2-BDC) was dissolved in 100mL of dimethylformamide (DMF) and
25mL methanol (MeOH) mixed solvent. Then, 9.01mL (26.5mmol)
Ti(OBu)4 was slowly added, followed by the addition of 0.5mL water,
and constantly stirred in an oil bath at 120 ºC for 42 h. Yellow colored
precipitates were collected by centrifugation. To remove the organic ligand
species, the precipitate was washed twice with DMF and then several
times with MeOH for solvent exchange. The obtained NH2-MIL-125(Ti)
was dried in air at 70 ºC overnight.

Preparation of Boehmite/Ti-MOF Paste and 3D Printing: Following a
published procedure,[38] boehmite paste with Disperal-60 and Pural-SB
(Sasol Germany GmbH) in a mass ratio of 2.3:1 were mixed with acetic
acid (pH¼ 3, Sigma-Aldrich) to obtain a paste with the solid content of
65 wt%. For the preparation of a mixed paste containing Ti-MOF, the
boehmites Disperal–60 and Pural–SB (in the same mass ratio as
mentioned before) were mixed with the dried NH2-MIL-125(Ti) powder
in an overall mass ratio of 1.6:0.7:1. The liquid share in the paste was
45 wt%, consisting of acetic acid (pH¼ 3) and 1 wt%
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hydroxypropylmethylcellulose solution in water (Methocel 311, Dow Wolff
Cellulosis) in a mass ratio of 1:1.2.

For the DIW printing, a self-constructed printer was used, where the
paste was filled in a 2mL syringe and extruded through a nozzle with a
diameter of 0.51mm. The shapes of 3D-printed monoliths had an overall
infill of 40% and a targeted layer height of 0.4mm. The printed structures
were dried overnight on the print bed prior to pyrolysis at high temperatures.

Atomic Layer Deposition (ALD) of Pt: The deposition of Pt on the
as-printed boehmite/Ti-MOF monoliths was realized via a commercially
available ALD reactor (Savannah S200, UltraTech). Approximately,
50mg of the pristine MOF powder or 3D-printed boehmite/Ti-MOF
monolith was loaded into a standard powder sample holder and held
at 150 °C for 2 h to adapt to the process temperature. Argon (Ar) was used
as carrier and process gas to introduce the Pt precursor species
(5 sccm) and for purging steps (20 sccm of Ar gas). Trimethyl
(methylcyclopentadienyl)platinum (IV) (Me3PtCpMe) inside an ALD
precursor cylinder was heated to 75 °C prior to the loading experiment.
The ALD process was performed at 150 °C with a standard pulse sequence
of t1–t2–t3, where precursor pulse time t1 was 0.015 s, exposure time t2 was
300 s, and Ar purge time t3 was 180 s and repeated 50 times. After Pt
deposition into the Ti-MOF powder or 3D-printed monoliths, the
deposited samples were further purged for several hours to ensure the
removal of excess Me3PtCpMe or any other side products.

Pyrolysis of 3D-Printed Monoliths: The Ti-MOF and the 3D-printed
boehmite/Ti-MOF-derived composites were synthesized by one-step
direct pyrolysis of respective samples at 750 °C under Ar atmosphere.
For that, precursor materials were loaded in an alumina boat and placed
in the center of a tube furnace. The heating rate and dwell time of the
furnace were set to 5 °Cmin�1 and 2 h, respectively. Prior to the pyrolysis,
the quartz tube was purged with Ar gas for 60min to remove oxygen. The
pyrolyzed samples were named as TiO2/CP, Al2O3/TiO2/C3DP, and Al2O3/
TiO2/Pt/C3DP. (Here, P stands for powder sample, while 3DP refers to
3D-printed sample.)

Material Characterizations: PXRD patterns of precursor and their
derived composites were performed by Rigaku Miniflex. The microscopic
images were taken with a MZ8 from Leica that was equipped with a
MicroCam II (Bresser). Analysis of the respective images was carried
out using ImageJ software. The morphologies of the samples were
determined by the images taken by JEOL JSM-7500F field-emission
scanning electron microscope coupled with EDX INCA System (software)
with 50mm2 X-MAX detector fromOxford Instruments. For TEM, samples
were applied to glow-discharged C-Flat 1.2/1.3 4C grids (Protochips).
Micrographs were acquired at room temperature on a 300 kV Titan
Krios electron microscope equipped with a Falcon 3 detector (Thermo
Scientific) and a Cs corrector (CEOS). TGA measurements of as-prepared
samples, prior to pyrolyzation, were carried out on a TGA Q5000 from TA
Instruments under synthetic air with a heating ramp of 10 °Cmin�1. TGA
of derived composites was measured using Mettler Toledo TGA/STA 409
PC apparatus under synthetic airflow with a heating ramp of 10 °Cmin�1.
Raman spectra were recorded by Renishaw inVia Reflex Raman System
RL532C, Class 3B. The surface chemical analysis was obtained by
Kratos Axis Ultra DLD spectrometer with a monochromated Al Kα
X-ray source operating at 168W (12mA� 14 kV). To calculate the
bandgap energies of the nanocomposites, UV–vis absorption spectra were
recorded by ThermoScientific Evolution 200 spectrophotometer. For the
measurement of BET surface area and the pore PSDs from the N2 sorption
at 77 K, Quantachrome autosorb iQ2 ASiQwin equipped with a micropore
port (1� 10�5 bar) was employed. Before the N2 gas sorption analysis, all
the samples were degassed for 6 h at 150 °C under vacuum. The PSD of all
the samples was calculated from the adsorption branch using nonlocal
density functional theory (NLDFT) method.

Photocatalytic hydrogen (H2) evolution reactions were performed in a
custom-made Pyrex-glass reactor under 500W Xe/Hg lamp (66 983,
Newport). To analyze the evolved gases in headspace, a gas chromato-
graph (CP 9001, Chrompack), a KSLA gas pump, and the light source were
employed. The photocatalytic reactor consisting of a total volume of
42.1mL (17.1mL headspace, 2 mL dilution volume) was equipped with
a water jacket to precisely control the temperature. In the experiment,

either Ti-MOF-derived powder or 3D-printed monoliths were suspended
in the photocatalytic reactor with 7.5 mL CH3OH and 17.5 mL H2O. The
reactor was purged by Ar gas (30mLmin�1) for 30min to completely
deoxygenate the system prior to the reaction and the reactor temperature
was set at 30 °C. After complete deoxygenation of the reactor, the UV–vis
light illumination was applied, and the reaction products were analyzed by
means of the gas chromatography analysis.
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