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Concerted Catalysis on Tanghulu-like Cu@Zeolitic Imidazolate
Framework-8 (ZIF-8) Nanowires with Tuning Catalytic Performances
for 4-nitrophenol Reduction

Dengfeng Wu,† Xing Zhang,† Jiqin Zhu and Daojian Cheng*

We report a facile strategy for the fabrication of Tanghulu-like Cu@ZIF-8 nanowires (NWs) by using poly(vinylpyrrolidone)-modified Cu NWs as seeds at normal

temperature and pressure. The protecting and directing effects of poly(vinylpyrrolidone) (PVP) are crucial for the in-situ growth of ZIF-8 on Cu NWs. ZIF-8 particles

are strung by Cu NW in single Cu@ZIF-8 NW. The catalytic performance of Tanghulu-like Cu@ZIF-8 NWs is much depended on the coverage of ZIF-8 due to the

concerted catalysis, resulting in the tuning catalytic performances of beaded and core-shell structures. Particularly, the beaded Cu@ZIF-8 NWs exhibited significantly

enhanced catalytic performance for the reduction of 4-nitrophenol (4-NP). ZIF-8 on Cu NWs can offer an enhanced capacity for adsorbing reactants (BH4
- and 4-NP)

and rapidly transfer active hydrogen species and 4-NP- toward Cu active sites. This work offers a simple strategy for the architecture of other promising beaded one-

dimensional structure as enhanced functional materials.
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1. Introduction

Developing effective, low-cost and environmental friendly nano-
catalysts for the transformation of nitro compounds and water-
soluble aromatic dyes to value products is crucial to human health
and environmental sustainability.1 4-nitrophenol (4-NP), derived
mainly from industrial and agricultural wastewater, is one of the
most common and hazardous organic pollutant for its toxic, carcino-
genic and biorefractory characters.2–4 While, 4-NP is widely used as
the precursor for production of 4-aminophenol (4-AP), which is less
poisonous and used for photographic developer, corrosion inhibi-
tor, drying agent, and also used as important intermediates in the
preparation of analgesic and antipyretic drugs.5–8 Hence, the cata-
lytic reduction of 4-NP to 4-AP is of great significance for pollu-
tant elimination and resources regeneration. Moreover, this reaction
is also widely recognized as a trusted model reaction for assessing
the catalytic properties of nanostructures.8–10 Till now, great efforts
have been focused on applying noble metal based nanocatalysts (Au,
Ag, Pt, Pd) to catalyze the reduction of 4-NP by NaBH4 to 4-AP.11–18

Although those noble metal based catalysts display excellent cata-
lytic activity, designing non-noble metal based catalysts with low
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cost, high activity and facile method are more desirable for future
large-scale industrial applications.19–29 Among these non-noble metal
based catalysts, Cu-based catalysts exhibit impressive performances
for 4-NP reduction.25,30–32

Recently, controllable integration of metallic nanocrystals (MNCs)
and metal-organic frameworks (MOFs) into advanced materials has
attracted a great deal of research attention for catalysis.33–35 Particu-
larly, MOFs can provide a tunable coordination space and chemical
tailoring of the inner surface of the channels and cavities, which
make them a promising new class of catalyst supports for hosting
nanoparticles, especially for metallic MNCs in heterogeneous ca-
talysis.36–38 However, the MOFs-supported MNCs are still limited
in catalytic performance because of the thermodynamic instability
and aggregation of MNCs on the MOFs.38,39 Therefore, encapsulating
NCs into MOFs to form the MNCs@MOFs core-shell or core-shell-
like nanostructures are considered to be one of the most promising
ways to achieve synergies of metallic MNCs and MOFs.37,40,41 More-
over, recent investigations have indicated that MOFs are promising
participants for 4-NP reduction.40,42,43 The stability and chemical activity
of the MNC cores are preserved since the migration and aggregation
of the NC cores can be dramatically limited by the MOF shells. How-
ever, for the catalytic process, although the MOFs are known as porous
materials with ordered crystalline pores, the diffusion of the reactants
or products between active sites on the surface of MNCs and bulk
solution may be dragged down by the MOF shells, resulting into a
mediocre catalytic performance. Therefore, a more striking way is
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to design and develop a new beaded structure with partially exposed
and partially covered MNC core. Limited by the slenderness ratio,
zero-dimensional nanostructure is hard to meet this requirement.

One dimensional metal NWs, such as Cu NWs, are attracting
special interest due to their large slenderness ratio, anti-aggregating
and high electron transport property.44–46 Our previous studies in-
dicate that Cu NW is a promising template for the preparation of
one dimensional core-shell nanostructures.47–50 In the series of
MOFs, zeolitic imidazolate framework-8 (ZIF-8) as a kind of zeo-
litic imidazole-based MOF with large cavities interconnected by
narrow windows has potential applications on target materials cap-
turing and catalytic process.51 Recently, Zhang and his co-workers
reported that Cu NWs threaded ZIF-8 can be used as efficient cata-
lysts for H2 production from ammonia borane hydrolysis.52 ZIF-8
on Cu NWs can offer a large capacity for adsorbing reactants and
channels for rapidly transferring active hydrogen toward Cu active
sites. Therefore, to architecture the optimized Cu NWs/ZIF-8 struc-
tures is a promising way to realize the highly efficient catalysis
for 4-NP reduction in the presence of NaBH4. A traditional Chi-
nese snack called Tanghulu, sugarcoated haws on a stick, gives
us inspiration.

Herein, Tanghulu-like Cu@ZIF-8 NWs are synthesized via a
facile method by using PVP-modified Cu NWs as seeds at normal
temperature and pressure. ZIF-8 particles are distributed individu-
ally and discontinuously along the axis of Cu NWs. Particularly,
PVP plays a crucial role in the preparation of beaded Cu@ZIF-
8 NWs since its directing and protecting effects. Moreover, the
growth of ZIF-8 on Cu NWs can be well controlled from beaded to
core-shell structures. Due to the synergetic catalysis of ZIF-8 and
Cu NWs, the beaded Cu@ZIF-8 NWs exhibit significantly en-
hanced catalytic performance toward the reduction of 4-NP. The ap-
parent reaction rate constant of beaded Cu@ZIF-8 NWs (0.0224 s-1) is
about 3-fold and 5-fold higher than that of Cu NWs (0.0083 s-1) and
core-shell Cu@ZIF-8 NWs (0.0043 s-1). The enhanced mechanism
of the reduction was proposed by using the Langmuir-Hinshelwood
model.
2. Experimental section
2.1. Synthesis

2.1.1. Chemicals. Bis(acetylacetonato) copper(II) (Cu(acac)2,
97%), Nickel chloride hexahydrate (NiCl2·6H2O, > 98%), Di-
methyl distearylammonium chloride (C38H80ClN, D1821, 97%),
Poly(vinylpyrrolidone) (PVP, molecular weight of 24000, AR)
and Oleylamine (C18H37N, 90%) were purchased from Aladdin.
Zinc nitrate hydrate (Zn(NO3)2·xH2O, 98%), 2-Methylimidazole
(2-MI, 98%), Sodium borohydride (NaBH4), 4-nitrophenol were
purchased from Maclin. Hexane (AR), acetone and methanol were
purchased from Tianjin GuangFu Company. High pure nitrogen (N2)
was procured from Beijing RuYuanRuQuan Gas Company. All
chemicals were used without further purification.

2.1.2. Synthesis of Tanghulu-like Cu@ZIF-8 NWs. Cu NWs
were synthesized in advance according to a nonaqueous method de-
rived from our previous work.45,47 Typically, 0.8 mmol Cu(acac)2,
0.4 mmol NiCl2·6H2O and 0.5 mmol D1821 were dissolved in 8 mL
of oleylamine in a 50 mL three-neck flask and kept at 80 °C for
50 | Eng. Sci., 2018, 2, 49–56
20 min under strong stirring in a N2 stream. The temperature was
then raised to 185 °C for 4 h. After the system cooled down to
room temperature, Cu NWs were obtained by washing and centri-
fugation with sufficient hexane and acetone. The products were
dispersed in methanol for standby application.

To prepare the Tanghulu-like Cu@ZIF-8 NWs, 1 g of PVP and
20 mg Cu NWs were dissolved in 125 mL methanol solution under
magnetic stirring for 24 h. Then, the dispersion was centrifuged at
8000 rpm for 5 min and washed with methanol for three times. After
that, 417.6 mg of Zn(NO3)2·6H2O was added into 100 mL methanol
with PVP-modified Cu NWs under magnetic stirring for another
60 min. Then, 20 mL methanol containing 116.5 mg 2-methyl-
imidazole were also added into the above solution under magnetic
stirring for 5 min or 15 min. All the above operations are completed
under room temperature (25 °C) and normal pressure. Depending
on the different reaction time, the products were named as “beaded
Cu@ZIF-8 NWs” (5 min) and “core-shell Cu@ZIF-8 NWs” (15 min).
The obtained products were separated via centrifugation at 8000 rpm
for 5 min and further washed with methanol for several times. Sub-
sequently, the product was vacuum-dried at 50 °C for 24 h.
2.2. Characterization

Structure and morphology of the catalysts were investigated using
X-ray diffraction (XRD, D8 ADVANCE type (BRUKER-Germany)),
transmission electron microscopy (TEM, Tecnai G2 F20 S-TWIN),
scan electron microscopy (SEM, Hitachi S-4800), element mapping
analysis (EDS mapping, JEOL JEM-2010) and high-angle annular dark
field-scanning electron microscope (HAADF-STEM, JEOL JEM-2010).
Elemental analyses were performed using inductively coupled plasma
spectrometer (ICP, Thermo Scientific iCAP6000). Electronic environment
of the catalysts were obtained by the X-ray photoelectron spectroscopy
(XPS, Thermofisher ESCALAB 250). The N2 adsorption-desorption
isotherms were measured at 77 K using a Micromeritics ASAP 2046
instrument, from which, the specific surface area (SBET) and pore vol-
ume (VP) were calculated by applying Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) models, respectively. The Fourier
transform infrared (FTIR) spectroscopy studies were performed on a
Nicolet 8700 FTIR spectrometer with the sample powders diluted in
KBr pellets. The UV-vis absorption spectra were measured with a Puxi
TU-1901 spectrophotometer.
2.3. Catalytic reduction of 4-NP

In a typical process, the catalytic reduction of 4-NP in the pres-
ence of NaBH4 was carried out as follows. 0.7 mL of NaBH4

(0.04 M, aqueous solution) was added 1.7 mL of 4-NP (0.1 mM,
aqueous solution) as the reducing agent in a quartz cell (3 mL).
Then, 30 μL of as-prepared catalyst suspension (15 mM, aqueous
solution) was injected into the mixture of 4-NP and NaBH4, and
progress of the reaction were detected by a UV-vis spectropho-
tometer at different time intervals. The activation parameters for
each reduction reaction were calculated. To examine the recycla-
bility of self-synthesized catalysts, five cycles of the reduction of
4-NP were performed.
© Engineered Science Publisher LLC 2018



Fig. 1 (a) Schematic illustration of the synthesis of Cu@ZIF-8 NWs at room temperature. TEM and SEM images of (b, c) beaded and (d, e) core-shell structures.

Fig. 2 (a) HAADF-STEM image of beaded Cu@ZIF-8 NWs and corresponding
EDS elements mapping of (a-1) Cu, (a-2) Zn, (a-3) C and (a-4) N. (b) HAADF-
STEM image of core-shell Cu@ZIF-8 NWs and corresponding EDS elements
mapping of (b-1) Cu, (b-2) Zn, (b-3) C and (b-4) N.
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3. Results and discussion
3.1. Synthesis and characterization of the Tanghulu-like
Cu@ZIF-8 NWs

In the synthesis of Tanghulu-like Cu@ZIF-8 NWs (Figure 1a), the
surfaces of Cu NWs are modified by PVP molecular chains at first,
and then ZIF-8 particles are in-situ growth on the surface of PVP-
modified Cu NWs by successively adding zinc salt and 2-MI into
methanol medium. Since the ZIF-8 deposition on Cu NW can be
well controlled by reaction time, two different Cu@ZIF-8 structures
can be obtained (beaded and core-shell Cu@ZIF-8 NWs). The typi-
cal morphologies of these products were confirmed by TEM and SEM
(Figure 1b-e). For beaded structures, Cu NWs are only partially encap-
sulated by ZIF-8 particles (Figure 1b and c). And ZIF-8 particles with
average size of 127 nm (Figure S1a) are distributed discontinuously
and strung by Cu NW with average diameter of 26 nm (Figure S1b).
Moreover, Cu NWs are well retained after ZIF-8 deposition compared
to the initial state (Figure S2a). Different to free particles (Figure S2b),
ZIF-8 particles on Cu NWs are spherical rather than dodecahedral,
which is in corresponding to other reports.53,54 This should be at-
tributed to the different nucleation processes in the formation of
ZIF-8.55,56 For core-shell structures (Figure 1d and e), ZIF-8 parti-
cles are end-to-end and totally encapsulate Cu NWs inside.

The elemental distribution of beaded Cu@ZIF-8 NWs and core-
shell Cu@ZIF-8 NWs are checked by HAADF-STEM images and
corresponding EDS elemental mapping of Cu, Zn, C and N, respec-
tively. As shown in Figure 2a, the beaded structure with liner distri-
bution of Cu and spherical distribution of Zn, C and N can be clearly
observed, indicating that the beaded structure of Cu@ZIF-8 NWs is
confirmed. Similarly, the core-shell Cu@ZIF-8 NWs are also con-
firmed by HAADF-STEM and EDS mapping analysis (Figure 2b).

In order to study the crucial of PVP in the controlling synthesis of
Tanghulu-like Cu@ZIF-8 NWs, control experiments were conducted,
and the products were characterized by TEM. The reactions in the
© Engineered Science Publisher LLC 2018
absence of PVP could not yield Cu@ZIF-8 NWs (Figure 3a and b).
In detail, only dodecahedral ZIF-8 particles with uneven size can be
observed when the concentration of reactants (2-MI and Zn2+) is high
in reaction solution without PVP, indicating that Cu NWs were dis-
solved in the formation of ZIF-8 (Figure 3a). This result is in accord-
ance with our previous work.57 The dissolution of Cu NWs should be
attributed to the deprotonation of 2-MI in the formation of ZIF-8,58,59

and then the produced hydrogen protons can erosion the unprotected
Cu NWs. The result infers that PVP can effectively protect Cu NWs
free from dissolution. When the concentration of 2-methylimidazole
and Zn2+ are reduced by half, the residual Cu NWs and sphere-like
ZIF-8 particles are out of touch (Figure 3b), indicating that the ZIF-8
tends to self-seeding nucleation and growth without PVP on Cu NWs.
Based on above results, it can be inferred that PVP modified layer can
effectively protect the Cu NWs free of erosion by hydrogen protons
and also serve as a guidance for the in-situ growth of ZIF-8 on Cu NWs
rather than self-seeding nucleation (Figure 3c). Indispensably, careful
cleaning is strongly necessary since the PVP layer on the surface of
Cu NWs may seriously hinder the subsequent catalytic performances.

As shown in Figure 4a, XRD measurements were performed to
examine the crystalline phase of Tanghulu-like Cu@ZIF-8 NWs. Cu
Eng. Sci., 2018, 2, 49–56 | 51



Fig. 3 TEM images of the products obtained in reaction solution with (a) high
and (b) low concentration of reactants (2-methylimidazole and Zn2+) in the ab-
sence of PVP. (c) Schematic illustration of the directing and protecting effect of
PVP on Cu NWs.
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NWs and free ZIF-8 particles are also exhibited for comparison. For
beaded or core-shell Cu@ZIF-8 NWs, peaks appear at 43.3°, 50.4°,
74.1° should be assigned to the (111), (200), and (220) faces of pure
Cu (JCPDS PDF#04-0836) with face-centered cubic (fcc) structure.
In addition to the diffraction peaks of Cu phase, the other diffrac-
tion peaks should be assigned to ZIF-8 phase, which is corre-
sponding to the previous work.60 The results indicate that the obtained
Cu@ZIF-8 NWs are composed of two independent and stable phases
52 | Eng. Sci., 2018, 2, 49–56

Fig. 4 (a) XRD patterns of beaded Cu@ZIF-8 NWs, Cu NWs, free ZIF-8 particl
Cu@ZIF-8 NWs and the core-shell Cu@ZIF-8 NWs. (c) N2 adsorption-desorption isothe
(d) pore-size-distribution curves obtained from the desorption data through the BJH metho
including Cu and ZIF-8. Information on surface chemistry of bare Cu
NWs, beaded and core-shell Cu@ZIF-8 NWs were investigated by
XPS analysis (Figure 4b). For beaded or core-shell structures, Cu 2p,
Zn 2p, C 1s, N 1s and O 1s peaks can be observed on the curves, in
which Cu 2p peaks should be attributed to the Cu NWs while Zn 2p,
C 1s, N 1s and O 1s peaks should be attributed to the ZIF-8 particles.
It is found that Cu 2p signal peaks for bare Cu NWs are much stronger
than those for Cu@ZIF-8 NWs (insert in Figure 4b). Moreover, the Cu
signal peaks become weaker and weaker with the increment of ZIF-8
deposition, indicating that the different nude degree of Cu NWs for
Cu@ZIF-8 NWs. The XPS results suggest that the beaded or core-
shell structures are further confirmed.

As shown in Figure 4c, free ZIF-8 particles, beaded and core-
shell Cu@ZIF-8 NWs display a similar type of N2 adsorption-
desorption isotherm and pore-size-distribution curves. It is found
that the BET surface area (SBET) of the beaded Cu@ZIF-8 NWs
can reach up to 668 m2/g and the corresponding pore volume (VP)
is 0.282 cm3/g (Table 1). However, the SBET and VP of beaded
Cu@ZIF-8 NWs is much lower than that of pure ZIF-8 (1555 m2/g,
0.653 cm3/g) or core-shell Cu@ZIF-8 NWs (806 m2/g, 0.353 cm3/g),
suggesting that the SBET and VP of the composites are much
depended on ZIF-8 content or Cu content, which could be expressed
as Cu wt. % determined by ICP analysis. As shown in the pore-size
distribution analysis (Figure 4d), the incorporation of Cu NWs does
not alter the pore-size distribution of ZIF-8 (1~2 nm), indicating that
the Cu NWs do not occupy the porous channels in ZIF-8. The en-
larged BET surface area and single aperture distribution can offer a
large capacity for adsorbing reactants and channels for rapidly trans-
ferring small molecules (e.g. hydrogen species) toward Cu active
sites.61 While, the uncovered Cu could provide more efficient active
sites for characteristic reaction than that of covered one.62
© Engineered Science Publisher LLC 2018
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Table 1 Specific surface area (SBET), pore volumes (VP), Cu quality fraction (Cu wt. %) and active factor (knor) of beaded Cu@ZIF-8 NWs, core-shell Cu@ZIF-8 NWs,
ZIF-8 and Cu NWs.

Catalyst SBET (m2 g-1) VP (cm3 g-1) Cu wt. % knor (s
-1 mg-1)

Beaded Cu@ZIF-8 NWs 668 0.282 39.06 1.9912
Core-shell Cu@ZIF-8 NWs 806 0.353 35.97 0.4151
ZIF-8 1555 0.653 -- --
Cu NWs -- -- 95.91 0.3005

Note: Cu wt. % was determined by ICP.
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3.2. Catalytic reduction of 4-NP

The catalytic reduction of 4-NP to 4-AP on self-synthesized catalysts
was carried out at normal temperature and pressure. The UV-vis ab-
sorption spectra of the reaction solution was analyzed to investigate
the reduction process. Aqueous 4-NP shows a absorption peak at
© Engineered Science Publisher LLC 2018

Fig. 5 (a) UV-Vis absorption spectra about 4-NP, upon the addition of NaBH4 and 4
Cu@ZIF-8 NWs, (c) Cu NWs and (d) core-shell Cu@ZIF-8 NWs. (e) Plots of -ln(A/A
lysts. (f) Recyclability of beaded Cu@ZIF-8 NWs, Cu NWs and core-shell Cu@ZIF-8
317 nm (Figure 5a). While, upon the addition of NaBH4, the alka-
linity of the solution increased and 4-nitrophenolate ions (4-NP-)
would become the dominating species,63,64 along with a spectral shift
of the absorption peak to 400 nm. The color of solution changes from
light yellow to dark yellow (insert in Figure 5a). Without additional
Eng. Sci., 2018, 2, 49–56 | 53
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catalysts, the mixture will stay yellow and the maximum absorption
peak will remain unaltered, suggesting that the reduction would not
be proceeded without catalysts.

As shown in Figure 5b, when a small amount of beaded
Cu@ZIF-8 NWs are added to the mixture, the absorption peak at
400 nm drops sharply as the reduction reaction proceeded. Simulta-
neously, a new absorption peak starts is uprising at 300 nm with the
production of 4-AP. Moreover, the UV-vis spectra show an isosbestic
point between the two absorption bands, indicating that the 4-NP is
gradually converted to 4-AP without side reaction.65 After 170 s,
the absorption peak centered at 400 nm is disappeared completely,
suggesting that the reduction process is finished. Then the color of
solution changes from dark yellow to colorless (insert in Figure 5a).
For comparison, the catalytic performances of bare Cu NWs and
core-shell Cu@ZIF-8 NWs were investigated under the same con-
ditions. However, the reaction time on Cu NWs and core-shell
Cu@ZIF-8 NWs is 420 s and 710 s respectively (Figure 5c-d),
which is much longer than that of beaded Cu@ZIF-8 NWs, indi-
cating the enhanced performance of beaded Cu@ZIF-8 NWs.
Figure 5e shows the relationship between the depletion of the
400 nm peak and reaction time by measuring the recorded UV-vis
absorption (i.e., ln(C/C0) vs. reduction time), suggesting that the re-
action is a pseudo-first order.66 We use the regression of the slope
from the logarithm plot (-dCt/dt = kappCt) estimate the activity factor
(kapp). The kapp value of the beaded Cu@ZIF-8 NWs is 0.0224 s-1,
which is about 3-fold and 5-fold higher than that of Cu NWs
(0.0083 s-1) and the core-shell Cu@ZIF-8 NWs (0.0043 s-1), respec-
tively, evidencing the enhanced catalytic performance of the beaded
Cu@ZIF-8 NWs. Moreover, for comparing our result with other
catalysts in previous investigations, the activity factors were normal-
ized by the loading of catalyst (knor = kapp/m). Herein, Cu loading
of catalyst were demonstrated by ICP analysis. It is found that the
knor value of beaded Cu@ZIF-8 NWs is larger than that of most of
previous Cu-based catalysts or other noble catalysts (Table S1), in-
dicating that the beaded Cu@ZIF-8 NWs is an excellent catalyst for
4-NP reduction. In addition, recyclability is also critical for the
practical application of a catalyst. Generally, conversion is an im-
portant parameter to evaluate the recyclability of a catalyst.24 To ex-
amine the recyclability of beaded Cu@ZIF-8 NWs, Cu NWs and
core-shell Cu@ZIF-8 NWs, five cycles of the reduction of 4-NP
were performed (Figure 5f). After five catalytic cycles, the conver-
sion of the beaded Cu@ZIF-8 NWs is still as high as 93% and de-
54 | Eng. Sci., 2018, 2, 49–56

Fig. 6 (a) Catalytic hydrogen generation performances of ZIF-8 and Cu NWs from
transformation upon the addition of the different catalysts.
creases only by 5%, which is smaller than that of Cu NWs (6%)
and core-shell Cu@ZIF-8 NWs (8%). Recyclability results indicate
that the beaded Cu@ZIF-8 NWs may be a promising catalyst for ef-
ficient 4-NP reduction.

According to the previous studies and above results, the whole
process can be described by following equations.67–69

BH4
- + 2H2O → BO2

- + actives hydrogen species
4-NP → 4-NP-

4-NP- + actives hydrogen species → 4-AP
The adsorbed active hydrogen species from the hydrolysis of

NaBH4 and 4-NP- from the deprotonation of 4-NP are crucial inter-
mediates in the hydrogenation process. Figure 6a shows the hydrogen
evolution profile by using ZIF-8 and Cu NWs as catalysts, respectively.
It is found that the hydrogen evolution performance of ZIF-8 particles
is much better than that of Cu NWs, indicating that the main active
sites for the hydrolysis of NaBH4 are mainly on ZIF-8 particles. For
the beaded Cu@ZIF-8 NWs, the porous ZIF-8 particles can serve as
reservoirs and provided transport channels for active hydrogen species
toward bare Cu active sites. Concurrently, 4-NP- would also be formed
on the surface of catalysts. Figure 6b shows the UV-Vis absorption
spectra of 4-NP transformation with different catalysts in absence of
NaBH4. It is found that the absorption peak shifts completely from
317 to 400 nm in presence of ZIF-8. However, for Cu NWs, the ab-
sorption peak at 317 nm is going down, but still remains some re-
sidual. And the absorption peak shifts partially in presence of Cu
NWs, indicating that the ZIF-8 is a more efficient catalyst than Cu
NWs for the transformation of 4-NP to 4-NP-. Although ZIF-8 is an
efficient catalysts for NaBH4 hydrolysis and 4-NP transformation, it
has no catalytic activity for the 4-NP- reduction to 4-AP (Figure 5e),
indicating that Cu NWs served as the active sites for the last step of re-
action. Therefore, it can be inferred that the efficient catalytic process
is based on the concerted catalysis of ZIF-8 and Cu NWs.

Based on above results, the possible enhanced mechanism of
4-NP reduction on beaded Cu@ZIF-8 was proposed (Figure 7).
Firstly, ZIF-8 on Cu NWs could accelerate the adsorption of BH4

-

and 4-NP. Since the differences of kinetic diameters (Figure S3),
BH4

- can penetrate into ZIF-8, while 4-NP can only be absorbed on
the surface of ZIF-8.38 Secondly, a large number of intermediates
(active hydrogen species and 4-NP-) will be produced by ZIF-8,
resulting in the formation of a high concentration of the reaction
intermediates around the bared Cu NWs relative to bulk solution.
According to the Langmuir-Hinshelwood (LH) model,8,69 the
© Engineered Science Publisher LLC 2018

sodium borohydride hydrolysis reaction. (b) UV-Vis absorption spectra of 4-NP



Fig. 7 Proposed mechanism for the reduction of 4-NP to 4-AP in the presence
of NaBH4 on beaded Cu@ZIF-8 NWs.
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hydrogenation process will happen between the co-adsorbed ac-
tive hydrogen species and 4-NP- on Cu NWs. Finally, 4-AP de-
sorbs from the surface of the catalysts. In addition, a positive
shift of 0.12 eV for Cu 2P3/2 of Tanghulu-like Cu@ZIF-8 NWs
was observed compared to that of the bare Cu NWs (932.40 eV)
as shown in the XPS result (insert in Figure 4b), indicating that a
strong interaction was formed between Cu NWs and ZIF-8. Such
interactions could be favorable for accelerating the transfer of
dissociated active hydrogen species from ZIF-8 to Cu NWs.52

Moreover, the electronic structure changes of Cu may also im-
prove the intrinsic reactivity of catalysts. For core-shell
Cu@ZIF-8 NWs, the inferior performance should be attributed to
the blocked last step of reaction.

4. Conclusions

In summary, Tanghulu-like Cu@ZIF-8 NWs have been synthesized
via a facile method by using PVP-modified Cu NWs as seeds at
room temperature. ZIF-8 particles are distributed discontinuously
along the axis of Cu NWs. Particularly, PVP plays a crucial role in
the preparation of beaded Cu@ZIF-8 NWs since its directing and
protecting effects. Moreover, the growth of ZIF-8 on Cu NWs can
be well controlled from beaded to core-shell structures. Due to the
synergetic catalysis of ZIF-8 and Cu NWs, the beaded Cu@ZIF-8
NWs (0.0224 s-1) exhibit much better performance to give apparent
reaction rate constants about 3-fold and 5-fold higher than Cu NWs
(0.0083 s-1) and the as-synthesized core-shell Cu@ZIF-8 NWs
(0.0043 s-1). This work opens up a simple strategy for the architec-
ture of other promising beaded one-dimensional structure as en-
hanced functional materials.
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