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ABSTRACT: Cu particles decorated carbon composite micro-

spheres (CCMs) with a unique sesame ball structure have been ... \%‘ 4 #f

prepared by combining the mass-producible spray drying . & @ \%\

technique with calcinations. The conventional cuprammonium Spray drying, ‘ 'Calcmatlons CHIIRRIGHETS

cellulose complex solution obtained by dissolving cellulose in a %}’ %(

cuprammonia solution has been applied as raw materials for the cuprammonia Cu(NHJ)*’,”fe“ulﬂse porous Cu/carbon
solution of cellulose complex microspheres composite microspheres

preparation of Cu(NH;),*/cellulose complex microspheres via a
spray drying process. The resulted Cu(NH,),>*/cellulose complex
microspheres are then transformed into the Cu particles homogeneously decorated porous carbon spheres in situ by calcinations
at 450 or 550 °C. The coordination effect between the Cu(NH,),”* species and the hydroxyl groups of the cellulose
macromolecules has been exploited for directing the dispersion of the Cu particles in the resultant composite CCMs. The
antimicrobial effects of the CCMs are evaluated by determining the minimum growth inhibitory concentrations using
Staphylococcus aureus and Escherichia coli as representatives, respectively. The CCMs show high efficiency catalytic properties to
the conversion of 4-nitrophenol to 4-aminophenol using NaBH, as a reductant in a mild condition. The recyclability and stability
of the CCM catalysts have also been studied.

KEYWORDS: Copper particles, Cuprammonium cellulose complex, Chelating effect, Porous carbon microspheres, Antibacterial activity,
Supported catalyst

11,12

B INTRODUCTION catalyst, therefore accelerating the chemical conversion.
Porous carbon material has been regarded as one of the most
promising substrates for supporting metallic nanoparticles due
to their high specific surface area, fine chemical durability, and
high biocompatibility.'>'* However, it is worth mentioning that
dispersions of nanoparticles are intrinsically and thermody-
namically metastable."> Uniform dispersion of the nanoparticles
is dictated by the activation energy, especially on the surface of

Copper (Cu) is an inexpensive metal that exhibits electronic,
catalytic, optical, and antifungal/antibacterial properties similar
to those of noble metals."”> Cu nanoparticles are considered as a
viable alternative to noble metal nanoparticles in certain fields
such as antibacterial application, organic synthesis, and
electrocatalytic reaction,” and they were intensively inves-
tigated during the past decade.”~” However, Cu nanoparticles

are known to be extremely sensitive to oxygen by forming a porous substrate. When the activation energy is insufficient to
copper oxide nanoparticles and are also apt to aggregate into affect dispersion, an agglomeration of the small sized particlfz
large sized aggregation due to their high surface energy and or an increase of individual particle size has been observed.
high reactivity, resulting in the deterioration of their unique Thus, highly dispersed nanoparticles are only kinetically
properties.”” So, it is desirable to use a matrix that could bind stabilized and cannot be prepared under conditions that exceed
the Cu particles and protect them from oxidizing environ- a threshold."” Hence, the development of a cost-effective
ment.'” Consequently, dispersion of Cu nanoparticles on a method for utilizing Cu particles would prove to be quite
substrate especially a porous one is favorable: (1) they can be beneficial. As a requirement, the use of surface-stabilizing
easily isolated by precipitation, ultracentrifugation, or ultra-
filtration and then recycled; (2) the high dispersion of catalyst Received: May 2, 2015
nanoparticles on the surface of porous substrate allows the Revised:  September 7, 2015
reactant molecules to easily access to the active site of the Published: September 11, 2015
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agents has been exploited in synthesizing Cu nanomaterials to
hinder sintering, recrystallization, and aggregation. On the
other hand, the supply of porous carbon substrates with
spherical morphology is still problematic because there is a lack
of efficient and environmentally friendly method to prepare
porous carbon microspheres in large, especially that utilizing
low cost raw materials.'®

As the most abundant renewable natural polymer on earth,
cellulose is a promising raw material in chemical, biological, and
energy industries.'” It can be used as a kind of low-cost
precursor to prepare porous carbon materials.”’ Utilization of
cellulose is certainly beneficial for the environment and
sustainable development because it is a biocompatible,
biodegradable, and renewable resource. However, the prepara-
tion of porous carbon spheres with cellulose as the carbon
source encounters difficulties due to the low solubility of
cellulose in normal aqueous solvent. As one of the oldest
solvent for cellulose, cuprammonia has been utilized to dissolve
cellulose macromolecules in the spinning industry for more
than 100 years.”' While, the utilization of the resultant cellulose
cuprammonia solution was devoted mainly to the preparations
of cuprammonuium for the textile industry or cellulose based
hemodialysis membrane for medical application.

In this paper, we reported on a facile and mass-producible
approach to the preparation of Cu particles in situ decorated
carbon microspheres. The mass-producible technique and
industrial preparation method for powders, namely spray
drying, was conveyed to the preparation of Cu(NH,),**/
cellulose complex microspheres using the traditional cellulose
cuprammonia aqueous solution as a raw material. The
conventional cuprammonia cellulose aqueous solution, which
is composed of Cu(NH;),**/cellulose complexes, was obtained
by dissolving cellulose with cuprammonia aqueous solution. By
calcining the resulted Cu(NH,),**/cellulose complex micro-
spheres at 450 or 550 °C, the cellulose macromolecules were
carbonized, whereas the Cu(NH;),** moieties decomposed and
were reduced by cellulose, forming Cu particles homogeneously
decorated carbon microspheres in situ (abbreviated to Cu/
carbon microspheres and denoted by CCMs). For the total
preparation, the Cu(NH;),*" species played two different roles,
ie, as a solving agent in the preparation of cuprammonia
cellulose solution and as a precursor for the Cu particles of
CCMs. The chelating effect between the hydroxyl groups of the
cellulose macromolecules and the Cu(NH;),** species has been
exploited for controlling the dispersion of the Cu particle in the
resultant composite CCMs. Interestingly, the resultant CCMs
can be hollow with the increase of the content of cellulose in
the cellulose cuprammonia aqueous solution. The CCMs
possess a unique structure like the sesame balls and as a result,
remarkable antibacterial and catalytic properties were bestowed
on this novel structure. The antimicrobial effect was quantified
based on the inhibition rate tests, and also by determining the
minimum inhibitory concentrations (MIC) using Gram-
positive Staphylococcus aureus and Gram-negative Escherichia
coli as representatives, respectively.””*® The resultant CCMs
also showed highly activity in catalytic conversion of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) using NaBH, as
a reductant performed in an aqueous solution under mild
conditions and furthermore they can be used as Fenton-catalyst
for the degradation of other kind of organics with H,O,, such as
methyl orange.
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B EXPERIMENTAL SECTION

Materials. Cellulose with a viscosity-average molecular weight of
8.5 X 10* was obtained from Hailong Chemical Fiber Co., Ltd. Sodium
hydroxide, copper sulfate, ammonium hydroxide, sodium borohydride
(NaBH,), and 4-nitrophenol were analytical grade and used as
received without further purification. Distilled water was used in all the
experiments.

Preparation of Cuprammonia Solution of Cellulose. 25 mL of
10 wt % NaOH aqueous solution was added into 100 mL of 5 wt %
copper sulfate aqueous solution dropwise until the Cu®>* was
precipitated completely. After that, the blue sediment was separated
by centrifugation and washed thrice with distilled water. The
precipitate was then dissolved completely by concentrated aqueous
ammonia under stirring. The freshly obtained cuprammonia was
utilized for the rapid dissolution of cellulose for 30 min, obtaining blue
cuprammonia aqueous solution of cellulose. The concentration of the
cellulose was controlled by dissolving different amounts of cellulose
with a fixed quantity of cuprammonia. The concentration of the
resultant cuprammonia cellulose solution is described using the mass
ratio of copper sulfate over cellulose, for example 5:0.5, 5:1.0, 5:1.5,
and S5:2, in which 5 means the grams of copper sulfate used for
preparing cuprammonia, whereas 0.5, 1.0, etc. stand the amounts of
dissolved cellulose.

Preparation of Cu(NH,),2*/Cellulose Complex Microspheres.
The Cu(NH;),**/cellulose complex microspheres were prepared by a
spray drying process using the cuprammonia aqueous solution of
cellulose as starting materials through a laboratory-scale SP-1500 spray
dryer (Shanghai SunYi Tech Co., Ltd.). The cellulose cuprammonia
aqueous solution was sprayed into the chamber of the spray dryer at
160 °C using hot air as carrier gas. Dried Cu(NH,),*"/cellulose
complex microspheres were collected by a connected cyclone
separator. The inlet cellulose cuprammonia aqueous solution was
pulverized by the shear forces of the pressurized air with a pressure in
the range of 200—400 kPa, spraying out tiny droplets of cellulose
cuprammonia solution through the orifice of the nozzle on the spray
dryer. The moisture in these droplets are quickly evaporated upon
contacting with the hot air flow through the chamber, resulting in
drying-out and stable porous Cu(NH,),**/cellulose complex micro-
spheres.

Preparation of CCMs. The CCMs were facilely prepared by
calcining the Cu(NH,),**/cellulose complex microspheres in a N,
atmosphere. The calcinations were performed in a programmed
tubular furnace at 450 or 550 °C for 3 h, respectively. The resulted
CCMs were named as CCM-450(x:y) and CCM-S550(x:y) (xzy =
5:0.5, 5:1.0, 5:1.5, and 5:2), respectively, where 450 and 550 represent
the calcination temperature, whereas the ratio in the brackets refers to
the applied cuprammonia solution of cellulose as described above.

Antibacterial Properties. The antibacterial activities of the CCM
samples against E. coli (ATCC25922) and S. aureus (ATCC6538)
were performed by broth dilution method and the plate counting
method with reference to Nation Standard of China GB/T 20944 (for
more details on the test procedures, please refer to the Supporting
Information).”*

Catalytic Reduction of 4-NP. The catalytic reduction of 4-NP
was carried out in a standard quartz cuvette and the process was
monitored by a UV—vis spectrophotometer to examine the catalytic
activity of the CCMs in the presence of an excess amount of NaBH, at
room temperature. A typical procedure was as follows: 2.0 mL of
ultrapure water, 0.1 mL of 4-NP solution (0.005 mol/L), and 1.0 mL
of freshly prepared NaBH, aqueous solution (0.2 mol/L) were added
into a quartz cuvette. Then the color of solution turned to bright
yellow immediately. At this stage, the nitrophenol converted to
nitrophenolate anion. Subsequently, S mg of CCMs was added to the
solution, then monitored by measuring the adsorption at 4., = 400
nm every 1.5 min using a UV—vis spectrophotometer. As the reaction
proceeded, the peak at A, = 400 nm corresponding to the p-
nitrophenolate ion disappeared due to its conversion to p-amino-
phenolate ions with time goes and the solution changed gradually from
bright yellow to transparent.”> The influences of Cu content in CCMs
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on the catalytic properties, the effects of dose of the applied composite
catalysts, the concentration of 4-NP and NaBH,, and the recyclability
of the catalyst were also investigated. As control experiment, a similar
reaction was performed using porous carbon particles as the catalyst
(Cu was removed by acid etching) instead of CCMs.

Recyclability and Stability Test. To test the recyclability of the
catalyst, five successive cycles of catalytic reduction were carried out
employing a definite amount of catalyst. In the successive cycles, the
catalyst was collected by centrifugation from the solution and washed
with ethanol and water several times, and used for the next cycling.
The stability of Cu particles in the CCMs upon storing in ambient air
for 6 months and after S cycles of the catalytic reaction has been
investigated by monitoring their XRD patterns.

Characterizations. The morphologies and structures of the
samples were analyzed using a JEOL JSM-7S00F scanning electron
microscopy (SEM) instrument and a JEOL JEM-2100F transmission
electron microscopy (TEM) instrument. Elemental mapping analyses
were performed using an energy disperse spectroscopy (EDS)
attached to the SEM equipment. Thermogravimetric analysis (TGA)
was performed using a SDT 2960 DSC-TGA, TA Instruments
(Wilmington, USA), at a ramp of 5 °C/min between 0 and 700 °C in
nitrogen. The specific surface areas were estimated using the
Brunauer—Emmett—Teller (BET) method with a TriStar 3000 surface
area and pore analyzer (Micromeritics). Powder X-ray diffraction
(XRD) patterns were collected using a Bruker D8 Advance X-ray
diffractometer equipped with graphite monochromatized Cu Ka
radiation (4 = 0.154 18 nm). A TAS-986 flame atomic absorption
spectrophotometry (FAAS) instrument was used for the detection of
the copper contents in the composite spheres by dissolving the Cu
particles with dilute aqueous solution of nitric acid. UV—vis spectra
were measured through a TU-1901 UV—visible spectrophotometer
(Purkinje General). The X-ray photoelectron spectra were accumu-
lated on a Thermo Scientific ESCALAB 250 multitechnique electron
spectrometer system with an Al KR standard X-ray source, and the
binding energies were calibrated by C 1Is.

B RESULTS AND DISCUSSION

XRD Measurements. Figure 1 depicts the XRD patterns of
CCM-450 series samples prepared with the cuprammonia
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Figure 1. XRD patterns of the CCM-450 series samples.

cellulose solution made of CuSO,/cellulose with mass ratios of
5:0.5, 5:1, 5:1.5, and S:2, respectively. Three characteristic
peaks were observed at 26 values of 43.3° 50.4°, and 74.1°,
which respectively correspond to the (111), (200), and (220)
crystalline planes of a face-centered cubic (fcc) copper phase
(PDF No. 04-0836). No diffraction peak of CuO, Cu,O, or
other copper oxide is observed in the patterns, indicating that
all the Cu(NH;)** complexes have been reduced to metallic
Cu.”® The sharp and strong peaks also reveal that Cu particles
in the CCMs are highly crystallized. Similar XRD patterns were
obtained for the CCM-550 samples (see Figure S1). Whereas,
no diffraction peaks were observed for the Cu(NH;),*"/
cellulose complexes due to their amorphous nature. The
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formation of metallic Cu can be ascribed to the reductive
atmosphere created due to the thermal decomposition of
cellulose. The Cu(NH;),*" species were reduced to metallic Cu
during the calcinations of these Cu(NH,),**/cellulose complex
spheres. The mass contents of Cu detected by FAAS are about
92, 87, 78, and 72 wt % for CCM-450(x:y) series samples
(where x:y = 5:0.5, S:1, S:1.5, and $:2, respectively). Carbon
contents of about 8, 13, 22, and 28 wt % in the corresponding
CCMs can then be deduced by deducting the Cu content from
the composite spheres. Similar values were obtained for CCM-
550(x:y) series samples.

SEM and TEM Measurements. SEM images of the spray
dried Cu(NH,),>*/cellulose complex microspheres are de-
picted in Figure S2. The microspheres showed a smooth surface
and a relative broad size distribution from 1 to S pm. In
comparison with images A, B, and C, image D contains some
broken microspheres. This can be explained as the formation of
hollow structured Cu(NHj;),**/cellulose microspheres due to
the high viscosity of the copper ammonia cellulose solution
with large cellulose content. A phenomenon that the fluffiness
of the powders turned to more obvious along with the increase
of cellulose content in the copper ammonia cellulose solution,
which can support the above speculation, has been observed for
the collected Cu(NH,),**/cellulose microspheres. Figure 2
shows the images of CCMs derived from the corresponding
Cu(NH;),**/cellulose complex microspheres as presented in
Figure S2 by calcinations under nitrogen for 3 h at different
temperatures. It can be readily discerned from Figure 2 that for
both CCM-450 series and CCM-550 series samples, the Cu
particles appeared on the surfaces of the composite spheres
turned to more uniform and well-dispersed with the increase of
cellulose content in the complex microspheres. In comparison
with that in CCM-450 series samples, the copper particles in
CCM-550 series samples made from the same cellulose content
are little bit larger (see images A and E, B and F, C and G, D
and H), and it can also be seen that the morphology of the
CCM-550 series samples turned to irregular, especially for that
derived from complex microspheres with a low cellulose
content (i.e., image E). The difference between the two series
samples can be ascribed to the different calcination temper-
atures. During the calciantion process of the Cu(NH;),*"/
cellulose complex spheres, cellulose was carbonized and formed
the spherical carbon matrices, while Cu(NH;),*" decomposed
in concurrence and reduced to metallic Cu nanoparticles.
Meanwhile, the resultant Cu nanoparticles diffused from the
inner of the carbon matrixes to the surface, forming the CCM
spheres with a novel sesame ball structure. The coordination
effect between the Cu(NH;),”" species and the hydroxyl
groups of the cellulose macromolecules plays important role in
directing the dispersion of the Cu particle in the composite
CCMs. With the increase of calcination temperature from 450
to 550 °C, small sized Cu nanoparticles melted and fused into
large sized ones. As a result, significant coarsening occurs as the
grain grows at the expense of the small Cu particles (see Figure
2A). Interestingly, several broken spheres in images of D and H
reveal that the spheres are hollow-structured. A more detailed
structure investigation of these CCM samples were performed
further by TEM measurement and the results will be discussed
in the following sections.

The TEM images of two series of CCMs obtained at
temperatures of 450 and 550 °C, respectively, were depicted in
Figure S3. It can be seen that Cu particles successfully grew on
the surface of the carbon substrate, and a small quantity of Cu
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Figure 2. SEM images of CCMs derived from the corresponding Cu(NH,),*/cellulose microspheres as presented in Figure S2 by calcinations in
nitrogen for 3 h at different temperatures. (A) CCM-450(5:0.5), (B) CCM-450(5:1), (C) CCM-450(5:1.5), and (D) CCM-450(5:2); (E) CCM-
550(5:0.5), (F) CCM-550(5:1), (G) CCM-550(5:1.5), and (H) CCM-550(5:2).

particles still embedded in the matrix of carbon spheres. For
both the two series CCMs, with the increase of cellulose
content, the CCM spheres transformed from solid ones (see
images A, B, E, and F) to hollow ones (see images C, D, G, and
H); meanwhile, the Cu particles in the CCMs turned to small
sized ones and their distribution became more homogeneous.
The transformation of CCMs from solid spheres to hollow
ones might be due to the changing of the viscosity of the
cuprammonia aqueous solution of cellulose with the increase of
cellulose content. In comparison of pictures of CCM-450 series
samples (images A to D) with those of CCM-550 series
samples (images E to H), one can find out that the sizes of Cu
particles in the CCM-450 series samples are slightly smaller
than those in the CCM-550 ones derived from Cu(NH;),**/
cellulose complex spheres with the same cellulose content but
calcined at different temperatures. This may be due to the
sintering effect of nanosized copper particles at a relative high
calcination temperature. Anyhow, the TEM measurement is
consistent with SEM results (see Figure 2).

HRTEM Image and Elemental Mapping. TEM analysis
has performed once more to acquire further information about
the morphology of the CCMs samples and the crystallite of the
Cu particles in them. The TEM and high resolution TEM
(HRTEM) images of the representative CCMs are presented in
Figure 3 as panels A and B, respectively. Figure 3A shows that
the sphere is porous and the majority of Cu particles were
decorated on the surface of carbon substrate. The porous
characteristic of the CCMs were confirmed further by N,
adsorption—desorption measurements (see Nitrogen Adsorp-
tion—Desorption Measurements section). The unique structure
of porous sesame balls will favor the composite spheres with
effective antibacterial and catalytic activity. The inset in the
HRTEM image of Figure 3B gives the lattice fringes of an
individual Cu nanoparticle, and a space of 0.208 nm between
two lattice fringes has been calculated, which is in accordance
with the (111) plane lattice parameter of fcc metallic Cu and
the result is consistent with the XRD patterns as well. EDS
elemental mapping analysis were carried out over the area
outlined by the yellow square in Figure 3C to investigate the
elemental composition and their dispersion in the CCM
sample. Image D shows the dual-element map of both copper
and carbon in the same CCM sample. It can be seen that the
surface of the CCM was covered mainly with copper. The

2417

0.208nm

Figure 3. (A) TEM image and (B) HRTEM image of CCM-450
(5:1.5) (the inset corresponds to the magnification of the red circle
area). (C) SEM image of CCM-450(5:1.5) and (D) the EDS
mappings of copper/carbon (the green color represents copper
element, whereas the red color corresponds to carbon element). (E)
Carbon and (F) copper, respectively, corresponding to the area
outlined by the yellow square in image C.

single element mapping of carbon (Figure 3E) and copper
(Figure 3F), respectively, corroborates the previous observation
that copper particles were dispersed onto the surface of the
CCM samples uniformly, which confirm further the previous
results of SEM and TEM measurements.
Thermogravimetric Analysis. To gain insight into the
thermal decomposition behavior of Cu(NH,),>*/cellulose

DOI: 10.1021/acssuschemeng.5b00382
ACS Sustainable Chem. Eng. 2015, 3, 24142422


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5b00382/suppl_file/sc5b00382_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.5b00382

ACS Sustainable Chemistry & Engineering

Research Article

Table 1. BET Specific Surface Area, Pore Volume and Average Pore Width of Cu(NHj;),>*/Cellulose Complex Microspheres

and Those of the Corresponding CCMs

sample BET surface area (m*g™")

5:0.5(complex) 40.6
5:1 (complex) 18.7
5:1.5 (complex) 14.5
5:2 (complex) 10

5:0.5 (calcined) 2.9
S:1 (calcined) 5.7
5:1.5 (calcined) 2.6
5:2 (calcined) 29

pore volume (m*-g™") average pore width (nm)

0.10 10
0.04 8
0.03

0.02 10
0.01 15
0.02 10
0.007 10
0.005 3

complex microspheres under nitrogen atmosphere and to find
out a reasonable calcinations procedure, TGA has been carried
out to two kinds of complex microspheres with different of
cellulose contents (5:0.5, curve A; S5:1.5, curve B), and the
results are depicted in Figure S4. One can see that there is an
obvious weight loss of about 29% and 34% for Cu(NH,),>"/
cellulose spheres (5:0.5) and (5:1.5), respectively, between 80
and 250 °C. The weight loss can be ascribed mainly to the
decomposition of the Cu(NH;),** moieties in the complex
spheres. A further weight loss of about 14% for both the two
kinds of complex spheres between 250 and 450 °C is due to the
decomposition of cellulose and residual Cu(NHj),*". The slight
differences of the thermal decomposition behavior and the total
weight loss between the two kinds of Cu(NH;),*/cellulose
microspheres can be ascribed to the ratio difference between
cellulose and Cu(NH,),** in them. For comparison and
confirming the above speculation, TGA has also been
performed to as-prepared Cu(NH,),(OH), solid (curve C)
and pristine cellulose spheres (curve D). It can be seen from
curve C that Cu(NH;),(OH), solid lost about 17% of the total
weight, and then the weight kept stable from about 300 °C on,
while the pristine cellulose spheres showed a drastic weight loss
of about 80% between 300 and 360 °C. Moreover, it can be
observed that the thermal stability of cellulose and Cu(NH;),**
moieties in the Cu(NH;),*"/cellulose complex microspheres
had been modified in comparison with that of their separated
counterparts due to the association between them.

Nitrogen Adsorption—Desorption Measurements. N,
adsorption—desorption measurements were carried out to
determine the specific surface area and pore size distributions
of Cu(NH;),**/cellulose complex microspheres and the
resulted CCMs. The isotherms and corresponding pore size
distributions are shown in Figure SS. The isotherms of
Cu(NH,),*"/cellulose complex microspheres showed very
obvious hysteresis loops and capillary condensation steps (see
Figure SSA), suggesting the existence of porous structure in
them.”” After the etching of Cu(NH;),** from the complex
microspheres with acid, the specific surface area of the resulted
cellulose microspheres decreases; meanwhile, the pore diameter
increases. For example, for complex (5:1), the specific surface
area reduces from 18.7 to 3.1 m?/ g, whereas the pore diameter
increases from 8 to 24 nm (see Figure SS, panels C and D).
This can be ascribed to the dissociation of the Cu(NH;),>*
species from the cellulose macromolecule chains. In compar-
ison with the Cu(NH,),**/cellulose complex microspheres,
CCMs samples showed a narrow and irregular hysteresis loop,
and the capillary condensation steps shifted to a higher relative
pressure (Figure SSE), implying the reduction of porosity. The
values of BET surface area, total pore volume, and average pore
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diameter of the samples derived from the N, adsorption—
desorption isotherms are summarized in Table 1.

From the table, one can see that the BET surface area and
total pore volume of the Cu(NH,),*"/cellulose complex
microspheres decreased drastically with the increase of mass
ratio of cellulose, whereas the CCMs samples showed a lower
specific surface area and a smaller pore volume in comparison
with their corresponding complex microspheres. Among the
four different CCMs samples, CCM-450 (5:1) showed the
relatively higher BET surface area and total pore volume. The
reducing of specific surface area and pore volume for CCM-450
(5:05) might be due to the sintering effect of the Cu particles;
whereas that for CCM-450 (5:1.5) and CCM-450 (5:2) could
be attributed to the formation of the inner hollow core and
macropores in the wall as have been demonstrated by SEM and
TEM observations.

Antibacterial Activity. The photographs of the antibacte-
rial test by broth dilution method for three different CCM-450
samples against E. coli and S. aureus, respectively, after a specific
contact time in the same environment are presented in Figure
S6. We can preliminary assess the antibacterial effect of samples
according to the turbid degree of the broths. The experimental
results are summarized in Table 2, and it can be deduced from

Table 2. Minimum Inhibitory Concentration (MIC) of
Different CCM-450 Samples to E. coli and S. aureus

minimum inhibitory concentration (MIC)

(mg/mL)
sample E. coli S. aureus
CCM-450 (5:0.5) 0.125 0.0625
CCM-450 (5:1) 025 0.125
CCM-450 (5:1.5) 0.5 025

Table 2 that (1) CCMs possess strong antibacterial effect to S.
aureus than E. coli, and (2) under the condition of the same
concentration of CCMs, the antibacterial efficiency improved
with the increase of active ingredient of Cu in the CCMs for
both the two kinds of bacteria.

Four plates containing the same content of bacteria and
nutrient agar were used for the antibacterial tests by the colony
forming count method, and the results are presented in Figure
S7. The differences among them are that plates A and C of
Figure S7 contain porous carbon microspheres only as control
samples, whereas plates B and D involve CCMs. In plates B and
D, there was almost no bacteria growth in the medium,
indicating CCMs exhibited remarkable antibacterial activity.
Whereas, the control groups (A and C) containing porous
carbon microspheres were almost completely covered by
bacterial colonies after contact for 24 h. The antibacterial
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efficiencies calculated based on eq S1 are listed in Table 3. The
antibacterial efficiency of CCMs-450 (5:1) sample against E.

Table 3. Reduction in Bacterial Numbers of E. coli and S.
aureus after Contact with CCMs-450 (5:1) Sample

E. coli
97

S. aureus

99.6

bacterium

inhibitory rate (%)

coli and S. aureus were calculated to be 97% and 99.6%,
respectively. This result is consistent with the MIC test. The
differences of the bacterial inhibition rate of CCMs to E. coli
and to S. aureus might be due to the antibacterial selectivity of
metallic Cu nanoparticles. The porous structure of CCMs
could promote sorption of the bacteria onto their surface, and
then the active ingredient of Cu localized on the surface of
carbon matrices contacted with the bacteria and damaged their
functionality. The Antibacterial activities of CCM-550 samples
have also been studied with the same procedure and they
showed quite similar performance as these of CCM-450
samples (see Figure S8).

Catalytic Reduction of 4-Nitrophenol. The catalytic
activity of these CCM samples was substantiated through 4-NP
reduction to its sole product of 4-AP in the presence of NaBH,
as a reductant.”® Similar catalytic performances have been
observed for both the CCM-450 series and the CCM-550 series
samples (please see Figures S9—S16). We then focus on the
CCM-450 samples for detailed discussion in the following
section. The extent of reaction can be followed by measuring
the change in UV—vis absorbance at 400 and 300 nm.”” As can
be seen in Figure 4A, the pure 4-NP solution showed a

4 4

Absorbance(a.u.)
N
Absorbance(a.u.)
N

=)

0
200 250 300 350 400 450 500
Wavelength(nm)

200 250 300 350 400 450 500
Wavelength(nm)

400nm

(D)

N

Absorbance(a.u.)

0:
200 250 300 350 400 450 500
Wavelength(nm)

Figure 4. UV—vis spectra of (A) 4-NP in the absence (the black
curve) and presence (the red curve) of NaBH, solution. (B) UV—vis
spectra for the catalytic reduction of 4-NP using CCM-450 (x:y) as
catalyst. (C) Photographs of the reduction of 4-NP by NaBH, in the
presence of CCM catalyst. (D) UV—vis spectra for the catalytic
reduction of 4-NP using porous carbon microspheres as catalyst.

characteristic absorption peak at 317 nm, and the absorption
peak shifted to 400 nm after the addition of freshly prepared
NaBH, aqueous solution, which corresponds to a color change
from light yellow to bright yellow due to the formation of 4-
nitro-phenolate jon in alkaline condition. The bright yellow
solution was very stable, and the absorption was unchanged
even after adding superfluous NaBH, solution for more than 2
h, which confirmed that the reduction did not proceed in the
presence of only NaBH, solution. In contrast, the catalytic
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activity of CCMs toward 4-NP reduction is convincingly
demonstrated by the UV—vis absorption spectra in Figure 4B.
With the introduction of 5.0 mg of CCM-450(ax:y) (x:y = 5:0.5,
5:1, 5:1.5, and 5:2, respectively) into the reaction solution, the
absorption peak at 400 nm immediately disappeared and a new
peak at 300 nm increased at once. The new absorption at 300
nm is the characteristic peak of 4-AP and it appearance reveals
the reduction of 4-NP to 4-AP.” Because of the strong
adsorbing ability of the porous CCMs catalyst, NaBH, and 4-
NP could be rapidly adsorbed on the surface of CCMs, where
the Cu particles could relay electrons from the donor of BH,™
to the acceptor of 4-NP, and promote the occurrence of
reduction reaction. After the electrons were transferred to the
Cu nanoparticles, the hydrogen atoms derived from NaBH,
attacked 4-NP molecules to reduce it.’' As has been
demonstrated by Figure 4C, when CCMs were added to the
reaction system, the bright yellow solution changed immedi-
ately to colorless. These results confirmed that the CCMs were
effective catalysts for the reduction of 4-NP to 4-AP. After the
catalytic process, pure 4-AP can be isolated from the solution
by combining extraction with recrystallization, and isolated
yield of 4-AP more than 95% has been obtained. For
comparison, a control test was conducted with a mixture of
4-NP, NaBH,, and porous carbon microspheres without Cu
particles. Obviously, there was little decrease in the absorbance
at 400 nm as monitored by UV—vis spectrometer due to the
physical adsorption of the nitro compound on CCMs, whereas
no absorption peak assigned to 4-AP appeared at around 300
nm, indicating that the catalytic reduction of 4-NP could not
occur at all without Cu ingredients and confirming the role of
metallic Cu nanoparticles as a catalyst in the reduction process
(Figure 4D).

The kinetics of catalytic reduction of 4-NP to 4-AP over the
CCMs with different Cu contents were investigated, and the
typical time-dependent absorption spectra of the reaction
solution are shown as panels A—D of Figure S9. It can be
observed from the figures that the reaction time of the catalytic
reduction of 4-NP to 4-AP turned to shorter with the increase
of Cu content in the CCMs. As the initial concentration of
NaBH, is largely excess in comparison to 4-NP, the the pseudo-
first-order kinetics can be applied for the evaluation of rate
constants in this reaction.”” Therefore, the rate equation can be
written as

de,
dt (1)

where ¢, is the concentration of 4-NP at time ¢ and k is the rate
constant. Integrating with boundary conditions of when t =0, ¢,
= ¢y and when t = ¢, ¢, = ¢, yields

ln( i3 ]
%o (2)

Considering that the ratio of absorbance A, of 4-NP at time ¢
to its value A, measured at t = 0 must be equal to the
concentration ratio ¢,/c; of 4-NP, thus the above equation can
be rewritten as

o)
A 3)

The corresponding linear correlations between In(A,/A,)
versus time t are shown in Figure S9E. The apparent rate

= —kc,

—kt

—kt
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constants (kapp) were calculated, and the results are listed in
Figure SOF. It is observed from the figure that the order of the
catalytic activity for the different CCMs was A < B < C < D.
The content of Cu in the composite spheres affects significantly
the catalytic activities of CCMs, confirming the role of Cu in
the catalytic reduction.

To ascertain the influence of catalyst quantity on the kinetics
of the catalytic reduction, experiments were carried out over
CCM-450 (5:2) with four different dosages (see Figure S10: A,
0.5 g/L; B, 1g/L; C, 1.5 g/L; D, 2 g/L). The time-dependent
absorption spectra and plots of In(A,/A,) against reaction time
of the reaction solution for catalytic reduction of 4-NP over
different amounts of catalyst are presented in Figure S10E, and
it showed that with the increase of catalyst quantity, the rate
constant increases as well. The result is reasonable because the
increase in catalyst amount provided more catalytic sites for the
reaction. The dependences of rate constants on NaBH, and 4-
NP concentrations are also studied and the results are
presented as Figures S11 and S12, respectively. It is observed
from the figures that the rate constant of catalytic reduction
significantly increases with the increase of NaBH, concen-
tration, whereas, it decreases with the increase of the 4-NP
concentration. The mechanism of the catalytic reaction could
be explained by the Langmuir—Hinshelwood mechanism.
NaBH, ionized in water to offer BH,”, providing surface
hydrogen for the reaction. The surface hydrogen first
transferred to copper particles, and then reacted with 4-NP
to yield 4-AP.*® BH,™ acted as the electron donor, whereas 4-
NP acted as the electron acceptor.”* The CCMs served as
catalyst to provide active sites for promoting the reaction.
These results demonstrated that all these variable parameters
are very essential to the reduction of 4-NP, and in a practical
application one can optimize the catalytic effect by adjusting the
quantity of the catalyst and the concentration of the reactants
for a selected CCM catalyst.

Recyclability and Stability. The structure stability of the
composite spheres and the composition stability of metal
particles are crucial to their applications for all the supported
catalysts. Usually, catalysts based on metals suffer from
oxidizing of oxygen during storage and from poisonin% by the
reaction intermediate during the catalytic process.” Thus,
exploring a catalyst with excellent reusability and high stability
is necessary. It has been demonstrated that the CCMs could
keep their integrated structure even under the irradiation of
ultrasonication for more than 1 h, indicting high structure
stability. The recyclability of catalyst upon the reduction was
carried out for five successive cycles, and the result is presented
in Figure S17. Only a very slight decrease of conversion
efficiency was observed, suggesting their high catalytic stability.
In our experiments, after each run of the catalytic reaction, the
catalyst microspheres were separated easily by centrifugation,
while the supernatant was removed by decantation and then
fresh reactant solution was introduced for the consequent
reactions. The excellent stability of the catalytic activity could
be attributed to the low loss of copper content during the
reduction cycles and to the structural stability of the solids.*®

The composition of the CCM samples stored in ambient air
for 6 months and those upon catalytic reaction have been
studied by recording their powder XRD patterns (see Figure
S18) and the XPS surveys (see Figure S19). All these stored
samples showed quite similar XRD patterns with those of the
as-prepared ones, whereas the recovered CCM-450 catalysts
showed the presence of peaks corresponding to fcc Cu together
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with a considerably weak peak which is related to Cu,O (see
Figure S18b). XPS full surveys of the as-prepared CCM-450
(5:2), the one stored at ambient air for 6 months, and the
sample used as catalyst after 5 cycles showed the presence of
carbon (285 eV), oxygen (532 eV), and copper (933 eV) (see
Figure S$19a).”” High-resolution scans at the Cu 2p region
showed binding energy peaks corresponding to Cu 2p;,, and
Cu 2p,/, photoelectron transitions, respectively. For the as-
prepared CCM-450 (5:2), the Cu 2p;, and Cu 2p, /, appear at
932.6 and 952.5 eV, which can be characteristic of Cu in the
Cu* or Cu’ oxidation state.”® The stored and the recovered
CCM-450 (5:2) samples, on the other hand, showed shoulders
beside the main peaks and accompanied by shakeup satellite
peaks. They can be deconvoluted into two peaks each for Cu
2p;/, at 932.8 and 934.3 eV and Cu 2p, , at 952.6 and 955.2 eV
(see Figure S19b). The peaks for Cu 2p;/, at 934.3 eV, Cu
2p,/, at 955.2 eV, and the shakeup satellite peaks around 943
and 963 eV are characteristic of Cu in the Cu®* oxidation state
from CuO formed during storage and recycling. It is difficult to
distinguish Cu’ from Cu' by only the Cu 2p XPS peaks;
however, one can identify them by the position of their LMM-2
auger transitions in the spectra, which appear at 568 and 570
eV for Cu and Cu,O, respectively.”” There is a peak at about
570 eV in the XPS spectra for the three samples. Furthermore,
isolated Auger electron spectra of Cu LMM were recorded at a
kinetic energy of 916.8 eV, which can be converted into a
binding energy of about 569.8 eV (see Figure S19¢). On the
basis of these facts, one then can conclude that the Cu 2p;),
peak at 932.6 eV is related to Cu,O, which means that the Cu
particles in the as-prepared CCMs are covered with a thin
Cu,O layer. XPS is a surface-sensitive analytical technique
useful for the identification of elements present on the surfaces,
whereas the XRD technique can detect composition of the
bulk. The XPS results are, nevertheless, consistent with the
XRD measurement. It is the case that Cu nanoparticles are
sensitive to oxygen; therefore, it is reasonable that the Cu
particles were covered with a thin cuprum oxide. However, it is
interesting to note that partial oxidation of the Cu particle
surface does not influence the catalytic efficiency obviously, and
the catalyst is reused for five cycles with high activity. The
morphology of the recovered CCMs was investigated by SEM
and was found to be comparable with that of the as-prepared
CCMs (see Figure S20).

B CONCLUSIONS

A sustainable and versatile process for in situ formation of
metallic Cu particles decorated porous carbon microspheres
(CCMs) has been established. The spray drying has been
proved to be an efficient technique for the preparation of
porous microspheres of Cu(NH,),**/cellulose complex using
the cuprammonia cellulose aqueous solution as raw materials.
CCMs possessing a unique sesame ball structure can be
deduced in situ by calcining the Cu(NH,),**/cellulose complex
microspheres at 450 or 550 °C. The size of the Cu particles in
the CCMs can be affected by the calciantion temperature. The
coordination between the Cu(NH,;),* species and the
hydroxyl groups of the cellulose macromolecules plays
important role in directing the dispersion of the Cu particle
in the final composite CCMs. The resultant CCMs displayed
great potential as a high efficiency antimicrobial agent to both
Gram-positive Staphylococcus aureus and Gram-negative Escher-
ichia coli, and also as a high performance catalyst for the
conversion of 4-nitrophenol to 4-aminophenol using NaBH,
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aqueous solution as a reductant in a mild condition. The
present work demonstrated also that some conventional
materials such as the ancient cuprammonia cellulose aqueous
solution and traditional techniques, for example, spray drying,
can rebloom in modern science and technology for advanced
applications, and more importantly will trigger the attention of
researchers to these traditional materials or techniques. For
instance, one can extend the reported preparation method and
the coordination effect strategy to other kinds of metal or metal
oxide decorated carbon composite spheres using different
transition metal complex solutions of cellulose as precursors,
such as Fe(Il), Co (II), Zn(Il), Ni(II), and explore their
potential applications in catalysis and energy storage. Such
work is still underway in our group.
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