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A novel kind of Cu-based catalytic membrane reactor (CMR) has been developed for the efficient reduction of pnitrophenol (p-NP) to p-aminophenol (p-AP) in a continuous flow-through system. The CMR is prepared by the
composite of MOF-derived nanoporous Cu/Cu2O networks and a porous matrix of nylon film. In this process, the
pre-synthesized Cu-MOF-nanosheets are deposited onto a porous nylon film via filtration, and then the composite membrane is in-situ reduced by NaBH4 in the liquid phase, producing nanoporous Cu/Cu2O networks/
nylon composite membrane. Remarkably, the nanoporous Cu/Cu2O networks exhibit fluffy structure with
multidimensional porosity, which shows relatively high mass transportation ability and excellent catalytic activity. Therefore, the nanoporous Cu/Cu2O networks/nylon composite membrane can work as highly efficient
and stable CMR, which can continuously convert over 95% of p-NP to p-AP in an 8 h test (8 mL/min) without
obvious structure change and deactivation. This new type two-dimensional MOF-derived CMR offers an effective
and convenient continuous catalytic process from p-NP to p-AP, which would have a potential application in this
industrial reduction reaction.

1. Introduction
Catalytic membrane reactor (CMR) [1–4], in which both catalytic
reaction and product separation are performed in a single unit, has
shown their great potential in fine chemical synthesis [5,6], environmental engineering [7,8] and energy industry systems [9,10], because
of their intrinsic characteristics of high efficiency, automation, reliable
stability and accurate regulation. CMR generally consists of a catalytic
membrane (the same material acts as both catalyst and membrane) or
conventional catalysts supported on a matrix membrane. In the latter
case, the catalyst can be distributed as a thin layer attached to the
matrix membrane or in the pore of the matrix membrane with high
dispersity. One of the most intriguing advantages of CMR is its applications in flowing systems, therefore the relatively high permeability
and catalytic activity are major determinants for a highly efficient CMR
system [11]. The continuous smooth mass transportation, namely the
well design of the loading mode of active sites and the multidimensional porous systems, becomes the most challenging topic in
related field [12].

Nanoporous metallic networks [13,14] is an ideal material to serve
as the catalyst layer/film for CMR systems, since these types of materials normally exhibit relatively high surface area and acceptable permeability for guest molecules [15]. Nanoporous metallic networks is
normally made of solid metals or metal oxides with interconnected
nanosized metallic particles/ligaments and percolating pores, which
can not only offer sufficient channels for the transportation of reactant
molecules but also could increase the contact area between reactants
and catalytic active centres due to its nano-porosity [16,17]. In addition, nano-structured metallic networks may also result in size-dependent enhancement for catalytic activity and selectivity, distinguishing
the potential of nanoporous metallic networks over bulk forms of metals, and further evoking an increased interest also in the industrial field
[18,19]. Therefore, the development of large-scale nanoporous metallic
networks as catalyst layer is highly desired and may lead to breakthroughs in the field of CMR.
Generally speaking, the most common method to fabricate nanoporous metallic networks is dealloying. In previous work, the networks
can be achieved by the selective removal of the silver component in Au-
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Ag alloy using nitric acid, leading to nanoporous “gold leaf” [20].
However, this method has strict requirement for the starting materials,
and only Au-Ag alloy with certain atomic ratio is suitable for this
process, otherwise the synthetic process would be passivated. Additionally, colloidal assembly strategy has also been involved in preparation of nanoporous metallic networks via assembly the pre-synthesized metallic nanoparticles [21,22]. However, aggregation of
particles under high concentration limits the yield and density of the
final product, and the non-noble metallic networks are difficult to be
straightforwardly generalized by this technique [14]. Hence, an efficient and convenient approach, which is used to fabricate nanoporous
non-noble metallic networks as stable catalyst layer for flowing CMR, is
highly desired and remains challenge in related fields.
Metal-organic frameworks (MOFs) [23] as an intriguing class of
porous crystalline inorganic-organic hybrid materials has been applied
as solid precursors for preparing metal or metal-oxide nano-catalysts
due to their high metal density within the frameworks and easy
transformation [24–28]. For example, crystalline Fe2O3/TiO2 composite nanoparticles were prepared through calcination of amorphous titania-coated Fe-MOF, and the composite material enables photocatalytic hydrogen production from water using visible light [29]. In
this process, the current methods for transforming MOF structure to
metallic networks mostly relied on high-temperature annealing, which
has barely any control on the fabrication procedure and require relatively high thermos-stability of the matrix membrane. Actually, nanoporous metallic networks could be directly constructed using MOF
membrane as both template and sacrificial layer via a mild and controllable reduction process. In this context, the yielded nanoporous
metallic networks could have tuneable catalytic activity, and the energy
cost (high temperature treatment) of the synthetic procedure can be
successfully avoided.
CMR has huge advantages in organic reduction reaction due to its
stability and high efficiency. Particularly, the reduction of p-nitrophenol (p-NP) to p-aminophenol (p-AP) is of significance, since the
reactant (p-NP) is a common toxic organic pollutant (p-NP) and the
product (p-AP) has been widely applied in the areas of dyes, drugs and
fine chemicals [30]. On the other hand, Cu species are considered as
earth abundant and environmentally friendly catalysts, which have
high catalytic activity for organic reduction reaction [31].
We report here a novel kind of Cu-based CMR for the efficient reduction of p-NP to p-AP in a continuous flowing system at ambient
temperature, as shown in Scheme 1. The Cu-based CMR consists of the
MOF-derived nanoporous Cu/Cu2O networks as catalyst layer and a

porous nylon film as matrix membrane. The catalyst layer (nanoporous
Cu/Cu2O networks) which is assembled from nanosized Cu/Cu2O particles and percolating nanopores, is prepared via in-situ reduction of
two-dimensional MOF membrane in liquid phase. Furthermore, the
fabricated CMR could continuously convert over 95% of p-NP into p-AP
in 8 h test without obvious structure change and deactivation. Hopefully, the proposed simple CMR fabrication procedure and its relatively
efficient and stable catalytic performance may shed light on the rational
design of CMR systems and their potential applications in sustainable
chemistry.
2. Experimental
2.1. Materials
Copper acetate (Cu(CH3COO)2) and terephthalic acid (H2BDC) were
purchased from Energy Chemical (Shanghai). Sodium borohydride
(NaBH4), p-nitrophenol (p-NP) were purchased from Sigma-Aldrich. N,
N-Dimethylformamide (DMF), acetonitrile (CH3CN) and methanol
(CH3OH) were purchased from Sinopharm Chemical Reagent Co., Ltd.
The porous substrate is a commercial nylon filter film (pore size
0.22 μm) which purchased from Shanghai Sanger Biology Technology
Co., Ltd. The water used in this work was deionized water. All chemicals used in this study were of analytical grade and used without further
purification.
2.2. Fabrication of CuBDC membrane/nylon composite membrane
30 mg Cu(CH3COO)2 was dissolved in a mixed solvent of 10 mL
DMF and 5 mL CH3CN, and then this Cu(CH3COO)2 solution was
sprayed onto the 1,4-benzenedicarboxylate acid (BDCA) solution
(2 mg/mL, V:V = 1:2 DMF:CH3CN) in a culture dish at the flow rate of
1 μL/s for 110 s. Then the instantly appearing precipitates could be
distinctly observed and directly collected by centrifugation, followed by
washing with DMF and CH3OH to afford the desired CuBDC-ns methanol dispersion. CuBDC-ns methanol dispersion (10 mg/10 mL) was
deposited onto a commercial porous nylon film by suction filtration to
manufacture CuBDC-ns/nylon composite membrane.
2.3. Fabrication of nanoporous Cu/Cu2O network/nylon composite
membrane
The above CuBDC/nylon composite membrane was reduced with
10 mL NaBH4 aqueous solution (3.4 × 10−2 mol/L) and then washed
with deionized water several times by filtration.
2.4. Catalytic membrane reactor operation
Typically, an aqueous solution of p-NP (6.7 × 10−2 mmol/L) and
NaBH4 (3.4 × 10−2 mol/L) was pumped through a piece of the nanoporous Cu/Cu2O network/nylon composite membrane (diameter
25 mm, effective area 314 mm2) using a peristaltic pump. A flow rate of
4, 8 and 15 mL/min was used to realize the continuous catalysis operation of p-NP. The solution passing through the composite membrane
was collected at the outlet and an UV–vis absorption spectrum was
measured with a time interval of 15 min.
2.5. Catalytic activity evaluation
The reduction of p-NP in the presence of excess NaBH4 was carried
out to investigate the catalytic activity of CuBDC-ns-derived Cu/Cu2O.
Typically, 2.96 mL deionized water, 40 μL p-nitrophenol solution
(5 mmol/L), and fresh NaBH4 (3.78 mg) were added into a standard
quartz cuvette in sequence. The absorption spectra were recorded immediately after the addition of 20 μL fresh CuBDC aqueous dispersion
(2.3 mg/100 mL) with a time interval of 30 s at room temperature.

Scheme 1. Flowing CMR for continuous catalytic conversion of p-NP to p-AP
via nanoporous Cu/Cu2O networks/nylon composite membrane.
31

Journal of Membrane Science 582 (2019) 30–36

X.-J. Bai, et al.

Remarkably, NaBH4 is present in the reaction system as the reductant,
so CuBDC-ns as the catalyst precursor could be directly used in the
reaction system. The Cu/Cu2O nanoparticles in-situ formed, and the
reduction of p-NP occurred simultaneously.

thicknesses of CuBDC-ns are at around 6 nm, exhibiting a relatively
high aspect ratio of approximately 40.
3.2. Fabrication and characterization of nanoporous Cu/Cu2O networks/
nylon composite membrane

2.5.1. Kinetics of the reduction of p-nitrophenol
Since the concentration of NaBH4 is much higher than that of p-NP
and can be considered as a constant during the reaction period.
Therefore, the pseudo first-order kinetics can be applied to evaluate the
rate constant for nitrophenol reduction [32]. For the p-NP reduction
reaction, the ratios of Ct (the concentration of p-NP at time t) to C0 (the
initial concentration of p-NP) were obtained from the relative intensity
ratios of the respective absorbance (At/A0) at 400 nm. The kinetic
equation for the reduction can be written as

ln(Ct / C0 ) = ln(At /A 0 ) =

As shown in Fig. 2a, the synthesized CuBDC-ns were deposited onto
a porous nylon film via suction filtration of the CuBDC-ns methanol
dispersion to produce CuBDC film/nylon composite membrane. The
cross-section SEM image and optical photo (Fig. 2b and inset) of the
CuBDC/nylon composite membrane indicate that the CuBDC-ns layer is
evenly and completely deposited onto the porous substrate. Then
NaBH4 aqueous solution was introduced to in-situ reduce the CuBDC/
nylon composite membrane by suction filtration, and the colour of the
composite membrane changed from blue to black after treatment with
NaBH4 aqueous solution, ascribing to the conversion of CuBDC membrane. As shown in Fig. 2c and Fig. S1, the CuBDC membrane-derived
membrane materials exhibit fluffy structure with nanosized particles
and multidimensional porosity (nanoporous networks), which could be
high-efficiency catalyst layer for CMR. In order to further realize the
nanoporous networks, its structure was investigated by X-Ray diffraction (XRD) analysis. As shown in Fig. 2d, the diffraction peak positions
and their relative intensities could be readily indexed to crystalline Cu
([111] and [200] crystallographic planes) and Cu2O ([111] and [220]
crystall-ographic planes), respectively, indicating the chemical state of
Cu species in the synthesized nanoporous metallic networks. The lower
intensity of Cu2O diffraction peaks than those of Cu (0) reflected that
most Cu (II) was reduced to Cu (0) because of the strong reducibility of
NaBH4.
In addition, the mass transportation properties of nanoporous Cu/
Cu2O networks were further studied. As shown in Fig. S2, the permeability of nanoporous Cu/Cu2O networks/nylon composite membrane
is almost comparable to that of pure nylon film at different speeds of
peristaltic pump. Hence, the nanoporous structure of Cu/Cu2O networks is beneficial to the mass transportation of the reactant solution
through nanoporous Cu/Cu2O networks (the catalyst layer for CMR)
and increase the contact area between the reactant molecules and the
catalyst active sites (Cu/Cu2O itself), resulting the relatively high catalytic efficiency of the catalyst layer. Furthermore, we speculate that
the large amount of gas (hydrogen etc.) and heat would generate during
the reduction process of the MOF membrane, which directly leads to the
porous structure of the prepared metallic network layer.

kt

Where the apparent rate constant k can be obtained from the plot of ln
(Ct/C0) versus the reaction time.
2.6. Characterizations
Morphologies of samples were characterized by field-emission
scanning electron microscopy (FESEM, Hitachi SU8010), transmission
electron microscopy (TEM, JEOL JEM-2100F) and atomic force microscopy (AFM, Bruker Dimension Icon). The crystallographic information was analyzed by X-ray diffraction (XRD, PANalytical
Empyrean) equipped with a Cu Kα radiation source (λ = 1.5406 Å).
The organic groups in the nanoporous metallic networks were characterized by Fourier transform infrared spectroscopy (FT-IR, Bruker
VERTEX 70). Thermogravimetric analysis (TGA) was carried out with a
thermobalance (TGA-2050, TA Instruments) under N2 from room temperature to 700 °C with a temperature ramp of 10 °C/min. The ultraphonic spray nozzle & system was manufactured by Siansonic
Technology Co., Ltd. The ultraphonic generator was DP30 and the
nozzle is ZPQ-S-95. The catalytic reduction of p-NP to p-AP was monitored with an optics spectrometer (Maya2000 Pro). The peristaltic
pump (ATP-3200) used in the catalytic membrane reactor was produced in Automatic science (Tianjin) Instrument Co., Ltd.
3. Results and discussion
3.1. Fabrication and characterization of CuBDC-ns
Copper 1,4-benzenedicarboxylate-nanosheets (CuBDC-ns) are
chosen as the secondary building units (SBUs) to construct MOF
membrane. Its crystalline structure consists of Cu (II) dimers with a
square-pyramidal coordination geometry interconnected by benzenedicarboxylate anions, constituting layers which stack along the [201]
crystallographic direction (Fig. 1b inset). Firstly, relatively high metal
sites are exposed to the outer surface of CuBDC-ns structure due to its
high aspect ratio, so they are more suitable for being rapidly reduced to
highly dispersed nanoparticles. Secondly, Cu species are considered as
earth abundant and environmentally friendly catalysts, which have
gained continuous attention due to its high activity and vast applicable
areas. Therefore, CuBDC-ns can be used as an ideal precursor to construct nanoporous Cu-based networks.
CuBDC-ns were synthesized following a previously reported strategy
by spraying the atomized solution of metal ions (Cu2+) onto the surface
of organic ligand solution (BDC) [33]. Scanning electron microscopy
(SEM) image clearly indicates that CuBDC-ns exhibit well-dispersed and
evenly distributed lamellar structure in the size of 100–300 nm
(Fig. 1a). XRD pattern (Fig. 1b) of CuBDC-ns exhibits only two sharp
peaks at 16.9° and 34.1° corresponding to [201] and [402] crystallographic planes of the CuBDC structure, which is in agreement with
standards of 2D CuBDC structures [34]. Atomic force microscopy (AFM)
image and its height profile (Fig. 1c and d) have shown that the

3.3. The continuous catalysis performance and stability of the CMR for the
reduction of p-NP
Next, we designed a flowing nanoporous Cu/Cu2O networks/nylon
CMR for the continuous catalytic operation of p-NP degradation. Such a
reaction has been widely used for changing “waste” (p-NP) into “valuable” (p-AP) and can be rapidly monitored by UV–vis spectrum. In the
present case, the catalytic reaction was carried out by pumping a feed
solution through the composite membrane under a continuous flowing
model. This model is a typical membrane separation process, the catalyst and the product can separate continuously/straightway to achieve
high catalytic efficiency. In addition, this flow-through model can
prolong the service life of the catalyst layer, due to the catalyst layer
can avoid being swept by the shear force generated by the feed solution
flowing parallel to the CMR. As shown in Scheme 1, the aqueous solution of p-NP and NaBH4 was pumped through nanoporous Cu/Cu2O
networks/nylon composite membrane using a peristaltic pump. The
solution at the outlet was periodically monitored by UV–vis absorption
spectrum. The substrate p-NP was almost completely converted to p-AP
after passing through the composite membrane as shown in Fig. 3a
inset, i.e., the UV absorption of p-NP at 400 nm almost disappeared. The
continuous conversion of p-NP (above 95%) could last for over 8 h
(8 mL/min) without observable deactivation (Fig. 3a), and the slightly
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Fig. 1. (a) SEM image of CuBDC-ns, (b) XRD patterns of CuBDC-ns and CuBDC simulation (inset: the crystal structure of CuBDC), (c, d) AFM image of CuBDC-ns and
the corresponding height profile.

Fig. 2. (a) Schematic of the fabrication process to produce nanoporous Cu/Cu2O networks. (b) Cross-section SEM image and photo (inset) of MOF membrane by
suction filter CuBDC-ns method. (c) SEM image and photo (inset) of nanoporous Cu/Cu2O networks. (d) XRD pattern of CuBDC-ns and nanoporous Cu/Cu2O
networks.
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Fig. 3. (a) Durability test (8 mL/min) of the composite membrane for the catalytic reduction of p-NP, inset: UV–vis absorption spectra of the solution in the outlet
measured every 15 min. (b) SEM image and XRD pattern (inset) of the composite membrane after 10 h of continuous catalysis.

gradual drop of the conversion rates after 8 h could be attributed to the
local fracture of the composite membrane and partial deactivation of
the catalysts (blocking of the active sites etc.). It is worth noting that
when the flow rate reduced to 4 mL/min, the continuous conversion
rate of p-NP can maintain at more than 99%. Even if the flow rate rised
to a considerable 15 mL/min, it can still achieve over 85% conversion
of p-NP (Fig. S3). The convenient synthetic strategy for p-AP using the
catalytic membrane reactor system sheds light on the potential practical
applications of this system.
Furthermore, compared to the as-synthesized nanoporous Cu/Cu2O
networks, the XRD pattern and the SEM image of the used ones after
10 h showed that the structural integrity of Cu/Cu2O networks and its
porous morphology were still well-preserved (Fig. 3b), suggesting the
relatively high stability and durability of the catalyst layer. In addition,
the stability of the catalyst layer of the CMR was further tested. A piece
of nanoporous Cu/Cu2O network/nylon composite membrane was immersed into water and kept shaking for 24 h. The composite membrane
was unbroken, and the micromorphology of the catalyst layer was still
nanoporous network. There is no leaching of Cu species into aqueous
phase, confirming that the catalytic layer (nanoporous Cu/Cu2O network) was strongly attached to the substrate (nylon film) (Fig. S4). To
demonstrate the catalysis of Cu/Cu2O networks, a reference experiment
was also carried out by passing p-NP and NaBH4 through the pure nylon
film without the catalyst layer of nanoporous Cu/Cu2O networks, and
in that case, p-NP was hardly reduced (Fig. S5).

Fig. 4. (a) Reduction reaction of p-NP to p-AP catalyzed by CuBDC-ns in the
presence of excess NaBH4. (b) UV–vis absorption spectra of the p-NP solution
with and without NaBH4. (c) time-dependent UV–vis absorption spectra of the
p-NP reduced by NaBH4 with CuBDC-ns-derived Cu/Cu2O, (d) plot of ln(C0/Ct)
versus reaction time for p-NP reduction reaction, (e) successive cycles experiment of the catalyst for the catalytic reduction of p-NP.

3.4. Kinetics and mechanism of p-NP catalytic reduction
To further test the catalytic activity of CuBDC-ns-derived Cu/Cu2O
towards p-NP, we studied the reaction dynamics (Fig. 4a). Remarkably,
NaBH4 is present in the reaction system as the reductant, so CuBDC-ns
as the catalyst precursor could be directly used in the reaction system
(Fig. 4a). The Cu/Cu2O nanoparticles in-situ formed, and the reduction
of p-NP occurred simultaneously. The reduction process could be
monitored through measuring UV–vis spectra recorded at different
time, since there is obvious difference between the absorption signal of
the reactant (p-NP) and product (p-AP). It could be observed in Fig. 4b
that pure p-NP solution has characteristic UV absorbance peak at
317 nm, but the peak was remarkably red-shifted to 400 nm with a
colour change from pale yellow to bright yellow after addition of
NaBH4 [32]. The phenomenon was attributable to the conversion of pNP to deprotonated p-nitrophenolate ions owing to an increase in solution alkalinity upon the addition of NaBH4 [35]. The solution was
stable in the absence of the catalyst, and no significant change was
observed in absorbance intensity or peak position even after 10 h
(Fig. 4b).
As shown in Fig. 4c inset, the bright yellow colour gradually
bleached to colourless solution and completely vanished in ca. 3 min
after the addition of small amount CuBDC-ns into reaction system, indicating the reduction of p-NP. Meanwhile, the UV–vis spectra

monitoring has shown that the UV absorption of p-NP at 400 nm significantly reduced and completely disappeared in around 3 min, which
means the reduction reaction has be completed (Fig. 4c). At the same
time, a new p-AP absorption peak gradually appeared at 300 nm as the
reaction progressed. Furthermore, an iso-absorptive point at 317 nm
was also observed in the UV–vis spectra, indicating that the reduction of
p-NP to p-AP proceeded without producing other by-products [25]. In
order to clearly observe the iso-absorptive point, we locally amplified
the UV–Vis spectrum (Fig. S6). Fig. 4d displays the linear dependence of
ln(C0/Ct) on the reaction time for the catalytic reduction of p-NP, and
the corresponding rate constant (k) and the turnover frequency (TOF)
obtained from the kinetic measurements was calculated to be 0.024 s−1
and 2400 h−1, respectively, exhibiting the relatively high intrinsic
catalytic activity of the synthesized Cu/Cu2O nanoparticles. As shown
in Fig. 4e, the catalysts could be successfully re-used for 10 cycles, and
the conversion of p-NP remains over 98% in 3 min. Such catalytic
performance is superior to those of the previously reported MOFs-based
catalyst and even comparable with that of the most active noble metal
nanoparticles.
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the excess NaBH4, and Cu(0) might also work as the active reagent,
assistedly reducing the eNO2 to eNH2 in water.
3.5. The mechanism exploration of catalytic activity and stability of MOF
membrane-derived nanoporous Cu/Cu2O networks
Furthermore, we consider that the excellent catalytic and cyclic
properties of nanoporous Cu/Cu2O networks originate from their specific structures. Firstly, CuBDC-ns-derived Cu/Cu2O networks was investigated by TEM. As shown in Fig. 6a, a batch of nanospheres distributes evenly, and the average size of the nanoparticles is
approximately 30 nm, confirming the remarkable dimensional
shrinkage to CuBDC-ns because of the division of CuBDC-ns during the
reduction process. Secondly, the chemical structure and composition of
CuBDC-ns-membrane-derived nanoporous Cu/Cu2O networks was investigated by Fourier-transform infrared (FT-IR) spectrum. As shown in
Fig. 6b, C-O-Cu stretching band (1110 cm−1) and the major characteristic peaks of BDC can be observed in the FT-IR spectrum, which
coincides well with the carbonyl group (1680 cm−1), a ring vibration in
benzene (1507 cm−1). Above all, the presence of these characteristic
peaks evidences that the organic ligands of CuBDC-ns frameworks have
been preserved and partly coordinated with Cu/Cu2O nanoparticles,
which may prevent Cu/Cu2O nanoparticles from agglomeration and
hold excellent chemical stability during the reaction process. Another
possible reason for the relatively high catalytic activity could be ascribed to the rigid nature of the BDC ligand, which could effectively
avoid the entanglement of the Cu/Cu2O nanoparticles by the ligand
chain, thereby decreasing the effectively active area and further reducing its catalytic activity. Finally, the nanoporous Cu/Cu2O networks
were heated gradually to 700 °C under N2 atmosphere. As shown in
Fig. 6c, a large and sharp weight loss of 30% of the original sample is
observed below 300 °C, which is attributed to decomposition of BDC
molecules. The remaining metal networks are stable ranging from
400 °C to 700 °C, as evidenced by the fact that no additional weight loss
is observed in this range.
Comparing with Cu/Cu2O networks synthesized from CuBDC-ns
membrane, nanoparticles derived from direct reduction of Cu2+ (by
NaBH4) have shown larger particle size and irregular morphology as
shown in Fig. 6d. In fact, these nanoparticles also exhibit relatively high
catalytic activity for the reduction of p-NP in the same conditions.
However, the catalytic activity rapidly reduces with the increases of the

Fig. 5. The catalytic reaction mechanism of p-NP to p-AP catalyzed by CuBDCns in the presence of excess NaBH4.

Basing on related references [36] and above experiment results, a
plausible catalytic reaction mechanism could be proposed as shown in
Fig. 5. In the presence of NaBH4, Cu(II) was firstly reduced into copper
hydride Cu(I)-H (A), which has relatively high reducibility and could
serve as active species on the catalysts. The reactant p-NP (B in Fig. 5)
would get reduced on Cu(I)-H sites (A) via a sequential hydrogenation
process with nitrosophenol (C and D in Fig. 5) yielding p-AP and H2O as
final products. The catalysts (under reduced state) are reoxidized
during the same time, simultaneously generating the key Cu(I) species.
Finally, the excess BH4− would provide Cu(I) more negative hydrogens,
giving the active Cu(I)-H species (A) and achieving one catalytic cycle.
In this process, Cu(0) cannot be avoided owing to drastic reduction by

Fig. 6. (a) TEM image of CuBDC-derived Cu/Cu2O, (b) FT-IR spectrum and (c) TGA curve of CuBDC-derived Cu/Cu2O networks and Cu2+-based nanoparticles. (d)
TEM image of Cu2+-derived nanoparticles. (e) K and TOF change with cycle times for the catalytic reduction of p-NP by Cu2+-derived nanoparticles. (f) TEM image of
Cu2+-derived nanoparticles after usage 5 times.
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reuse times, which is embodied as the overall decline in the value of
rate constant k and TOF (Fig. 6e). This deactivation could be resulted
from the rapid aggregation of the ligand-free Cu2+-derived nanoparticles during their catalytic usage (Fig. 6f). Furthermore, FT-IR
spectrum and thermogravimetry (TG) analysis also clearly show that
Cu2+-derived nanoparticles have no organic ligand modification or
protection compared to Cu-MOF membrane-derived nanoporous Cu/
Cu2O networks, which resulting the instability characteristic of Cu2+derived nanoparticles. The SEM and TEM images of CuBDC-ns and Cu/
Cu2O networks have also given in a single figure (Fig. S7), in order that
the changing process in morphology can be easily identified.

[7]
[8]

[9]
[10]
[11]

4. Conclusions

[12]

In summary, the work presented here demonstrates a convenient
method to efficiently convert p-NP to p-AP using a flowing CMR
equipped with nanoporous Cu/Cu2O networks as catalyst layer. The
fabricated CMR could continuously convert over 95% of p-NP in an 8 h
test (8 mL/min) without obvious structure change and deactivation. In
brief, the pre-synthesized CuBDC-ns were deposited onto a porous
nylon film via suction filtration, and then the composite membrane was
in-situ reduced by liquid-phase reduction method, producing nanoporous Cu/Cu2O networks/nylon composite membrane. The nanoporous Cu/Cu2O networks exhibit fluffy structure with multidimensional porosity, which facilitates the mass transportation of the
reactants through the catalyst layer (nanoporous Cu/Cu2O networks)
and increases the contact area between the reactant molecules and the
catalyst active site (Cu/Cu2O), resulting the relatively high catalytic
efficiency of the metallic networks. In addition, the nanoporous Cu/
Cu2O networks compose of nanosized Cu/Cu2O nanoparticles
(∼30 nm) that are partly coordinated with BDC, which prevent Cu/
Cu2O nanoparticles from agglomeration and hold excellent chemical
stability acting as the catalyst layer for a flowing CMR.
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