CHAPTER 3

Melting temperature and catalytic activation

eneray of metallic nanoparticles

3.1 Introduction

Melting point depression was predicted in 1909 by Pawlow [1]. Takagi first observed melting
point depression of several types of metal nanoparticles in 1954 and estimated the melting
temperature from the electron beam energy and diffraction patterns [2]. Melting point
depression is a very important parameter to be studied for applications involving
nanoparticles, as it decreases the functional range of the solid phase. Nanoparticles are
currently used or proposed for prominent roles in catalyst, sensor, medicinal, optical,

magnetic, thermal, electronic, and alternative energy applications [3].

Many theoretical models were proposed for the study of melting temperature of the (assumed
spherical) NPs. As melting initiates from surface, the surface to volume ratio for different
shapes will vary from shape to shape. Therefore, shape becomes an important variable to be
included in the study of melting temperature of the nanoparticles which was further
experimentally demonstrated that the change in the shape shows depression in melting

temperature [4].

A link between melting temperature and catalytic activation energy (CAE) has been
discussed by Lu and Meng [5] and also investigated the impact of size and shape on CAE of
the nanoparticle, thus, CAE becomes an important kinetic parameter to be studied in the field

of nanocatalysis.
3.2 Influence of size, shape and dimension on melting temperature

In this section, we have investigated size, shape and dimension effect on melting temperature
for free as well as embedded nobel metallic nanoparticles. Nobel metallic nanoparticles of

silver, indium, lead is selected for different shapes and dimensions for size dependent melting
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temperature. Our model is used for calculations and the results are further compared with

other models and available results.

3.2.1 For freestanding nanoparticles

To calculate size, shape and dimension dependent melting temperature of metallic

nanoparticle we have used the following equation of our model which is derived in chapter 2.

Tmn — (1 —l) (3.1)

Tmb 2n
where Tmn, Tmb represents the melting temperature of nanoparticles and bulk respectively.
N/2n represents the shape with dimension. Following data from Table 3.1 is used for present
calculations.

Table 3.1: Atomic diameter and melting temperature of the bulk element.

Element Atomic diameter (h)  Melting temperature(Tmb)
Ag 0.289 1235

Ni 0.249 1728

Pb 0.350 600.6

Al 0.286 933.47

In 0.325 430

Pt 0.278 2041

Zr 0.320 2128

Results of present model are compared with the outcomes by models of Nanda et al[6], Qi et
al[7] and Bhatt et al[8]. As all the three models were formulated with the common ground of
cohesive energy, hence we have selected them for comparative study.

Fig. 3.1(a) presents a comparison between the present work, theoretical models,
experimental results[9] and molecular dynamics data[10] for free spherical Ag nanoparticles
in terms of melting temperature as a function of size. It is observed from graph that melting
temperature of Ag nanoparticles is found to decrease with decrease in size. Our model[11] is
found more consistent with experimental and molecular simulation data as compared to other
theoretical models in this case. Difference in the values of N/2n for present model and Qi’s

model is clearly shown in Table 3.2.
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Table 3.2: Comparison of N/2n values between Present and Qi’s model for various shapes.

Shapes of particles Present model [11] Qi’s model [7]
Spherical/Cubical 3h/D 2h/D
Tetrahedral 7.35 h/D 4.89h/D
Octahedral 3.69h/D 2.44h/D
Icosahedral 1.98h/D 1.32h/D
Cylindrical Wire 2h/D 1.33h/D
Thin Film h/D 0.66h/D
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Figure 3.1: Size dependent melting temperature of (a) spherical Ag NPs (b) tetrahedral Ag NPs (c)
icosahedral Ag NPs.
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Fig. 3.1(b) and (c) shows melting temperature of tetrahedral and icosahedral Ag nanoparticles
as function of size. The results obtained from Equation 3.1 are further compared with selected
theoretical models. In both the graphs our calculated results are found more consistent with
experimental [12,13] and molecular stimulation data[14] rather than other models. It is
observed that our predictions are found intermediate between Qi’s model[7] and Bhatt’s
model[8] for tetrahedral and icosahedral Ag nanoparticles. While Nanda’s model[6] showed
consistent results with our model for spherical Ag NPs. A rapid drop in melting temperature
is seen for size below 10 nm in case of Ag NPs. Thus by comparing Fig. 3.1(a), (b) and (c)
we found the sequence of melting temperature as Tm(tetrahedral)< Tm(spherical)<
Tm(icosahedral) for constant size.

Fig. 3.2(a) shows melting temperature of spherical indium nanoparticles as a function of size.
Our model is found more consistent with experimental data [15] and [16] as compared to [17]
where Nanda’s model[6] shows good reliability with experimental data[17]. It can be seen
from that Bhatt’s model overlaps our values of Tmn < 280 K and thereafter it diversifies for
higher temperatures. Moreover, on comparing the results of all the three models with present
model, our results are found more fruitful. Experimentally, it is observed that melting
temperature of a particle with a fixed radius depends on rate of melting and surface area
which in turn affects the heating rate. Tmn(D) value at a low heating rate is always smaller
than that at a high heating rate which in turn becomes the reason for low melting of
nanoparticles for experimental data[17].

Further to affirm our model for dimension d=1 in case of In nanowire, Fig. 3.2(b) shows the
melting temperature as a function of size. A good accordance is observed for In nanowire
with D< 7nm with both the experimental values[18,19]. But deviations in calculated values
and experimental values are found for size D > 7nm. We also observed that Qi’s model[7]
showed highest melting temperature while Nanda’s model[6] showed least melting
temperature for constant sized In nanowire among all the four models.

Fig. 3.2(c) shows a comparison of In nanofilm with dimension d=2 with size for Tmn. Trmn 1S
found to decrease with decrease in size for all models. Present model is found consistent with
the available experimental data[20]. In Fig. 3.2 it is observed that our calculated values are
found intermediate between Qi’s model and Nanda’s model, here Bhatt’s model is not

considered because the values will vary according to the selection of k’s value.
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Figure 3.2: Size dependent melting temperature of (a) spherical In NPs (b) In nanowire (¢) In thin film.

Fig. 3.3 shows the size and dimensional effects on the melting temperature of freestanding
Lead (Pb) nanoparticles. It is found from Fig. 3.3(a) that Tmn Of spherical Pb nanoparticles
decreases with decreasing size and the drop becomes dramatic when D is below 10 nm.
Present model is compared with the available experimental data [15,17] and molecular
dynamics (MD) simulations data [21] in order to check the its validity in case of Pb
nanoparticles. A good accordance is observed between the calculated values, MD
simulations[21] and experimental data[15]. However, in case of Pb cylindrical nanowire,
sharp decrease in Tmn Occurs for D <7 nm as seen in Fig. 3.3(b). It is also observed that MD
simulation data[21] is intermediate between Present model and Qi’s model in case of Fig.
3.3(b). Comparison between Tmn of free Pb nanoparticles as a function of size with respect

to different dimensions is shown in Fig. 3.3(c),
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where Pb nanoparticles with dimension d=0 and d=2 shows least and highest melting

temperature at constant size respectively.
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Figure 3.3: Size dependent melting temperature of (a) spherical Pb NPs (b) cylindrical Pb
nanowire (c) Pb NPs with different dimensions.

Moreover to find the surface to volume ratio for different dimensions and to compare them,

we have used N/2n values of our model from chapter 2. Thus by taking the ratio of

N/2n (d=2)/ N/2n (d=0) : N/2n (d=1)/ N/2n (d=0) : N/2n (d=0)/ N/2n (d=0) for constant size,
we get (h/D) / (3h/D) : (2h/D)/ (3h/D) : (3h/D) /(3h/D) and the ratio turns outto beas 1 : 2 :

Ty =T . Ty =T \ Tmp-T, . :
3. We also calculated —Z2—""(spherical): 22— (wire): 22— (film) using our
Tmp Tmp Tmp

model for constant size and we get the ratio as (sphere:wire:film) = (3:2:1) which is exactly

seen in Nanda’s work[ 18] which implies that their rate of decrease of the melting temperature

.
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for different low-dimensional systems, is in accordance with the predicted behavior from
thermodynamical considerations[22].

From all the above cases, it is observed that melting temperature decreases with decrease in
size at nanoscale and with increase in shape factor. As the scale increases melting
temperature gradually reaches towards bulk melting point and all the dimensions seems to
merge with each other with D> 50nm.

3.2.2 For nanoparticles embedded in a matrix

It becomes very important to study about the behavior of embedded nanoparticles because of
its recent applications[23-26] which is discussed in chapter 1 in detail. One important
phenomena known as superheating was discovered during the study of embedded
nanoparticles in some matrix. We have used the below given equation from chapter 2 of our
model for calculating the size, shape, dimension and matrix dependent melting temperature of
Ag/Ni, In/Al and Pb/Al.

Tmn _ 1_£(1_T_M)] (3.2

Tmp 2n Tmp
Fig. 3.4 compares the melting temperature Tmn of embedded Ag nanoparticles in Ni matrix
(Ag/Ni) as a function of size D for (a)icoshedral (b)different shapes and (c) different
dimensions using Equation 3.2 of present model and further compared with available
experimental data[27] and other models[6,7,8]. From Figure 3.4 it is observed that melting
temperature is found to decrease with increase in size irrespective of shape and dimension in

all the cases.

Fig. 3.4(a) shows superheating of embedded Ag nanoparticles which is just the reciprocal
behavior of free Ag nanoparticles. Moreover as the size increases beyond 50 nm, Tmn will
tend to reach the bulk melting temperature irrespective of different shapes and dimensions. A
good consistency is observed for embedded icosahedral Ag/Ni nanoparticles between the
calculated values and experimental data[27]. Intimacy between present model and Qi’s model
is observed. Fig. 3.4(b) shows the tendency of depression in Tmn as a function of size which
follows the sequence: Tmn (tetrahedral)> Tmn (octahedral)> Tmn (Spherical or cubical)> Tmn
(icosaherdral) for embedded Ag nanoparticles with d=0 at constant nanosize. Moreover in
terms of dimensions, Tmn follows the sequence as Tmn (Sphere/ 0-d)> Tmn (wire/1-d)> T

(film/2-d) with constant nanosize for embedded Ag nanoparticles as shown in Fig. 3.4(c).
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Figure 3.4: Size dependent melting temperature of embedded Ag nanoparticles in Ni matrix
for (a) icosahedral (b) different shapes (c) different dimensions.

Comparisons between the model predictions by using Equation 3.2 and the available

experimental results for superheating of spherical In/Al nanoparticles are shown in Fig.

3.5(a). Some differences exist between the predicted values and experimental results[28] for

D > 20 nm. This may be due to the fact that the present model only considers the size effect,

neglecting others such as, phonon softening at the surface, grain boundaries, disorder,

defects, and impurities, which lead to the deviation from the experimental results. Also it is

observed that experimental data of In/Al is lying in the proximity of our model and Qi’s

model[7]. However, it is possible that the shapes of nanoparticles at their corresponding

experimental conditions could not be completely considered.
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In Fig. 3.5(b) and 3.5(c) it is observed that melting temperature of embedded In NPs
increases with decreasing size in case of different dimensions and different shapes

respectively.
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Figure 3.5: Size dependent melting temperature of In nanoparticles embedded in Al matrix for (a)
spherical (b) different dimensions (c) different shapes.

Superheating is observed for Pb nanoparticles embedded in Al matrix as a function of size in
Fig. 3.6. Moreover Fig. 3.6(a) shows a comparison of present model with different models
and experimental results[29,30,31]. Nanda’s model[6] is found consistent with experimental
results of Graback and Bohr[31], however, work of Sheng[30] is in good accordance with
present model. Here none of the model follows the experimental results of Chattopadhyay and
Goswami[29] accurately. It is observed that Qi’s model[7] underestimates the superheating of

Pb nanoparticles. In Bhatt’s model[8] by varying the negative value of k, the calculated values

L 2.
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can vary accordingly with the available experimental data[31]. Fig. 3.6(b) and 3.6(c)
represents the Tmn Of Pb/Al for different shapes and dimensions respectively as a function of

size. Also it is seen that effect of shapes and dimensions diminishes for D>25 nm.

750
—— Spherical Pb/Al NPs . #— Pb/Al NPs with d=0

® Experiment [29] | o Pb/Al NPs with d=1

A Experiment [30] 9004 | 4— Pb/Al NPs with d=2

0 Experiment [31]
L I | O S Nanda et al ‘

......... Q| et al . \
g 1 Ny e Bhatt et al 3 085 .
:
650
Aon
700
| |
®
A e e,
A ] g
A ooty
600 - - ittty En
T N I . T ~ 1 N 1 g T ¥ - T - T v T T T v
0 10 20 30 40 50 60 0 5 10 15 20 25
D (nm) D (nm)

2400

—=— |cosahedral Pb/Al NPs
—e— Spherical Pb/Al NPs

2000 —a— Qctahedral Pb/Al NPs
—v¥— Tetrahedral Pb/Al NPs

1600 |

Toon (K)

1200

800 1

Figure 3.6: Size dependent melting temperature of Pb nanoparticles embedded in Al matrix for (a)
spherical (b) different dimensions (c) different shapes.

From the above graphs and tables, Tmn is found different for various shapes/dimensions with
constant nanosize. It can be very well understood with the fact that the shape determines the

number of surface atoms which in turn decides the coordination number, bond strength and

thus affecting melting temperature. In present model the shape is expressed by% i.e. surface
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to volume ratio of atoms for various shapes. According to Table 3.2 we interpret the sequence
£ N N SN SN SN N SN Th dicted

0 > as - (tetrahedral) = ~—(octahedral) = —(cubic/ sphere) = —(wire) > ~(icosahedral) = —(film) - € predicte

values of the present model are found more consistent than all the three models, which in turn

proves that the adopted method for the formulation of the model is appropriate. It is also

observed that series of melting temperature Tmn (Qi’s model) > Tmn (present model) for
constant size because %(Qi’s model) < %(present model) and in turn deviates from the available

experimental and MD simulation data. In all the three cases of embedded nanoparticles
superheating is observed due to two reasons i) melting temperature of matrix is higher than
the bulk embedded nanoparticle ii) coherent or semicoherent interface. Due to superheating
the melting temperature of embedded nanoparticle showed inversely proportion to size but

also claimed its variation due to shape and dimension at nanoscale.

3.3 Size, shape and dimension dependent catalytic activation

energy

A link between melting temperature and catalytic activation energy (CAE) has been
discussed by Lu and Meng [5] and also investigated the impact of size and shape on CAE of
the nanoparticle. In the field of nanocatalysis, CAE becomes an important Kinetic parameter
to be studied. In this contribution, Narayanan and El-Sayed performed experiments to study
the stability and CAE of tetrahedral, spherical and cubic platinum nanoparticles of 4.8 nm,
4.9 nm and 7.1 nm diameter for electron-transfer reaction between hexacyanoferate (111) ions
and thiosulphate ions [32,33]. It was found that the surface atoms present on the corners and
the edges of tetrahedral platinum nanoparticles with (111) facets were more catalytically
active than the surface atoms present on the corners and the edges of cubic nanoparticals with
(100) facets. The catalytic activity of spherical nanoparticles was found to be intermediate
between tetrahedral and cubic nanoparticles. Conclusion of the experiment was that the CAE
of tetrahedral platinum nanoparticles was least and the CAE of cubic platinum nanoparticle
was highest among the three shapes[32,33]. As a result, nanoparticles with well controlled
size and shape of appropriate surface areas and crystallographic facets can be used for both
selectivity and reactivity for many fruitful catalytic reactions ending in tremendous growth

of nanocatalysis [32,34].
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3.3.1 For freestanding nanoparticles

We have investigated the CAE of platinum nanoparticles by using below equation derived in
chapter 2. A simple comparison of different shapes and different dimensions at constant size
is done further.

Ean _ (1 - ﬁ) (3.3)

Eap 2n

where Ean, Ean represents the catalytic activation energy of nanoparticles and bulk

respectively.

Variation in the ratio of Catalytic activation energy of the freestanding Platinum(Pt)
nanoparticle and the bulk Pt of different shapes with respect to size of the nanoparticle can be
observed clearly in Fig. 3.7(a). Least Ean/Ean is observed for tetrahedral shaped Pt
nanoparticles while highest Ean/Eap is seen for icosahedral shaped Pt nanoparticles among the
selected shapes for constant size. So we can predict that tetrahedral shaped nanoparticle can
activate the catalytic process with least energy. Moreover, we can say that Ean/Ea
(tetrahedral ) < Ean/Eab (octahedral) < Ean/Ean (Spherical) < Ean/Eab (icosahedral) with selected
size D (nm).

In case of Fig. 3.7(b) it is observed that Ean/Eay (d=0) < Ean/Eap (d=1) < Ean/Eap (d=2) for
constant size. This sequence is observed because of (3h) for d=0, (2h) for d=1 and (h) for d=2
where h is atomic diameter. Prominent decrease in the ratio of catalytic activation energy is
observed for the

values of D< 10 nm only. Further increment in the size, the close proximity is observed for
all the dimensions.
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Figure 3.7 Size dependent ratio of catalytic activation energies of free Pt NPs for (a) different shapes and
(b) different dimensions.

3.3.2 For nanoparticles embedded in a matrix

In this part, we have investigated the effect of matrix on the embedded platinum nanoparticle
in terms of size, shape, dimension and matrix for catalytic activation energy. For the

calculations we have used the equation of chapter 2.

oz 1 - (1- 1) (3.4)

Eap 2n Tmb

The equation uses the terms of melting temperature of matrix and bulk melting temperature
of embedded nanoparticle. Here the matrix used is zirconia whose melting temperature is
higher than platinum. Fig. 3.8 represents the supercatalytic activation energy of embedded Pt
nanoparticles in Zr matrix for various shapes as a function of size. As the melting temperature
of Zr is greater than Pt and the interface between Pt and Zr is taken coherent so superheating
is observed. The ratio of the catalytic activation energy of nanoparticle of selected size to the
bulk is found increasing with decreasing size. This behaviour of embedded nanoparticle will

be prominently seen for D(nm) < 10. But as the size increases beyond 100 nm,
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Figure 3.8: Size and shape dependent ratio of catalytic activation energies of embedded Pt NPs in Zr.

ratio of catalytic activation energy becomes almost constant irrespective of the shapes. As
observed from Fig. 3.8, tetrahedral and icosahedral shaped Pt embedded nanoparticle shows

highest and lowest supercatalytic activation energy respectively.

3.4 Comparison of catalytic activation energy with different

models

In order to investigate the catalytic properties of free and embedded nanoparticles and the
role of surface for their effective activation energy we are using equation Equations 3.3 and
3.4 respectively. We have analyzed quantitatively the catalytic activity, by comparing the
value of the catalytic activation energy of different shaped nanoparticles, catalyzing the same
chemical reaction. In Fig. 3.9, the theoretical catalytic activation energies calculated from
Equation 3.3 have been compared successfully with experimental data of platinum
nanoparticles[32] and three models. Our calculated values are found more consistent in both
the cases rather than Qi[7], Bhatt[8] and Guisbier model[35].

According to our model predictions, the ratio of the catalytic activation energies between
tetrahedral (D = 4.8 nm) and spherical (D = 4.9 nm) pure platinum nanoparticle has been
obtained 0.69 which shows good agreement with the experimental value of 0.62 = 0.06
[32,36] and shown in Fig. 3.9. Further, calculating the ratio of the catalytic activation

energies between cubic (D = 7.1 nm) and spherical (D = 4.9 nm) of pure platinum
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nanoparticle and determined as 1.06 which shows excellent agreement with the experimental
value of 1.17 £ 0.12 [32,36] and shown in Fig. 3.9.
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Figure 3.9: Size-dependent catalytic activation energy of Platinum for sphere, cube and
tetrahedron nanoparticles with different models and experimental results.

3.5 Conclusions

In this chapter, we have investigated size, shape and dimension effect on melting temperature
and catalytic activation energy of free as well as embedded nanoparticles. The validity of the
model has been checked in terms of available experimental data, MD simulations and other
model results. In case of freestanding nanoparticles, melting temperature and catalytic
activation energy are found to decrease with decrease in size due to increase in N/n ratio. As
a result, the sequence for melting temperature and catalytic activation energy for different
shapes

follows:[ Ty, E on (tetrahedral) | <[ Ty, E on (OCtahedral) <[ Typn E g (SPherical) <[ Ty Eqn
(icosahedral)] with selected size D(nm). Superheating was observed for embedded
nanoparticles with a reason that the bond energy between the surface atoms of nanoparticles
and the matrix atoms, is more strong than the bond energy between the interior atoms of
nanoparticles and is possible with coherent or semi-coherent interface. As a result, the order
of melting temperature and catalytic activation energy for embedded nanoparticle are found

as, [Tyn,Eqn(tetrahedral)]>[T,,,, Eqn(OCtahedral)]> [T Egn(Spherica)]>[ Topn Ean
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(icosahedral)] for selected size D(nm) which is just the reverse of the free standing nature of
the nanoparticles. In our study we observed that the size plays primary role while shape and
dimension plays secondary role for both the selected thermodynamical quantities within
nanoscale limit. Moreover, the present model predictions are found very consistent for
melting temperature and catalytic activation energy for the selected nanoparticles and hence
can be employed to estimate the melting temperature and catalytic activation energy of any
metallic nanoparticles with different morphologies in free as well as embedded form and
becomes fruitful tool in the research of size, shape and dimension dependent properties of

nanomaterial.
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