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Size-dependent physicochemical properties of nanoparticles led to certain complications in thermody-
namic calculations followed by energy balance as the first step in these calculations. This work reviewed
recent studies on nanothermodynamic topics in an attempt to find some thermodynamic methods for
establishing energy balance in systems containing nanoparticles. Some thermodynamic paths were intro-
duced to establish energy balance for ease of calculation by avoiding unknown functions. Based on the
proposed pathway, enthalpy changes for several processes involving nanoparticles, such as formation
of nanoparticles and phase transitions, were investigated and formulated.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Nanoscience has achieved significant progress in recent years,
especially in various branches of engineering. Nanotechnology
can be used to produce new structures, devices, and materials on
a near atomic scale. For example, using nanometals in fluids leads
to enhancement of heat transfer coefficients and reduces the size of
heat exchangers [1]. Nano-filters help to capture nanoaerosols and
prevent their emission into the environment [2–4].

Undoubtedly, the first step to working at the nanoscale level is
understanding the thermodynamic behavior of nanoparticles. For
the first time, Hill [5] showed that the differential equations of
macroscopic thermodynamics can be generalized in such a way
that they may also be applied to small (i.e., non-macroscopic) sys-
tems. Hill explained that, unlike macroscopic thermodynamics,
thermodynamic functions are different for different environments
in nonmacroscopic scale. Another important difference noted by
Hill was the effect of fluctuations. Fluctuations are negligible in
macroscopic thermodynamics; therefore, we can use the mean
values of fluctuating extensive variables appearing in thermody-
namic equations. Hill and Chamberlin [6] showed how the statisti-
cal thermodynamics of small systems could be extended to include
metastable supersaturated gaseous states close to the gas-liquid
equilibrium transition point. Furthermore, Hill [7] suggested a
method to handle a macroscopic system with potential energy
(l), pressure (p), and temperature (T) by starting with the corre-
sponding small system partition function, calculating the thermo-
dynamic properties from this function. Hill [8] also explained two
interrelated topics: 1. generalizing macrothermodynamics to
nanothermodynamics, starting with Gibbs’ generalization of
macrothermodynamics and then chemical potential calculations;
and 2. finding a new logical path in the derivation of the basic ideas
and results of nanothermodynamics. Chamberlin [9] explained that
Hill’s theory is crucial for treating the heterogeneous distribution
of independently relaxing regions which are now known to domi-
nate the primary response of most materials. Umberto Lucia [10],
using the Gouy-Stodola theorem to complex systems based on
the use of entropy generation, tried to extend classical thermody-
namics to nanothermodynamics. Babuk et al. [11], using an opti-
mization procedure, determined the size and structure of
nanoparticles. Dixit [12] presented a maximum entropy approach
to analyze the state space of a small system. Carrete et al. [13]
investigated nonequilibrium nanothermodynamics using entropy
production concepts. Hong Qian [14] applied a statistical perspec-
tive to investigate Hill’s small systems nanothermodynamics the-
ory. In another study, Li and Truhlar [15] examined the
nanothermodynamics of metal nanoparticles. Many researchers
have studied the subject of nanothermodynamics from different
perspectives, for example, thermodynamic behavior of nanoparti-
cles [16], phase separation [17], geometry of quantum [18], statis-
tical thermodynamics [19], mechanical strength, thermal stability,
acoustics, photonics, electronics, magnetism, dielectrics, and
chemical reactivity [20], phase stability [21], physicochemical
properties [22] behavior of nanoparticles in magnetic fields [23]
and application of the second law of thermodynamics in nanopar-
ticles [24].

Energy balance is the first step in chemical, thermal, fluid, and
energy-environment calculations, and the introduction to
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thermodynamics calculation. Engineers will have a better under-
standing of the principles of thermodynamics if they have a solid
understanding of energy balance, which is the root of integral issues
such as design and optimization. As in any other system, energy bal-
ance in systems containing nanoparticles is a basic step. However,
the specific characteristics of nanoparticles require particular study.
The environmental and surface effects of nanoparticles lead to com-
plexity in the calculation of their properties.

Therefore, recent studies have tried to link nano- and macro-
thermodynamics with a more practical approach for engineering
purposes. Xiong et al. [25,26] introduced some equations for calcu-
lating the size-dependent properties of nanoparticles based on the
relations between macro- and nano-dimensions of materials. In
their method, some properties of nanoparticles could be obtained
as a function of the same properties in macro scale, size of the atom
and size of the nanoparticle. The thermodynamic properties of
materials in macro dimensions are well known. However, changing
the size of nanoparticles during thermodynamic processes is
another challenge. For example, specific heat capacity of solids in
macro systems is a function of temperature, and this functionality
is well known. Yet in nanoparticles, specific heat capacity is a func-
tion of nanoparticle diameter and the heat capacity of that sub-
stance in the macro state. In other words, while the specific heat
capacity of nanoparticles at a fixed diameter is known, the func-
tionality of the diameter of a nanoparticle with respect to temper-
ature is unknown. Therefore, the changes of heat capacity are
unknown during most thermodynamic processes. Establishing
energy balance requires the calculation of enthalpy changes, and
the calculation of these changes also requires an awareness of heat
capacity changes during the thermodynamic process.

In the present work, to fill this knowledge gap identified by an
overview of past works, simple thermodynamic pathways were
proposed to obtain the enthalpy change of nanoparticle systems
and solve the energy balance equations. Following the publication
of a new book on the subject of mass and energy balances by the
author and his colleague in January, 2018, [27] which included a
preliminary study of the mass and energy balances for nanoparti-
cles in its last chapter, the author decided to investigate the subject
more deeply to provide an introduction to other researchers who
may be interested in the topic.
2. Thermodynamic properties of nanoparticles

Nanoparticles can be considered a bridge between bulk materi-
als and atomic or molecular structures. A bulk material should
have constant intensive physical properties regardless of its size;
however, at the nano-scale, size-dependent properties are often
observed. These differences mainly depend on the surface thermo-
dynamic properties of nanoparticles that have a large influence on
(for a-d : surface energy is
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Fig. 1. Macro-system converts to surface
reactions [28], phase transitions [29], adsorptions [30], electro-
chemical [31], and dissolutions [32] processes. An important influ-
ential parameter on the properties of nanoparticles is the number
of atoms at their surface or surface area to volume (S/V) ratios
compared to bulk materials [33].

Different thermodynamic behaviors of bulk and nano-scale
materials led to the creation and growth of a new branch of ther-
modynamics called nanothermodynamics.

Classical thermodynamics is applied for macro-systems. How-
ever, small (micro-nano) systems involve two important issues:
(1) environmental effects on the thermodynamic functions; and
(2) thermal fluctuations that are random deviations of a system
from its average state, which occur in a system at equilibrium
[34]. In 1962, Hill introduced the theory of small-system thermo-
dynamics [9] which he gradually developed by 2013 [34].

Fig. 1 shows a system that gradually becomes smaller. The sys-
tem continues diving into smaller sub-systems as long as the effect
of the surface free energy is neglegible. Finally, in stage (e), the sys-
tem is divided into Ɲ number sub-systems (nanoparticles).

Before stage (e), the surface free energy is negligible and classi-
cal thermodynamics’ relations can be applied.

The complexity of the surface effects on the calculation of
nanoparticles’ properties has led some researchers to consider cre-
ating a link between thermodynamic properties in nanoparticles
and macrosystems (bulk systems). Many studies have shown a
close relation between the Gibbs free energy of a particle and its
thermodynamic properties. The Gibbs free energy can be calcu-
lated by Eq. (1) for a bulk system [35–37]:

DGb ¼ DHb � TDSb ð1Þ
where DG = the Gibbs free energy change, DH = enthalpy change,
DS = entropy change, and subtitle b refers to the bulk. In bulk mate-
rials, surface atoms have a minuscule role in the Gibbs free energy.
However, in nanoscale materials, the effect of surface free energy is
much higher than that of core free energy.

Some researchers, by using surface free energy as a link
between classical thermodynamics and nanothermodynamics,
have obtained thermodynamic properties of nanoparticles
[38,39]. Surface energy is defined as the energy required to pro-
duce a new surface by breaking the bonds of a nanoparticle core.
Some of these researchers have achieved the thermodynamic prop-
erties of nanoparticles in terms of surface tension [39]. However,
surface tension calculation can be a serious challenge which has
been looked into by other researchers with a more practical
approach to engineering purposes. For example, Xiong et al.
[25,26] obtained an equation for size-dependent surface free
energy of nanoparticles expressed as Eq. (2):

c ¼ c0 1� 1:45d
D

� �
ð2Þ
 neglegible) 
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Fig. 2. A system with chemical reaction.
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where c0 = bulk-free energy, d = atom diameter, and D = nanoparti-
cle diameter. Moreover, c, which is a function of temperature,
changes linearly with respect to temperature. Eq. (3) shows this
relation [33]:

cðTÞ ¼ c0 þ bT ð3Þ
where b is a negative constant for each material. The Gibbs free

energy of nanomaterials can be obtained by summing the Gibbs
free energy of bulk and surface free energy of nanomaterials, as
shown by Eq. (4) [29]:

Gn ¼ Gb þ cVsNA

N
ð4Þ

where Gn and Gb are mole Gibbs free energy of nanomaterials and
bulk, respectively; NA is Avogadro constant; and Vs = Ad = pD2d
and N = (D/d)3 denote the volume of the first layer of atoms and
the total number of atoms in a nanoparticle, respectively.

Nanoparticles may contain a greater density of the unpaired
electrons (broken bonds) than bulk particles; thus, their surface
energy is more than that of bulk materials. Now a parameter is
needed so that we can associate the thermodynamic properties
and surface properties. Here we use cohesive energy.

Cohesive energy is defined as the energy required to divide
materials into individual atoms. The relation between the cohesive
energy of bulk and nanomaterials is given by Eq. (5) [26].

En

Eb
¼ 1� d

D
ð5Þ

where Eb = bulk cohesive energy, En = nanoparticle cohesive
energy, and D and d are the diameters of nanoparticle and atom,
respectively.Most thermodynamicproperties are functionsof bond-
ing atoms and thus cohesive energy. Therefore, researchers have
sought to connect the thermodynamic properties of bulk and

nano-scale materials like that of cohesive energy: Mn
Mb

¼ 1� f ðdÞ
f ðDÞ,

where Mn and Mb are the same thermodynamic properties for
nano-scale and bulk materials, respectively. Moreover, f(d) and f
(D) are functions of atom diameter and nanoparticle diameter,
respectively.

Eq. (6) gives the relation between the specific heat capacity of
nanoparticles and bulk materials [33]:

Cnp

Cbp
¼ 1� K

d
D

ð6Þ

where K = �0.5, D = nanoparticle diameter, and Cnp and Cbp are
specific heat capacities for nanoparticles and bulk, respectively.

These equations reveal that if D increases, then 1-(d/D) will
increase; thus, En will increase because Eb is constant. The cohesive
energy of materials reveals the strength of the chemical bonds;
therefore, an increase in the cohesive energy is associated with
an increase in the strength of the corresponding bond, which leads
to an increase in most thermodynamic properties of nanoparticles.

3. Energy balance for nanoparticles

The general expression of the first law of thermodynamics
(energy balance) at steady state- steady flow is shown as Eq. (7):

Q � Ws ¼
Xn
j¼1

mej hej þ g zej þ
1
2
v2

ej

� �

�
Xm
j¼1

mij hij þ g zij þ
1
2
v2
ij

� �
ð7Þ

where Q = heat, ws = shaft work, m = mass, h = enthalpy, z = height,
v = velocity, and subscripts i and e denote input and output, respec-
tively. In most cases where kinetic and potential energy changes are
negligible, Eq. (8) can be summarized by the following equation:

Q �WS ¼
X
j

mejhej �
X
j

mijhij ð8Þ

If there is no chemical reaction, the equation can be easily
applied. Surely, the enthalpy of materials is needed to use this
equation. Even if chemical reactions occur, the equation should
apply so that its general form is preserved. For example, consider
the system shown in Fig. 2:

Enthalpy change should now be written in such a way that the
overall form of the first law does not change. For this purpose,
enthalpy changes of the system are written as follows:

DH ¼ DHe � DHi ð9Þ
where DHe and DHi are the enthalpy differences between exit and
input state with the reference state respectively that can be
obtained using Eqs. (10) and (11).

DHi ¼ nAh
�
fA þ nA

ZTin
T0
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0
B@

1
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�
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0
B@

1
CA ð10Þ
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B
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0
B@

1
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þ nCh
�
fC þ nC

ZTout
T0

cpCdT

0
B@

1
CA ð11Þ

where n’ indicates the mole numbers of reactants in outlets. By sub-
stituting Eqs. (10) and (11) in Eq. (9), we will have:

) DH ¼ n0
Ah

�
fA þ n0

Bh
�
fB þ nCh

�
fC � nAh

�
fA � nBh

�
fB

� �

þ
ZTout
T0

n0
AcpA þ n0

BcpB þ nCcpC
� �

dT

�
ZTin
T0

nAcpAþnBcpB
� �

dT ð12Þ

where h�
fi and cpi are the standard enthalpy of formation and specific

heat capacity for each component. Then, we will need information
about enthalpy of formation and specific heat capacity of nanopar-
ticles, both of which are challenging topics in nanothermodynamics.

For materials in macroscale, the enthalpy of formation is avail-
able. Fig. 3 introduces the standard formation enthalpy of
nanoparticles.

Eq. (13) can be used for calculating enthalpy changes of
nanoparticles.

Dh�
Abn

¼ h�
fAn

� h�
fAb

ð13Þ

where Dh�
Abn

= enthalpy changes for formation of nanoparticles of A

at standard conditions (T0 & P0), h
�
fAb

= enthalpy of formation of A in

bulk (macroscale) state, and h�
fAbn

= enthalpy of formation of
nanoparticles of A which can be calculated by using the information
about the process production of nanoparticles. Due to the method of
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Nanoparticles of A at T0 & P0

Fig. 3. Enthalpy change of formation of nanoparticles.
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Fig. 4. Hypothetical thermodynamic path to calculate DhAbn at T & p.

Heat (Q=?) 

Nanoparticles of A at T1
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Nanoparticles of A at T2

Fig. 6. Hypothetical thermodynamic path to calculate enthalpy changes for heating
nanoparticles from T1 to T2.
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production, if nanoparticles are produced at a different condition
from the reference state (T– T0 and P– P0), then, the hypothetical
thermodynamic path (dotted lines) shown in Fig. 4 can be used to
calculate the enthalpy changes for formation of nanoparticles of A:

Since enthalpy is a state function, it can be written:

DhT;P
Abn

¼ �DhAb
þ Dh�

Abn
þ DhAn ð14Þ

where DhAb
and DhAn are the enthalpy changes for bulk and

nanoparticles of A, respectively, that can be calculated according
to the production conditions of nanoparticles. For example, if pres-
sure changes are not considerable and there is no phase change,

then, DhAb
¼ R T

T0
cpbAdT ¼ cpmbA

ðT� T0Þ and DhAn ¼ R T
T0
cpnAdT ¼

cpmnA
ðT� T0Þ. Moreover, cpmbA

andcpmnA
are average specific heat

capacity of bulk and nanoparticles of A, respectively, between
T and T0.
Nanoparticles of A at Tm mLiquid phase of A at T
4. Results and discussion

Now consider nanoparticles heated from T1 to T2, as shown in
Fig. 5.

Specific heat capacity of nanoparticles, which is a function of
temperature, size, and other previously mentioned variables, has
its own complexity and can lead to an increase in computational
Heat (Q=?) 

Nanoparticles of A at T1 Nanoparticles of A at T2

Fig. 5. Heating nanoparticles from T1 to T2.
error. Fig. 6 shows a hypothetical thermodynamic path to calculate
the enthalpy changes for heating nanoparticles from T1 to T2.

Using Eq. (15), the heat can be calculated.

Q ¼ DHT1!T2
An

¼ �DhT1
Abn

þ DhAb
þ DhT2

Abn
ð15Þ

DhT1
Abn

and DhT2
Abn

are enthalpy changes for formation of nanoparticles
of A at T1 and T2, respectively, that can be calculated using Eq. (14).

This method can be applied to any process, for example, the
melting process shown in Fig. 7:

Then:

Dhm
An

¼ �DhTm
Abn

þ Dhm
Ab

ð16Þ

where Dhm
An

= latent heat of melting of nanoparticles, DhTm
Abn

=

enthalpy change to produce nanoparticles of A at Tm, and Dhm
Ab

=
latent heat of melting of bulk A.

Now consider that nanoparticles of A and B are introduced into
a reactor and after a chemical reaction, produce substance C. Then:

QReaction ¼ � DhT
Abn

þ DhT
Bbn

� �
þ DhT

Reaction þ DhT
Cbn

ð17Þ

where DhT
Abn

, DhT
Bbn

, and DhT
Cbn

= enthalpy changes for formation of A,

B, and C nanoparticles, and DhT
Reaction = enthalpy (heat) of reaction at
mBulk solid of A at T

Fig. 7. Hypothetical thermodynamic path to calculate the latent heat of melting.
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T in bulk system. Overall, for multi-reaction systems, the heat of the
whole system can be calculated using Eq. (18):

QReaction ¼ �
X

Reactants

DhTR
bn þ

X
Reactions

DhT
R þ

X
Products

DhT
bn ð18Þ

Now, the results of the model can be compared with the data
reported by Xiong et al. [26] for silver nanoparticles with a diam-
eter of 5 nm. The latent heat of melting and melting point of the
nanoparticles are reported 7 kJ

mol and 530 �C respectively. These

two parameters for silver in bulk scale are 11:3 kJ
moland 960 �C

respectively. Using the difference in the heat of melting between
these two states, the enthalpy changes for formation of silver
nanoparticles with a diameter of 5 nm can be estimated at
�2:8 kJ

mol. Average specific heat capacity of silver in solid and liquid

state are 0:0264 and 0:0334 kJ
mol:K respectively. Using Eq. (6), this

parameter will be 0:0268 kJ
mol:K for nanoparticles (d = 160 pm and

D = 5 nm). Using these data, a mole of silver nanoparticles with a
diameter of 5 nm and an initial temperature of 25 �C can be melted
with 20.53 kJ of heat energy. Using the hypothetical thermody-
namic path (the proposed model), this parameter can be estimated
at 20.13 kJ. As can be seen, the difference is about 1.9% which indi-
cates the high accuracy of the model.

Here, another application of the model is proposed. Rupp and
Birringer [40] showed that to produce nanoparticles of SnO2, mech-
nanochemical-thermal milling process can be carried out with a
temperature of 600 �C. SnO2 is produced by the given reaction
which is shown in Eq. (19). Average size (diameter) of the produced
nanoparticles is 28 nm. Using the energy balance around the reac-
tor and the thermodynamic data of the reactants and products,
standard enthalpy formation of the SnO2 nanoparticles is estimated
as �560 kJ

mol and the heat needed to melt the SnO2 nanoparticles is

calculated as 112 kJ
mol using the model shown in Fig. 7.

SnCl2 þ Na2CO3 þ 6NaClþ 1
2
O2 !600 �C

SnO2NP þ CO2 " þ8NaCl

ð19Þ
5. Conclusions

Rapid growth and increasing applications of nanoparticles tech-
nology require the performance of thermodynamic analysis with
acceptable accuracy at nanoscales, which can be very useful in
resolving design and optimization problems. The first step in
thermodynamic calculations is to build energy balance. Classical
thermodynamics relations are not applicable because of the size-
dependent properties of nanoparticles. As a result, concepts of
nanothermodynamics should be applied. However, functions of
nanothermodynamics are more complex than those of macro-
thermodynamics. A link between the thermodynamic properties
in nanoparticles and macrosystems is needed to be created so as
to establish energy balance available at a fixed diameter of
nanoparticles. Since nanoparticle diameter changes are not known
during the thermodynamic process, some simple thermodynamic
paths have been established for systems containing nanoparticles
for any process such as heating, cooling, phase-changing, and
chemical reaction. Standard formation enthalpy of nanoparticles
and standard enthalpy changes of nanoparticle formation have
been defined and used for calculating the energy balance of
nanoparticle systems.
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[16] P. Majerič, R. Rudolf, I. Anžel, Thermodynamics of nanoparticles, Anali Pazu 4
(2014) 28–33.

[17] J.P. Palomares-Baez, E. Panizon, R. Ferrando, Nanoscale effects on phase
separation, Nano Lett. 17 (9) (2017) 5394–5401.

[18] M. Olshanii, Geometry of quantum observables and thermodynamics of small
systems, Phys. Rev. Lett. 114 (6) (2015) 060401.

[19] M. Salis, C.M. Carbonaro, M. Marceddu, P.C. Ricci, Statistical thermodynamics
of schottky defects in metal nanoparticles, Nanosci. Nanotechnol. 3 (2) (2013)
27–33.

[20] C.Q. Sun, Size dependence of nanostructures: impact of bond order deficiency,
Prog. Solid State Chem. 35 (2007) 1–159.

[21] Q. Jiang, C.C. Yang, Size effect on the phase stability of nanostructures, Curr.
Nanosci. 4 (2) (2008) 179–200.

[22] C.C. Yang, Y.W. Mai, Thermodynamics at the nanoscale: a new approach to the
investigation of unique physichochemical properties of nanomaterials, Mater.
Sci. Eng. R 79 (2014) 1–40.

[23] M. Simiari, R. Roozehdar Mogaddam, M. Ghaebi, E. Farshid, M.E. Zomorrodian,
Assessment of nanothermodynamic properties of ferromagnetic nanocluster
in subdivision potential approach and magnetic field, J. Appl. Math. Phys. 4
(2016) 2233–2246.

[24] U. Lucia, The Gouy-Stodola theorem in bio-energetic analysis of living systems
(Irreversibility in bioenergetics of living systems), Energies 7 (9) (2014) 5717–
5739.

[25] S. Xiong, W. Qi, Y. Cheng, B. Huang, M. Wang, Y. Lia, Modeling size effects on
the surface free energy of metallic nanoparticles, Chem. Phys. 13 (2011)
10648–10651.

[26] S. Xiong, W. Qi, Y. Cheng, B. Huang, M. Wang, Y. Li, Universal relation for size
dependent thermodynamic properties of metallic nanoparticles, Chem. Phys.
13 (2011) 10652–10660.

[27] S.A. Ashrafizadeh, Z. Tan, Mass and Energy Balances, Basic Principles for
Calculation, Design, and Optimization of Macro/Nano Systems, first ed.,
Springer, USA, New York, 2018.

[28] V.V. Levdanskii, J. Smolik, V. Zdimal, P. Moravec, Influence of size effects on
chemical reactions inside a nanoparticle and on its surface, J Eng. Phys
Thermophys. 86 (2013) 863–867.

[29] Z.X. Cui, M.Z. Zhao, W.P. Lai, Y.Q. Xue, Thermodynamics of size effect on phase
transition temperatures of dispersed phases, J. Phys. Chem. 115 (2011) 22796–
22803.

[30] X.C. Wei, S. Bhojappa, L.S. Lin, R.C. Viadero, Performance of nano-magnetite for
removal of selenium from aqueous solutions, Environ. Eng. Sci. 29 (2012) 526–
532.

[31] K. Zhang, X.P. Han, Z. Hu, X.L. Zhang, Z.L. Tao, J. Chen, Nanostructured Mn-
based oxides for electrochemical energy storage and conversion, Chem. Soc.
Rev. 44 (2015) 699–728.

[32] T. Hiemstra, Formation, stability, and solubility of metal oxide nanoparticles:
surface entropy, enthalpy, and free energy of ferrihydrite, Geochim
Cosmochim Acta 158 (2015) 179–198.

[33] A.K. Singh, Engineered Nanoparticles Structure, Properties and Mechanism of
Toxicity, Elsevier, 2016.

http://refhub.elsevier.com/S0009-2614(18)30372-5/h0005
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0005
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0010
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0010
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0015
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0015
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0020
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0020
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0025
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0025
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0030
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0030
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0035
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0040
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0040
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0045
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0045
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0050
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0050
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0050
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0055
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0055
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0060
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0060
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0065
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0065
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0070
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0070
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0070
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0075
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0075
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0080
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0080
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0085
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0085
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0090
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0090
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0095
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0095
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0095
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0100
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0100
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0105
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0105
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0110
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0110
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0110
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0115
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0115
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0115
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0115
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0120
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0120
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0120
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0125
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0125
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0125
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0130
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0130
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0130
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0135
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0135
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0135
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0135
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0140
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0140
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0140
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0145
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0145
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0145
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0150
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0150
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0150
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0155
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0155
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0155
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0160
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0160
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0160
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0165
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0165
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0165


150 S.A. Ashrafizadeh / Chemical Physics Letters 706 (2018) 145–150
[34] T.L. Hill, Thermodynamics of Small Systems. Parts I & II, Dover Publications,
Mineola, 2013.

[35] M. Jia, Y. Lai, Z. Tian, Y. Liu, Calulation of the surface free energy of fcc copper
nanoparticles, Modell. Simul. Mater. Sci. Eng. 17 (1) (2008) 015006.

[36] K.K. Nanda, A. Maisels, F.E. Kruis, H. Fissan, S. Stappert, Higher surface energy
of free nanoparticles, Phys. Rev. Lett. 91 (2003) 106–1102.

[37] X.X. Li, H.F. Tang, X.R. Lu, S. Lin, L.L. Shi, Z.Y. Huang, Reaction kinetic
parameters and surface thermodynamic properties of Cu2O nanocubes,
Entropy 17 (2015) 5437–5449.
[38] Z.Y. Huang, X.X. Li, Z.J. Liu, L.M. He, X.C. Tan, Morphology effect on the kinetic
parameters and surface thermodynamic properties of Ag3PO4

micro/nanocrystals, J. Nanomater. 16 (1) (2015) 388.
[39] Z. Zhang, Q. Fu, Y. Xue, Z. Cui, S. Wang, Theoretical and experimental

researches of size-dependent surface thermodynamic properties of
nanovaterite, J. Phys. Chem. 120 (38) (2016) 21652–21658.

[40] J. Rupp, R. Birringer, Enhanced specific-heat-capacity (cp) measurements
(150–300 K) of nanometer-sized crystalline materials, Phys. Rev. B 36 (15)
(1987) 7888.

http://refhub.elsevier.com/S0009-2614(18)30372-5/h0170
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0170
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0170
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0175
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0175
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0180
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0180
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0185
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0185
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0185
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0185
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0190
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0190
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0190
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0190
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0195
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0195
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0195
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0200
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0200
http://refhub.elsevier.com/S0009-2614(18)30372-5/h0200

	Thermodynamic paths for calculating energy balance in systems containing nanoparticles
	1 Introduction
	2 Thermodynamic properties of nanoparticles
	3 Energy balance for nanoparticles
	4 Results and discussion
	5 Conclusions
	Acknowledgment
	References


