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ABSTRACT: The oxidation potential of weakly-stabilized, citrate-coated Au and other spherical
metal nanoparticles (NPs) shifts negative by an amount proportional to 1/radius due to a size-
dependent negative shift in the thermodynamic standard potential, which is related to the increase
in surface area-to-volume ratio (SA/V) of the NPs with decreasing size. Strongly bound
stabilizers, such as alkanethiolates, provide stability by preventing aggregation in solution but also
strongly influence the oxidation potential of the metal NPs. In this report, cyclic voltammetry
(CV) shows that the oxidative stripping of Au by Br™ is hindered significantly for 4.1 + 0.7 nm,
15.1 £ 1.3 nm, and 50.3 = 1.7 nm diameter Au NPs when coated with butanethiolate (C4S),
decanethiolate (C10S), and hexadecanethiolate (C16S) ligands. The resistance to oxidation
increases with increasing chain length, consistent with the numerous studies on planar two-
dimensional (2D) Au surfaces. When comparing sizes, the 4.1 nm alkanethiolate-coated Au NPs
show greater resistance to oxidative stripping compared to the 15.1 nm and 50.3 nm diameter Au
NPs coated with the same thiolates. Chronocoulometry (CC) experiments show that 15.1 and 50.3
nm diameter thiolate-coated Au NPs oxidize to a much greater extent in acidic Br” within 1000 s
at 1.0 V vs. Ag/AgCl compared to 4.1 nm Au NPs. Almost 4 times more Au dissolves from C4S-
coated 50.3 nm Au NPs as compared to C4S-coated 4.1 nm Au NPs, despite the much higher
surface area-to-volume ratio for the 4.1 nm Au NPs. The stability of the Au NPs against oxidation
therefore has a unique reverse size-dependence for thiolate-coated Au NPs, where the extent of
oxidation increases with increasing size, which is the opposite trend observed for weakly-stabilized

or bare Au NPs.



INTRODUCTION

In recent years, metal nanoparticles (NPs) have drawn increasing interest due to their potential
applications in the fields of catalysis,!? sensing,® plasmonics,* nanoelectronics,’ and photothermal
therapy,® as some examples. The benefits and performance of the NPs in these applications
depends on various factors, such as NP stability,” cytotoxicity® and biocompatibility.” Among
them, stability of the NPs is a key factor that is usually determined by the type of ligand or
surfactant stabilizer used in the synthesis. One common way to increase the stability is by direct
adsorption of protecting ligands on the NP surfaces, which are referred to as self-assembled
monolayers (SAMs).!%!! Customarily, SAMs are comprised of ordered organic molecules
adsorbed onto solid metal surfaces from the solution or gas phase.!>!* The order and orientation

of these molecular assemblies, acting as thin film coatings, play an important role in NP stability,'®
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surface functionality,!> assembly and physical properties.!” In spite of the presence of

stabilizing agents, there are many examples where NPs cannot be used as intended due to their

inadequate stability.'®1°

The oxidative dissolution of metal NPs is one type of chemical instability. Several researchers
previously studied the size-dependent electrochemical dissolution of metal NPs, showing that
smaller-sized metal NPs oxidize (dissolve) at lower potentials compared to larger ones for sizes
below about 40 nm in diameter.?>?* Larger NPs are also typically more stable against ripening
compared to smaller NPs, as demonstrated in recent constant potential measurements in halide
solutions®* and electrochemical oxidation/reduction cycling studies of different-sized Au NPs.?>26
Based on electrochemical scanning tunneling microscopy (ECSTM), Tang et al. examined the

electrochemical dissolution of different sized Pt-black NPs (particle radius of 0.58, 0.62, 0.83, and

1.43 nm) in acidic solution as a function of potential, where the dissolution potential decreased



with a decrease in NP size.?” Our group recently studied the size-dependent electro-dissolution of
Ag and Au NPs, where smaller NPs oxidized at lower potentials compared to larger sizes.?! 282

This is generally consistent with the theory developed by Plieth, which predicts a negative shift in

the standard potential of metal NPs proportional to 1/radius.*

The lack of proper stability of metal NPs can be an issue for many electrocatalytic applications
of the NPs, such as in fuel cells.>! For example, Trindell et. al. reported that 2 nm diameter Au
NPs stabilized by citrate and sixth generation hydroxy-terminated polyamidoamine (G6-OH)
dendrimers rapidly grew into bigger sizes when used for electrocatalytic CO; reduction.>? Such
instability made it impossible to correlate the electrocatalytic behavior with the NP size. Several
other reports have shown that metal NPs <10 nm exhibit superior catalytic performance over
bigger sizes under a variety of conditions.!: 2% 3336 As an example, Tang et. al. reported a 2.5-fold
increase in kinetic current towards the oxygen reduction reaction in alkaline medium when the
average size of polystyrene-block-poly(2-vinylpyridine)-stabilized Au NPs decreased from 7 nm
to 3 nm in diameter.*® Success for these applications requires strategies to enhance the stability of
smaller-sized metal NPs without negatively affecting their catalytic properties. This is challenging
because smaller NPs contain a larger proportion of edge and corner atoms, which are often the
sites where catalytic reactions take place, but these same sites are usually less electrochemically
stable. Ligand stabilizers are needed to stabilize the NPs without poisoning their catalytic

properties.

Enhancing the stability of a metal, such as Au, via the assembly of organomercaptan self-
assembled monolayers (SAMs) has long been practiced by several researchers.’”** The assembly
of alkanethiols with different chain lengths onto bulk two-dimensional (2D) Au surfaces, as

described in the work of Porter et.al., showed that longer chain alkanethiols form more ordered



and densely-packed SAMs compared to shorter ones.’” This was accompanied by the enhancement
in surface coverage, increased packing density, and capacity to block electron transfer with longer
carbon chain alkanethiols. Zamborini and Crooks studied the effect of chain length and end group
of alkanethiolate SAMs on the corrosion passivation of Au in KBr solution.*’ It was observed that
thiols terminated with the more hydrophilic -COOH and -OH end groups were better passivating
agents against corrosion than the hydrophobic -CH3 end groups, considering the same SAM
thickness. Further, the passivation was more pronounced with SAMs having the same end group

but longer carbon chain lengths due to the better organization with longer carbon chains.

We were interested in studying the barrier properties of various chain length alkanethiol SAMs
assembled on 3D Au NPs against oxidative dissolution similar to the already studied 2D Au
films.*'*?  Thiol ligand stabilizers are well-known for providing stability against aggregation,
ripening, and oxidation (corrosion), especially for Au NPs, due to the high strength of the Au-
thiolate bond.'* 3 % Accordingly, different researchers have been able to develop synthetic
strategies for preparing thiolate-coated Au clusters, termed monolayer-protected clusters (MPCs),
ranging from 1 nm to about 5 nm in diameter.** MPCs 1.6 nm and below are commonly termed
atomically-precise Au nanoclusters (APNCs).*>>! The Auzs(SR)is” (SR = organothiolate) is an
example of an APNC, which incorporates 6 Au,Ss staple motifs around a Auis cluster core.*’
Additionally, Kwak et. al. recently reported Auzs(SR)is, Auss(SR)24, and Aujo2(SR)ss APNCs.®
Negishi et.al. found that the growth of Au clusters during their synthesis can be suppressed by
passivation with thiolates, indicating improved stability of small Au clusters with thiolates.*?
53-55

Different groups have observed the enhancement in stability of Au NPs coated with thiols.

Studies also show the replacement of citrate with thiols on citrate-stabilized Au NPs, forming



mixed citrate/thiol layers due to the stronger Au-thiolate interaction compared to the Au-citrate

interaction.>®

It is not directly clear what the effect of Au NP size will be on the oxidation of thiolate-coated
Au NPs in the presence of an etchant, such as Br", due to a few different factors. Two potential
factors predict greater oxidation with decreasing size while two other factors predict hindered
oxidation with decreasing size. For the former, it is well-known from the Plieth equation,*® Gibbs-
Thomson relation,>’ and recent experimental results that the oxidation potential for metal NPs
decreases as the size of the NP decreases.?!*>® This effect is based on the surface free energy
related to the exposed surface area of a sphere, taking into account the geometry only and not
potential size-dependent differences in Au-thiolate adsorbate binding. Also, as the Au NP size
decreases, the increased NP curvature results in alkanethiolate monolayers with high density near
the Au surface, but lower density away from the surface. The alkane chains exhibit the general all-
trans zigzag structure, but have greater mobility, chain folding, and a greater number of gauche
defects at distances farther from the Au core.” The geometry-based size relation and increase in
alkane chain defects with decreasing Au NP size could lead to greater amounts of oxidation with
decreasing NP size. On the other hand, there are two reasons to predict a decrease in oxidation
with decreasing NP size. First, the curvature and number of Au atom defects (edge and corner
sites) increases with decreasing Au NP size, leading to a much higher alkanethiolate ligand
coverage for monolayers on small Au NPs as compared to those on larger Au NPs or 2D Au films
(>50% coverage as compared to ~33% on 2D films).>>* The increasing alkanethiolate coverage
with decreasing size could lead to a decrease in oxidation. Second, studies have shown greater
alkanethiolate monolayer electrochemical stability on NPs and highly curved surfaces compared

to 2D planar surfaces.! This is due to a shorter and stronger Au-thiolate bond on the high energy



surfaces of the smaller Au NPs, which contain a larger number of atomic defects.®” %> Au NPs
accordingly exhibit a contraction in the Au-Au lattice with decreasing size, especially below ~4
nm, which is relaxed upon strong binding with alkanethiolate monolayers to reduce the overall
surface stress.®® It is therefore possible that stronger alkanthiolate bonding to smaller Au NPs
would lead to a lower surface energy and less oxidation compared to larger Au NPs with the same

alkanethiolates.

Clearly there are two possible factors leading to increased oxidation with decreasing Au NP
size (geometric surface area and alkane chain defects) and two reasons to expect decreased
oxidation with decreasing Au NP size (ligand density and reduced surface energy due to stronger
Au-thiolate bonding), making this an important topic to explore. It is also important to consider
that some of the effects would alter the thermodynamics of oxidation, such as those involving
changes in surface free energy (geometry and Au-thiolate binding), while others would more likely
alter the oxidation kinetics, such as ligand density and chain defect density. Different amounts of
ligand density and chain defects could sterically alter access of the etchant to the Au surface.
Accordingly, we here describe the electrochemical oxidation of electrode-attached, citrate-
stabilized 4.1 nm, 15.1 nm, and 50.3 nm diameter Au NPs 1) as-prepared and 2) following
modification with butanethiolate (C4S), decanethiolate (C10S), and hexadecanethiolate (C16S)
SAMs. We compare the oxidative dissolution of citrate- and alkanethiolate-modified Au NPs as
a function of size in acidic Br™ electrolyte by cyclic voltammetry (CV), chronocoulometry (CC),

and UV-Vis spectro-electrochemistry.

EXPERIMENTAL



Chemicals and Reagents. HAuCls-3H>0O was synthesized from 99.99% metallic Au in our
lab by first cleaning the Au in 3:1 hydrogen peroxide : sulfuric acid (“piranha”) , rinsing thoroughly
with water, dissolving in 3:1 hydrochloric acid : nitric acid solution (“aqua-regia”), performing 4
distillations, where we replaced the distilled aqua regia with concentrated hydrochloric acid, and
finally crystallizing to form the solid complex by gentle heating in a crystallization dish (aqua-
regia and piranha are highly hazardous to the skin or when inhaled and were handled with high
precaution!). Sodium borohydride, (3-aminopropyl)triethoxysilane (>98.0%), hydrogen peroxide
solution (30 wt.%, >98.5 reagent grade), 2-propanol (ACS reagent), 1-butanethiol (C4S, 99 %), 1-
decanethiol (C10S, 96%), and 1-hexadecanethiol (C16S, 92% tech), were purchased from Sigma
Aldrich and used as received. Trisodium citrate salt (Bio-Rad laboratories), potassium perchlorate
(Beantown Chemical, 99.0-100.5%), potassium bromide (EMD, GR ACS), and perchloric acid
(Merck, 60%) were used as received. Hydrochloric acid (ACS, 36.5-38%), sulfuric acid (ACS,
95-98%), and nitric acid (ACS, 68-70%) were purchased from VWR. Ethyl alcohol (ACS/USP
grade) and acetone (ACS/USP grade) were purchased from Pharmco-AAPER and used as
received. All aqueous solutions were prepared from water purified with a Barnstead NANO
purification system having a resistivity of 18.2 MQ-cm.

Chemical Synthesis of Citrate-Stabilized Au Nanoparticles (NPs). 4.1 £ 0.7, 15.1 £ 1.3
and 50.3 + 1.7 nm average diameter citrate-stabilized Au NPs were prepared as described by our
groups in several previous publications,-%* based on the methods adopted by Murphy and co-
workers,% Turkevich ef al.,% and Wang and coworkers,®” respectively. The methods involve the
reduction of HAuCls-3H20 in the presence of trisodium citrate using sodium borohydride, high
temperature, and hydrogen peroxide for the 4.1 nm, 15.1 nm, and 50.3 nm Au NPs, respectively.

The synthesis of 50.3 nm Au NPs occurs by seed-mediated growth of 15.1 nm diameter Au NPs.



The final color of the solutions were red for 4.1 nm and 15.1 nm Au NPs and a pink-red for the
50.3 nm Au NPs. The Au NP solutions were freshly-prepared for all experiments and used as
prepared within 2 hours to obtain reproducible results.

Functionalization of Glass/ITO Electrodes with Au NPs. Attachment of all Au NPs to
indium-tin-oxide-coated glass electrodes (glass/ITO) was performed as described by our group in
a number of publications.?* %* Glass/ITO electrodes (CG-50IN-CUV, Ry = 8-12 Q, 2.5 cm x 0.7
cm) were purchased from Delta Technologies, Limited (Loveland, CO). The electrodes were
cleaned by sonication for 30 min each in acetone, ethanol, and 2-propanol and then dried under
N2. The glass/ITO electrode was then functionalized with (3-aminopropyl)triethoxysilane
(APTES) by immersing into a solution containing 100 pL of APTES, 10 mL of 2-propanol, and 2
to 3 drops of nanopure water and heating at 70-80 °C for 30 min. After 30 min, the electrode was
thoroughly rinsed with 2-propanol and dried under N;. The glass/ITO/APTES electrodes were
placed into as prepared or diluted Au NP solutions to obtain the desired coverage of Au NPs on the
electrode surface. Care was taken to maintain the same total amount of Au on the electrode surface
for the different-sized Au NPs by soaking them for different times and having different
concentrations of Au NPs through dilution (4.1 nm: 3-5 min in 3-fold dilute solution, 15.1 nm: 8-

10 min in direct solution, 50.3 nm: 25-30 min in direct solution).

After soaking the glass/ITO/APTES in an Au NP solution, the electrodes were rinsed
thoroughly with nanopure water, dried under N>, and then the Au coverage was determined by
electrochemically measuring the surface area (SA) from the Au oxide reduction peak in a cyclic
voltammogram (CV) obtained in 0.1 M HCIO4 electrolyte and determining the volume (V) from
the known SA/V ratio for each size Au NPs.** The total V of Au NPs measured in this way is

directly proportional to the total amount of Au attached to the glass/ITO/APTES electrode. If the



V did not reach a specific pre-determined value, the electrode was rinsed with nanopure water,
dried under N, and placed back into the Au NP solution for more time. The target integrated
Coulombs under the Au oxide reduction peak from CV (proportional to total Au SA) was~3.4 x
107 Coulombs, ~1.3 x 10~ Coulombs, and ~3.5 x 10°® Coulombs for the 4.1 nm, 15.1 nm, and 50.3
nm Au NPs, respectively. Once reached, the samples were rinsed with nanopure water, dried under
N> and then either analyzed directly or functionalized with the alkanethiol of interest. Electrodes
that did not fall into the pre-determined Au coverage range were discarded and not included in the

statistics.

Deposition of Alkanethiolate Self-Assembled Monolayers on the Au NPs. Following Au
NP attachment to glass/ITO/APTES at the appropriate Au coverage, samples were functionalized
with alkanethiols by soaking in a 200 proof ethanolic solution of 2 mM C4S, C10S and C16S
alkanethiol overnight. The samples were removed from solution, thoroughly rinsed with 200 proof

ethanol, and finally dried under N, before immediate electrochemical analysis.!* 2

Au NP Characterization. Scanning electron microscopy (SEM) images of different-sized
Au NPs attached to glass/ITO/APTES were obtained at different magnifications using a Carl Zeiss
SMT AG SUPRA 35VP field emission scanning electron microscope (FESEM) operating at an
accelerating voltage of 15.00 kV and using an in-lens ion annular secondary electron detector.
Ultraviolet-visible spectrometry (UV-Vis) was performed using a Varian instrument, model Cary
50 Bio-spectrophotometer. UV-Vis spectra for different sized Au NPs were obtained in a visible
light range of 400-750 nm. The corresponding absorbance values were normalized to a value of

1.0 at 400 nm.

Electrochemical and Spectroelectrochemical Characterization. A CH Instruments (Austin,

TX) model CHI660E electrochemical workstation consisting of a 3-electrode set-up with the



glass/ITO/APTES/Au NPs as working electrode, a Pt wire as the counter electrode, and an
Ag/AgCl (3 M KCl) as the reference electrode was used to perform cyclic voltammetry (CV),
anodic stripping voltammetry (ASV) and chronocoulometry (CC). Electrolyte of 0.1 M HCIO4
was used for CV measurements, which were obtained at a scan rate of 0.1 V/s from a starting
potential of 0 V to a final potential of 1.6 V. For CC measurements, the electrolyte was 0.01 M
KBr plus 0.1 M HCIO4 with an initial potential of 0.0 V and a final potential of 1.0 Vor 1.2 V at
a pulse width of 1000 s. ASV was performed from 0.0 Vto 1.2 Vor 1.4 Vin 0.01 M KBr plus 0.1
M KClOy at a scan rate of 0.01 V/s. For spectroelectrochemical measurements, all three electrodes
were fixed inside a 1 cm path length plastic cuvette in the sample holder of the UV-Vis instrument,
with an electrolyte solution of 0.01 M KBr plus 0.1 M HClO4. CC was performed as already
described and the localized surface plasmon resonance (LSPR) peak of the electrode attached Au
NPs was monitored as a function of time and potential. A decrease in the LSPR peak intensity

indicated dissolution of the Au NPs.
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electrodes by simply soaking the electrodes into the aqueous solutions of the Au NPs (Step 2).
Next, the glass/ITO/APTES/Au NPs were coated with different alkanethiol self-assembled
monolayer (SAMs), where presumably a large portion of the citrate ligands become replaced by
thiolates (Step 3).>® Finally, we characterized the relative oxidation behavior of the different-sized
thiol-coated Au NPs by cyclic voltammetry (CV), chronocoulometry (CC), and UV-Vis

spectroelectrochemistry (Step 4) and compared the results to those of citrate-coated Au NPs.

Characterization of Au NPs. The synthesized Au NPs were characterized by UV-vis
spectroscopy in solution and by scanning electron microscopy (SEM) after attachment to
glass/ITO/APTES electrodes. Figure S1 shows the results, which is fully consistent with these

same sized Au NPs synthesized and characterized by our group previously.?* %

Constant Coverage of Au NPs. In order to compare the stability of the different-sized,
electrode-attached citrate and thiol-coated Au NPs towards oxidative dissolution, it is important to
keep the total coverage (in terms of Au atoms) constant on the electrode surface. In order to do
this, we first subjected the electrode-attached Au NPs to cyclic voltammetry (CV) in 0.1 M HCIO4
from 0 Vto 1.6 V vs Ag/AgCl. This provides information about the oxidation-reduction behavior
of the surface Au atoms. In the first positive scan, Au becomes oxidized to AuOx, possibly as
Au03, while in the negative scan of the cycle, Au20s3 is reduced back to metallic Au (Equation 1)
at around 0.80 V for all Au NPs in this study. The integrated charge obtained from the Au oxide
reduction peak at 0.80 V is proportional to the total surface area (SA) of the Au NPs since it only
involves oxide formation of the surface Au atoms. By knowing the total SA experimentally and
using the previously measured surface area-to-volume (SA/V) ratio for the different sized Au
NPs,% we were able to determine the total volume (V) of Au for the different sized Au NPs on

glass/ITO/APTES. The total V is directly proportional to the coverage in terms of Au atoms.



Based on our previous work, the average SA/V ratio is 0.64, 0.23 and 0.060 for 4.1, 15.1 and 50.3
nm Au NPs, respectively (not cleaned with ozone).** From this value, we were able to calculate
the expected total V of Au (target of 5.70 x 107 C) by dividing the electrochemically-measured
SA by the previously reported SA/V,* which gave target SA values of 3.4 x 10° C, 1.3 x 107 C,
and 3.6 x 10° C for 4.1 nm, 15.1 nm, and 50.3 nm diameter Au NPs, respectively. Figure S2
shows an examples of 3 samples, where the SA values were 3.30 x 107, 1.29 x10 and 3.48 x 10
6 Coulombs of integrated charge for the reduction peak at 0.80 V, which resulted in ASV coverages
(or V) obtained in 0.01 M KBr plus 0.1 M KCIOs of 5.55 x 10, 5.63 x 107, and 5.76 x 107
Coulombs for 4.1, 15.1 and 50.3 nm Au NPs, respectively. Table S1 shows the integrated charges
(in Coulombs) of glass/ITO/APTES/Au NP electrodes obtained from the Au oxide reduction peak
in 0.1 M HCIO4 and the oxidative charge from the 1% scan of the ASV in 0.01 M KBr plus 0.1 M
KClO4. Likewise, Table S2 shows the experimentally-measured integrated SA coverages of the
different-sized Au NPs and the corresponding calculated V of all the samples used (using the SA/V
)64

from our previous work)™* for the CV and CC experiments in this work.

Aw03 + 6H' + 6e = 2Au + 3H,0 (D

Au’+4Br— AuBrs +3e (E°=0.85 Vvs NHE) (2)

Au’+2Br —» AuBry +¢e (E°=0.96 Vvs NHE) (3)

Stability Against Oxidation as Measured by CV. To analyze the stability of citrate- and
alkanethiolate-coated Au NPs, we performed CV experiments in the presence of 0.01 M KBr plus
0.1 M HCIO4, where Br" was used to oxidize Au from the electrode surface, forming soluble AuBr4”
and AuBr;” complexes as shown in reactions 2 and 3. Figure S3A shows CVs of citrate-coated 4.1

nm, 15.1 nm, and 50.3 nm Au NPs having similar volume on the electrode surface taken in 0.01



M Br plus 0.1 M HCIOq4 solution at a scan rate of 0.1 V/s. The oxidation peak potential (Epox)
appears at 0.96 V, 0.86 V, and 0.80 V for the 50.3 nm, 15.1 nm, and 4.1 nm diameter Au NPs,
respectively, which agrees with the well-known decrease in peak oxidation potential with
decreasing size described by us and others in the literature.?*?* Next, we determined the stability

of the different sized alkanethiolate-coated Au NPs by monitoring their trend of oxidation in the
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Figure 1. Cyclic voltammograms (CVs) obtained from 0.0 to 1.2 V in 0.01 M KBr and 0.1
M HCIO4 of glass/ITO/APTES electrode with 4.1 nm (blue), 15.1 nm (green) and 50.3 nm
(red) Au NPs coated with C4S (1% column, A-C), C10S (2™ column, D-F) and C16S (3
column, G-I) alkanethiol SAMs. Rows 1, 2 and 3 represent the 1%, 5 and 50" CV scans
respectively. Frames C, F and I having low oxidation-reduction current level are blown up 10
times as included in the inset for more visibility of the current.

Br-containing acidic electrolyte. The relative stability of Au NPs coated with alkanethiolate

SAMs was studied by comparing the current observed for the reduction of AuBrs/AuBr,™ during



the reverse negative scan of the CV (Figure 2) rather than the oxidation peak, since Br™ oxidation
to Brz can occur near the Au oxidation peak. On the 1% CV scan, there was a significant amount
of reduction current for 4.1 nm, 15.1 nm, and 50.3 nm C4S-coated Au NPs (Figure 1A). C4S-
coated 4.1 nm Au NPs showed the least amount of current while the 15.1 nm was intermediate and
50.3 nm Au NPs showed the most current. This suggests that more Au dissolved from the 50.3 nm
Au NPs, indicating that the C4S passivated them the least. We continued scanning up to 50 CV
cycles. On the 5 scan (Figure 1B), there was still slightly more reduction current for the 50.3 nm
Au NPs compared to the 15.1 nm and 4.1 nm Au NPs. The peak current for Au reduction gradually
decreased and was significantly low by the 50™ scan (Figure 1C) for all sizes. The close to
disappearance of the reduction peak is due to the eventual complete oxidative dissolution of all Au
NPs, where the Au fully dissolved (except the tiny peak for 50.3 nm) and diffused away from the
electrode surface, where it could no longer be re-reduced. The overall behavior indicates that C4S-
coated 4.1 nm Au NPs are more resistive to dissolution by Br™ than the bigger-sized C4S-coated
15.1 nm and 50.3 nm Au NPs. This trend is opposite of what occurred for citrate-coated 4.1 nm,
15.1 nm, and 50.3 nm Au NPs, where E; ox increased with increasing size on the first scan (Figure
S3A), while the stripping charge was similar (Table S1). The re-reduction charge was 40%, 46%,
and 30% of the oxidation charge for the 50.3, 15.1, and 4.1 nm Au NPs, respectively, as shown in
Table S1 (reduction peak charge divided by oxidation peak charge). The smaller re-reduction
charge for 4.1 nm Au NPs in this case is not due to greater stability. The reduction charge is
somewhat complicated by higher mass transport away from the smaller Au NPs, longer time for
AuBr4/AuBr ions to diffuse away for smaller Au NPs due to lower E ox, and earlier times for re-
reduction of AuBrs/AuBr> due to higher overpotentials for reduction on larger Au NPs (more

negative reduction potential on 50.3 nm Au NPs). Nevertheless, by the 50" CV scan (Figure S3C),



all the Au clearly dissolved and diffused away for 4.1 nm and 15.1 nm, while there remained a
small amount of undissolved Au for 50.3 nm NPs, showing greater stability for the largest size Au

NPs.

We next performed similar measurements with the same three Au NPs but coated with C10S
(Figure 1D-1F) and C16S (Figure 1G-11) SAMs, where again the smallest size 4.1 nm diameter
Au NPs showed the smallest reduction peak current (blue plot) while the largest 50.3 nm Au NPs
showed the largest reduction peak current (red plot). The 5" scan showed the same trend while
very low reduction peak current appeared for all Au NPs on the 50" scan, indicating very little Au
dissolution occurring at that point. This data again shows that the 4.1 nm Au NPs are more
passivated by alkanethiolates than the 15.1 nm and 50.3 nm Au NPs. Figure 1G shows the 1¥CV
scan of the different sized Au NPs coated with the longest C16S thiolate SAMs. Unlike C4S and
C10S SAMs, the reduction peak current in this case is negligible for all the Au NP sizes on the 1%
scan, indicating very little Au dissolution for any of them. Upon continued CV scanning, the
reduction peak current remained negligible on the 5th scan (Figure 1H) and very small on the 50th
scan as well (Figure 1I), although there are very small peaks o bserved for 50.3 nm and 15.1 nm
Au NPs on the 50" scan as shown in the inset with the current scale blown up 10 times. This is
again consistent with less passivation for the larger Au NPs. This data also indicates stronger
passivation against dissolution for all sized Au NPs as the alkanethiolate chain length increases
from C4S to C16S, which is consistent with what has been observed previously on 2D Au
electrodes.*® 3 % The CVs in Figure 2 clearly show the significant effect of chain length of the

alkanethiolates on the oxidation behavior of the different-sized Au NPs on the 1% CV scan.

Stability Against Oxidation Measured by CC. As mentioned, the reduction current in the

CVs can be complicated by diffusion of soluble species away from the surface upon dissolution as



well as different times between oxidation and reduction potentials. Also, it is not clear that a lack
of a reduction peak is indicative of passivation or complete dissolution of Au on later scans. In

order to resolve this confusion,
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1000 sec in 0.01 M KBr plus 0.1

plots of citrate-coated 4.1 nm,

15.1 nm, and 50.3 nm Au NPs (Figure 3A), this potential oxidizes more than 90% of the Au for
all Au NP sizes within 500 sec and we successfully maintained a similar amount of Au for each
size on the electrode based on the final charge of 600-750 uC for the citrate-coated Au NPs (Figure
3A). Figure 3B-3D show the CCs of 4.1 nm, 15.1 nm, and 50.3 nm Au NPs coated with C4S,
C10S, and C16S SAMs, respectively. In all cases, the total stripping charge is lowest for the 4.1
nm diameter Au NPs compared to the 15.1 nm and 50.3 nm Au NPs, consistent with the strongest
passivation of the smallest Au NPs. The C4S SAMs passivated the 15.1 nm Au NPs more
effectively compared to 50.3 nm Au NPs, while C10S and C16S were similar for 15.1 nm and 50.3

nm Au NPs. Figure 4 summarizes the CC data, where the average stripping charge was not



significantly different for citrate coated Au NPs of all sizes (520-620 uC). They also were not
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nm Au NPs (~200 uC) Figure 3. Chronocoulometry of 4.1 nm (blue), 15.1 nm (dark green)
and 50.3 nm (red) Au NPs in 0.01 M KBr and 0.1 M HCIO4 at 0.0 to

and finally 50.3 nm Au 1.0 V taken for 1000 seconds. A) Citrate Au NPs B) Au NPs in C4S
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NPs (~350 pC). For lines with matching color in plot C represent the corresponding CC of
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C10S-coated Au NPs,  {reatment.

only the 4.1 nm Au NPs showed significantly lower stripping charge (~50 nC) compared to the

15.1 nm and 50.3 nm Au NPs (~100 pC).

One possible reason for the different stripping charge for the different sized Au NPs in the CC
plots could be that the thiols dissolve some of the Au NPs during assembly. If they dissolve the
4.1 nm Au NPs more readily during assembly, then this could explain the reason for the lower
stripping charge for the 4.1 nm Au NPs. To rule this possibility out, we attached a similar amount
of different sized Au NPs on to the electrode surface and formed SAMs of CI10S as already

described. We then treated all of the samples with ozone for 30 min, which removes the thiolate



ligands from the Au NP surfaces as reported previously.* We then performed CC, with the results

shown in Figure 3C
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amount of Au on the  NPsin C10S thiol SAMs followed by 30 min of ozone treatment.

surface. This confirms that the thiol SAMs do passivate the smaller Au NPs more effectively than
the larger Au NPs. The CC results in Figures 3 and 4 agree well with the CV results in Figures 1

and 2 but are more conclusive.

To further explore the passivating ability of SAMs as a function of Au NP size, we soaked
glass/ITO/APTES/Au NP electrodes, having the same total amount of Au but different size Au
NPs, in C4S to form the SAM coatings. Next, we performed CC by stepping from 0.0 Vto 1.0 V
in 0.01 M KBr plus 0.1 M HCIO4 for 400 s. As shown in Figure S4A, the charge due to Au
oxidation decreased as the size of the Au NPs decreased, similar to the results in Figure 3B and
Figure 4. Following the CC, we removed the electrodes from the electrochemical cell, rinsed with

nanopure water, and dried under nitrogen. Then we treated the samples with ozone for 30 min to



remove any C4S remaining on the Au NPs. Finally, we performed ASV in 0.01 M KBr and 0.1
M KClOs4 to determine how much Au was left on each of the electrodes. As shown in Figure S4B,
we observed that the Au oxidation peak size followed the order of 4.1 nm > 15.1 nm > 50.3 nm
Au NPs. The average integrated ASV charge was 29.0 = 3.1 uC, 15.7+ 2.6 pC, and 9.7 = 0.1 uC
for the 4.1 nm, 15.1 nm, and 50.3 nm Au NPs, respectively (n=3). The larger Au oxidation peak
shows that there was less Au dissolution during the CC experiment for 400 s at 1.0 V. This

confirms that the C4S passivated the smaller 4.1 nm diameter Au NPs the most effectively.

Spectroelectrochemical Characterization. The size-dependent oxidative stripping of citrate-
stabilized and thiolate-coated Au NPs was monitored by measuring the decrease in absorbance of
the Au localized surface plasmon resonance (LSPR) extinction band in the UV-Vis region in a
spectroelectrochemical set up. The absorbance was measured of the glass/ITO/APTES/Au NPs
electrodes against a glass/ITO/APTES blank at 1.0 V vs. Ag/AgCl in 0.01 M KBr plus 0.1 M
HCIOy at various times. Strong optical absorbance requires a high coverage of all sized Au NPs
on the electrode surface which we obtained by soaking functionalized glass/ITO/APTES into the
as-prepared solution of Au NPs for different time (4.1 nm — 2 hr, 15.1 nm — 3 hr, 50.3 nm — 5 hr)
so that the color of the Au NPs attached onto the electrode was visible. Under high coverage, Au
NPs clearly showed the LSPR band at different positions than expected for solution-phase NPs,
but importantly we were able to observe a decrease in the LSPR peak absorbance as a function of
time in order to monitor the oxidation at 1.0 V or 1.2 V (Figure 5A, 5B, and S5). Figure 5C shows
a plot of the normalized absorbance of the LSPR peak (Amax) for citrate-coated 4.1 nm, 15.1 nm,
and 50.3 nm Au NPs during CC in 0.01 M KBr plus 0.1 M HCIO4 solution at 1.0 V vs Ag/AgCl.
We observed that the normalized absorbance decreased relatively fast for all sized Au NPs

indicating that these NPs have low stability against oxidation in Br at 1.0 V. The 4.1 nm and 15.1



nm Au NPs dissolved faster compared to the 50.3 nm Au NPs, showing a decrease in normalized
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Figure 5. Chronocoulometry of 4.1 nm (blue), 15.1 nm (green)
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case, the absorbance

sized 15.1 nm and 4.1 nm

Au NPs. Consistent with the CV and CC results, this trend is opposite to the trend exhibited by
citrate-coated Au NPs, showing again that the smaller-sized 4.1 nm Au NPs are significantly more
stable when coated with C4S SAMs than the 15.1 nm or 50.3 nm Au NPs. Similar behavior was
observed for Au NPs coated with C10S thiols (Figure SE) and C16S thiols (Figure 5F). In order
to confirm whether all the Au on the electrode was oxidized or not when coated with the longer

chain alkanethiolate SAMs (C10S and C16S), we switched the CC potential to 1.2 V beyond 1000



s. We found that the absorbance value decreased significantly for the 4.1 nm Au NPs when we
continued at 1.2 V for an additional 400 s, confirming that more Au existed on the electrode surface
after the first 1000 s (Figures SE and 5F). In contrast, the normalized absorbance did not decrease
further for C10S-coated 15.1 nm and C10S-coated or C16S-coated 50.3 nm Au NPs, confirming
that those Au NPs had already fully dissolved in the first 1000 s. The C16S-coated 15.1 nm Au
NPs did not completely dissolve within 1000 s, so we continued oxidizing them for another 400
sec at 1.2 V. We observed that at 1300 s total, the normalized absorbance decreased significantly
(Figure 5F). All UV-Vis spectra with time are shown in Figure S5. The spectroelectrochemical
data clearly support our conclusion of a reverse size-dependent stability of alkanethiolate-

stabilized Au NPs compared to citrate-stabilized Au NPs.
CONCLUSIONS

CV, CC, and spectroelectrochemical experiments all reveal the trend in size-dependent
oxidation of Au NPs coated with alkanethiolates, where oxidation is surprisingly more pronounced
on larger-sized Au NPs. This is opposite of the behavior of Au NPs stabilized with more weakly-
bound citrate ligands, which show more pronounced oxidation on smaller-sized Au NPs in
agreement with the thermodynamic size prediction by Plieth.*® While the reasons are not
conclusively known, we believe the higher defect, lower coordination Au atoms on the surface of
smaller Au NPs promotes stronger binding to alkanethiolates, which results in reduced surface
energy and stronger passivation against oxidative dissolution in Br". This effect appears to be more
important than the lower ordering of the alkane chains when assembled on smaller, high curvature
3D Au nanocrystals and more important than the lower thermodynamic stability of small Au NPs
due to their higher surface area-to-volume ratio (SA/V). The stronger Au-S binding evens things

out thermodynamically and actually provides higher stability for smaller Au NPs relative to larger



Au NPs. Future studies will explore sub 4 nm diameter Au NPs and different types of ligand
stabilizers. Optimization of NP stabilizers to provide high metal stability but also strong reactivity
in terms of catalysis or sensing is crucial. Our methods are useful for better understanding metal
NP oxidative stability as a function of size and stabilizer to render them useful for future

applications.

SUPPORTING INFORMATION

UV-Vis and SEM characterization of Au NPs, CV and ASV plots having different SA but similar
volume, CV of citrate-coated Au NPs upon stripping, CC of C4S coated Au NPs followed by O3
treatment and stripping of Au NPs by ASV, and raw UV-Vis data as a function of time and
potential during CC experiments is provided in Figures S1 through S5. Integrated CV and ASV

charges under different conditions are given in Tables S1 and S2.
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