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ABSTRACT

In this report, we demonstrate a rapid, simple, and green method for synthesizing silver-
gold (Ag-Au) bimetallic nanoparticles (BNPs). We used a novel modification to the
galvanic replacement reaction by suspending maltose coated silver nanoparticles (NPs) in
~ 2% aqueous solution of EO;¢pPOgsEO;oy (Pluronic F127) prior to HAuCly addition.
The Pluronic F127 stabilizes the BNPs, imparts biocompatibility, and mitigates the
toxicity issues associated with other surfactant stabilizers. BNPs with higher Au:Ag ratios
and, subsequently, different morphologies were successfully synthesized by increasing
the concentration of gold salt added to the Ag NP seeds. These BNPs have enhanced
catalytic activities than typically reported for monometallic Au or Ag NPs (~ 2-10 fold)
of comparable sizes in the sodium borohydride reduction of 4-nitrophenol. The 4-

nitrophenol reduction rates were highest for partially hollow BNP morphologies.

KEYWORDS: bimetallic nanoparticles, triblock copolymer, tunable composition, 4-
nitrophenol, catalytic activity
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INTRODUCTION

Bimetallic nanoparticles (BNPs) have attracted considerable interest in recent years due
to their unique catalytic, electronic, and optical properties.l'5 These properties are
distinctly different from those of single component nanomaterials and can be optimized
by controlling the size, shape, and metallic composition of the particles.6’ 7 Several

methods for synthesizing BNPs exist,*!? including a growing volume of literature

11,12

describing environmentally benign BNP synthesis methods. These environmentally

benign routes are categorized broadly into physical, biological, and chemical approaches.

13, 14 15, 16
d, )

Physical methods of BNP synthesis include radiation-induce electrochemical

17,18
9

sonochemical and spark generation19 techniques. Biological nanomaterial synthesis

methods are more cost effective than physical methods and use plant extracts™ > or

microorganisms™ ¢

to produce the nanoparticles (NPs). These methods, however, can be
hard to reproduce, difficult to implement on the large scale, and time consuming.
Chemical synthesis methods use reducing agents such as ascorbate”’ citrate,”® or
borohydride ’ to facilitate the formation of the BNPs and are by far the most commonly
used methods for synthesizing BNPs.

Ag-Au BNPs have been extensively studied > 8:11.2935 que to their utility in

38,3 L 40-42
%39 and surface enhanced Raman-scattering. Xia

catalysis,l’ 36 plasmonics,37 SEensors,
and coworkers synthesized 50 nm Ag-Au nanocages and boxes with excellent catalytic
activity against 4-nitrophenol by the galvanic replacement reaction (GRR).*” Zhang and
colleagues synthesized hollow ~20 nm Ag-Au BNPs by first forming Ag NPs in a

polyelectrode multilayer film via an ion-exchange/reducing agent process and then

reacting these synthesized Ag NPs with HAuCl,.*° Fu et al. synthesized bimetallic
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nanowires by the GRR between HAuCl, and Ag nanowires formed via the reduction of
AgNO;3 by vanadium oxide.*' Core-shell Ag-Au BNPs with high catalytic activity for
glucose oxidation were synthesized by the co-reduction of AgCl0,4 and HAuCly with
NaBH, in poly(N-vinyl-2-pyrrolidone).** Moreover, the similarities in lattice constants
between Ag and Au permit for single-phase alloys of Ag-Au NPs with varying
compositions.s’ 33.34

Ag-Au BNPs with very unique structures of high complexity have also been
reported.29’ #-30 Mechanistic interpretations for their formation include sequential or

29,51, 52

simultaneous processes of GRR, nanoscale Kirkendall growth,48’ >3 aggregation

48 L2952
and coalescence, = and Ostwald ripening. 5

Net growth or etching of specific facets
occurs during the reaction depending on the competition between Au atom deposition and
Ag atomic dissolution on these facets.”? Moreover, template hollowing can also be

48.34 where there is faster diffusion of the Ag"

ascribed to the nanoscale Kirkendall effect,
ions compared to gold at the Ag/Au interfacial regions resulting in the formation and
coalescence of void vacancies.

Because the differing Ag-Au BNP synthetic methods result in the formation of
nanomaterials with differing physical properties, it is likely that these various

preparations of Ag-Au BNPs will have differing catalytic properties. It is well

established that the catalytic properties of BNPs can be influenced by their

57,58 59, 60

morphology,ss’ 26 composition, and size. Wu and colleagues synthesized hollow
Ag-Au bimetallic nanospheres and nanoboxes and found that the morphology of the
nanomaterials affected the catalytic activity more than composition.61 Endo and

coworkers found that the 7-10 nm Ag-Au BNPs with an Au:Ag ratio of 3:1 had higher
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catalytic activity for the reduction of 4-nitrophenol compared to 7 - 10 nm Ag-Au BNPs
with an Au:Ag ratio of 1:1 or 1:3.%% Petri and colleagues synthesized Ag-Au BNPs with
varying structures and compositions and found that both composition and structure were
important for optimizing the catalytic activity towards the reduction of 4-nitrophenol and
4—alminophenol.63 Menezes and coworkers synthesized Ag-Au BNPs of varying sizes and
found that the smallest particles showed the highest turnover frequencies for catalyzing
CO oxidation.* Taken together, these studies demonstrate that the physical properties of
Ag-Au BNPs greatly influence their catalytic activity.

While the field of BNP synthesis and catalysis is mature, 46.47

reproducible
descriptions of Ag-Au BNP synthesis with good size and shape control using triblock
copolymers (TBPs) are spaurse.65 TBPs can be used as reducing and stabilizing agents to
synthesize monometallic Ag and Au NPs.*>® Moreover, the correlation between
morphology of TBP stabilized Ag-Au BNPs and their catalytic activity is yet to be
established. Herein, we describe a simple, reproducible, and green method for the
synthesis of Ag-Au alloy BNPs with good size control. In this method, maltose coated Ag
NP seeds are exposed to Au’* ions in EO;00POesEO o (Pluronic F127) aqueous solutions.
The Au™* reduction occurs on the surface of the silver NPs. Furthermore, by adjusting
the concentration of gold salt added to the Ag NP seeds, the Au to Ag ratio and
subsequent morphology of the BNPs can be controlled. The resulting BNPs show
enhanced catalytic activity relative to Pluronic F127 stabilized Ag and Pluronic F127

stabilized Au NPs in the borohydride reduction of 4-nitrophenol with the highest turnover

frequencies achieved by the highly etched Ag-Au BNPs.
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EXPERIMENTAL SECTION

Materials

The ammonium hydroxide (28-30%), D-(+)-Maltose monohydrate (>99%), NaOH
(>98%), silver nitrate (>99%), gold (III) chloride hydrate (HAuCly.xH,O; 99.999% trace
metals basis), Pluronic F127 (EO;poPOgEO190 MW = 12500; batch no. 119K0073),
ascorbic acid (reagent grade), sodium borohydride (< 90%), 4-nitrophenol (<98 %; 4-
NP), and 4-nitrothiophenol ( 80%; 4-NTP) were used as received (Sigma-Aldrich,

Milwaukee, W1, USA). Milli-Q water (Millipore 18.2 MQ cm) was used.

Synthesis of monometallic Ag nanoparticles

Maltose coated Ag NPs (= 22 nm) were prepared via the reduction of AgNO; by maltose
in an alkaline environment as previously described.”” " A solution of 2.0 x 10*M
AgNOj; was prepared by dissolving 34 mg of AgNOsin 10 mL water. A stock solution
containing 1.0 x 10> M ammonium hydroxide and 1.0 x 10> M maltose was prepared by
adding 28 pL of ammonium hydroxide (28% NH3) and 0.137g of D-maltose to 40 mL of
water. To 10 mL of stock solution, 0.5 mL of 2.0 x 102 M AgNO; was added. The pH of
the solution was adjusted to =~ 11.5 using 1 M NaOH. The clear solution was then
incubated at 30 °C until the solution turned amber in color (=5 min). The resulting D-
maltose coated Ag NPs were centrifuged (10,000 x g, 15 minutes) and resuspended in =
2% wi/v Pluronic F127 to an optical density of 12 at Ayax =400 nm. The concentrations
of the Ag nanoparticle seeds and comprising Ag atoms at an absorbance of 12 were = 1
nM (~6 x 10'" particles/mL) and ~ 3 x 10* M as determined by Mie calculations,

respectively.72
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Preparation of monometallic Au nanoparticles

Gold NPs (= 25 nm) were prepared as follows. Trisodium citrate solution (2 mL of 1%
(w/v)) was added to 98 mL of H,O and the solution was heated to reflux (~100 °C).
Then, HAuCly (100 uL of 0.1 M) was added and the solution was further refluxed for 15
minutes prior to cooling to room temperature. These particles (=12 — 15 nm) were further
seeded (after removing a 5 mL aliquot for analysis for each seeding cycle) to obtain =25
nm NPs. For seeding, the Au NP solution (= 100 mL) was heated at 95 °C and 5 mL of
trisodium citrate (15 mM), followed by HAuCl, (100 pL of 0.02 M), were added to the
solution. This solution was then heated to reflux (~100 °C) for 30 minutes. This seeding
was repeated twice to get = 25 nm NPs. For catalysis experiments, the NPs were coated
in F127 by centrifuging (10,000xg, 15 minutes) followed by suspension in = 2% (w/v)
aqueous Pluronic F127. In 4-nitrothiophenol adsorption experiments, the NPs were first
suspended in 5% (w/v) F127 by dissolving 2.5 g in 50 mL NP aqueous solution and then
centrifuged (10,000xg, 15 minutes) and resuspended in = 2% (w/v) aqueous Pluronic

F127.

Preparation of Ag-Au bimetallic nanoparticles

Ag-Au BNPs were prepared by the galvanic replacement reaction between maltose
coated Ag nanoparticle seeds and HAuCly in = 2% (w/v) aqueous Pluronic F127
solutions. Triblock copolymers are known reducing and capping agents but, in this case,
the rate of heterogeneous Au’* surface reduction on the Ag NPs is rapid compared to

solution based Au’* reduction to Au by the TBPs. Without the presence of TBPs, GRR
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will occur on the Ag-NPs but it is followed by NP aggregation. In contrast, TBP
stabilized BNPs are colloidally stable at room temperature for a period of several weeks.
On the 1 mL scale, 0.1 M HAuCly4 (1 to 8 uL) was added to the F127 stabilized (=
2% (w/v)) Ag NP seed solution (1 mL, OD = 12 at Ay, = 400 nm) at 25 °C or 100 °C.
The reactions were allowed to run for 30 minutes (the color change was instantaneous
upon thorough mixing) before air cooling to room temperature (= 1 hour). Then, the

solutions were centrifuged at 1,500 x g for 5 minutes to remove any AgCl precipitate.

Instrumentation
UV-Vis spectra were recorded using a Varian Cary 300 spectrophotometer equipped with
a temperature controller. All UV-Vis measurements were made using a quartz cell (1 cm
path length, 25 °C) unless otherwise indicated.

Digital transmission electron microscopy (TEM) was carried out on a Philips
Tecnai 12 instrument operating at 80 kV fitted with a Gatan camera. Samples were
prepared for electron microscopy measurements by centrifuging (10,000xg, 15 minutes)
twice to remove excess reagents and suspended in water followed by dropping 5 to 10 uL
of solution onto a carbon-coated Cu grid (Ted Pella 200 mesh) and allowing the samples
to air dry.

Powder X-ray diffraction (XRD) of samples was performed on a Siemens D500
X-ray diffractometer using Cu-Ka radiation (A =1.54184 A)at40kV, 40 mA, a scanning
rate of 58°/min, and a 20 angle ranging from 30 to 80°. Samples were dried onto a silicon

low background sample holder prior to analysis. Data were analyzed with Jade10

software (Materials Data Inc.) using the NIST ICSD-Min (2013) database and each
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spectra matched to a powder diffraction file (PDF). A Thermo NNS Energy-dispersive X-
ray (EDX) analyzer attached to a Vega LSH scanning electron microscope was used to
determine the composition of the BNPs. EDX measurements for each BNP were
performed on at least five different regions on two different samples.

Particle sizes were determined using a Nicomp380 XLS Zeta Potential/Particle
Sizer (PSS Nicomp, USA) equipped with a He-Ne laser wavelength of A = 638 nm and a
power output of 60 mW. All data were collected at 25 °C and at a scattering angle of 90°
with a square acrylic cuvette (3 mL volume) containing a suspension of diffusible
particles. Values of the refractive index n = 1.33, and viscosity, = 8.9x10™* Ns m™ for
water were assumed to be applicable to the solutions. Prior to measurements, all samples
were centrifuged (8000 x g, 30 min) to remove excess surfactant and suspended in
deionized water.

Atomic force microscopy (AFM) images were generated with a multimode 8
scanning probe microscope (Bruker, Santa Barbra CA) in the peak force tapping (k = 0.4

Nm™, f = 70 kHz) mode as previously described. 68.69

Catalytic Reduction of 4-nitrophenol by Ag-Au bimetallic nanoparticles

We used the reduction of 4-nitrophenol as a model system to quantify the catalytic
activity of the F127 capped Ag-Au BNPs. The catalytic reduction of 4-nitrophenol is
known to follow pseudo-first order decay kinetics.” All reactions were performed in a
standard 3 mL quartz cuvette with a 1 cm path length. Stock solutions of the 4-
nitrophenolate anion and NaBH; were prepared in pH 9 water on the day of the

experiment. The absolute concentration of 4-nitrophenolate was determined from the
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absorbance at 400 nm (¢ = 19200 M cm'l).74 Fresh 0.015 M NaBHy (5.7 mg in 10 mL
water) was prepared 10 minutes before each experiment to minimize hydrolysis. Briefly,
1.0 mL of 0.015 M NaBH,4 was added to 1.7 mL of 0.15 mM 4-nitrophenolate together
with 300 pL. of Ag-Au BNPs (as—prepared). The UV-Vis absorbance spectra were
recorded at 4 s (399 — 401 nm) or 30 s (200 — 700 nm) intervals. Monometallic Ag and
Au NPs (=1 nM) were used as controls. The catalytic activity was quantified in terms of
turnover frequency (TOF) with dimensions of time"' (Supplemental for details). We
estimated the NP surface areas from the 4-nitrothiophenol adsorption isotherms
(Supplemental Figure 1). We did the experiments between 25 and 45 °C to determine
activation energies calculated from the gradient of natural log of the reaction rate (s™)

against reciprocal temperature.

RESULTS AND DISCUSSION

Characterization of Ag-Au nanoparticles

In this study, Ag-Au BNPs were synthesized by adding chloroauric acid (0.1 — 0.8 mM)
to F127 stabilized, maltose coated, Ag NP seeds (= 22 nm and 1 nM; Supplemental
Figure 2). TEM images indicate that there is a change in BNP morphology upon the
addition of increasing concentrations of gold salt (Figure 1). Extensive pitting and
hollowing is observed below 50% Au composition, transitioning into pseudo spherical
morphologies above 80% Au atom incorporation. The Ag-Au BNPs are formed by the
GRR (3Ag) + AuCly (aq)—> Aug) + 3AgCl) + Cl'(oq)) between Ag NPs and chloroaurate
ions. This reaction occurs because the redox potential of gold (III) ions is higher than that

of solid silver (~ +0.8 V for Ag versus ~ +1.5 V for Au’*). EDX analysis confirmed the

Page 10 of 29
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presence of both silver and gold in the nanostructures (Supplemental Figure 3). The
Au:Ag ratios were estimated as a function of [Au3 *added]/[3 x 10 M], where the BNPs
synthesized with increasing chloroauric acid concentration having higher Au:Ag ratios
(Supplemental Figure 4). Below 50% Au composition (4 x 10* M HAuCl, added, Au:Ag
< 1.5) GRR is observed (Figure 1 A-B, E-F). The darker electron contrast for ~20 — 50%
Au composition indicates heterogeneous electron scattering from the gold and silver. This

suggests that the particles are either core-shell or have hollow interiors.

2x10* M HAuCl, 4x10* M HAuCl, 6x10* M HAuCI,  8x10* M HAuCl,

A B C ; D ®
@ © o A
& -] 4 e .
& & oo ".
e
— — s} —_— @ ;
50nm 50nm 50nm 50nm

Figure 1. TEM images of Ag-Au nanoparticles. The nanoparticles were prepared by
adding HAuCly (1 to 8 uL.; 0.1 M) to I mL of = 1 nM (OD = 12, = (22 + 3) nm) Ag
nanoparticles. Top panel: representative TEM images of Ag-Au NPs prepared at 100°C
with (A) 2 x10™ M (= 20% Au), (B) 4 x10™* M (= 50% Au), (C) 6 x10™* M (= 90% Au),
and (D) 8 x10* M (= 93% Au) of HAuCly. Bottom panel: high magnification TEM
images of Ag-Au NPs prepared at 100°C with (E) 2 x10* M (=20% Av), (F) 4 x10* M
(= 50% Au), (G) 6 x10* M (= 90% Au), and (H) 8 x10™* M (= 93% Au) of HAuCl,.

We also noted that the Ag-Au BNPs synthesized at 100 °C, compared to those
prepared at 25 °C, were morphologically different and had a higher maximum gold

content (Supplemental Figures 4 and 5). For example, when 6 x 10* M HAuCl, (Au:Ag
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~ 2) was added, the BNPs prepared at 25 °C (~60 percent gold) showed signs of
“necklace chaining” while the BNPs prepared at 100 °C (~80 percent gold) were
dispersed. X-ray diffraction characterization at the 25 °C preparation had an additional
(200) peak from AgCl (PDF#31-1238) at 32.0 ° that persisted after excess AgCl was
removed by centrifugation. This peak quantification indicated ~ 30% AgCl
contamination on the formed BNPs when 1 to 5 x 10 M of HAuCl, (Au:Ag~0.3-1.7)
was added to the Ag NPs at 25 °C. It is likely that this AgCl contamination contributes to
the “necklace chaining” and lower maximum gold incorporation for the 25 °C
preparation. It is well established that, during the formation of Au-Ag BNPs, oxidized
silver species can exist as the sparingly soluble AgCl precipitate and in the form of stable

7576 The insoluble silver

solute complexes {[AgCln]l'“} at higher ligand concentrations.
chloride precipitate can contaminate the surface of the nanoparticles, reduce the surface
charge of the BNPs, and inhibit further Ag" surface oxidation and further incorporation of
Au. By heating the Ag NP seed solutions to ~100 °C prior to adding the gold salt
followed by centrifugation, we found that the AgCl contamination can be effectively
avoided (Figure 2). Powder XRD of samples prepared at 25 and 100 °C confirmed the
presence of metallic Ag with intensity maxima at 2—theta diffraction angles of 38.2°,
44.2°, 64.4°, and 77.5° (these correspond to characteristic diffractions from (111), (200),
(220) and (310) planes of Ag (PDF# 4-783)). Unfortunately, we were not able to
determine the Ag:Au elemental ratio of the BNPs by X-ray diffraction because the lattice

constants for Ag and Au are comparable. EDX instead was used to quantify elemental

composition.

Page 12 of 29
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Figure 2. Representative XRD patterns of the Ag-Au nanoparticles. The nanoparticles
were prepared by adding 1 x 10* M HAuCl, (1 pL; 0.1 M) to 1 mL of = 1 nM (OD = 12)
25 nm Ag NP seeds at 25 or 100 °C. Samples were centrifuged at 1500 x g for 5 minutes
to remove any AgCl precipitate prior XRD characterization. The 25 °C preparation has a
(200) Bragg peak from AgCl.

The size and population distributions of the Ag-Au BNPs prepared at 100 °C were
determined by TEM, AFM, and DLS. These data show one dominant population with
nominal sizes of ~10 — 25 nm for TEM (Supplemental Figure 4), 25-35 nm for AFM
(Supplemental Figure 6), and 55 — 70 nm for DLS (Supplemental Figure 7). The larger
NP sizes, as determined by AFM and DLS, are indicative of the block copolymer
overlayer. From the BNP size distribution, we can assume that the concentrations of as-
prepared BNPs are the same as the starting Ag NP seed concentrations. This is no longer
true when Au’" is added in large molar excess because additional gold nuclei are formed
by TBP facilitated reduction in the solution, resulting in a bimodal size population
68, 69

distribution (Supplemental Figure 8).

Based on the TEM analysis, the dissolution of Ag and the deposition of Au are

not uniform on the NP surface (Figure 1, Supplemental Figure 4). Under our
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experimental conditions, Au deposition will probably occur initially (Au:Ag < 1) and
preferentially on the high-energy {110} and {100} facets.” Consequently, the
preferential gold deposition/reduction on these high-energy facets will inhibit the
oxidation of Ag from them. The uncoated low energy {111} facets become sites for
pitting, void formation, and dealloying,”” where silver behaves as a sacrificial anode.
Such growth behavior also suggests that, although the Ag atoms drive the Au’* reduction,
the deposition of Au atoms is a self-seeding process. This is ultimately responsible for the
formation of the hollow structures observed when the BNPs are prepared at a low
concentration of Au*. There is likely alloying at the interfacial regions resulting in an
overall reduction in the number of atoms in the structure.*® When greater concentrations
of HAuCl, are added (Au:Ag > 1), the faster kinetics for the Au growth presumably
decreases the surface energy differentiation between {111} and {100}/{110} facets and
results in more uniform BNPs (Figure 1 G - H). At Au:Ag > 1, reduced Au atoms also fill
void vacancies (dealloying) and replace some of Ag scaffolding by Au. This
concentration is critical for the formation of core-shell structure of the BNPs.

With increasing HAuCly concentration, the localized surface plasmon peaks
(LSPR) peak maxima shift from = 400 to = 525 nm (Figure 3). This change in LSPR
maxima is non-linear, rapidly changing from =~ 440 to = 510 nm, between 0.3 to 0.7 mM
HAuCl, (Au:Ag = 1-2) added. This suggests there is an Au’* concentration threshold for

promoting surface GRR.

Page 14 of 29
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Figure 3. Representative optical images and UV-vis absorption spectra of Ag-Au BNPs
with increasing Au fractional composition as determined by EDX. All spectra are
normalized to their localized surface plasmon peak maxima. The nanoparticles were
prepared by heating 1 mL of ~ 1 nM (OD = 12) 22 nm Ag nanoparticles to ~ 100 °C and
adding HAuCly (1 to 8 uL; 0.1 M) to the hot solution. The inset is a digital photograph of
Ag and Ag-Au (made with 2 x10* M, 4 x 10* M, 6 x 10* M, and 8 x 10 M of HAuCly)
nanoparticles. For the UV-vis absorption spectra, the black solid line at 400 nm
represents Ag nanoparticles and the dotted lines correspond to Ag-Au nanoparticles made
with 2 x 10% M, 4 x 10* M, 6x10™* M, and 8 x 10* M of HAuCly, respectively.

Bimetallic nanoparticle catalytic efficiency
One of the applications of BNPs is their ability to enhance catalytic activity and

7880 We evaluated the

selectivity as a result of their structural effects on electronic states.
catalytic behavior of the synthesized Ag-Au BNPs using the reduction of 4-nitrophenol
(4-NP) by NaBH,4 as a model reaction. Kinetic data were analyzed in terms of the
Langmuir-Hinshelwood model assuming that the NaBH,4 is in molar excess and the
reaction rate is dependent only on the 4-NP concentration.””*' Under our experimental

conditions, as-prepared NPs ranging from 100% Ag to = 95% Au incorporation (Au:Ag =

2.5) were used. Moreover, the comparable nominal size determinations enable a



RSC Advances Page 16 of 29

meaningful comparison of the effects of BNP composition and shape on catalytic
activity.

The time evolution for the reduction of 4-NP by NaBH, in the absence and
presence of nanoparticles was monitored by UV-Vis spectroscopy both at 400 nm and
between 700 and 200 nm (Figure 4). The reduction of 4-NP became significant in the
presence of nanoparticles as evidenced by the decrease in the absorbance at 400 nm (4-
NP) and the concomitant growth of the 300 nm 4-aminophenolate peak. Clearly 4-NP
reduction is facilitated by the presence of a NP catalyst. Representative absorbance
spectra indicate that the rates of degradation in the presence of a NP catalyst are in the
order Ag < Au < Ag-Au (Figure 4 A — D). Observed lag times before 4-NP degradation
are assigned to adsorbate induced surface restructuring and were shortest for the most

active NPs (Figure 4 E).”



Page 17 of 29 RSC Advances

A B

Time (min)

Time (min)

Absorbance
T
Absorbance

<+ =800
14 ———==090.0
——==100.0

0

T
200 300 400 500 600 700 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

(@)
w)

Time (min) 4 Time (min)

Absorbance

Absorbance

T T 1

200 300 400 500 600 700 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
1040 € 0 0eqeel; & = % umamum -25X10%
N\ i O 18%Au 54 O 18%Au
_ 08 \ \\ \ O 51%Au & -20 / 9 Q >latu
S \ @ 89%Au — 4 A : b
So.6. @ 93%Au 15 O Au (25 nm)
g O Au (25 nm) — Ag (22
3 W Ag (22 nm) ) M Ag (22 nm)
So08 + 101
2 o
el
_<C 0.2+ -5
0.0- L O 06T e n——
2 3456789 2 3456789 2 i 5 3 4 56789 > 3 456789 5
10 )00 2000 10 2 3456789 2 345678 2

Time (s) Time (s)

Figure 4. The reduction of 4-nitrophenol. The time evolution for the reduction of 1.5 x
10* M (1.7 mL; 0.15 mM) 4-nitrophenol by 5 x 10° M (1.0 mL; 0.015 M) NaBH,
determined from UV-vis spectroscopy at 4 s (399 — 401 nm) or 30 s (200 — 700 nm)
intervals. (A) Borohydride only, (B) Au NPs (300 uL) (= 25 nm), (C) Ag NPs (300 uL)
(=22 nm), and (D) Ag-Au NPs (300 uL) roughly 50% Au and = 22 nm. (E) The
absorbance spectra at 400 nm for the reduction of 1.5 x 10* M 4-NP by ~ 5 x 10° M
NaBHy in the presence of Ag-Au NPs (= 18, 51, 89, and 93% Au) Au NPs (= 25 nm), and
Ag NPs (= 22 nm). (F) The time evolution in the TOF for Ag-Au NPs (= 18, 51, 89, and
93% Au) Au NPs (= 25 nm), and Ag NPs (= 22 nm). All reactions were run at 25 °C.
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We determined the NP surface-to-volume (S/V) ratios from the 4-nitrothiophenol
(4-NTP) adsorption isotherms. Figure SA shows the adsorption isotherms of Au, Ag and
Ag-Au BNPs (20% — 95% Au) where C,q4s and Ceq are the adsorption and the equilibrium
solution concentrations of 4-NTP, respectively. Assuming a Langmuir isotherm model,
the 4-NTP surface-to-volume ratios were estimated from 1/(slope) of the plots of Cey/Cags
against Cygs [S/V = 1/slope (mol/L) x Avogadro’s number (6 x 10% 4-NTP/mol) x 4-NTP
surface area (1.87 x 107"’ m?)] (Figure 5B, Supplemental Figure 1, Table 1). For the
monometallic NPs and Ag NP seeds prior to making the BNPs concentrations, the
starting concentration were ~ 1 mM. We note that the 4-NTP adsorption concentration
(Cags) 1s proportional to the NP concentration. The adsorption saturation concentrations
cluster for Ag and Ag-Au BNPs (20% — 93% Au). In contrast, Au and Ag-Au BNPs
(~95% Au) have the lowest and highest adsorption saturation concentrations,
respectively. This can be understood from morphological and NP number density
considerations. The Ag-Au BNPs (20% — 95% Au) concentrations were comparable to
the silver NP seeds. But the subtle variations in the saturation adsorption concentrations
in Ag-Au BNPs (~20 — 50% Au) are likely from the variations in surface areas, which is
confirmed by the larger S/V ratios of the Ag-Au BNPs with ~20% Au (Table 1). We note
that 4-NTP addition to the citrated Au NPs always resulted in some precipitation. The
anomalously low Au saturation concentration is probably from partial Au NP aggregation
due to thiol exchange with the surface citrate. For Ag-Au BNPs (= 95% Au), the large
molar excess of HAuCly (Au(IIl)/Ag(I) > 3) will result in Ag NP dissolution, and the

formation of smaller NP seeds. The concentration of the NPs will be higher than the
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initial Ag seeds. These smaller NP seeds will likely form nucleation sites seeding the

i : o 68,69
growth in an aggregative type mechanism.
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Figure 5. Adsorption isotherms of 4-nitrothiophenol on the nanoparticles at 25 °C. Each
data point is the average of three independent experiments. The volume of NP added was
50 pL in a 1 mL total volume 4-NTP aqueous solution. For each experiment, the
concentrations of the NPs were fixed while 4-NTP concentrations were varied (0.002 —
0.05 mM). The error bars are the standard deviations. (A) Adsorption isotherms of Ag,
citrated Au, and Ag-Au NPs. (B) Langmuir Plots of C./Cads against C.q of Ag, citrated
Au, and Ag-Au NPs. The reciprocal of the slopes gives monolayer 4-nitrothiophenol
coverages.

We used TOFs to quantify the relative catalytic efficiencies of the NPs. This
allows for a meaningful comparison with published reports of catalytic activity of Ag, Au
and Ag-Au nanomaterials. Moreover, TOF's are independent of the reaction order as they
are a measure of the reaction rate. In contrast, the assumption that the rate constants are
first-order may not be always be valid.** However, we can assume that the reaction order
is = 1 as the rate constants and TOF's are in good agreement (Table 1). These TOF's were
measured above the saturation limit of the catalyst (~ 10" M), and are a true measure of

the TOF (Supplemental Figure 9). The BNPs represent superior catalytic performance



compared to the monometallic NPs (Figure 4F). BNPs of Au:Ag ratios between 0.5 (20%
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Au) and 1.5 (50% Au) have the highest TOF's (Table 1) even when the TOF's are

normalized by estimated surface areas. We note that the TOF's and activation energies for

citrated NPs will be artificially high and low, because the surface citrate can act as a

reductant in the system.4

3

Table 1. Kinetic parameters for 4-nitrophenol reduction.”

(%;I)?Z) Size (nm) Kapp(s™) TOF (s - ij)rl) TOF (s (nS.QIL)

0 22+3(TEM) 5.75+0.10x10° 3.70+0.10x10° 63 +8 a3l +030x 10t || 2P =007
1844 22+4(TEM) 1.89+0.02x10% 242+020x10% 567 278+042x 107 123 *0:20
51+3 21+4(TEM) 245+049x102 264+052x10%  51+2 365+£072x10° 102017
89+1 14+1(TEM) 1.35+0.70x10% 1.93+0.09x102  70+8 132+012x10° 141£016
93+1 16+2(TEM) 5.09+0.69x10° 1.05+027x102  64+7 893+£030x10¢ 223*0.14

100 24 + 4 6.23+035x10°  7.10 £2.4x% 107 28+4 2.29£0.37 x 10°  0.45+0.24
(AFM) (citrated) (citrated) (citrated)
®(50) 1.03£0.2x10°
*At298.15 K.

"Using activation energy based on literature values for gold.*

k,pp: apparent rate constant.
TOF: turnover frequency.
E,: activation energy of the TOF against 1/temperature.
TOF°: standard TOF at a concentration of [C] equal 1 M, temperature 273.13 K and 1 bar pressure.
S/V: surface-to-volume ratios.
Values are reported as mean + SD.

The Ag-Au BNPs TOFs at 25 °C of ~ 107 s are comparable to the values

obtained by BNPs derived from pueria starch'? and partially hollow nanorods,** but is

much higher than pure Ag NPs with a TOF (25 °C) of 10~ s™'. BNPs above 60 Au%

content have catalytic efficiencies comparable to the monometallic Au NPs. Assuming an

activation energy of ~ 50 kJ mol”, based on known literature values for
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cetyltrimethylammonium bromide coated Au NPs,* gives a standard TOF °of ~ 107 5™
extrapolated from room temperature, which is ~ 3 to 4 fold lower than the BNPs. Further,
the efficiency of the BNPs is about ~10 fold higher compared to Ag NPs. If the BNPs
TOFs © are normalized to S/V, the relative enhancements against citrated Au and Ag NPs
are ~ 2 and ~ 5 fold higher, respectively. Indeed, the confounding effect of the surface
citrate on catalytic activity is demonstrated by the observation that the catalytic
performance of BNPs comprising ~20 — 50% Au is 4—fold (8—fold when normalized to
S/V) higher than those comprising over 90% Au. Overall, there is a correlation of higher
TOFs with partially hollow BNPs shapes than with Au:Ag molar ratios or size.

Higher catalytic efficiencies of the BNPs can be rationalized by structural and
electronic effects. Structural effects such as partial hollowing act like “nano-reactor
cages” and facilitate the confinement of the reactants inside the NP voids. Surface areas
inside the voids, along with higher densities of lower coordinated binding (kinks, edges,
and higher energy surfaces {100}) are known to facilitate higher catalytic activity and
selectivity.*® Enhanced catalytic activities for BNPs may also be related to additional
Ag/Au interfaces.® Electronic effects, like stronger adsorbate binding to surfaces, may
also be responsible for the enhanced catalytic activity of the BNPs. In our study, TEM
confirms that the sizes and morphologies for all bimetallic compositions are broadly
similar, suggesting that the enhancements observed in the catalytic activities of 20 — 50%
BNPs are not explained exclusively by size, shape, or surface area differences. Slater and
coworkers, in their EDX characterization of Ag-Au NPs within scanning transmission
electron microscope (STEM), found that the catalytic performance for a specific bulk

composition will depend upon the surface ratio of the Au to Ag.*” Notably, the best
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catalytic performance occurred near the Au composition (~ 18%) where the NPs changed
from Au surface segregation to a homogeneously alloyed composition.87 This
homogenous surface alloying may also occur at 20 — 50% Au:Ag compositions under our
experimental conditions, which are responsible for the high value of TOFs. Surface
segregation of Ag and Au will modify the surface electron density and hence adsorbate
binding. Because the d-band controls the bonding interactions, the low lying d-bands
below the Fermi level of Ag and Au allow more antibonding states compared to earlier
transition metals resulting in weak chemisorption.gg’ % When disparate metals are alloyed,
charge rearranges to equilibrate the different Fermi levels.* The greater electronegativity
of Au with respect to Ag will facilitate charge transfer from Ag to Au. The decreasing of
the electron density at Ag will improve adsorbate binding and reduce the activation
barrier, while the increasing of the electron density on the Au will benefit for electron
transfer to 4-NP. This charge transfer mechanism has been established by XPS
measurements. "

We recognize that the homogenous surface segregation (alloying), optimal at 20%
Au composition, will be important for the catalytic alctivity.87 As the Au composition
changes between 20 — 50%, the morphology and surface area of our BNPs does not vary
significantly, where the additional Au atoms are likely replacing the Ag atoms in the
center of the BNPs. Consequently, the surface alloy composition will be approximately
constant for the 20 — 50% Au composition range where the addition of 18 % Au is
sufficient for achieving high reactivity. This explains why the measured TOF values are

similar for the 20 — 50% Au in the BNPs.
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CONCLUSIONS

We have demonstrated a novel, facile, and green method for the rapid and
reproducible synthesis of Ag-Au BNPs using TBPs. Of particular interest are the partially
hollow nanostructures that form when the GRR between Ag seeds and HAuCl, is
performed at 100 °C and the Ag:Au ratio is < 2. These synthesized BNPs were shown to
enhance the reduction of 4—nitrophenol by NaBH, when compared to both Ag seeds and
Au NPs. This enhanced catalytic activity is ascribed to greater surface areas containing
higher energy facets and Ag/Au interfacial regions where homogenous surface
segregation (alloying) occurs that have excess electron density compared to monometallic
NPs. This interpretation is consistent with the observation that the rate of 4—nitrophenol
reduction was highest with partially hollow BNPs in the 20 — 50% Au range than with
monometallic Ag or Au NPs.

The catalytic activity of the BNPs used in this study are larger (~ 2—-10 fold) than
typically reported for monometallic Au or Ag NPs of comparable sizes.”® Furthermore,
the methodology described is general and can be applied to TBPs or other polymers with
equivalent reducing groups. Our synthesis of BNP structures allows us to optimize the
catalytic activity at an atomic level for specific applications. This method provides a
general framework for the synthesis cage like and pseudo-spherical BNPs that can be

used in multiple fields e.g., antimicrobials,”’ biomedical imaging,92 and namocatalysis.93
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Silver-gold BNPs with enhanced catalytic activity in the sodium borohydride mediated
reduction of 4-nitrophenol were synthesized using a modified galvanic replacement
reaction between F127 stabilized silver NPs and HAuCl,.
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