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ARTICLE INFO ABSTRACT
Keywords: Transition metal Cu nanocrystals have shown promising prospects for degrading organic pollutants. Herein, high-
F3304—C_“ nanocomposites efficiency Fe304—Cu nanocomposites (NCs) have been successfully synthesized though a facile one-step thermal
Magnetic decomposition method. With a turnover frequency of 6.4 min~?, our Fe304-Cu NCs (heated temperature: 225 °C)

Catalytic efficiency

o . e s o
4-Nitrophenol could degrade the 4-nitrophenol in less than 15 s and showed almost unchanged catalytic efficiency (>90%) after

recycled reactions up to six times. Furthermore, the influence of the heat treatment on the structure, elemental
distribution, magnetic property and catalytic performance of Fe304—~Cu NCs was investigated. As the temperature
increased from 225 °C to 285 °C, the saturation magnetization of Fe304~Cu NCs decreased from 7.27 to 26.2
emu/g, owing to the enlarged mass ratio of Fe3O4 nanocrystals: Cu nanocrystals. This work provides the practical
design guidance to the large-scale fabrication of high-efficiency and low-cost Fe304—Cu NCs catalysts, which
shows promising future for degrading the nitro compounds in wastewater.

1. Introduction tremendous revolution to many fields [1-5]. Compared with noble
metal nanocrystals (e.g., Au, Ag and Pt), transition metals, such as Cu
In the past decades, multifunctional nanomaterials brought nanocrystals, advantage in abundant resources, low cost and high
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Fig. 1. Schematic diagram of the preparation process of Fe304~Cu NCs with different reaction temperature (a), XRD patterns of the as-prepared samples heated at
different temperatures (185, 205, 225, 245, 265 and 285 °C) (b) and the Mossbauer spectra of FC-285 (c).

stability [6]. Therefore, Cu nanocrystals have become the most prom-
ising catalysts for decomposition of environmental pollutants. But
similar to noble metal nanocrystals, Cu nanocrystals with high surface
energy are inclined to aggregation, which gives rise to a decline in their
catalytic efficiency. Though many efforts have been spent in doping
semiconductors with transition metals to verify their physical and
chemical properties [7-9], the preparation process turns out to be
complicated, time-consuming and unsuitable for industrial production.
Recent studies indicated that immobilizing Cu nanocrystals onto sup-
porting nanomaterials to achieve multifunctional nanomaterials might
be a desirable solution [10]. For example, several reviews reported that
carbon-based materials such as carbon nanotubes (CNTs) could be used
to support catalysts for catalytic applications [11,12]. But unfortunately,
such supporting materials based catalysts usually require multiple
washing procedures and thus result in high costs. Owing to the rapid
magnetic response, inherent insolubility in most reaction solvents and
high compatibility with various materials [13], superparamagnetic
Fe304 nanocrystals are considered as the most ideal magnetic carriers
and have attracted lots of attention [14]. Though diverse researches
have been accomplished to improve the catalytic activity of Fe304~Cu
nanocomposites (NCs), few efforts were spent in simplifying their
fabrication. Preparing and fabricating efficient Fe304—~Cu NCs still in-
cludes complex steps, which hinders their practical use. Though Wang
et al. achieved a one-step solvothermal method, their Fe304~Cu NCs
could only degrade 4-NP with a turnover frequency (TOF) of ~1 min?,
and the relationship between the Fe304,~Cu NCs and their fabrication
temperature remained uninvestigated [15].

Herein, highly efficient Fe304~Cu NCs were synthesized for the first
time via a facile one-step thermal decomposition method. The as-
prepared Fe304—Cu NCs can degrade the 4-nitrophenol (4-NP) within

(a)

15 s, and the TOF can reach as high as 6.4 min~'. The catalytic per-
formance of Fe304—Cu NCs remains almost unchanged after recycled
reaction up to six times. The effects of heat treatment temperature on the
structural and magnetic properties of Fe304~Cu NCs were studied. Our
study provides the design guidance to the large-scale fabrication of
Fe304—Cu NCs, and paves the way for mass production of high-
efficiency, low-cost catalyst.

2. Experimental section

The schematic diagram of the one-step synthesis method is presented
in Fig. 1la. The materials, the detailed experimental process and the
characterization method can be found in the Supplemental file. Here, Fe
(acac)3 and Cu(acac); (ac = acetylacetonate) were employed as iron and
copper sources, respectively. Oleylamine served as the reducing agent,
surfactant and solvent, and benzyl ether was used as the solvent. The
samples heated at 185, 205, 225, 245, 265 and 285 °C were prepared
and were labeled as FC-185, FC-205, FC-225, FC-245, FC-265 and FC-
285, respectively.

3. Results and discussions

The structural characteristics of the samples was studied by X-ray
diffractometer (XRD) [16,17], as shown in Fig. 1b. When the heated
temperature is below 225 °C, the diffraction patterns of FC-185 and
FC-205 peaks at 36.4, 42.3 and 61.3°, which attributed to the (111),
(200) and (220) crystal planes of CupO (JCPDS 05-0667), respectively.
When the heated temperature increases to 225 °C, the diffraction peaks
of CupO disappear and the new diffraction peaks appear at 43.3, 50.4
and 74.1° which correspond to the (111), (200) and (220) crystal planes
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Fig. 2. TEM, STEM and the corresponding EDS elemental mapping images (Cu, Fe and O) of FC-185, FC-225 and FC-285 (a) and magnetic hysteresis (M-H) loops of
the samples heated at different temperatures of 185, 205, 225, 245, 265 and 285 °C (b). Inset of (b) showed the FC-225 dispersed in deionized water before and after

separation by the magnet.
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Fig. 3. Time-dependent UV-Vis absorption spectra of 4-NP when catalyzed by FC-225 (a), reaction time of 4-NP reduction with catalysts of FC-185, FC-205, FC-225,
FC-245, FC-265 and FC-285 (b) and the recyclability of FC-225 for degrading 4-NP (c).

of Cu (JCPDS 04-0836). Meanwhile, four additional diffraction peaks
appear at 30.095, 35.422, 56.942 and 62.515°, which can be well
indexed to the (220), (311), (511) and (440) crystal structure of Fe304
(JCPDS 19-0629) and indicates the start of Fe (acac)s decomposition.
However, in our experiment, Cu(acac); is decomposed prior to Fe
(acac)s, which is contradictory to the known fact that the decomposition
temperature of Cu(acac); (286 °C) is higher than Fe (acac); (184 °C). A
possible explanation is that ligand exchange reaction and subsequent
decomposition play a more dominant role than thermal decomposition
[18]. Since magnetite Fe3sO4 and maghemite y-Fe,O3 have similar crystal
structures, it is hard to distinguish them by XRD results [19-22]. To
solve this issue, we further bring in the Mossbauer spectrum to verify the
phase structure of Fe3O4 and the corresponding Mossbauer parameters
are presented in Table S1. As shown in Fig. 1c, two fitted sextets with
double six peak structures are the typical characteristics of magnetite
Fe304. A sites are attributed to the Fe®* ions at tetrahedral interstitial
sites, while B sites correspond to the Fe?* and Fe3" ions at octahedral
interstitial sites [23]. It can also be observed that the peak intensity ratio
of Fe304 to Cu increases with increasing of heating temperature. Since
the intensity of the diffraction peak is positively related to the mass
fraction, we can conclude that the content of Fe304 increases with the
heated temperature.

The properties of nanomaterials are closely related to their
morphology and detailed structure [24, 25]. Here, the morphology and
elemental distribution of FC-185, FC-225 and FC-285 were investigated
by transmission electron microscope (TEM), high-angle annular
dark-field (HAADF) STEM and the corresponding EDS elemental map-
ping images, as shown in Fig. 2a. For FC-185, it can be found that the Cu
and O atoms are spreaded on the surfaces of Fe304—Cu NCs, confirming
the thermal decomposition of Cu (acac),. In comparison, few Fe atoms
are observed due to the little reduction of Fe (acac)s;. When the heated
temperature increases to 225 °C, Fe (acac)j starts to decompose. And the
amount of Fe atoms on the surfaces of Fe304—Cu gradually increases
with the heated temperature, which agree with the above XRD results.
The vibrating sample magnetometer (VSM) was used to investigate the
magnetic properties of the as-obtained samples [26,27]. Magnetic

Table 1
Comparison between the performance of FC-225 and some other catalysts when
degrading 4-NP.

Catalyst TOF" (min 1) Ref.
FC-225 6.400 this work
Cug sFep 705 2.820 [29]
Pd-rGO-CNT 1.710 [30]
Fe304—Au MNCs 2.874 [31]
Pt@Ag NPs 0.088 [32]

# Turnover frequency (TOF) = (mol of the reacted organic substrate/mol of
noble metal) x reaction time (min ).

hysteresis (M-H) loops of Fe304~Cu NCs at room temperature are pre-
sented in Fig. 2b. Both FC-185 and FC-205 are paramagnetic because the
heated temperature is not high enough to affect the decomposition of Fe
(acac)s. However, FC-225, FC-245, FC-265 and FC-285 show clear
hysteresis loops owing to the formation of superparamagnetic Fe3O4
nanocrystals. With the increase of heated temperature, the saturation
magnetization significantly increases due to the enlarged mass ratio of
Fe304 to Cu nanocrystals. From the inset of Fig. 2b, although saturation
magnetization of FC-225 (7.27 emu/g) is smaller than that of FC-285
(26.2 emu/g), the FC-225 still shows a quick magnetic response to the
magnet.

The catalytic performance of FC-225 including the reaction time,
TOF and recyclability was assessed by monitoring the reduction process
of 4-NP with the assistance of NaBH4. Fig. 3a showed that the time-
dependent UV-Vis absorption spectra have an intensity peak at 400
nm before the catalytic reduction. After 15 s, the original peak of 4-NP
disappears and a new peak rises at 300 nm due to the formation of 4-
aminopyridine (4-AP). The degradation mechanism is that BH; and 4-
NP are absorbed on the surfaces of the Cu nanocrystals, which facili-
tate the electron transfer from the donor BHy to the acceptor 4-NP [28].
As shown in the Supplementary video, the thorough reduction of 4-NP
can be fulfilled in 15 s. Further, to evaluate the catalytic efficiency of
FC-225, we investigated its TOF value and compared it to the reported
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ones. As summarized in Table 1, the TOF value of FC-225 for catalyzing
4-NP is as high as 6.4 min~?!, which is the highest record to our best
knowledge [29-32]. FC-225 exhibits high catalytic performance
because its specific surface area can reach up to 63.42 m? g~ (Fig. S1),
which provides extensive active sites to absorb reactant molecules. In
comparison, we applied FC-185 and FC-205 to thoroughly degrading
4-NP, which took 80 and 70 s, respectively. This can be explained by the
positive correlation between Fe3O4 nanocrystals and the heated tem-
perature [33]. When further increasing the heated temperature from
225 to 285 °C, the catalytic activity of Fe304~Cu NCs decreases. It is
rational that the mass fraction of Cu nanocrystals in FegO4~Cu NCs
relative decreases based on the XRD and TEM results. To demonstrate
the stability and reusability of our Fe3O4—Cu NCs, the same reduction
cycle was repeated for six times, and the catalytic activity of Fe304—Cu
NCs is almost unchanged (Fig. 3c). Based on the above results, we can
conclude that our Fe304—Cu NCs are stable, highly efficient and
cost-effective, which poses great potential in the treatment of organic
pollutants.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.matchemphys.2020.124144

4. Conclusion

In summary, a facile one-step thermal decomposition approach was
proposed for the synthesis of high-efficiency, recyclable Fe304~Cu NCs
catalysts. The structure, magnetic property and catalytic performance of
Fe304-Cu NCs were affected by the heat treatment. When heated at
225 °C, our Fe304—Cu NCs can degrade 4-NP within only 15 s and the
TOF value reaches up to 6.4 min~!. Moreover, the catalytic efficiency of
our Fe304—Cu NCs can maintain as high as 90% of its initial value even
after recycled reactions up to six times. To our best knowledge, this is the
highest record in 4-NP degradation and outperforms most of the non-
metal and noble metal catalysts. Our work enables a novel one-step
fabrication of high-efficiency, low-cost and magnetically recyclable
nanocatalysts, and provides the guidance for their practical design.
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