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Colloidal Au nanoparticles (AuNPs) with a diameter of 17 nm were prepared by the reduction of HAuCl, with citrate
trisodium. The addition of NaBH, to the prepared citrate-stabilized AuNP solutions not only induced a blue shift in the
surface plasmon resonance peak (4,,,«) because of the increased number of electrons in the NPs injected by NaBH, but
also affected the stability of citrate adsorbed on AuNPs. The zeta potential of AuNPs after the addition of 6 mM NaBH,
decreased (67%) but was restored (88%) after the discharge of the injected electrons. The effect of NaBH, treatment on
the stability of citrate ions on AuNPs was investigated by X-ray photoelectron spectroscopy (XPS). The XPS data
showed that citrate ions partially desorbed from the surfaces of AuNPs (67%) after NaBH, treatment but readsorbed
onto the AuNPs (80%) after the discharge of the NPs; this result agrees well with the zeta potential data. The partial
removal of citrate ions from AuNPs results in an anisotropic charge distribution around the AuNPs. By increasing the
amount of NaBH, and the electrolyte concentration of the solution, non-close-packed aggregates of AuNPs can be
formed, from monomers to small aggregates containing a few AuNPs and 3D network aggregates.

Introduction

Unique assemblies composed of nanoparticles (NPs) can
provide distinct electronic,’ chemical,” and optical® properties
relative to individual NPs and have a wide range of applications in
electronics, plasmonics, sensors, and surface-enhanced Raman
scattering (SERS).* All of these potential applications of the ass-
emblies depend on the controllable assembly of NPs into desired
architectures. One key in the self-assembly of NPs s to control the
thermodynamic balance of interactions between NPs, which incl-
udes long-range electrostatic repulsion, short-range van der Waals
attraction, and other short-range interactions.” More impor-
tantly,the anisotropic interaction between NPs is necessary to
form more advanced nanostructures such as low-dimensional
anisotropic nanostructures and more complex assemblies in a
designable way.® The anisotropic interaction can originate from
intrinsic magnetic or electric dipoles in NPs, by which 1D’ and
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2D® assemblies have been formed in solution. In contrast, for
those metallic NPs with no intrinsic dipolar interactions, an
anisotropic interaction can be obtained through tuning the iso-
tropic electrostatic interaction into an anisotropic one by partially
replacing the stabilizer of NPs with other chemicals such as
CTAB,' MEA,"" and dithoil'* to produce an anisotropic sur-
face charge distribution and eventually induce multidimensional
assemblies of AuNPs, where the partial modification of the NPs is
due to the anisotropic surface chemistry of NPs.!* Besides, an
anisotropic surface charge distribution can be obtained by partial
neutralization of the surface charge with counterionic species.'*
Another way to produce anisotropy is to partially remove the
stabilizer on the NPs. For example, by removing excess stabilizer
in solution and redispersing it in pure water, linear assemblies can
be formed after several hours or days.'” However, a long time is
usually necessary in this method for the removal of stabilizing
molecules from the surfaces of the NPs because of its slow
desorption kinetics.

Treating the AuNPs with NaBH, by utilizing electrons transfer
into the NPs is the most direct way to change their optical and
chemical properties.'®!” By electron injection into AuNPs, the
property of the AuNPs may be greatly changed because of the
modification of the electron configuration of the Au atom under
excess free electrons. However, to the best of our knowledge, the
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effects of NaBH, treatment on other properties of colloidal
AuNPs, such as the electrical double layer and the interactions
between the NPs, are ignored in previous studies.

Here, we studied the effect of NaBH, treatment on the stability
of colloidal AuNPs. Citrate-stabilized AuNPs (17 nm in diameter)
were used as a model system. We found that AuNPs formed
non-close-packed aggregates and 3D network aggregates depend-
ing on the amount of NaBH, and the electrolyte concentration of
the solution. The aggregation of AuNPs was attributed to the
decrease in surface potential that resulted from electron injection
into the AuNPs by NaBH,. The reason that NaBH, induced a
decrease in surface potential was investigated by zeta potential
and X-ray photoelectron spectroscopy. The data showed that
citrate ions were partially removed from the surfaces of AuNPs
after NaBH, addition but that they adsorbed again after the
discharge of the AuNPs. The mechanism of NaBHy-induced
anisotropic aggregation of AuNPs was also discussed.

Experimental Section

Materials. Sodium borohydride (NaBH,, =98%) and (3-
aminopropyl)triethoxysilane (APTES, 99%) were purchased
from Aldrich. Hydrogen tetrachloroaurate (HAuCl,-4H-O,
>99.9%), silver nitrate (AgNOs, >99.9%), and trisodium citrate
(CsHs07Nas3-2H>0, >299.0%) were purchased from Beijing Che-
mical Reagents (Beijing, PR China) and used without further
purification. Milli-Q water (18.2 MQ-cm™ ') was used for all
experiments. All other reagents were analytical grade.

Synthesis of Gold and Silver Nanoparticles. An aqueous
suspension of citrate-stabilized gold nanoparticles (with a size of
17 nm) was prepared by the reduction of HAuCl, with citrate.'®
Briefly, 200 mL of 0.01% (w/v) HAuCl, solution was heated to
boiling under vigorous string with refluxing, and 1 min later, 8 mL
of 1% (w/v) sodium citrate was rapidly added to the boiling
solution and the mixture was allowed to boil for 20 min. Then, the
prepared gold colloids were cooled to room temperature with
constant stirring and stored at 4 °C in a dark bottle. An aqueous
suspension of citrate-stabilized silver nanoparticles (AgNPs) was
prepared by the reduction of AgNO; with NaBH, in the pre-
sence of citrate ions.'® Briefly, an aqueous solution of NaBH,
(3 mL, 10 mM) was added to a 100 mL solution of AgNO;
(0.25 mM) and trisodium citrate (0.25 mM). The mixture was
stirred for 30 min. The prepared silver colloids were then left
undisturbed overnight at room temperature before use. All glass-
ware was rigorously cleaned in aqua regia solution (3:1 HCl/
HNO:s) and then rinsed thoroughly with Milli-Q H,O before use.

Preparation of APTES-Derivatized Substrates. Accord-
ing to a previous method,”® the silicon slides were cleaned in
piranha solution (7:3 H,SO4/30% H>0,) at 120 °C for 20 min,
rinsed extensively with distilled water, and dried in a pure N, flow.
Caution! Piranha solution is very corrosive and must be handled with
extreme care. After being rinsed with methanol for 5 min, the
substrates were immersed in 5% (v/v) APTES in methanol for 1 h
and rinsed five times in methanol by inversion for 10 min, fol-
lowed by DI water to hydrolyze residual ethoxy functionalities for
30 min. Thereafter, the slides were then dried in a pure N, flow and
at 120 °C for 1 h to promote cross-linking of the silanes. The
APTES-derivatized silicon slides (noted as SiO,/APTES) were
stored in a desiccator for further use.

NaBH, Treatment of Gold and Silver Nanoparticles. To
study the effect of the concentration of NaBH,; on AuNP
aggregation, different amounts of ice-cold 0.2 M NaBH, were
added to a quartz cuvette containing 0.5 mL of gold sol, and the
mixture was rapidly mixed for 3 s. To study the effect of the ionic
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strength of NaBH,4 on the aggregation of AuNPs for a constant
amount of NaBHy, 15 uL ofiice-cold 0.2 M NaBH, was added and
mixed, followed by the addition of different amounts of 0.2 M
NaCl (pH 10.5). To study the effect of NaBH, on citrate ions on
AuNP, the silicon slides functionalized with APTES were im-
mersed in gold sol for 12 h to form a submonolayer of AuNP,
followed by rinsing with Milli-Q water to remove unbound
AuNPs. Then, the AuNP monolayer was immersed in a solution
of NaBH, (0.23 M) for 20 min, followed by rinsing with Milli-Q
water and drying in air. To study the effect of the concentration of
NaBH,4 on AgNP aggregation, 30 L of 0.2 M NaBH, was added
to 0.5 mL of'silver sol. The cuvettes were sealed with Parafilm after
the addition of NaBH, or NaCl to prevent evaporation. The
APTES/SiO, substrates were used to characterize the morpholo-
gies of aggregates of AuNPs and AgNPs. Briefly, the APTES/
SiO; slides were immersed in the solution of aggregates for 1 to 2 h,
followed by rinsing with Milli-Q water and drying in air. By this
method, AuNP aggregates would be bound to the APTES/SiO,
surface through electrostatic attraction, and this would avoid the
effect of drying on aggregate morphology. In this study, suspen-
sions of AuNPs and AgNPs were used without dilution for all
experiments. The concentration of gold NPs was calculated to be
~1.86 1M (1.12 x 10° NPs/mL) by assuming that all added Au**
ions were reduced to Au” atoms by citrate in solution and that the
formed AuNPs had an average diameter of 17 nm.

Characterization Methods. All UV—vis extinction spectra
were measured using a Perkin-Elmer Lambda 850 UV /vis spectro-
photometer. The morphologies of formed assemblies of NPs were
characterized by a Hitachi S-4800 field-emission scanning elec-
tron microscope (FE-SEM). X-ray photoelectron spectroscopy
(XPS) was conducted with a VG ESCALAB MKII spectrometer
(VG Scientific, U.K.) by employing a monochromatic Al Ka
source (hv = 1486.6 eV). All binding energies were referenced to
the C 1s neutral carbon peak at 284.6 eV. For XPS characteriza-
tion, 15 uL of 0.2 M NaBH, was added to 0.5 mL of AuNPsin a
1.5 mL reagent bottle and mixed. After 10 min or 5 days, the
AuNPs were collected by centrifuging twice at 9000 rpm, discard-
ing the supernatant, and redispersing the AuNPs in 10 #L of pure
water. For a contrast sample, 0.5 mL of AuNPs was centrifuged
twice at 9000 rpm/min and redispersed in 10 uL of pure water.
These obtained precipitates were dropped onto silicon slides and
dried in air. The zeta potential of the AuNPs was measured on a
Malvern Zetasizer Nano-ZS90 (Malvern Instruments Ltd., U.K.)
at25.0 £ 0.1 °C.

Theory of the Stability of Colloidal NPs.”*> Generally,
the stability of colloidal particles in an aqueous solution is
described by classical DLVO (Derjaguin—Landau—Vervey—
Overbeek) theory. For monodisperse spherical NPs, the total
interaction potential, Vr, is the sum of the electrostatic repulsive
potential (V) and the van der Waals attractive potential
(Vyaw)™*

VT(V) = elec(r)+VvdW(r) (1)

Veee(r) = 2meseoarpy® In[1 +exp(—kH)] (ka>35) (2)

2 —
Velcc(r) = 4.7I8580(12 Y2 (kBTT> L}”Cm (Ka < 5) (3)
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Figure 1. (a) UV/vis extinction spectra of citrate-stabilized AuNP (particle size 17 nm) solutions recorded 3 min after the addition of 1, 6, 9,
and 12 mM NaBHj. (b) Shift of the extinction peak (4,,.¢) of AuNP solutions after the addition of different amounts of NaBH, and the

corresponding calculated rate of electron injection.
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where r is the center-to-center distance of neighboring NPs of
radius a (R = r/a), H is the distance of closet approach (r = H +
2a), & 1s the relative dielectric constant of the solvent (about 80 for
water), & is the dielectric constant of vacuum, W, is the sur-
face potential of NPs, « is the inverse Debye length (1/k =
0.304/[NaCl]"”> nm for 1:1 electrolytes), and Ay is the Hamaker
constant of the particles (2.5 x 107'° J). The value of the sur-
face potential (W) is related to the amount of surface charge
that could be obtained in several ways,? the preferential adsorp-
tion of ions, the dissociation of surface groups, isomorphic
substitution, the adsorption of polyelectrolytes, and the accumu-
lation of electrons. For citrated-stabilized NPs, the surface nega-
tive charges are generated from deprotonated —COOH groups in
citrate ions.

Results and Discussion

Aggregation of Citrate-Stabilized AuNPs Induced by
NaBH,. It is known that the spectrum of localized surface
plasmon resonance (LSPR)*® of nanoparticles is influenced by
the size, shape, interparticle interactions, free electron density,
and surrounding medium.?” Therefore, it is an efficient tool for
monitoring the electron injection and aggregation of NPs.

As expected,29 the extinction maximum peak (4,,.,) of AuNPs
showed a blue shift after the addition of NaBH, as a result of
an increased number of free electrons (Figure 1a). The relation-
ship between the shift in the extinction maximum wavelength
(AZ) and the change in the electron density (AN) is given by
Mulvaney.?®

(25) Hiemenz, P. C.; Rajagopalan, R. Principles of Colloid and Surface
Chemistry, 3rd ed.; Marcel Dekker: New York, 1997; Chapters 11 and 12.

(26) Willets, K. A.; Van Duyne, R. P. . 2007, 58, 267.

(27) Ghosh, S. K.; Pal, T. ahgialgy. 2007, 107, 4797.

(28) Mulvaney, P.; Pérez-Juste, J.; Giersig, M.; Liz-Marzdn, L. M.;
Pecharromdn, C. Blgsigiies 2006, /, 61.
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Here, N is the electron density of the metal, and A, is the position
of the surface plasmon band for the case of no electron injection.
The shift of ., and the calculated rate of electron injection
according to eq 7 were crudely divided into three regions, as
shown in Figure 1b. In the first region (0 to 1 mM), the A«
shifted 4.5 nm toward shorter wavelengths and the slope was
4.5 nm/mM. However, there was only a 1 nm shift in the A, in
the second region (1—9 mM), and the slope decreased to 0.125 nm/
mM, which seems that the electron injection into the AuNPs by
NaBH, almost reached saturation. In the third region (9—12 mM),
the A1,ax showed a 1.2 nm shift and the slope increased to 0.4 nm/
mM, which indicates enhanced electron injection. It should be
pointed out that the blue shift of A,,,,, of NPs could also result
from the transverse plasmon band of 1D chains.*” Therefore, the
calculated rate of electron injection may not be precise when
chainlike aggregates are formed.

Besides the blue shift in A,,,, extinction bands above 600 nm
showed different shapes with increasing concentration of NaBH,.
Different shapes in these extinction spectra at longer wavelengths
indicated different extents of AuNP aggregation. At low NaBH,
concentration (6 mM), a flattened extinction band above 600 nm
was slightly higher than that before the addition of NaBHy. This
weak flattened band could not be simply regarded as the forma-
tion of small aggregates. [t may be partially due to some unknown
effects induced by excess injected electrons because this kind of
flattened band could also be identified in the extinction band
induced by a much lower concentration of NaBH, (1 mM). And
this weak flattened band may always exist as a background in the
extinction band induced by ahigher concentration of NaBHj.
A weak broaded extinction peak at 710 nm with increased ex-
tinction showed up when the concentration of NaBH, was 9 mM,
which means that more large aggregates formed compared to the
number induced by 6 mM NaBH,. This peak shifted to 730 nm
and became more broadened for the 12 mM NaBH, treatment,
and the extinction band above 560 nm became nearly flat. Such a
transition could be regarded as further aggregation based on
aggregates induced by 9 mM NaBH,.

The shapes of the optical spectra of AuNPs treated with
NaBH, for 1 h were not changed significantly, except for a slight
increase in the extinction band above 600 nm and the return of the

(29) Mulvaney, P. Leugul 1996, 12, 788.

(30) (a) Sawitowski, T.; Miquel, Y.; Heilmann, A.; Schmid, G. ;
Mager. 2001, 71, 435. (b) Harris, N.; Arnold, M. D.; Blaber, M. G.; Ford, M. J. LBhus
bl 2009, 113, 2784.
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Figure 2. SEM images of AuNP aggregates formed after the addition of different amounts of NaBHy: (a) 0, (b) 6, (c) 7.5, (d) 9, (e) 10, and

(f) 12 mM.

position of A, induced by 1 mM NaBH, (Figure S1), which
indicated that the aggregation of AuNPs was almost complete in
the first few minutes after the addition of NaBHj. Figure 2 shows
typical scanning electron microscopy (SEM) images of different
degrees of AuNP aggregation. It can be clearly seen that more
non-close-packed aggregates formed as the concentration of
NaBH, increased from monomers to dimers, trimers, irregular
chainlike aggregates, and 3D network aggregates. Accordingly,
the extinction band between 600 and 8§00 nm may be approxi-
mately regarded as a collective longitudinal plasmon band of gold
nanorods with various aspect ratios but all having the same
transverse diameter of ~17 nm. Specifically, the flat band should
arise from increased effects of scattering, phase retardation, and
higher multipoles because the size of assemblies is comparable to
the wavelength, which cannot satisfy the quasi-static approxima-
tion.31 The fusion of AuNP aggregates induced by a high
concentration of NaBH, (=9 mM) may be due to the excess
electrons in AuNPs. Chattopadhyay et al.? reported similar
result.

It is shown that 6 mM NaBH, caused a few small AuNP
aggregates to form (Figure 2), which can be treated as the critical

(31) Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters; Springer:
Berlin, 1995.
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point where aggregation begins. The addition of NaCl into
preactivated AuNP solutions resulted in a noticeable extinction
band between 600 and 800 nm, and this band became more
significant as the amount of NaCl increased (Figure 3a). SEM
images (Figures 2b and 3b—d) clearly demonstrated that longer
irregular chainlike aggregates and 3D non-close-packed aggre-
gates were formed as the ionic strength increased. The optical
spectra did not change after 24 h and were found to stay stable for
at least 3 days (Figure S2). This indicated that the aggregates that
formed in solution were stable. It is worth noting that the fusion of
aggregates became more apparent as the amount of NaCl increa-
sed. According to the DLVO theory, increasing the ionic strength
can decrease the electrostatic repulsion as well as the thickness of
the electrical double layer of colloidal NPs. We also found that
addition of NaF or NaOH to the preactivated AuNP solutions
had an effect that was similar to that of NaCl (Figure S3). There-
fore, we conclude that the aggregation of AuNPs could be finely
controlled by tuning the ionic strength of the solution.

In contrast, the shape of the optical spectrum of AuNPs after
the addition of 12 mM NaCl did not change, except for a decrease
in the height of the extinction peak due to the dilution effect of
adding NaCl, which means that the electrolyte concentration of
12 mM does not affect the stability of the AuNPs (Figure 4a). The

DOI: 10.1021/1a904410f 9217
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Figure 3. (a) UV/vis extinction spectra of AuNP solutions pretreated with 6 mM NaBH, after the addition of 1, 4, and 6 mM NaCl. (b—d)
SEM images of AuNP self-assemblies formed in the presence of additional NaBH, and NaCl: (b) 6 + 1 mM, (c) 6 + 4 mM, and (d) 6 + 6 mM.
The optical spectra were recorded 1 h after the addition of NaCl. The corresponding high-magnification SEM images are shown in the insets.
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Figure 4. (a) UV/vis extinction spectra of AuNP solutions before and after the addition of 12 and 40 mM NaCl. The optical spectra were
recorded 5 min after the addition of NaCl. (b) SEM image of AuNP aggregation induced by 40 mM NaCl.

addition of 40 mM NaCl induced a red shift of A,,,, in the AuNPs
and resulted in a second apparent extinction peak at about
700 nm, which indicated the large extent of AuNP aggregation.
The corresponding SEM image showed that fused close-packed
AuNP aggregates were formed (Figure 4b). The different mor-
phologies of AuNP aggregates and the different shapes of the
spectra induced by 40 mM NaCl (Figure 4b) and 12 mM NaBH,
(Figure 2f) indicated their distinct mechanisms of aggregation.

Zeta Potential Measurement. The zeta potential ¢ is related
to the surface charge (¢) of the particle and the nature and compo-
sition of the surrounding medium (pH, «) in which the particle is
dispersed,*? which can be described as follows:*’

g= -1

dmea ®)

exp[— Kkd

More importantly, the surface charge depends on the degree of
ionization of COOH groups of citrates on AuNPs and hence the
pH of the suspension. It is well known that NaBH,(aq) is alkaline
because it reacts slowly with water ultimately to form strongly

(32) McFadyen, P.; Fairhurst, D. Zeta Potential of Nanoceramic Materials:
Measurement and Interpretation. In NanoCeramics; Freer, R., Ed.; British Ceramic
Proceedings No. 51; Institute of Materials: London, 1993.
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basic metaborate ions and generate hydrogen.>* Here, one pro-
blem is that the addition of NaBH, to the AuNP solution could
alter the pH of the mixture and that this pH is time-dependent
because NaBH, hydrolysis must reach equilibrium. Table S1
shows the pH of AuNP solutions after the addition of various
amounts of NaBH, over 5 days. We found that the pH values
were not changed after 24 h. The pH of as-prepared AuNPs was
5.2, and the maximum pH after the addition of NaBH, was up to
9.7 (12 mM after 5 days). To know the effect of pH values on zeta
potentials, the pH of as-prepared AuNP solutions was adjusted
from 6.5 to 10.0. However, the zeta potentials of AuNP solutions
(pH 5.2—10) had almost the same values with increasing pH
(Figure S4). Similar results were obtained by Franzen et al.** for
zeta potentials of citrate-stabilized AuNP suspensions at pH
5—12. No further change in the zeta potential at above pH 5.0
could be due to the complete ionization of COOH groups because
the gold colloids have an isoelectric point of about 2.%>
Therefore, the greatly decreasing ¢ value 10 min after the
addition of 3 mM (46%) and 6 mM (49%) NaBH, as shown in

(33) Schlesinger, H. I.; Brown, H. C.; Finholt, A. E.; Gilbreath, J. R.; Hoekstra,
H. R.; Hyde, E. K. 1953, 7, 215.
(34) Brewer, S. H.; Glomm, W. R.; Johnson, M. C.; Knag, M. K.; Franzen, S.
& 2005, 21, 9303.

(35) Thompson, D.; Collins, 1. | RREREEEE 1992. /52, 197.
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Table 1. Zeta Potential of Citrate-Stabilized AuNPs after the Addition of Various Concentrations of NaCl and NaBH, within 5 Days

NaCl (mV) NaBH4 (mV)“
time control 3 mM 6 mM 12 mM 0.4 mM 3 mM 6 mM
10 min (A) —438+54 —38.3 £4.76 —38.1+3.86 —36.1 £5.72 —40.54+5.43 —23.84+10.3 —2224+12.4
24 h —44.6+6.5 —37.6 £6.71 —3544+5.63 —32.34+5.82 —39.94+6.72 —35.6 £8.17 —29.1£8.05
5 days (B) —42.3+5.8 —40.8+ 7.34 —38.1+7.09 —33.6 £7.48
A purified (C) —61.5+6.28 —60.4+8.42 —61.3+£8.75 —47.34+9.85 —447+ 8.2
C24h (D) —41.1 £13 —443+ 14 —49.9 +24.3 —41.3 +10.8 —42.24+9.46

“In the 10 min measurement after the addition of 3 and 6 mM NaBH,, many small bubbles appeared on the surfaces of the two electrodes of the
detection cell within about 3 min after measuring the zeta potential. However, no air bubbles were found during 24 h of measurement. These bubbles
were probably hydrogen and were generated during the loading of high voltage between the two electrodes in the presence of excess NaBHy4. No bubbles

were found in purified AuNP samples.
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Figure 5. Deconvolved XPS spectra of the C 1s region for (a) the silicon substrate, concentrated AuNPs (b) before and (c) after purification
with H,O, and purified AuNPs via 6 mM NaBH, treatment after (d) 10 min and (e) 5 days. (f) XPS spectra of the Au4fregion for samples b—e.

Table 1 should be due to the decrease in the surface charge (or Wy)
or the increased ionic strength of the solution. However, the
¢ value decreased only a little after the addition of 3 mM (13%)
and 6 mM (13%) NaCl. This significant difference in the dec-
reasing ¢ value for the same amounts of NaCl and NaBH,; means
that the NaBH, treatment induced an additional decrease in the
zeta potential. According to eq 8, the ¢ value is proportional to the
amount of surface charge ¢ if the concentration of added electro-
lyte remains the same. For a crude calculation, the decreases in
AuNP surface charge 10 min after treatment with 3 and 6 mM
NaBHy are 38 and 42% relative to 3 and 6 mM NaCl after 10 min,
respectively. Additionally, the increase of these two § values after
5 days implies the restoration of AuNP surface charge: 99 and
88% relative to 3 and 6 mM NaCl after 10 min, respectively. Here,
we used the ¢ values of NaCl-treated AuNPs at 10 min as the
reference for “10 min” and “5 days” so as to compare the
restoration of the surface charge after the addition of NaBHy
within 5 days.

To determine any possible effects of excess NaBHy in solution
(air bubbles) on the zeta potential measurement, AuNPs were
purified by centrifugation and redispersion in pure water after the
addition of NaBH,. Care was taken to ensure that the super-
natants were completely removed without disturbing the concen-
trated AuNPs. In a pure water environment, the zeta potential of
all purified AuNP samples greatly increased because of the very

Langmuir 2010, 26(12), 9214-9223

lower « value of pure water. The decreases in the rates of change of
the zeta potentials (or surface charges) of AuNPs treated with
3 and 6 mM NaBH, measured in pure water were 33 and 37% re-
lative to that of the control sample, respectively. It is worth noting
that the two decreased rates of zeta potential change in pure water
are both 5% lower than that before purification. This 5% dif-
ference between the decreased rate of ¢ change before and after
purification may due to the effect of bubbles generated by excess
NaBH, in solution.

By contrast, the zeta potentials of AuNPs purified in the
presence of 3 and 6 mM NaCl were the same as the control value,
which means that increased ionic strength due to the addition of
NaCl or NaBH,4 does not affect the zeta potential 10 min after
centrifugation. However, the zeta potentials of the control, 3 and
6 mM NaCl, decreased greatly after 24 h and the standard
deviations (SD) of the zeta potentials were increased with increas-
ing ionic strength of solution. This means that the AuNPs were
not stable in pure water because citrate ions desorbed from
AuNPs. For NaBHy-treated samples, the value of ¢ showed a
small decrease and the SD of ¢ slightly increased. This indicates
that the residual citrate ions on AuNPs after NaBH, treatment
were not prone to desorb.

X-ray Photoelectron Spectroscopy Characterization. Zeta
potential data have shown that the changes in the zeta potential
and interparticle interaction potentials were closely related to

DOI: 10.1021/1a904410f 9219
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AuNP charging via NaBH, treatment. It is possible that the
citrate ions adsorbed on AuNPs were partially removed after the
addition of NaBH, and that they readsorbed onto AuNPs after
the discharge of injected electrons. The partial removal of citrate
ions from the surfaces of AuNPs will result in a decrease in the
surface potential of the AuNPs and eventually will induce a
decrease in the total interaction potential.

To prove this hypothesis, XPS was used to examine the re-
moval of adsorbed citrate ions on AuNPs before and after 6 mM
NaBH, treatment (Figure 5). This study focused on C 1s and
Au 4f spectral regions because these two elements are characte-
ristic components of citrate-stabilized AuNPs. The XPS spectra
of the C 1s core level were deconvolved into three separate peaks
at284.6,286.2, and 288.2 eV that represent three different types of
carbons: C—C/C—H, C—0, and COO™, respectively.**"** For
the substrate sample, two peaks appear at 284.6 and 288.2 eV but
no peak is found at 288.2 eV (Figure 5a), which means that there
was no COO™~ component on the surface of the silicon substrate

Table 2. Quantification of the Composition of C 1s of Concentrated

AuNPs in Figure 5
Cls%
sample Cc-C Cc-0 COO™ “
a 85.30 14.70 0
b 76.71 11.93 11.36
c 77.52 13.80 8.68 (100)
d 80.49 13.71 5.80 (67)
e 80.32 12.75 6.93 (80)

“The values in parentheses are the relative contents of citrate in
samples c—e.
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Figure 6. Comparison of the changing rates of the number of
citrate ions on AulNPs after treatment with 6 mM NaBH, obtained
by XPS and zeta potential measurements.
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but there were C—O species. Therefore, the peaks appearing at
288.2 eV in Figure Sb—e should be due to the presence of citrate
ions. Here, we used the peak area ratios of the three peaks to
semiquantitatively analyze the change in the number of citrate
ions on AuNPs before and after NaBH, treatment (Table 2). It is
found that the content of COO™ from the citrate ions on AuNPs
before purification is much higher than that after purification; this
difference was also observed in the shape of the C 1s spectra
(Figure 5b) and could be due to the residual excess amount of
citrate in as-prepared AuNPs. However, the relative content of
citrate ions on AuNPs decreased for the sample treated with 6 mM
NaBH, for 10 min but increased again after 5 days, which was
very similar to the change in the zeta potential. The obtained
XPS data indicates that the decrease in the zeta potential after
NaBH, treatment was due to the partial removal of citrate ions on
AuNPs.

To compare the changing rates of citrate ions content after
NaBH, treatment, the content of COO™ in sample ¢ was used as
the reference. The relative decreasing rate of change in citrate ions
content in AuNPs after 10 min of NaBH, treatment was 33%,
which agreed quite well with the decrease in the zeta potential
measured in pure water (Figure 6). The XPS data also proved that
excess NaBH, in solution did affect the zeta potential value meas-
ured 10 min after the addition of 6 mM NaBH,. The restoration
values of the number of citrate ions on AuNPs 5 days after
NaBH, treatment were also similar, 80 and 88% respectively.

Figure 7 shows that no AuNP aggregates were formed by the
addition of NaCl to pretreated NaBH, after 3 days or after the
addition of H,O,, where the injected electrons had been greatly
discharged from AuNPs. The restoration of citrate adsorption
was further proven by this data.

Figure 5f shows the comparison of Au 4f spectra recorded
before and after NaBHy treatment. The Au 4f peaks of AuNP
without NaBH, treatment appear at 83.0 and 86.7 eV asa doublet
corresponding to 47, and 4f5),. The binding-energy separation of
the two peaks is 3.7 eV, which is exactly the same as the standard
separation of the Au® doublet (47, and 4f5,,r2).3 ® The doublet of
Au 4f shifts toward higher binding energy after 6 mM NaBH,4
treatment (0.1 and 0.3 eV for 10 min and 5 days of treatment,
respectively). It seems that the longer the NaBH, treatment takes,
the more that the Au 4f peak is shifted. The sample of concen-
trated AuNPs (the same as sample D in Table 1) was used as a
contrast. However, the shift of the Au 4f peak was 0.2 eV, which
was intermediate between the two former samples. Also, the
profile of C 1s spectra for this sample was nearly the same as that
of sample d in Figure 5d (data not shown). This indicates that the
shift of the Au 4f peak was strongly related to the time of reaction
with H,O after NaBH, treatment but not the excessive electron
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Figure 7. UV/vis extinction spectra of AuNPs after (a) slow discharge for 40 h and (b) rapid discharge through H>O».
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Figure 8. Temporal evolution of UV/vis extinction spectra of (a) silver nanoparticles treated with 12 mM NaBH, and (b) the addition of
NacCl into an electron-injected Ag sol. (¢, d) SEM images of a and b, respectively.

injection by NaBH,. Moreover, the removal of citrate ions from
the surfaces of AuNPs did not resulted from this significant shift
in Au 4f because the citrate ions readsorbed onto the AuNPs,
which showed a 0.3 eV shift in the binding energy. Here, we cannot
clearly explain the shift in the Au 4f core-level binding energy after
5 days but we can at least conclude that the removal of citrate ions
from the surfaces of AuNPs and the shift in the Au 4f binding
energy resulted from the electron injection into AuNPs by NaBHy.

We also tested the effect of NaBH, on the stability of citrate-
stabilized AgNPs with A, at 392 nm. However, only the large
blue shift of A, in the optical spectrum of the AgNP solution
was observed after treatment with 12 mM NaBH,, and SEM
images shows no chainlike or network aggregates (Figure 8).
Moreover, the addition of NaCl to the above solution induced
a decrease in absorption at A,,,,x and an increase in the absorption
band above 400 nm. The average size of AgNPs became about
2 times larger than the former, which was apparently induced by
the coalescence of small AgNP aggregates. However, we found
almost no change in the ¢ value of AgNPs before and after 12 mM
NaBH, treatment: they were —33.4 4+ 19.6 and —32.7+7.47mV,
respectively. Additionally, it was reported that citrate ions re-
mained on the AgNPs after NaBH, treatment, which was
characterized by surface-enhanced Raman scattering (SERS).*
These data indicated that injected electrons have no notable effect
on the decrease in W,,. This distinct difference between AuNPs
and AgNPs may due to the different types of carboxylate co-
ordination with the two noble metals.

Mechanism of NaBH4-Induced Aggregation of AuNPs.
To understand the aggregation of AuNPs, we must quantify the
interaction potential between NPs according to DLVO theory.

(36) Puniredd, S. R.; Srinivasan, M. P. Lgugua 2006, 22, 4092.
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Figure 9. Calculated total interaction potential maximum when
treated with various concentrations of NaCl[(®) 0, (O) 3,(¥) 6, and
(2) 12 mM] and NaBH, [(W) 0.4, (O) 3, and () 6 mM]. The ionic
strength of the as-prepared AuNP dispersion (about 2 mM) is
involved in the calculation.

According to eqs 2—3, Ve is related to the surface potential (W)
and the ionic strength of the solution. W, cannot be determined
directly by experiment, but it can be partially reflected in the zeta
potential of AuNPs, which is the potential at the surface of shear
and is definitely less than the potential at the surface W,.>* For a
crude calculation, we assume that the W, values are 1.5 times
larger than the ¢ values (Table 1); the total interaction potential
maximum (V) after the addition of different amounts of NaCl
and NaBH, is shown in Figure 9. The calculation shows that
Vimax decreased significantly after the addition of NaBH,4 and
increased again within 5 days. This restoration of Vi, indicates
that the AuNPs will become stable again after the discharge of the
AuNPs, which agrees well with the stability of the optical spectra
after 24 h. It also should be noticed that the ¢ values induced by 3
and 6 mM NaBH, are almost equal, which means that 3 mM
NaBHy is enough to reduce £ and that more NaBH,4 added to the
AUuNP solution just decreases the velocity of restoring the .
Accordingly, the calculated V,.x induced by 3 mM NaBH, is
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Figure 10. Possible mechanism of the aggregation of irregular chainlike aggregates and 3D network aggregates of Au nanoparticles based on
the concentrations of NaBH, and NaCl. The decreased isotropic electrostatic repulsion caused by NaCl could not induce anisotropic

aggregates.

much higher than that induced by 6 mM NaBH,, which indicates
that NaBHy-treated AuNPs are sensitive to ionic strength. It also
indicates that the controlled aggregation of AuNPs (Figure 2), in
fact, was induced by the increase in the ionic strength.

Previous studies®' have suggested that most solution-phase
strategies for the synthesis of metallic NPs (gold and silver) are a
mixture of various morphologies such as decahedrons, tetrahe-
drons, truncated tetrahedrons, and cubes. Colloidal gold (silver)
is also usually composed of single-crystalline, singly twinned, and
multiply twinned structures. These nonideal spherical NPs have
different crystalline facets with different chemical activities.*? In
this sense, the strength of the binding force of the stabilizer on
different crystalline facets of NPs is not uniform. As a result, the
stabilizers with a weak binding force on some facets will desorb
first under the same treatment. It has been reported that citrate
ions could adsorb and form stable, well-ordered adlayers on the
gold surface through surface coordination.*’ The coordination of
deprotonated carboxylate groups with gold may be disturbed by
NaBH, treatment. Consequently, some citrate ions with a low
binding affinity to AuNPs were removed first and an anisotropic
distribution of surface charge formed. The anisotropy of the
surface charge distribution transforms isotropic electrostatic
repulsion between AuNPs into anisotropic forms (Figure 10). It
is worth noting that the addition of NaBH, to the sol also
increases the ionic strength. Such dual roles of NaBH, provide
a rapid decrease in electrostatic repulsion. By increasing the ionic
strength using NaCl after 6 mM NaBH, treatment, a slow reduc-
tion of electrostatic repulsion can be obtained, which is more
suitable for finely controlling aggregation. The irregular chainlike
aggregates and 3D network aggregates of AuNPs are formed by
controlling the strength of the anisotropic electrostatic repulsion.
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Importantly, the redistribution of surface charges after a few NPs
are assembled plays an important role in anisotropic self-assem-
bly. The growth of irregular chainlike aggregates can be explained
by the electrostatic interaction model,** where the length of the
chain increases with the reduction of electrostatic repulsion.
When the strength of the electrostatic repulsion was greatly
decreased by NaBH, treatment and the ionic strength, the
assembly of NPs provided less repulsion and 3D porous aggre-
gates were formed in the final stage.

Conclusions

Treating the citrate-stabilized AuNP solutions with various
amounts of NaBH, induced a blue shift in the surface plasmon
resonance peak (1., and caused a different extent of AuNP
aggregation. By increasing the ionic strength of AuNP solutions
after treatment with a lower concentration of NaBH,, non-close-
packed aggregates including irregular chainlike aggregates and
3D network aggregates of AuNPs can be obtained. Zeta potential
and XPS characterization showed that citrate ions on AuNPs
were partially removed from the surfaces of AuNPs after the
addition of NaBHy. The partial removal of citrate ions produces
an anisotropic charge distribution around the AuNPs and even-
tually transforms the isotropic electrostatic repulsion between the
NPs into an anisotropic one. This is quite different from previous
methods®~'? in which the citrate ions were replaced with other
chemicals. The aggregates that formed in solution are stable
because citrate ions readsorbed on AuNPs after discharge.
Additionally, the non-close-packed aggregates of AuNPs formed
by NaBH, treatment, which are in an activated state and do not
involve surfactant chemicals, could be used in areas such as pho-
tonics, electrocatalysis, and SERS.
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6 mM NaBH, after the addition of NaF and NaOH. pH of
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