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ABSTRACT

The morphology of metal-organic frameworks (MOFs) critically governs their electronic, catalytic, and transport performance.
However, continuous synthesis of morphology-tunable MOFs remains challenging because scaffold formation is influenced by
and highly sensitive to subtle reaction condition variations, involving temperature, concentration, mixing rate, and pH. Here, we
present a programmable reactor for iterative synthesis of MOFs via Microfluidics (PRISMM) that enables precise and continuous
synthesis of Ni;(HITP), and Pt-decorated Ni;(HITP), with a broad spectrum of morphologies, ranging from disordered aggregates
to well-defined nanosheets, thereby allowing a wide distribution of porosity. By independently regulating ammonia permeation
through microfluidic chips and dynamically adjusting synthesis parameters, this platform achieves fine control over ligand
deprotonation kinetics and nucleation in a continuous and reproducible manner. The resulting Ni,(HITP), exhibits optimized
morphology and enhanced porosity, while incorporation of platinum maximizes Pt accessibility and exposure, facilitates rapid
mass transfer, and improves active-site utilization. In ammonia borane dehydrogenation, Pt@Ni;(HITP), delivers 3 equivalents
of hydrogen with over 99% purity, yielding a turnover frequency of 2323 min~'. This work establishes an automated pathway
for MOF morphology manipulation, thereby demonstrating the strong potential of programmable microfluidic synthesis for
morphology-directed design of MOFs in energy, catalytic, and broader applications.

1 | Introduction

Metal-organic frameworks (MOFs) are a class of crystalline
porous materials constructed from metal nodes connected
by organic ligands [1, 2]. Due to their exceptionally high
surface area (up to ~7000 m? g7!) [3], tunable pore sizes
(from below 2 nm to over 50 nm) [4], and versatile surface
chemistry that allows modification [5] and functionalization
[6], MOFs have been explored for diverse applications, rang-
ing from clean energy storage and conversion [7, 8], water
treatment [9], drug delivery [10], and chemical sensing [11],
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among many others [12-18]. In these applications, both the
chemical composition and morphology of MOFs are critical,
since morphology governs the way these intrinsic properties
are expressed [19]. For example, how accessible the surface
is or how efficiently molecules can diffuse through pores.
These critical structural features, however, are highly sensi-
tive to synthesis conditions. Even slight variations in param-
eters, such as temperature [20, 21], precursor concentration
[22], solvent polarity [23], or pH [24] can drastically alter the
balance between nucleation and growth, leading to different
morphologies.
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FIGURE 1 | Design and working principle of the PRISMM platform for programmable MOF synthesis and catalysis. (a) Exploded and assembled
view of PRISMM. (b) Schematic of double ammonia permeation through a thin membrane and dissolving into the MOF synthesis channel. (¢) Schematic
of parameter control during MOF synthesis. (d) SEM and EDS overlay image of Pt@Ni;(HITP),. Scale bar: 500 nm. (e) Schematic of Pt@Ni;(HITP),
exhibiting superior catalytic performance in ammonia borane (AB) dehydrogenation. (f) TOF comparison of different Pt/MOF related catalysts.

Conventional batch synthesis methods lack precise control over
both morphologies and the key synthesis parameters, constrain-
ing the applications of the scaffold. For instance, the ammonia
vapor diffusion method can roughly adjust the amount of
ammonia additive to facilitate low-temperature synthesis [25],
but the resulting control remains limited. Besides these strategies
[26-30], microfluidic methods have drawn particular attention
because their small channel dimensions maintain laminar, pre-
dictable flow and enable more efficient heat and mass transfer
than bulk reactors [31]. These features create a more uniform
reaction environment that improves reproducibility in MOFs

synthesis [32]. For example, a microfluidic solution-shearing
method was used to produce flexible, transparent ultrathin
MOF membranes, demonstrating the capability of microfluidic
systems for framework synthesis [13, 33]. Nevertheless, current
microfluidic platforms still face significant limitations: most
designs cannot precisely control chemical concentration along
the synthesis channel [32, 34], and many studies only control a
single synthesis parameter rather than multiple variables [33-35].

To address these limitations, we developed a new microfluidic
platform, programmable reactor for iterative synthesis of MOFs
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via microfluidics (PRISMM), to produce scalable morpholo-
gies. This system enables the simultaneous control of multiple
synthesis parameters, including temperature, ammonia concen-
tration, and precursor ratio, within a single, continuous process.
The platform is built around a multilayer microfluidic chip
(Figure 1a), where a dedicated synthesis channel is coupled to
ammonium hydroxide (NH,OH) supply channels through an
intermediate bridge chamber (Figure 1b). With this setup, one
can systematically study how different synthesis conditions affect
MOF morphology (Figure 1c). As a model system, Ni;(HITP),,
is chosen for two main reasons. First, as a 2D conductive
MOF [36], Ni;(HITP), has been widely investigated for sensing
[11], electrocatalysis [12, 37], and energy-related [8] applications.
Second, its performance in these areas is strongly influenced
by its morphology, yet reliable methods to control morphology
with multiparameter, especially ammonia additive, have been
lacking [38]. To further demonstrate the capability of PRISMM,
we decorated Ni;(HITP), with platinum (Pt) (Figure 1d) and
evaluated its catalytic performance for hydrogen release from
ammonia borane (AB), a solid hydrogen carrier with high H, den-
sity (Figure 1e). The Pt@Ni;(HITP), catalysts synthesized using
PRISMM show optimized porosity, and effective Pt incorporation,
leading to enhanced catalytic activity within the PRISMM-
derived sample series. Under the tested conditions, the optimized
catalyst achieves a TOF of 2,323 min~!, placing it among highly
competitive reported Pt-based catalysts for ammonia borane
dehydrogenation while the literature comparison is intended as
general performance context (Figure 1f) [39-44]. These results
demonstrate that PRISMM serves not only as a platform for
systematic morphology-property studies, but also as a practical
tool for producing high-performance MOF-based catalysts.

2 | Results and Discussion
2.1 | Programmable Microfluidic Platform for
Automated Synthesis

The PRISMM platform enables automated and precise environ-
mental control for MOF synthesis under continuously tunable
conditions. The platform integrates a multilayer microfluidic
chip, multichannel syringe pumps for reagent delivery, a pro-
grammable hotplate for temperature management, and a three-
axis robotic stage for positioning and sample handling (Figure 1la
and Figure S1). All components are connected through a central
controller to coordinate motion, reagent flow and thermal supply
with pre-set programs.

The core of the system is the multilayer PDMS-glass microfluidic
chip (Figure 2a and Figure S2), which implements dual ammonia
permeation to regulate the reaction environment. An ammonia-
permeable membrane separates the lower NH; bridge layer from
the upper synthesis layer, where MOF formation occurs. The
synthesis layer contains inlets for Ni** and HITP solutions and
a single outlet for collecting the Ni;(HITP), product (Figure 2b
and Figure S3). During operation, the precursor solutions are
continuously injected by syringe pumps and mixed within the
serpentine synthesis channel. As the reaction proceeds, HITP
linkers deprotonate and coordinate with Ni** ions to form
Ni;(HITP), nuclei (Figure S4), which then grow into larger parti-
cles carried along by the flow. However, as nucleation continues,

larger particles tend to settle in regions of low fluid velocity,
particularly at sharp corners of the serpentine channel, where
they accumulate and eventually clog the channel (Figure S5).
Filleting the channel corners to remove low-velocity ‘dead zones’
yielded an optimized flow channel with a more uniform flow
field and long-term continuous operation without precipitation
or clogging (Figure S6 and Video SI).

The ammonia supply channels occupy the outer regions of
the top layer and continuously deliver ammonia vapor around
the MOF synthesis channel (Figure 2c, left). In the nucleation
and MOF growth, ammonia functions as a base to deprotonate
the HITP ligands, promoting metal-ligand coordination to form
the Ni-HITP framework (Figure S4). The delivery of ammonia
is governed by a two-step permeation mechanism across the
PDMS membrane: first, ammonia diffuses from the flowing
NH,OH solution into the intermediate gas bridge layer, and
second, it permeates upward through the PDMS membrane into
the synthesis channel (Figure 2c, middle and right). This dual
diffusion path is designed to buffer concentration gradients and
maintain a uniform ammonia distribution along the reaction
channel. Qualitative pH-indicator imaging (Figure S7 and Video
S2), numerical simulations (Figure S8), and a Nessler-based
colorimetric calibration (Figure S9) of outlet samples validate this
dual-permeation mechanism and quantify dissolved ammonia as
NH,* in the synthesis channel.

Using this calibrated platform, the regulation experiments were
performed to control the dissolved NH; levels in the synthesis
channels. At a constant temperature of 55°C, a thinner PDMS
membrane and a higher ammonia supply concentration both lead
to higher ammonia levels in the synthesis channel, mainly due to
lower diffusion resistance and a stronger concentration gradient
from the source (Figure 2d). Conversely, when the membrane
thickness is fixed at 300 pm, increasing either the temperature
or the NH,OH solution concentration in the supply channels
raises the ammonia level in the synthesis channel (Figure 2e). We
then performed short- and long-term equilibrium tests using the
same setup. The response test shows that, after a programmed
change in the ammonia supply, the NH; concentration in the
synthesis channel stabilizes within 45-60 s, indicating sufficiently
fast regulation for continuous synthesis (Figure S10). Long-
term stability tests show minimal drift over 10 h of continuous
operation, confirming that both the microfluidic chip and the
dual ammonia permeation design remain stable during extended
runs (Figure 2f, Video S3 shows a 2-hour visualization with the
indicator). To further evaluate the compatibility of the PDMS
membrane with continuous ammonium hydroxide exposure, we
characterized the membrane after different exposure durations.
FTIR spectra showed no obvious changes in the characteris-
tic vibration regions, and membrane thickness measurements
showed no detectable swelling within experimental uncertainty
(Figure S11). Together with the stable ammonia concentration
observed during the 10 h operation test (Figure 2f), these results
indicate that PDMS swelling and the associated drift in ammonia
diffusion are negligible under the present operating conditions.

The dissolved NH; concentration is regulated by both the syringe
pumps and the temperature, while temperature itself serves as
an independent parameter during MOF synthesis. Temperature
control is achieved using a programmable hotplate mounted
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FIGURE 2 | Microfluidic architecture and ammonia transport characteristics of the PRISMM chip. (a) Photograph of the PRISMM chip and
exploded view of multilayer structure. Scale bar: 10 mm. (b) Simulation of flow velocity profile of the synthesis channel. (c) Top view (left top), oblique

Input signal

TCP communication

projection (middle), slice view (right) of the dual permeation process (In slice view: red: NH,OH channel; blue: MOF synthesis channel; yellow: NH;
bridge; light blue: PDMS membrane). (d) Heatmap of equivalent NH,* concentration in MOF synthesis channel with different ammonia supply and
membrane thickness at fixed temperature 55°C (scale from 0 to 1000 ug mL™). (e) Heatmap of equivalent NH,* concentration in MOF synthesis channel
with different ammonia supply and temperature conditions and fixed membrane thickness 300 um (scale from 0 - 500 ug mL™1). (f) Long-term stability
of equivalent NH,* concentration in synthesis channel. (g) Diagram of control signal that facilitates the iterative synthesis. (h) Schematic of the strategy

in sample collection and dump.

beneath the microfluidic chip that applies multistep heating pro-
files from room temperature to 65°C with stable setpoints (Figure
S12), thereby ensuring precise and consistent thermal conditions
throughout synthesis cycles. With both NH; concentration and
temperature regulated, the microfluidic chip can continuously
produce MOF materials under programmed conditions. To sep-
arate products collected under different synthesis parameters, a
three-axis stage equipped with independent motors and a control
board (Figure S13) provides spatial precision for sample handling
(Figure S14 and Video S4).

All synthesis steps, from NH; and temperature regulation to
product collection, are executed automatically following pre-
defined scripts. The control program coordinates the different
modules, adjusting thermal input, pump rates, and stage motion

(Figure 2g), forming a fully functional programmable reactor
for iterative MOF synthesis. MOF suspensions produced under
various conditions are collected or discarded following a logical
sequence: once the synthesis reaches a steady state, the stage
moves to the collection position; during parameter transitions
(temperature or dissolved NH; change), the arm redirects to the
waste container to discharge transitional products, then returns
for the next stable collection (Figure 2h and Video S4).

Altogether, this system establishes a programmable microfluidic
platform that integrates chemical, temperature, and flow regula-
tion. It enables continuous and morphology-controlled synthesis
of Ni;(HITP), and its derivatives, providing a versatile founda-
tion for high-throughput catalyst optimization and automated
reactions.
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2.2 | Porosity and Morphology Manipulation of
Ni; (HITP), MOF Using PRISMM

Dissolved ammonia plays an essential role in the synthesis of
Ni;(HITP),, serving as both a base and a diffusive modulator.
In the synthesis channel, OH™ abstracts protons from the —NH
groups of HITP, creating active sites for Ni** coordination. Ni**
ions undergo ligand exchange with NH; and progressively link
with the deprotonated nitrogen sites, reducing their hydration
shells and anchoring into a planar structure that nucleates the 2D
Ni;(HITP), framework (Figure S4). This mechanism highlights
the importance of NH; as a chemical additive and temperature as
a kinetic driver in the synthesis process.

To study how protonation and thermal input affect the formation
of Ni;(HITP),, we prepared samples under different NH; concen-
trations and temperatures using the PRISMM platform (starting
conditions shown in Figure 2f). The resulting materials displayed
distinct morphologies (Figure 3a):

1. At low to medium ammonia concentration (100 and 500 g
mL™) and low temperature (35°C), incomplete ligand depro-
tonation limits coordination and slows nucleation, producing
plate-like morphologies (Figure 3a, orange frame; Figure
S15a). Under these conditions, nucleation processes are
sparse and crystal growth proceeds in a diffusion-limited
regime. This biases growth toward lateral extension rather
than vertical stacking, resulting in large, smooth platelets.

2. As ammonia concentration or temperature increases, depro-
tonation and coordination become faster, leading to denser
nucleation and mixed reticulate or branched assemblies
(Figure 3a, red frame). Higher NH; concentration increases
the supply of OH— and accelerates deprotonation, leading to
a high density of reactive linker sites and denser nucleation
as well. Multiple nuclei grow simultaneously and compete
for precursor supply, yielding reticulate or branched domains
composed of fused crystallites of different shapes (Figure 3a
red frame). Even under moderate thermal input (35°C),
elevated NH; sustains rapid deprotonation, giving rise to
radially stacked rod assemblies (Figure 3a3). In contrast,
insufficient NH; in moderate to high temperature range (45—
65°C) leads to partially deprotonated ligands and uneven
coordination, thus showing anisotropic stacking of clus-
tered plates (Figure 3a4) and lamellar-flakes (Figure 3a7,10
and Figure S15b). In the regime of moderate temperature
(45-55°C) and medium to high NH, (500-800 pg mL™),
coordination is synchronized with deprotonation, resulting
in controlled competitive growth that produces granular
clusters (Figure 3a5,6) and a hierarchically porous framework
(Figure 3a8).

3. When both ammonia concentration and temperature are
relatively high (800 pg mL™" at 55-65°C, and 500 pg mL™! at
55°C), more rapid deprotonation and growth produce porous
nanorod and nanosheet assemblies with more open inter-
particle voids (Figure 3a, purple frame; Figure S15b). In this
high-flux regime, nucleation and growth occur rapidly yet
coherently, producing thin, highly crystalline 2D sheets and
bundles. These nanosheets readily undergo lateral fusion and
-7 stacking, forming continuous reticulate porous network
assemblies with well-defined edges. These results reveal a

coherent pathway for morphology evolution governed by the
coupled ammonia-temperature conditions, balanced among
linker deprotonation kinetics, Ni** coordination rate, and
interlayer diffusion.

The PXRD patterns of the PRISMM samples exhibit the character-
istic reflections of Ni;(HITP), and agree well with the reference
pattern, confirming successful framework formation (Figure 3b).
A vapor-diffusion sample was also measured as a bulk reference
(Figure S16). The close agreement in peak positions between the
PRISMM and vapor-diffusion samples indicates that both meth-
ods produce the same Ni;(HITP), crystalline phase. Compared
with the vapor-diffusion sample, the PRISMM samples exhibit
broader and weaker reflections, suggesting reduced long-range
crystallinity and smaller crystallite domains associated with their
nanoscale morphologies. To further confirm the formation of
Ni,(HITP), and evaluate residual precursor species, FTIR and
XPS analyses were performed (Figure S17). The XPS survey
spectrum shows the expected Ni, N, and C signals, and the high-
resolution Ni 2p spectrum displays characteristic Ni 2p peaks
with satellite features, consistent with Ni in a coordinated ionic
environment. FTIR further shows the characteristic vibrations
of the coordinated HITP skeleton, including C=N/C—N related
bands in the 1600-1000 cm™ region. No obvious residual peaks
associated with free HITP or uncoordinated precursor species
are observed, suggesting effective framework formation and
negligible trapped precursors after washing.

We then characterized the porosity of these samples using nitro-
gen adsorption-desorption isotherms. Because N, adsorption
in Niy(HITP), can be kinetically slow at 77 K, the adsorption
measurements were repeated with longer equilibration times
at each relative pressure to ensure sufficient pore filling. The
relative pressure-adsorbed volume curves (Figure 3c) show that
samples synthesized under higher NH; and temperature display
steeper adsorption/desorption branches, indicating enhanced
microporosity and more accessible pore openings. Conversely,
lower NH; and temperature produce flatter curves, consistent
with incomplete framework formation. BET analysis (Figure 3d)
further supports this trend: samples from high-NH; and high-
temperature synthesis exhibit smaller slopes in the linearized
plots, corresponding to larger surface areas. Notably, samples
enriched in nanosheet or nanorod assemblies show not only
higher BET surface areas but also faster adsorption kinetics
and larger hysteresis loops (Figure 3c gray loop), consistent
with improved framework crystallinity and increased inter-
sheet voids. These observations demonstrate that the ammonia-
temperature synthesis window governs not only the intrinsic
MOF pore structure but also the hierarchical mesoporosity gen-
erated from morphology-dependent particle packing. Pore-size
distributions obtained from BJH analysis (Figure 3e) reveal that
samples synthesized under strong ammonia and thermal condi-
tions possess a broad mesopore range (5-100 nm), while those
from low-NH;-temperature conditions show narrower, flatter dis-
tributions. This widening of mesopore size reflects the emergence
of inter-sheet voids and defect-mediated cavities (Figure 3all,12
and Figure S15c) formed during high nucleation and growth
regimes. In contrast, low ammonia-temperature synthesis pro-
duces tightly packed platelets with limited interparticle spacing,
resulting in only subtle mesopores (Figure 3al-4). The richer
mesoporous structure facilitates better mass transfer in nanoscale
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FIGURE 3 | Structural and porosity evolution of Ni;(HITP), under programmable synthesis conditions. (a) SEM image matrix of Niz(HITP),
synthesized at different temperatures and ammonia concentrations. The columns correspond to synthesis temperatures of 35, 45, 55, and 65°C, and
the rows correspond to ammonia concentrations of 100, 500, and 800 pug mL~'. Colored outlines indicate representative morphology regimes observed
across the synthesis window; the same symbols are used in panels (c-f) to link each porosity measurement to its corresponding synthesis condition
and SEM morphology. Scale bar: 100 nm. (b) PXRD patterns of representative Ni;(HITP), samples, showing characteristic reflections of Ni;(HITP), and
condition-dependent changes in peak intensity and width. (c) N, adsorption-desorption isotherms of representative Ni;(HITP), samples. (d) BET linear
fitting plots derived from the N, adsorption isotherms. (e) Pore-size distribution curves calculated from the desorption branch, showing the condition-
dependent development of mesopores. (f) Summary of BET specific surface area and total pore volume, showing increased accessible porosity under
high-ammonia and high-temperature synthesis conditions.
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flow environments (Figure 3all,12). BET analysis (Figure 3f)
further supports this trend, with surface areas increasing from
65.68 to 555.47 m? g~! across the investigated synthesis conditions.
The corresponding total pore volumes also increase from 0.21
to 0.89 cm® g7!, confirming that optimized PRISMM conditions
substantially improve porosity relative to low-ammonia and low-
temperature synthesis. Although the highest BET surface area
remains lower than some literature values for highly crystalline
Ni;(HITP),, the present result demonstrates that PRISMM can
tune accessible porosity and morphology-derived mesoporosity
through programmed ammonia and temperature control [38].

To evaluate reproducibility, independent PRISMM syntheses
were repeated under representative ammonia concentration and
temperature conditions. The repeated samples showed com-
parable yields, BET surface areas, and pore-size distributions,
confirming that the programmed ammonia and temperature
conditions can be reproduced in independent synthesis runs
(Table S1). To benchmark PRISMM against a conventional
ammonia vapor diffusion method, Ni;(HITP), samples were
prepared under comparable precursor concentrations and com-
pared in terms of yield, productivity, surface area, and pore-size
distribution (Table S1 and Figure S18). Both methods gave
comparable product yields. The current single-channel PRISMM
device showed lower productivity than batch vapor diffusion
because of the limited microfluidic channel capacity. However,
PRISMM enabled programmable regulation of ammonia concen-
tration and temperature during continuous synthesis, resulting
in a broader range of accessible morphologies and substantially
higher surface areas under optimized conditions. In particular,
optimized PRISMM samples exhibited pronounced mesopore
distributions, whereas vapor-diffusion samples showed relatively
narrow pore distributions and lower surface areas. Specifically,
the surface area of PRISMM samples ranged from approximately
64 to 555 m? g~!, whereas vapor-diffusion samples were limited
to approximately 96 to 122 m? g~! under the tested conditions
(Table S1). These results indicate that the primary advantage
of PRISMM lies in programmable morphology and porosity
control rather than maximum mass productivity in the current
device configuration. Under the optimized condition, the current
single-channel PRISMM device produced Niy(HITP), at a rate
of approximately 55.9 mg h™!, corresponding to 1341.6 mg per
day under uninterrupted operation. This throughput reflects
the present laboratory-scale chip design and is limited by the
channel volume and precursor flow rate; therefore, we describe
the current platform as continuous and programmable rather
than large-scale.

To evaluate whether the PRISMM synthesis conditions influ-
ence electronic transport, four-probe conductivity measurements
were performed on representative Ni;(HITP), samples synthe-
sized under different ammonia concentration and temperature
conditions. All samples showed approximately linear I-V char-
acteristics, indicating ohmic transport behavior (Figure S19). The
calculated conductivities ranged from 63.88 to 84.62 S cm™, con-
firming that conductive Ni;(HITP), was obtained across different
morphology regimes. No simple monotonic trend was observed
between conductivity and either ammonia concentration or tem-
perature. This is consistent with previous studies showing that
charge transport in Ni;(HITP), is affected by multiple structural
factors, including crystallinity, particle morphology, interparticle

connectivity, packing density, and grain boundaries [45, 46].
Therefore, the present results support the formation of con-
ductive Ni;(HITP),, while a detailed conductivity-morphology
correlation requires further systematic study.

Beyond these two essential factors, the PRISMM strategy also
provides a way to systematically explore other synthesis param-
eters such as solvent composition and linker-to-node ratio, by
manipulating flow rate ratio of solvent and reagent input (Figure
S20). In this way, the PRISMM potentially offers new insights into
porosity control in MOFs.

2.3 | High Efficiency Hydrogen Release From
Ammonia Borane Catalyzed by Pt@Ni; (HITP),

To evaluate the performance of the optimized Ni,(HITP),, we
decorated the framework with platinum to catalyze the dehy-
drogenation of ammonia borane (NH;BH;, AB). AB is a solid
hydrogen carrier with high hydrogen density and can release
up to three equivalents of H, per mole. The dehydrogenation
reaction proceeds at room temperature through cleavage of B—H
and N—H bonds, where the Pt@Ni;(HITP), catalyst provides
abundant active sites that lower the activation barrier and accel-
erate H—H formation (Figure 4a). In this system, the Ni;(HITP),
framework serves as a porous support, while the deposited Pt
enhances electron transfer and adsorption—desorption kinetics,
together leading to enhanced catalytic activity. [Correction added
on June 11, 2026, after first online publication: A typo error in
Chemical bond has been corrected in this version.

The Pt@Ni;(HITP), catalysts were synthesized on the PRISMM
platform under different combined conditions of ammonia con-
centrations and thermal conditions, tuning their morphology
and porosity to improve hydrogen release. SEM images confirm
clear structural differences among the samples prepared under
different conditions (Figure 4b). These structural differences
directly influence catalytic performance. Hydrogen evolution
experiments show that the catalysts produced under higher
ammonia concentration and temperature exhibit faster H, release
rates (Figure 4c). The stability of the catalyst was further
evaluated through repeated hydrogen release cycles using the
same sample. It is found that the total amount of released
hydrogen remained nearly constant across cycles, indicating good
reusability (Figure 4d).

To better understand the catalytic efficiency, temperature-
programmed desorption (TPD) was used to quantify the density
of catalytically accessible Pt sites (Figure S21). Samples synthe-
sized under coupled high ammonia and temperature conditions
showed the highest active-site density (0.17 mmol g'), increasing
from 0.07 to 0.10, 0.11, and finally 0.17 mmol g™, consistent
with their hydrogen evolution performance (Figure 4e). The
corresponding turnover frequency (TOF) increased from 507 to
1426, 1842, and up to 2323 mol H, mol,csibie pt sites - Min~! for the
sample with the densest active sites and largest surface area and
pore volume, demonstrating the advantage of controlled synthe-
sis using PRISMM. Because reported TOF values for ammonia
borane dehydrogenation are often obtained under different cata-
lyst loading, Pt loading, AB concentration, temperature, solvent,
and calculation protocols, the comparison in Figure 1f is intended
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FIGURE 4 | Catalytic performance and thermal stability of Pt@Ni;(HITP), for ammonia borane dehydrogenation. (a) Schematic illustration of
hydrolytic dehydrogenation of ammonia borane (AB) catalyzed by Pt@Ni;(HITP), in water at room temperature, releasing up to three equivalents of
H,. (b) SEM images of Pt@Ni3(HITP), prepared under representative PRISMM synthesis conditions, showing morphology evolution from platelet-like
structures to porous nanostructures. Scale bar: 500 nm. (c¢) Time-dependent H, evolution during AB dehydrogenation catalyzed by Pt@Ni;(HITP),
samples synthesized under different conditions. The H, amount is plotted as the molar equivalent of H, released per mole of AB. (d) Time-normalized
H, evolution profiles from repeated catalytic runs using the same Pt@Ni;(HITP), catalyst. Individual cycles are shown in gray, and the averaged profile
is shown in black, demonstrating reproducible catalytic behavior. (¢) Comparison of catalytically accessible Pt-site density and corresponding turnover
frequency (TOF) for Pt@Ni;(HITP), samples prepared under different conditions. (f) Simultaneous monitoring of H, evolution and NH; byproduct
concentration during AB dehydrogenation, showing limited ammonia release during the reaction. (g) Time-dependent H, evolution and reaction-
temperature profile during AB dehydrogenation. Inset: infrared thermal image recorded near the highest reaction temperature. (h) Simultaneous
TGA-DSC profiles of Pt@Ni;(HITP), catalysts, showing mass change and heat flow during heating. The red vertical line marks the main thermal
decomposition temperature region for the samples. (Unless otherwise stated, AB dehydrogenation tests were performed using 100 mg Pt@Ni;(HITP),
catalyst and 10 wt% AB aqueous solution at room temperature. The Pt precursor concentration for catalyst preparation was 20 mM H,PtCl, and the
actual Pt/Ni ratios are provided in Figure S22. Catalytic traces represent single runs unless averages are explicitly indicated).
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as a general performance context rather than a strict one-
to-one benchmark. Under our test conditions, Pt@Ni;(HITP),
synthesized under optimized PRISMM conditions exhibits a
highly competitive TOF among reported Pt-based catalysts.

To better support the Pt-related catalytic analysis, we further
characterized Pt@Ni;(HITP), samples by ICP-MS, XPS, and
FTIR. ICP-MS quantified the actual Pt loading and Pt/Ni
ratio in different samples, while XPS confirmed the presence
of Pt together with Ni, N, and C in Pt@Ni;(HITP), (Figure
S22). FTIR spectra indicate that the Niy(HITP), framework is
largely retained after Pt incorporation, with local changes in
the chemical environment (Figure S23). The ICP-MS results
show that samples with larger surface area and pore volume
retain higher Pt/Ni ratios, suggesting that the porous framework
provides more available sites and diffusion pathways for Pt
incorporation. Together with the active-site-density measure-
ments, these results support the correlation between PRISMM-
controlled framework porosity, Pt incorporation, and catalytic
performance.

In addition to activity, hydrogen purity is an important metric
for ammonia borane dehydrogenation. Gas chromatography (GC)
analysis confirmed that the released gas consisted almost entirely
of hydrogen (Figure S24). In the fastest reaction, 95% of the stored
hydrogen was released within 5 min, and only trace amounts of
NH; byproduct were detected by an ammonia sensor (Figure 4f).
When the catalyst loading was reduced, the NH; byproduct
dropped below 20 ppm (0.002 vol%), as shown in Figure S25.
The slight fluctuation in selectivity can be attributed to mild
heat generation during dehydrogenation: in the rapid reaction
test, the temperature rose to about 61°C from room temperature
(Figure 4g). Lower catalyst loading reduced heat generation to
less than a 2°C increase but extended the reaction time (Figure
S26). Although the reaction heat is mild, thermal stability is a
critical requirement for catalyst reliability. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
confirm that Pt@Ni;(HITP), remains stable up to 200°C with
negligible mass loss and exhibits a nearly linear heat flow up
to 250°C (Figure 4h), confirming its robustness under working
conditions.

3 | Conclusions

PRISMM is a platform with multiparameter manipulation capa-
bility, making it a suitable system for next-generation MOF
synthesis, regulation, and modification. By taking advantage of
PRISMM, we achieved the synthesis of high-porosity Ni;(HITP),
and its Pt-decorated derivatives via controlled experiments
of multiparameters, especially dissolved ammonia concentra-
tion. The Ni;(HITP), materials synthesized using PRISMM
span a wide range of porosity while remaining compatible
with platinum incorporation. As a result, the Pt@Ni;(HITP),
catalysts exhibit markedly improved ammonia borane dehy-
drogenation performance, with high efficiency and hydrogen
purity. The improved catalytic activity can be attributed to
two related factors: (1) the larger surface area and pore vol-
ume of the host framework, which favor Pt incorporation
and provide more accessible diffusion pathways; and (2) the
retained conductive Ni,(HITP), framework, which supports

reactant transport and catalytic operation after Pt incorpo-
ration. PRISMM enables continuous, automated, and pro-
grammable MOF synthesis under controlled ammonia and tem-
perature conditions. The current single-channel implementation
defines a laboratory-scale platform for reproducible morphol-
ogy and porosity control, while future increases in production
throughput would require parallelized channel arrays or chip
numbering-up.
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