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Size-dependent surface thermodynamic properties
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ABSTRACT

The unique chemical properties of nanostructured materials are dependent on
the surface thermodynamic properties which depend on the size of nanoparti-
cles. But the quantitative influences of particle size on the surface thermody-
namic properties of nanoparticles are not clear completely. In this paper, the
relations between surface thermodynamics properties and particle size of
nanoparticles have been deduced, and the method of obtaining the surface
thermodynamic properties by electrochemistry has also been proposed.
Experimentally, the electrode potentials and the electrode temperature coeffi-
cients of nano-Ag,0 electrodes with different particle sizes were determined at
different temperatures. The results indicate that with the size of Ag,O
nanoparticles decreasing, the molar surface Gibbs energy, the molar surface
entropy and the molar surface enthalpy correspondingly increase. Moreover,
when the particle radius exceeds 10 nm, these physical quantities are all linearly
related with the reciprocal of average particle radius, and the experimental
results are consistent with the theoretical formulas.
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Introduction of nanoparticles are essential for the practical applica-

tions of nanostructured materials [9-11]. What is more,

Nanothermodynamics have been developed by Hill in
the early 1960s, and he nicely deduced the basic ther-
modynamic equations for nanoscale materials [1-4].
Currently, the thermodynamic properties of nanopar-
ticles made of both the bulk phase and the surface phase
are well known [5-7]. Almost all of the particular
properties of nanostructured materials are derived
from the effect of surface thermodynamics [8]. Under-
standing and predicting the thermodynamic properties
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a few studies of surface thermodynamic properties of
nanoparticles have been reported. Navrotsky et al.
[12-14] obtained the surface enthalpies of nano-Aka-
ganeite, nanophase titanium dioxide and nanophase
zinc oxide for the first time, using a series of calori-
metric measurements. Furthermore, the surface Gibbs
energy, surface enthalpy and surface entropy of nano-
ferrihydrite and nano-calcium molybdate were also
successfully acquired by some researchers [15, 16].
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All of the works mentioned above show that the
effect of particle size on the surface thermodynamic
properties remains unclear, which is due to the diffi-
culties in determining the parameters of surface ther-
modynamic properties [6, 17]. To date, how to acquire
surface thermodynamic properties of nanoparticles is
still an intractable problem. So, it is essential to estab-
lish a new method of determining the surface ther-
modynamic properties of nanoparticles.

In this paper, the relations between surface ther-
modynamic properties and nanoparticle sizes were
deduced. The method of obtaining the surface ther-
modynamic properties by electrochemistry was pro-
posed and the surface thermodynamic properties of
nano-Ag,O with different particle sizes were
obtained using the electrochemical method. Mean-
while, the influences of particle sizes on surface
thermodynamic properties were also discussed.

Theoretical relations of surface
thermodynamic properties
with nanoparticle size

Under constant temperature and pressure, the sur-
face Gibbs energy of spherical nanoparticles can be
expressed as

G* = gA = g4nr’N, (1)

where the superscript s denotes the surface quanti-
ties; o, A, r, N are the surface tension, interfacial area,
particle radius and the numbers of nanoparticles,
respectively.

The amount of substance of nanoparticle is

n = (4n’Np)/(3M), (2)

where M and p are the molar mass and the density of
the particle, respectively.

Then, molar surface Gibbs energy can be obtained
by combining Egs. (1) with (2),

s G 30M
Gp=—= o (3)

It can be seen from the above formula that the
surface tension ¢ is related to particle radius 7, but the
effect of particle size on surface tension will be
neglected when the radius of the nanoparticles
exceeds 10 nm [18, 19]. So, the surface Gibbs energy
increases with the decreasing particle radius.
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Surface enthalpy Hj, of nanoparticles can be
derived by Gibbs-Helmholtz equation,

0 (G 3cM 3MT | (0o 200

H = _T?| = (2™ T T (2 et
" {6T<T)L pr pr [<6T>p+ 3 ]’
4)

where subscript p denotes the pressure, o is the volume
expansion coefficient, namely o =1/V,(V,,/3T),
and V,, denotes the molar volume of nanoparticles.

As is observed from Eq. (4), (0o/0T), is usually a
negative value, and the order of magnitude of vol-
ume expansion coefficient o for nanocrystals is usu-
ally 107220, 21], and therefore, {(©a/0T), + 200/3} is
a negative value. So, the molar surface enthalpy
increases with the decreasing nanoparticle radius.

Similarly, the molar surface entropy Sj, can be
expressed as

oG;, 3M | (0o 200
i G
or /), pr |[\oT/, 3
So, in conclusion, it is obvious that there is a linear
relationship between the surface thermodynamic
properties (the molar surface Gibbs energy, the molar
surface enthalpy and the molar surface entropy) and

the reciprocal of particle radius when the radius
exceeds 10 nm.

A determination method of surface
thermodynamic properties of nanoparticles
by electrochemistry

The electrode reaction of nano-Ag,0 is expressed as
follows:

nano-Ag,0 + H,O + 2¢~ = 2Ag(bulk) +20H".  (6)
For chemical reaction in nanosystem, the change in
molar Gibbs energy function can be expressed as

Eq. (7) if both the bulk (A,GE) and the surface (A,GS,)
were taken into account [5]:

AGn = AGE +AGS. (7)

Under constant temperature and pressure, Eq. (7)
can be expressed as follows:

Aer = Z VBN% + Z VB:U%, (8)
B B

where vg denotes the stoichiometric number of com-
ponent B; 1% and uj denote the chemical potential of
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component B in bulk phase and surface phase,
respectively.

Since there is only one dispersed phase (nano-
Ag,0) in the electrode reaction, we can drive the
change in molar surface Gibbs energy:

AG;, =Y Gy = —Gigo = —(0G" [enago)r,.  (9)
B

In the above-mentioned electrode reaction, the num-
ber of nanoparticles is invariable, but the particle radius
has changed. So, the partial derivative of G" against 1 can
be obtained by simultaneous Egs. (1) and (2), and the
partial molar surface Gibbs energy Gy, o is given by

Gigo = (0G°/0nag,0) = (20M)/(pr). (10)

Similarly, the partial molar surface enthalpy and
the partial molar surface entropy of nanoparticles can
be deduced as follows:

0 (Gig0
S _ 2 2
Hiso = 1| (5 )L
26M 2MT | (0o 200
il | (i i 11
pr pr l(@T)p+ 3 ]’ (1)

0G5, 2M | [0¢ 200,
s _ &0\ _ &V (Y0 el
She0 = ( oT >p pr [(M)f 3 ] (12)

So, comparing Egs. (3), (4), (5) to Egs. (10),
(11),(12), respectively, we can draw a conclusion that
the molar surface quantities to partial molar surface
quantities ratio is 3:2.

When the electrode reaction occurs reversibly, the
change in molar Gibbs energy is equal to the rever-
sible electric work, as follows:

A,Gyy = —zFE, (13)

where z is charge transfer number, E is the electrode
potential in the electrode reaction and F is the Fara-
day constant.

According to Eq. (7), the electrode potential of a
nanoelectrode can be expressed as follows:

E = —[AGy/(zF)] = E' + F*, (14)

where E is the electrode potential of ordinary elec-
trode and E° is the surface electrode potential.

The change in molar surface Gibbs energy can be
expressed as follows:

AGS, = —zFE°. (15)

Applying Egs. (10) and (15), the molar surface Gibbs
energy of nano-Ag,O can be obtained as follows:
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G, = [3 / (zc;gzo)} — [3/(22FE%)). (16)

Similarly, the molar surface entropy and the molar
surface enthalpy of nano-Ag,O can be derived as
follows:

S =3 /zs;g20 = -3/2 [zF(@ES /aT)p}, (17)

S S S aES
ng_3/2HA&O__3/2<zFE —zFT<6T>p>. (18)

The relation between electrode potential of nano-
Ag,0 electrode and particle radius can be expressed
according to the theory of electrochemical thermo-
dynamics for nanoelectrodes deduced by our
research group [22, 23]

w (19)

E=E'+E=E"-
2Ep ag,07Ag,0

where the vag,0 denotes the stoichiometric number in
the electrode reaction, MAEZO,pAgZO,aAgzo and rag,0 are
the molar mass, density, surface tension and particle
radius of nano-Ag,0, respectively.

It is well known that the surface tension o is related
to particle radius r, but when the particle size of
dispersed phase becomes larger (r > 10 nm), the
effect is not significant, and the ¢ can be regarded as a
constant approximately [17, 18]. Then, it can be seen
from Eq. (19) that there is a linear relation between
the electrode potential and the reciprocal of radius of
nano-Ag,0.

When the particle radius tends to infinity, the
electrode potential of ordinary electrode E’ can be
obtained. Furthermore, the surface electrode poten-
tial E° can also be obtained. Meanwhile, the surface
temperature coefficient is obtained by linear fitting
the surface electrode potentials at different tempera-
tures, and the molar surface Gibbs energy, molar
surface entropy and molar surface enthalpy of nano-
Ag,O with different particle radii can be calculated
using Egs. (16), (17), (18), respectively.

Experimental procedure
Preparation method and process

Complex precipitation method was used to synthe-
size nano-Ag,0, using silver nitrate as raw materials
and sodium hydroxide as precipitating agent. After
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Table 1 Particle radius of the nano-Ag,O synthesized in different conditions

J Mater Sci (2017) 52:1039-1046

No. Stirring method Reaction temperature/°C Dispersing agent AgNO;/mol L™ Adding order r/nm
1 Ultrasonic stirring 25 PVP 0.5 a 10.4
2 Ultrasonic stirring 20 PVP 0.5 a 12.9
3 Ultrasonic stirring 30 PEG 1.0 a 15.3
4 Ultrasonic stirring 20 PVP 0.5 b 18.1
5 Magnetic stirring 40 PVP 2.0 b 30.5
PVP polyvinyl pyrrolidone; PEG polyethylene glycol
 Drop the silver nitrate into the sodium hydroxide solution
® Drop the sodium hydroxide solution into the silver nitrate
0.4cm .
—silver rod
L0.8cm

ﬂ | ——tapered tub
2 J 18.1nm A s i S| E
3 o
£

N r‘ 15.3nm A S

\

‘\

\ A\ 12.9nm A g

J \..__10.4nm A A

! | ! | ! | ! | ! |
20 30 40 50 60 70
20/(degree) Figure 2 Schematic of tapered glass tube electrode.

Figure 1 XRD patterns of nano-Ag,0 in experiment.

the reaction was completed, the nano-Ag,O particles
were washed with distilled water and anhydrous
ethanol, and then dried in the vacuum drying box for
30 h at 333 K. Nano-Ag,O particles with different
sizes were obtained by changing the reaction con-
centration, adding order, stirring method, dispersing
agent and the reaction temperature, which are shown
in Table 1.

Characterization of nano-Ag,0

The nano-Ag,0 structure was characterized using a
Germany Bluker D8 Advance Powder diffractometer
(Cu Ka, 4 = 0.154178 nm), and the XRD spectrum is
shown in Fig. 1. The average crystallite radius r~ of
nano-Ag,0 is the average value of different diffrac-
tion directions of the crystallite. The crystallite size
was calculated by Scherrer formula based on the half
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peak width of a characteristic diffraction peak. The
crystallite sizes used in this experiment are 10.4, 12.9,
15.3, 18.1 and 30.5 nm, respectively.

Preparation of nano-Ag,O electrode

The tapered glass tube was made by blowtorch and a
piece of silver rod was inserted into the tube. The
blocky nanoelectrode was fabricated by pouring the
nanoparticles into the tube, and the schematic of
nano-Ag,0 electrode is shown in Fig. 2.

Measurement of electrode potential

A 1.00 mol/L sodium hydroxide solution was pre-
pared as electrolyte solution, and primary cell was
composed of the saturated calomel electrode and
nano-Ag,0 electrode. Finally, the electromotive force
of the cell was determined by compensation method
using potentiometer. Then, nano-Ag,O electrode
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Table 2 Electrode potentials
of nano-Ag,0 electrodes at TK 28815 29815  308.15 31815  328.15
different temperatures 7/mnm
Electromotive force of the primary cell/V
30.5 0.107 0.111 0.119 0.125 0.130
18.1 0.150 0.156 0.162 0.167 0.173
15.3 0.172 0.177 0.183 0.188 0.192
12.9 0.211 0.215 0.219 0.223 0.225
104 0.241 0.243 0.246 0.249 0.252
SCE/V [24] 0.251 0.245 0.238 0.231 0.225
Electrode potential of nano-Ag,O/V
30.5 0.358 0.356 0.357 0.356 0.355
18.1 0.401 0.401 0.400 0.398 0.398
153 0.423 0.422 0.421 0.419 0.417
12.9 0.462 0.460 0.457 0.454 0.450
10.4 0.492 0.488 0.484 0.480 0.477
SCE is the saturated calomel electrode
potential is equal to the electromotive force plus the
: 0.50 -
saturated calomel electrode potential. u 288.15K
® 208.15K
0481 4 30815k
. . . v 318.15K
Experimental results and discussion 046F o a2p1K
Electrode potential and surface electrode 044 |
potential
g 042t
The electromotive forces of the primary cell and the
electrode potentials of nanoelectrodes with different 0401
particle radii of Ag,O particles at different tempera- 0.38
tures are shown in Table 2. '
The relation between the electrode potentials of 0.36 -

nano-Ag,0O and particle sizes is shown in Fig. 3. It
can be seen clearly that the electrode potentials of
different temperatures were affected by particle sizes,
which increase with the decreasing particle radius,
and there are better linear relationships.

According to Eq. (19), the value of the electrode
potential of ordinary electrode E” was deduced from
Fig. 3 when the particle radius tended to infinity. The
surface electrode potential with different average
particle radii of nano-Ag,O particles were calculated
at different temperatures by combining the values of
E” and Eq. (19). The results are shown in Table 3.

The relations between the surface electrode
potential of nano-Ag,O and temperature are shown
in Fig. 4. It can be seen that the surface electrode
potentials with different particle sizes were affected
by temperature. The surface electrode potentials

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Flinm’™

Figure 3 Electrode potential as a function of the reciprocal of
average radius for nano-Ag,0 at different temperatures.

decrease with the increasing temperature, and there
are better linear relationships. Therefore, the surface
electrode potential and temperature coefficients of
nano-Ag,0 particles were evaluated from the slopes
provided in Fig. 4 and are listed in Table 4.

Molar surface Gibbs energy of nano-Ag,O

The molar surface Gibbs energy of nano-Ag,O can be
directly determined from Eq. (16), and the values are
given in Table 5.
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Table 3 Surface electrode

J Mater Sci (2017) 52:1039-1046

= —1 —1
potential of nano-Ag,O at 7/nm r~/nm EV
different temperatures 288.15 K 298.15 K 308.15 K 318.15 K 328.15 K
10.4 0.0962 0.208 0.203 0.195 0.191 0.187
12.9 0.0775 0.178 0.175 0.168 0.165 0.160
15.3 0.0654 0.139 0.137 0.132 0.130 0.127
18.1 0.0552 0.117 0.116 0.111 0.109 0.108
30.5 0.0328 0.074 0.071 0.068 0.067 0.065
0.22
- | m288.15K
0.20 | 10.4nm 60 o 298.15K
A 308.15K
0.18 v 318.15K
N 50 4 328.15K
0.16 |
5
> 014 A\A\k\ﬂ‘ :E, 40}
”l:Ll I " E
012r v 18.1nm ©
L v v v |
0.10 - 30
0.08 |
0.06 | \ | \ | \ | \ | \ | \ | \
L . L . L . L . 0.03 004 005 006 007 008 009 010
20 30 40 50 60 o
r/nm

TI°C

Figure 4 Correlation between surface electrode potential and
temperature of nano-Ag,O.

Table 4 Surface temperature coefficients of nanoelectrode

7/nm 104 129 153 18.1 30.5

@ERT),/I0* VK™ 54 —46 -31 -25 -22

It is estimated that for the general metal nanopar-
ticles, the order of magnitudes of ¢, M and p are 10°,
107>-10"" and 10°-10%, respectively. So, the Gibbs
energy of metal spherical nanoparticles with different
particle sizes can be calculated using Eq. (3).

Figure 5 Molar surface Gibbs energy as a function of the

reciprocal of average radius of nano-Ag,O at different

temperatures.

Therefore, r = 107° m, the order of magnitude of Gj,
is 107°-10"' kJ/mol. * = 10~° m, and the order of
magnitude of G, is 10°-10% kJ/mol. The order of
magnitude is in good accordance with the electro-
chemical experimental value of Table 5.

The plot of G;, versus r~' is shown in Fig. 5.

It can be seen from Fig. 5 that the molar surface
Gibbs energy increases with the decreasing particle
size, which is in agreement with the theoretical

Table 5 Molar surface Gibbs

energy with different particle 7/mnm r~am™! Gu/(kJ mol™")

sizes at different temperatures 288.15 K 298.15 K 308.15 K 318.15 K 328.15 K
10.4 0.0962 60.21 58.76 56.44 55.29 54.13
12.9 0.0775 51.52 50.65 48.63 47.76 4631
15.3 0.0654 40.23 39.66 3821 37.63 36.76
18.1 0.0552 33.87 33.58 32.13 3155 31.26
30.5 0.0328 21.42 2055 19.68 19.39 18.81
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analysis of Eq. (3). The results indicate clearly that
under constant pressure and temperature conditions,
the smaller the particle sizes are, the higher the
chemical activity and more unstable the nanoparti-
cles will be.

Molar surface entropy and enthalpy
of nano-Ag,O

According to the surface electrode potentials and the
surface temperature coefficients, the molar surface
entropy and enthalpy of nano-Ag,O are calculated
using Egs. (17) and (18); the results are shown in
Table 6.

The relations between the molar surface entropy,
the molar surface enthalpy, respectively, and the
reciprocal of average particle radius can be obtained
from the data of Table 6 and are shown in Figs. 6
and 7.

Table 6 Surface thermodynamic properties of nanoelectrode
reaction at 298.15 K

7/nm r~Ynm™! S5/ mol ! K He,/kJ mol ™!
10.4 0.0962 156.31 105.36
12.9 0.0775 133.15 90.35
15.3 0.0654 89.73 66.41
18.1 0.0552 72.36 55.15
30.5 0.0328 63.68 39.54
160
140 |
120

S¢ [Jmol 'K
3
T

80 -

60 -

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

F'inm’

Figure 6 Molar surface entropy of nano-Ag,O versus the recip-
rocal of average radius.
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Figure 7 Molar surface enthalpy of nano-Ag,O versus the
reciprocal of average radius.

As illustrated in Figs. 6 and 7, it is obvious that
when the radius of nanoparticles decreases, the molar
surface entropy and the molar surface enthalpy
increase, respectively, which are in agreement with
the above-mentioned theoretical analysis of Eqs. (17)
and (18). It also can be seen that when the particle
radius tends to infinity, the molar surface entropy
and the molar surface enthalpy can be viewed as
Zero.

Conclusions

The above results show that the surface thermody-
namic properties of nanoparticles are strongly affec-
ted by their size. With the decreasing particle radius
of nano-Ag,0O, the molar surface Gibbs energy, the
molar surface entropy and the molar surface
enthalpy increase, and there are better linear relations
between them and the reciprocal of particle size. The
experimental results are also in good agreement with
the theoretical equations.

The theoretical equations and the influence regu-
larities of particle size on the surface thermodynamic
properties can provide both tools to guide experi-
ments and a basis for testing the foundations. In this
paper, the electrochemical determination of the sur-
face thermodynamic properties of nanoparticles is
reliable and accurate. Although the method is
applied to the study on the surface thermodynamic
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properties of nano-Ag,0, there is no reason to believe
that its success is restricted to this nanomaterial.
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