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a  b  s  t  r  a  c  t

The  particle  size  of electrode  materials  has a  significant  influence  on the  standard  electrode  potential
and  the  thermodynamic  properties  of  electrode  reactions.  In  this  paper,  the  size-dependent  electro-
chemical  thermodynamics  has  been  theoretically  investigated  and  successfully  deduced  electrochemical
thermodynamics  equations  for  nanoparticles  electrode.  At the  same  time,  the  electrode  potential  and
thermodynamical  properties  of Ag2O/Ag  nanoparticles  electrode  constructed  by the  solid  and  spherical
Ag2O  nanoparticles  with  different  sizes  further  testified  that  the  particle  size  of  nanoparticles  has  a  signif-
icant  effect  on electrochemical  thermodynamics.  The  results  show  that  the  electrode  potential  depends
on that  of  the  smallest  nanoparticle  in  a nanoparticles  electrode  which  consisted  of  different  particle
sizes  of  nano-Ag2O.  When  the  size  of  Ag2O nanoparticles  reduces,  the  standard  electrode  potentials  and
the  equilibrium  constants  of the corresponding  electrode  reactions  increase,  and  the  temperature  coef-
ficient,  the  mole  Gibbs  energy  change,  the  mole  enthalpy  change  and  the  mole  entropy  change  decrease.
Moreover,  these  physical  quantities  are  all linearly  related  with  the  reciprocal  of average  particle  size  (r
> 10  nm).  The  experimental  regularities  coincide  with  the  theoretical  equations.

©  2014  Elsevier  Ltd. All  rights  reserved.

1. Introduction

In the traditional theory of electrochemical thermodynamics, it
has been widely recognized that a standard electrode potential (Eo)
is a constant, such as Eo

Ag2O/Ag
is 0.342 V [1].

But in recent years, the reported results have showed that the
standard electrode potential can be changed when the particle size
of electrode reaches to nanometer scale for its strong surface effect.
Henglein [2–5] made numerous researches on the electrochemi-
cal properties of metal particles; shifts in the redox potential were
identified successfully to offer an explanation during his work-
ing on the unusual catalytic performances of small particles. Plieth
[6,7] studied the electrode potential of metal nanoparticles, asso-
ciating the variations in electrode potential with those in surface
area, finally found the relationship between shifts in electrode
potential and particle radius based on the connection between
electrode potential and change of Gibbs energy. Peter et al. [8]
studied the electrochemical natures of Ag colloidal particles in
a conductive medium experimentally. He discovered a negative
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shift in the electrode potential of Ag particles, in addition, small
metal nanoparticles are more likely to be oxided than the bulk
metal. Chaki et al. [9] also believed that there are some differences
of the electrochemical performances between metal nanoparti-
cles and corresponding bulk metal, and discussed the shifts in
standard electrode potential for Ag particles with diameter less
than 10 nm qualitatively. Rafael et al. [10] testified that Au particles
with diameter less than 4 nm had an oxidation potential of 850 mV,
demonstrating large negative shift. Sun et al. [11] formed a sin-
gle gold nanoparticle, and electrochemical study revealed that the
small Au particle has extraordinary stability compared with that of
a bulk Au phase. It has been found also in our previous study that the
size of particles which composed an electrode has a certain effect
on electrode potential and electrochemical properties, and some
thermodynamic relations were derived, the order of magnitude of
influence of particle size on the electrode potential was  estimated
[12–14].

However, theoretical studies about the thermodynamics of
nanoparticles electrode has not been yet perfect, especially,
the influence of the particle size of nanoparticles electrode on
electrochemical thermodynamics has not been investigated sys-
tematically and experimentally.

In this paper, theoretically, the relation between particle
size and electrochemical thermodynamics, such as Eo, electrode
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reaction equilibrium constant (Ko), corresponding temperature
coefficient (

(
∂E/∂T

)
p
), mole Gibbs energy change (�rGm), mole

entropy change (�rSm) and mole enthalpy change (�rHm), is
investigated and the electrochemical thermodynamics equations
is deduced. At the same time, the electrode potential and thermo-
dynamical properties of Ag2O nanoparticles electrode constructed
by Ag2O nanoparticles with different particle sizes are investigated
and compared with the theoretical relations.

2. Thermodynamical Analysis

2.1. Gibbs free energy of nanosystems

For a nanosystem consisting of N components and M kinds of
dispersed phase, the total Gibbs energy can be described as [12],

G = G(T, p, nB, Ak), B = 1, 2, · · ·,  N; k = 1, 2, · · ·,  M, (1)

where, T is temperature, p is pressure, nB is quantity of substance B,
and Ak is the interfacial area of dispersed phase k. When the state
changes, the change in G is given as,

dG =
(

∂G

∂T

)
p,nBAk

dT +
(

∂G

∂p

)
T,nB,Ak

dp+
∑

B

(
∂G

∂nB

)
T,P,Ak,ni /=  nB

dnB

+
∑

k

(
∂G

∂nk

)
T,P,nB,Aj /=  Ak

dAki = 1, 2, . . .,  N; j = 1, 2, . . .,  M,

(2)

According to the classical chemical thermodynamics, the above
expression can be rewritten as,

dG = −SdT + Vdp +
∑

�b
BdnB +

∑
�kdAk, (3)

where, �b
B and �kare the chemical potential of component B in block

state (Without considering the surface effect) and the surface ten-
sion of dispersed phase k which is the specific surface Gibbs energy,
respectively. For an electrochemical reaction, dnB = �Bd�. If the elec-
trochemical reaction is at constant temperature and pressure, the
above expression can be simplified as,

dG =
∑

�B�b
Bd� +

∑
�kdA

k
, (4)

where, �B denotes the stoichiometric number for substance B and
� is the extent of reaction.

If dispersed phase k consists of a homogeneous pure substance
B, the interfacial areas (Ak) of Eq. (4) can be considered as AB, and
the corresponding �k is �B. So Eq. (4) can be rewritten as follow:

dG =
∑

�B�b
Bd� +

∑
�BdAB. (5)

Eq. (5) is divided byd�,

�rGm =
∑

B

�B�b
B +

∑
B

�B

(
∂AB

∂�

)
T,P

= �rGb
m + �rGs

m, (6)

where, �rGm is total molar Gibbs energy change in an electrode
reaction, �rGb

m the molar bulk Gibbs energy change and �rGs
m the

molar surface Gibbs energy change.
If the dispersed phases are solid and spherical nanoparticles,

then,(
∂AB

∂�

)
T,P

= 2�BMB

	BrB
, (7)

where, rB, MB, 	B are the particle radius, the molar mass and the
mass density of dispersed phase B in an electrode. So,

�rGm = �rGb
m +

∑
B

2�B�BMB

	BrB
. (8)

According to Eq. (8), when a dispersed phase is reactant, �B < 0,
the Gibbs energy change decreases with decreasing the particle
size; otherwise, if the dispersed phase is product, the Gibbs energy
change increases with decreasing the particle size.

2.2. Electrode potential of nanoparticles electrode

In the conditions of constant pressure and temperature, when
an electrode reaction occurs reversibly, the change in Gibbs energy
is equal to the reversible electric work, as follows,

�rGm = −zEF, (9)

where, z is charge transfer number, E is the electrode potential
which nanoparticles take part in a electrode reaction, and F is the
Faraday constant. According to Eq. (8), the electrode potential of a
nanoparticles electrode can be expressed as,

E = Eb − 1
zF

∑
B

2�B�BMB

	BrB
, (10)

where, Eb is the electrode potential of ordinary electrode. According
to the Nernst equation,

E = Eo − RT

zF
ln

∏
a�B

B (11)

Eb = Ebo − RT

zF
ln

∏
a�B

B , (12)

So, the standard electrode potential of the nanoparticles elec-
trode can be expressed as,

Eo = Ebo − 1
zF

∑ 2�B�BMB

	BrB
. (13)

In the condition of constant pressure and temperature, standard
electrode potential of ordinary electrode is constant value, but
standard electrode potential of nanoparticles electrode is related
to particle sizes. If a dispersed phase in nanoparticles electrode
is reactant, �B < 0, the smaller the particle size is, the larger the
standard electrode potential and the electrode potential are. On the
contrary, the dispersed phase is product, the smaller particle size
is, the smaller the standard electrode potential and the electrode
potential are, too.

There is only one dispersed phase in the electrode reaction,
Eq.13 can be simplified as

Eo = Ebo − 2�B�BMB

zF	BrB
. (14)

We know that the �B is related to rB, but when the particle size
of dispersed phase is bigger(r>10 nm), the effect is very small, and
the �B can be regarded as a constant approximately [15,16]. Then it
can be seen from Eq. (14) that there is a linear relation between
the standard electrode potential and the reciprocal of radius of
nanoparticles.
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