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ABSTRACT

The surface thermodynamic properties play an important role in researching
into the thermodynamics of nanoparticles involved in various chemical and
physical processes. In this paper, the relations between surface thermodynamics
properties, respectively, and particle size of nanoparticles were deduced. A new
method of determining the surface thermodynamic properties of nano-copper
by equilibrium constant was proposed. On the basis of the equilibrium constants
of nano-copper with different particle sizes dissolved in sulfuric acid at different
temperatures, the effect of particle size on the surface thermodynamic properties
was investigated and the variation of surface tension with temperature was
obtained. The influence regularities of size on the surface thermodynamic
properties agree with the theoretical analysis. With the decrease in particle size,
the molar surface Gibbs energy, the molar surface enthalpy and the molar
surface entropy increase, and when the diameter exceeds 20 nm, the surface
thermodynamic properties exhibit linear correlation with the reciprocal of
diameter, respectively. The surface tension decreases with temperature
increasing, and a linear relation between them is observed. This paper provides
us a simple and reliable method to obtain the surface thermodynamic properties
of nanoparticles for better understanding their thermodynamic behaviors in the
chemical reaction, adsorption, melting, etc.
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dissolution [4-6], electrochemical [7-9], some other
fundamental researches [10, 11], etc, while almost all

Introduction

Nano-materials have received steadily growing con-
cern owing to their important role as a bridge
between atoms and bulk materials, as well as their
peculiar properties and widespread applications
ranging from adsorption [1] to phase transition [2, 3],
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of the particular properties of nano-materials are
influenced by the surface thermodynamics [12] which
depend on the size of nanoparticles constitute the
nano-materials. So it would be benefit for all studies
and applications of nano-materials to investigate the
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effect of particle size on the surface thermodynamic
properties.

Surface thermodynamics of nanoparticles has
attracted many researchers’ attention. Mazeina et al.
[13] and Bomatimiguel et al. [14] obtained the surface
enthalpies of nano-Akaganeite, f-FeOOH and
maghemite by a series of calorimetric measurements.
Huang et al. [15, 16] studied the molar surface
enthalpy of Cu,O and Ag;PO, also by
microcalorimetry. Zhang et al. [17] and Wang et al.
[18] got the surface thermodynamic properties of
nano-vaterite by the determination of the equilibrium
conductivity and those of nano-Ag,O by the method
of electrochemistry, respectively. Compared with the
aforementioned method of calorimetric measure-
ments, the chemical methods possess the advantages
in accuracy and convenience to determine the surface
thermodynamic properties of nanoparticles. Never-
theless, the method of Zhang et al. may be limited to
the insoluble salts, while that of Wang et al. is only
suitable for electrode reaction.

As one of the most important parameters of the
surface thermodynamic properties, the surface ten-
sion is also of interest in the behavior of nano-sized
working elements. However, the solid surface tension
is difficult to be determined directly, and theoretical
methods have been developed to calculate or simu-
late the surface tension [19-23]. It is found that the
effect of particle size on surface tension can be
neglected when the diameter of nanoparticles
approaches or exceeds 20 nm [2, 24, 25]. Sdobnyakov
et al. [21] showed that the surface tension decreases
with the temperature increase. When considering the
size-dependent thermodynamic properties of nano-
materials, surface stress cannot be ignored [26-29],
and for reversible chemical processes of nano-sys-
tems, the surface stress equals to the surface tension
[30].

Herein a method to investigate the surface ther-
modynamics by chemical reaction was put forward.
The relations of surface thermodynamic properties to
particle size were derived. Then nano-Cu was taken
as an example, and the effect of size on the surface
thermodynamic properties was investigated by
measuring the solubilities of nano-Cu with different
particle sizes at different temperatures. Furthermore,
the experimental results were compared with the
theoretical analysis. Subsequently, the variation of
surface tension of nano-Cu with temperature was
discussed.

@ Springer

J Mater Sci (2018) 53:2171-2180

Theoretical

The Surface thermodynamic properties
of nanoparticles

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

G* = Ag = Nnod? (1)

where the superscript s denotes the surface phase
and o, A, d and N denote the surface tension, the
surface area, the diameter and the number of
nanoparticles, respectively.

Then, the molar surface Gibbs energy can be
obtained,

G =G /n = 60Vn/d 2)

where n and V,, denote the amount of substance and
the molar volume, respectively.

Equation (2) indicates that the molar surface Gibbs
energy increases with particle size decreasing and
exhibits a linear variation with the reciprocal of par-
ticle size for larger nanoparticles (d > 20 nm) because
of the negligible effect particle size on surface tension
[2, 24, 25]. Moreover, for general metallic nanoparti-
cles, the orders of ¢, M and p are 107'-10° ] m
[31, 32], 107>-10"" kg mol™' and 10°-10* kg m>,
respectively. Thus, according to Eq. (2), the orders of
magnitude for G;, are 107%-107, 1073-10° and 1072
10" kJ mol ™', respectively, when the orders of r are
107%, 107 and 108 m. When r > 10™° m, the effect of
particle size on G}, is so small that it can be ignored in
general cases, but r < 1077 m, the effect becomes
obvious.

Then, the molar surface enthalpy and the molar
surface entropy of nanoparticles can be derived as

follows,
. o /G 6V 0o 2T oo
s _ 72|~ (m — m _ ) _
Hy=-T {GT(T)} a |° T<6T> 3 ]
p P
3)

! G 6V, 0o 200

@%@
T » d orT » 3

where « is the coefficient of volume expansion,
o= 1/Vm(6Vm/6T)p.

As for molten metals, the orders of magnitude of o,
T, (60’/67"),[J and « are 10°Jm2, 10°K, 107* Jm 2 -
K !'and 10> K™! [33], respectively. So the value in
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the brackets of Eq. (3) is positive and small, and the
molar surface enthalpy increases with the decrease in
particle size. While for common materials,
(00/0T), <0, hence the molar surface entropy

increases with particle size decreasing in terms of
Eq. (4). It is obvious that there are linear relationships
between the molar surface enthalpy and the molar
surface entropy and the reciprocal of particle size
when the diameter exceeds 20 nm.

A determination method of the surface
thermodynamic properties of nano-Cu
by equilibrium constant

The reaction ionic equation of nano-Cu dissolving in
dilute acid is expressed as follows,

Cu(s) +2H" (ag) — Cu?* (ag) + Ha(ag) (5)
The molar dissolution thermodynamic properties of

surface phase of nano-Cu can be derived as follows
[34],

40V
AG — et — 27V (6)
d

. 4V il 2Tou
Aer = —T G_T<ﬁ>p_T‘| (7)

. 4V, | (0o 200
ArSm == (ﬁ)ﬁ?} ®)
where v and u° are the stoichiometric number and the
surface chemical potential of nanoparticles,
respectively.

Based on the definition of partial molar quantity,
the partial molar surface Gibbs energy of nano-Cu
(Gg,) can be expressed as follows,

Gy = (0G* [oncy)r = 40V /d 9)

Then, the partial molar surface enthalpy Hg, and
the partial molar surface entropy S¢,, are obtained,

0 [(G¢ 4V, oo 2T oo
s _ _ 72| Y Cu __-'m _ i
Hey =T 6T< T )V a|° T(aT)p 3 ]
(10)
s (0Gr,  4Vy | (0o 200
K ( ar ),, d (M)f 3 1 (1

Comparisons of Egs. (9) and (2), (10) and (3), (11) and
(4), (9) and (6), (10) and (7), (11) and (8), respectively,
reveal that the ratio of the partial molar surface
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quantities to the corresponding molar surface quan-
tities is 2:3, and the ratio of the partial molar surface
quantities to the corresponding molar thermody-
namic quantities of surface phase of nano-Cu dis-
solving in dilute acid is —1:1, that is,

M;, = (3/2)Mg, = —(3/2)AM;, (12)

where M denotes the thermodynamic properties.
Based on the formula AG,, = —RT InK, the follow-
ing equation is obtained,

K 1 < 1 4voVp,
mE__ﬁAer__ﬁ i (13)
where K is the dissolution equilibrium constant.

It can be seen from Eq. (13) that the smaller of the
particle size, the greater the equilibrium constant.
And it can be deduced from Eq. (13) that the loga-
rithm of equilibrium constant is inversely propor-
tional to the particle size at the same temperature
when the diameter of nanoparticle approaches or
exceeds 20 nm.

Experimental
Preparation of nano-Cu

Spherical nano-Cu was prepared by liquid-phase
reduction method [35]. Cupric sulfate was used as
copper source, hydrazine hydrate diamidhydrate as
reducing agent and polyvinyl pyrrolidone as dis-
persant. The nano-Cu with different sizes was pre-
pared by changing the concentration of reactant and
the reaction temperature. After being washed with
distilled water and ethanol for several times, the
obtained samples were dried at 303 K for 4 h in a
vacuum oven. The detailed reaction conditions and
the corresponding average particle diameters are
given in Table 1.

Table 1 The average particle diameters (d) of nano-Cu prepared
under different conditions

No. T/K  pH ¢(CuSO,)/(mol-L™") th  dmhm

1. 343 11 0.5 1 21.5
2. 343 11 1.0 1 24.2
3. 323 11 0.5 1 26.2
4. 323 11 1.0 1 29.1
5. 303 11 0.5 1 35.1
6. 303 11 1.0 1 384
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Characterization of nano-Cu

The XRD patterns of nano-Cu samples were charac-
terized using a Germany Bruker D8 Advance Powder
Diffractometer (Cu Ko, k = 0.154178 nm), which are
shown in Fig. 1. The main characteristic peaks at
43.3°, 50.6° and 74.1° can be assigned to the (111),
(200) and (220) planes of crystal structure, respec-
tively. On the basis of the half peak width of char-
acteristic diffraction peaks, the Scherrer formula was
used to calculate the particles size of samples.

The morphology of samples was observed using
JSM-6701F scanning electron microscope (SEM),
which was operated at an accelerating voltage of
10.0 kV. Typical SEM images of the as-prepared
nano-Cu are shown in Fig. 2. It was clear that the
morphology of the as-obtained samples was nearly
spherical. And Fig. 3 is the error bar on the particle
sizes of nano-Cu corresponding to that of Fig. 2.

The samples were further examined with EDS, and
the result is shown in Fig. 4. The EDS spectrum only
exhibits the characteristic peaks of Cu, suggesting
that the obtained product is composed of pure Cu.

Dissolution experiment

The reactions were performed in a beaker which was
placed at a DF-101S thermostat bath with magnetic
stirrer. For each reaction, 100 mg of nano-Cu with
different sizes was added into 100 mL of dilute sul-
furic acid (0.0500 mol L"), respectively. The pH
values and the concentrations of copper ion were

) i d=384nm |
. ’ oy M rsppestinnf

ww«wmw-w&“‘ w‘\\h o

B O ST v L L N
) JL ' d=26.2nm |

: |
. a4z )
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— A
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Intensity/(a.u.)
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L L 1 L 1 L
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Figure 1 The XRD patterns of nano-Cu with different sizes.

@ Springer

J Mater Sci (2018) 53:2171-2180

measured using the PXST-216 ion analysis apparatus.
The values were recorded every 10 s until they are
unchanged, and then, the equilibrium concentration
of copper ion can be obtained. The reactions were
performed at a series of temperatures, 298, 303, 308
and 313, and three parallel reactions were conducted
at every temperature for minimizing experimental
€erTor.

Data processing

The dissolution equilibrium constant of nano-Cu in
dilute acid can be obtained,

K = acy ﬂHz/ﬂip (14)

where a¢,2- and ag+ are the activities of Cu?* and HY,
respectively. The activity a; = 7; x c;/c{, where ¢; is
ion concentration, ¢f = 1 mol L' and y; is the ionic
activity coefficient. Especially, ap, is the activity of
hydrogen molecule in the solution, and it can be seen
that ap, ~ cy, for the trace amounts of generated
hydrogen and yy, ~ 1. Cy+ can be calculated by Cg+.
Because of the high ionic strength of the solution, the
activity coefficient can be estimated from the exten-
ded Debye-Hiickel equation [36].

When the particle size tends to be infinite, the
logarithm of equilibrium constant of the corre-
sponding bulk copper InK’ can be obtained. Then,
the molar surface Gibbs energy of nano-Cu with
different sizes can be calculated by Eq. (15),

G, = —(3/2)AG;, = (3/2)RT In(K/K") (15)

The surface tension of nano-Cu can be obtained by
the slope of G;, versus surface area. AH;, and A,S},
can be considered as constants within the tempera-
ture ranges, and they can be calculated by the slope
and the intercept of the linear regression for In(K/K?)
on 1/T as Eq. (16), respectively,

K AH, AS:
o =~ 2m | Brom 1
Mg RT R (16)

According to Eqgs. (12) and (16), the molar surface
entropy and the molar surface enthalpy can be also
obtained,

H;, = —(3/2)AH,, (17)
S, = ~(3/2A,, (18)
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Figure 2 The SEM images of nano-Cu with different sizes, a 21.5 nm, b 24.2 nm, ¢ 26.2 nm, d 29.1 nm, e 35.1 nm, f 38.4 nm.
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Figure 3 The error bar on the particle sizes of nano-Cu corresponding to that of Figure 2.
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Figure 4 EDS spectrum of the nano-Cu.

Results and discussion

The activities of copper ion with different sizes at
different temperatures are listed in Table 2.

It can be seen from Table 2 that the solubility of
nano-Cu with the same size increases with increasing
temperature; the solubility increases with decreasing
particle size at a certain temperature. As the size
decreases, the surface energy increases, leading to a
reduction in the dissolution Gibbs energy and mak-
ing it easier to dissolve.

The dissolution equilibrium constants of nano-Cu
at different temperatures were calculated by Eq. (13).
The effect of particle size on surface tension can be
neglected when the particle diameter exceeds 20 nm,
and the surface tension becomes a constant. There is a
liner relationship between the logarithm of the equi-
librium constant and the reciprocal of particle size,
and K, can be obtained by extrapolating of the
experimental data. And then In(K/K") can be calcu-
lated, and the results are shown in Table 3.

Table 2 The activities of

J Mater Sci (2018) 53:2171-2180

Table 3 In (K/K®) with different sizes at different temperatures

d/nm d7'/nm~' In(K/K")

298 K 303K 308K 313K 318K
38.4  0.0261 1.4223 13013 1.1979 1.1212 1.0674
35.1  0.0285 1.6576 1.4658 1.3661 1.2775 1.2040
29.1  0.0344 1.8892 1.7510 1.6432 1.5136 1.4161
262 0.0382 2.1151 1.9508 1.8173 1.6597 1.5319
242 0.0413 23017 2.1514 1.9935 1.8274 1.6850
21.5  0.0466 2.6177 23325 2.1646 2.0384 1.9503

Effect of size on the molar surface Gibbs
energy of nano-Cu

We can obtain the surface Gibbs energy G:, of nano-
Cu with different sizes at different temperatures
through Eq. (15) and Table 3. The relations between
G, and 1/d are shown in Fig. 5.

Notable linear trends between G}, and 1/d are
observed in Fig. 5a, and G}, increases as the particle
size decreases, which is consistent with the theoreti-
cal analysis of Eq. (2). The orders of magnitude of G},
presented in Fig. 5a are in good accordance with the
theoretical estimation. The results also clearly indi-
cate that in the conditions of constant pressure and
temperature, the smaller the particle size, the higher
the chemical activity and the more unstable the
nanoparticles. Furthermore, if these lines are extrap-
olated to y-axis, the value of surface Gibbs energy of
nano-Cu tends to zero (see Fig. 5b). That is, the molar
surface Gibbs energy of bulk materials tends to zero,
which illustrates the negligible size effect on bulk
materials.

copper ion with different sizes ~ 4/nm  d7'/nm™" cges/ mol-L™!

at different temperatures 208 K 303 K 308 K 313 K 318 K
38.4 0.0261 2.111E-04 2.580E—-04 3.097E—04 3.800E—04 4.613E—-04
35.1 0.0285 2.373E—-04 2.800E—04 3.367E—-04 4.107E—-04 4.937E—-04
29.1 0.0344 2.663E—04 3.227E-04 3.863E—04 4.617E—-04 5.483E—-04
26.2 0.0382 2.980E—-04 3.563E—-04 4.212E-04 4.963E—-04 5.807E—-04
24.2 0.0413 3.270E—04 3.937E—-04 4.597E—-04 5.393E—04 6.263E—04
21.5 0.0466 3.825E—04 4.307E—-04 5.003E—04 5.987E—04 7.140E—04
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Figure 5 a Plot of G}, versus 1/d at different temperatures. b Plot of intercept (I) and slope (S) versus temperature.

Effect of temperature on surface tension
of nano-Cu

Plots of the molar surface Gibbs energy versus the
surface area are shown in Fig. 6.

Figure 6 shows linear relationships between G}
and surface area, and the slope of the line is the
surface tension, which is consistent with the studies
[17, 18] that the effect of particle size on surface ten-
sion can be neglected when the particle diameter
exceeds 20 nm. The effect of temperature on surface
tension of nano-Cu is shown in Fig. 7.

Figure 7 shows that surface tension is
3.84-488]m > in the temperature range of
298-318 K. The surface tension decreases with the
temperature increase, and there is a linear relation-
ship between them. The maximal value of surface

10000 - » 208.15K
e 303.15K
9000 4 308.15K
v 313.15K
s} * 318.15K
g
S 7000
ge
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5000 |-
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1 " 1 " 1 " 1 " 1 " 1
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Figure 6 Plots of G}, versus surface area.
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Figure 7 The relation between surface tension and temperature.

tension of liquid copper is 1.33 ] m~2 from the melt-
ing temperature to the critical temperature [32], and
the surface tension decreases with the temperature
increasing [21]. The surface tension of solid is larger
than that of the corresponding liquid [2], which sat-
isfactorily accounts for the larger value of the surface
tension of solid nano-copper.

Effect of size on the molar surface enthalpy
and entropy of nano-Cu

The relations between In(K/K") and 1/T are shown in
Fig. 8.

Figure 8 displays that In(K/K’) increases as the
temperature decreases, and the remarkable linear

@ Springer
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Figure 8 The relation between In(K/K") and 1/T.

trends verify the assumption that A.H}, and A;S}, can
be regarded as constants in the temperature range of
experiments. The molar surface enthalpy and entropy
of nano-Cu can be calculated by Eq. (17) in combi-
nation with Fig. 8.

The relations between H;, and S;,, respectively, and
1/d are shown in Fig. 9.

As illustrated in Fig. 9, the particle size has a
notable influence on Hj, and S} ; the molar surface
enthalpy and entropy increase with particle size
decreasing and linearly vary with 1/d, which agree
with the theoretical analysis above. In addition, when
the particle size tends to infinity, the molar surface
enthalpy and entropy become zero.

J Mater Sci (2018) 53:2171-2180

Conclusions

For the influence regularities of nanoparticle size on
the surface thermodynamic properties, the thermo-
dynamic relations derived herein are consistent with
the experimental results; with particle size decreas-
ing, the molar surface Gibbs energy, the molar sur-
face entropy and the molar surface enthalpy increase
and linearly vary with the reciprocal of diameter for
larger nanoparticles. Moreover, the ratio of the molar
surface thermodynamic quantities to the corre-
sponding partial molar surface thermodynamic
quantities for spherical nanoparticles is 3:2. In addi-
tion, the surface tension decreases with increasing
temperature and presents a linear variation with
temperature. The new method proposed herein is
capable of convenient and reliable determining the
surface thermodynamic properties of nanoparticles to
explain and predict the related thermodynamic
behaviors involved in the preparations, researches
and applications of nano-materials.
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