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The development of structured catalyst supports to promote chemical process intensification is of great
interest, and porous activated carbon (AC) is an excellent material to overcome this challenge. In
addition, the current increasing hydrogen demand and its limitations in terms of transportation and
storage require the development of novel approaches for the application of hydrogen. In this study,
highly porous and robust 3D-printed patterned AC-based architectures were additive manufactured
using the direct ink writing technology. Different AC inks containing a boehmite gel with no organic
additives were rheologically characterized to select the most suitable ink for building AC supports, which
were thermally treated to promote solid—solid contacts and increase their robustness (strength of ~0.5
MPa) while maintaining a high porosity (86%). Subsequently, the AC supports were impregnated with
a 5 wt% palladium (Pd) precursor to develop a 3D Pd/AC catalyst, which could generate hydrogen via the
dehydrogenation of formic acid (FA), a very promising liquid organic hydrogen carrier, in a fixed-bed

reactor. These 3D catalysts produced CO-free hydrogen from FA under ambient conditions with an FA
Received 18th September 2023

Accepted 20th October 2023 conversion of 81% and hydrogen flow rate of 6 mL min~t. Furthermore, the long-term experiments in

continuous mode operation showcased their good catalytic stability and recyclability. These results
DOI: 10.1039/d3ta05644a demonstrate that 3D Pd/AC catalysts exhibit a great potential to develop a new technology using FA as

rsc.li/materials-a hydrogen carrier.

Introduction formaldehyde solution® or whey.” Subsequently, the printed
part is subjected to pyrolysis or carbonization step followed by
3D printing technologies have rapidly been developed in the CO, activation. The other approach involves the direct use of
chemical industry due to the manufacturing of more efficient a commercial AC powder to prepare an aqueous AC-based ink
and sustainable cellular-structured materials able to enhance with a particular rheology, which is then printed by DIW (also
process intensification.! Also, these technologies are attractive ~known as robocasting).
for the construction of scaffolds based on 3D-printed porous The latter procedure offers significant benefits over the
activated carbon (AC), which is widely used due to its carbonization/activation process, such as a reduction in post-
outstanding physical-chemical properties as an adsorbent®> and ~ printing steps and in contaminants and/or residues. Besides,
catalyst support.? considering that the yield of AC formation via the polymeric route
At present, two main approaches have been proposed for is sometimes limited,> employing pristine AC, which retains its
additive manufacturing 3D cellular AC monoliths. The first physical and chemical properties, is also advantageous. However,
approach employs organic matter as the feedstock for printing ~carbon materials are commonly hydrophobic, which makes it
the scaffold. For instance, they can be built by stereolitography extremely difficult to achieve a successful printed structure using
(SLA) using photoresins,*® or can be printed by direct ink water as the liquid medium in the ink if the powder is not pre-
writing (DIW) employing as feedstock a resorcinol and functionalized. Alternatively, AC powder can be mixed with
a supporting material (mainly zeolite) and/or a binder.
To date, some works have reported the manufacturing of 3D
“Instituto de Cerdmica y Vidrio (ICV), CSIC, Kelsen 5, 28049 Madrid, Spain. E-mail:  cellular AC-based structures by DIW, mainly for CO, adsorption
mbelmonte@icv.csic.es related applications.>™* For example, Regufe et al.® first claimed
the preparation of 3D scaffolds with 70 wt% of zeolite and
t Electronic ~ supplementary information (ESI) available. See DOI: 30 wt% of AC printed with an ink that contained a carboxy-
https://doi.org/10.1039/d3ta05644a methylcellulose (CMC) binder. Recently, the same group®
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increased the AC content of the ink to 47.5 wt% (plus 47.5 wt%
of zeolite and 5 wt% of CMC), obtaining a high CO, adsorption
capacity and selectivity. In both studies, the binder was not
thermally removed to avoid potential damage to AC. Mendes
et al.* investigated the CO, adsorption capacity of two distinct
3D cellular AC-based structures obtained from a mixture of
zeolite/AC/bentonite (as binder) with compositions (wt%) of 45/
45/10 and 0/90/10, and porosities in the range of 56% to 62%,
respectively, after a thermal treatment at 550 °C in nitrogen
(N,). The results confirmed the better adsorption performance
of the monoliths containing zeolite. Verougstraete et al.'* also
reported the printing of 3D AC structures for CO, capture from
biogas using a mixture of 50 wt% AC and 50 wt% potassium
silicate, which acted as binder and enhanced the capture of CO,
by forming potassium carbonate. Rangel-Sequeda et al'?
developed AC scaffolds from AC : CMC ink with a mass ratio of
1:2 by heating the as-printed material to 600 °C to burn off the
CMC. The monoliths exhibited similar CO, adsorption capacity
to their powder precursors. Finally, Acufia-Bedoya et al.™® also
employed CMC to produce printable AC inks, with an AC: CMC
weight ratio of 32 : 68. The scaffolds were heat-treated at 600 °C
and employed as electrodes in an adsorption-electro-oxidation
system to degrade non-steroidal anti-inflammatory drugs.

To date, the use of 3D-printed cellular AC structures in
heterogeneous catalysis has not been investigated, and thus the
goal of the present work was, firstly, to manufacture highly
porous and robust 3D-printed patterned AC-based architec-
tures, and secondly, use them as catalyst supports in hydrogen
production, which is a topic of great interest due to the expected
exponential increase in hydrogen demand over the next two
decades.

Nevertheless, the low density and flammability of hydrogen
make its transportation and storage difficult and risky,"** and
the current technologies employed for hydrogen storage are
expensive given that they require either high-pressure
compression in cylinders or liquefaction in cryogenic
tanks.’*® Thus, to overcome these issues, liquid organic
hydrogen carriers (LOCHs) have emerged as a promising solu-
tion,"*7**?® considering that they can be transported under
ambient conditions utilizing the existing infrastructure
designed for gas and crude oil transportation. These carriers
store hydrogen through catalytic hydrogenation/
dehydrogenation reactions, allowing the efficient and revers-
ible release of hydrogen as needed. Recently, formic acid (FA)
has gained attention as a viable LOHC because its production
can be based on emerging technologies linked to the carbon
dioxide (CO,) capture and use, facilitating a more sustainable
approach for the distribution of hydrogen.>*** Moreover, the
catalytic dehydrogenation of FA into hydrogen (H,) and CO, can
be performed with high efficiencies under low temperature
operating conditions, below 60 °C, without the formation of any
undesirable by-products.**** Among the catalysts studied for the
dehydrogenation of FA, palladium (Pd) nanoparticles supported
on AC powder exhibit enhanced catalytic activity because AC
promotes the synthesis of Pd nanoparticles with small sizes and
high Pd**/Pd° ratios.>*** However, to the best of our knowledge,
structured Pd/AC catalysts for scaling up the dehydrogenation
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of FA have not been developed. Structured reactors are known
for their high and straightforward scalability. The size of the
structured catalyst in the reactor can be adjusted to the reactor
size without affecting its catalytic performance once its internal
structure is preserved. Maintaining the same internal structure
ensures the same available surface area, thereby preventing
hydrodynamics and mass transfer from influencing the cata-
Iytic performance on a large scale. Therefore, in this work, we
explored the manufacturing of 3D Pd/AC catalysts via the Pd
impregnation of 3D-printed AC supports for the catalytic
dehydrogenation of FA as a hydrogen carrier. The final goal is to
facilitate the on-demand production of hydrogen under near
ambient conditions.

In this study, different AC inks containing a boehmite gel
were rheologically characterized to identify the most appro-
priate ink to manufacture AC scaffolds by DIW. Prior studies
confirmed the benefits of using a boehmite gel to enhance the
printability of ceramic inks.*> Although other inorganic gels
could be employed, boehmite can increase the mechanical and
chemical resistance of the printed scaffolds once thermally
transformed into Al,O;, which is of great interest considering
the demanding conditions of catalytic reactors.

Experimental
Additive manufacturing of AC-based supports

AC powder (<100 nm particle size, Merck) was selected for the
preparation of 3D catalytic supports and characterized by
different techniques. The specific surface area (Sggr) and
external surface area (Agxr) were measured using the Brunauer-
Emmett-Teller method (BET) and a TriStar 3000 instrument
(Micrometrics) at a degassing temperature of 120 °C in
nitrogen. Carbon, sulphur, nitrogen, and oxygen contents were
determined using different elemental analyzers, i.e., LECO CS-
200 for carbon and sulphur and LECO TC-500 for nitrogen
and oxygen. Thermogravimetric/differential thermal analysis
(TGA/DTA, Q600, TA Instruments) tests were performed up to
1000 °C at a heating rate of 5 °C min~" in air. The character-
ization of the AC powder is shown in Table S1 and Fig. S1 (see
ESI{), highlighting its high Sger (738 m® g~ ') and Agxr (514 m?
g~ ') values, and carbon and oxygen contents of 87.6 and
7.3 wt%, respectively. In addition, the AC powder was stable in
air up to 450 °C, and then began to decompose, losing weight
with an increase in temperature until completely burnt at 600 ©
C, as evidenced by the TGA/DTA data (Fig. S17).

A boehmite gel (AIO(OH)) was added in different proportions
to the AC powder, and the corresponding AC-based inks were
prepared by sequentially mixing Milli-Q water, AC powder and
boehmite gel (B), using three distinct AC/B weight ratios of 90/
10, 70/30 and 55/45. The inks were homogenized after each
addition (water, AC or B) in a planetary centrifugal mixer (AR-
250, Thinky Company) at 2000 rpm for 30 s using silicon
nitride balls as milling media. The boehmite gel was previously
prepared by simultaneously stirring (500 rpm) and sonicating
a colloidal dispersion containing 41 wt% of boehmite powder
(Dispal 11N7-80, SASOL, 220 nm particle size modified with
0.1 wt% of nitric acid) and Milli-Q water in an ice/water bath for

This journal is © The Royal Society of Chemistry 2023
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90 min. The apparent viscosity () as a function of the shear rate
(%), and the shear storage (G') and loss (G”) moduli versus the
shear stress (t) of the AC-based inks were determined using
a rheometer (CVO 100 D, Bohlin Instruments) with a cone-and-
plate tool (diameter: 40 mm and cone angle: 4°) at 25 °C in the
range of 0.1-100 s * and 10'-10" Pa, respectively.

Unframed cylindrical 3D cellular structures (16.2 mm in
diameter and 7.9 mm in height) formed by 12 successive printed
layers, each containing a linear array of 9 parallel filaments in the
X-Y plane and orthogonally assembled with respect to the adja-
cent layer, were computer-designed with CAD software (Robo-
CAD 4.2, 3-D Inks LLC). The ink was extruded with a three-axis
robocasting system (A3200, 3-D Inks LLC) at a constant speed
of 10 mm s~ at room temperature in air on an alumina substrate
through a nozzle tip with an inner diameter of 840 um (Precision
Tips; EFD Inc). The as-printed AC/B monoliths were heat-treated
at 1300 °C under a vacuum atmosphere in a high-temperature
graphite furnace (Thermal Technology Inc), with a holding
time of 30 min at the set temperature and heating/cooling rates
of 10 °C min*. The as-printed and heat-treated scaffolds were
microstructurally characterized by optical stereomicroscopy
(Nikon SMZ1000) and field-emission scanning electron micros-
copy (FESEM, Hitachi S-4700). In addition, the densities and
porosities of the heat-treated scaffolds were fully characterized.*
In brief, the geometrical density (pge,) was calculated from the
scaffold weight and dimensions, whereas the bulk density (ppu1x)
and apparent density (p,pp) Were assessed by the Archimedes'
method. Total porosity (m) Was estimated considering pgeo
and the theoretical density (p.,) of the scaffold after heat treat-
ment, which was mainly constituted by AC (pg, = 2.10 g cm™?)
and alumina (3- and 6-Al,03, py, ~ 3.59 g cm ™), where the latter
was the result of the transformation of boehmite into these
alumina crystalline phases. The rod porosity (m,q) Was deter-
mined using pyuik, While the porosity of the open channels or 3D
porosity (m;p) was calculated using o1, Troa and the volume
fraction of rods in the structure. Finally, the total open rod
Porosity (Total-open-roa) Was obtained from the volume fraction of
rods and the open rod porosity (mopen-roa), Which was estimated
using myoq and papp. The crystalline phases were identified by X-
ray diffraction (XRD, Bruker D8 Advance) using a Linx Eye
detector and CuKo radiation in the 26 range of 10° to 80°. The
Sget, pore size distribution and TGA/DTA analyses of the scaf-
folds were performed using the same methodology as that
previously described for the AC powder.

The top/bottom faces of the 3D structures were gently ground
to ensure homogeneous close contact during the mechanical
compression tests. At least four monoliths with a diameter of
15.6 mm and height of 7.2 mm were compressive loaded
(zwickiLine Z5.0 TS, Zwick-Roell) using a 5 kN load cell and
a displacement rate of 0.5 mm min~'. Compressive strength (o)
was calculated considering the maximum compressive stress and
the cylindrical contact area of the scaffold.

Preparation and characterization of 3D Pd/AC catalysts

Pd nanoparticles were synthesized on the AC scaffolds via the
impregnation method, followed by thermal treatment under

This journal is © The Royal Society of Chemistry 2023
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a reducing atmosphere. The nominal load of Pd was fixed at
5 wt%. In a typical preparation, six AC monoliths (equivalent to
3 g) were submerged in a precursor solution at 65 °C and
agitated for 1 h in a rotary and oscillating mixer (Movil-Rod, J.P.
Selecta). The precursor solution was prepared by dissolving
0.27 g of PACl, (Merck) in 7.5 mL of 0.58 mol L™ " of HCI (Pan-
reac). This solution was mixed with 20 mL of Milli-Q water to
ensure complete immersion of the monoliths in the Falcon™
tubes used in the mixer. Subsequently, the precursor solution
was divided into six aliquots to submerge one monolith in each
aliquot. Then, they were placed in an oven at 95 °C until the
water was completely evaporated. During the treatment, the
monoliths were flipped to promote the even distribution of Pd
on the AC scaffold surface. The Pd-impregnated monoliths were
washed with Milli-Q water and oven-dried at 60 °C overnight.
Finally, they were reduced to remove the residual chlorides in
a quartz tube under an H,/N, stream (50/100 N mL min ') at
250 °C for 2 h at a heating rate of 10 °C min~". The resulting
catalysts were labelled as 3D Pd/AC.

Different techniques were used to characterize the Pd/AC
catalysts before (“fresh”) and after (“use”) the catalytic reaction.
In addition to Sggr and XRD (Bruker D5000) measurements, SEM
(Hitachi S-3000N) with coupled energy dispersive X-ray spec-
troscopy (EDX, XFlash 6130, Bruker) and transmission electron
microscopy operating at 200 kv (TEM, JEOL 2100F) were
employed to visualize the Pd dispersion and measure the Pd
particle size (by counting at least 100 features and using the
Image] software), respectively. High-resolution TEM (HRTEM)
images were also recorded at 300 kV (JEOL JEM GRAND
ARMB300CF) to measure the lattice spacing of the Pd nano-
particles. The Pd content was measured by total reflection X-ray
fluorescence (TXRF) using a benchtop S2 PICOFOX TXRF spec-
trometer (Bruker Nano). The exposed Pd surface species (Pd® and
Pd®") were quantified by X-ray photoelectron spectroscopy (XPS).
The spectra were measured with a PHI5000 VersaProbe II using
a monochromatic Al-Ka X-ray beam (1486.6 eV). Charge refer-
encing was measured against adventitious carbon (C1s at 284.5
eV). The monoliths were pulverized for all the analyses except for
the visualization of the Pd nanoparticle distribution by SEM.

Catalytic dehydrogenation reactions

The FA dehydrogenation reaction was conducted in a fixed-bed
reactor operated in continuous mode. Five 3D Pd/AC pieces
(catalyst weight, Wear ~ 2.5 g) were settled in a double jacket
glass tube (GE Healthcare, XK16/20 mm) between two beds of
spherical glass beads of 2 mm diameter to help to the flow
distribution. Water, as the heating fluid, was recirculated in the
double jacket to ensure the desired reaction temperature inside
the reactor, T = 25-55 °C. The FA solution (Cgs,o = 0.5-1 M) was
preheated and fed to the bottom of the reactor at a liquid flow
rate (Qr) = 0.25 mL min " by a piston pump (Shimadzu LC-
20AD). Thus, the reactor was operated at spatial time (1) =
W-Qr " = 160 gcar h L% Helium (He) was used as the carrier
gas at flow rate (Qp.) = 17 N mL min " to ensure the continuous
flow of gas (Bronkhorst High Tech). The liquid and gas from the
reactor effluent were continuously separated and cooled in
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a Peltier cell, collected and analyzed. Gas samples were
collected using gas sampling bags (Supelco). Long-term exper-
iments were conducted under different operating conditions to
study the deactivation of the 3D Pd/AC catalyst and its recycla-
bility in continuous mode operation. After each experiment, the
monoliths were removed and dried at 60 °C for 24 h prior to the
next use. Additionally, one used monolith was used for char-
acterization and, then, the liquid flow rate was adjusted pro-
portionally to the catalyst mass to maintain the same 7 = 160
gcar h L All experiments were performed at ambient pressure
(1 atm).

The evolution of the gas composition during the reaction
was studied using a gas chromatograph (Agilent 6890) equipped
with a thermal conductivity detector employing a Varian select
permanent gases/CO, column and He the as carrier gas for the
analysis. H,, CO, CO,, O, and N, gases were calibrated
employing three commercial standards. Alternatively, the FA
concentration (Cga) in the liquid effluent was measured by
spectrophotometry at the wavelength of 210 nm in a Cary 60 Vis-
UV spectrophotometer. The FA conversion (Xg,) and evolve gas
flow rate (Qgas) were used to evaluate the catalytic performance,
as follows:

Crap — Cra %

FA 0

Xea(%) = 100 1)

Ocas (ML min~') = Q. (mL min~") x dilution factor  (2)

The dilution factor was calculated according to the gas
composition measured in the gas effluent. The detailed calcu-
lations are provided in the ESI.{

Results and discussion
3D-printed AC-based supports

The rheological characterization of the different AC-based inks
is presented in Fig. 1a and b. All the inks exhibited

—0—90/10
—=—70/30
—4&—55/45

Fig. 1 (a) Apparent viscosity (n) versus shear rate (y) and (b) shear
storage (G) and loss (G”) moduli versus shear stress (1) of the different
inks. (c) Top and isometric CAD models and optical images of the
corresponding as-printed AC/B 70/30 scaffolds. (d) Top view of the as-
printed patterned AC/B 70/30 structure.
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pseudoplastic behavior, with the 7 values decreasing by about
three orders of magnitude as ¥ augmented (Fig. 1a). In prin-
ciple, this response will favor the extrusion of the ink in the
syringe through the cylindrical nozzle when pressure is applied
by the piston of the robocasting equipment due to the lower ink
viscosity at high shear rates, and also maintain the filamentary
shape of the printed rods as they leave the nozzle tip (high
viscosity at very low shear rate). However, the large AC content
of the 90/10 ink did not allow developing a fully homogenous
ink, which contained some lumps, leading to a viscosity curve
with some fluctuations. Regarding the shear modulus response
(Fig. 1b), the 70/30 and 55/45 inks presented prolonged and
constant G’ data at around 6 x 10° Pa, which were above the G”
curves (~1 x 10° Pa) until crossing at the yield stress (ty), cor-
responding to values of 1600 and 1050 Pa, respectively. For both
ink compositions, the G' and 1, data allowed the assembly of
self-supported and robust 3D structures by robocasting, where
the 70/30 ink resulted in filaments with larger stiffness than
those obtained with the 55/45 ink. In contrast, the 90/10 ink
presented lower G’ values, which quickly decreased with the
shear stress, leading to a substantial reduction in 7, (~100 Pa)
and preventing the construction of a self-supported scaffold.

Table 1 summarizes the composition of the different
aqueous AC/B inks. The solid content (AC + B) of all the inks was
in the range of 40-42 wt%. Considering the rheological data of
the inks, printability of the 3D structures, and catalytic premise
that suggests employing supports with the maximum AC
content, the 70/30 ink was selected as the most suitable
composition for printing the catalytic supports.

Accordingly, the next step was to manufacture the monoliths
following the CAD model shown in Fig. 1c to fit the dimensions
of the catalytic reactor. The as-printed scaffolds (Fig. 1c and d)
fully reproduced the design and no cracks were observed in the
3D structure, showing straight filament arrays in each layer
(Fig. 1d). Further thermal treatment at 1300 °C did not damage
the scaffolds (Fig. 2a and b) and led to the complete trans-
formation of boehmite into d and 6-Al,O0; (Fig. 2c). These
crystalline phases were chemically resistant to the dehydroge-
nation reaction of FA, and the monoliths kept their mechanical
integrity, as proven by introducing the scaffolds in a beaker
containing FA at 55 °C under mechanical stirring for 1 h (see
Fig. S271). After the transformation of boehmite, the composi-
tion ratio of the sintered support was recalculated considering
the changes in the theoretical density of boehmite (3.03
g-cm?) and 8- and 6-alumina (~3.59 g cm ). The 3D structure
was formed by approximately 71.5 wt% AC and 28.5 wt%
alumina, which is in good agreement with the TGA/DTA data
(Fig. S1t).

The 3D AC/Al,O; structures showed some shrinkage with
respect to the CAD model of 8.2% in height and 3.7% in
diameter and, therefore, the CAD model was redesigned to
achieve the final targeted dimensions (7.9 mm in height and
16.2 mm in diameter). The final width of the open channels was
710 + 30 pm and the diameter of the rods was 760 £+ 20 pm.
The 3D structures were lightweight (pge, = 0.36 g cm ™),
highly porous (71 = 85.8%), with 3D macroporosity (msp) of
45.6%, total rod porosity (yq) of 40.1%, and open rod porosity

This journal is © The Royal Society of Chemistry 2023
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Table 1 Composition (wt% and vol%) of the distinct aqueous AC/B inks

View Article Online

Journal of Materials Chemistry A

AC content B content Water content Solids content
AC/B label wt% vol% wt% vol% AC/B wt. ratio wt% vol% wt% vol%
90/10 35.9 22.6 4.1 1.7 8.8 60.0 75.7 40.0 24.3
70/30 29.5 19.2 12.5 5.4 2.3 58.0 75.4 42.0 24.6
55/45 22.7 14.9 18.6 8.1 1.2 58.7 77.0 41.3 23.0

(3)
~

Intensity (a.u.)

5
00 05 10 15 20 25 30 35 40
Strain (%)

Fig. 2 Characterization of the sintered AC/B 70/30 scaffolds. (a) Top
and (b) cross-section views of the 3D structure. (c) XRD pattern
showing carbon and 3- and 6-Al,Os peaks. (d) Representative stress—
strain curve and image of the scaffold after the compressive test.

(Teotar-open-roa) Of 17.2%, considering a theoretical density of
2.55 g cm ™ for the sintered 3D AC/B 70/30 structures. Besides,
the scaffolds exhibited an Sgpr of 454 m? g~ * and Agxr of 329 m?
g~ ', which are very close to the expected values considering the
AC content in the 3D structure and the common low Sggr and
Agxr values attained for high-temperature alumina crystalline
phases.**

One important parameter to consider in 3D AC/Al,O;
supports is their mechanical response, given that they must
have sufficient mechanical resistance to be handled and endure
the Pd infiltration process, and especially the demanding
operating conditions in the catalytic reactor. Fig. 2d shows

a representative example of a strain-stress curve for the scaf-
folds recorded during the compression test, where an initial
linear elastic region was clearly observed, which is related to the
increasing deformation (bending/buckling) of the AC/Al,O;
cells. The apparent elastic modulus (E) of the 3D structures can
be assessed from the slope in the linear elastic region in the
stress (MPa) vs. strain (%) plot, obtaining a value of E of 0.27 +
0.06 MPa. Once the maximum stress was reached, ie., the
crushing point or compressive strength (o, of 0.49 + 0.04 MPa
and strain of 2.35% = 0.29%), the stress diminished and frac-
ture of the struts occurred, although the scaffold did not cata-
strophically collapse (see in the inset in Fig. 2d, showing an
image of the fractured scaffold). At present, although some
studies on the mechanical strength of 3D-printed AC-based
materials have been published, only few of them provided the
total porosity of the scaffolds, which is an essential parameter
affecting their strength. In this case, 3D AC cellular structures
manufactured by SLA (from tannin-based resins)® and by DIW
(from whey)” obtained compressive strength values of 1.4 MPa
(Teotal = 83%) and 5.0 MPa (o1 = 70%), respectively, and thus,
the present 3D AC/Al,O; structures, with a slightly higher
porosity (w1 = 86%), exhibited a mechanical response in the
same range. Other works on robocast AC-based materials ach-
ieved strength values ranging from 0.2 to 3.5 MPa,**** although
their total porosities were not provided.

Fresh 3D Pd/AC catalysts

The physical, chemical, and textural properties of 3D Pd/AC
monoliths are summarized in Table 2. The results indicate
that the attachment of Pd nanoparticles on the surface of the AC
scaffold led to a reduction in the available area, i.e., micro-
(Sger) and mesoporous area (Agxr) in the scaffolds, which can be
attributed to the deposition of the Pd nanoparticles inside the
pores of the 3D structure. The Pd nanoparticles exhibited

Table 2 Main physical, chemical, and textural properties of the 3D AC supports, and fresh and used 3D Pd/AC catalysts. Pd particle size (dp),

specific surface area (Sget), and external surface area (Agxt) are included

Material Pd (wt%) Pd**/Pd° (at%) d, (nm) Sper (m* g™ ") Apxr (m* g1 Carbon (wt%) Hydrogen (wt%)
3D AC support — — — 454 329 61.2 —
Fresh 3D Pd/AC 4.9 1.4 1.9+ 0.4 315 155 65.6 0.5
1% use at 55 °C 4.8 0.7 3.8+ 0.7 360 172 65.6 0.5
3™ use at 55 °C 5.1 0.6 44+ 1.5 413 184 66.2 0.5
5% yse at 55 °C 5.1 0.5 4.4+ 1.0 440 195 67.2 0.5
1% use at 25 °C 4.7 1.4 1.9+ 0.3 380 171 65.6 0.4
3™ use at 25 °C 4.7 1.1 2.3 £0.3 427 185 65.4 0.6
5% use at 25 °C 4.5 0.9 2.8 £ 0.5 389 177 66.6 0.5

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 24321-24329 | 24325


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta05644a

Open Access Article. Published on 20 October 2023. Downloaded on 10/1/2025 8:34:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Fig. 3 SEM-EDX mapping for C (yellow color) and Pd (blue color): (a)
top and (b) cross-sectional views of fresh 3D Pd/AC catalysts.

a homogeneous surface distribution in both the exposed areas
and inner structure, as clearly shown in the SEM-EDX elemental
mapping (Fig. 3).

Alternatively, the measured Pd content corresponded to the
target value of 5 wt% (Table 2), which confirms the adequacy of
the present impregnation method. The Pd particle size (dp) was
1.9 + 0.4 nm (Table 2 and Fig. 4a and b). The measured lattice
spacing of various Pd nanoparticles was 1.375, 1.945, 2.245,
2.153 and 2.644 A, which correspond to the lattice spacing of
Pd(220), Pd(200), Pd(111), PdO(110) and PdO(101), respectively
(Fig. 4c and d).*® In addition, the XRD patterns (Fig. 5a) showed
the characteristic peaks for AC (26 = 24.7°, 57.3° and 61.8°), -
Al20; (260 = 36.5°, 38.9°, 45.7°, 66.5° and 67.2°), PdO (26 = 33.8°
and 43.8°) and Pd° (26 = 40.4°, 46.8° and 68.3°).>*%” Therefore,
the identified Pd crystalline phases agree with that measured by
HRTEM. It should be noted that a crystalline PdO phase was
observed with a higher amount of under-coordinated PdO
surface, such as PdO(101) than PdO(110) surface, which are
both desirable species for high catalyst efficiency and selec-
tivity.*® Besides, the XPS spectrum in the Pd 3d region (Fig. 5b)

d,=1.9%0.4 nm

Fig. 4 Representative characterization results of fresh 3D Pd/AC
catalysts: (@) TEM image, (b) Pd particle size (dp) distribution, and (c and
d) HRTEM images showing the lattice spacing of Pd and PdO. Inset in
(c) corresponds to a high magnification field.
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Fig. 5 (a) XRD pattern and (b) XPS spectrum of the Pd 3d core level for

fresh 3D Pd/AC catalysts.

exhibited two broad bands associated with the 3ds,, and 3dj3,
transitions.*® The deconvolution of each band evidenced the
existence of two peaks. Specifically, the peaks at 335.9 and
341.1 eV are ascribed to Pd°, whereas the peaks at 337.6 and
342.8 eV are related to Pd**, with PdO as the most likely
species.’>?%274 The estimated Pd**/Pd° ratio was ~1.4.

Catalytic performance of the 3D Pd/AC catalysts

The results obtained in the FA dehydrogenation experiments
under different operating conditions are presented in Fig. 6.
The Xga, Qcas and H,/CO, ratio in the evolved gas were moni-
tored as a function of time-on-stream until the complete loss of
activity. The maximum Xy, and evolved Qgas values, time
without observing deactivation (Zs.pie), time to achieve total
deactivation (foperation), total volume of the evolved gas (Vgas,
calculated by determining the area under the Qgas vs. time on
stream curve until complete deactivation) and total volume of
H, produced (calculated considering Vgas and the concentra-
tion of H, in the gas) were obtained from the curves in Fig. 6 and
summarized in Table 3. In all cases, no CO was detected in the
evolved gas or Pd in the aqueous effluent. Therefore, the 3D Pd/
AC catalysts were 100% selective for the dehydrogenation of FA
and the deactivation was not caused by Pd leaching.

As can be seen in Fig. 6 and Table 3, the X, values before
starting the progressive deactivation were high, which ranged
from 81% to 99%. Both a low Crao, and especially high
temperature are beneficial for the disappearance of FA. This
activity is difficult to compare with that of other catalysts due to
the different operating conditions used in the FA dehydroge-
nation conducted in liquid phase and continuous reactors. For
instance, the powdered 5 wt% Pd/AC catalyst studied by Caiti

T(C) CpaolM)

® 55 1

e 25 1 10T
5

Qgns (ML min')

048

04
0 5 10
time on stream (h)

- 0.
15 20 25 30 35
time on stream (h)

0
15 20 25 30 35 0 5 10

Fig. 6 (a) Xga and (b) Qgas produced and H,/CO; ratio in the evolved
gas (%) upon time-on-stream under different operating conditions
with t = 160 gear h L%
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Table 3 Main results obtained in the FA dehydrogenation over 3D Pd/AC catalysts under different operating conditions. Data collected from Fig.

6 and 7

Operating conditions Cycles Xra max (%) tstable (D) toperation (1) Vaas (L) Vi, (L) Vg, (L Zoar )

T =55 °C, Cpao = 0.5 M 1% use 99 12.0 31.5 5.6 3.0 1.2

T =55°C, Cpap=1M 1%t use 93 3.0 23.0 4.4 2.3 1.0
274 yge 94 3.5 22.0 3.8 2.0 1.0
3™ use 94 1.8 11.0 1.8 0.9 0.6
4™ yse 90 1.8 8.5 0.8 0.4 0.4
5% use 83 0.5 9.0 0.3 0.2 0.3

T=25°C, Crap = 1M 1% use 81 3.8 24.0 6.4 3.4 1.2
274 yse 88 4.3 23.5 5.1 2.7 1.2
3" use 83 4.0 24.0 3.6 1.9 1.2
4™ yse 85 2.3 18.5 1.7 0.9 0.8
5% use 69 2.5 15.0 0.6 0.3 0.5

et al®*® exhibited Xr, in the range of 82% to 100% in the
temperature range of 50 °C to 100 °C, respectively, employing
a pressure of 5 atm to maintain a liquid phase reaction, Cpa o =
0.5 M, and low spatial times, T = 0.44 gcar h gFA’l. In addition,
the trimetallic powdered PtRuBiO,/C catalyst provided very low
FA conversions of Xpy = 1-3%, at 60 °C, which is likely because
of the very low space-times selected of 0.007 to 0.016 gcar h
gpa % Strikingly, the evolved H, was not measured in any of
these studies, which is the key factor in this chemical reaction.
Herein, the evolved Qgas ranged from 5 to 12 mL min~* (see Fig.
6b) depending on the Cgs o and the reaction temperature, where
the former parameter was more critical. In addition, the H,/CO,
ratio was slightly above 1 under all conditions, indicating the
retention of CO, in the reaction media, either in the aqueous
solution or on the Pd surface, as reported in previous works
where the reaction in the common slurry reactor was carried out
in discontinuous mode.**"**

The progressive deactivation commonly observed in Pd/AC
catalysts caused by the species present in the reaction media,
particularly HCOO™ and CO,,* also depends on the operating
conditions, which in this case was mainly Cg, o. Specifically, the
catalyst activity was prolonged up to 12 h at Cga o = 0.5 M, and
this value decreased to 3 h at Cga o = 1 M, as shown by the tyapie
data in Table 3. A higher temperature also accelerated the
deactivation, but much less than the Cga . These ts,pie values
were significantly higher than those observed in the above-
mentioned studies in a continuous reactor,*®*' in which the
FA conversion decreased from the beginning of the reaction in
accordance with the lower amount of catalyst loaded in the
reactor necessary to work under the very low space time values.

Besides, the evolved Vgag and Vy, resulted from the trade-off
between the evolved Qgas and the duration of the catalyst
activity. Under the tested operating conditions, Vy;, was similar
in the three experiments and ranged from 2 to 3 L (Table 3).
Therefore, based on the above-mentioned results, and in
contrast to that reported in the literature, it is recommended to
perform the reaction at 25 °C because the catalyst lifetime is
long enough to offset the lower Qy, produced. Thus, the 3D Pd/
AC catalysts enabled the production of CO-free hydrogen from
FA as a hydrogen carrier under ambient conditions. This
finding is very significant given that it supports the use of FA as

This journal is © The Royal Society of Chemistry 2023

an alternative to most conventional petro-LOHCs.'>** The
ability to produce hydrogen under ambient conditions elimi-
nates the need for high-temperature and high-pressure
processes, which are typically required for petro-LOHCs and
other conventional hydrogen production processes. This
translates into lower energy requirements and potentially
reduced infrastructure costs for hydrogen production. These
advantages reinforce the use of FA as a hydrogen carrier despite
its lower hydrogen content than petro-LOHCs (4.4 vs. ~6 wt%).

Regarding the regenerability of the 3D Pd/AC catalysts, up to
five consecutive uses of the 3D Pd/AC monoliths were con-
ducted under the following operating conditions: Crap = 1 M
and T = 25 °C and 55 °C. The temporal Xg,, Qgas and H,/CO,
profiles obtained in the consecutive uses are shown in Fig. 7 and
the main results presented in Table 3. Given that the number of
monoliths in the bed decreased with the number of uses, the
hydrogen volume per gram of catalyst (V:IZ) was the most
appropriate variable to study the deactivation (Table 3). As can
be seen, the catalyst activity could be totally recovered after the
1% use via dry treatment at 60 °C. This result is consistent with
previous reported results using commercial AC powder.***

a) 100 b) 6 14
o 1tuse .
so pze| s - |
4‘"::: o 2 10 T
<60 ® shuse - 4 5
g £, 08 6
X 40 E 065
%2 X
2 04 =
20 S ]
0.2
Co 5 10 15 20 25 30 35 0 - 0.0
time on stream (h) [ 1_10 15 120 %:) 30 35
Ime on stream
c) 100 d) ¢ 14
80 1.2
R 1-03
£60 08 Q
3 K%
X 40 0.6 el
0.4 X
20
0.2
04 0% —— 0.0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
time on stream (h) time on stream (h)
Fig. 7 (aand c¢) Xga and (b and d) Qgas produced per gram of catalyst

and H,/CO; ratio in the gas flow rate (%) with time-on-stream at Cea o
=1M, 1 =160 gear h L™, T=25°C (aand b) and 55 °C (c and d).
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However, the activity (as V:IZ) began to slightly decrease after the
3" use when the reaction was performed at 55 °C and after the
4™ yse at 25 °C.

To analyze in depth the causes for the deactivation of the
catalyst, chemical, physical and textural characterization of the
monoliths after each use was carried out (Table 2 and Fig. S3, S4
and S5, respectively). Interestingly, the Pd particle size slightly
increased after the catalytic reaction, becoming more signifi-
cant as the reaction temperature increased, i.e., dp varied from
1.9 nm in the fresh 3D catalysts to 2.8 and 4.4 nm after the 5P
use at 25 °C and 55 °C, respectively. Furthermore, the agglom-
eration of the Pd nanoparticles did not seem to affect their
catalytic performance given that their particle size remained
unaltered from the 3™ use (Table 2), while their activity
continuously decreased (Fig. 7). In addition, a noticeable
reduction in the Pd?*/Pd° ratio was observed after the 57 use,
decreasing from 1.4 in the fresh 3D Pd/AC to 0.9 at 25 °C and 0.5
at 55 °C in the tested monoliths. These results suggest that the
number of active sites, which is related to the amount of electro-
deficient Pd species where the HCOO™ species interact,'>*
decreased with the time-on-stream, which were not recovered
after the dry recycling treatment. It should be noted that in the
3D Pd/AC catalysts employed at 25 °C, the Pd**/Pd° ratio began
to significantly diminish after the 3™ use (Table 2) and their
irreversible deactivation was observed from the 4™ catalytic use.
Therefore, the progressive reduction of Pd*" species into Pd°
with time-on-stream appears to be the main factor responsible
for the permanent loss of activity. The agglomeration of Pd
nanoparticles and the reduction of the Pd*" species into Pd’
upon reaction have previously been reported for this reac-
tion,'>173940444% glthough there is some controversy about their
effect on the catalytic performance of monometallic Pd
catalysts.

Alternatively, it was observed that Sger and Agxr did not
diminish upon reaction and, besides, higher carbon and
hydrogen contents were not observed. This fact can be
explained by the presence of small molecules on the catalyst
surface, such as HCOO™ species and CO,, which barely
contribute to the C and H content in carbon-based catalysts.

Finally, the impact of catalyst structuration on the FA dehy-
drogenation reaction was studied by comparison with a control
experiment conducted using the same AC support but in
powder form. To achieve this, the 3D AC monoliths were
crushed and ground in an agate mortar. The preparation
method, involving the incorporation of Pd and its subsequent
reduction was the same as that of the 3D Pd/AC catalysts, and
a detailed description is provided in the ESIL.{ Also, the main
chemical properties of the powdered Pd/AC catalyst are pre-
sented in Table S2.} The results revealed that the H, production
was identical using both catalysts, yielding a Vy, of 2.3 mL in
each case (Fig. S61). The Vi, per gram of Pd was also similar,
measuring 20 and 18 L gpq " in the powdered and 3D catalyst,
respectively (with slight differences due to the resulting Pd load,
4.5 vs. 4.9 wt% in the powdered and 3D, respectively). However,
some disparities were noted in the disappearance of FA, which
was higher in the powdered catalyst (Fig. S61). We attribute this
behavior to the more favorable adsorption of FA on the
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powdered support, which is likely due to the increased available
surface area, where FA remains adsorbed without undergoing
further reaction.

In conclusion, the 3D Pd/AC monoliths exhibited 100%
selectivity for hydrogen production in the catalytic FA dehy-
drogenation reaction, although they were progressively deacti-
vated after a few uses. Besides, the 3D catalysts demonstrated
exceptional activity under ambient conditions, allowing for an
unprecedented hydrogen flow rate of 6 mL min~ " at 25 °C, 1 atm
and 160 gcar h L. The benefit of using a precise and designed
flexible technique such as robocasting for manufacturing
catalysts is that 3D Pd/AC catalysts can be cost-effectively
produced with the desired geometry and customized to fit the
reactor dimensions.

Conclusions

3D Pd/AC monolithic catalysts were additive manufactured and
employed for the first time in hydrogen production via the
dehydrogenation of FA. Self-supported 3D cellular AC archi-
tectures were robocast from pseudoplastic aqueous AC/
boehmite (70/30) inks with 42 wt% solid contents, which
turned after the sintering treatment into robust cellular AC/
alumina scaffolds with total porosities of up to 86% and
compressive strength of 0.5 MPa. The coating of the AC-based
supports with 5 wt% of well-dispersed Pd nanoparticles with
a size of ~2 nm and Pd**/Pd° ratio of 1.4 allowed the successful
production of CO-free hydrogen under ambient conditions
from FA. The use of the 3D Pd/AC monoliths as catalysts
demonstrated the feasibility of this process. In addition, the
findings suggest that FA has great potential as a hydrogen
carrier due to its ability to release hydrogen under ambient
conditions over 3D Pd/AC catalysts, becoming an efficient
source of hydrogen and offering advantages in terms of safety,
handling, and environmental impact compared to traditional
petro-LOHCs.
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