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ABSTRACT: The development of controlled processes for
continuous hydrogen generation from solid-state storage chemicals
such as ammonia borane is central to integrating renewable
hydrogen into a clean energy mix. However, to date, most reported
platforms operate in batch mode, posing a challenge for
controllable hydrogen release, catalyst reusability, and large-scale
operation. To address these issues, we developed flow-through
wood-based catalytic microreactors, characterized by inherent
natural oriented microchannels. The prepared structured catalysts
utilize silver-promoted palladium nanoparticles supported on
metal−organic framework (MOF)-coated wood microreactors as
the active phase. Catalytic tests demonstrate their highly controllable hydrogen production in continuous mode, and by adjusting the
ammonia borane flow and wood species, we reach stable productivities of up to 10.4 cmH2

3 min−1 cmcat
−3. The modular design of the

structured catalysts proves readily scalable. Our versatile approach is applicable for other metals and MOF combinations, thus
comprising a sustainable and scalable platform for catalytic dehydrogenations and applications in the energy−water nexus.
KEYWORDS: structured catalysts, wood, metal−organic framework, hydrogen generation, flow reactor

1. INTRODUCTION

Green hydrogen (H2) as a sustainable and clean energy source is
an emerging choice to substitute fossil fuels toward a carbon-
neutral world.1,2 Hence, the development of green and
renewable hydrogen solutions represents one of the key points
in the “European Green Deal”.3 However, efficient storage, safe
transportation, and controllable release of H2 remain ongoing
challenges.4,5 In this regard, solid and liquid hydrogen storage
chemicals gain interest as promising candidates for onboard
hydrogen applications.6 For example, ammonia borane
(NH3BH3) possesses unique properties, such as a gravimetric
capacity of 19.6 wt % H2, water solubility, safe handling and
transportation in the dry state, nontoxicity, and chemical
stability.7 In the presence of suitable metal-based catalysts,
room-temperature hydrolysis or methanolysis permits hydrogen
release.8−11 Reported systems can be both noble- and base-
metal-based,12,13 and synergistic effects have been evidenced for
bimetallic systems including CuRu,14 PtCu,15 AgPd,16,17 as well
as NiRu.18 In particular, AgPd stands out due to its high catalytic
activity compared to other monometallic and bimetallic
systems.19−21 To avoid metal aggregation during the reaction
and hence enhance the catalytic activity, metal−organic
frameworks (MOFs) have been proposed as supports for alloy
nanoparticles, such as AgPd/UiO-66 and AuCo/MIL-101.20,22

Their extraordinarily high surface area, well-defined pore
structure, and high porosity enable MOFs to stabilize metal
nanoparticles while maintaining the accessibility for re-
agents.23−25

Most reported studies utilize catalysts in powder form, which
causes multiple drawbacks, such as metal aggregation and metal
loss during catalyst recovery, which can significantly reduce their
catalytic activity.26,27 Moreover, the catalyst separation from the
reaction mixture is a complex operation, impeding a successful
process control, which is essential for safe hydrogen generation
in practical applications.28,29 Alternatively, structured catalysts
based on depositing metal catalysts on porous supports were
developed to address these limitations.30−32 However, current
catalyst support materials, such as cordierite monoliths, are
based on nonrenewable resources and often require time- and
energy-intensive preparative routes. In addition, most of these
structured catalyst systems operate in batch mode, unable to
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Figure 1. Scheme of the synthesis and catalytic application of wood-based structured catalysts. (a) The preparation steps and (b) the modular use of
structured catalytic reactors in series for the hydrogen generation from ammonia borane in flow. (c) The utilization of wood-based catalytic
microreactor under pressure-driven flow-through system possesses many advantages compared to using powder catalysts in batch mode, including
high mechanical property, high mass transfer efficiency, adjustable H2 generation rate, easy recovery, scalability, and safety.

Figure 2. Morphology, phase distribution, and electronic properties of native wood and structured catalysts. Scanning electron microscopic (SEM)
images of (a) native beech and (b) UiO-66@beech tangential sections. The insets correspond to magnified images. (c) Transmission electron
microscopic (TEM) image of AgPd/UiO-66@beech cross sections at the cell wall of a fiber. (d) SEM images and corresponding wavelength-dispersive
spectroscopy (WDS) elemental composition maps of AgPd/UiO-66@beech at rays in the tangential section. (e) High-angle annular dark-field
scanning transmission electron microscopic (HAADF-STEM) images and energy-dispersive X-ray spectroscopy (EDX) maps of AgPd/UiO-66@
beech. (f) Pd 3d and (g) Ag 3d X-ray photoelectron spectroscopy (XPS) spectra of AgPd/UiO-66@beech, Ag/UiO-66@beech, and Pd/UiO-66@
beech.
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control the H2 production rate. Various bio-based materials,
such as rattan and wood, have been used as catalyst carriers.33,34

In particular, natural wood microreactors possess natural
microchannels along their growth direction, providing a high-
efficiency liquid transportation corridor.35 In addition they are
of low cost, renewable, and of high mechanical strength.36

Hence, wood represents an ideal porous scaffold system for flow-
through applications, which has been previously demonstrated
for contaminant degradation, biocatalysis, and solar steam
generation.37−39 Nevertheless, natural wood microreactors have
yet not been used for hydrogen production. In addition,
previously reported flow-through wood reactors mainly utilized
low efficient capillary force or gravity rather than pressure.40,41

Here, we present a simple and versatile strategy to prepare
structured bimetallic silver−palladium catalytic native wood
microreactors for continuous hydrogen generation from
ammonia borane by a pressure-driven flow-through system.
The low surface area of wood materials, which often limits the
catalyst loading, is addressed by functionalizing wood scaffolds
with the metal−organic framework (MOF) UiO-66 to support
the desiredmetal species (Figure 1a). The structure of UiO-66 is
highly stable in water, making it practically applicable in aqueous
media.42 Thanks to the effective coverage of the wood internal
surfaces with UiO-66 and the uniform distribution of palladium
and silver, the wood-based catalytic microreactor exhibited
remarkable H2 generation performance (Figure 1b). In short,
the wood-based microreactor is characterized by excellent
mechanical properties, high mass transfer efficiency, adjustable
H2 generation rate, easy recovery, scalability, and safety (Figure
1c). These desirable features of the microreactor enable
potential applications in catalytic dehydrogenations in the
energy−water nexus.

2. RESULTS AND DISCUSSION
2.1. Functionalizing Wood Microreactors with MOF.

Beech, a diffuse-porous hardwood species, was selected to
prepare AgPd/UiO-66@wood composites due to its higher
elastic modulus (60 MPa) compared to other wood species,
such as spruce, basswood, and poplar (Figure S1).43 Beech
possesses open and aligned microchannels (5−55 μm
diameter), which mainly comprise the cell lumina of vessels
and fibers (Figure 2a). UiO-66 was grown in situ within beech
through a hydrothermal treatment with zirconium chloride
(ZrCl2) and 2-aminoterephthalic acid (NH2-BDC) at 393 K.
After this in situ growth, the microchannels within the wood
structure remain intact but the cell wall surface appears slightly
rougher compared to native beech, evidencing a uniform
distribution of UiO-66 particles, which are around 200 nm in
size (Figures 2b and S2). The X-ray powder diffraction (XRD)
pattern of UiO-66@beech reveals two broad diffraction peaks
centered around 2θ = 16 and 22° associated with cellulose, along
with the characteristic diffraction peaks at 2θ = 7.4 and 8.5°,
attributed to the (111) and (200) crystal faces of UiO-66, which
confirm the successful MOF incorporation (Figure S3).44,45

Fourier transform infrared (FTIR) spectra also reveal character-
istic signatures of UiO-66, includingN−Hbending (1655 cm−1)
and C−H stretching (1260 cm−1) bands, which are absent for
native beech (Figure S4). The N−H bending band originates
from the amino groups of the linker molecule (NH2-BDC),
which played an essential role in functionalizing the wood with
MOF. Uniform distributions of MOFs containing metals other
than zirconium could also be obtained using NH2-BDC as a
linker, including MOF(Ni)@beech and MOF(FeCo)@beech.

In contrast, UiO-66@beech prepared using terephthalic acid
(BDC), an organic linker without amino groups, shows little
UiO-66 nanoparticles within wood lumina (Figure S5). We
attribute this to the formation of hydrogen bonds between the
amine groups of the NH2-BDC linker and the hydroxyl groups of
wood macromolecules (cellulose, hemicelluloses, and lignin),
which facilitate the MOF crystal nucleation and adhesion within
the wood channels.

2.2. Metal Deposition in MOF-Functionalized Wood
Microreactors. Catalytic palladium and/or silver were formed
within the MOF-functionalized wood by a simultaneous wet
deposition method followed by reduction with sodium
borohydride (NaBH4). The resulting bimetallic structured
catalyst, named AgPd/UiO-66@beech, exhibited abundant
silver- and palladium-containing MOF particles of uniform
size, distributed on the vessels and fibers lumen surface within
beech, as revealed by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) (Figures 2c and S6).
Wavelength-dispersive spectroscopy (WDS) and energy-dis-
persive X-ray spectroscopy (EDX) elemental maps of AgPd/
UiO-66@beech confirm the uniform distribution of palladium
at the micro- and nanoscale (Figure 2d,e). The hydrothermal
synthesis temperature affects the dimensionality of MOFs,46

which influences the interaction with supportedmetals and plays
an important role for the physical and chemical properties of the
metal−MOF systems.23 Hence, a sample with a lower MOF
hydrothermal synthesis temperature (353 K) labeled AgPd/
UiO-66(353)@beech was investigated too. It shows a similar
phase distribution of the MOF and the metals within the wood
(Figure S7) but significantly lower palladium content, as
confirmed by inductively coupled plasma optical emission
spectroscopy (ICP-OES; Table 1). In agreement with the

chosen synthesis protocol, the palladium content was higher
than the silver content (ratio of Pd/Ag = 3.5 for AgPd/UiO-
66@beech; ratio in synthesis Pd2+/Ag+ = 4). X-ray photo-
electron spectroscopy (XPS) shows that for all metal-containing
structured catalysts (silver, palladium, and bimetallic samples)
the Pd 3d5/2 (335.0 eV) and Ag 3d5/2 (367.3 eV) signals indicate
a metallic state with a small shift of 0.4 eV toward lower binding
energy in the peak Ag 3d5/2 position for the bimetallic catalyst,
which could be indicative for the formation of alloy particles

Table 1. Metal and MOF Contents of Catalyst Powders and
Structured Analogues

sample Aga/wt % Pda/wt % UiO-66a,b/wt %

Ag/UiO-66 3.9
Pd/UiO-66 13.5
AgPd/UiO-66 2.0 11.7
AgPd/UiO-66(353) 1.3 9.0
UiO-66@beech 0.7
AgPd@beech 0.4 0.3 0.0
Ag/UiO-66@beech 0.8 1.5
Pd/UiO-66@beech 1.6 1.4
AgPd/UiO-66(353)@beech 0.4 0.6 1.8
AgPd/UiO-66@beech 0.4 1.4 0.6
AgPd/UiO-66@spruce 1.2 2.2 2.2
AgPd/UiO-66@basswood 0.3 2.0 2.5
AgPd/UiO-66@poplar (usedc) 0.8 (0.4) 3.3 (2.8) 3.2 (2.9)

aICP-OES. bBased on the measurement of the Zr content and
assuming a stoichiometric composition of UiO-66. cAfter 150 min of
reaction, FL = 4 cm3 min−1, mcat = 0.14 g, and cNH3BH3,0 = 0.19 M.
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Figure 3. Phase distribution and electronic properties of metal-containingMOF powders. HAADF-STEM images and corresponding EDXmaps of (a)
Pd/UiO-66 and (b) AgPd/UiO-66. (c) CO-DRIFTS at different temperatures for Pd/UiO-66 and AgPd/UiO-66, with schemes identifying different
adsorption modes. (d) Ag 3d and Pd 3d XPS spectra of metal-containing UiO-66 samples.

Figure 4. Catalytic performance in ammonia borane decomposition. (a) Hydrogen generation performance of metal-containing MOF powders. The
inset is the scheme of the hydrogen generation setup for powder samples in batch mode. (b) Scheme of the hydrogen generation setup for structured
catalysts in continuous flow. (c) Controllable hydrogen generation from ammonia borane using AgPd/UiO-66@beech under a 4 cm3 min−1 flow rate
(on) or a 0 cm3 min−1 flow rate (off). (d) Hydrogen generation performance from ammonia borane for different structured catalysts. Reaction
conditions: (a) VL = 5 cm3, mcat = 29 mg, cNH3BH3,0 = 0.19 M and (c and d) FL = 4 cm3 min−1, mcat = 0.22−0.27 g, cNH3BH3,0 = 0.19 M.
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(Figures 2f,g and S8).47,48 No strong contributions indicative of
the oxidized metal species (Ag+ or Pd2+) occurred at higher
binding energies. The XRD reflections at 2θ = 38.3 and 39.8°
correspond to Ag(111) and Pd(111), respectively. The
characteristic UiO-66 reflection vanishes for AgPd/UiO-66@
beech, which implies that the high metal content may alter the
MOF crystal structure (Figure S3). In addition, argon sorption
evidenced a decrease in pore volume, suggesting that the metal
nanoparticles are located on the external surface and inside the
pores of UiO-66 (Figure S3).49,50 To verify the beneficial role of
MOFs for the metal deposition, a control sample without MOF
(AgPd@beech) was prepared, achieving a much lower metal
content (0.4 wt % silver and 0.3 wt % palladium) and dispersion
(Figure S9 and Table 1).
2.3. Reference Powder Catalysts. For a better insight into

the metal-decorated MOF nanostructures and the interaction
between palladium and silver, metal-containing MOF powders
were prepared and analyzed in detail. In agreement with the
structured catalyst results, the addition of large amounts of metal
reduces the crystallinity and pore volume of AgPd/UiO-66
(Figure S10). Nevertheless, for AgPd/UiO-66(353), which was
prepared at 353 K, the diffraction peaks of UiO-66 can still be
detected, and the loss of pore volume is less pronounced (Figure
S11). This is likely related to the lower metal content compared
to AgPd/UiO-66 (10.3 vs 13.7 wt % combined silver and
palladium), leaving a larger part of the MOF crystal unchanged.
The TEM images of the powder samples show that highly

dispersed palladium arises even at high metal contents, but Ag
tends to agglomerate into large particles located on the external
surface of MOF particles (Figures 3, S12, and S13). The role of
silver was probed by CO diffuse reflectance infrared Fourier
transform spectroscopy (CO-DRIFTS; Figure 3c). A red shift of
the signal for both η1 (end-on) and η2 (bridging) is apparent
when comparing AgPd/UiO-66 to Pd/UiO-66, which is most
prominent at higher analysis temperatures. Such observations
have previously been linked to electronic interactions between
metals that affect the CO adsorption properties. This can be
related to the formation of a AgPd alloy51,52 and is in line with
the slight shift toward lower binding energy in the Ag 3d5/2 peak
observed in XPS and the slight shift of the Pd(111) reflection
toward smaller angles observed in XRD (Figures 3d, S8, and
S14).47,48 The lattice spacing observed by TEM is close to that
of pure palladium along the (111) lattice (Figure S15), while
EDXmaps show that silver-rich regions exist, suggesting that the
alloy particles mainly consist of palladium, with a small silver
content but enough to modify its surface properties.

2.4. Catalytic Performance in Batch and Continuous
Modes.We first evaluated the performance of powder catalysts
in the hydrolytic dehydrogenation of ammonia borane in batch
tests (Figure 4a). The activity of powder catalysts strongly
depends on the identity of the active metal phase. The bimetallic
AgPd/UiO-66 exhibits a higher metal-normalized rate of 45.4
molH2

min−1 molmetal
−1 compared to the monometallic samples

Ag/UiO-66 and Pd/UiO-66, which evidence rates of 20.2 and

Figure 5. Catalytic performance in ammonia borane decomposition for structured catalysts based on different wood species (AgPd/UiO-66@wood)
in flow. (a) SEM images of native beech, where micrometer-sized pores from vessels and fibers indicated in the cross and tangential sections comprise
the longitudinal channels of the resulting microreactor. (b) Cross-sectional morphology obtained by SEM of different native wood species. The scale
bar applies to all images. (c) Hydrogen generation rate of AgPd/UiO-66@wood for different wood species as a function of the ammonia borane
solution flow rate and the sum of the channel wall area, extracted from SEM. (d) Normalized hydrogen generation rate for AgPd/UiO-66@poplar as a
function of time during the stability test. (e) Hydrogen generation rate and total hydrogen generation of AgPd/UiO-66@poplar as a function of the
number of pellets. Reaction conditions: FL = 4−12 cm3 min−1, mcat = 0.14−0.55 g, and cNH3BH3,0 = 0.19 M.
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16.6molH2
min−1 molmetal

−1, respectively, supporting the analysis
results that silver acts as an electronic promoter of palladium. In
the case of powder catalysts, termination of the reaction requires
the catalyst separation from the reaction mixture with the
assistance of centrifugation or filtration, making it impossible to
switch on/off hydrogen release easily, thus weakening the safety
of hydrogen production in practical applications. Structured
catalysts performed better than powder catalysts in this aspect
(Figures S16 and S17 and Video S1). Applying the structured
catalyst in a flow setup allows us to simply switch on/off by
controlling the flow rate (Figures 4b,c and S18 and Video S2).
To assess the hydrogen generation performance of the
structured catalyst in a flow setup, we used beech-based
structured catalysts to enable a fair comparison between
different metal species, keeping the wood properties constant.
It is apparent that metal is necessary to generate hydrogen, as
neither native beech nor UiO-66@beech shows any catalytic
behavior (Figure 4d). Consistent with the trend observed for the
powder systems, AgPd/UiO-66@beech exhibits the best
performance among the evaluated metal combinations. From
the results obtained for different beech-based structured
catalysts, several conclusions can be drawn (Figure 4d and
Table 1): (i) Hydrogen generation performance increases with
the metal loading. (ii) Functionalization with UiO-66 enables
increased metal loading within the wood, which can be further
enhanced by increasing the hydrothermal synthesis temperature
of the MOF. (iii) Bimetallic catalysts show higher catalytic
activity compared to monometallic systems. In addition, we
tested the hydrogen generation performance of MOF(Ni)@
beech and MOF(FeCo)@beech to demonstrate that our
approach for preparing microreactors can be readily adapted
to other catalysts, thus enabling the development of a sustainable
platform for catalytic dehydrogenations (Figure S19).
2.5. Effect of theMicrochannel Structure on Hydrogen

Generation. Different wood species have different micro-
structures. To assess the role of the wood’s microstructure in
hydrogen generation, bimetallic structured catalysts based on
four wood species (labeled AgPd/UiO-66@wood, with wood =
spruce, beech, basswood, and poplar) were evaluated. Cross
sections reveal different pore sizes, which originate from
different cell types. Spruce is a softwood with mainly one cell
type, which varies in size (tracheid); beech, basswood, and
poplar are hardwood species mainly consisting of two cell types:
vessels (big pores) and fibers (small pores; Figure 5a). After
functionalization with AgPd/UiO-66 following the same
procedure adopted for beech, the lumen surface of each wood
sample is uniformly decorated (Figure S20). Each wood species
displays different hydrogen generation performances (Figures
5b and S21). To explain these results, the wood structure can be
regarded as an ensemble of aligned microchannels. The applied
pressure difference (Poiseuille flow) drives the flow of the
ammonia borane solution along a channel. The AgPd/UiO-66
particles on the microchannel wall (cell wall surface) generate
hydrogen, which then diffuses inside the liquid toward the center
of the channel. A rigorous prediction of the hydrogen
concentration field inside the channels is outside the scope of
the present work and would require solving the mass and
momentum conservation equation (Navier−Stokes) for the
flow, as well as two coupled advection−diffusion equations with
a source and a sink localized at the channel wall for the hydrogen
and ammonia borane, respectively. Moreover, the presence of
gaseous hydrogen bubbles further complicates the behavior.

However, the trends observed for the total hydrogen generation
can be explained with a simplified description of the involved
mass transport processes. We observe an increase in the total
generated hydrogen (flux ṁH2

) with the area of the channels’wall
(A =∑iPi·L; Figure S21). Here, Pi denotes the perimeter of the
cross section of the ith channel (yellow lines in Figure 5a,b),
extracted from the images of the cross sections according to the
procedure described in the Experimental Section: ∑iPi is the
sum of the perimeter of microchannels (vessel and fiber pores in
hardwood, tracheid pores in softwood); L = 2 mm is its length,
namely, the thickness of the wood block, assumed to be constant
for all channels. According to the empirical formula for advective
mass transport, from a solid surface to an adjacent fluid flow, we
expect an increase of the mass flux with the exposed surface area
A since ṁH2

= hc·ΔC·A.53 Here, hc is the transport coefficient,
and ΔC is the mass concentration difference between the wall,
where hydrogen is generated, and the bulk fluid. Note that ΔC
changes along the channel due to the mass transfer process, and
hc is also a function of the local velocity. Therefore, deviations
from a trivial linear trend should be expected. A higher imposed
flow results in an overall larger ΔC, as advection replenishes the
gradients that have been smoothed out by mass transfer. Hence,
the hydrogen mass flux is larger for higher driving flows (Figure
5c). Following this simplified description and consistent with
measurements by mercury porosimetry and SEM in tangential
sections (Figures S22 and S23), we found that poplar has the
largest channel surface area and the highest hydrogen generation
rate followed by basswood, beech, and spruce. Although AgPd/
UiO-66 also grew on the exterior surface of wood, the
experimental setup enforced liquid to flow only through the
pores of the structured catalyst (Figure S18), ensuring that the
observed differences are governed by the internal pore structure
of distinct wood species. It can also explain the nonlinear
relationship between the metal content and the hydrogen
generation rate, as not all metal particles participate in hydrogen
generation. By increasing the external flow from 4 to 12 cm3

min−1, the hydrogen generation rate increases, though to a
different extent for the different species (below 5% for spruce, up
to around 50% for beech; Figure 5c), due to the anatomical
structure differences, such as pits and perforation plates. The
highest hydrogen production rate was obtained for the sample
AgPd/UiO-66@poplar, showing up to 10.4 cmH2

3 min−1 cmcat
−3

at a flow of 12 cm3 min−1. The mass transport considerations
reveal that employing wood reactors with a bigger channel
surface area and increasing the external flow rate can improve
the hydrogen generation performance, mitigating transport
limitations. It provides hitherto unexplored information on the
structure−performance relationships of wood-based reactors for
water-based adsorption and catalytic reactions in flow
systems.37,54−56 However, due to the mass transfer limitation
and complex wood structure, it is not straightforward to extract
representative kinetic information in flow systems.57 Detailed
kinetic investigations are beyond the scope of this study and will
be undertaken in future work.

2.6. Reusability and Scalability of the Catalysts. In
general, the reusability of catalysts is crucial for practical
applications. For catalyst powders, the recovery requires
separation by centrifugation or filtration, which can cause
metal aggregation and significant material losses, leading to the
activity decrease. For example, AgPd/UiO-66 and Pd0/CeO2
have been reported to lose around 50% of activity after only five
cycles of reaction, which corresponds to a total reaction time of
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only 21 min (AgPd/UiO-66) and 108 min (Pd0/CeO2),
respectively.20,58 In contrast, the presented microreactors are
applied in flow enabling continuous operation, preserving over
70% of its initial activity after 500 min on stream (Figure 5d).
Only a little metal loss is evidenced after the reaction, while the
electronic state of the metal and the morphology of the MOF
remain unchanged (Figure S24 and Table 1).
We successfully assessed the scalability of our hydrogen

generation system by displaying the hydrogen generation rate as
a function of the total volume of the wood, which can be
adjusted by changing the number of pellets applied in the
continuous flow setup (Figure 5e). The overall hydrogen
generation increases linearly with the number of the AgPd/UiO-
66@poplar pellets, while the volume-normalized rate stays
constant, confirming its linear scalability and synthetic
reproducibility. As little as four pieces of AgPd/UiO-66@poplar
generate 14.85 cm3 min−1 of hydrogen, showing potential for
large-scale applications.

3. CONCLUSIONS

Structured catalytic native wood microreactors for the
continuous generation of H2 from ammonia borane were
successfully prepared using MOF-functionalized natural wood
supports to stabilize metallic palladium and silver. Wood
inherent interconnected microchannels enable wood’s direct
application as a catalyst carrier. The use of an amine-containing
linker proved essential to ensure a high coverage of MOF on the
wood, which endows the incorporation of highly dispersedmetal
species. In-depth characterization confirmed the uniform
distribution of the MOF and supported metals over the wood
microchannel surfaces. Comparison with analogous powder
samples proved similar nanostructures and electronic properties
of the supported metal species. The structured catalysts had
good reusability and permitted fine control over the hydrolysis
reaction by separating from the ammonia borane solution or by
changing the flow rate. Quantification of the microchannel
surface area demonstrated the strong influence of the wood
microstructure on the performance, with structured reactors
based on poplar reaching maximal rates up to 10.4 cmH2

3 min−1

cmcat
−3. Over 70% of the initial activity is preserved after 500min

of reaction, representing significantly increased stability
compared to previously reported systems. The modular design
of the applied reactor displays a linear dependence between the
hydrogen generation performance and the total wood volume,
demonstrating strong potential as a scalable platform for
catalytic applications in energy- and environmental-related
fields.

4. EXPERIMENTAL SECTION
4.1. Materials and Chemicals. Native European beech (Fagus

sylvatica), Norway spruce (Picea abies), American basswood (Tilia
americana), and poplar (Populus spp.) were cut into cylindrical wood
sheets (2 mm thickness along the longitudinal direction) using a
circular saw. From these wood sheets, circular samples (16 mm
diameter) were obtained using a laser cutter (Trotec. Speedy 300).
Zirconium chloride (ZrCl4, ≥99.5% trace metal basis), 2-amino-
terephthalic acid (NH2-BDC, 99%), silver nitrate (AgNO3, puriss. p.a.,
≥99.5% AT), palladium chloride (PdCl2, ReagentPlus, 99%), and
ammonia borane (NH3BH3, 97%) were obtained from Sigma-Aldrich.
Sodium borohydride (NaBH4) and hydrochloric acid (HCl, 37%) were
purchased from VWR (Germany). N,N-Dimethylformamide (DMF)
and ethanol were of analytical grade. All chemicals were used as
received without any purification.

4.2. Preparation of Structured Catalysts. For the functionaliza-
tion of wood with MOF, ZrCl4 (625 mg) was dissolved in a DMF/HCl
mixture (30 cm3, 5:1, V/V), and in a separate vessel, NH2-BDC (670
mg) was dissolved in DMF (50 cm3). The ZrCl4 and NH2-BDC
solutions were mixed under sonication for 20 min. The native wood
samples, together with the prepared mixture solution, were sealed in a
Teflon-lined stainless steel autoclave (100 cm3) and heated to 393 K for
24 h. After cooling to room temperature, the resulting samples were
washed with DMF three times until the yellowish washing solution
color became transparent. Then, the samples were rinsed with ethanol
(3 × 30 cm3) to obtain UiO-66@wood. Depending on the temperature
of hydrothermal synthesis, 353 or 393 K, respectively, the resulting
samples were denoted UiO-66(353)@wood or UiO-66@wood (wood
= beech, spruce, basswood, or poplar). To deposit metals (palladium
and/or silver) on the structured catalysts, 20 pieces of UiO-66@wood
were immersed in AgNO3 solution (170 cm3, 5.9 mM) and stirred at
room temperature overnight. Then, PdCl2 solution (355 cm3, 11.3
mM) was added and stirred for 24 h. Subsequently, NaBH4 solution
(100 cm3, 0.5 M) was added to reduce the deposited metal species. The
samples were removed from the solution after no more gas was
generated and washed with water (3 × 100 cm3) and ethanol (3 × 100
cm3). The obtained AgPd/UiO-66@wood was dried at 353 K under
reduced pressure. AgPd/UiO-66(353)@wood was obtained using
UiO-66(353)@wood as the starting material applying the same
procedure. Ag/UiO-66@wood was prepared to omit the step of
immersing in PdCl2 solution, and Pd/UiO-66@wood was prepared to
omit the step of immersing in AgNO3 solution.

4.3. Characterization. Longitudinal compression tests on different
wood species with a size of 60 × 20 × 20 mm3 (L × R × T) were
performed using universal testing equipment (Zwick Roell) equipped
with a 100 kN load cell. For scanning electron microscopy (SEM),
wood samples were polished using a microtome and then coated with a
10 nm Au film to avoid sample charging. Images were acquired using a
field emission scanning electron microscope (FEI Quanta 200F) at an
acceleration voltage of 20 kV. Wavelength-dispersive spectroscopy
(WDS): to prepare suitable block sections, AgPd/UiO-66@beech was
embedded in epoxy resin. After curing at 333 K, the embedded sample
was ground and polished to expose the tangential section of the wood
sample. Finally, the samples were coated with 20 nm carbon.
Measurements were conducted using a focused beam with a voltage
of 7 keV, a counting time of 80ms per pixel, and a scan size of 600× 360
μm2. X-ray powder diffraction (XRD, Panalytical X’Pert PRO MPD)
was performed using Cu Kα radiation (λ = 1.5406 Å). The
diffractometer was operating at 40 kV and 45 mA with an angular
step size of 0.03° and a counting time of 1 s per step. Fourier transform
infrared spectroscopy (FTIR, Bruker Tensor 27): thin wood samples
were analyzed in attenuated total reflection (ATR) mode over the scan
range of 400−4000 cm−1. Each sample was tested five times to get an
average spectrum for comparison. Diffuse reflectance infrared Fourier
transform spectroscopy of CO (CO-DRIFTS) on powder samples was
measured on a Bruker Optics Vertex 70 spectrometer equipped with an
in situ cell and a liquid-N2-cooled mercury cadmium telluride detector.
The sample was dried under an argon flow (20 cm3 min−1) at 473 K for
1 h, reduced in hydrogen (20 cm3 min−1) for 30 min at the same
temperature, and cooled to room temperature in argon (20 cm3min−1).
Then, background spectra were acquired and the sample was
subsequently exposed to diluted CO (5 vol % in He, 30 cm3 min−1)
for 15 min. The spectra were acquired in the range of 4000−400 cm−1

(2 cm−1 resolution) after flushing with Ar (20 cm3 min−1) until no gas-
phase CO was detected. Tests were conducted at 293, 323, 353, and
383 K, with an equilibration time of 5 min at each temperature.
Transmission electron microscopy (TEM): sections of structured
catalysts were prepared according to a reported procedure.59 Ultrathin
sections (90 nm) were microtome-cut with a diamond knife and placed
on formvar carbon-coated copper grids. The samples were stained
sequentially with uranyl acetate and Reynolds’ lead citrate before
investigating using a Jeol JEM-1400 Plus TEM. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) and energy-dispersive X-ray spectroscopy (EDX) were
conducted in a Talos F200X instrument with an FEI SuperX detector
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at a 200 kV acceleration potential. Powder catalysts were dusted on
standard copper mesh holey carbon films (EMresolutions). X-ray
photoelectron spectroscopy (XPS) was performed using a Physical
Electronics Quantera SXM spectrometer using monochromatic Al Kα
radiation generated from an electron beam operated at 15 kV and 49.3
W. The spectra were collected under ultrahigh vacuum conditions
(residual pressure≈ 1× 10−6 Pa) at a pass energy of 55.0 eV. Structured
catalysts were directly mounted on the sample holder, while powder
samples were first pressed onto indium foil. To compensate for
electrical charging during analysis, electron- and ion-neutralizers were
operated during the analysis and all spectra were referenced to the Zr
3d5/2 peak of UiO-66 at 182.3 eV. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was conducted using a Horiba Ultra
2 instrument equipped with a photomultiplier tube detection. The
samples were digested in an MLS turboWave microwave by heating the
material (ca. 10−15 mg) in 3 cm3 of a 3:1 volumetric mixture of HNO3

(Sigma-Aldrich,≥65 wt %) and H2O2 (Sigma-Aldrich, 35 wt %) to 533
K for 50 min with a maximum power of 1200 W and a loading pressure
of 70 bar. The obtained clear solutions were filtered and diluted prior to
analysis. The loading of UiO-66 was determined from the
concentration of Zr, assuming an MOF stoichiometry of
C24H17N3O16Zr3. Argon sorption was measured at 77 K using a
Micromeritics 3Flex instrument. Before the measurement, the samples
were degassed under vacuum at 363 K for 48 h. Mercury porosimetry at
293 K was measured in a Micromeritics AutoPore 9520 porosimeter
operated from vacuum to 418MPa. Samples were degassed in situ prior
to measurement. A contact angle of 140° for mercury and a pressure
equilibration of 10 s were applied. The pore perimeters of native wood
samples were obtained with ImageJ from 500 × 500 μm2 crops of SEM
images of the cross section of the different wood species using the
Analyze Particles plugin after adjustment of brightness, contrast, and
thresholding.60 To extract the sum of the channel wall area, the average
sum of perimeters obtained from four different 500 × 500 μm2 areas
was multiplied by the thickness of the wood pieces (2 mm).
4.3.1. Catalytic Evaluation. 4.3.1.1. Batch Operation. The

performance of powder and structured catalysts was compared at
room temperature in a batch setup. First, 29.5 mg of powder catalyst
was put in a 25 cm3 round-bottom flask. In the case of AgPd/UiO-66@
beech, 246.7 mg was used to apply a similar overall metal content as for
the powder systems. Then, aqueous ammonia borane solution (5 cm3,
cNH3BH3,0 = 0.19 M) was injected into the flask using a syringe. A gas

burette filled with water was connected to the reaction flask to measure
the released gas volume. The volume of the evolved gas was monitored
by recording the displacement of water in the gas burette. The reaction
rates were calculated from the amount of hydrogen produced after 1
min of reaction, divided by the total moles of metal that were present in
the catalysts.
4.3.1.2. Continuous Operation. The performance of structured

catalysts for continuous hydrogen generation from ammonia borane
was evaluated in a customized setup (Figures 4b and S18 and Video
S1). The substrate solution was pumped by a Masterflex L/S 7523
pump (Cole-Parmer, Vernon Hills, IL) from a reservoir (cNH3BH3,0 =

0.19 M) into a chamber with a constant flow between 4 and 12 cm3

min−1. The structured catalysts, with a size of 16 mm in diameter and 2
mm in thickness along the longitudinal direction, were fixed and sealed
within the chamber to ensure flow exclusively along the longitudinal
direction of the microreactors. The chamber outlet was connected to a
gas buret filled with water, and the generated hydrogen volume was
monitored by recording the displacement of water in the gas buret. The
reaction rates were calculated from the amount of hydrogen recorded in
intervals of 1 min during continuous reaction. Five samples were
evaluated for each test to obtain the average and the standard deviations
of the hydrogen production rate. To facilitate a comparison between
different wood species, the hydrogen production rate was normalized
by the volume of the structured catalysts.
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WoodTec Group, Cellulose & Wood Materials, EMPA, 8600
Dübendorf, Switzerland; orcid.org/0000-0003-0488-
6550; Email: tkeplinger@ethz.ch

Authors
Kunkun Tu − Wood Materials Science, Institute for Building
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WoodTec Group, Cellulose & Wood Materials, EMPA, 8600
Dübendorf, Switzerland; orcid.org/0000-0003-1044-
0491

Samuel C. Zeeman − Institute of Molecular Plant Biology,
Department of Biology, ETH Zürich, 8092 Zürich,
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