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Investigation of Electrochemical Charging Behaviors of “Naked”
Gold Nanoparticles Ensembles in Aqueous Media
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Gold nanoparticles were immobilized onto the electrode surface
by simple self-assembly technique. Interestingly, the ensembles

of these nanoparticles exhibit quantized charging behaviors in
aqueous solution. Possible mechanism for such behaviors was

proposed.
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Introduction

Because nanoparticles can be handled like simple
molecules, the macroscale properties can be controlled via
nanoscale construction. Currently, colloidal Au-derived
electrodes constitute an interesting intersection between
electrochemistry and nanoscale science. For example, or-
ganized architectures of nanosized particles are attracting
extensive attention in diverse fields, in part, because of
the fundamental importance and technological implications
involved in those ordered arrays of quantum dots.! Con-
trolled self-assembly of nanoparticles into nanoscale su-
perstructures is an important objective.2 Reports of attach-
ments of nanoparticles® monolayers and multilayers to self-
assembled molecular monolayers and polymer substrates
have included dithiol and analogous linkers,?** polyelec-
trolytes,>® and a few examples of monolayer-protected
clusters (MPCs) based on sol-gel chemistry’® and place-
exchange reactions.> Among these, MPCs have attracted
particular attention due to the (sub)attofarad molecular-
capacitor characteristics. Under ambient conditions, solu-
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tions and surface ensembles of monodisperse MPCs exhibit
quantized charging to their double layers, showing analo-
gous features to the classical coulomb staircase.> Howev-
er, it has to be noted that these earlier electrochemical
studies are primarily confined to the MPCs,>"* whereas
none has been reported to “naked” gold nanoparticles
(NGNs). Thus, several questions arise immediately:
what a role does the protecting layer of MPCs in investi-
gating quantized charging behaviors of nanoparticles? Is it
possible to observe these charging behaviors of NGNs en-
sembles in aqueous media or organic media?

Experimental
Reagenis and materials

The following reagents were purchased from commer-
cial vendors and used without further purification. 1, 8-
Octanedithiol, HauCl,*3H,0, trisodium citrate dihy-
drate, (¢-Bu)4NCl and (¢-Bu),;NClO; were from Aldri-
ch. All other reagents are of analytical grade. Solutions
were prepared from ultrapure water purified with Milli-Q
plus system (Millipore Co.). Iis resistivity was over 18
MQ-cm.

Preparasion of colloid Au

All glassware used in the following procedures were
cleaned in a bath of freshly prepared HCl: HNO;(3:1,
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V:V) and rinsed thoroughly in H,O prior to use. The
gold colloids were prepared by the conventional citrate re-
duction of HAuCl, in water at near-boiling temperature . %
Transmission electron microscopy was used to examine
particle size distribution, and an average diameter of 5
nm was confirmed.

Instrument

Electrochemical experiments were carried out on the
Autolab PGSTAT30 potentiostat ( Utrecht, Netherlands)
in a conventional one-compartment cell. The cell was
hosed in a homemade Faraday cage to reduce stray electri-
cal noise. The standard three-electrode system was used.
An Ag/Ag(l electrode was used as the reference elec-
trode, a Pt foil as the counter electrode, and gold disk as
the working electrode. The specimens for transmission
electron spectroscope were prepared by evaporating a drop
gold colloid onto a copper mesh grid and examined by a
JEM-2010 high-resolution electron microscope operating at
200 kV.

Results and discussion

In order to understand the electron-transfer chemistry
involved in these surface-confined NGNs, self-assembling
‘technique was employed to construct NGNs monolayer and
these ensembles were used to investigate electrochemical
charging events of NGNs. In the present paper, several
electrolytes were selected to investigate the electrochemi-
cal behaviors involved in NGNs in order to understand the
role of electrolyte ions in charging process of nanoparti-
cles. The experimental results demonstrate that Cl~ ions
can rectify electrochemical effect signals®™ of NGNs sur-
face ensembles both in aqueous solution and organic solu-
tion. These may be attributed to stronger ion-binding in-
teraction or specific adsorption between Cl~ anions and
NGNs.

The protocol for the NGNs self-assembling process
is shown in Scheme 1. 1,8-Octanedithiol was self-assem-
bled on gold surface firstly, and then NGNs were an-
chored on the top of the monolayer. The NGNs with the
average core size of ~ 5 nm were synthesized by reduction
of HAuCl, of citric acid at nearly boiling tempreture, and
then tannic acid was added to stabilize the as-prepared
colloid. Monodisperse particles were confirmed by TEM
as shown in Fig. 1. The typical incubation time for the
self-assembling of NGNs onto 1, 8-octanedithiol self-as-
sembling monolayer was about 24 h, and the electrode
was then rinsed with copious water purified with Milli-Q
system (18.4 MQ - cm) to remove the loosely bound
NGNs and dried gently under nitrogen atmosphere before
being transferred to an electrolyte solution for electro-
chemical measurements.

Fig. 1 TEM micrograph of gold nanoparticles and the corre-
sponding electron diffraction ring pattern.

Scheme 1 Cartoon reactions for anchoring NGNs to a gold electrode surface

I

“A” stands for 1,8-octanedithiol, and “B” stands for naked gold nanoparticle.
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Fig. 2 shows differential capacitance (by AC voltam-
metry) of the NGNs anchored electrode in aqueous and
toluene/CH;CN (2:1, V:V) solutions, respectively. It
can be seen that they show different behaviors in different
solvents and also different behaviors in the same solvents
with different electrolytes. Chen et al.*® demonstrated
previously that a simple ion-binding can be utilized as the
molecular triggers for the rectification of single-electron
transistors. Here, Cl~ anions might also play this kind of
roles. Obviously C1~ ion increases electrochemical effect
signals of NGNs both in aqueous solution and toluene/
CH,CN (2:1, V:V) solvents. Besides, more well-de-
fined quantized charging behaviors (Fig. 2A, top line)
were found in KCl aqueous solution, whereas weak charg-
ing peaks (Fig. 2A, down line) in KNO; aqueous solu-
tion. The electrochemical effect signal in ( £-Bu)4NCl
electrolyte (Fig. 2B, top line) is also stronger fhan that
in (#-Bu)4ClO; electrolyte (Fig. 2B, down line). DPV
measurements exhibit the same results as differential ca-
pacitance, demonstrating a general rule rather than an ac-
cidental event. The specific adsorption of Cl™ ions on
gold nanoparticles or stronger ion-binding interaction may
account for this. Besides, better charging peaks were
found in aqueous media (Fig. 2A) than in organic media
(Fig. 2B). Why do the quantized charging behaviors of
NGNs differ from that of MPCs? In most of previous re-
ports for MPCs, well-defined quantized charging behaviors
were observed only in organic media;** ¢%*&" whereas
in aqueous solutions, only featureless responses or ill-de-
fined charging peaks were found. In organic solvent, as
per unit electrode surface area, Cypc > Cp*™™®, (Cypc
is the capacitance of the anchored MPCs ensembles, and
Cy; the charging capacitance of the electrode surface),
the overall electrode double-layer capacitance was mainly
governed by the adsorbed particles and resulted in current
measured reflected the collective quantized charging of in-
dividual surface-immobilized MPCs. Whereas in aqueous
solutions Cypc < Cpy, 0™ the double-layer charging is
mainly through the “naked” electrode surface, showing
classical features of electrode double layers. In contrast,
the case for NGNs ensembles was found to be the other
way round. Citric acid-tannic acid is loosely bound to
surface of gold core, Cl~ ions can displace these adsorb-
ing molecules and bind to gold core. Therefore, surface-
confined gold nanoparticles in the present system are
“naked” to electrolytes in fact. It seems that alkanethiol
molecules have been “stripped off MPCs and immobilized

onto electrode surface”, the nanoparticles are “bare” and
the electrode surface dresses in “clothes” (this is an
imaginary process to illustrate the difference between our
systems and previous reports’ as shown in Scheme 2).
Therefore, Cy(double layer capacitance) is predominant-
ly determined by Cncy, (the capacitance of the anchored
NGNs ensembles) in aqueous solution, and determined
by alkanethiol modified electrode surface charging capaci-
tance in organic solution, then well-defined charging
peaks were obtained only in aqueous media for NGNs en-
sembles. Although the assembling process in Scheme 2 is
imaginary, it fits the experiment results observed for
NGNs very well.
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=

10 05 0.0 0.5 1.0
E (V) vs. Ag/AgCl

12} B

1.0F

081 (+-Bu),NCl

0.6

Capacitance (uF)

04}
(+-Bu),CIO,
02}

038 06 04 02 00 02 04 06 08
E(V) vs. Ag/AgCl

Differential capacitance of a gold electrode modified
with NGNs monolayer. AC frequency is 1 Hz, ampli-
tude 50 mV, and step potential 5 mV. (A) The sup-
porting electrolyte solutions were aqueous 0.1 mol/L
KNO; (top line) and 0.1 mol/L KCl (down line) , re-
spectively. Charging peaks are marked with asterisks
and dots. (B) The supporting electrolyte solutions
were 0.1 mol/L ( ¢-Bu),NCl (top line) and 0.1 mol/
L ( ¢-Bu);NClO, (down line) in toluene/CH;CN
(2:1, V:V), respectively.
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Scheme 2  An imaginary molecular re-construction process, which may explain the different quantized capacitance charging behaviors be-

tween NGNs and MPCs

Stripped and assembling
S 1 i n.!m i
MPCs’s clothes are stripped and anchored to electrode surface, then NGNs modified electrode is formed.
. gold nanoparticle |  Alkanethiol
It has been found that the binding of electrolyte ions
to an electroactive species leads to the shifting of the for- 0.5
mal potentials with electrolyte concentrations:’ 0.0f
-0.5r
E¢= E% + (RT/n,F)In(K,/K;) - 3 .l
[(p-q)RT/n,Flln[Cl" ] (1) ~ Ll
Where E is the measured formal potential , EY the formal -20f
potential in the absence of ion binding, n, the effective 25} E (V) vs. Ag/AgCl

number of electron transfer, K; and ¢ (K, and p) the e-
quilibirium constant and the number of Cl~ ions bound to
the reduced (oxidized) forms of NGNs, respectively, and
other parameters have their usual significance. Differen-
tial capacitance (Fig. 2) and DPV measurements both
show the variation of the formal potentials of charging
peaks observed in KCl and KNO; aqueous solutions. It
can be seen that charging peaks in KCl aqueous solution
shift cathodically about 50 mV relative to KNO; aqueous
solution because of Cl~ ions binding or specific interac-
tion with NGNs. Interestingly, such potential-shifting be-
havior of C1™~ ions adsorbed on nanoparticles was also seen
in the studies of adsorption-mediated electrochemical
sensing of halides on Au(111)/ Ag(upd),'? where the
native Ag stripping peak at 535 mV versus Ag* /Ag was
replaced by a stripping peak at 615 mV that can be as-
signed to the formation of Au(111)/Ag(upd)-Cl.

The larger electrochemical responses of NGNs in KCI
motivated us to investigate the electron-transfer kinetics of
NGNs and detailed quantized capacitance charging behav-
iors. Fig. 3 shows cyclic voltammograms of NGNs be-
tween — 1.0 and 0.5 V. Several well-defined redox cou-
ples can be seen clearly. In order to evaluate the re-
versibility of such redox process, various scan rates were
taken. Inset of Fig. 3 shows sweep rate dependence of
peak potentials (for clarity, only the charging peak be-
tween 0.2 and 0.4 V is shown) . The peak currents vary

1.0 0.5 0.0 0.5
E (V) vs. Ag/AgCl

Fig. 3 Cyclic voltammograms of a gold electrode modified with
NGNs monolayer. Scan rate was 50 mV/s. The sup-
porting electrolyte was 0.1 mol/L KCl aqueous solu-
tion. Inset: cyclic voltammograms with scan rates from
50 to 100, 200, 400, 600, 800, 1000, 1500, 2000
mV/s (only charging pesks between 0.2 and 0.4 V
were shown) .

linearly with potential scan rates (not shown), as expect-
ed for a surface-localized redox electrochemistry. In addi-
tion, electron-transfer rate constant k can be estimated
from the fitting parameters of the AC impedance spec-
tra®!! as well:

K =1/2CyenRer (2)

where Cygy is the capacitance of NGNs ensembles, Rcr
the electron-transfer resistance. From Fig. 4, one can
reach a value of k about 0.57 s™!.

It has been shown™ that the formal potential of a
quantized capacitance charging peak in which the charge
state changes from z to z — 1 is:

E} ., 1=Eg.+ (2-1/2)e/Cy, (3)
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Fig. 4 AC impedance plots of the experimental results (black E (V) vs. Ag/AgCl
squares) and the simulation (solid lines) of the gold 0.6
electrode modified with a NGNs monolayer. The sweep
frequency was from 1000 kHz to 0.01 Hz, and ampli- 04r
tude 50 mV. The supporting electrolyte was 0.1 mol/L
KCl aqueous solution. Eﬂ 0.2r 4
2 oo}
Where E,, is the zero charge potential (i.e. z=0) of g
the cluster, and z is signed such that z >0 and 2 <0 § 0.2r
correspond to core “oxidation” and “reduction”, respec-
tively. C,, is the MPC capacitance, e the electronic 041
charge, and EY ,_; the formal potential of the z/(z — 1) 06F b
charge state “couple”. Eq. (3) dictates a linear relation- = = . : 5
ship between the formal potentials and the charge states of Charge state
MPCs (termed “z-plot”) if Cg, is independent of elec-
trode potential, and from the slope and the intercept one Fig. 5 (a) Differential pulse voltammograms of a gold elec-

can evaluate C,, and E,;, respectively.

As for NGNs in our system, C, is the doule-layer
capacitance of NGN, and other symbols have the same
significance as mentioned above. From Fig. 5, it can be
seen that there exists also a linear relationship between
the formal potentials and charge states. From the regres-
sion line, we estimate that Cygy is about 0.68 aF as esti-
mated from Fig. 5b (1 aF = 10~ F). The differential
capacitance experiments also give the similar results,
which proves that differential capacitance also can be used
to characterize these quantized capacitance charging be-
haviors of nanoparticles ensembles like DPV. However, it
seems that these experimental results contradict with the
concentric sphere capacitance model.*® A capacitor with
conducting spherical metal core separated by a dielectric
of thickness d and static dielectric constant € has a ca-
pacitance given by

Cau=4neoe(r/d)(r+d) 4)

trode modified with NGNs monolayer. The DC potential
scan rate is 10 mV/s and pulse amplitude 10 mV. The
supporting electrolyte was 0.1 mol/L KCl aqueous so-
lution ( charging peaks are marked with asterisks).
(b) Plot of charging formal potentials versus NGN
charging states ( z-plot). Data were obtained from
DPV measurements. Lines shown are linear regression.

Where Ccpy;is the cluster capacitance, € the permittivity
of free space, € the dielectric constant of solvent, r the
radius of the core, and d the thickness of electric double-
layer of the core. Assuming the electrochemical interface
of NGN is an ideal capacitor, the average double-layer
thickness of NGN is 1.5 nm.’° By this model, 5 nm of
NGN has a capacitance of about 57 aF, which is much
larger than that of 0.68 aF estimated by the experimental
results. Several reasons may account for this:

(1) The anchored NGNs are half “naked” and half
protected because of the roughness of electrode surface
(Scheme 1) . Therefore, the “naked” surface of NGNs is
smaller than ideal concentric sphere capacitor because of



1036

Gold nanoparticles

CHENG et al.

sulfur-gold binding interactions, and the real capacitance
of NGN is much smaller 57 aF (1, 8-octanedithiol protect-
ed gold nanoparticle with a metal core of 5 nm gives a ca-
pacitance of about 2.4 aF by concentric capacitance mod-
el).

(2) The NGNs are not naked in fact, but protected
by citrate acid and tannic acid. Therefore, the real di-
electric constant of protecting layer of nanoparticle is
much smaller than water dielectric constant,’® and the
calculated capacitance of gold nanoparticle should much
smaller than 57 aF.

(3) Quantized charging behaviors of NGNs may not
be a single-electron oxidation (or reduction) process, but
a multiple-electron oxidation (or reduction) process. At
that condition, the effective cluster capacitance should be
evaluated by AV = ne/Ccyy rather than AV = e/ Cqyy,
and therefore larger value of AV was observed when n =2
(for example, for two-electron oxidized process, Ccry
was 1.36 aF estimated by the present experiment re-
sults) . Of course, this speculation needs still additional
proofs from other experimental methods, which is being
designed at present.

(4) The discrepancy can be traced to € used. The
value of 80 employed for the dielectric constant of water
assumes that the molecules are free to rotate and so re-ori-
ent on changing the applied field. The water molecules on
the surface of nanoparticles will not be able to change ori-
entation at all, therefore, the dielectric constant of ad-
sorbed water is much less than 80 (e <6).

(5) The mechanism for electrical double layer for-
mation at highly charged NGNs is very complex,*!> and
further study is still needed.

Conclusion

To the best of our knowledge, this is the first report
of electrochemical charging behaviors of surface-confined
NGNs in aqueous solutions. This study demonstrates that
quantized charging behaviors of NGNs with a larger core
mass can be observed in appropriate experimental condi-
tions. Besides, Cl~ ions can be utilized to rectify electro-
chemical responses of electron-transfer process associated
with NGNs by simple ion-binding or specific adsorption
interaction. More detailed studies are desired to further
investigate the quantized charging behaviors of other metal
or semiconductor NGNs and to search better binding ions
utilized as triggers for the rectification of single-electron

transistors. The theoretical study of a possible mechanism
of multiple-electron oxidation (or reduction) of NGNs is
underway in our laboratory.
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