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Synthesis of large gold nanoparticles with
deformation twinnings by one-step seeded
growth with Cu(i)-mediated Ostwald ripening
for determining nitrile and isonitrile groups+
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In this work, uniform and large gold nanoparticles (Au NPs) including quasi-spherical (QS) Au NPs with
average diameters of 70 to 196 nm and trisoctahedral (TOH) Au NPs with average diameters of 140 to
195 nm were successfully synthesized by controlling the concentration of Cu?* ions and the particle
number of 3 nm Au-NP seeds, respectively, using a one-step seeded growth method with Cu?*-mediated
Ostwald ripening. It is found that because of the concentration-dependent under-potential deposition of
Cu?* ions (Cuupp), 3 Nm Au-NP seeds are firstly changed into Au NPs with a controlled QS- or TOH
shape at the initial growth stage, followed by the conformal growth of Au atoms onto the initially formed
Au NPs due to Cu?*-mediated Ostwald ripening, in which the extra Au atoms come from the dissolution
of in situ Au nuclei by the unavoidable self-nucleation. Moreover, the as-prepared QS Au NPs with a
rough surface exhibit a better SERS performance for physically adsorbed probes (crystal violet, CV) than
the TOH Au NPs with sharp tips and with a comparable size. Furthermore, the as-prepared QS Au NPs
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can be used to distinguish nitrile and isonitrile groups by surface-enhanced Raman scattering (SERS) due
to the presence of deformation twinnings. Thus, the as-prepared QS Au NPs with a rough surface and
deformation twinnings can be further used as templates for the fabrication of bimetallic materials with
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1. Introduction

Due to their unique localized surface plasmonic resonance
(LSPR), gold nanoparticles (Au NPs) have been extensively
studied for surface-enhanced Raman scattering (SERS)
applications."® In addition, their morphologies and sizes can
heavily impact their SERS performance.>® Currently, the
seeded growth method can readily achieve the synthesis of Au
NPs with controlled morphology and a small size by modifying
and adjusting the shape and the amount of the seeds, respect-
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ively (Fig. 1a).” """ In this method, the additional Au NPs as
seeds can grow into uniformly large Au NPs. However, the
occurrence of self-nucleation in the seeded growth method
should be avoided; otherwise, the uniformity of the final pro-
ducts will be affected because the size and shape of the final
product formed by the nuclei generated by self-nucleation are
different from those formed by the additional Au NPs as seeds
(Fig. 1¢).”"*>'® For example, when monodispersed quasi-
spherical (QS) Au NPs are prepared by a traditional one-step
seeded growth method in the cetyltrimethylammonium chlor-
ide (CTAC) solution, their sizes are limited to 70 nm under
optimized reaction conditions (Fig. 1a, b and S1, S2, ESIf).
Moreover, when the average size of Au NPs is larger than
70 nm, self-nucleation is inevitable in the traditional one-step
seeded growth method. Accordingly, poly-dispersed Au NPs are
obtained due to co-existence of the byproducts formed by the
Au nuclei and the main products formed by the additional Au-
NP seeds (Fig. 1c and d). Thus, many researchers have investi-
gated the adverse effect of self-nucleation in the traditional
one-step seeded growth method used for synthesizing large
NPs.'®?° To avoid self-nucleation, the multi-step seeded
growth method was developed to prepare high quality large
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Fig. 1 Schematic representation of the formation process of Au NPs by
a modified Lamer model (a and c) and their corresponding TEM images
(b and d) in the one-step seeded growth method without (a and b) and
with self-nucleation (c and d). The concentration of HAuCl,; and
ascorbic acid (AA) were fixed at 2.5 pM and 3.75 pM, respectively. The
particle number of CTAC-capped Au-NP seeds used for the synthesis of
Au NPs (b and d) was 1.56 x 10*° and 8.3 x 10°, respectively. Note that ¢,
is the saturation concentration of the monomer; and Cpmin and Cmay are
the minimum and maximum value of critical nucleation concentration,
respectively.

NPs with different shapes.”>'>* For example, QS Au NPs with
sizes of 70 to 150 nm were obtained by the three-step seeded
growth method, in which 0.75 nm Au clusters and 10 nm and
46 nm Au NPs were used as the seeds.?” In addition, our group
also reported the synthesis of {331}-faceted trisoctahedral
(TOH) Au NPs with sizes of 60 to 255 nm by the multi-step
seeded growth method.?® However, the experimental operation
of the multi-step seeded growth method is still too complex for
researchers unfamiliar with material synthesis. Therefore, Au
NPs can find many more applications if large Au NPs with
various morphologies can be fabricated by the one-step seeded
growth method.

At present, Ostwald ripening has been used to synthesize
uniform NPs and nanostructured materials with multi-
functionalities.**® For example, Yin et al. reported the syn-
thesis of large octahedral Pd NPs (about 52 nm) by adding
small Pd NPs (about 5 nm) as “sacrificial nanocrystals” (SNCs)
into the solution containing the medium-sized octahedral Pd
NPs (about 37 nm), in which these SNCs would dissolve into
Pd atoms and further deposit onto the octahedral Pd NPs by
Ostwald ripening with the assistance of formaldehyde.>® Thus,
it is necessary to introduce an extra reagent for conformal
growth of the pre-formed NPs because the re-deposition of the
dissolved atoms onto the pre-formed NPs is always uncontrol-
lable during the Ostwald ripening process.

Meanwhile, it is known that the order of the under-poten-
tial deposition (UPD) of Cu®" ions (Cuypp) onto the facets of
Au NPs is (110) > (100) > (111).>° Accordingly, the sequence of
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Cuypp on the surface of Au NPs is concentration-dependent,
that is, Cuypp mainly takes place on the (110) planes of Au NPs
at a low concentration of Cu>* ions. Moreover, at increasing con-
centration of Cu®*" ions, Cuypp would occur in the order the
(100) and (111) planes of Au NPs. Therefore, the relative growth
rate of the low-index planes of Au NPs can be impacted by intro-
ducing different concentrations of Cu®" ions into the growth
solution, which can result in the persistence or the dis-
appearance of these low-index planes,®*? and further deter-
mine the morphology of the final NPs. Inspired by these ideas,
a one-step seeded growth method with Cu®*"-mediated Ostwald
ripening is proposed. In this method, when self-nucleation is
inevitable during the synthesis of high quality large Au NPs, the
introduction of Cu®*" ions into the growth solution can regulate
3 nm Au-NP seeds (Fig. S3, ESI}) into initial Au NPs with a con-
trolled morphology at the initial growth stage (Scheme 1b and
e) due to the concentration-dependent Cuypy, effect. Meanwhile,
the Au nuclei generated by the self-nucleation (brown particles
in Scheme 1), instead of the further growth into Au NPs, would
dissolve into Au atoms (green particles in Scheme 1) and
further deposit onto the specific facets of the surfaces of the
initial Au NPs with a controlled morphology due to the Cu**-
mediated Ostwald ripening, which would guarantee the confor-
mal growth of the initial Au NPs with a controlled morphology
(Scheme 1c and f). Eventually, the one-step seeded growth
method with Cu®*-mediated Ostwald ripening can achieve the
synthesis of large-sized Au NPs with high quality (Scheme 1d
and g) by overcoming the adverse effect of self-nucleation on
the size and shape of the final Au NPs.

Herein, firstly, uniform and large QS Au NPs with average
diameters of 70 to 196 nm were successfully synthesized by
controlling the concentration of Cu®** ions and the particle
number of 3 nm Au-NP seeds in the one-step seeded growth
method with Cu**-mediated Ostwald ripening. Next, the
relationship between the size of the final QS Au NPs and the
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Scheme 1 Schematic representation of the synthetic process of large-
sized Au NPs with high quality by the one-step seeded growth method
with Cu®*-mediated Ostwald ripening. (a) Addition of the solution of
HAUCLl,, AA and Cu?* ions into the glass vial; (b and e) the morphology
of the initial Au NPs obtained at the high (b) and low (e) concentration of
Cu?* ions; (c and f) the conformal growth of quasi-spherical Au NP
intermediates (c) and TOH Au NP intermediates (f) by the dissolution of
Au nuclei into Au atoms and the further deposition due to Cu?*-
mediated Ostwald ripening; and (d and g) the final large-sized, quasi-
spherical Au NPs (d) and TOH-shaped Au NPs (g).
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particle number of Au-NP seeds was discussed. Then, this
method was extended to the synthesis of large {331}-faceted
TOH Au NPs with average diameters of 140 to 195 nm by
slightly changing the concentration of Cu®" ions. Then, the
concentration-dependent Cuypp effect and the role of Cu®'-
mediated Ostwald ripening in the formation of large Au NPs
with a QS- or TOH-shape were investigated by TEM characteriz-
ation of the changes in the morphology and size of the corres-
ponding intermediates during the growth process. Then, the
SERS performances of 70 nm QS Au NPs with deformation
twinning and a rough surface as well as 70 nm TOH-shaped
Au NPs with sharp tips on physically adsorbed probes (crystal
violet, CV) were investigated. Finally, 70 nm QS Au NPs with
deformation twinning and a rough surface were used for the
determination of nitrile and isonitrile groups.

2. Experimental section

2.1 Materials and chemicals

Cetyltrimethylammonium chloride (CTAC, 99%), hydrogen tetra-
chloroaurate tetrahydrate (HAuCl,-4H,0, 99%), sodium boro-
hydride (NaBH,4, 99%), r-ascorbic acid (AA, 99%), copper(u)
nitrate trihydrate (Cu (NO3),-3H,0, 99%), crystal violet (CV,
C,5H30N3Cl), and 4-chlorobenzyl nitrile (4-CLBN, 98%) were
purchased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). Sodium tetrachloropalladate(n) (Nay,PdCly,
99%), and 4-nitrophenol (4-NP, 99%) were purchased from
Alfa Aesar (Shanghai, China). Reduced glutathione (GSH, 99%)
and 2,6-dimethylphenyl isonitrile (2,6-DMPI, 97%) were pur-
chased from Aladdin Co. Ltd (Shanghai, China) and Macklin
Reagent (Shanghai, China), respectively. All chemicals were
used as received without further treatment. The water used in
all experiments was Milli-Q water (18 MQ cm, Millipore). All
glassware and stirring bars were thoroughly cleaned with aqua
regia solutions (3:1 v/v HCl (37%) : HNO; (65%)) and washed
with water before use. Caution: aqua regia solutions are
dangerous and should be used with extreme care; never store
these solutions in closed containers.

2.2 Preparation of 3 nm Au-NP seeds

The CTAC aqueous solution (0.1 M, 5 mL) and the aqueous
solution of HAuCl; (10 mM, 0.125 mL) were sequentially
added into a 10 mL glass vial under stirring at room tempera-
ture. Next, a freshly prepared ice-cold NaBH, solution (10 mM,
0.30 mL) was quickly injected into the CTAC-HAuCl, pre-
mixture under vigorous stirring. Then, the resulting solution
was stirred for at least 2 min for the complete decomposition
of excess NaBH,. Finally, the glass vial containing 3 nm Au-NP
seeds (Fig. S3, ESIT) was kept in a thermostatic water bath at
28 °C and used within 2-5 h after the preparation. Note that
the resulting solution of 3 nm Au-NP seeds was diluted from
10 to 10 000 times before use.

2.3 Preparation of large-sized, QS- and TOH-shaped Au NPs

The procedure for the synthesis of QS Au NPs is as follows.
Typically, the aqueous solutions of CTAC (50 mM, 5.0 mL),
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Table 1 Summarized data of particle numbers of 3 nm Au-NP seeds
(Nseed), the real diameters, calculated diameters, size deviations, and
ellipticities of the as-prepared QS Au NPs obtained via our one-step
seeded growth method with Cu?*-mediated ripening, the measured and
calculated center positions of their SPR peaks, and the figure numbers
of the corresponding TEM images of the as-prepared QS Au NPs. The
particle number concentration of 3 nm Au-NP seeds in the solution is
about 1.04 x 10™ pL™. The concentration of HAUCL, in the reaction
media is fixed at 2.5 pM

Nyeea [10°]° 15.6 8.3 4.2 21 1.04 0.52
Real diameter [nm] 70 87 106 135 157 196
Calculated
diameter [nm] 74 93 113 142 160 206
Standard
Deviation [%]” 2.6 3.0 3.3 3.7 53 41
Ellip}icityc ) 1.04 1.05 1.04 1.05 1.06 1.04
EXp."  Dipo./ [nm] 548 562 580 605 646 700
., Quadruf[nm] None” None None 527 547 558
Mie®  pipo. [nm] 545 567 577 616 666 738
Quadru. [nm] None None None 525 546 556
Sample image 2a 2b 2¢ 2d 2e 2f

“The particle number of 3 nm Au-NP seeds in the growth solution.
b Standard deviations of the diameters of the as-prepared QS Au NPs
were calculated on the basis of the statistical results of at least 100 par-
ticles.  Ellipticity is estimated as the ratio of the major to minor axes.
?The center positions of their SPR peaks measured by UV-vis spec-
troscopy. “ The center positions of their SPR peaks calculated by using
Mie theory. /Abbreviations of dipolar mode (nm).  Abbreviations of
quadrupolar mode (nm). * None indicates that the corresponding SPR
peaks are beyond the test wavelength range (300-1000 nm).

HAuCl, (10 mM, 0.25 mL), Cu (NO3), (10 mM, 0.2 mL), and AA
(0.1 M, 50 pL) were sequentially added into a 10 mL glass vial
under stirring at room temperature before the addition of
3 nm Au-NP seeds (0.15 pL, 1.56 x 10'°). The resulting mixture
was then placed in a thermostatic water bath at 28 °C for the
aging of 12 h. Finally, 70 nm QS Au NPs were obtained with
the aid of centrifugation to remove the excess reactants.
Accordingly, QS Au NPs with average diameters of 87, 106, 135,
157, and 196 nm were synthesized by varying the volumes of
3 nm Au-NP seeds from 0.08 to 0.04, 0.02, 0.01, and 0.005 pL.
The corresponding particle numbers of 3 nm Au-NP seeds are
8.3 x 107, 4.2 x 10°, 2.1 x 10°, 1.04 x 10°, and 5.2 x 10%, respect-
ively (listed in Table 1).

The procedure for the synthesis of large-sized TOH Au NPs
is the same as that of QS Au NPs, except the concentration of
Cu (NO3), (1 mM, 40 pL). Accordingly, TOH Au NPs with an
average diameter of 140 and 195 nm were synthesized by
varying the volumes of 3 nm Au-NP seeds: 0.02 and 0.005 pL,
respectively. The corresponding particle numbers of 3 nm Au-
NP seeds are 2.1 x 10° and 5.2 x 10%, respectively.

The extinction spectra of the as-prepared Au NPs were
recorded by using Mie plot software accordingly.

2.4 Preparation of samples for SERS

In a typical procedure, the glass substrates were cleaned by
separately immersing in aqua regia and piranha solution (sul-
phuric acid/H,0, = 7:3) for 20 min before use, followed by
thorough rinse with water, and drying with N, gas. After the
treatment, 15 pL of the aqueous suspensions of 70 nm QS- or

This journal is © The Royal Society of Chemistry 2020
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TOH-shaped Au NPs were dropped onto the glass substrates,
followed by drying at room temperature. The samples used for
SERS experiments were prepared by immersing the glass sub-
strates in the 10 mL ethanol solution containing the corres-
ponding probes (CV, 4-CLBN, or 2,6-DMPI) for 4 h. Then, the
glass substrates were taken out, thoroughly rinsed with
ethanol and dried with N, gas. All samples were immediately
used for SERS measurements after their preparation. The final
concentrations of CV, 4-CLBN, and 2,6-DMPI used in our work
were 107°-107° M, 10~ M, and 10~ M, respectively.

2.5 Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were obtained with a JEOL (JEM 2100F)
transmission electron microscope operating at an acceleration
voltage of 200 kV. The extinction spectra of the as-prepared Au
NPs were recorded using a Cary 50 spectrophotometer. The
SERS measurements were conducted using a Renishaw inVia
Reflex Raman spectrometer with a 633 nm laser at room
temperature.

3. Results and discussion
3.1 Preparation and characterization of large QS Au NPs

In our one-step seeded growth method with Cu®"-mediated
Ostwald ripening for the synthesis of QS Au NPs, the concen-
tration of Cu®" ions is essential for obtaining uniformity in
shape and size (Fig. S4, ESIt). For instance, when the concen-
tration of Cu®" ions is about 2 pM, monodispersed QS Au NPs
with an average diameter of 70 nm were fabricated (Fig. S4c,
ESIY). Fig. 2 shows TEM images of QS Au NPs of different sizes
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synthesized by adjusting the particle number of 3 nm QS Au-
NP seeds at fixed concentrations of Cu®>" ions (2.0 uM), Au pre-
cursor (2.5 pM) and AA (5.0 pM). The detailed procedures are
listed in Table S1 (ESIT). It can be clearly seen that the average
diameter of the as-prepared Au NPs increases from 70 nm to
87, 106, 135, 157 and 196 nm, when the particle number of
Au-NP seeds (Nyecq) decreases from 1.56 x 10" to 8.3 x 10°, 4.2
x 10°% 2.1 x 10°, 1.04 x 10°, and 5.2 x 105, respectively (Fig. 2a-
f). Moreover, the standard deviations and the ellipticities of all
the as-prepared Au NPs are relatively low and close to 1,
respectively, which are calculated to be less than 5.3% and
1.06, respectively (Table 1).

These results indicate that the as-prepared Au NPs have a
fairly narrow size distribution and a perfect quasi-spherical
shape, respectively. In addition, the adverse effect of the Au
nuclei generated by the unavoidable self-nucleation on the size
and shape of the final Au NPs is overcome. Although the
average diameters of all the as-prepared Au NPs are larger than
70 nm, they are colloidally stable in water and their quasi-
spherical shapes remain hardly changed for at least 1 month.
Note that the as-prepared Au NPs easily sediment after a
certain period of time during the storage, although they can be
readily re-dispersed via hand shaking or gentle sonication
without aggregation. Furthermore, the magnified TEM image
of an individual QS Au NP with an average diameter of 70 nm
was selected to show their typically rough surfaces (Fig. 2g). In
addition, rich deformation twinnings are observed by close
views of their surfaces, as shown in the HRTEM image
(Fig. 2h). The formation of rough surfaces and rich defor-
mation twinnings in the as-prepared Au NPs are attributed to
the introduction of Cu** ions.*** Note that based on the
results of the XPS and the HAADF-STEM-EDS mapping in our

Fig. 2 Low-magnification TEM images (a to f) of the as-prepared Au NPs with various sizes: 70 nm (a), 87 nm (b), 106 nm (c), 135 nm (d), 157 nm (e),
and 196 nm (f). High-magnification TEM image (g) of one individual QS Au NP with an average diameter of 70 nm and high resolution (HR) TEM
image (h) of its typically rough surface. The scale bar in (a to f) is 100 nm. The concentration of Cu?* ions, HAUCl, and AA is fixed at 2.0 uM, 2.5 pM
and 5.0 uM, respectively. And the particle number of Au-NP seeds is listed in Table 1.

This journal is © The Royal Society of Chemistry 2020
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recent work,*® the content of elemental Cu in the final QS Au
NPs can be ignored. Therefore, Cu®" ions just regulate the
growth kinetics of the Au NPs but do not exist in the final Au
NPS.30’33’35

Fig. 3a shows the extinction spectra of the as-prepared QS
Au NPs (in Fig. 2) and the photographs of their corresponding
aqueous dispersions. It is found that by increasing their
average diameters, the center positions of the dipolar surface
plasmon resonance (SPR) peaks of the as-prepared QS Au NPs
gradually red-shift to a longer wavelength, which is consistent
with their size-dependent optical properties. For instance,
when the average diameter increases from 70 to 106 nm, the
center position of their dipolar SPR peaks gradually red shifts
from 548 to 580 nm accordingly. In addition, the as-prepared
QS Au NPs exhibit rather symmetric dipolar SPR peaks with a
narrow half-width (Fig. 3a and Table 1). The results indicate
that the as-prepared Au NPs with diameters of 70 to 106 nm
are monodispersed and bear a nearly perfect spherical shape.
Note that these Au NPs with average diameters smaller than
106 nm exhibit only one main SPR peak in their corresponding
extinction spectra. It is also found that when further increas-
ing their diameters, the dipolar SPR peaks of the as-prepared
QS Au NPs are broadened and their center position is still red-
shifted. In addition, the shoulder SPR peaks appear (the quad-
rupolar SPR peak) and gradually become pronounced. For
instance, when the average diameter of QS Au NPs increases
from 135 to 157 nm, their main dipolar SPR peaks start to
broaden and the center positions of their main dipolar SPR
peaks and quadrupolar SPR bands red shift from 605 to
646 nm and from 527 to 547 nm, respectively (Fig. 3a and
Table 1). Note that Au NPs with an average diameter above
135 nm have noticeable quadrupolar SPR peaks.

The broadening of the dipolar SPR peaks and the appear-
ance of quadrupolar SPR peaks are possibly due to the increas-
ing radiative losses of the QS Au NPs with larger sizes and the
phase retardation effect, respectively.>®*” When the average
diameter of the as-prepared QS Au NPs is above 196 nm, the
quadrupolar SPR peak evolves as the main SPR peak, while the

(=2
e

o

>

Extinction
Extinction

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Fig. 3 (a) Extinction spectra of differently sized QS Au NPs obtained by
our one-step seeded growth method with Cu®*-mediated ripening. The
concentration of Cu?* ions, HAUCl, and AA is fixed at 2.0 pM, 2.5 pM
and 5.0 pM, respectively. The Ngeeq Values used are listed in Table 1. The
inset in (a) is the photographs of the aqueous dispersions of the corres-
ponding QS Au NPs. (b) Extinction spectra of Au NPs with a perfect
spherical shape calculated on the basis of Mie theory with the same
sizes and standard deviation rates as the corresponding QS Au NPs
obtained experimentally.
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center positions of their dipolar SPR peak and quadrupolar
SPR peak are located at about 700 nm and 558 nm, respect-
ively. The continuous red-shift in the center positions of the
SPR peaks of the as-prepared QS Au NPs with increasing NP
diameters is also clearly reflected in the variation of the color
of their aqueous dispersions (inset in Fig. 3a). According to
their average diameters and the standard size deviations, the
extinction spectra of all the as-prepared Au NPs are calculated
by the Mie theory and shown in Fig. 3b.*® By contrast, the
experimental extinction spectra are consistent with the ones
calculated from the Mie theory (Fig. 3 and Table 1).

Since the model used for the calculations by the Mie theory
assumes that Au NPs have a perfectly spherical shape, the
good match between the experimental and theoretical spectra
indicates that the as-prepared Au NPs have a good quasi-
spherical shape and have a narrow size distribution®®?° (as
shown in the TEM images in Fig. 2). In the traditional seeded
growth method, if all of the gold precursors used in the growth
solution are consumed by deposition onto the additional Au-
NP seeds during the seeded growth, and the shape of the final
Au NPs is spherical, the average diameter of the final Au NPs
can be quantitatively estimated using eqn (1):>'"*°
3 May

3 3
FAuNP™ = T'seed +Zﬂ'p—N
'AulYseed

(1)

where ry, np is the theoretical radius of the as-prepared Au
NPS; 7'seeq is the radius of the additional Au-NP seeds; m,, is
the mass of Au obtained via the reduction of HAuCl, in the
growth solution; p,, is the density of bulk Au. The number of
the as-prepared Au NPs is assumed to be equal to Ngeeq. In our
one-step seeded growth method with Cu®*"-mediated Ostwald
ripening, the Au nuclei generated by the unavoidable self-
nucleation can also deposit onto the additional Au-NP seeds
by the dissolution into Au atoms. Thus, the average diameter
of the as-prepared Au NPs should also follow eqn (1). As
expected, the calculated average diameters of the as-prepared
Au NPs are fairly comparable to those experimentally obtained
with a discrepancy of less than 10 nm (Table 1). In addition,
the relationship between the experimentally measured radius
of the as-prepared Au NPs (r,, np) and the negative cube root
of the particle number of the additional Au-NP seeds (Nyeeq )
is indeed well fitted by eqn (1) with R*> = 0.996 (Fig. 4). The
results indicate that the Au nuclei generated by self-nucleation
are indeed dissolved into Au atoms and further deposited onto
the additional Au-NP seeds, instead of growing into the
byproducts.

Moreover, the established relationship between the ra, np
and the Ngq in Fig. 4 also suggests that in our one-step
seeded growth method with Cu>*-mediated Ostwald ripening,
the diameters of the final Au NPs can also be precisely regu-
lated by the number of the additional Au-NP seeds at the fixed
HAuCl, precursors as predicted by eqn (1).

3.2 Preparation and characterization of large-sized TOH Au NPs

In our previous work and others,*>***! {331}-faceted TOH Au
NPs with average diameters larger than 120 nm have to be syn-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Linear relationship between the radius of the as-prepared quasi-
spherical Au NPs (ra, np) and the particle number of the Au-NP seeds
(Nseeq) in the growth solution.

thesized by the multi-step seeded growth method, since the
yield of large-sized {331}-faceted TOH Au NPs prepared by the
one-step seeded growth method is rather low, accompanied by
a high ratio of byproducts (Fig. S5, ESIf). In view of the
success in the preparation of large QS Au NPs, our one-step
seeded growth method with Cu*'-mediated Ostwald ripening
is also attempted for preparing large {331}-faceted TOH Au
NPs, based on our previous work.>* Note that the optimal con-
centration of Cu”" ions for the preparation of TOH Au NPs is
0.04 pM (Fig. S6, ESIt), instead of 2 uM, possibly due to the
concentration-dependent Cuypp effect. As expected, monodis-
persed TOH Au NPs with average diameters of 140 nm and
195 nm with a narrow distribution in size and shape are
shown in Fig. 5a and d, respectively. Moreover, by measuring

140 nm

the longest axis \

Extinction

Wavelength (nm)

=

735 nm
1 N7

590 ni

the longest axis
195 nm

Extinction

P S S —
400 600 800 1000
Wavelength (nm)

Fig. 5 Low (a and d), high magnification (b and e) TEM images and the
corresponding extinction spectra (c and f) of {331}-faceted TOH NPs
with average diameters of 140 nm (a—c) and 195 nm (d—f) obtained
under different particle numbers of 3 nm Au-NP seeds: 2.1 x 10° (a), 5.2
x 10% (d). The characteristic angles are labeled in high magnification
TEM images (b and e) of the representatively individual TOH Au NP,
viewed along the (110) direction. Note that the average diameter of
TOH-shaped NPs is defined as the length of the longest axis viewed
along the (110) direction in general. The concentrations of Cu®* ions,
HAuCl,, and AA were fixed at 0.04 uM, 2.5 uM and 5 pM, respectively.
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their projection angles viewed along the (110) direction,>>*!'~*3
the a, #, and y angles of the as-prepared individual Au TOH NP
with average diameters of 140 nm (130.5°, 102°, 152°) and
195 nm (129.5°, 101°, 153°) (Fig. 5b and e) are in good agree-
ment with the Miller indices of NPs bound by {331} facets
(Table S3, ESIT). And one geometric model of a single TOH NP
viewed along the (110) direction is illustrated in Fig. S7 (ESIt)
for better understanding. Thus, large {331}-faceted TOH Au
NPs are also successfully synthesized by our one-step seeded
growth method with Cu®*-mediated Ostwald ripening.
Furthermore, the extinction spectra of the as-prepared TOH Au
NPs in this work are similar to those with the same size in our
previous work (Fig. S8, ESIt).”* For instance, the as-prepared
140 nm TOH Au NPs show a nearly symmetric dipolar SPR
peak centered at about 645 nm with a weak quadrupolar SPR
peak at about 563 nm (Fig. 5¢). Moreover, 195 nm TOH Au NPs
exhibit a dipolar SPR peak centered at 735 nm and an obvious
quadrupolar SPR peak centered at 590 nm due to the phase
retardation effect (Fig. 5f).>**” Furthermore, with the increas-
ing NP size, their main peaks (dipolar SPR) would red-shift
and broaden, accompanied by the appearance of the obvious
shoulder peaks.

3.3 Roles of Cu(u) ions in the synthesis of large Au NPs

To understand the role of Cu®" ions in the synthesis of uni-
formly large Au NPs, a series of intermediate Au NPs including
irregular Au NPs (Fig. 6A), TOH Au NPs (Fig. 6B) and QS Au
NPs (Fig. 6C) formed at different reaction times were taken out
for TEM characterization. Note that all reaction conditions are
the same except for the concentration of Cu** ions. As shown
in Fig. 6A, in the absence of Cu®" ions, uniformly large Au NPs
cannot be obtained by the traditional one-step seeded growth
method due to the inevitable self-nucleation. In addition, due
to the co-existence of additional Au-NP seeds and Au nuclei

Fig. 6 TEM images of a series of the intermediates of irregular Au NPs
(A), TOH Au NPs (B) and QS Au NPs (C), which were taken out at
different reaction times: 60 s (a), 120 s (b), 240 s (c), 10 min (d), and 12 h
(e). The procedures for the synthesis of three types of Au NPs (A, B and
C) were the same except the concentrations of Cu?* ions: 0 pM (A),
0.04 pM (B), and 2 pM (C). The concentrations of HAuCl, and AA were
2.5 pM and 5 pM, respectively. The particle number of 3 nm Au-NP
seeds was 2.1 x 10°. Note that the solution containing the intermediates
was added into the freshly prepared glutathione (GSH) solution to limit
their further growth.2>#4
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generated by self-nucleation, the distribution in size and
shape of the initial Au NPs are broad in the initial growth
stage (Fig. 6A-a), possibly due to the missing regulation in the
growth rate of facets on the surface of Au-NP seeds by the
Cuypp effect. With the growth time increasing from 120 s to
240 s, and 10 min, the average size of the intermediates of
large irregular Au NPs gradually increases from 50 to 100 and
130 nm, respectively (Fig. 6A-b, A-c, and A-d). However, the
non-uniformity in shape and size of the intermediates and the
final NPs remain during the entire growth period (Fig. 6A). In
addition, there is hardly any Au nucleus (smaller than 5 nm)
in the solution on the basis of TEM results. The results indi-
cate that both additional Au-NP seeds and Au nuclei generated
by self-nucleation grow into the final NPs without the Cuypp
effect and Cu®"-mediated Ostwald ripening, which result in the
non-uniformity in the size and shape of Au NPs prepared in
the absence of Cu®" ions.

When an appropriate low concentration of Cu”>* ions is
introduced into the growth solution, the Cu atoms would only
deposit on the (110) facets of the Au-NP seeds. Accordingly,
these (110) facets would steadily grow because of the Cuypp
effect, instead of the rapid disappearance. Since the (111)
facets are the most stable among them, Au (100) facets would
grow rapidly and disappear eventually due to insufficient Cu®*
ions adsorbed on them. Therefore, 3 nm Au-NP seeds would
grow into monodispersed, initial TOH Au NPs enclosed with
(110) and (111) facets in the initial growth stage (Fig. 6B-a and
Scheme 1e). However, when an appropriate high concentration
of Cu®" ions is introduced into the growth solution, the Cu
atoms would be able to deposit simultaneously on the (110)
and (100) facets of the Au-NP seeds at least. Under this situ-
ation, the (110) facets would rapidly disappear, while the (100)
facets would steadily grow and be well maintained together
with the most stable (111) facets. Therefore, at the initial
growth stage, 3 nm Au-NP seeds would grow into monodis-
persed initial QS Au NPs enclosed with (100) and (111) facets
(Fig. 6C-a and Scheme 1b).

In the presence of any concentration of Cu”* ions, Au
nuclei generated by self-nucleation can be observed and their
amount gradually decreases with increasing growth time
(Fig. S9, ESIY). The results indicate that Au nuclei would dis-
solve into Au atoms and further grow onto the pre-formed QS-
or TOH Au NPs, instead of further growth into bigger Au NPs
at the subsequent growth stage. With the assistance of the
Cuypp effect, these Au atoms from the dissolution of Au nuclei
can selectively grow onto the pre-formed QS- or TOH Au NPs.
Therefore, Ostwald ripening in the presence of Cu”" ions,
called Cu**-mediated Ostwald ripening, can achieve the con-
formal growth of the corresponding Au NPs (Fig. 6B-b, B-c,
B-d, C-b, C-¢, C-d and Scheme 1f, c). Eventually, large Au NPs
with a TOH- or QS-shape are successfully synthesized (Fig. 6B-e,
C-e and Scheme 1g, d).

Briefly, the successful synthesis of large Au NPs with
various shapes is realized by our one-step seeded growth
method with Cu**-mediated Ostwald ripening, in which the
morphology of the initial Au NPs can be controlled by the con-
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centration-dependent Cuypp effect at the initial growth stage,
followed by the dissolution of Au nuclei into Au atoms and the
conformal growth of Au atoms onto the pre-formed initial Au
NPs during the Cu”*-mediated Ostwald ripening process.

3.4 SERS properties of QS Au NPs with rough surfaces

In SERS applications, Au NPs with a rough surface, sharp tips
or both usually can exhibit excellent SERS performance due to
the “hot-spot” effect.***"*®* However, Au NPs with a rough
surface and Au NPs with sharp tips: which have the better
SERS performance for physically-adsorbed probes? Therefore,
70 nm QS Au NPs with a rough surface (Fig. 2a) and 70 nm
TOH Au NPs with sharp tips (Fig. S10, ESI{) are separately
used as SERS substrates to investigate their SERS performance
on physically adsorbed probes, crystal violet (CV). To avoid the
impact of other factors (e.g. the distance of adjacent NPs and
the formation of NP aggregates) on the SERS intensity except
the morphology, Au NPs (QS Au NPs or TOH Au NPs) should
be discretely distributed on glass substrates without any
aggregation.

After several rounds of attempts, the eligible SERS sub-
strates were obtained by using a rather diluted dispersion of
Au NPs (Fig. S11, ESIT). The Raman property and SERS per-
formance of CV probes on the blank glass substrate and glass
substrates coating with the corresponding Au NPs were investi-
gated, respectively (Fig. S12-S14, ESIf). In addition, the
enhanced factors (EFs) of 70 nm QS Au NPs with rough sur-
faces and 70 nm TOH Au NPs with sharp tips on different con-
centrations of CV probes were calculated accordingly (below
Fig. S12, ESI{),>>**°° on the basis of the intensity of the
Raman band at 210 ecm ™' of CV probes, which are plotted in
Fig. 7. It is found that the EFs of CV probes on 70 nm QS Au
NPs with rough surfaces are larger than and nearly equal to

Enhancement Factor

24 == Quasi-spherical Au NPs
=== TOH Au NPs

-g[C]

Fig. 7 Plots of the calculated enhanced factors (EFs) of different con-
centrations of CV probes on 70 nm QS Au NPs with a rough surface
(black line) and 70 nm TOH Au NPs with sharp tips (red line) as SERS
substrates vs minus logarithm of their corresponding concentrations
(-lg [CD).
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those on 70 nm TOH Au NPs with sharp tips when the concen-
tration of CV is in the range from 10> M to 10’ M and from
1077 M to 10~° M, respectively (Fig. 7 and Table S4, ESIT).

The concentration-dependent SERS performance of 70 nm
QS Au NPs with rough surfaces and 70 nm TOH Au NPs with
sharp tips on CV probes is rather interesting. The results indi-
cate that when they are at a high concentration (from 107> M
to 10”7 M), physically adsorbed CV probes may mainly adsorb
on the flat surfaces of TOH Au NPs with sharp tips and only a
small fraction of them adsorb on their sharp tips (Fig. S15,
ESIT). By contrast, all of the CV probes would adsorb on the
surfaces of Au NPs with rough surfaces. Thus, the amount of
CV probes on the flat surfaces of TOH Au NPs with sharp tips
should be fewer than those on the surfaces of QS Au NPs with
rough surfaces. Under this situation, the advantage of sharp
tips as the “hot-spot” of TOH Au NPs with sharp tips is not
fully utilized. Accordingly, the contribution of the sharp tips as
the “hot-spot” to SERS enhancement would become minor
and that of the flat surfaces of TOH Au NPs would dominate.
Thus, the EFs of Au NPs with rough surfaces are larger than
those of TOH Au NPs with sharp tips.

However, when they are at a low concentration (from 10~
M to 10~ M), CV probes may be fully adsorbed on the flat sur-
faces of TOH Au NPs with sharp tips and Au NPs with rough
surfaces. Accordingly, the amount of CV probes on the flat sur-
faces of TOH Au NPs should be nearly equal to that on the sur-
faces of Au NPs with rough surfaces. Under this situation, the
advantage of Au NPs with rough surfaces is not fully utilized.
Thus, the contribution of TOH Au NPs to SERS enhancement
mainly results from their flat surfaces, which is the same as
that of Au NPs with rough surfaces. Accordingly, their EFs are
the same. In brief, Au NPs with rough surfaces have a better
SERS performance for physically adsorbed probes.

3.5 Determination of nitrile and isonitrile groups by SERS

The nitrile group (-CN) and isonitrile group (-NC), which are a
pair of isomers, are still difficult to distinguish.”’* 1t is
known that whatever arrangement Au atoms on the surfaces of
Au NPs have, the N atom of the -CN group always bonds to
one Au atom, and the adsorption geometry is called “atop”
configuration (Fig. S16a, ESIT).>*****> Accordingly, the nitrile
group adsorbed on the SERS substrate composed of any type
of Au NPs, and there is only one type of stretching frequency
(veny ~2140 em™) in its SERS spectrum®? due to the formation
of the sole atop configuration. As expected, only one character-
istic peak of the atop configuration (~2125 cm™") was observed
in the SERS spectra of 4-chlorobenzyl nitrile (4-CLBN) (black
and red curves in Fig. 8) obtained on the substrate coated with
the single crystalline QS Au NPs (Aug NPs) (Fig. S1, ESIt) or the
as-prepared QS Au NPs with deformation twinning (Aug, NPs)
(Fig. 2).

However, when the isonitrile group binds the metal atoms,
the adsorption geometry of the C atom on the surface of the
metal NPs is highly dependent on the atom arrangement on
their surfaces.”>>**” For example, when the isonitrile group of
4-chlorophenyl isonitrile (CPI) binds the Pt (110) substrates,
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Fig. 8 SERS spectra of nitrile group adsorbed on the glass substrate
coated with single crystalline QS Au NPs (black curve) and the glass sub-
strate coated with QS Au NPs with deformation twinning (red curve),
and isonitrile group adsorbed on the glass substrate coated with QS Au
NPs with deformation twinning (green curve). The excitation laser wave-
length for Raman measurements is 633 nm, and the laser power is
0.1 mW. The acquisition time is 10 s.

the C atom of the isonitrile group can bind one Pt atom by the
atop configuration, and there is only one stretching frequency
(uncy ~2146 cm ™) observed in the Raman spectrum of CPL>*
When the isonitrile group of CPI binds the Pt {211} substrate,
the C atom of the isonitrile group can bind one or three Pt
atoms, thus resulting in the formation of atop or hollow con-
figuration (Fig. S16b, ESIt). Accordingly, two types of stretch-
ing frequencies (vnc, ~2158 and ~1566 cm™') are observed in
the SERS spectrum.’® Therefore, on the basis of the difference
in the adsorption geometry of the nitrile group and isonitrile
group on Au NPs with a special bonding configuration, they
may be determined by their SERS spectra. For instance, the
SERS spectrum of 2,6-dimethylphenyl isonitrile (2,6-DMPI)
obtained by using QS Aug. NPs as the substrate shows two
characteristic peaks, which belong to the atop configuration
(~2173 em™) and the hollow configuration (~2130 cm™"),
respectively (green curve in Fig. 8), in comparison with that of
the nitrile group obtained by using QS Aug; NPs as the sub-
strate (red curve in Fig. 8). Due to the special adsorption geo-
metry of the isonitrile group bonding to metal atoms in hollow
configuration, the appearance of stretching frequency at about
2173 em™" can be used to distinguish nitrile and isonitrile
groups.’’* Therefore, the as-prepared QS Au NPs with defor-
mation twinnings can be used as the SERS substrate to deter-
mine the nitrile and isonitrile groups by the SERS spectrum.

4. Conclusions

In summary, QS Au NPs with average diameters of 70 to
196 nm and TOH Au NPs with average diameters of 140 to
195 nm were successfully synthesized by our one-step seeded
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growth method with Cu*-mediated Ostwald ripening. It is
found that the introduction of Cu”** ions can avoid the adverse
effect of self-nucleation in the traditional one-step seeded
growth method. Moreover, the concentration-dependent Cuypp
effect and the Cu®*-mediated Ostwald ripening process can
achieve control in the morphology and the subsequent confor-
mal growth of the initial Au NPs. Thus, our Cu**-mediating
Ostwald ripening method is beneficial for the simplification in
the experimental operation.?>*>?***! In addition, shape control
of Au NPs can be achieved in one procedure by adjusting the
concentration of Cu®* ions. Furthermore, the as-prepared QS
Au NPs with rough surfaces have a better SERS performance
for physically adsorbed probes than the TOH Au NPs with
sharp tips and with a comparable size. In addition, the as-pre-
pared QS Au NPs used as the SERS substrate also can achieve
distinguishing of the nitrile group and isonitrile group by
SERS. Therefore, the as-prepared QS Au NPs can be further
used as templates for the fabrication of bimetallic materials
with multi-functionalities (say, hydrogenation catalysis
(Fig. S17, ESI{), chemical catalysis, in situ SERS monitoring,®
and so forth) due to the presence of rough surfaces and defor-
mation twinnings.
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