
RESEARCH ARTICLE
www.small-journal.com

3D-Continuous Nanoporous Covalent Framework
Membrane Nanoreactors with Quantitatively Loaded
Ultrafine Pd Nanocatalysts

Dawoon Jeong, Wangsuk Oh, and Ji-Woong Park*

The confinement effect of catalytic nanoreactors containing metal catalysts
within nanometer-sized volumes has attracted significant attention for their
potential to enhance reaction rate and selectivity. Nevertheless, unregulated
catalyst loading, aggregation, leaching, and limited reusability remain obstacles
to achieving an efficient nanoreactor. A robust and durable catalytic membrane
nanoreactor prepared by incorporating palladium nanocatalysts within
a 3D-continuous nanoporous covalent framework membrane is presented.
The reduction of palladium precursor occurs on the pore surface within 3D
nanochannels, producing ultrafine palladium nanoparticles (Pd NPs) with their
number density adjustable by varying metal precursor concentrations. The
precise catalyst loading enables controlling the catalytic activity of the reactor
while preventing excess metal usage. The facile preparation of Pd NP-loaded
free-standing membrane materials allows hydrodechlorination in both batch
and continuous flow modes. In batch mode, the catalytic activity is proportional
to the loaded Pd amount and membrane area, while the membrane
retains its activity upon repeated use. In continuous mode, the conversion
remains above 95% for over 100 h, with the reactant solution passing
through a single 50 μm-thick Pd-loaded membrane. The efficient nanoporous
film-type catalytic nanoreactor may find applications in catalytic reactions for
small chemical devices as well as in conventional chemistry and processes.

1. Introduction

Performing a chemical reaction within a confined space on a
nanoscale (called a nanoreactor) can improve reaction efficiency
and selectivity.[1,2] This is achieved by limiting the diffusion of
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molecules beyond the small space of
the nanoreactor, which differs from
bulk solutions.[3–9] Nanocatalysts are
typically housed within the nanore-
actor voids, and the process of cre-
ating catalytic metal nanoreactors in-
volves filling the voids with precursor
material and subsequent reduction.

Nanoreactors employing hollow partic
les,[10,11] micelles,[12,13] or dendrimers[14,15]

can be mixed homogeneously with re-
actants in their colloidal dispersions.
These nanoparticles possess small com-
partments for guest encapsulation and
catalysis. Nevertheless, the retrieval and
reuse of these nanoreactors present sig-
nificant challenges, and the stabilizing
agents employed may potentially diminish
catalytic activity.[16] Alternatively, anchor-
ing nanocatalysts onto solid nanoporous
substrates can yield reusable heteroge-
neous catalytic nanoreactors. In such
instances, creating a uniform nanopore
structure over a substantial surface area
is crucial. It is imperative to prevent
particle aggregation or pore-clogging
during the loading of nanocatalysts.

Furthermore, these substrates must maintain their structure
while undergoing catalyst loading or chemical reactions involv-
ing organic solvents and reagents.

The process for creating metal nanoparticles (MNPs)-loaded
nanoreactors typically involves the chemical or thermal reduc-
tion of metal precursors contained within the pores of hosts or
substrates.[17] However, conventional methods often result in ex-
cessive metal consumption during precursor loading, leading
to uncontrolled sizes of metal particles either inside or outside
the nanopores. Achieving precise control over the quantity of
metal loaded into the pores while ensuring uniform distribu-
tion of nanoparticles throughout the entire structure has been
challenging. Hence, the development of a novel nanoreactor that
utilizes only the necessary amount of metal precursor and en-
ables precise control of nanocatalyst size and quantity is highly
desirable.

Free-standing membranes with interconnected nanopores in
3D configurations offer an alternative nanoreactor format.[18] The
continuous nanochannels within the membrane allow the pre-
cursor solution to come into contact with the pore surface at
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Figure 1. Schematic representation of the synthetic procedures for 3D-continuous NCF membranes with encapsulated Pd NPs within the nanopores.
The photographs depict an as-prepared NCF, Pd(OAc)2NCF, and PdNCF membrane sheets with a size of 1.5 × 1.5 cm2 and a thickness of 45 ± 5 μm.

a uniform concentration, enabling the formation of nanocat-
alysts uniformly distributed across the membrane pore. The
3D nanopores facilitate efficient mass transfer between them-
selves and the surrounding solution, ensuring optimal reaction
kinetics.[19–21]

However, conventional nanoporous polymer membranes, typ-
ically prepared by nonsolvent-induced phase separation (NIPS)
or block copolymer microphase separation, come with signifi-
cant limitations when applied to nanoreactor applications. The
synthesis of large-area polymer membranes with 3D continu-
ous nanopores of narrow and well-controlled size distribution
is highly challenging. Additionally, these membranes lack suf-
ficient resistance to organic chemicals, and their pore structures
are susceptible to deformation when exposed to such substances,
particularly over extended periods.[22–24]

The development of 3D-continuous nanoporous covalent
frameworks (NCFs) has introduced an optimal platform for
membrane-based catalytic nanoreactors.[25,26] By capturing bi-
continuous spinodal microphase via sol-gel crosslinking poly-
merization and subsequently removing the soluble phase, these
frameworks can form a 3D-continuous nanoporous structure
with relatively uniform pore sizes in the tens-of-nanometer
range. The molecular-level covalent network skeleton of the

NCFs provides high dimensional stability, making them resistant
to organic solvents and varying temperatures. NCF membranes
are flexible, scalable, and suitable for various applications.

NCF membranes have demonstrated potential for biocataly-
sis by incorporating enzymes into the nanopores,[27,28] which
has prompted interest in utilizing them for nanocatalyst-loaded
nanoreactors. However, loading metal nanoparticles into the
nanopores using the pressured flow method for loading en-
zymes faces limitations due to the absence of suitable techniques
for dispersing nanoparticles without capping agents. There-
fore, further research is necessary to develop effective strategies
for preparing metal nanocatalyst-loaded NCFs while ensuring
proper dispersion and stability of the nanoparticles within the
nanopores.

In this study, a novel catalytic membrane nanoreactor is
presented, incorporating Pd nanoparticles (NPs) encapsulated
within the 3D-continuous nanopores of the NCF. The catalytic
performance is demonstrated in a hydrodechlorination reaction
as a model system. The concentration-dependent adsorption be-
haviors of the palladium precursor onto the continuous pore
of the NCFs enable the number density of palladium nanopar-
ticles to be adjusted by varying the concentration. The flexi-
bility in regulating metal loadings and sheet sizes enhances
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the scalability of catalyst quantity, making the membranes suit-
able for both batch and flow reactions. The catalytic membrane
nanoreactors exhibit exceptional stability over multiple long-
term reuses. These results showcase the effectiveness of 3D-
continuous NCF membranes as platforms for catalytic nanoreac-
tors. They enable the realization of efficient, stable, and reusable
catalysts with precisely controlled activity for various catalytic
processes.

2. Results and Discussion

2.1. Preparation of Pd NP-Loaded NCF Membranes

The synthetic procedures for preparing NCF membranes and
incorporating Pd NPs onto the membrane are presented in
Figure 1 (for further details, refer to the Experimental Section).
The NCF membranes were synthesized following the reported
method.[25,27,28] In summary, a solution containing tetrakis(4-
aminophenyl)methane (TAPM) and hexamethylene diisocyanate
(HDI) in N, N-dimethylformamide (DMF) at a concentration of
0.04 g mL−1 was polymerized. The resulting polyurea network
(UN) sol was then mixed with polyethylene glycol (PEG), cast into
films, and subsequently subjected to water extraction to remove
PEG. This process yielded 3D-continuous NCF membranes with
an average pore size of 38 nm, ranging from 5 to 65 nm. As re-
ported previously, the pore surface of the NCF is coated with PEG
brushes bounded to the framework of the urea network through
urethane bonds.[27,28] We expected the PEG brushes to facili-
tate the adsorption of Pd compounds or nanoparticles within
the nanopores like free or particle-bound PEGs do,[29–31] yielding
Pd/PEG catalytic layer coated onto the 3D continuous nanochan-
nels.

The catalyst was loaded onto the NCF membrane by im-
mersing it in the Pd(OAc)2 solution in acetone. The resulting
membrane, Pd(OAc)2NCF, has Pd(OAc)2 adsorbed onto the 3D-
continuous nanoporous channels. Subsequently, the reduction
of Pd(OAc)2 was carried out by immersing the Pd(OAc)2NCF
membrane in an aqueous NaBH4 solution, leading to the forma-
tion of a PdNCF through the generation of Pd NPs within the
nanopores.

The ability to precisely adjust the Pd loadings in the mem-
brane is crucial for fine control of the catalytic activity of the
PdNCF membrane. We found that Pd(OAc)2 adsorption onto
the NCF reached the saturation limit in 2 h, which varied
with the Pd(OAc)2 concentration in the adsorption solution.[32]

The adsorption dependence on the solution concentrations fol-
lowed the Langmuir adsorption isotherm (Figure 2; Figures S1
and S2, Supporting Information). The adsorption capacity of
Pd(OAc)2 at equilibrium (qe, mmol g−1) was estimated by ana-
lyzing the change in UV–vis absorbance (See Experimental Sec-
tion and Figure S1, Supporting Information). The Pd content in
the PdNCF could also be measured by the inductively coupled
plasma optical emission spectrometer (ICP-OES), which agreed
well with the UV–vis-based estimation (Figure 2).

The Langmuir adsorption behavior indicates that the NCF
nanochannel provided homogeneous adsorption sites.[33,34] This
standard adsorption behavior onto the NCF ensures the load-
ing of metal in a precise quantity by varying the concentration
of the precursor adsorbates. Moreover, the residual precursor

Figure 2. Adsorption isotherms of Pd(OAc)2 onto the NCF membranes
at different concentrations at equilibrium (Ce, mmol L−1). Points are esti-
mated by ICP-OES (blue) and UV–vis (red). Dashed lines show Langmuir
adsorption isotherms.

molecules in the solution after adsorption onto one membrane
remain intact and thus can be reused for adsorption onto new
membranes, effectively preventing excessive metal usage.

All characterization data consistently indicate that the Pd
NPs were quantitatively and uniformly incorporated into the 3D
nanochannels of the NCF. The porous structure of the initial
NCF membrane remains unchanged throughout the precursor
loading, rinsing, and reduction process involving organic sol-
vents. The scanning electron microscopy (SEM, Figure 3b) and
transmission electron microscopy (TEM, Figure 3d) of the mem-
brane cross-sections of the PdNCF revealed that they possessed
the continuous nanoporous structure inherent to the bare NCF
membrane (Figure 3a,c) without clogging or deformation. In par-
ticular, the TEM images of the PdNCF (Figure 3d) clearly dis-
played interconnected nanopores adorned with well-dispersed,
fine Pd NPs, which had a size in the range of 1.0–2.0 nm. Further-
more, scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX) spectrum and mapping analysis of the
PdNCF membrane (Figure S3, Supporting Information) exhib-
ited the uniform distribution of Pd NPs throughout the mem-
brane’s thickness.

The formation of Pd NPs is further confirmed through X-
Ray Diffraction (XRD) analysis (Figure S4, Supporting Informa-
tion). In the PdNCF-1.0 membrane (PdNCF with 1.0 wt% of
Pd), no distinctive peaks are observed due to the low content
of ultra-small Pd NPs. However, the PdNCF-5.3 membrane ex-
hibits weak Pd (111) and (200) peaks at 2𝜃 = 39.2° and 45.6°,
respectively.[35]

The Barrett–Joyner–Halenda (BJH)-based pore size distribu-
tion analysis of the NCF and PdNCF membranes with varying
amounts of Pd contents (Figure 3e) indicates that the distribu-
tion curves shifted toward smaller pore sizes as the Pd con-
tents increased. In the X-ray photoelectron spectroscopy (XPS)
spectra of the PdNCF membrane (Figure 3f), the relative peak
area ratio of Pd0 3d5/2 (335.9 eV) to Pd2+ 3d5/2 (337.8 eV) was
3.14, confirming the formation of Pd NPs by simply dipping the
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Figure 3. Cross-sectional a,b) SEM and c,d) FE-TEM images of an a,c) NCF and b,d) PdNCF membrane (For TEM measurements, the membrane was
microtomed into 80–100 nm-thick sections and images were obtained without staining). e) BJH pore size distribution of NCF(control) and PdNCF
membranes with varying Pd contents (wt%). NCF(control) was prepared by immersion of the NCF (as-prepared) in acetone for 6 h, followed by drying.
f) Pd 3d XPS spectra for Pd(OAc)2NCF and PdNCF. The PdNCF for (b,d, and f) contained Pd of 5.3 wt%. The NCF membrane was immersed in a 20 mM
Pd(OAc)2 solution, dried, and then immersed in a 20 mM NaBH4 solution (See Experimental Section for details).

Pd(OAc)2NCF membrane into the NaBH4 solution. The residual
Pd2+ peak in the PdNCF may be attributed to the partial forma-
tion of PdO.[36,37]

The PdNCF membrane sheets obtained from different
Pd(OAc)2 concentrations exhibited different colors, indicating
their difference in Pd loadings (Figure S5, Supporting Informa-
tion). Table 1 shows that the Pd loading, Brunauer–Emmett–
Teller (BET) specific surface area, pore volume, average pore di-
ameter, and the average Pd NP size in the PdNCF-X, where X
represents the weight percent of Pd. The ICP-OES-measured
Pd loadings of the PdNCF-X membranes were estimated to be
1.0 to 7.5 wt%, as the Pd(OAc)2 concentrations varied from 0.1

to 30 mM. The specific surface area and pore diameter of the
PdNCF decreased with the increase in the amount of Pd NPs
within the nanopores.

In the PdNCF-7.5, obtained from the adsorption concentra-
tion near the saturation limit in the adsorption isotherm, the
ratio of the C2H4O unit of PEG to the Pd atom was estimated
to be ≈5. The ratio increased to much greater than 5 as the
concentration of the adsorption solution was lowered below the
saturation limit, indicating that a sufficient number of PEG
binding sites were available for the adsorption of the Pd pre-
cursor throughout the concentration range used in the current
study.
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Table 1. Characteristics of the NCF and PdNCF pore structures.

Samplea) Pd [wt%]b) Concentration of
Pd(OAc)2 [mM]c)

BET surface
area [m2 g−1]

Pore volume
[cm3 g−1]d)

Pore diameter
[nm]d)

Particle size
[nm]e)

NCF (as-prepared) 0 – 42.4 0.43 34.0 –

NCF (control)f) 0 0 43.5 0.37 33.8 –

PdNCF-1.0 1.0 ± 0.1 1.0 36.7 0.34 33.0 1.2 ± 0.8

PdNCF-3.6 3.6 ± 0.4 5.0 35.1 0.32 28.6 1.4 ± 0.6

PdNCF-4.5 4.5 ± 0.3 10.0 31.5 0.28 29.0 1.6 ± 1.3

PdNCF-5.3 5.3 ± 0.1 20.0 27.7 0.27 25.6 1.5 ± 1.2

PdNCF-7.5 7.5 ± 0.1 30.0 27.0 0.23 26.9 1.8 ± 1.1
a)

X is Pd loading in wt% in each PdNCF-X membrane;
b)

Pd loading X (wt%) of each PdNCF was measured by ICP-OES;
c)

Pd(OAc)2 concentration in the adsorption solution;
d)

Pore volume and average pore diameter were analyzed by the BJH method from the desorption branch of the N2 sorption isotherm;
e)

Average particle size was estimated
using ImageJ for more than 1000 palladium nanoparticles;

f)
The NCF (control) was prepared by immersion of the as-prepared NCF in pure acetone for the duration (6 h)

used for Pd adsorption, followed by drying for porosity measurement.

The analysis of TEM images (Figure 4; Figure S6, Support-
ing Information) of PdNCF-X indicates that the average Pd NP
size was changed only slightly by different Pd loadings. High-
resolution TEM images revealed that the dimensions of Pd
nanoparticles were within the 1–2 nm range (Figure 4e,f, Table 1).
The TEM images also show that, instead of the size, the number
density of Pd NPs increased with Pd loadings. This observation
suggests that the higher number of Pd(OAc)2 adsorbed onto the
pore surface leads to a greater density of nucleation events. The
relatively uniform particle size indicates that the growth of nu-
clei into NPs was limited by the slow diffusion of metal atoms
on the pore surface, which the strong interaction between Pd
and the PEG chains may cause. The growth of NPs follows a
different trend in a solution, where higher metal ion concentra-
tions would result in a faster growth rate and the formation of

larger nanoparticles.[38] The homogeneous distribution of fine Pd
NPs within the nanopore structure was maintained across a wide
range of reducing agent (NaBH4) concentrations. Nevertheless,
when the reduction is carried out at excessively high NaBH4 con-
centrations, agglomerates of small Pd NPs are formed (Figure
S7, Supporting Information).

2.2. Hydrodechlorination Catalyzed with PdNCF Nanoreactor

2.2.1. Batch Catalytic Reaction with PdNCF

Chlorine-containing aromatic compounds have become a signif-
icant environmental concern in recent times.[39–41] Hydrodechlo-
rination (HDC) has proven to be a convenient method for the

Figure 4. Cross-sectional TEM images of PdNCF-X membranes with different Pd loadings. a–d) PdNCF-0.14, 1.0, 4.5, and 5.3, were obtained from
Pd(OAc)2 concentrations of 0.1, 1.0, 10, and 20 mM, respectively. The scale bar in the insets is 20 nm. e,f) High-resolution TEM images of (d). The
images were obtained for ultrathin sections of the PdNCF membrane with a thickness of 80–100 nm.
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Figure 5. Batch mode catalytic reaction with PdNCF nanoreactor. a) A hydrodechlorination (HDC) of 4-CP in a laboratory flask with PdNCF enclosed in
a stainless steel mesh. b) The conversion versus time plots in the presence of the PdNCF catalyst and after its removal at 30 min. c) Recycling of PdNCF
membrane for multiple batches. d) Conversion versus time plots for eight sequential HDC batches with a PdNCF-5.3 membrane section. The amount of
Pd was set to be 2.3 mol% compared to 4-CP. The reaction was conducted at 40 °C in the solutions with 4-chlorophenol (0.4 mmol), HCOOK (6 mmol),
Et3N (0.8 mmol), and EtOH: H2O (1:1, 20 mL).

dehalogenation of aryl halides due to its experimental simplicity
and good yields. We employed a PdNCF membrane nanoreac-
tor to convert 4-chlorophenol (4-CP) into phenol using potassium
formate as a hydrogen donor dissolved in aqueous ethanol.[42,43]

The formate ion is adsorbed on the Pd surface and then trans-
formed into a hydride ion and carbon dioxide. The hydride
ion attacks the C─Cl bond as adsorbed on the catalyst surface
(Figure S8, Supporting Information).[43] Utilizing organic hydro-
gen donors for HDC eliminates the need for high-pressure hy-
drogen gas, allowing us to fine-tune the reaction conditions suit-
able for testing the PdNCF membrane nanoreactors.[44–46]

In batch reactions, a section of the PdNCF membrane held
in a stainless steel mesh was immersed in a stirred mixture of
reactants, as depicted in Figure 5a. Within 2.5 h, the conver-
sion of 4-CP to phenol reached nearly 100%, which was validated

through gas chromatography-mass spectrometry (GC-MS) analy-
sis (Figure S9, Supporting Information). Notably, no further reac-
tion occurred after removing the PdNCF sheets from the reaction
solution, indicating the absence of catalyst leaching (Figure 5b).
A brief induction period was observed initially, attributed to the
time required for the solution to be adsorbed into the nanopore
structure. The stability of PdNCF’s activity against leaching en-
abled the catalyst to be reused multiple times. After completing
one reaction batch, the PdNCF sheet was removed from the so-
lution, rinsed with water and EtOH, and then immersed in a
fresh reactant solution (Figure 5c). As demonstrated in Figure 5d,
the PdNCF membrane catalyst exhibited consistent activity over
eight catalytic cycles.

The 3D-continuous nanopore structure of the recovered
PdNCF membrane nanoreactor remains unchanged compared

Small 2024, 20, 2309490 © 2024 The Authors. Small published by Wiley-VCH GmbH2309490 (6 of 11)
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Figure 6. The rate of HDC reaction is adjustable with Pd loading and the area of PdNCF. a) The conversion versus time plot with different Pd loadings
(wt%) in PdNCF with an area of 11.3 cm2. b) The average reaction rate versus Pd loading in (a). c) The conversion versus time plots at different areas of
the PdNCF sheet at a 5.3 wt% loading. d) The average reaction rate versus area of PdNCF in (c). The average reaction rates in (b) and (d) were estimated
from the conversion change between 30 and 60 min.

to that of the fresh PdNCF membrane, as observed in the cross-
sectional SEM and TEM images (Figure S10, Supporting Infor-
mation). Furthermore, the cross-sectional TEM images of the re-
covered PdNCF membrane reveal a uniform distribution of Pd
NPs within the nanopores, with no signs of aggregation (Figure
S10c,d, Supporting Information). The concentration of residual
Pd collected from the entire reaction solution, as determined by
ICP-OES analysis, was found to be none. The minute amount of
Pd sometimes detected in less than 0.1 ppm can be attributed to
catalyst detachment from the top/bottom surface or edges of the
membrane rather than from its inner nanopores.

The amount of Pd used for each reaction batch can be quan-
tified by the Pd loading and the area of the PdNCF membrane
(Figure 6). The optimal conversion could be obtained by increas-
ing the Pd loading in the membrane up to 7.5 wt%, which cor-
relates with the trend in the average reaction rate (Figure 6a,b).
The catalysts’ quantities are proportional to the size of the PdNCF
membrane sheet (Figure S5, Supporting Information). For ex-
ample, a 50 μm-thick circular sheet of PdNCF-5.3 with a diam-
eter of 2 cm contains ≈0.3 mg of Pd. Then, the reaction rates
can be increased by simply increasing the area of the PdNCF

membrane sheet (Figure 6c,d). Overall, our findings demon-
strate that utilizing the NCF membrane as a host for metal
nanocatalysts in chemical reactions enables precise control of cat-
alyst quantity and facilitates their long-term stable and recyclable
use.

We further explored the effectiveness of the PdNCF for
dechlorination of 2-chlorophenol and 2,4-dichlorophenol (DCP)
in a batch reaction mode (Table S1, Supporting Informa-
tion). The C─Cl bond at the ortho-position was less reac-
tive than that at the para-position. Phenol was eventually ob-
tained as the final product from the hydrodechlorination of
2,4-DCP.[47]

The specific activity and turnover frequency (TOF) for the hy-
drodechlorination reaction with the PdNCF and other nanopore-
supported Pd catalyst systems appeared within an order of
range. (Table S2, Supporting Information).[48–51] Nevertheless, it
is uncertain that the activities for the different nanostructure
and membrane configurations can be compared directly. Since
molecular transport and diffusion may become limiting factors
to the catalytic reaction in the nanopore, using a forced flow sys-
tem is desirable.

Small 2024, 20, 2309490 © 2024 The Authors. Small published by Wiley-VCH GmbH2309490 (7 of 11)
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Figure 7. Continuous flow HDC reaction with the PdNCF membrane nanoreactor. a) Schematic illustration of the continuous pressurized flow HDC
reaction with PdNCF membrane. b) Conversion monitored for 140 h of permeation (The initial stabilization period during 30 h is shaded in the graph).
c) The conversion in the permeate at different fluxes of the reaction mixture. The feed solution contains 4-CP (0.5 mmol), HCOOK (30 mmol), and
Et3N (1.0 mmol) in EtOH and H2O (1:1, 100 mL). PdNCF-5.3 (1.53 cm2) was placed in the cell while maintaining the temperature at 40 °C with a
temperature-controlled jacket.

2.2.2. Continuous-Flow Catalytic Reaction with PdNCF

Taking advantage of the free-standing membrane materials and
the immobilized active Pd NPs, we successfully conducted a
continuous-flow HDC reaction using the PdNCF membrane
(Figure 7). In the continuous-flow HDC setup depicted in
Figure 7a, the reactant solution was pressurized to flow through
the nanopores of the PdNCF membrane. The reaction must be
progressed by one-time passage through a single 50 μm-thick
membrane. This approach combines the benefits of continu-
ous flow chemistry and heterogeneous catalysis, offering a versa-
tile methodology that enables control over fluid velocity and en-
hances mass transfer.[52–57] Figure 7b demonstrates the remark-
able stability and performance of the PdNCF membrane nanore-
actor, maintaining ≈96% conversion even after 100 h of con-
tinuous operation at a solution flux of ≈7.0 L m−2 h−1, without
any noticeable decline in activity. The extended stability is cru-
cial for the PdNCF for continuous flow reactions. The essential
advantage of continuous flow reactions is the ability to control
the flux of feed solutions, which regulates the conversion in the
permeate solution. For the HDC reaction, the conversion reached
the maximum at the flux smaller than 7.0 L m−2 h−1, as shown in
Figure 7c.

3. Conclusion

Our study emphasizes the potential of metal nanocatalyst-loaded
membranes with 3D nanopores as a versatile and effective

platform for catalytic nanoreactors. By incorporating ultrafine Pd
nanoparticles into the polyurea network-based 3D-continuous
NCF membranes, we harness the inherent advantages pro-
vided by their 3D nanoporous channels. These channels not
only serve as efficient adsorption sites for metal nanocata-
lysts but also create controlled environments conducive to
catalytic reactions. An essential advantage of our 3D nanoporous
membrane-based approach is its precise control over the
amount, size, and distribution of metal nanocatalysts. By adjust-
ing catalyst loading and membrane area, we can easily regulate
the quantity of catalyst used in a reaction. To showcase the
performance of our system, we successfully apply the PdNCF
membrane in a hydrodechlorination reaction. The catalysts
housed within the nanopores exhibit exceptional long-term
stability without aggregation, making them suitable for both
batch and continuous flow reactions. Furthermore, we demon-
strate the ability to optimize catalytic performance in continuous
flow reactions by manipulating the flux of the reactant solu-
tion across the membrane. The metal nanocatalyst-loaded 3D
nanoporous membrane nanoreactor offers a sustainable solution
for supported metal catalysts, boasting stability, reusability, and
the ability to achieve quantitative preparation without excessive
metal usage. Additionally, the system enables precise control over
the amount and distribution of catalyst within the nanoporous
structure, as well as control over process conditions in both
batch and flow modes. These attributes hold significant poten-
tial for maximizing the productivity and selectivity of catalytic
reactions.
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4. Experimental Section
Materials: Tetrakis(4-aminophenyl)methane (TAPM) was synthesized

following a previously reported method.[58] Hexamethylene diisocyanate
(HDI, 99% purity, Sigma–Aldrich) was freshly distilled under reduced
pressure. An anhydrous grade of N,N-dimethylformamide (DMF, Sigma–
Aldrich) was used as a solvent for the polymerization to obtain the UN sol.
Polyethylene glycol (PEG, Sigma–Aldrich) with a number-average molecu-
lar weight (Mn) of 35000 was employed as a porogenic agent in obtaining
the NCF membrane. Palladium acetate (Pd(OAc)2, ≥99.9% purity, trace
metals basis) and sodium borohydride (NaBH4, 99% purity) were pur-
chased from Sigma–Aldrich and used without further purification. Other
materials were obtained from Sigma-Aldrich and were used as received.

Synthesis of Urea Network (UN) Sols and NCF Membranes: The sol of
the urea-based network (UN) was synthesized by polymerizing TAPM and
HDI in DMF at a concentration of 0.04 g mL−1, following a previously re-
ported method.[25] For the preparation of the NCF membrane, PEG was
mixed with the UN sol, and subsequent extraction of PEG was carried out
according to the previously reported procedure.[27,28] Specifically, PEG was
added to the UN sol at a weight ratio of 60/40 (PEG/UN) and stirred
for 1 h at 60 °C. The resulting PEG/UN mixed sol was then cast onto
glass plates, and the solvent was evaporated through stepwise heating:
1 h at 50 °C, followed by 8 h at 80 °C. The NCF membrane was obtained
by extracting the blend membrane with water to remove the soluble PEG
component.

Preparation of PdNCF: A dried NCF membrane was immersed in a
solution of Pd(OAc)2 in acetone with concentrations ranging from 0.1
to 30 mM. The mixture was stirred at room temperature for 6 h. After
removing the membrane from the precursor solution, it was washed with
acetone to remove the residual Pd(OAc)2 on the membrane’s outer sur-
face. Subsequently, the sample was dried under a nitrogen atmosphere at
70 °C for 6 h. Next, the dried membrane was immersed in a freshly pre-
pared ice-cold aqueous NaBH4 solution with a concentration of 20 mM
for 30 min. The resulting PdNCF membranes were washed with water and
dried under vacuum at 60 °C for 12 h. The PdNCF catalysts were desig-
nated as PdNCF-X, where X represents the Pd loading in weight percent
(wt%).

Adsorption of Pd(OAc)2 onto the NCF Membrane: The quantifica-
tion of the adsorbed Pd(OAc)2 per unit weight of the NCF film (qe,
mmol g−1) was carried out using UV–vis spectroscopy based on the
absorbance of the Pd(OAc)2 solution at a wavelength of 462 nm.
Dry NCF membranes with a defined mass of ≈0.1 g were immersed
in Pd(OAc)2 solutions of various concentrations, ranging from 0.5 to
20 mmol L−1, for 6 h. The qe value was calculated using the following
equation:

qe =
(C0V0 − CeVe)

m
(1)

where C0 and Ce (mmol L−1) are the initial and equilibrium concentrations
of the Pd(OAc)2 solution, respectively. V0 and Ve (L) are the volume of the
Pd(OAc)2 solution at initial and equilibrium state, respectively. m (g) is
the dry weight of the NCF membrane.

To predict the adsorption kinetics, the Langmuir adsorption isotherm
was fitted using the following equation.[59]:

qe =
qmaxKLCe

1 + KLCe
(2)

The linear form of the Langmuir equation is expressed as:

Ce

qe
= 1

KLCe
+ 1

qmax
Ce (3)

where qmax (mmol g−1) is the maximum adsorption capacity of the system.
KL (L mmol−1) is the Langmuir constant.

Hydrodechlorination Batch Reaction: In a typical batch reaction, a
100 mL two-neck round-bottom flask was prepared with a magnetic bar

and fitted with a rubber septum. A mixture of HCOOK (6 mmol) and Et3N
(0.8 mmol) dissolved in water (10 mL) was added to the flask. Then, a
PdNCF-5.3 sheet (containing 1 mg of Pd over a 10.7 cm2 area) was intro-
duced to the flask and stirred at 40 °C for 30 min under a nitrogen atmo-
sphere. Subsequently, 4-CP (0.4 mmol) in EtOH (10 mL) was added to the
mixture. At specified time intervals, aliquots of the reaction solution were
syringed out and extracted with diethyl ether (4× 5 mL), and the combined
extracts were washed with a brine solution. The conversion was estimated
using gas chromatography coupled with a mass spectroscopic detector
(GC-MS), employing an Rtx-1 column (30 m × 0.25 mm ID × 0.25 μm).
Dodecane was utilized as the internal standard for quantitative analysis.
After the reaction, the PdNCF membrane was separated from the solu-
tion and rinsed with water and EtOH. The recovered membrane was then
immersed in a fresh reactant solution. Multiple reactions for seven cycles
were conducted and monitored using the same procedure. For the SEM
and TEM measurements of the recovered membranes after reactions, the
membranes were washed with water and EtOH and then dried at 60 °C in
a vacuum for 12 h.

Hydrodechlorination Flow Reaction: In a typical flow HDC reaction of
4-CP, a feed solution consisting of 4-CP (0.5 mmol), HCOOK (30 mmol),
and Et3N (1.0 mmol) dissolved in a mixture of EtOH and H2O (1:1,
100 mL) was used. The PdNCF-5.3 catalyst, containing 0.3 mg of Pd over
a 1.53 cm2 area, was placed in a high-pressure cell (Sterlitech HP4750
stirred cell; Kent, USA) equipped with a homemade membrane holder de-
signed for smaller membrane sizes (diameter = 13 mm). The active mem-
brane area for permeation was 6.4 × 10−5 m2. The cell was equipped with
a temperature-controlled jacket. The reaction cell was connected to a ni-
trogen gas (99.999%) source with a pressure regulator, which drove the
feed solution through the membrane sheet. At 40 °C, the reaction sta-
bilization time establishing steady-state conditions was ≈30 h. The per-
meated solution was taken periodically to analyze the conversion using
GC-MS. The flux (ranging from 7.0 to 33 L m−2 h−1) was adjusted by vary-
ing gas pressures (1.0–5.0 bar) to investigate its effect on the reaction
conversion.

Characterization: The transmission electron microscopy (TEM) was
performed using a JEOL LTD model JEM-2100F. Ultrathin TEM specimens
with a thickness of 80–100 nm were prepared using the PT-X/PT-XL Pow-
erTome Ultramicrotomes from RMC Boeckeler. The TEM images were
obtained without staining the samples. Scanning electron microscopy
(SEM) images were obtained using a JEOL JSM-6700 system. Before
SEM measurement, the membranes were dried at 100 °C under vac-
uum. The samples for cross-section analysis were prepared by break-
ing the membrane after dipping in liquid nitrogen for 5 min. The pieces
were coated with platinum using a sputtering process before SEM imag-
ing. N2 adsorption–desorption isotherms were determined at 77 K us-
ing a Micromeritics ASAP 2020 Analyzer. Before the analysis, the sam-
ples were degassed at 100 °C for 12 h. The specific Brunauer–Emmett–
Teller (BET) surface area, pore volume, and Barrett–Joyner–Halenda (BJH)
pore size distribution were determined using ASAP 2020 ver 3.00 soft-
ware. UV–vis spectra of the Pd(OAc)2 solutions were acquired in the
200–650 nm range using a Mega-800 UV–vis spectrometer from Scinco.
The Pd loading in each PdNCF membrane catalyst was obtained us-
ing an inductively coupled plasma optical emission spectrometer (ICP-
OES) with the OPTIMA 8300 model. The quantitative analysis was per-
formed with the characteristic Pd peak at 340.458 nm. X-ray photoelec-
tron spectroscopy (XPS) analysis of the PdNCF membrane was conducted
using a Thermo VG Scientific, VG Multilab 2000 instrument. The analy-
sis utilized Al K𝛼 X-ray radiation as the excitation source. X-ray Diffrac-
tion (XRD) analysis was performed using an X’Pert PRO Multi-Purpose
X-Ray Diffractometer from PANalytical Co., England. The instrument em-
ployed a Cu 2 kW X-ray source (maximum 60 kV 55 mA−1) for the
analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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