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Chronopotentiometry and chronoammperometry methods are used to study the photocharging and electro-
chemical discharging of Ag nanocrystals on indium tin oxide (ITO) substrates. The photocharging is initiated
by Ag plasmon electronic excitation, which causes the oxidation of surface-bound citrate ions. In aqueous
citrate solution, the particles discharge by reducing hydrogen. When silver ions are introduced, silver reduction
increases the rate of discharge. The electrochemical kinetics is modeled quantitatively using the Butler
Volmer equation. The capacitance of the particle electrode is experimentally determined 2d2@e< 104

C/V. We conclude that high-quantum-yield surface photochemistry and photocharging is possible for well-
formed nanocrystals.

Introduction carboxylic acid€’-28In TiO,, photogenerated holes at energies
near the valence-band edge are strong oxidizing agents. They
suggested that decarboxylation occurs through the photo-Kolbe
reaction shown below, causing donation of electrons inteTiO

The plasmon excited electronic state in noble-metal nanoc-
rystals is formally represented as a superposition of many low-
energy electrorrhole pairs. An excited plasmon, created by
coherent short pulse excitation, dephases (via Landau Damping)
within femtoseconds, producing one or a few higher-energy
electron-hole pairsl~” These higher-energy electrehole pairs
are directly created optically if a spectrally narrow cw laser is
used to excite the Ag nanocrystal, as in our present experiment.
The excited-state electronic polarization corresponding to these

directly excited “hot” carriers creates enhanced Mie scattering on the now negatively charged particle until it is discharged

and the local field SERS effect. Through subsequent scattering,_through thermal electrochemical charge transfer. Under CW

these hot electrons and holes thermalize and relax to the I:erm'irradiation the particles reach a steady-state cathodic potential
level®~11 Because of the extremely short lifetime of the hot ' |

carriers, optical charge-transfer reactions seem improbable.Shlft defined by the equilibration of the photochemical charging

-__rate and electrochemical discharging rate. This paper quantita-
Nonetheless, several reports have found surface photochemistry. o X /
X - o ively models the kinetic response of silver particle electrodes
caused by low-intensity (one-photon) excitation of the Ag

18 : . under visible irradiation. The nanocrystals are in electrical
plasmon resonandé: 8 In related electrochemical experiments, . )

. Y h contact with the ITO electrode surface; charge can tunnel to
low-intensity irradiation of rough Ag electrodes at plasmon . : S

g the electrode, establishing electrical equilibrium. We measure

wavelengths creates strong hot electron photoemission cur- e o .

1825 1nn i . , photovoltage under open-circuit conditions. With no current
rents? In high-vacuum surface science, hot Ag photoexcited

" ' flowing, we assume that the electrode potential set by the
electrons cause decomposition of physisorbed Gl Ag ’ ) 4
(111)2 potentiostat on the ITO equals the photostationary potential on

In an effort to understand photocatalyzed colloidal Ag prism the Ag nanocrystals. The capacitance and net charge we measure

growth experiments, we recently reported (hereafter RWB) the refers to charge storage on the nanocrystals, not on the combined
. electrode/nanocrystal system.
electrochemical photovoltage and photocurrent response of Ag
nanocrystals on ITO electrodes in sodium citrate solutféns.
We discovered that exciting the Ag nanocrystals on the plasmon
absorption causes surface-bound citrates to oxidize, thus pho- Photoelectrochemical methods were described previously in
tocharging the Ag nanocrystal. Citrate itself does not absorb RWB. Briefly, a platinum foil was the counter electrode and a
visible light. We hypothesized that citrate ejects Ci@ a gold wire served as a pseudo-reference electrode. A gold
decarboxylation reaction, causing irreversible electron donation pseudoreference was used to avoid leaking anions from standard
into the Ag nanocrystal. In the literature, organic-acid decar- reference electrodes. The pseudoreference was measured against
boxylation following ultraviolet electronic excitation, and & mercury sulfate electrode and found to be stabile in the
electrochemical decarboxylation at oxidizing potentials on solutions we usedA 3 cn¥ area working silver nanoparticle/
metallic electrodes, are standard synthetic metRoefdn 1978, ITO electrode was used. All photovoltage solutions were
Kraeutler and Bard found that ultraviolet photoexcitation of bubbled with N for 20 min to remove oxygen, and experiments

colloidal TiO;, particles caused the decarboxylation of adsorbed Were run under a blanket of nitrogen. Chronopotentiometric
measurements were performed with zero net current (open

* Corresponding author. E-mail: plr2001@columbia.edu. circuit). Chronoamperometric measurements were performed at
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CH,CO, +h,,"— CH,CO; — CHy +CO, (1)

Our system, although analogous to Kraeutler’s, is remarkable

and novel in that metallic electrerhole pairs are extremely

short-lived compared to thermalized electrdrole pairs in TiQ.
Once the electron has been irreversibly transferred, it remains

Experimental Section
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Figure 1. (A) Plot of the closed-circuit photocurrent of a silver particle " e
electrode in 500 uM sodium citrate solution and 0.1 potassium nitrate . .
plotted as a function of laser-power density at 488 nm. The black line -0.240 1 * .
shows the best-fit line. (B) Plot of the closed-circuit photocurrent of a \ "
particle electrode as a function of citrate concentration in 0.1 M 0250 J
potassium nitrate solution. The laser-power density was kept low (17 ’
mW/cn¥) to make sure the reaction did not become diffusion-limited. Equilibrium shift from rest potential (mV)
. . . B. -100 -80 -60 -40 20 0
the rest potential of the particle electrode (closed circuit) unless 5.4 : . ; :
otherwise stated. All photoelectrochemical experiments were | 067
run with 488-nm laser illuminatio® No photocurrent or = 589 >
photovoltage shift was observed for bare ITO in solution with _5; 584 @
500 uM sodium citrate and 0.1 M potassium nitrate. The N § F-107 8
purged solution of 500 uM sodium citrate, 250 uM silver nitrate, 3 -6 § a
and 0.1 M potassium nitrate was found to have a pH of 6.57. 2 \a7 8§
[ J [t -
E 8.2 8 E
Results S K
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Figure 1A shows a graph of closed-circuit photocurrent ofa S 18 o
silver particle electrode in 500 uM sodium citrate solution 667
plotted as a function of laser-power density. This graph shows 654 | o7

that the current is linear with light intensity, without a sign of _. oo . . . .
on d ibl . f ci Ei 1B Figure 3. (A) Plot of open circuit potential vs time for a silver particle
saturation due to possible consumption of citrate. Figure 1B IS gjecirode before, during, and after laser irradiation in a solution of 500

a plot of the closed-circuit photocurrent (at 17 mW#nas a uM sodium citrate and 0.1 M potassium nitrate. On and off refer to
function of citrate concentration in 0.1 M potassium nitrate the sample under irradiation (on) and the sample in the dark (off). (B)
solution. The photocurrent is a weak function of the citrate Plot of the equilibrium shift from the rest potential of the silver particle
concentration (i.e., zero order). Figure 2 shows the closed-circuit €lectrodes as a function of laser-power density and charging current in
photocurrent as a function of electrode potential. As the potential & Slution of 500 uM sodium citrate and 0.1 M potassium nitrate. The
becomes more negative, the photocurrent decreases. Thi%harg_lng current was cal_culated from the curves in Figures 1 and 2 as
. . 8 escribed in the discussion.

suggests lower saturation citrate coverage for more-negative Ag
surfaces.

Figure 3A is a plot of the open-circuit potential versus time potassium nitrate. The potential reaches a photostationary state
for a silver particle electrode before, during, and after laser under laser irradiation. Figure 3B shows a plot of the equilibrium

irradiation in a solution of 500 uM sodium citrate and 0.1 M shift from rest potential of the silver particle electrodes as a
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Figure 4. Plot of dv/dt(1 — e™)~vsy for the decay of a silver particle
electrode in 500 uM sodium citrate and 0.1 M potassium nitrate.

Figure 7. Plot of the instantaneous decay rate vs silver ion concentra-
tion at different potentials. This is the same data shown in Figure 6.
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tion. The experimental linear dependence of the instantaneous
decay rate on the silver ion concentration at different potentials
is plotted in Figure 7. Figure 8 shows a CV of the two electrodes
in solutions of 500 uM sodium citrate and 0.1 M potassium

Figure 6. Semilog plot of the instantaneous decay rate as a function pjtrate with and without silver nitrate.

of potential. The blue diamonds are with 62.5 uM, the red squares are
with 125 uM, and the green triangles are with 250 uM silver nitrate.

Each solution contained the normal 500 uM sodium citrate and 0.1 M
potassium nitrate. The graphs are cutoff at the point where digitization

Analysis

by the potentiostat becomes significant.

The linear photocurrent in Figure 1A is generated on the Ag
nanocrystals; we showed in RWB that there is no photocurrent

function of laser-power density and charging current in a without the Ag nanocrystals. Figure 1B shows a weak depen-
solution of 500 uM sodium citrate and 0.1 M potassium nitrate. dence of the photocurrent on citrate concentration. We conclude

As described in the Analysis section below, the potential that we essentially have saturation coverage of citrate on the
decay is plotted in Figures 4 and 5 with and without silver Ag particles at the operating rest potential. Strong adsorption
nitrate. Figure 6 is the instantaneous voltage decay as a functiorand essentially complete coverage is expected from the fact that

of shift from rest potential for different concentrations of silver

citrate is an excellent electrostatic stabilizer for colloidal Ag

nitrate. The decay rate is a function of the silver ion concentra- nanocrystal$§®3! The absence of saturation in Figure 1A also
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implies that current is not limited by possibly slow exchange
of surface citrate with aqueous citrate. In Figure 2, the

Redmond and Brus

x 10~ nmé/particle. Therefore, as a rough approximation for
the capacitance we model the interacting particles as a solid

photocurrent is reduced at more-negative potentials presumablyAg sheet of thickness 2.5 nm (i.e., the thermal evaporation

due to desorption of the negatively charged citrate ions.
In Figure 3A, when the laser is on, the potential shifts to

negative because of the donation of electrons into the particles.
When the laser is turned off, the potential decays back to the

original rest potential by discharging stored electrons. The

particle electrode is thought to discharge through electrochemical

reduction of HO, as originally described by Henglein and Lillie
for charged aqueous Ag nanocryst#lsA photostationary
potential occurs under irradiation when the rate of charging is
equal to the rate of discharging. Equation 2 defines the
photostationary potential shift as a function of photocharging
rate (J) using the ButlerVolmer equation to describe the
electrochemical discharge of the electrdée:
dQ/dt=0=i[e *" — " — g 2)
Q is the net photocharge on the nanocrystals on our 3 cm
electrodej,, is the exchange current,is the transfer coefficient,
f = F/IRT, F is Faraday’s constanR is the gas constant, is
temperaturey = V — Vgq V is the photostationary potential,
Veqis the rest potential of the electrode in the dark, armslthe
photochemical charging rate. Figure 1 shows that the light-

induced current is a one-photon, linear function of laser intensity.

thickness). A simple calculation shows that the potential at the
surface of an infinite slab of thickneskis

—p(d/2)’

Vix= di2) = ==

(%)

wherep is the charge density (Q/Gnande is the permittivity

of the solvent. Applying the Gaussian pillbox method, we find
the capacitance to b& = (Q/V) = —(8A¢)/d whereA is the
area of the electrode arg is the total charge on the silver
slab. UsingA = 3 cn?, € = 80, andd = 2.5 nm, the
capacitance is calculated to be &8.0* C/V. This is in rough
agreement with the experimentally determined capacitance of
2.2 x 104 C/V.

Alternatively, the nanocrystal capacitance can be estimated
as a group of noninteracting spheres. The capacitance of the
nanoparticles is the@ = 47¢RN, whereR s the particle radius
andN is the total number of particles on the electrode. In water
with a radius of 25 nm, the capacitance is 2.807° C/V (with
N = 1.14 x 10" for our 3 cn? electrode). We ignore here the
actual dielectric environment on the ITO surface. The experi-
mentally determined capacitance lies between the predictions
of these two oversimplified models.

Figure 2 shows that the light-induced charge transfer of electrons  Using the experimental capacitance, we can consider the case

into the particles is a function of the potential of the particle

of the particle electrode discharge with A solution, shown

electrode. The data in Figures 1 and 2 were combined to describen Figure 4 of RWB. We assume that the potential discharge of

the charging rate as a function of laser-power density. This
allows us to add the charging current axis to Figure 3.

The decay of the potential in Figure 3A can be described by
rearranging eq 1 witld = 0.

Cd_\/:

i -O[e—afn _ e(l—a)fn]

®3)

The photocharg® on the nanocrystals S(V—Veg), whereVeq
is the initial rest potential in the dark an@ is the total

the particle electrode is described by the Butléolmer
equation just as before with hydrogen reduction. The silver
particle rest potential is about205 mV versus Au wire in
citrate solution. With 250 uM silver nitrate added, the rest
potential becomes-137 mV versus Au wire. Accounting for
the pseudoreference electro§ethe difference between rest
potentials is about 90 mV. This tells us that silver ions in
solution will be reduced at a potential 90 mV positive of where
hydrogen reduction takes place. Therefore, in this analysis we
need only consider electron discharge through silver reduction.

nanoparticle capacitance. Rearrangement followed by taking theFigure 5 shows a plot for the decay of the potential in a solution

logarithm yields

o fy

2.3

[\ e | |_°
log it [1—e™" ] Iog[C 4)
Equation 4 shows that in a semilog plot of/dt(1 — e™~1
versusy the slope is—af/2.3 and the intercept is loig[C].3*
Figure 4 shows this plot for the decay of the potential in 500
uM citrate solution and with 0.1 M potassium nitrate. The best-
fit linear line in Figure 4 has a slope o6f15.6 and ay-axis
intercept of—3.6. From this, we calculate a transfer coefficient
of 0.92 and a capacitance of 4 10%,. Using the Butler
Volmer equation again, the intercept of the best-fit line in Figure
3 is equal to logf] = —7.26. From this, we get an exchange
current of 5.5x 108 C/s and a capacitance of 22104 C/V.
Literature values for the transfer coefficient of hydrogen

reduction on crystalline silver without adsorbed citrate are about

0.485

of 250 uM silver nitrate, 500 uM citrate, and 0.1 M potassium
nitrate. The best-fit linear line in Figure 5 has a slope-6.26
and ay-axis intercept of-3.14. This gives a transfer coefficient
of 0.96 and an exchange current of x610~7 C/s. Transfer
coefficient literature values for AgAg range from 0.5 to 0.8
with out adsorbed citrat€. The low value of the exchange
current for Agt reduction shows the effect of citrate capping
in passivating the surface; the reduction is quite slow. The high
value of the transfer coefficient shows that solvated Agjon
the outside of the surface citrate double layer.

According to the temperature-dependent Butléolmer
equation, the exchange curreny) €hould be linearly dependent
on the silver ion concentration as can be seen in &j“8.

i
== nF(kFT)a0 exp[(—AG™ + aFV,)/RT]

2 ©®)

This equation shows that the Butte¥olmer model is a type

We compare the experimentally determined total nanocrystal of absolute rate theory. Her is the area of the electrode in

capacitance with simplified theoretical models. The silver
particle electrode has a particle density~#.8 x 104 particles/
nn?. We calculate the Debye length in a 0.1 M potassium nitrate

square centimeters,is the number of electrons transferred in
the reductionk is Boltzman’s constant (1.38 10722 J/K), h
is Plank’s constant (6.626 10734 J/s), AG®tis the standard

solution to be about 30.4 nm, making the area required by eachGibbs free energy of activation in Joules per mole, anid the

particle such that it cannot “feel” the potential of its neighbor
2.9 x 1C® nn?. This corresponds to a particle density of 3.45

molar activity of the oxidized species (Apin units of moles
per square centimeter. Thus, the instantaneous voltage decay
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TABLE 1: Electron Discharge Rate as a Function of Shift from Rest Potential as Calculated from the ButlerVolmer Fits2

shift from rest e /particle with discharge rate: ef{garticle) discharge rate: ef{garticle)
potential (mV) r=25nm hydrogen reduction silver reduction
—300 mV 411 1.4x 10° 6.5x 1P

—-30mVvV 41 6.1 18.4

-3mV 4 0.4 1.1

aThe calculated values assume a solution of 250 uM silver nitrate, 500 uM sodium citrate, and 0.1 M potassium nitrate.

rate at any potential should be linearly dependent on the silver for the low bulk QY is that all of the particles are in electrical
ion concentration. The experimental linear dependence of the contact with the ITO but only a few of them are photoactive.
decay rate on silver ion concentration is shown in Figure 7.  Finally, the citrate reduced particles used in RWB are of higher
In our analysis so far, we have assumed that the photovoltagecrystalline quality than the evaporated Ag particles used here.
decays by charge transfer on the Ag nanocrystal surfaces, andrhis should have a great effect on the QY. This point is
not on the ITO. To test the relative contributions of the particles discussed further in the following paragraph.
and the ITO to the charge-transfer rate, we took cyclic  What is the highest possible quantum yield for a single Ag
voltammograms with naked ITO and silver film/ITO electrodes particle? In small molecules, photophysical quantum yields are
(Figure 8). The silver film/ITO electrodes were prepared by an intrinsic property. This is not the case for nanocrystal samples
thermally evaporating 5 nm of silver onto an ITO-coated glass where structure and surface molecular coverage vary from one
slide. This electrode was not heat-treated, leaving a continuousnanocrystal to the next. It is necessary to minimize the internal
film, allowing us to better estimate the area of the electrode. decay rate of the hot carriers (excited electronic polarization)
Figure 8A does not have any silver nitrate; the reduction of to the rate of perfectly crystalline bulk Ag in order to maximize
hydrogen causes the negative current on the silver electrodethe charge-transfer quantum yield (and also the SERS local field
while very little current flows on the naked ITO. Figure 8B  enhancement). When the plasmon is calculated using the bulk
has 250 uM silver nitrate and shows a reduction peak for silver Ag ac dielectric constant, a perfectly crystalline particle is
at —270 mV versus Au wire while ITO shows almost no assumed. Actual colloidal particles have numerous defects, and
reductive current. At a shift of-50 mV from rest potential,  typical plasmon spectra are broader that the theoretical ideal.
hydrogen reduction current is 120 times larger on silver than |n this connection, Gutierrez and Henglein showed that unusu-
on ITO and the silver reduction is 13 times larger on silver ally narrow plasmon resonances were observed for slow,
than ITO. From this, we conclude that the particle electrode reversible Ag reduction making essentially perfect nanocrys-
discharges primarily through surface reactions on the silver tals44 In our ITO experiment, TEM and SEM examination of

part.icles. ~ the nanocrystals, made by thermal evaporation followed by
Figure 4 of RWB shows that the photovoltage decay is annealing, shows they are not as crystalline and well-formed
nonexponential when the laser is turned %ffn the Butler as the Lee and Meisel (citrate reduction method) Ag particles

Volmer equation, the rate of electron transfer is strongly used in the prior RWB quantum yield estimate. A lower degree
nonlinear in the excess voltage, for fixed Agoncentration.  of crystallinity for the evaporated particles would increase the
The figure S11—-V curve shows that below about80 mV hot-carrier decay rate and lower the quantum yield. Also, the
photovotage (i.e., our photovoltage range in the presence ofclose physical contact of the Ag with the ITO may provide an
Ag"), the charge-transfer rate is limited by the time required additional decay pathway for excited electrdle pairs?® and

for an electron to tunnel from the particle to Agolution. Table  prevent citrate absorption over the entire nanocrystal surface.
1 shows the electron-transfer rate per particle as a function of Theoretically, for well-formed Ag nanocrystals of a few
shift from rest potential as calculated from the Buti&folmer nanometers size, surface scattering dominates relaxation. The
fits. The calculated values in Table 1 assume a solution of 250 yg|axation rate scales as radigs? (ref 1); also, for a giverR

uM silver nitrate, 500 uM sodium citrate, and 0.1 M potassium tne rate experimentally depends upon the nature of the species
nitrate. T_he number of electrons on each particle was caIcuIate_cIOn the surfacd®“8 For example, Gutierrez and Henglein
from the _|solated sphere capacitance model. The decays are quitghowed that a saturation surface coverageddrlions (at 10
slow: with about 40 photoelectrons on one nanocrystal, the ;M K1) on colloidal Ag increased the plasmon width by about
H-reduction decay rate is only about 6 electrons/s. a factor of 2. In larger particles, radiative Mie scattering begins
to dominate the bulk and surface nonradiative relaxation
processes. This is the case for the coupled system of two nearly
The photocurrent at the rest potential in Figure 2 is about 2 touching 30-nm Ag nanocrystals, where a huge SERS effect is
uA. Using the dry electrode optical extinction coefficient, we Seen in the junction. Here it has been shown that the excited
find that this corresponds to a current to photon-scattering ratio Ag electronic polarization concentrates on the metallic surface
(“Quantum Yield”, QY) of about 6.3« 10~® e /photon. This in the junction, in contrast to single particles where the excited
average value over the 3 émlectrode is 2 orders of magnitude  polarization is a uniform volume polarization inside the nanoc-
lower than our previous estimate in RWB. The prior estimate rystal*® Such dimers should show significant decarboxylation
was based upon individual nanocrystal photocatalytic growth of the stabilizing citrate anion in the junction.
rates, for colloidal silver particles on insulating Formvar/carbon  Thus, the quantum yield of Ag hot-carrier interaction with
TEM grids#! The bulk measured QY in present paper is much surface molecules can be quite high, possibly with transient
too low to account for the growth seen in RWB. The discrepancy capture of the excited carrier and the resulting very-strong (first-
in QYs may be due to the nature of the particle/ITO contact. layer) SERS? A high yield for photochemistry depends upon
On the ITO surface, if there is poor electrical contact between a fast subsequent rate of irreversible reaction that can compete
the Ag nanocrystal and ITO, then the quantum yield for the with return of the hot carrier to the nanocrystal. With adsorbed
few well-contacted nanocrystals would be higher but the bulk citrate in RWB, we observed a net yield of about 1%, compared
measurement would show a low G@¥Another possible reason  to the Mie Scattering rate. In an electrochemical photoemission

Discussion: High Yield of Surface Photochemistry?
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experiment, a yield of 5% has been reported for the creation of
a thermalized aqueous solvated electron, followed by irreversible
CO, reductior?® In this situation, the photoexcited electron

tunnels through adsorbed surface species to reach the solvent. (15) Bastys, V.. Pastoriza-Santos, I.;

All'in all, “hot-electron” processes are a novel type of metal-
based photochemistry that need to be explored further.

Conclusions

Photocharged, citrate-stabilized Ag nanocrystals decay through ) )
d (20) Sass, J.; Sen, R.; Meyer, E.; GerischerShirf. Sci1974 44, 515.

a thermal electrochemical charge-transfer process describe
guantitatively by the ButlerVVolmer equation, without effects

due to mass transport. The kinetics are quite slow with large
activation energies, apparently due to the citrate passivation
layer. Under continuous low-intensity plasmon excitation, the
particles reach a steady-state photovoltage shift when the
photochemical charging rate is equal to the electrochemical

discharging rate. We discuss the quantum yield and systematics

of charge-transfer photochemistry resulting from Ag plasmon
irradiation. The quantum yield can be high for well-formed

nanocrystals if the surface adsorbed molecular species undergoeg,e

a fast irreversible chemical process upon capture of the hot
electron.
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