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ABSTRACT 

 Here we compare the electrochemical oxidation potential of 15 nm diameter citrate-stabilized 

Au NPs aggregated by acid (low pH) to those aggregated by tetrakis(hydroxymethyl) 

phosphonium chloride (THPC).  For acid-induced aggregation, the solution changes to a blue-

violet color, the localized surface plasmon resonance (LSPR) band of the Au NPs at 520 nm 

decreases along with an increase in absorbance at higher wavelengths (600-800 nm), and the peak 

oxidation potential (Ep) in anodic stripping voltammetry (ASV) obtained in bromide shifts positive 

by as large as 200 mV.  For THPC-induced aggregation (Au:THPC mole ratio = 62.5), the solution 

changes to a blue color as the LSPR band at 520 nm decreases and a new distinct peak at 700 nm 

appears, but the Ep does not shift positive.  Scanning transmission electron microscopy (STEM) 

images reveal that the acid-induced aggregates are three-dimensional with strongly-fused Au NP-

Au NP contacts while the THPC-induced aggregates are linear or two-dimensional with ~1 nm 

separation between Au NPs.  The surface area-to-volume ratio (SA/V) decreases for the acid 
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aggregated Au NPs due to strong Au NP-Au NP contacts, which leads to lower surface free energy 

and a higher Ep.  The SA/V does not change for the THPC-aggregated Au NPs since space remains 

between them and their SA is fully accessible.   These findings show that metal NP oxidative 

stability, as determined by ASV, is highly sensitive to the details of the aggregate structure. 

 

INTRODUCTION 

 The aggregation of metal nanoparticles (NPs) involves the clumping together, or coagulation, 

of NPs in solution.  This occurs upon destabilization of the dispersed NPs, which are usually 

stabilized by capping agents, such as polymers,1 surfactants,2 ions,3 or ligands attached to the NP 

surface.4  These capping agents, or stabilizers, control the size and shape of NPs during synthesis 

and also prevent aggregation of the NPs.  Aggregation is widely considered a bad situation, leading 

to NP destabilization and eventual precipitation, rendering the NPs useless for many applications.5-

6  Aggregation can lead to NP catalyst deactivation, for example.5, 7 On the other hand, the 

aggregation of metal NPs is often part of the synthesis process and can be exploited for useful 

applications.  For example, the aggregation of metal NPs can be controlled to occur in the presence 

of some analyte of interest, serving as a means to detect the analyte.8-11  Due to the plasmonic 

properties of Au and Ag NPs in the visible range, for example, the aggregation of these metal NPs 

leads to plasmonic coupling, resulting in a change in color due to a change in the absorbance 

wavelength of the localized surface plasmon resonance (LSPR) band.  For example, two different 

types of ss-DNA-functionalized Au NPs become aggregated in the presence of a complementary 

ss-DNA target analyte in solution.11-12  This leads to a noticeable color change that provides a 

positive signal that the analyte of interest is present in solution.  In addition, the aggregation of 

metal NPs can be exploited for improving the scattering intensity in surface-enhanced Raman 
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spectroscopy (SERS).13-15  SERS measurements for molecules located in between aggregated 

metal NPs allow single molecule detection due to this enhanced signal.   

 Controlled aggregation has also been exploited to create materials with catalytic switching 

behavior, which is based on the loss in catalytic activity in the aggregated state and high catalytic 

activity in the dispersed (non-aggregated) state.  For example, Wei and coworkers reported on a 

photo-switchable hydrosilylation reaction mediated by dynamic aggregation of Au NPs.16  Others 

used aggregated NPs for electrocatalytic oxidation of methanol,17 glucose,18 and ethanol.19  While 

much less common, catalytic activity has in some cases increased with metal NPs in the aggregated 

state.  For example, Wen and coworkers showed that the electrocatalytic glucose oxidation 

reactivity increased for a dopamine induced, aggregated 5-6 nm diameter Au aerogel synthesized 

with beta-cyclodextrin as compared to citrate-stabilized isolated NPs of a similar size.18  The 

increased reactivity was thought to be caused by the increase in conductivity, porosity, electron 

transfer kinetics, and mass transport at the high surface area aggregated NPs.  Finally, 

superstructures of metal NPs assembled by controlled aggregation have found various applications 

in nanoelectronics or as plasmonic waveguides.  Considering NP stability and all the situations 

that depend on NP aggregation (optical sensing, SERS, catalysis, devices), aggregation is clearly 

an issue of great importance in NP research.  

 It is clearly necessary to develop techniques for detecting the aggregation of metal NPs.  

Aggregation has mainly been studied by optical methods, such as UV-vis spectroscopy20 and 

dynamic light scattering (DLS),21 and imaging methods, such as scanning probe microscopy,22 

scanning electron microscopy (SEM),23 and transmission electron microscopy (TEM).5  There are 

much fewer studies on the electrochemical monitoring of the aggregation of metal NPs.  Some 

studies have observed the effect of aggregation on metal NP oxidation current,24-27 while Allen et 
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al. were the first to show a positive shift in the peak oxidation potential (Ep) upon Au NP 

aggregation.23  The aggregation of citrate-stabilized Au NPs was first controlled in solution by 

adding acid (lowering the pH).  Then, the NPs were attached to a glass/ITO electrode and 

characterized electrochemically by anodic stripping voltammetry (ASV).  It was found that after 

aggregation,23 the overall surface area-to-volume ratio (SA/V) of the Au NPs decreased 

dramatically, leading to lower surface free energy and a positive shift in Ep.  Others have detected 

metal NP aggregation for assemblies or single metal NP collisions at microelectrodes by 

monitoring the overall current or the charge under the current spikes that result from NP 

collisions.24, 26 The latter allows detection of the aggregate and an estimation of the aggregate 

number.28  

 Here we focus on the electrochemical oxidation behavior of 15 nm diameter citrate-stabilized 

Au NPs aggregated by adding acid as compared to those aggregated by adding 

tetrakis(hydroxymethyl) phosphonium chloride (THPC).  These studies are important for several 

reasons.  First, it is fundamentally important to know how different types of NP assemblies (or 

aggregates) change their SA/V ratio and Ep.  Acid-aggregated and THPC-aggregated Au NPs result 

in very different assemblies with different NP-NP contacts and morphology.  It is important to 

determine if the Ep of the NPs is affected by the NP-NP contact or aggregate morphology.  Does 

the Ep depend on the details of the morphology and NP spacing in the aggregate, the overall SA/V 

of the Au NPs, or the extent of plasmonic coupling between Au NPs in the aggregated assembly?  

Importantly, monitoring the aggregation behavior of metal NPs by electrochemical methods is 

interesting fundamentally and could also be useful for sensing applications.  We believe it will be 

more sensitive than optical and imaging methods and it does not require plasmonic NPs of a certain 

size.  Towards the goal of developing electrochemical aggregation-based sensors, we demonstrate 



5 
 

here that ASV is highly sensitive to the aggregate structure and metal NP-NP contact arrangement 

in the aggregated assembly. 

 

EXPERIMENTAL SECTION 

 Chemicals and Materials.  (3-aminopropyl)triethoxysilane (≥ 98.0%), 2-propanol (ACS 

reagent) were purchased from Sigma Aldrich. HAuCl4·3H2O was synthesized from metallic Au 

(99.99%) in our lab.  Acetone, methanol and ethyl alcohol (ACS/USP grade) were purchased from 

Pharmco-AAPER.  Trisodium citrate salt, potassium perchlorate (99.0-100.5%), potassium 

bromide (GR ACS), and perchloric acid (60%) were purchased from Bio-Rad laboratories, 

Beantown Chemical, EMD, and Merck, respectively.  Tetrakis(hydroxymethyl)phosphonium 

Chloride (80% solution in water) was purchased from ACROS ORGANICS.  Indium-tin-oxide 

(ITO)-coated glass slides (CG-50IN-CUV, Rs = 8-12 Ω) were purchased from Delta Technologies 

Limited (Loveland, CO). 

 Synthesis of 15 nm Average Diameter Citrate-Stabilized Au NPs.  15 nm average diameter 

Au NPs were synthesized by a modified Turkevich method.29  Briefly, 500 µL of 0.01 M 

HAuCl4·3H2O was added to 17.0 mL of nanopure water and heated to boiling.  Immediately after 

boiling, 2.5 mL of 0.01 M citric acid, trisodium salt solution was added and the solution was stirred 

for 10 minutes.  After 10 min, the solution turned to a bright red color indicating the formation of 

Au NPs.  Finally, the resulting solution was stirred for another 15 min at room temperature and 

allowed to cool prior to attachment to glass/ITO/APTES electrodes for electrochemical analysis. 

 Aggregation of 15 nm Average Diameter Au NPs with THPC.  Aggregation of Au NPs 

with THPC was obtained by the method reported by Gulka et al..30  Briefly, we added 1 µL of 100 
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µM, 400 µM, 600 µM and 1 mM THPC to the 5 mL aqueous solution of citrate-stabilized 15 nm 

diameter Au NPs, which gave Au:THPC mole ratios of 62.5, 31.3, 10.4 and 6.3, where the moles 

of Au refers to total Au atoms as opposed to Au NPs.  Immediately after addition of THPC, the 

color of the Au NP solution changed from red to blue, indicating that the NPs were aggregated in 

solution.  The aggregated Au NPs were immediately attached to a glass/ITO/APTES electrode by 

soaking for 3-5 min and then analyzed electrochemically.  

 Aggregation of 15 nm Average Diameter Au NPs with Acid.  The pH of the solution of 15 

nm diameter citrate-stabilized Au NPs was lowered by adding 10 µL of 8 M perchloric acid 

solution.  After addition of acid, the color of the Au NP solution immediately turned to blue.  The 

aggregated Au NPs were attached to a glass/ITO/APTES electrode by soaking the solution in the 

electrode for 4 to 5 minutes prior to electrochemical analysis.  

 Electrochemical Characterization.  All electrochemical measurements were made with a CH 

Instruments model CHI 660E electrochemical workstation (Austin, TX).  The working electrode 

was indium tin oxide-coated glass (glass/ITO) functionalized with (3-aminopropyl)triethoxysilane 

(APTES) as described by our group previously.31-32  The isolated and aggregated 15 nm Au NPs 

were attached to the glass/ITO/APTES electrodes by soaking the electrodes in the appropriate 

solution for 3-5 minutes.  A Pt wire counter electrode and an Ag/AgCl (3 M KCl) reference 

electrode completed the 3-electrode cell set up.  Anodic stripping voltammetry (ASV) was 

performed by operating the instrument in linear sweep voltammetry (LSV) mode and scanning 

from -0.2 V to 1.4 V at a scan rate of 10 mV/s in 0.1 M KClO4 plus 0.01 M KBr solution.  The 

peak oxidation potential (Ep), due to Au oxidation to AuBr2
- or AuBr4

-, was used for qualitative 

size determination and for monitoring the aggregation of the Au NPs.  The integrated peak area 

from the ASV provides the Coulombs of charge passed during the complete oxidation (stripping) 
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of the Au NPs, which provides a measure of the total amount of Au on the electrode surface and 

is an indicator of the total volume (V) of the Au NPs on the electrode.  To electrochemically 

measure the average surface area-to-volume ratio (SA/V) of the Au NPs on the electrode, cyclic 

voltammograms (CVs) were obtained in 0.1 M HClO4 solution from -0.2 V to 1.6 V at a scan rate 

of 0.1 V/s.  This leads to surface Au oxidation to Au2O3 at potentials above about 1.2 V and 

reduction of the Au2O3 back to Au on the reverse scan at about 0.8 V.  The integrated area of the 

reduction peak provides the number of Coulombs passed during the reduction of Au2O3, serving 

as an indicator of the total electrochemically-exposed SA of the Au NPs on the electrode surface 

since Au oxide formation is a surface phenomenon.  The SA/V ratio was obtained by dividing the 

Coulombs of charge obtained from the CV by the Coulombs of charge obtained from the ASV as 

described previously.33  CV measurements had to be made before ASV measurements because of 

the destructive nature of ASV. 

 UV-Vis Characterization.  Ultraviolet-visible spectrophotometry (UV-Vis) was performed 

using a Varian instrument Cary 50 Bio-spectrophotometer.  UV-Vis spectra were obtained from 

300-900 nm at a fast scan rate in glass cells with a 1 cm path length using water as the blank in 

aqueous solutions of the 15 nm diameter citrate-stabilized Au NPs that were non-aggregated or 

aggregated by acid or THPC.  UV-Vis spectra of isolated NPs were obtained after 30 min of 

synthesis and aggregated NPs were obtained immediately after the addition of acid or THPC.  

 Microscopic Characterization.  Scanning electron microscopy (SEM) images of isolated and 

aggregated 15 nm diameter citrate-stabilized Au NPs were obtained directly on glass/ITO/APTES 

electrodes by using a Carl Zeiss SMT AG SUPRA 35VP field emission scanning electron 

microscope (FESEM) operating at an accelerating voltage of 15.00 kV using an in-lens ion annular 

secondary electron detector.  Scanning transmission electron microscopy (STEM) images of acid- 
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and THPC-aggregated Au NPs were obtained by using a 200 kV FEI Tecnai F20 operating in 

STEM mode.  To mimic the attachment to glass/ITO/APTES electrodes, we used a silicon oxide-

coated Au TEM grid functionalized with APTES in the same manner that the glass/ITO was 

functionalized.  The Au NPs were attached to the APTES-functionalized grids by soaking the grids 

in the appropriate NP solution for 4-5 min.  After soaking, the grids were gently rinsed with water 

and dried under N2 prior to STEM analysis. 

 

RESULTS AND DISCUSSION 

 Scheme 1 shows the general experimental procedure involved in these studies.  Step 1 

illustrates the synthesis of citrate-coated 15 

nm diameter Au NPs.  We synthesized 15 nm 

diameter citrate-stabilized Au NPs by the 

Turkevich method,29 where the initial pH of 

the solution was ~5.8.  In step 2a we lowered 

the pH from 5.8 to 2.6 by adding 1 µL of 

concentrated perchloric acid in order to 

aggregate the NPs as described by Allen et al. 

previously.23  In step 2b we added THPC 

(instead of acid) in a separate 15 nm Au NP 

solution in order to get 1D and 2D aggregated 

assemblies of NPs as previously described by 

Gulka et al.30  In the case of acid aggregation, 

the carboxylic acid group of the citrate ligands 

Scheme 1. General experimental procedure 
involved in these studies. 
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become protonated, which decreases the electrostatic repulsion between the NPs and ultimately 

the NPs become aggregated as reported by our group23 and others.34  However, in the case of THPC 

aggregation, it has been shown that THPC rapidly replaces citrate from the Au NP surfaces and 

produces a temporary dipole moment on each NP, which causes the NPs to form linear or 2D 

aggregated assemblies.30, 35  Step 3 involves the attachment of the aggregated (acid or THPC) NPs 

to aminopropyltriethoxysilane-functionalized glass/ITO electrodes (glass/ITO/APTES) by 

directly soaking the functionalized electrodes in the aggregated (or non-aggregated for 

comparison) Au NP solutions. 

 Figure 1A shows UV-vis spectra of a solution of isolated, well-separated citrate-coated 15 nm 

diameter Au NPs (pH 5.8), acid-aggregated Au NPs (pH 2.6), and THPC-aggregated Au NPs (pH 

5.8, Au:THPC mole ratio = 62.5).  The localized surface plasmon resonance (LSPR) peak at 518 

nm for the isolated, non-aggregated 15 nm Au NPs is consistent with that reported previously by 

our group23 and others (Figure 1A, red plot).36  The addition of acid to the 15 nm Au NPs to bring 

the pH to 2.6 caused the solution color to change from red to blue-violet immediately as shown in 

Figure S1 of supporting information.  The UV-vis spectrum showed a slight red-shift of the peak 

from 518 to 523 nm, a decrease in the peak absorbance, and a significant increase of the baseline 

absorbance value at higher wavelengths (600-900 nm) as reported by our group previously (Figure 

1A, black plot).23  These well-known changes are due to plasmonic coupling between the 

connected Au NPs that occurs upon aggregation.   The addition of THPC to the 15 nm Au NPs 

caused the color of the solution to immediately change from red to blue as shown in Figure S1 of 

supporting information.  The LSPR band at 518 nm decreased significantly and a new, distinct 

LSPR band appeared at 710 nm (Figure 1A, blue plot).  The color change and UV-vis of the 15 
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nm Au NPs after addition of acid and THPC showed clear aggregation in both cases, but there is 

a difference in them based on the different colors of the solution and difference in the UV-vis 

spectra at higher wavelengths (continuous absorbance 

from 600-900 nm versus distinct peak at 710 nm).   

 The corresponding anodic stripping 

voltammograms (ASVs) of the isolated and aggregated 

Au NPs attached to glass/ITO/APTES electrodes in 

0.01 M KBr + 0.1 M KClO4 are shown in Figure 1B.  

The ASV of the isolated Au NPs shows a single 

oxidation peak at 0.739 V vs Ag/AgCl (Figure 1B, red 

plot), which is consistent with our previous work.37  

The ASV of the acid-aggregated Au NPs shows the Ep 

at 0.951 V (Figure 1B, black plot), indicating that the 

NPs were aggregated in solution, consistent with the 

UV-vis spectrum (Figure 1A, black plot).  

Interestingly, the ASV of the THPC-aggregated NPs 

shows a single oxidation peak at 0.73 V (Figure 1B, 

blue plot), identical to the ASV of isolated Au NPs, 

even though the UV-vis spectrum and color change indicates that the particles were aggregated.  

This was puzzling since we expected the Ep to shift positive upon aggregation, similar to the acid-

aggregated NPs. 

 

Figure 1. (A) UV−vis spectra of solutions of 
non-aggregated, isolated 15 nm diameter Au 
NPs at pH 5.8 (red graph), THPC-aggregated 
Au NPs at pH 5.8 (blue graph) and acid-
aggregated Au NPs at pH 2.6 (black graph). 
(B) ASVs of glass/ITO/APTES electrodes 
after soaking in the solutions shown in (A). 
All ASVs were performed in 0.1 M KClO4 + 
0.01 M KBr from -0.2 to +1.4 V at a scan 
rate of 10 mV/s (only 0.0 to 1.2 V range is 
shown). 
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 To better understand the reason for the different oxidation properties of the Au NPs aggregated 

by acid and THPC, we imaged them directly on the electrode surface by scanning electron 

microscopy (SEM).  Figure 2A shows an SEM image of the non-aggregated 15 nm diameter 

citrate-stabilized Au NPs (pH 5.8) attached to 

a glass/ITO/APTES electrode, where they are 

clearly well-isolated.  Figure 2B shows the 

same Au NPs after acid-aggregation by 

lowering the solution to pH 2.6.  The Au NPs 

are clearly clumped together into fairly large 

three-dimensional (3D) aggregates, consistent 

with the color change in the UV-vis spectrum, 

and positive shift in the Ep in ASV.  Figure 2C 

shows the same Au NPs aggregated with 

THPC.  The Au NPs are also clumped 

together, but they are arranged into one-

dimensional (1D) and two-dimensional (2D) 

aggregates.  The 1D nature of the aggregates leads to the different color change and very distinct 

LSPR peak at 710 nm in the UV-vis spectrum, which is consistent with a longitudinal plasmon 

band observed in 1D arrays or 1D structures, such as wires or rods.38-39  It is not very clear why 

the Ep did not shift positive with this type of aggregate structure though.   

 The higher resolution STEM images of the acid aggregated and THPC-aggregated Au NPs in 

Figures 2D and 2E, respectively, provides more details about the aggregate structures.  The acid-

aggregated NPs have close Au NP-NP contacts and are fused together.  In contrast, the THPC-

Figure 2.  SEM images of glass/ITO/APTES electrodes 
coated with (A) non-aggregated 15 nm diameter citrate-
coated Au NPs, (B) acid-aggregated 15 nm Au NPs, 
and (C) THPC-aggregated 15 nm Au NPs.  Higher 
resolution STEM images of (D) acid-aggregated 15 nm 
Au NPs and (E) THPC-aggregated 15 nm Au NPs on 
APTES-functionalized silicon oxide-coated Au TEM 
grids. 
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aggregated NPs show a clear ~1 nm space between the Au NPs in the 1D and 2D aggregates.  Both 

types of aggregates lead to changes in plasmonic modes with the appearance of an aggregation 

band, but the different aggregates lead to different optical changes.  The difference between the 

Au NP-Au NP contact is also the reason for the difference in the Ep, where the aggregates with 1 

nm spacing behave very similar to well-

isolated Au NPs (no shift in Ep), but the 

fused Au NP aggregates behave more like 

larger Au NPs with a more positive  Ep.  It is 

interesting that ASV can distinguish 

between these details in the aggregate 

structure. 

 We recently showed that the Ep of Au 

NPs ultimately depends on their SA/V.40  

This would explain the different Ep values of 

the two different aggregates.  For acid-

aggregated Au NPs, the close contact and 

fusion between NPs leads to a dramatically 

reduced SA/V, causing a positive shift in the 

Ep.  For the THPC-aggregated Au NPs, the 

1 nm spacing between the Au NPs allows 

full access of the SA, leading to a similar SA/V of the THPC-aggregated and non-aggregated, well-

isolated Au NPs.  This explains the Ep being the same for both.  To confirm this, we 

electrochemically-measured the SA/V of the non-aggregated, acid-aggregated, and THPC-

 

Figure 3.  (A) CVs of glass/ITO/APTES electrodes soaked 
in solutions of non-aggregated 15 nm diameter Au NPs at 
pH 5.8 (red graph), THPC-aggregated 15 nm Au NPs (blue 
graph) and acid-aggregated Au NPs at pH 2.6 (black 
graph). CVs was performed in 0.1 M HClO4 solution. (B) 
ASVs of the same electrodes as in (A) after the CV cycle 
was obtained.  ASVs were performed in 0.1 M KClO4 + 
0.01 M KBr from -0.2 to +1.4 V at a scan rate of 10 mV/s 
(0.0 to 1.2 V is shown.) 
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aggregated Au NPs using our previously described procedure,33, 41 which is briefly described in 

the experimental details in the supporting information.  The total SA was measured by performing 

cyclic voltammetry (CV) of the Au NPs attached to glass/ITO/APTES in 0.1 M HClO4 solution 

and the total volume of the same electrode was obtained from ASV in Br--containing KClO4 

electrolyte solution.  Figure 3A shows the CVs of non-aggregated (or isolated), THPC-aggregated, 

and acid-aggregated 15 nm diameter Au NPs.  The peak area (in Coulombs) of the Au2O3 reduction 

peak at ~0.8 V is indicative of the total SA.  Figure 3B shows ASVs of the non-aggregated, THPC-

aggregated, and acid-aggregated Au NPs, where the peak area of the Au oxidation peak at 0.7 V  

or 0.9 V (in Coulombs) is indicative of the total V of Au. The peak areas of the Au oxidation peaks 

are very similar, with a charge of 20.3 C, 23.1 C, and 22.5 C, respectively, for non-aggregated, 

THPC-aggregated, and acid-aggregated Au NPs.  While they have similar oxidation charge 

(similar Au V), their SA charge was found to be 9.42 C, 8.66 C, and 1.19 C for the isolated, 

Table 1.  SA/V determination of isolated, acid-aggregated and THPC-aggregated 15 nm citrate-
stabilized Au NPs. 

Sample 
of Au NPs 

 

Trial 
# 

CV 
measured 

surface 
area (C) 

ASV 
measured 

total 
volume 

(C) 

Oxidation 
Peak 

potential 
Ep (V) vs 
Ag/AgCl 

Surface 
area to 

total 
volume 
(SA/V) 

Average 
SA/V ± 

Std. 

 Diameter 
calculated 

from 
SA/V 

Isolated 
 (pH 5.8) 

1 9.42 x 10-6 2.03 x 10-5 0.732 0.46  
0.40 ± 
0.04 

 
15.0 ± 1.5 2 1.40 x 10-5 3.60 x 10-5 0.740 0.39 

3 1.30 x 10-5 3.50 x 10-5 0.739 0.37 
4 1.25 x 10-5 3.18 x 10-5 0.737 0.39 

Acid-
aggregated 
(pH 2.6) 

1 1.19 x 10-6 2.25 x 10-5 0.908 0.053 0.046 ± 
0.005 

130 ± 14 
2 1.12 x 10-6 2.57 x 10-5 0.951 0.044 
3 1.63 x 10-6 3.65 x 10-5 0.920 0.045 
4 3.01 x 10-6 7.61 x 10-5 0.951 0.040 

THPC- 
aggregated 
(Au:THPC 

= 62.5) 
(pH 5.8) 

1 8.66 x 10-6 2.31 x 10-5 0.731 0.37 0.36 ± 
0.02 

16.7 ± 1.0 
2 4.15 x 10-6 1.17 x 10-5 0.735 0.35 
3 8.09 x 10-6 2.15 x 10-5 0.735 0.37 
4 1.05 x 10-5 3.15 x 10-5 0.741 0.33 
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THPC-aggregated, and acid-aggregated NPs, respectively.  With similar V, the SA was about 7-8 

times lower for the acid-aggregated Au NPs compared to the non-aggregated or THPC-aggregated 

Au NPs.   

 Table 1 shows all data of isolated, THPC- and acid-aggregated Au NPs.  The average SA/V 

ratio from 4 different samples was 0.40 ± 0.04, 0.36 ± 0.02 and 0.046 ± 0.005, respectively (Table 

1, column 7).  The measured geometric size, considering that the diameter of a sphere is equal to 

6V/SA, corresponds to average diameters of 15.0 ± 1.5 nm, 16.7 ± 1.0 nm, and 130 ± 14 nm, 

respectively (Table 1, column 8).  This result indicates that THPC-aggregated NPs do not lose 

their electroactive SA, while the SA and SA/V of acid-aggregated NPs decreases dramatically.  

The large decrease in SA/V is the reason for the large positive shift in Ep for the acid-aggregated 

NPs.  There is a small shoulder at higher potentials in the ASV of the THPC-aggregated NPs 

(Figure 3B, blue plot), which is consistent with the very small decrease in electrochemically-

measured SA/V compared to isolated Au NPs.  This is likely due to a small population of THPC-

aggregated NPs that had a significant decrease in SA/V.  The large decrease in SA/V for acid-

aggregated Au NPs is due to the 3D nature of the aggregates and fusion of the Au NPs, as observed 

in the STEM images.  These results show that the ASV is not only sensitive to NP size and 

aggregation, but also the specific aggregate structural details. 

We finally studied the effect of the Au:THPC mole ratio on the the resulting structure of the 

NP aggregates and measured Ep.  Figure 4A shows the UV-vis spectra of 15 nm diameter citrate-

stabilized Au NPs with THPC added in Au:THPC mole ratios of 62.5, 31.3, 10.4, and 6.3.  The 

results show very minimal changes in the LSPR band position with this increasing THPC 

concentration by up to a factor of 10.  The absorbance at 700-710 nm slightly decreased, indicating 

the potential start of NP precipitation, but the spectra are otherwise very similar.  Figure 4B shows 
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ASVs of glass/ITO/APTES electrodes coated with Au NPs aggregated using the same Au:THPC 

mole ratios used in Figure 4A.  With ASV, the Ep shifted incrementally more positive as the 

amount of THPC added increased.  The Ep values for the various ratios were 0.733 ± 0.002 V, 

0.781 ± 0.010 V, 0.819 ± 0.010 V, and 0.882 ± 0.005 V vs. Ag/AgCl for Au:THPC mole ratios of 

62.5, 31.3 10.4 and 6.3, respectively, as shown in Figure 4B (Table 2).  The positive shift in 

oxidation potential indicates that higher amounts of THPC leads to aggregation in a similar fashion 

to the 3D assembly and NP fusion observed for acid aggregated Au NPs.  In order to compare their 

SA/V ratios, we compared the SA values for samples that had a very similar ASV coverage as 

shown in Figure 4C.  The electroactive SA decreased with a decrease in Au:THPC mole ratio 

(increasing THPC).  The SA/V ratios were 0.36 ± 0.02, 0.19 ± 0.01, 0.15 ± 0.02 and 0.11 ± 0.01 

for Au:THPC mole ratios of 62.5, 31.3, 10.4, and 6.3, respectively (Table 2, column 7).  This again 

shows the correlation between Ep and SA/V of the aggregates formed.  The Ep values correlate 

very well with the SEM and STEM images of the THPC-aggregated Au NPs with varying THPC.  

Table 2.  SA/V determination of THPC-aggregated Au NPs with various Au:THPC molar ratios. 

Au:THPC 
mole ratio 

 

Trial 
# 

CV 
measured 

surface 
area (C) 

ASV 
measured 

total 
volume 

(C) 

Peak 
Oxidation 
Potential 
Ep (V) vs 
Ag/AgCl 

Average 
Ep ± Std. 

Dev. 
(V) 

Surface 
area to 
volume 

ratio  
(SA/V) 

Average 
SA/V ± 

Std. Dev. 

 
62.5 

1 8.66 x 10-6 2.31 x 10-5 0.731 0.733 ± 
0.002 

0.37 0.36 ± 
0.01 2 4.15 x 10-6 1.17 x 10-5 0.735 0.35 

3 8.09 x 10-6 2.15 x 10-5 0.735 0.37 
 

31.3 
1 4.19 x 10-6 2.25 x 10-5 0.789 0.781 ± 

0.010 
0.19 0.19 ± 

0.01 2 5.15 x 10-6 2.80 x 10-5 0.783 0.18 
3 5.25 x 10-6 2.67 x 10-5 0.773 0.20 

 
10.4 

1 3.52 x 10-6 2.25 x 10-5 0.828 0.818 ± 
0.010 

0.16 0.15 ± 
0.02 2 3.54 x 10-6 2.20 x 10-5 0.819 0.16 

3 2.77 x 10-6 2.07 x 10-5 0.809 0.13 
 

6.3 
1 4.70 x 10-6 4.06 x 10-5 0.882 0.882 ± 

0.005 
0.12 0.11 ± 

0.01 2 9.72 x 10-7 1.01 x 10-5 0.878 0.10 
3 1.20 x 10-6 1.25 x 10-5 0.888 0.10 
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For Au:THPC mole ratio of 62.5, the aggregates were 1D/2D structures with clear ~1 nm gap 

between the Au NPs (Figure 2E and 4D).  

For Au:THPC mole ratio of 6.3, most of 

the NPs were assembled into 3D 

structures and were interconnected, or 

fused, as shown in the STEM image of 

Figure 4E (see red arrows).  It is not 

clear at this time exactly why the larger 

amount of THPC leads to 

interconnected, or fused, Au NPs. 

 We finally measured the surface 

charge by monitoring the zeta potential 

of isolated, acid-aggregated, and THPC-

aggregated Au NPs with various 

Au:THPC mole ratios.  The zeta 

potential was -25 ± 2, and 16 ± 1 mV for 

isolated and acid-aggregated NPs. The 

increase of the zeta potential value with the decrease of pH was observed by Diegoli et. al 

previously.42  However, they only monitored the zeta potential values from pH 5.5 to 3.0 which is 

not sufficient for complete neutralization of the negative charges of citrate ions.  Complete 

aggregation of citrate-coated Au NPs occurred at pH lower than the pka1 value of citrate (2.9) as 

observed previously by our group23 and others.43  The zeta potential was -47 ± 1, -42 ± 2, -36 ± 4, 

and -22 ± 4 mV for Au:THPC mole ratios of 62.5, 31.3, 10.4, and 6.3, respectively.  The pH of the 

 

Figure 4.  (A) UV−vis spectra of 15 nm diameter Au NP 
solutions aggregated with various Au:THPC ratios of 62.5 
(red graph), 31.3 (blue graph) 10.4 (pink graph) and 6.3 (black 
graph). (B) ASVs of corresponding aggregated Au NPs from 
(A) attached to glass/ITO/APTES electrodes performed in 0.1 
M KClO4 + 0.01 M KBr from -0.2 to +1.4 V at a scan rate of 
10 mV/s (0.0 to 1.2 V is shown).  (C) CVs of the 
corresponding aggregated Au NPs.  CVs were performed in 
0.1 M HClO4 solutions.  (D,E) STEM images of THPC-
aggregated NPs with the Au:THPC ratios of 62.5 and 6.3, 
respectively. 
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corresponding solutions was 5.8, 5.0, 4.6 and 3.6, respectively.  The initial decrease in the zeta 

potential for the Au:THPC mole ratio of 62.5 relative to the original Au NPs is due to the formation 

of large aggregates and poor NP size uniformity, which is not ideal for zeta potential 

measurements.30  The positive increase in zeta potential with increasing THPC is partly due to 

replacement of the negatively-charged citrate with the positively-charged THPC or neutral 

pentavalent THPC hydroxide (THPOH), which can be formed by Au NP-catalyzed oxidation of 

THPC through a tri(hydroxymethyl) phosphine oxide (THPO) intermediate.30, 42  With an increase in 

THPC, the pH of the solution also decreases due to acid produced during the conversion of THPC 

to THPO as reported previously,44 which likely leads to protonation of citrate and NP fusion as 

with acid-aggregated Au NPs.  

 

CONCLUSIONS  

 In conclusion, we showed here that the Ep of 15 nm diameter citrate-stabilized Au NPs depends 

on whether they are well-isolated, arranged in a 1D/2D aggregated assembly with space between 

the NPs, or in a 3D aggregate with the NPs interconnected, or fused.  The addition of low amounts 

of THPC (Au:THPC mole ratio = 62.5) led to 1D/2D assemblies with gaps between the aggregated 

NPs.  The addition of acid to lower the NP solution pH below 3 or addition of large amounts of 

THPC (Au:THPC mole ratio = 6-30) to the Au NPs led to 3D assemblies consisting of 

interconnected Au NPs.  In all 3 cases, the solutions turned purple/blue and the UV-vis showed 

significant absorbance at higher wavelengths, indicative of plasmonic coupling between the 

aggregated NPs in the assembly.  Interestingly, the Ep of the Au NPs shifted positive relative to 

isolated Au NPs at low pH and with high amounts of THPC, where the NPs were in a 3D assembly 

with interconnected NPs.  The Ep did not shift with low amounts of THPC, where the aggregated 
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NPs were in a 1D/2D assembly with ~1 nm gaps between the NPs.  The 3D interconnected 

assemblies showed a significantly lower electrochemically-measured SA/V compared to isolated 

or 1D/2D NP assemblies with low THPC.  The measured SA/V was consistent with the measured 

Ep, where a lower SA/V led to a higher Ep, consistent with our recent work on Au NPs attached to 

electrode surfaces by different methods.33  Zeta potential measurements were consistent with pH 

neutralization of the NPs or replacement of citrate with THPC during aggregation.  Studying the 

electrochemical properties of aggregated metal nanostructures is important for gaining a better 

fundamental understanding of metal NP reactivity and for applications in aggregation-based 

sensors and electrocatalysis.  For sensing applications, analyte could be detected by a shift in Ep if 

the analyte-induced aggregation leads to NP fusion, but undetectable if spacing remains between 

NPs.  For catalysis, NP aggregation with spacing between NPs could lead to high density and high 

surface area, which could potentially be beneficial for many electrocatalytic application. 
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Digital pictures of non-aggregated and aggregated Au NPs are in the supporting information.  
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