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The formation mechanism of Ag nanoparticles (NPs) synthesized with a wet-chemical reduction
method using sodium acrylate as dual reducing and capping agents was investigated with various
analytical techniques. The time course of state of the reaction solution was investigated using UV-
vis and XAFS spectroscopies which showed that the NP formation rate increased with increasing
concentration of sodium hydroxide (NaOH). The detailed kinetic analyses reveal that both the
reduction rate of Ag ions and the nucleation rate of Ag NPs are dramatically increased with
increasing the NaOH concentration. XANES analyses imply that another reaction pathway via
alternative Ag" species, such as Ag(OH),, was developed in the presence of NaOH. Consequently,
NaOH is found to play an important role not only in creating specific intermediates in the
reduction of Ag" to Ag®, but also accelerating the reduction and nucleation rates by enhancing the
oxidation of sodium acrylate, thereby increasing the rate of formation of the Ag NPs.

Introduction

A wet chemical reduction method has been widely employed
for the preparation of highly dispersed nanoparticles (NPs),
because it is relatively simple and has wide applicability in
synthesis of various types of NPs. The synthetic procedure
involves the reduction reaction of one or more metal
precursors in the presence of capping ligands using a reducing
agent such as hydrogen, formaldehyde, sodium borohydride,
hydrazine or y-irradiation. Some organic materials such as
poly(allylamine) (PAAm), poly(N-vinyl-2-pyrrolidone) (PVP),
poly(vinyl alcohol) (PVA), poly(sodium acrylate) (PSA),
poly(ethylene glycol) (PEG), citric acid, ascorbic acid, and
glucose have been employed as dual active agents,' serving as
both reducing and capping agent in the method.

Many researchers have focused on the control of NP size
and shape, because these have a strong relationship with the
properties, for example as catalyst, magnetic devices,
biosensors, and so on. There are several successful reports on
the synthesis of NPs which show the effect of solvent
polarity,® shape directing agents,® or mixing ratio of metal
precursor to stabilizer,® on the metal NP formation. Although
the relationships between the synthesized metal NPs
morphology and preparation conditions have been gradually
clarified, it is still difficult to design a novel synthetic
methodology in a rational manner to obtain highly uniform
and size/shape controllable metal NPs. This is mostly because
the NP formation process is generally governed by an
instantaneous nucleation process followed by crystal growth.
The nucleation and growth rates nonlinearly depend on the
supersaturation of atoms, and have a profound effect on the
mean size, size distribution and morphology of the resulting
NPs. This means that the control of supersaturation of atoms
is crucially important to obtain highly monodisperse and
shaped NPs. The supersaturation of atoms is closely related to
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the reduction rate of ions, complexation ability of capping
ligands with metal, and solubility and stability of
intermediates. It remains a mystery how intermediates are
formed during the reaction and how they affect the reaction
kinetics.

The X-ray adsorption fine structure (XAFS) method is a
valuable technique for providing information of the dynamic
aspect of the particle formation. Regarding the formation
mechanism of highly monodisperse NPs, Polte and coworkers
investigated the Au NP formation process by XAFS and
small-angle X-ray scattering (SAXS) methods using
synchrotron radiation, and they found that the Au NPs were
formed over a four step mechanism as follows: fast initial
nucleation, coalescence of the nuclei into bigger particles,
slow further growth, and fast final growth.” Harada et al.
studied the formation mechanisms of Rh, Pd, Ag, Au, and Pt
NPs synthesized by photoreducing metal ions in an aqueous
ethanol solution and they found that the type of formed seed
and/or intermediates during reduction were strongly related to
the formation kinetics of NPs.® Very recently, we investigated
the formation mechanism of Cu NPs using the in situ XAFS
method with other supporting techniques, and proposed that
the role of PVP in the Cu NP formation is primarily as a
stabilizer, not only for the formed NPs but also for
intermediates such as Cu' ions and Cu hydroxides, which
prolongs the lifetime of Cu” ion and reduces the
supersaturation of Cu’ species, during the course of the
reaction.”

Ag NPs are one of the most attractive materials for electric
devices, catalysts, antibacterial agents, fluorescent labels and
bio/chemical sensing applications. Recently, we developed a
synthetic methodology towards fine Ag NPs with narrow size
distribution using sodium acrylate as dual reducing and
encapsulating agent (See Electronic  Supplementary
Information (ESI)t, Fig. S1).* In our own synthesis approach
to Ag NPs, the addition of NaOH is known to have a large
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impact on the reaction kinetics of particle formation, and is
thought to be the key factor in regulating the monodispersity
of the resulting Ag NPs. However, until now, the formation
mechanism has not been well understood. Although some
people have studied the formation process of Ag NPs
synthesized in different ways using UV-vis spectroscopy,’
there have been no detailed reports on the effect of alkaline
agent on the reaction kinetics. Therefore, in this paper, we
present a study on the role of NaOH in the formation of Ag
NPs using the in situ XAFS method in combination with other
observation techniques.

Experimental Section

The Ag NPs were synthesized with a wet-chemical reduction
method reported by Mott et al.® with some modifications.
Silver nitrate (AgNO3) and sodium acrylate (SA) were used as
a precursor and dual reducing/capping agent, respectively.
First, a 0.83 mM solution of AgNO; was prepared, then
sodium hydroxide (NaOH) was gradually dropped into the
solution with stirring at room temperature. Second, 5 mL of
50 mM SA was added to the above solution. The prepared
solution consisted of AgNO;/NaOH/SA with molar ratios of
1/x/6.7 in 50 mL water, where x was varied in the range of 0-
3.6. The solution was refluxed in a two-neck round-bottom
glass flask at 373 K under an Ar atmosphere. The solution was
sampled several times during the reaction using a clean glass
pipette at various times after the start of refluxing at 373 K.
The sampled liquid was rapidly-quenched and immediately
used for ex situ characterizations.

X-ray diffraction (XRD) patterns of solid materials were
obtained in reflection geometry using an X-ray diffractometer
(Rigaku, RINT2000) at room temperature with Cu Ka
radiation (wavelength, 1.542 A; step width, 0.02°). The
sample was prepared by centrifuging the solution followed by
drying in vacuo.

The mean size, size distribution and morphology of NPs
were examined using a Hitachi H-7100 transmission electron
microscope (TEM) operated at 100 kV. TEM samples were
prepared by dropping the reaction solutions onto carbon-
coated copper microgrids followed by drying in vacuo.

UV-vis spectra were recorded with a Perkin-Elmer
Lambda35 spectrometer at room temperature. After the
sampling, the solution was diluted to eight times with highly
purified water for measurement.

XAFS was obtained at BLOIBI1 in SPring-8 (proposal No.
2010A1598). The Ag-K edge (Ka; 22.16 keV) XAFS spectra
were measured with a fluorescence method using a multi-
element solid state detector (SSD). The synchrotron radiation
beam was monochromated using Si(311) single crystal. The
obtained spectra were treated with count loss correction
before analyzing. The k’-weighted extended XAFS (EXAFS)
functions [ky(k)] were obtained from normalized EXAFS
spectra, and Fourier-transformations (FT) were performed
within the range Ak =3-11 A™".

Results and Discussion

Visual inspection of the reaction solutions

90 associated with different types of adsorbates

The colorless AgNO; aqueous solution gradually became a
yellow cloudy solution during addition of NaOH at room
temperature. After that, the injection of SA aqueous solution
caused no change in the color. Next, during temperature

6 ramping from room temperature to reflux, the prepared

yellowish solution transformed to a paler yellow shade. The
color changes of the solutions over time during the reaction
after the start of refluxing at 373 K shows the differences in
the case of using x = 0, 1.1, or 3.6 (Fig. 1). The color of the

6s solutions gradually became deep yellow color via a dark blue

color (through transmitted light) despite the amount of NaOH
added. Hyning and coworkers also reported that a dark yellow
solution was obtained before a lighter yellow solution in the
formation process of Ag NPs reduced by borohydride, and

70 they suggested that the dark yellow solution occurred due to

the composition and prismatic qualities of reduced silver.'
Yin et al. also reported a similar color transition in their
work.'" According to these reports, our dark blue (transmitted
light) solutions also indicated the existence of small reduced

75 Ag NPs in the formation process. Comparing the color of the

solution after 30 min refluxing, the solution synthesized with
a high amount of NaOH took on a more deep yellow color
than others. It seems that the reduction pathways were not
drastically changed, although the rate of reduction is highly

so affected by the amount of NaOH added in the synthesis.

Time evolution of absorption spectra of reaction solutions

Figure 2 shows the UV-vis spectra of the solutions after
sampling in the cases of x = 0, 1.1, and 3.6. The absorbance
peak around 405 nm corresponds to the surface plasmon

ss resonance (SPR) band derived from Ag NPs which possess a

small spherical structure (ca. 3—10 nm).'? In the case of Ag
NPs, the intensity of the SPR band is directly related to the
amount and size of synthesized Ag NPs, and the SPR peak
wavelength is related to the electron density which is
1314 or particle
size and shape.'> Moreover, initial oxidation of surface silver
atoms also causes a red shift of the SPR peak because of
removal of electron density from the particle surface.'"'*
From TEM and XAFS analyses (vide infra), the synthesized

os Ag NPs after 60 min refluxing were largely composed of

20 min

30min  60min  90min 120 min

20 min 30min  40min  50min 60 min

Fig. 1 Time evolution of the color of the reaction solution in the cases of
x=(A)0,(B)1.1,and (C) 3.6.
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Fig. 2 Time evolution of UV-vis spectra of the reaction solution in the
cases of x = (A) 0, (B) 1.1, and (C) 3.6. The insets emphasize the shift of
SPR peak wavelength as a function of refluxing time.
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spherical Ag metal NPs with narrow size distribution (ca. 2—6
nm). Therefore, a blue shift in the SPR peak from 420-430
nm to 405-410 nm observed at an early stage of reaction in
the cases of x = 1.1 and 3.6 (Insets of Figs. 2B and 2C)
indicates that the surface of small Ag seeds (such as clusters)
is initially oxidized, and then, the conversion of surface oxide
layer to Ag metal gradually occurred during refluxing. There
is no red shift of the SPR peak wavelength during refluxing
while the SPR peak intensity increases with extending the
time of refluxing. Thus, the aggregation and further oxidation
of synthesized Ag NPs could be ruled out during refluxing in
water while the amount of Ag NPs increased in the solution.
In the case of x = 0, the same tendency is also observed,

however the SPR peak intensity is quite small as shown in Fig.

2A. It is evident that the reaction rate is clearly different from

25
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Fig. 3 Time evolution of SPR intensity in the cases of x = 0 (x-mark), 0.4
(diamond), 1.1 (triangle), 1.8 (square), and 3.6 (circle). Solid lines
represent the calculation results (vide infra).

the case of x # 0. The SPR peak intensity after 60 min
refluxing in the case of x = 3.6 is much higher than those of x
= 1.1 and 0. The positive correlation between x and the SPR
peak intensity is clearly observed in all conditions (ESI, Fig.
S2). It seems that NaOH has a large impact on the reaction
kinetics of Ag NP formation, and causes an acceleration of the
Ag NP formation when using dual active SA in water.

To evaluate the reaction kinetics during the Ag NPs
formation using various amounts of NaOH, the changes in the
intensity of the SPR band at 405 nm (/spg) was plotted as a
function of refluxing time (Fig. 3). In the case of x = 3.6, Ispr
gradually increases from 0-20 min refluxing, and
exponentially rose after 20 min refluxing. Therefore, there is
an induction period in the initial stage of the reaction within
20 min time. In the cases of x = 1.8 and 1.1, a similar behavior
is observed, i.e., an induction period within 20 min followed
by exponential increase. However, the rate of exponential
increase (after 20 min) slightly descended with decreasing x.
When x < 1.1, no exponential increase is observed, and thus,
the induction period is indefinable. Even in the case of x = 0,
however, a weak SPR band was seen after 60 min refluxing as
shown in Fig. 2A, indicating that even in the absence of
NaOH Ag NPs were formed, although only in small amount.
In a separate study, a similar result was reported with respect
to the Ag NPs formation,” and it was proposed that small
seeds of Ag” were formed during the first reaction step. These
results indicate that Ag NPs gradually formed by refluxing the
solution despite the amount of NaOH added, though the
formation rate of Ag NPs strongly depends on the NaOH
concentration. This suggests that NaOH accelerates the
reduction reaction of Ag' ions and/or the nucleation of Ag
NPs.

Structural characterization of products

Figure 4 shows the TEM images of the samples after refluxing
for 60 min in the cases of x = 0, 1.1 and 3.6. Many small NPs
(ca. 2—6 nm) and a few large NPs (ca. 12 nm) can be seen in
all images. The particle size distributions of all samples are
almost the same and the mean diameter is ca. 3.5 nm. In the
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case of x = 3.6, however, a small amount of large particles (ca.
12 nm) are formed as shown in Fig. 4C. Wang et al. studied
the synthesis of PVP-capped Ag NPs using glucose and NaOH,
and they observed that the NaOH had an adverse effect on
particle agglomeration.'® The large NPs observed in Fig. 4C
might be produced by enhanced crystal growth and/or
agglomeration of primary NPs. Though some large NPs were
observed in all cases, no red shift in the SPR peak wavelength
was detected during formation process (see the inset of Fig. 2).
These results indicated that the number density of large NPs is
negligible.

One question is why do the size distributions after 60 min
refluxing show a similar tendency regardless of x, which has a
major impact on the formation rate as discussed before. To
provide an answer to the question, the coordination numbers
(CN) of the samples after 60 min refluxing were estimated
with the EXAFS analyses (shown in a later section). The CN
is related to the mean diameter of NPs.'” For example, CN =
10 corresponds to a metal NP of approximately 35 A diameter
based on the cuboctahedron model. The CNs of samples
synthesized with x =0, 1.1 and 3.6 were CN = 0.7, 6.3 and 9.9,
respectively. This result indicates the mean diameters of Ag
NPs were below 35 A in all cases. The diameter estimated
from EXAFS analyses are averaged over all Ag atoms in the
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Fig. 4 TEM images of the samples after refluxing for 60 min in the cases

of x=(A) 0, (B) 1.1, and (C) 3.6. The lower graphs correspond to the size

distributions of NPs calculated from 800 randomly selected NPs from the
30 TEM images.
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solution. Thereby, these results imply that there are many
ultra-small Ag clusters and/or Ag complexes, which conduce
to small CNs, in all cases when comparing the mean sizes of
Ag NPs estimated from TEM images.

35 The intensity of the SPR band for x = 3.6 after 60 min
refluxing was 146 times higher than that of x = 0 (Fig. S2).
Considering these results, the existence of small Ag’ seeds
(clusters and/or complexes), which could not be -easily
observed with TEM, were created in all conditions.

40 Furthermore, in the case of x = 0, the fraction of Ag0 seeds
seems to be much higher than those of x = 1.1 and 3.6.

Kinetic rate consideration of Ag NP formation process

To consider the effect of NaOH, the rate of Ag NPs formation
is analyzed based on a reaction kinetics study. For simplicity,

45 in the reaction we assumed only reduction of Ag’ ions and
nucleation of Ag’ neglecting the crystal growth. In our
particular syntheses, the mean size of Ag NPs is unaffected by
NaOH concentration (see Fig. 4), suggesting that the
formation of NPs is dominated only by the nucleation process.

so Hence, the formation process of Ag NPs can be written by the
following two-step reactions,

ky N AgO

Ag’ )

0 k, N
nAg Ag, 2)

where k; and k, are overall reduction and nucleation rates,
ss respectively. The rate equations can be expressed as

d[Ag’]

+ 0
~ = hilAg ImnkolAg I

3)

dlAg,]

= ky[Ag"]" @)

According to the results of XAFS analyses and TEM
observations, there seems to be two main states of Ag
o intermediates, i.e., Ag' complexes (molecular state) and/or
Ag’ seeds (solid state) (vide infra). In general, the SPR
intensity of metallic NPs is proportional to the cube of the NP
diameter. Therefore, the contributions of Ag" complexes and
ultra-small Ag clusters to the SPR intensity is negligible. The
es SPR intensity can be assumed to be proportional to the
number of Ag NPs (/spg oc [Ag,]), because the crystal growth
has been neglected. In Fig. 3, the best fit curves obtained
using Egs. (3) and (4) are plotted as solid lines. As a result of
the fitting, we observed that k; and k, increase with increasing
70 the NaOH concentration, while n decreases with increasing
the NaOH concentration (Fig. S3). This result clearly
indicates that both the reduction reaction of Ag' and the
nucleation of Ag NPs are simultancously accelerated by
NaOH. The chemical picture of the enhancement effect of the
75 reaction rates will be discussed later.

Evaluation of XAFS spectra during Ag NP formation

To evaluate the state of Ag species at different points in the

4 | Journal Name, [year], [vol], 00—00
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reaction, the solutions collected by sampling were analyzed exhibits a peak at 2.7 A (Ag-Ag) (Fig. S4B). At ¢ = 0, only the
with the XAFS technique. Fig. 5 shows the X-ray absorption case of x = 3.6 shows a significant |FT| peak at 1.6 A
near-edge structure (XANES) spectra as a function of corresponding to the Ag,O particles [Fig. 6C(i)], in which
refluxing time, ¢, in the cases of x = 0, 1.1 and 3.6. The 35 both cases of x =0 and 1.1 do not show a Ag-O peak at =0
XANES spectra of reference materials such as Ag foil, Ag,O [Figs. 6A(i) and 6B(i)]. Note that both cases of x = 1.1 and 3.6
powder, and AgNOj; (aq.) are shown in Fig. S4. The XANES before starting reflux indicated the Ag-O peaks as shown in
spectrum at ¢ = 0 in the case of x = 0 is almost identical to that Fig. S7. Hence, the formed Ag,O NPs before heating might
of AgNO; [Fig. 5A(i)]. On the other hand, the XANES change into small Ag NPs or redissolve during the ramping of
spectrum at ¢ = 0 in the case of x = 3.6 exhibits a two-humped 4 temperature in the case of x = 1.1. As shown in Fig. 6A, the
10 peak that is characteristic of Ag,O [Fig. 5C(i)]. According to case of x = 0 exhibits no significant peak during refluxing. On

by

[

the previous research, Ag' ions were unstable in alkaline the other hand, the cases of x = 1.1 and 3.6 exhibit some
conditions (pH > 10.5) and were converted to insoluble Ag,O characteristic peaks as shown in Figs. 6B and 6C. In the case
particles.'® In our reaction conditions, the pH of the solution of x = 1.1, the Ag-Ag peak gradually increased after 40 min

before refluxing is over 10.4 when x > 1.1 (Fig. S5). s refluxing [Fig. 6B(v)-(ix)]. In the case of x = 3.6, the Ag-Ag
15 Furthermore, the yellow color, XRD patterns and XAFS peak intensity increased with decrease in the Ag-O peak

iy

spectra of the samples before heating indicate the presence of intensity as shown in Fig. 6C. This suggests that excess Ag,0O
Ag,0 phase (Figs. S6 and S7). Therefore, we can conclude particles remained in the solution at # = 0 due to the presence
that Ag,O species were formed in the presence of NaOH, of much NaOH, and they were gradually transformed to Ag
which serves as an alternative precursor accelerating the s metal NPs during refluxing. According to these results, one of
 reduction reaction of Ag” to Ag’. the roles of NaOH in the reaction is the production of
Taking a look at the time variations of XANES spectra, insoluble Ag,0, which creates another reaction pathway for
there were few qualitative differences in the case of x = 0 (Fig. formation of the Ag NPs with a much faster rate.
5A). In the cases of x # 0, the XANES spectra gradually The transformation of the [FT| peak height at 2.7 A, which

changed from a dampened structure to an undulated structure ss corresponds to the total number of Ag-Ag bonds in the system,

with increasing reflux time (Figs. 5B and 5C). This behavior were plotted as a function of refluxing time (Fig. 7). The peak

indicates that the reduction from AgNO; or Ag,0 to Ag metal height increases for extended refluxing, and the rate of

is promoted by addition of NaOH, and the reduction rate increase positively correlates to x. These tendencies

depends on x. correspond to the results from UV-vis spectra (Fig. 3). These
To deeply elucidate the formation mechanism of Ag NPs, « results strongly suggest that the reaction pathway is not only

% the time courses of |[FT| of k’y(k) is plotted in Fig. 6. It is straightforward (i.e. directly via AgNO; to Ag NP) but also
known that Ag,O has a peak at 1.6 A (Ag-O), while Ag metal
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Fig. 5 Time course of XANES spectra taken at (i) 0, (ii) 10, (iii) 20, (iv) 30, (v) 40, (vi) 50, (vii) 60, (viii) 90, and (ix) 120 min after starting reflux in the
cases of x = (A) 0, (B) 1.1, and (C) 3.6.
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Fig. 6 Time course of |FT| taken at (i) 0, (ii) 10, (iii) 20, (iv) 30, (v) 40, (vi) 50, (vii) 60, (viii) 90, and (ix) 120 min after starting reflux in the cases of x =
(A)0,(B) 1.1,and (C) 3.6.

s occurs via the Ag,O intermediate (at least in the case of x =
3.6), which was created with NaOH. Evanoff et al.
synthesized Ag NPs with hydrogen reduction of Ag,O, and 20 To clarify the intermediate state, the observed XANES spectra

XANES study over the Ag NP formation

reported that Ag,O as a precursor was more easily reduced were deconvoluted using the reference spectra. Using
than AgNO;."” Guang-nian et al. proposed that the difference Ockham’s razor as an initial concept, we deconvoluted the
10 in reducing rate between Ag,O and AgNO; was due to the observed XANES spectra with AgNO; (aq.) and Ag foil
presence of NO;.*° However, neither of these studies spectra. If the least square error is always less than a threshold
mentions the complex intermediate formation observed in our 25 value for the cases of # = 0, 30 and 60 min, we did not add

own synthetic approach. another reference spectrum for the deconvolution. The least
square error, R, is given as

12 S(x . —Zp x )2
. X.)
R= obs . i 5)
)
Xobs

where X5, X; and ¢; are observed XANES spectrum, XANES
30 spectrum of the i-th reference and contribution ratio of the i-th
reference, respectively. Note that i = 1 and 2 represent AgNO;
(aq.) and Ag foil spectra, respectively. The threshold value,
Ry, is defined as 0.025. If R > Ry, we added the Ag,O
spectrum as a third reference spectrum (i = 3) for the
deconvolution.
T T T Figure 8 shows the results of the deconvolution of XANES
0 20 40 60 80 100 120 spectra. In the cases of x = 0 and 0.4, the observed spectra
Refluxing time / min could be well reproduced using two reference spectra (AgNO;

15 . _
Fig. 7 Time evolution of the height of [FT| at 2.7 A in the cases of x =0 (ag.) and Ag foil) (R = 0.015-0.022). In the cases of x > 1.1,

(x-mark), 0.4 (diamond), 1.1 (triangle), 1.8 (square), and 3.6 (circle). 40 AgNOj; (aq.) and Ag foil reference spectra were not enough to
reproduce the observed spectra (i.e. R > Ry,) especially at an

earlier stage of reaction as shown in Fig. 8C-E. Therefore, the

Peak height at 2.7A

3

by
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Fig. 8 The observed and reconstructed XANES spectra at ¢ = (i) 0, (ii) 30, and (iii) 60 min in the cases of x = (A) 0, (B) 0.4, (C) 1.1, (D) 1.8 and (E) 3.6.
Black circles represent the observed XANES spectra. Red curves correspond to the sum spectra of AgNO; (aq.) and Ag foil (¢p1.X;+¢:X3). Yellow curves
correspond to the sum spectra of AgNO; (aq.), Ag foil and Ag,O (¢ X1+ X0+ X3)
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Fig. 9 Time evolution of the fraction of each Ag species () in the cases of x = (A) 0, (B) 0.4, (C) 1.1, (D) 1.8, and (E) 3.6. Open squares, filled circles
and filled triangles correspond to ¢ [Ag+ (AgNOs origin)], ¢, (Ag metal) and ¢ [Ag" (Ag,O origin)], respectively.

Ag,O reference spectrum was taken into account. This
10 assumption is reasonable because the XRD and EXAFS

results clearly showed the existence of Ag,O due to addition

of a large amount of NaOH as noted before. As a result, the

observed spectra could be well reproduced using three

reference spectra (AgNO; (aq.), Ag foil and Ag,0O) in the
1s cases of x > 1.1 (R = 0.011-0.022).

Figure 9 shows the time evolution of ¢; during refluxing. In
the case of x = 0, the transformation from Ag' to Ag metal
rarely happened as seen in Fig. 9A, indicating that the
reduction reaction from AgNO; to Ag’ NPs is a very slow

20 process. In the case of x = 0.4, the reduction gradually
proceeds to form trace amounts of Ag metal (Fig. 9B). In
contrast, in the cases x = 1.1 and 1.8, the fraction of Ag,O
species (¢3) is the highest at ¢ = 0, and the fraction of Ag"
(AgNOs3) (@) increase with decrease in @3 at 0 < ¢ < 20 min

»s for x = 1.1 and at 0 < ¢ < 40 min for x = 1.8. This implies the
transformation of solid Ag,O to Ag', which has similar
electronic structure to AgNO;, takes place at the initial stage
of refluxing (Figs. 9C and 9D). After the initial increase, ¢,
starts to decrease. At the same time, ¢, (Ag metal) starts to
drastically increase. The transformation from Ag,0 to Ag"
and the reduction from Ag,O to Ag metal seem to be
competitive. In the case of x = 3.6, ¢; is more than 90% at ¢ =
0 and ¢, maintains a low value throughout the reaction (Fig.
9E). This result seems to suggest that the reduction from
s AgO to Ag metal are dominant compared to the

transformation from Ag,0 to Ag’. Importantly, the reduction

rate notably increases with increase in x. The question arises

here, why does the reduction rate of Ag" to Ag’ increase with

increasing x if Ag" species created by redissolution of Ag,0
40 are the same as AgNO;? According to the aforementioned
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results, we speculate that an alternative Ag' intermediate,
which is of a different type from AgNO; species, would be
created in the reaction system when the NaOH concentration
is high enough, because the rate of reduction reaction via
AgNO; to Ag NPs seems to be much slower than that of via
Ag,0 as discussed in detail later.

Proposed mechanism for the Ag NP formation

Here we summarize the following three important
experimental facts: (1) insoluble Ag,0 particles are formed in
the presence of NaOH at room temperature and the
concentration of Ag,O increases with increasing the NaOH
concentration (x), (2) Ag,O particles redissolve during the
heating (ramping of temperature and refluxing) creating Ag"
species, which has similar electronic structure to AgNO;, and
(3) both the reduction reaction of Ag" and the nucleation of
Ag NPs are simultaneously accelerated by increasing x.

In general, the state of complex and its reduction potential
are varied depending on pH value.?' For example, Au(III) or
Pt(IV) complexes have different ligand-mediated structures
depending on pH, and the reaction rates of the complexes to
form NPs strongly depend on the molecular structures.?
Wang et al. reported that a Ag(OH) intermediate existed in the
solution in the presence of NaOH.”? The formation of
Ag(OH), through hydrolysis of Ag,O was also proposed in the
previous reports.'”** Considering the previous studies, Ag"
species created by redissolution of Ag,O in our own
experiments is in the form of Ag(OH), such as Ag(OH) and
Ag(OH),”. Scheme 1 illustrates the proposed reaction
pathways for the Ag NPs formation using SA as dual reducing
and capping agents. According to a wide range of
experimental results, we conclude that the following two
reaction pathways exist in the system depending on x: (1)
direct reduction of Ag" (AgNO; origin) to Ag’ followed by
nucleation to form Ag NPs and (2) reduction of Ag(OH),,
which is formed from Ag,O under alkaline conditions, to Ag"
followed by nucleation to form Ag NPs.

By the way, primary and secondary alcohol and aldehyde
groups have been extensively used as a reducing agent in
conjunction with base.”® These functional groups are widely
known as sacrificial oxidation agents by inducing the
abstraction of H' under alkaline condition.?® Based on this
fact, the reducing ability of SA is likely to be affected by
NaOH. Carboxylic acid and salt, and amine groups also have
been applied as a reducing agent.?” Hoppe et al. suggested that
the PVP degradation to the H' and oxidation products after
heating was observed.”® The same phenomena were also
suggested using ethylene glycol,” block-copolymer,*
ascorbic acid,’' vinyl group,*? and N, N-dimethylformamide
(DMF)*? in the presence of alkaline additive. Therefore, these
compounds act as a reducing agent in compensation for the
oxidation of themselves. According to these results, NaOH
might increase the reducing speed by accelerating the
oxidation of the polymer by reducing the formed H'. The
observation of the decrease in the pH of the reaction solution
after 60 min refluxing (Fig. S5) is presumably due to the
formation of H" with oxidation of SA. It is known that an
increase in H' concentration causes depression of reducing
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Scheme 1. Reaction Scheme for the Ag NP Formation

activity of organic compounds in the case of the reducing
reaction eliminating H'.*' This is because the standard redox
potential is varied by pH. Therefore, it is highly possible that
the reducing ability of SA is enhanced with increasing x.

In summary, there seems to be three possible reasons why
both the reduction reaction of Ag" and the nucleation of Ag
NPs are simultaneously accelerated under alkaline condition.
The first possible reason is that the reduction reaction takes
place at the solid-liquid interface. The surfaces of solid Ag,O
particles are converted to Ag(OH), during the ramping of
temperature, and then, the reduction of Ag(OH), by SA occurs
on the Ag(OH), surface followed by nucleation to form Ag
NPs. The second possible reason is that the reduction rate
constant itself of Ag(OH), is much higher than that of AgNO;
even under the same conditions. The third possible reason is
that the reducing ability of SA is enhanced with increasing pH.
These might affect the reaction kinetics synergistically and
the formation rate of Ag NPs dramatically increases with
increasing the NaOH concentration.

Conclusions

The role of NaOH on the reaction kinetics of Ag NPs
formation were investigated using a wide variety of
experimental/analytical ~ techniques  including  UV-vis
spectroscopy, TEM observation, XRD measurements, XAFS
spectroscopy, and kinetic analyses. All results clearly indicate
the of Ag,0 and Ag(OH), as alternative
intermediates when the NaOH concentration is high, which do
not exist in the absence of NaOH. The possible reasons why
the NaOH markedly accelerates the formation process of Ag
NPs are found to be as follows: (1) the solid-liquid interface
reaction, (2) the higher reduction rate constant of Ag(OH)j,
and (3) the enhanced reducing ability of SA. Due to the
dramatic increase in the reduction rate of Ag’, the extremely-
high supersaturation could be achieved on/near the surface of
Ag,0 particles. As a result, the nucleation rate of Ag NPs is
also significantly increased. The Ag nuclei diffuse into the
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bulk solution. Presumably, due to a huge difference in the
reduction rates between AgNO; in bulk solution and Ag(OH),
on/near the surface of solid Ag,0, the nucleation and growth
processes might be separated autonomously. The clear
separation between nucleation and growth processes might be
a reason why the monodispersity of Ag NPs synthesized our
own scheme becomes exceptionally high.
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