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Abstract—Porous carbon supported Cu/Cu,O/CuO ternary catalysts were fabricated by pyrolysis, in which composi-
tion modulation of Cu/Cu,0O/CuO was successfully realized by adjusting annealing atmosphere. The correlation
between annealing atmosphere and composition of Cu/Cu,O/CuO ternary nanoparticles was deeply investigated. XRD
and SEM measurement shows that the composition proportion of Cu/Cu,0O/CuO can be effectively controlled by
adjusting the annealing atmosphere. HR-TEM and EDS analysis showed that Cu/Cu,0/CuQ ternary nanoparticles are
highly dispersed into the carbon matrix and harvest more hetero-junction active sites. The effect of Cu/Cu,0/CuO
composition on their catalytic activity was investigated in catalytic reduction from p-nitrophenol to p-aminophenol.
The experimental result indicated that the catalytic activity of Cu/Cu,O/CuO ternary catalysts exhibits higher catalytic
activity than Cu,0/CuO or CuO particles. This work provides a new strategy for synthesizing and modulating porous

carbon-supported Cu/Cu,O/CuO ternary nanoparticles.
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INTRODUCTION

The green treatment of wastewater containing different organic
contaminants such as benzene [1], phenol [2], aromatics [3] or ni-
trophenol [4] has attracted much attention. And the catalytic deg-
radation of these organic contaminants in wastewater is an envi-
ronment-friendly solution. For instance, p-nitrophenol is considered
as one of the most refractory pollutants present in industrial efflu-
ents, but p-aminophenol is an important intermediate in the prepa-
ration of drugs such as paracetamol, acetanilide, phenacetin [5-7].
Hence, it is significant to transform p-nitrophenol into p-amino-
phenol by a green chemical process.

It is well known that precious metals have excellent catalytic activ-
ity and stability in catalytic transformation of p-nitrophenol [8-10],
but the high cost of noble metals limits their widespread applica-
tion. Alternatively, some transition metal nanoparticles display a
better applicable prospect due to lower cost, versatile functions and
moderate activity [11-14]. Amongst these transition metallic nano-
particles, the valence state of copper can thermodynamically change
amongst Cu, Cu,0 and CuO, and thus it provides a possibility to
assemble Cu/Cu,0/CuO ternary nanoparticles, which endows versa-
tile catalytic functions [15]. Hence, it is reported that copper-based
nanoparticles possess higher catalytic activity in the catalytic reduc-
tion from p-nitrophenol into p-aminophenol [16,17]. However, it
is difficult to rationally control the composition of Cu/Cu,0/CuO
ternary nanoparticles by traditional method [18]. Although the
mechanical mixing of Cu,Cu,0 and CuO particles can adequately
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modulate the ternary composition, the synergistic effect of Cu/Cu,O/
CuO ternary nanoparticles will be seriously weakened. This is
because the interface-exposed hetero-junctions of Cu/Cu,O/CuO
nanocomposites play a more important role in catalytic reaction.
In addition, the surfaces of Cu or Cu,O nanoparticles are readily
oxidized to form CuQ passivation layer, resulting in the isolation of
Cu phase, Cu,O phase and CuO phase [19,20]. To inhibit surface
oxidation and improve dispersity of Cu/Cu,0/CuO nanocompos-
ites, some solid supports such as zeolites, MOFs, activated carbons
or solid polymers, can be used to support Cu/Cu,0/CuO compos-
ite nanoparticles [21-23]. Among them, porous carbon can pro-
vide higher specific surface area and good electron conductivity for
Cu-based nanoparticles. Therefore, it is significant to modulate the
composition of ternary nanoparticles and further fabricate porous
carbon supported Cu/Cu,0O/CuO nanoparticles by single step [24,25].

Metal-organic frameworks (MOFs) as novel porous materials
are attracting much attention due to ultra-high surface area, fasci-
nating adsorption affinity; and facilely tailorable functionalities [26-
28]. Based on MOFs, versatile carbon materials are developed by
pyrolysis in inert atmosphere, where organic ligands are transformed
into porous skeleton graphical carbon, and metals ions are trans-
formed into the corresponding metals or metal oxide [29]. Bak et
al. developed a facile method to transform MOFs into metal/metal
oxide@carbon (M/MO@C) composites with well-defined shapes
[30]. Hu et al. fabricated Co,O, porous nanocages by the thermal
decomposition of Prussian blue analogue (PBA) Co;[Co(CN),],
truncated nanocubes at 400 °C [1]. Zhang et al. synthesized Cu/
CuOx/C nanocomposites based on Cu-HKUST-1 precursors [31].
However, traditional carbon-encapsulated nanoparticles were pre-
pared under single atmosphere, and the composition of composite
nanoparticles cannot be modulated. To our knowledge, a rational
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Table 1. Synthesis conditions of different Cu-based metal-organic frameworks

Sample Synthesis solution Solvent Synthesis temperature (°C) Synthesis time (h)
Sample A Cu(NO,),/BTC Ethanol/H,O 120 72
Sample B Cu(NO,),/BTC Ethanol/H,0O 120 4
Sample C Cu(NO,),/BTC/PVP Ethanol/H,O 120 4
Sample D Cu(NO,),/BTC/PVP Ethanol/H,O 100 4

composition modulation of Cu/Cu,O/CuO ternary nanoparticles
by pyrolyzing MOFs is rarely reported.

In this article, we report a facile method to modulate the com-
position of Cu/Cu,0O/CuO ternary nanoparticles supported by
porous graphitic carbon. The rational composition optimization of
Cu/Cu,0/CuO ternary nanoparticles was realized by tuning anneal-
ing atmosphere. The effect of annealing atmosphere and sintering
temperature on composition and microstructure of Cu/Cu,O/CuO
ternary nanoparticles was investigated in detail. Meanwhile, the cat-
alytic activity of porous carbon supported Cu/Cu,O/CuO ternary
nanoparticles was also checked by the catalytic reduction of p-nitro-
phenol to p-aminophenol.

MATERIALS AND METHODS

1. Optimization of Cu-BTC

Cu-BTC was synthesized by a modified solvothermal method.
Typically; 0.8 g Cu(NO),-5H,0 and 0.1 g PVP(polyvinylpyrrolidone)
are dissolved into 30 ml of methanol. After stirring for 30 min, a
blue transparent methanol solution can be obtained. Another metha-
nol solution was obtained by mixing 0.4 g BTC (1,3,5-benzenetri-
carboxylate) and 30 ml methanol. Then, two mixed solutions were
mixed together and stirred for 10 min to obtain a blue solution. The
final mixed solution was put into a 100 ml autoclave and heated in
a heating oven for 4 hrs at 393 K. The resulting blue precipitates
were collected by filtration, washed with ethanol and methanol sub-
sequently for three times, and finally vacuum-dried at 90 °C for 12
hrs. Other samples used in this article were synthesized with a simi-
lar procedure, and their respective conditions are listed in Table 1.
2. Preparation of Carbon-supported Cu/Cu,0/CuO Ternary
Nanoparticles

The obtained Cu-BTC nanoparticles were annealed at different
temperature and annealing atmosphere by the following procedures:
First, the as-prepared Cu-BTC samples were transferred in an alu-
mina crucible. The crucible containing Cu-BTC was then put into
a tube furnace. Before heating, the Cu-BTC samples should be purged
for 30 min with the corresponding annealing gas stream to discharge
all the oxygen. The Cu-BTC samples were annealed at different
atmospheres for 180min, respectively, with a heating and cooling
rate of 2°C-min"". Note that the Cu-BTC samples should be pro-
tected during the whole heating and cooling procedure. The cor-
responding annealing atmosphere composition of all the samples
is shown in Table 2.
3. Characterization

The surface morphology of all the samples was observed by a
scanning electron microscope (SU8010) operating at 80 kV. The
powder X-ray diffraction (XRD) patterns of the samples were col-
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Table 2. EDS elemental analysis for the samples

Sintering Sintering Composition (At%)
atmosphere  temperature (°C) C Cu o)
Air 500 °C 8.12 75.82 16.06
N, 500°C 73.22 9.08 16.98

lected on a Geman D8 Advance X-ray diffractometer equipped with
Cu K radiation over the 26 range of 10-70° (4=0.1540). Energy
dispersive X-ray spectroscopy (SEM-EDS) was also taken on the
SU8010 scanning electron microscope. The surface morphology
and particle microstructure of Cu/Cu,O/CuO ternary nanoparticles
were examined by high-resolution transmission electron micro-
scope (HR-TEM, JEM-2100F). The UV-visible absorption spectra
were recorded on UV-vis spectrophotometer (L5S, Shanghai Inesa
Analytical Instrument Co. Ltd., China).
4. Catalytic Test

A p-nitrophenol reduction experiment was performed in our
homemade apparatus at room temperature. The reduction reaction
were performed by mixing 3.0 ml aqueous p-nitrophenol solution
(0.0200 g-L") with 0.1 m1 freshly prepared aqueous NaBH, solu-
tion (10.0g-L™") in a 3 ml quartz cuvette. Subsequently, the color
of aqueous p-nitrophenol solution turned yellow rapidly. Then,
1.0 mg of the catalyst was put into the above reaction mixture to
start the reaction. Immediately, the subsequent reaction rate was
in-situ monitored using L5S UV-vis spectroscopy over a scanning
range of 200-500 nm and the successive spectral absorption changes
could be collected with an interval of 30 s. The rate constant of the
reaction was measured by the extinction of the solution at 400 nm
as a function of time.

RESULTS AND DISCUSSION

1. Analysis of Cu-BTC Samples

In our experiment, Cu-BTC (HKUST-1) samples were prepared
at different synthesis conditions as shown in Table 1. Fig. 1 shows
SEM images of Cu-BTC samples. As shown in Fig. 1(a), sample A
exhibits irregular polyhedral morphology and the particle size of
most Cu-BTC particles is over 20 um. Compared with sample A,
the solvothermal time of sample B was shortened to 4 hrs, but sam-
ple B still displayed irregular polyhedral shape. While PVP was
added into the synthesis solution, sample C was obtained under
120°C for 4 hrs. It can be found that sample C exhibits regular poly-
hedral morphologies and its average particle size obviously decreases
to about 600-800 nm. It can be concluded that the addition of PVP
in precursor solution can harvest more uniform and well-defined



Composition modulation of Cu/Cu,O/CuO nanoparticles supported on carbon for p-nitrophenol reduction 853

—— Y e —

(..

- o P

suson0 u?.;jva\a:-wmn}bb,, I 322015

Fig. 1. The SEM images of Cu-BTC particles under different synthesis conditions: (a) Sample A (120°C-72hrs-no PVP); (b) sample B
(120 °C-4 hrs-no PVP); (c) sample B (120 °C-4 hrs-PVP); (d) sample B (100 °C-4 hrs-PVP).

Cu-BTC nanoparticles. Meanwhile, the utilization of PVP can also
decrease the particle size of Cu-BTC remarkably. Here a lower syn-
thesis temperature was adopted to prepare sample D in our exper-
iment. As shown in Fig. 1(d), the particle size of sample D is ap-
proximately 530 nm, which is slightly smaller than that of sample
C. In addition, well-defined octahedral morphologies could be
obtained for sample D. In our experiment, the synthesis conditions
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Fig. 2. The XRD patterns of A-Cu-BTC sample and D-Cu-BTC sam-

ple from different synthesis conditions: (A) Sample A (120°C-

72 hrs-no PVP); (D) Sample D (100 °C-4 hrs-PVP).

of sample D were adopted. XRD patterns of sample D are given in
Fig. 2. Fig. 2 shows that both samples A and D exhibit the typical
topological structure of Cu-BTC [32-35].
2. Effect of Annealing Temperature on Cu-based Composite
Nanoparticles

Herein the effect of annealing temperature on phase structure of
Cu-based composite nanoparticles was investigated under pure nitro-
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Fig. 3. XRD patterns of different samples at different annealing tem-
perature.
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Fig. 4. XRD patterns of two samples prepared under air and nitro-
gen annealing atmospheres.

gen atmosphere. The XRD patterns of Cu-based composite nano-
particles at 400 °C, 500 °C, 600 °C and 700 °C are shown in Fig. 3.
Two sharp diffraction peaks at 43° and 50° can be ascribed to the
crystal planes of (111) and (200) of Cu (JCPDS card no. 04-0836),
respectively. With annealing temperature increasing from 400 °C
to 700 °C, the diffraction intensity of Cu phase gradually increases.
The XRD patterns of Cu,O also can be observed at 400 °C, 500 °C,
600 °C and 700 °C, in which the diffraction peaks at 36.37°, 42.22°
and 61.30° can be ascribed to the crystal planes of (111), (200) and
(220) of Cu,0 (JCPDS card no. 04-0836), respectively. It means
that Cu™ in Cu-BTCs can be effectively reduced during pyrolyzing
Cu-BTC ligands. Note that the most remarkable diffraction peaks
of Cu,0 phase were obtained at 500 °C. However, Cu still accounts
for the majority of composite nanoparticles during the whole pro-
cess. Nearly no diffraction peaks of CuO can be detected from
400 °C to 700 °C [36]. The experimental results show that the anneal-
ing temperature cannot effectively optimize the composition of
Cu-based nanoparticles.

In our experiment, Cu-BTC was further pyrolyzed under air and

Table 3. Annealing gas composition of different samples

Temperature Gas atmosphere
Sample Precursor C) (ml-min)
S-40 Cu-BTC 500 40(N,): 2(air)
S-80 Cu-BTC 500 80(N,): 2(air)
S-120 Cu-BTC 500 120(N,): 2(air)
S-160 Cu-BTC 500 160(N,): 2(air)
S-200 Cu-BTC 500 200(N,): 2(air)
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Fig. 6. XRD patterns of different samples fabricated under different
mixed annealing atmosphere of nitrogen and air: S-N, sin-
tered under pure nitrogen; S-200 sintered under a mixed gas
of 200 ml-min" nitrogen and 2 ml-min" air; S-160 sintered
under a mixed gas of 160 ml-min " nitrogen and 2 ml-min™*
air; S-120 sintered under a mixed gas of 120 ml-min™" nitro-
gen and 2 ml-min "' air; S-80 sintered under a mixed gas of
80 ml-min™ nitrogen and 2 ml-min™" air; $-40 sintered under
a mixed gas of 40 ml-min " nitrogen and 2 ml-min " air; S-air
sintered under air.

pure nitrogen at 500 °C, respectively. The XRD patterns of two sam-
ples are given in Fig. 4. It can be found that Cu-BTC was trans-
formed into CuO phase under air and Cu/Cu,0O binary phase under
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Fig. 5. SEM images of two samples prepared under air and nitrogen atmospheres: (a) The sample sintered under air; (b) the sample sintered

under nitrogen.
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Fig. 7. SEM images of different samples fabricated under different mixed annealing atmosphere of nitrogen and air: (a), (b) S-200 sintered
under a mixed gas of 200 ml-min™" nitrogen and 2 ml-min™" air; (c), (d) S-160 sintered under a mixed gas of 160 ml-min " nitrogen
and 2 ml-min™" air; (e), (f) S-120 sintered under a mixed gas of 120 ml-min™' nitrogen and 2 ml-min"" air; (g), (h) S-80 sintered under a
mixed gas of 80 ml-min " nitrogen and 2 ml-min " air; (i), (j) S-40 sintered under a mixed gas of 40 ml-min ™" nitrogen and 2 ml-min™ air.
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N,. The SEM images of two samples are presented in Fig. 5. As
shown in Fig. 5(a), CuO phase obtained from air pyrolysis exhib-
its flower-like morphology. EDS analysis from Fig. S1(a) and Table
2 shows that the copper content in CuO is about 75.82 At%, whereas
the carbon content is only 8.12 At%. The EDS elemental analysis
shows that the most carbons in Cu-BTC can be oxidized into CO,
under air. Fig. 5(b) depicts the surface morphology of Cu-based
nanoparticles from N, pyrolysis. It can be found that the obtained
Cu-based nanoparticles maintain the original polyhedral shape of
Cu-BTC. Meanwhile, a large amount of nanoparticles are anchored
into polyhedral carbon skeletons. The EDS elemental analysis in
Fig. S1(b) and Table 2 proved that the carbon skeletons can be
well preserved under nitrogen atmosphere, where the carbon con-
tent accounts for 73.33 At% and copper content is only about 9.08
At%. One problem is that Cu phase accounts for the majority of
Cu-based composite nanoparticles under nitrogen atmosphere, and
it is difficult to adjust the composition of Cu/Cu,O/CuO ternary
nanoparticles.
3. Effect of Annealing Atmosphere on Cu-based Composite
Nanoparticles

Although Cu-based composite nanoparticles can be obtained
under pure N, atmosphere, Cu accounts for the majority in com-
posite nanoparticles. Hence, it is necessary to improve CuO or Cu,0
content and produce more Cu/Cu,O/CuO hetero-junctions. Herein,
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trace amounts of air were added into nitrogen annealing atmo-
sphere. As shown in Table 3, several samples were obtained by
changing the annealing gas composition.

The XRD patterns of all the samples obtained at different anneal-
ing atmosphere are shown in Fig. 6. It can be observed that the addi-
tion of air into pure nitrogen can obviously influence the phase
structure of Cu-composite nanoparticles. The S-N, only exhibit Cu
phase and little Cu,O phase. S-200 samples were obtained under a
mixed atmosphere of 200 ml-min" N, and 2 ml-min " air. As shown
in Fig. 6, the diffraction peak intensity of Cu phase obviously de-
creases and the diffraction peak intensity of Cu,O gradually increases.
Meanwhile, the typical diffraction peaks of CuO phase are also pres-
ent in S-200. The experimental results proved that the addition of
trace air can remarkably change the composition of Cu-based nano-
particles. S-160 sample was fabricated under a mixed annealing gas
of 160 ml-min~" N, and 2.0 ml-min”" air. As shown in Fig. 6, the
respective typical peaks of Cu, Cu,O and CuO phase can be dearly
identified. While more air was added into the annealing atmo-
sphere, S-120 was obtained. As expected, the diffraction peaks of
Cu phase obviously decrease and CuO phase increases, indicating
that a small quantity of air in annealing gas can induce more Cu
phase transformed into CuO phase. Interestingly, Cu,0O phase in
S-120 accounts for the majority of Cu/Cu,O/CuO composite nano-
particles. S-80 and S-40 samples were obtained by further increas-
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Fig. 8. Nitrogen adsorption isotherms at 77 K for S-BTC, S-200, S-160 and S-120.
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ing air in the annealing gas. As shown in Fig. 6, the peak intensity
of CuO continuously increases, and finally no Cu phase can be
detected for S-80 and S-40. Both S-80 and S-40 exhibit a mixed
phase of Cu,0 and CuO, whereas Cu,O still maintains a majority
in Cu,0/CuO binary nanoparticles. While Cu-BTC was annealed
under air, S-air sample could be obtained which displays a single
CuO phase. The experimental result shows that the composition
of Cu-based composite nanoparticles can be rationally modulated
by changing the proportion of nitrogen and air in annealing stream.

SEM images of different samples obtained by changing anneal-
ing stream are shown in Fig. 7. S-200 and S-160 still maintain the
original polyhedral shapes like Cu-BTC, which indicates that the
porous carbon skeletons still can be well preserved under a mixed
annealing stream at 500 °C. As shown in Fig. 7(a)-(d), a number
of Cu, Cu,0 or CuO nanoparticles are highly distributed into S-
200 and S-160 samples. While more air was added into the anneal-
ing atmosphere, S-120, S-80 and S-40 samples could be obtained.
In Fig. 7(e) and (f), S-120 exhibits irregular porous carbon mor-
phology. Especially, S-80 sample is composed of two different crys-
tallites: one crystallite can be ascribed to porous carbon supported
Cu-based nanoparticles, and the other one belongs to inorganic
CuO/Cu,O composites (Fig. 7(g), (h)). S-40 was obtained under
40 ml-min~" N, and 2 ml-min"" air. In Fig. 7(i), (j) the addition of
more air in the annealing gas completely changes the surface mor-
phology of Cu-based composite nanoparticles, which indicates that
the organic groups of Cu-BTC can be nearly oxidized into CO,
under a mixed annealing atmosphere composed of 40 ml-min™"
N, and 2 ml-min™" air.

N, adsorption isotherms at 77 K for Cu-BTC, S-200, S-160 and

) \ 0.18nm
-i" Cu(20M)#; =
. i

o,
L3

S-120 are depicted in Fig. 8. As shown in Fig. 8(a), the BET spe-
cific surface area of Cu-BTC was calculated to be 1,440 m’.g ",
which is consistent with other published papers. Fig. 8(b) shows
that the BET specific surface area of S-200 was about 200 m*-g .
The BET measurement indicates that porous carbon support with
high specific surface area can be well preserved although Cu-BTCs
were pyrolyzed at a mixed atmosphere. Interestingly, S-160 exhib-
its a higher BET specific surface area of 220 m’-g" (seen in Fig,
8(c)). In addition, obvious hysteresis loops in BET isotherms can
be found for S-200 and S-160, which indicates that the addition of
a small quantity of oxygen in nitrogen annealing atmosphere can
generate more mesopores in porous carbon skeletons. However, with
more air addition in the mixed annealing stream such as S-120, its
BET specific surface area dramatically drops to be about 122 m’.g .
This experimental result illustrates that the addition of excessive
air can degrade the pore structure of the porous carbon support,
which is consistent with the upward SEM characterization.

S-160 sample was selected to perform HR-TEM characteriza-
tion. Fig. 9 presents the interior microstructure and particle distri-
bution of S-160. As shown in Fig. 9(a), a thin carbon layer covers
the underlying Cu-based nanoparticles (Cu, Cu,0 and CuO). The
magnified surface morphology can be clearly observed in Fig. 9(b).
The porous carbon support exhibits stripe-shaped morphology,
and a large number of nanoparticles are uniformly anchored into
porous carbon support. The interior microstructure of porous car-
bon supports can be distinctly observed in Fig. 9(c). It can be found
that the particle size of Cu/Cu,0/CuQ ternary nanoparticles is
about 10-30 nm, which is consistent with the calculated average
particle size of XRD (25.6 nm). Meanwhile, these Cu/Cu,O/CuO

\ “ 90,2309
Y eun(344)

/A
0.25nm7

i

Fig, 9. HR-TEM images of S-160 sample: S-160 sintered under a mixed gas of 160 ml-min "' nitrogen and 2 ml-min™" air.
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composite nanoparticles are uniformly dispersed in the interior of
porous carbon without any agglomeration. Fig. 9(d) shows the
presence of many obvious hetero-junctions of Cu/Cu,O/CuO ter-
nary nanoparticles, where the interlaced boundaries marked by dash
lines mean the formation of Cu/Cu,O/Cu composite nanoparticles.

S-160 sample was chosen to conduct SEM-EDS elemental anal-
ysis. In Fig. S2(a), (b) the porous carbon is composed of three kinds
of elements: copper, oxygen and carbon. The distribution of three
elements in porous carbon can be clearly observed from Fig. S2(c)-
(f), where cooper, oxygen and copper are mixed homogeneously
together. EDS elemental analysis further indicates that Cu, Cu,0
and Cu nanoparticles are highly dispersed in porous carbon with-
out any agglomeration.

4. Catalytic Test of Cu/Cu,O/CuO Ternary Nanoparticles

Catalytic reduction of nitroarenes into the corresponding amines
was considered as a green route by precious metallic nanoparti-
cles. However, the high cost of precious metals compels research-
ers to develop some alternative cost-effective catalysts [37-39]. We
investigated the catalytic activity of porous carbon supported Cu/
Cu,O/CuO ternary nanoparticles.

The reduction of p-nitrophenol was conducted using NaBH, as
reducing agent in aqueous medium. The reaction can be moni-
tored in real time by measuring the absorption peak intensity at
400 nm in UV-visible spectrum. Note that the strongest absorp-
tion peak of p-nitrophenol is supposed to be at 317 nm, but it will
red-shift to about 400 nm with the addition of NaBH, owing to
the formation of 4-nitrophenolate [40]. While copper-base nano-
particles are introduced into the reaction solution, the yellow color
of the mixture gradually become fading and the absorption peak
intensity at 400 nm deceases, which implies the reduction of p-nitro-
phenol concentration. Meanwhile, the intensity of another absorp-
tion peak at 300 nm can increase, indicating the formation of p-
aminophenol.

Fig. S3 and Fig. 10 show the representative UV-visible spectra for
the reduction of p-nitrophenol. All samples exhibit certain catalytic
activity in catalytic reduction of p-nitrophenol, but their catalytic
activities are much different. The catalytic activity order was S-
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Fig. 10. Plots of In(A/A,) versus time for the catalytic reduction of
p-nitrophenol at room temperature with different catalysts.
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160>S-200>S-N,>S-120>S5-80>5-40. As shown in Fig. 6, S-80 and
S-40 contain only CuO and Cu,O phase. Hence, both S-80 and S-
40 display lower catalytic ability. Furthermore, S-40 exhibits lower
activity compared with S-80. This experimental result shows that
the optimized phase composition for copper-base nanoparticles
can endow a higher catalytic activity in the reduction of p-nitro-
phenol due to better accessibility of Cu/Cu,O/CuO hetero-junc-
tions. S-160, S-200, S-N, and S-120 exhibit similar polyhedral porous
carbon shapes, but S-160 exhibits the highest catalytic activity; which
can be ascribed to the better synergistic effect of Cu/Cu,O/CuO
ternary nanoparticles. For example, although S-N, preserves excel-
lent porous polyhedral carbon shape, Cu accounts for the major-
ity of the Cu-based composite nanoparticles and only a little Cu,0
can be found in S-N,. The experimental results show that the opti-
mized synergistic effect of Cu-based composite nanoparticles plays
an important role in the catalytic reduction of p-nitrophenol. Fig.
S$4 shows a comparative result between S-160 and CuO(S-air). It
takes only 3 min for S-160 to completely reduce p-nitrophenol, but
CuO(S-air) catalyst reduces the half of p-nitrophenol for more than
3.5min. A comparative experiment indicates that the catalytic activ-
ity of S-160 is much higher than CuO(S-air), indicating that the
synergistic effect of Cu, Cu,0 and CuO in S-160 plays an import-
ant role in the catalytic reduction of p-nitrophenol. A proposed
mechanistic reason is that copper in Cu/Cu,O/CuO ternary nano-
particles is a good electrical conductor which easily transfers elec-
trons from one adsorbed species on its surface to another. The Cu/
Cu,O/CuO hetero-junctions in S-160 can supply more Cu active
sites from Cu,0O/CuO during catalytic reduction. Moreover, the
oxidation of Cu species can be effectively inhibited via the syner-
gistic effect of Cu/Cu,O/CuO ternary nanoparticles. Hence, S-160
catalyst exhibits higher catalytic activity in p-nitrophenol reduction.

CONCLUSION

Well-defined Cu-BTC particles were first synthesized via solvo-
thermal method. Then carbon-supported Cu/Cu,O/CuQ ternary
nanoparticles were successfully prepared by annealing Cu-based
MOFs. It was found that the addition of PVP in precursor solution
can obtain smaller and more uniform Cu-BTC particles. Based on
these optimized Cu-BTC particles, we rationally realized the com-
position optimization of CuO/Cu,O/Cu ternary nanoparticles sup-
ported onto porous carbon by simply modulating the composition
of annealing stream. XRD and SEM measurement shows that adjust-
ing the annealing stream is a more effective approach to modulat-
ing Cu/Cu,O/CuO ternary nanoparticles compared with annealing
temperature. The addition of trace air in annealing stream can
improve Cu,O phase and decrease Cu phase. In an optimized mixed
annealing stream, porous carbon support can be well preserved and
even exhibit higher specific surface area (220.07 m*-g"'). However,
the addition of excessive air can produce only Cu,0O/CuO diphasic
particles or even CuO single phase. Accordingly, porous carbon
skeletons gradually degrade. For an optimized sample such as S-
160, its average particle size is only 25.6 nm, which is highly dis-
persed into the carbon support. Meanwhile, the hetero-junction
boundaries of Cu/Cu,0/CuO in S-160 can be clearly observed. In
the catalytic experiment, the order of catalytic activity of porous
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carbon-supported copper-based nanoparticles is highly relevant to
the synergistic effect of Cu, Cu,0O and CuO. Porous carbon-sup-
ported Cu/Cu,0O/CuO ternary nanoparticles exhibit higher activ-
ity than Cu,0O/CuO diphasic or CuO single particles. Especially, it
takes only 3.5 min for S-160 to completely reduce the p-nitrophe-
nol. In summary, this article provides a new strategy for rationally
modulating the composition of Cu/Cu,O/CuO nanoparticles encap-
sulated in the porous carbon support skeleton.
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Fig. S1. SEM-EDS elemental analysis of two samples prepared under air and nitrogen atmospheres: (a) The sample sintered under air; (b)
the sample sintered under nitrogen.
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Fig. S2. SEM-EDS images of S-160 sample: (a) SEM image of S-160; (b) EDS elemental analysis of S-160; (c) EDS elemental distribution of S-
160; (d) copper elemental distribution in S-160; (e) carbon elemental distribution in S-160; (f) oxygen elemental distribution in S-160.
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Fig. 3. UV-visible absorption spectra of the catalytic reduction of p-nitrophenol by NaBH, using different catalysts.
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Fig. $4. Comparative result of catalytic reduction of p-nitrophenol using S-160 and CuO catalysts.
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