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Cu nanoparticles have attracted much attention due to their optical, catalytic, and electrical properties.
Their syntheses, however, have required hazardous reducing agents. In addition, they are easily oxidized,
which destroys their properties. It has also not been possible to control the diameter and the
dispersibility for further applications in functional materials. To solve these problems, we have recently
synthesized oxide-free Cu nanoparticles adsorbed on kaolinite, a non-dispersive layered clay, by
environmentally friendly photoreduction. Focusing on the layer charge of the clay, we report diameter-
and dispersibility-controlled Cu nanoparticles on saponite, a dispersive clay, in the present study. The
obtained oxide-free Cu nanoparticles were stable under N, atmosphere, while they exhibited a fast back
reaction to Cu?* upon exposure to fresh air. The diameter of the Cu nanoparticles could be controlled
simply with [Cu?*], because Cu?* was adsorbed on saponite before the photoreduction. The dispersibility
of the Cu nanoparticles was controlled without changing the diameter using the size of saponite
aggregates: these were stably dispersed at low [Cu®*], and flocculated at high [Cu?*]. The flocculates

could be collected by filtration and the obtained viscous paste was useful for preparing a film with the
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Accepted 15th August 2017 optical properties of the Cu nanoparticles without aggregation. Therefore, the present study revealed

that combining the adsorption of Cu?* on saponite with photoreduction is a novel and environmentally
DOI: 10.1039/c7ra0865h friendly synthetic method for controlling the diameter and the dispersibility of Cu nanoparticles, and it

rsc.li/rsc-advances has the potential to further their applications in functional materials.

In most of the previous studies, the metal NPs have been
stabilized by protection with polymers'**” or surface modifiers
such as carboxylates'*® and thiolates.>*** In contrast, we have

Introduction

As an alternative to precious metals such as Pt, Au, and Rh, Cu

nanoparticles (NPs) have attracted much attention due to their
large reserves.”™ Their optical, catalytic, and electrical proper-
ties have recently been energetically investigated.*** However,
the Cu NPs have generally been synthesized by a chemical
reduction method, which requires hazardous reducing agents
such as sodium borohydride*>®* and hydrazine.> While reduc-
tion with a safer agent has also been investigated,>* extensive
efforts have been required to optimize multiple conditions such
as reaction temperature and reducing agent concentration. In
contrast, photoreduction has shown potential since the 21st
century due to its environmentally friendly conditions.™¢

“Department of Applied Chemistry, Faculty of Science and Engineering, Chuo
University, 1-13-27, Kasuga, Bunkyo-ku, Tokyo, Japan. E-mail: htanaka@kc.chuo-u.
acp

*Department of Chemistry, Faculty of Science, Toho University, 2-2-1, Miyama,
Funabashi-shi, Chiba, Japan

available. See DOL

T Electronic  supplementary  information

10.1039/c7ra0865%

(ES)

41896 | RSC Adv., 2017, 7, 41896-41902

previously reported protectant-free Cu NPs adsorbed on
kaolinite, a non-exfoliating layered clay mineral, by the photo-
reduction method.?” In this synthetic method, ethanol has been
used as a sacrificial reagent instead of hazardous reducing
agents, and the obtained NPs have been composed of pure Cu
without oxides, which was notable because Cu NPs are generally
easily oxidized to Cu,O and CuO.>*** It is true that oxide-free
Cu NPs have been reported previously, in which the Cu NPs
are protected with SiO, (ref. 26) or oleic acid,?” but it has been
reported that the protection decreases or destroys the reactivity
of the NPs.*®** In addition, multi-step procedures including
heat treatment and centrifugation have also been indispensable
in removing excess protectants and hazardous reducing agents,
which lowers the yield of the Cu NPs. From these viewpoints,
our photoreduction method in combination with clay is prom-
ising because the protectant-free pure Cu NPs are obtained
without further procedures by using a mild sacrificial reagent.

Unlike kaolinite with non-swelling properties and hence
poor dispersibility, smectite clay minerals consist of negatively
charged ultra-thin layers and interlayer cations for charge

This journal is © The Royal Society of Chemistry 2017
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compensation. Because they swell in water, they are easily
exfoliated, and the layers, so called nanosheets, are obtained as
colloidal solutions. Despite numerous studies on layered clay
minerals involving pillaring®**** and hybridization with cationic
molecules including dyes and metal complexes,**?* however,
there have been few studies on hybridization with metal NPs,
and these have mainly been limited to Au and Ag NPs synthe-
sized by chemical reduction.®**” In addition, their diameter
control on clay has not been achieved, even though the diam-
eter strongly affects the reactivity of the Cu NPs. The diameter of
metal NPs can be affected by various parameters, for instance
reaction temperature,* reaction time,** metal salts,* the ratio
of ligand to metal salt,** and the presence of templates such as
dendrimers.*”” However, no significant change in the diameter
has been achieved simply by changing [Cu®'] on an adsorbent,
for example graphene oxide.” This problem may originate from
uncontrollable particle growth in solutions without protectants.
Hence, we have assumed that growth on an adsorbent would be
key to controlling the diameter of the Cu NPs. In this regard, the
negatively charged nanosheets of the smectite clay appear to be
a promising adsorbent for Cu NPs, because they can effectively
adsorb metal cations.**** In this case, nucleation and growth
should occur on the adsorbent and not in the solution. In other
words, the growth of the reduced Cu seeds is expected to be
suppressed on clay, resulting in diameter control of the Cu NPs
with [Cu®*]. This strategy could not have been implemented in
the previous study using kaolinite*® because this does not
adsorb Cu®*, and particle growth of the Cu NPs has occurred in
the solution before adsorption, resulting in a relatively large
diameter (80 nm).

As well as diameter control, dispersibility control of colloidal
NPs has also been important in their extraction, selective
dispersion, and recycling.**** However, contrary to the dis-
persibility of the polymer-grafted NPs, that of the adsorbed NPs
has scarcely been investigated, even though they may become
a promising material due to their high reactivity originating
from the absence of protectants. In this regard, hybridization of
the Cu NPs with clay can be a first experimental example
because the dispersibility of the Cu NPs should be explained by
that of the adsorbent, clay nanosheets. In this case, the Cu NPs
can be collected as clay-hybridized flocculates and be further
applied to NP films. Furthermore, because the Cu NPs are ex-
pected to be separated from each other by the clay nanosheets,
the film can be obtained without aggregation of the Cu NPs,
which has potential for optical materials.

Even though combination of the environmentally friendly
photoreduction method and the layered clay minerals has not
yet been studied, it will provide novel viewpoints with respect to
both protectant-free metal NPs and inorganic layered materials.
In the present study, we have synthesized highly reactive oxide-
free Cu NPs on saponite (Sapo) by the photoreduction method.
We have controlled the diameter and the dispersibility of the Cu
NPs by changing [Cu**] and [Sapo]. By using flocculation and
following conventional filtration, we have developed a novel
preparation method for a composite film of Cu NPs, which were
not aggregated due to isolation by the clay matrix.

This journal is © The Royal Society of Chemistry 2017
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Experimental

Copper nanoparticles were synthesized by a photoreduction
method similar to that reported previously.>* Copper(u) acetate
monohydrate (purity > 99.0%) and ethanol (purity > 99.5%) were
purchased from Wako Pure Chemical Industries. Synthetic
saponite was purchased from Kunimine Ind. Co., and its
elemental composition and cation exchange capacity (CEC)
were determined to be (Nag5Mgo.07)(Mgs.0sAlo.01)(Siz.6Alp.4)
0,0(0OH), and 80 meq. per 100 g, respectively.* Sapo was
dispersed in Milli-Q water, and 5 mL of copper acetate aqueous
solution and 1 mL of ethanol were added to the dispersion drop
by drop with stirring. The total volume of the mixed solution
was adjusted to 10 mL by adding water. The solution was irra-
diated with UV light from a Hg lamp (Hamamatsu Photonics,
19588-01A) for 2 h with stirring. To prepare the Cu NP film,
a small amount of the Cu NP paste obtained by filtration of
flocculates was cast on a glass plate, sandwiched with another
glass plate, and dried under N, atmosphere.

UV-vis-NIR spectra were measured with a UV-vis-NIR spec-
trometer (Shimadzu, UV-3600) using a rectangular quartz
cuvette having an optical length of 10 mm. The photoirradiated
solution was dropped on a glass plate under N, atmosphere and
dried in vacuum. X-ray diffraction (XRD) measurement of the
obtained powder sample was performed with an X-ray diffrac-
tometer (Rigaku, Smartlab) with CuKa radiation (0.154 nm). For
transmission electron microscopy (TEM) measurement, the
photoirradiated solution was diluted to avoid charge-up origi-
nating from the insulative saponite and dropped on a collodion-
coated copper grid under N, atmosphere. TEM images of the
dried grid were observed with a transmission electron micro-
scope (FEI Company, Tecnai G2 F20 S-TWIN), operated at
120 kv, and with a field-emission scanning electron microscope
(Hitachi High-Technologies, S-5500) operated at 25 KkV.
Dynamic light scattering (DLS) measurement of the photo-
irradiated solution was performed with a particle size analyser
(Otsuka Electronics Co., Ltd., ELSZ-2000ZS).

Results and discussion
Oxide-free Cu NPs adsorbed on Sapo

When the mixed solution containing 0.5 mmol L™" of Cu®** and
0.5 g L' of Sapo was irradiated with UV light for 2 h, a bright
red solution was obtained, as shown in Fig. 1(a). This color was
characteristic of surface plasmon resonance (SPR) of Cu NPs,*®
suggesting that Cu>* was reduced to Cu® by UV irradiation. The
photoirradiated solution (we call this sample {0.5 : 0.5} of Cu-
Sapo, hereafter) was not separated into two phases but was
stably dispersed. No large flocculates were observed with the
naked eye, and the solution appeared homogeneous.

Fig. 1(b) shows a UV-vis-NIR extinction spectrum after UV
irradiation. A band due to SPR was observed around 560 nm,
which originated from spherical Cu NPs.>** We note that the band
of Cu** appearing around 780 nm before UV irradiation, which is
shown in Fig. S1(a),t completely disappeared. Also, the spectrum
before UV irradiation was almost consistent with the sum of the
spectra of the pure copper acetate solution and the Sapo

RSC Adv., 2017, 7, 41896-41902 | 41897
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Fig. 1 (a) A photograph of the photoirradiated solution, (b) a UV-vis-
NIR extinction spectrum and a high-resolution TEM image of the Cu
NP (inset), and (c) an XRD pattern of {0.5: 0.5}.

dispersions shown in Fig. S1(b and cf) respectively, suggesting
that adsorption on Sapo did not induce a drastic change in the
electronic state of Cu®". Fig. 2(a) and S2+ show TEM images of the
dried sample at high and low magnifications, respectively. The
spherical Cu NPs were observed without aggregation. From the
histogram shown in Fig. S3(a),} the average diameter was deter-
mined to be 13 £+ 2 nm, where the uncertainty represents one
standard deviation. It should be noted that the blurring of the Cu
NPs originates from the adsorbent, Sapo, which is insulative to
induce charge-up. Similar results have also been reported in
previous studies on clay-hybridized metal NPs.?>**
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Fig.2 TEM images of (a) {0.5: 0.5}, (b) {1: 1}, (c) {2 : 2}, (d) {0.2: 0.5},
(e){0.4:1}, (f) {0.8: 2}, and (g) {0.1: 0.5}.
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By comparison with a control experiment, where large Cu
particles with sub-mm sizes were obtained in the absence of
Sapo, as reported previously,?* it was found that the Cu NPs were
adsorbed on Sapo and their particle growth was suppressed. In
addition, while the photoirradiated solution was stable under
N, atmosphere, the solution turned pale light blue from bright
red on exposure to fresh air, and copper acetate was detected
with UV-vis-NIR spectroscopy, as in our previous studies.**>*° It
is noted that the bright red color faded away in 10 seconds,
which was much faster than the color change in the Cu NPs
protected by polyvinylpyrrolidone (20 min).>** We assume that
this rapid decomposition of the Cu NPs on Sapo can be ascribed
to the absence of protectants. Therefore, it was found that
spherical Cu NPs were obtained on Sapo by UV irradiation and
that their decomposition occurred quickly, which was probably
due to the use of adsorbent rather than protectant.

A high-resolution TEM image is shown in the inset of
Fig. 1(b). Crystal planes were observed with a fringe spacing of
0.21 nm, which corresponded to the (111) plane of the fcc phase
of metal copper according to JCPDS file no. 4-0836. Thus, it was
found that the obtained NPs were composed of pure Cu. This
result contrasts with our previous study, in which a core-shell
structure composed of Cu-core and Cu,O-shell was obtained
when carbon nanotubes were used as the adsorbent.* In other
words, it was found that protectant-free Cu NPs were synthe-
sized without oxides when Sapo was used as the adsorbent.

The absence of Cu,0 and CuO was further confirmed by XRD
measurement, as shown in Fig. 1(c). Two peaks were observed at
43.3° and 50.4°, corresponding to the (111) and (200) planes of
crystalline Cu metal, respectively. No peaks for Cu,O and CuO
were observed at 36.4° and 35.5°, respectively (JCPDS files no. 5-
0067 and 48-1548). Thus, it was found that Cu** was reduced
completely to Cu® by UV irradiation. In addition, while the peak
of the (001) plane of Sapo was observed at 6.4°, other strong
peaks such as those at 53.2° and 60.7°, which were assigned to
the (150) and (310) planes, and the (060) and (330) planes,
respectively, were not observed, indicating that the layer
structure of Sapo was destroyed. Because these peaks were also
absent in the XRD pattern before UV irradiation, it was sug-
gested that Sapo aggregated randomly when the copper acetate
aqueous solution was added to the Sapo dispersion. The
formation of the Sapo aggregates was further supported by DLS
measurement. The average particle size after UV irradiation was
found to be 560 nm, which was much larger than that of the
single nanosheet, 33 nm,* indicating that Sapo aggregated
microscopically in the solution rather than during the drying
process for XRD sample preparation. Therefore, we concluded
that Sapo supported the production of oxide- and protectant-
free Cu NPs and also aggregated microscopically. The aggrega-
tion of Sapo is plausible because excess Cu>* was added, which
will be described later in relation to the CEC of Sapo.

Diameter control of Cu NPs

As well as {0.5: 0.5}, Cu-Sapo was synthesized with various
[Cu®'] and [Sapo], and the TEM images are shown in Fig. 2. The
corresponding histograms are shown in Fig. S3.1 The average

This journal is © The Royal Society of Chemistry 2017
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diameters of the Cu NPs are summarized in Table 1. The
diameters were 13 + 3 nm in both {1 : 1} and {2 : 2}, which were
the same as that in {0.5 : 0.5} within the error range. Similar
results were obtained in {0.4 : 1} and {0.8 : 2}, whose diameters
were the same as that in {0.2 : 0.5}, 8 £ 2 nm. Hence, it was
found that the diameters did not change significantly if the
ratio of [Cu®*] to [Sapo] was constant. In contrast, the diameters
decreased from 13 + 2 nm in {0.5: 0.5} to 8 + 2 and 6 + 2 nm in
{0.2:0.5} and {0.1:0.5}, respectively, indicating that the
diameter of the Cu NPs could be controlled simply with [Cu**].
Thus, the adsorption of Cu®" on Sapo before photoreduction
was found to be effective in controlling the diameter of the Cu
NPs. In all cases, the SPR bands of the Cu NPs were observed, as
shown in Fig. S4.F

Since the microscopic aggregation of Sapo was induced by
the added Cu®" spontaneously adsorbing on Sapo, we expected
the diameter of the Cu NPs to be changed by the drip rate of the
copper acetate aqueous solution during sample preparation.
When the drip rate was changed from 0.21 mL min~" to
1.4 mL min~", the average diameter of the Cu NPs in {1: 1}
increased from 13 £ 3 nm to 20 £ 2 nm. A similar result was also
obtained in the case of {2 : 2}, where the diameter increased
from 13 + 3 to 24 + 6 nm with a fast drip rate. TEM images and
histograms of {1 : 1} and {2 : 2} with the fast drip rate are shown
in Fig. S5(a and b) and S3(a and b),T respectively. The increase
in the diameter of the Cu NPs with the fast drip rate implies two
possibilities: one is that larger Sapo aggregates containing more
Cu”* were formed with the fast drip rate, facilitating particle
growth when Cu®** was reduced by UV irradiation. The other
possibility is that non-adsorbing Cu®" was confined to the Sapo
aggregates with the fast drip rate.

The formation of the large Sapo aggregates in the former
scenario originates from the assumption that Sapo nanosheets
aggregate more intensively with the fast drip rate, which was
confirmed by the DLS measurement. The size of the Sapo aggre-
gates with the fast drip rate was twice as large as that with the slow
drip rate, and more Cu*" was contained in each Sapo aggregate to
increase the diameter of the Cu NPs. In contrast, if the latter is
true, the amount of free Cu®" in the solution should decrease with
the fast drip rate. To clarify this, the solution was centrifuged
before UV irradiation. Fig. S61 shows bands of Cu®" in the UV-vis-
NIR absorption spectra of the supernatant in {2 : 2} prepared with
slow and fast drip rates. Because no difference was found between
the two spectra, the latter scenario was improbable, and the

Tablel The average diameters of the Cu NPs synthesized with various
[Cu?*] and [Sapo]

Sample Diameter/nm
{0.1:0.1} 6+2
{0.2: 0.5} 8§+2
{04:1 842
{0.8:2} 842
{0.5: 0.5} 1342
{1:1} 13 +2
{2:2} 13+2

This journal is © The Royal Society of Chemistry 2017
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former was more plausible. Therefore, we concluded that the
diameter of the Cu NPs could be controlled not only with [Cu®*]
but also with the drip rate during sample preparation.

Dispersibility control of Cu NPs by microscopic aggregation of
Sapo

Unlike {0.5: 0.5} of Cu-Sapo, {2 :2} was separated into two
phases after keeping the solution unstirred for 1 day. We then
examined the effects of [Cu**] and [Sapo] on the dispersibility of
Cu-Sapo, as shown in Fig. 3. It was found that Cu-Sapo was
stably dispersed regardless of [Sapo] at [Cu®*'] = 1 mmol L7,
while it flocculated spontaneously at [Sapo] = 2 ¢ L' when
[Cu®"]was relatively high. In {2 : 2}, {2 : 3}, and {2 : 4}, the upper
layer was totally colorless and transparent, while the lower layer
was red. As expected, the SPR band of the Cu NPs was not
observed in the UV-vis-NIR absorption spectrum of the upper
layer, as shown in Fig. S7.f Thus, Cu-Sapo was found to be
flocculated. It should be noted that the flocculates were not
precipitates, because they were transiently stable when the
phase-separated solution was stirred. In other words, the stirred
solution could be handled as a stable dispersion, because the
flocculation took more than 1 h.

Since the average diameter of the Cu NPs in {2 : 2} was the
same as that in {0.5 : 0.5}, the dispersibility of the Cu NPs could
be controlled without changing their average diameter. In
addition, because large flocculates were observed with the
naked eye, the Sapo aggregates were expected to be relatively
large. Indeed, the DLS measurement revealed that the size of
{2 : 2} was larger than 10 pm. We note that the size was much
larger than that of {0.5:0.5} at 560 nm. Therefore, we
concluded that the dispersibility of the Cu NPs was controlled
by the size of the Sapo aggregates without changing the average
diameter of the Cu NPs.

(a) (b) (c) (d)
— !
(f)

(g) (h)
Fig. 3 Photographs of (a) {1: 2}, (b) {2:2}, (c) {3:2}, (d) {4:2}, (e)
{1:1, (0 {1:2}, (9 {1:4}, and (h) {1: 6}.
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Fig. 4 Dispersion-state phase diagram of Cu—Sapo. Symbols O and
x represent ‘dispersed’ and ‘flocculated’, respectively, when the
photoirradiated solution was kept unstirred for 1 day. The dotted and
broken lines represent 100% and 50% of Cu* against the CEC of Sapo.

Fig. 4 shows a dispersion-state phase diagram of Cu-Sapo. At
[Cu®>] =1 mmol L™, Cu-Sapo was stably dispersed regardless
of [Sapo]. In contrast, it was mostly flocculated at [Cu®']
=2 mmol L™ '. The fact that Cu-Sapo was not flocculated
regardless of [Sapo] at [Cu**] =1 mmol L™ seems rather pecu-
liar, because the Cu NPs were dispersed in the presence of
negatively charged Sapo nanosheets and cations for charge
compensation, which should be regarded as a salt to induce the
flocculation of general colloidal NPs. We assume that the
adsorption on Sapo enabled the Cu NPs to be stably dispersed
even at high [Sapo]. In other words, the aggregation of Sapo was
induced by the Cu NPs. In addition, the DLS measurement
revealed that the Sapo aggregates were relatively small at low
[Cu®"], suggesting that the extent of aggregation of Sapo was
low, resulting in the stable dispersion of Cu-Sapo. In contrast,
larger Sapo aggregates were formed at high [Cu®"], followed by
the flocculation of Cu-Sapo, probably because the presence of
more Cu NPs caused the Sapo nanosheets to aggregate enough
to cause macroscopic flocculation. Also, because Cu-Sapo was
stably dispersed in {2 : 0.5} and {2 : 1} but flocculated in {2 : 2},
it was suggested that the more nanosheets there were, the larger
the aggregates became, resulting in macroscopic flocculation at
high [Sapo]. Therefore, we concluded that the dispersibility of
Cu-Sapo was controlled predominantly by [Cu®‘] without
changing the diameter of the Cu NPs, and the adsorption of the
Cu NPs on Sapo enabled Cu-Sapo to be stably dispersed even at
high [Sapo] if [Cu®*] was low.

Preparation of Cu-Sapo film from the flocculates

To prepare the Cu-Sapo film, the flocculates were filtered, as
shown in Fig. S8(a).t Because the Cu NPs were obtained not as
a precipitate but as transiently dispersed flocculates, filtration
was needed to concentrate the Cu-Sapo, contrary to the
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electroless deposition reported previously.***” The paste was so
viscous that it did not drop even when it was turned upside
down, as shown in Fig. 5(a). The collection rate of Cu-Sapo by
filtration was 88 wt%, suggesting that the Cu NPs could be easily
collected as flocculates. In contrast, the filtrate was colorless
and transparent, as shown in Fig. S8(b).T Because no SPR band
was observed in the UV-vis-NIR absorption spectrum of the
filtrate shown in Fig. S9,} it was found that the Cu-Sapo floc-
culates could be concentrated efficiently as a paste.

Fig. 5(b) shows a Cu-Sapo film obtained from the paste in
{2 : 2}, whose preparation using the paste is described in the
Experimental section. The film was bright red, like the floccu-
lates, suggesting that the Cu NPs were not aggregated in the clay
matrix. Indeed, no aggregation of Cu NPs with a similar diam-
eter to those before filtration was observed in the TEM image
prepared by casting a small amount of the paste on a grid fol-
lowed by drying under N, atmosphere, which is shown in
Fig. 5(c). Fig. 5(d) shows a transmission spectrum of the central
part of the film. Because no shoulder peak was observed on the
long-wavelength side of the SPR band at 560 nm, it was
confirmed that the Cu NPs were not aggregated in the film. In
addition, the SPR band was not shifted from that measured for
the solution. This fact also confirms that non-aggregated Cu
NPs with the same diameter are distributed in the film. All these
facts should originate from the isolation of the Cu NPs with the
clay matrix. Thus, it was found that the optical properties of the
Cu NPs were preserved in the photoinactive clay film. Further-
more, the content of the Cu NPs in the film could be changed
easily from 1.6 wt% in {2 : 8} to 34 wt% in {4 : 0.5}. These values
were calculated based on the facts that Cu®" was completely
reduced to Cu’, and that all the Cu NPs and Sapo aggregates
were contained in the residue, both of which are supported by
Fig. S7 and S9.f Compared to general polymer-grafted NPs, the

(b)

|
1cm
(d)
1
00 vl
2 90
8 sof
%’
70f
§
- 60 |
50 ; i .
50 nm 400 500 600 700 800

Wavelength / nm

Fig. 5 Photographs of (a) the Cu—-Sapo paste turned upside down,
prepared from the flocculates of {2 : 2} and (b) the film after drying, (c)
a TEM image of the film, and (d) the visible transmission spectrum of
the film.
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collection of Cu-Sapo and the preparation of the film by floc-
culation appears to be a simple method because the dis-
persibility of Cu-Sapo was controlled easily by [Cu®"].

It should be noted that flocculation played an important role
in preparing the film because the paste obtained by filtration
was viscous. For comparison, when the same experiment was
performed with a stable dispersion, such as {1 : 1}, the dripped
dispersion was sandwiched over the whole glass, and the size of
the film could not be controlled. In addition, since the disper-
sion could not be concentrated by filtration, the obtained film
was almost transparent. In other words, the Cu-Sapo film could
not be prepared substantially. Thus, it was found that the
spontaneous phase separation of the Cu-Sapo solution was
useful in preparing the film. In addition, the bright red film
could be redispersed in water, because Cu-Sapo existed as
flocculates rather than precipitates. This characteristic is based
on the hydrophilicity of Sapo. Therefore, we concluded that the
spontaneous phase separation of Cu-Sapo was useful in col-
lecting the Cu NPs efficiently on a macroscopic scale as a paste
or a film, where the Cu NPs were isolated in the clay matrix
without aggregation. We also believe that filtration and the
subsequent simple preparation method of the Cu-Sapo film are
useful both in restoring the Cu NPs and in applying them in
optical and catalytic materials.

Relationship between the dispersibility of Cu-Sapo and CEC
of Sapo

One may wonder about the effect of the added amount of Cu>*
on the CEC of Sapo, which represents the maximum amount of
cations that can be adsorbed. This was more than 100% in most
of the Cu-Sapo syntheses. For example, the added amount of
Cu*" was 250% of the CEC of Sapo in {0.5 : 0.5}. In other words,
40% of the Cu®** was adsorbed on Sapo, while the remaining
60% was dissolved in the solution. Indeed, when {0.5 : 0.5} was
kept unstirred before UV irradiation, the solution separated
into two phases, as shown in Fig. S10.1 Thus, it was found that
large Cu**-adsorbed Sapo aggregates were formed, resulting in
flocculation. The DLS measurement further confirmed this
finding, where the size of the Sapo aggregates before UV irra-
diation was larger than 10 pm. As well as the flocculates, the
supernatant was also investigated. Fig. S111 shows a UV-vis-NIR
absorption spectrum of the supernatant before UV irradiation.
A weak band was observed around 800 nm with an intensity of
0.005. Based on the facts that a band of Cu** was observed at
780 nm with an intensity of 0.010 for the pure copper acetate
solution without Sapo, as shown in Fig. S1(a),f and 40% of the
Cu** was adsorbed in the presence of Sapo, the obtained
intensity was consistent with the estimated value. The bath-
ochromic shift of the band is ascribed to a change in the
molecular interaction of Cu®" due to partial adsorption on Sapo.

Because of the excess amount of Cu®" in {0.5 : 0.5}, one may
suspect that Cu nanocrystals are formed not only on Sapo but
also in solution. In the latter case, secondary particles should be
formed, which were not observed in the TEM image. In addi-
tion, because the size distribution of the Cu NPs was relatively
monodisperse, it was suggested that photo-reduced Cu®" was

This journal is © The Royal Society of Chemistry 2017
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adsorbed on Sapo before overcoming the threshold for nucle-
ation, which was consumed during the growth of the existing
seeds produced from Cu®" on Sapo by the initial UV irradiation.
Furthermore, because Sapo becomes negatively charged again
by the reduction of Cu®* on Sapo, Cu®*" in the solution is
assumed to be subsequently adsorbed on Sapo and should be
consumed during the growth of the existing seeds on Sapo. The
photoreduction mechanism of Cu®" was discussed kinetically in
detail in our previous study.??

Conclusions

In the present study, Cu nanoparticles were synthesized on
saponite by an environmentally friendly photoreduction
method. The obtained Cu nanoparticles contained no oxides
and were stable under N, atmosphere. The diameter could be
easily controlled from 6 to 24 nm with [Cu®"] and the drip rate of
copper acetate solution. In addition, the dispersibility of the Cu
nanoparticles was controlled mainly with [Cu®"] without
changing the diameter of the Cu nanoparticles, and the size of
the saponite aggregates was found to play an important role.
The Cu nanoparticles could be collected from the flocculates by
filtration, and the film was prepared from the obtained paste,
where the Cu nanoparticles were distributed in the clay matrix
without aggregation. By combining the above results, we
established a synthetic method for protectant-free pure Cu
nanoparticles, where not only the diameter but also the dis-
persibility could be controlled, and which has the potential to
further applications in functional materials.
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