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This study is aimed at investigating the impact of catalyst preparation’s approach (either sequential and/or simultaneous wet
impregnation) to a mesoporous series of Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A, (PtSn)Zn/A, and (PtSnZn)/A catalysts for
direct ethane dehydrogenation. The (PtSn)/A and (PtSnZn)/A had shown both higher initial specific activity (s-1) and reaction
rate constant Kd (h-1) (13063.86 (s-1) and 12489.69 (s-1) and 0.09 (h-1) and 0.06 (h-1)), respectively. The catalyst preparation
approach had direct impact to the availability and dispersion of mesoporous particles of either active metal and/or promoter
that influences either to hinder the C-C cleavage and/or to promote C-H bond cleavage in the dehydrogenation of ethane to
ethene. The active metal component was present in the form of Pt, Pt+2, Al+3, Sn+4, and Zn+2 states. The enhanced catalytic
activity is attributed to the Pt4Sn and PtZn formed phases in addition to highly dispersed mesoporous Pt particles. Based on
the obtained results, the catalysts prepared by using simultaneous wet impregnation had shown higher catalytic activity and
catalyst stability as to that of sequential wet impregnation.

1. Introduction

Ethylene is the main building blocks in process industry, and
in the year 2021, its global production has surpassed 200
million tons per annum. The projected forecast of ethenes
by the year 2025 is 290 million tons per annum. Olefins
are more valuable compound than their predecessors,
alkanes such as paraffin and ethane. Therefore, it is of indus-
trial need to convert lower alkanes to respective alkenes.
Multiple [1–46] have been reported for converting lower
alkanes to their respective alkenes. Technologies like Cato-
fins, fluidized bed reactor (FBD), UOP Oleflex, and STAR
are seeking attention for propane dehydrogenation with
trade-off reactor designs, catalyst type, regeneration mode,
and % yield based on operating reaction temperature and
pressure. However, aforementioned technologies are yet
struggling to meet higher yield, catalyst stability, and life.
Based on available literature, dehydrogenation was studied

by using the following two approaches: oxidative and non-
oxidative dehydrogenation [6, 12, 21, 25, 42, 47–55]. The
low olefin selectivity and the formation of COX are major
obstacles in ODH, whereas the NODH attained a better ole-
fin yield. However, due to thermodynamic limitations, both
technologies yet need to explore better options to enhance
olefin yield with least undesired reaction products at reduced
reaction temperature and pressure.

Usually, supported active metal/promoters were used in
low alkane dehydrogenation. Based on initial literature assess-
ment and known dehydrogenation literature for C1 to C4
alkanes, platinum [13, 20, 30, 31, 35, 51, 56–58] and chro-
mium [37, 43, 49] are the commonly used catalyst. Each one
of them has its own advantages and disadvantages. Pt has
superior activation for C-H bond and low tendency towards
C-C cleavage. It is highly stable and usually produces higher
catalytic activity with low % loading in addition to environ-
ment friendly. However, sintering of Pt particles after frequent
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regeneration cycle can lead to decreased catalyst life, whereas
the Cr metal has fair catalytic activity and selectivity depen-
dent on Cr loading. However, Cr-based catalyst losses catalytic
activity with each regeneration step due to decreased available
surface area. In addition, it is environmentally toxic and has
very little catalyst life in comparison to Pt metal. Therefore,
many scientists and few commercial research and develop-
ment organisation are yet inclined to use Pt as active metal
for an efficient dehydrogenation catalyst for lower alkanes.
In addition to active metal, the type and nature of the support
of supported catalysts also played an important role. A crystal-
line framework arrangement with high surface area and uni-
form channel size is of acute importance. Based on available
literature, the Pt-supported catalyst is preferred to meet cur-
rent challenges of NODH.

Other than the selection of the best support, key aspect is
to allow and/or control the formation of favorable phases of
bi or multicomponent in the catalyst recipe. To address it,
the catalyst preparation approach could play an important
role to achieve the presence of more active phases. As of best
knowledge of the authors, a very little scientific information

on the comparison of the catalyst preparation approach such
as sequential and/or simultaneous wet impregnation is avail-
able especially Pt-supported catalyst for NODH. Therefore,
this study is aimed at preparing and comparing the catalytic
activities of a methodologically prepared series of the cata-
lysts (see Table 1) using either sequential and/or simulta-
neous wet impregnation. This approached has never been
reported for lower alkane direct dehydrogenation. Such
study shall shed an insight to the active metal dispersion
and impact of preparation approach to form active phase
between mono and/or binary active metal components.

2. Materials and Methods

The used chloride salts of platinum, tin, magnesium, cal-
cium, and zinc were procured from Sigma-Aldrich. The list
of used chemicals was Platinum(II) chloride (≥99.9% trace
metals basis), Tin(II) chloride reagent grade (98%), Zinc
chloride (99.999% trace metals basis), and deionized water.
The catalyst support, γ-Al2O3 (SS-200), was obtained from
BASF chemicals.

Table 1: List of prepared catalyst by using either sequential and/or simultaneous wet impregnation.

Sr # Catalyst composition Brief to simultaneous/sequential Notation

1 γ-Al2O3 - A

2 1%Pt/γ-Al2O3 - Pt/A

3 1%Sn/γ-Al2O3 - Sn/A

4 1%Pt1%Sn/γ-Al2O3 Sequential: impregnation of Sn to Pt/γ-Al2O3 catalyst PtSn/A

5 1%Sn1%Pt/γ-Al2O3 Sequential: impregnation of Pt to Sn/γ-Al2O3 catalyst SnPt/A

6 1%Pt1%Sn/γ-Al2O3 Simultaneous impregnation of Pt and Sn to γ-Al2O3 support (PtSn)/A

7 1%Pt1%Sn1%Zn/γ-Al2O3 Sequential: impregnation of Zn to (PtSn)/γ-Al2O3 catalyst (PtSn)Zn/A

8 1%Pt1%Sn1%Zn/γ-Al2O3 Simultaneous impregnation of Pt, Sn, and Zn to γ-Al2O3 support (PtSnZn)/A
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Figure 1: Catalytic activity comparisons of the support A and each of the freshly prepared Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A, (PtSn)Zn/
A, and (PtSnZn)/A catalysts at 575°C.

2 Journal of Nanomaterials



0

10

20

30

40

50

60

70

80

90

100

0

5

10

15

20

25

575 600 625

(%
) S

el
ec

tiv
ity

Temperature (°C)

Support (A)

(%
 ) 

Co
nv

er
sio

n

(a)

0

10

20

30

40

50

60

70

80

90

100

0

5

10

15

20

25

575 600 625

(%
) S

el
ec

tiv
ity

Temperature (°C)

Pt/A

(%
) C

on
ve

rs
io

n

(b)

0

10

20

30

40

50

60

70

80

90

100

0

5

10

15

20

25

575 600 625

Temperature (°C)

Sn/A

(%
) C

on
ve

rs
io

n

(%
) S

el
ec

tiv
ity

(c)

Figure 2: Continued.
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2.1. Catalyst Preparation. The catalyst support γ-Al2O3 pal-
lets were crushed to sieve size of 300–600 mesh size by using
the grinder (ERWEKA AR 402, TG2000) and were calcined
at 650°C for 6 hours under static air. All the catalysts were
prepared by using wet impregnation at 85°C for 5 hours. A
precise amount of well-dried catalyst support and 1% active
metal precursor stock solution were added to rotary evapo-
rator to prepare a series of the catalyst by using sequential
and/or simultaneous approach (see Table 1). The impreg-
nated sludge was dried in a digitally controlled vacuum
dryer at 110°C for 4 hours. The dried impregnated sludge
was multiply rinsed with deionized water to remove any
chloride residues. Finally, it was calcined for a time of 6
hours at 650°C under flowing air (100ml/min) using a tube
furnace. The calcined catalyst samples were converted into
small tablets by using tablet press machine. At the end, the
catalyst tablet was crushed to particle size of 125-250μm.

2.2. Catalytic Activity. The catalytic activity of freshly pre-
pared catalysts was tested in a PID Microactivity reactor
(PID ENG & TECH) coupled with online gas chromatogra-
phy (GC; 7890B-Agilent) containing both flame ionization
and thermal conductivity detectors (FID and TCD). Both
safety and absence of any leaks in PID Microactivity reactors
were tested by using an inert gas nitrogen with a flow rate of
8.8ml/min for 1 hour at 600°C. Before the catalytic run, the
catalyst was reduced at 600°C. After the catalyst reduction,
N2 was used to purge any traces of unwanted gas/media.
0.5 g of reduced catalyst as loaded to the reactor and the cat-
alytic activity of each catalyst was tested at three different
temperatures 575°C, 600°C, and 625°C under flow rate of
in the ratio of N2 : H2 : C2H6 = 3 : 1 : 1. The catalytic activ-
ity at each temperature is monitored and recorded for 2 hrs.

The total reaction time was 6.7 hours. Throughout the reac-
tion, the extent of conversion of ethane to ethylene and/or
other unwanted products was measured by using GC.

2.3. Catalyst Characterization. Micrometer NOVA 2200e
analyzer was used to measure the BET surface area and pore
distribution by using N2-physiosorption method. X-ray dif-
fraction (XRD) was used to study the crystalline phase of
both unused and used catalyst at 25°C with 2θ range of
20–120°C by using Equinox 1000 equipped with Co-kα radi-
ation. A SPECS GmbH X-ray photoelectron spectroscopy
was used to identify the oxidation states of the active metal
by using dual nonmonochromatic X-ray source Al-Kα under
13.5 kV, 150 Watts of X-ray power. H2-temperature pro-
grammed reduction was used to analyze the redox behavior
of 0.6 g of spent catalyst from room temperature to 875°C
with 15ml/min flow of 5% H2/N2 gas. Quantachrome pulsar
automatic chemisorption analyzer equipped with Thermo-
Star TM GSD 320 quad core mass spectrometer was used
to study the NH3-temperature programmed desorption for
acid-base behavior and dispersion of active metal.

3. Results and Discussions

3.1. Catalytic Activity. PID Microactivity reactor was used to
study the catalytic activity of the support A and each of the
freshly prepared Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A,
(PtSn)Zn/A, and (PtSnZn)/A catalysts. The % conversion,
% selectivity of ethene, and undesired reaction products
obtained at 575°C are shown in Figure 1. For the reported
value of catalytic activity, selectivity is the average of the
values obtained during 2 hrs reaction with standard devia-
tion of 0.01%.
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Figure 2: Effect of reaction temperature to the catalytic activity of the support A, Pt/A, Sn/A, PtSn/A, SnPt/A, and (PtSn)/A catalysts.
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In the case of the catalyst support A, the % conversion of
ethane, % selectivity of ethene, and % selectivity of the unde-
sired reaction product were 2.55%, 46.49%, and 53.51%,
respectively. Overall, the % selectivity of undesired reaction
product is slightly higher as to that of % selectivity of desired
product (ethene) with very little % conversion of ethane to
ethene.

The Pt/A catalyst had shown 19.01% conversion, 27.34%
ethene selectivity, and 72.66% selectivity of undesired reac-
tion product. Overall, the Pt/A catalyst was more active as
to that of the support A. However, it has shown very high
% selectivity of undesired reaction products due to the Pt
attack on C-C bond [59]. This led to higher cracking of eth-
ane to methane and coke formation.

The Sn/A catalysts had shown 2.9% conversion, 71.66%
ethene selectivity, and 28.34% selectivity of undesired reac-
tion product. Overall, the Sn/A catalyst had shown lower
% conversion in comparison to Pt/A catalyst. However, the
Sn/A catalyst had shown reduced formation of undesired
reaction products. This is because of the least ability of Sn
in the catalyst composition to break C-C bonds and/or
cracking [31]. In addition, the Sn has significantly assisted
to reduce the acidic nature of the support [60].

The PtSn/A had shown 4.68% conversion of ethane with
ethene % selectivity of 93.26% and 6.74% of undesired prod-
uct selectivity. The PtSn/A catalyst had shown increased %
conversion in comparison to the support and Sn/A catalyst.
Also, the PtSn/A catalyst has shown the highest % selectivity
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Figure 3: Effect of reaction temperature to the catalytic activity of the (PtSn)Zn/A and (PtSnZn)/A catalysts.
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of ethene in addition to least % selectivity of undesired reac-
tion products. However, the % conversion of PtSn/A is lower
than that of the Pt/A. This is because of the presence of Pt
with Sn had reduced affinity to C-C bond—clear from the
least % selectivity of undesired reaction product CH4 (which
can be only formed from the C-C bond cleavage in ethane
molecule) [31, 60]. Overall, the PtSn/A has the highest %
selectivity of ethene with least % selectivity of undesired
reaction products.

The SnPt/A had shown 13.88% conversion of ethane to
ethene with % selectivity of 39.46% and 60.54% of undesired
product selectivity. In comparison, the SnPt/A catalyst had
shown higher % conversion of ethane and % selectivity of
undesired reaction products as to that of PtSn/A catalyst. This
is because of highly dispersed mesoporous Pt particles at the
outer surface of unhomogenized catalyst due to the sequential
wet impregnation of Pt to Sn/A catalyst to obtain SnPt/A cat-
alyst. The availability of highly dispersed mesoporous Pt in the
unhomogenized catalyst led to the enhanced % conversion
due to C-C cleavage rather due to C-H cleavage, mandatory
for dehydrogenation of ethane [9, 34, 35, 37, 58, 59].

The (PtSn)/A catalyst exhibited 6.91% conversion of eth-
ane, with ethene % selectivity of 78.7% and 21.3% of unde-
sired product selectivity. The % of undesired reaction
products, in the case of (PtSn)/A catalyst, was less than
SnPt/A catalyst and higher as to that of PtSn/A catalyst.
The (PtSn)/A, prepared by simultaneous wet impregnation
of both Pt and Sn on the support A, has generated a better
alloy between Pt and Sn due to which the individual impact
of either Pt and/or Sn was reduced [33, 56]. That is why, the
% conversion of (PtSn)/A is less as to that of either PtSn/A
or SnPt/A due to trade of between cracking/C-C bond cleav-
age and the dehydrogenation.

The (PtSn)Zn/A catalyst exhibited 5.69% conversion of
ethane, with ethene % selectivity of 73.64% and 26.36% of
undesired product selectivity. These results showed that
sequential addition of Zn to (PtSn)/A catalyst had not
impacted much to the acidity of the catalyst support A due
to which the (PtSn)Zn/A had shown lower % conversion as
to that of (PtSn)/A catalyst. In parallel, the addition of the
Zn to (PtSn)/A catalyst also led to the decreased C-C cleav-
age/cracking with enhanced dehydrogenation extent [37].

Table 2: A comparison of % conversion, % selectivity, and % yield of desired reaction product (ethene) at 575°C, 600°C, and 625°C.

Catalyst
% conversion % selectivity % yield

Temperature (°C) Temperature (°C) Temperature (°C)
575 600 625 575 600 625 575 600 625

A 2.55 4.61 10.27 46.49 75.53 74.52 1.19 3.48 7.65

Pt/A 19.01 22.63 24.96 27.34 36.01 47.63 5.20 8.15 11.89

Sn/A 2.9 6.31 12.68 71.66 82.14 86.24 2.08 5.18 10.94

PtSn/A 4.68 7.73 12.69 93.26 98.5 92.12 4.36 7.61 11.69

SnPt/A 13.88 17.07 21.61 39.46 51.41 60.05 5.48 8.78 12.98

(PtSn)/A 6.91 11.78 16.63 78.7 78.60 78.26 5.44 9.26 13.01

(PtSn)Zn/A 5.69 9.18 14.15 73.64 81.81 81.39 4.19 7.51 11.52

(PtSnZn)/A 7.16 11.13 16.66 75.84 79.67 81.31 5.43 8.87 13.55

Table 3: Comparison of % metal, Pt/Sn and Pt/Zn ratio, % conversion, % selectivity, % yield, initial specific activity (s-1), and reaction rate
constant Kd (h-1) for the reaction carried at 600°C.

Catalyst
Pt (%
wt)

Sn (%
wt)

Zn (%
wt)

Pt/
Sn

Pt/
Zn

Conv.
(%)

Sel.
(%)

Yield
(%)

Initial specific activity
(s-1)

Reaction rate constant Kd
(h-1)

(PtSn)/A 0.54 1.68 - 0.32 - 11.78 78.60 9.26 13063.86 0.09

(PtSnZn)/
A

0.48 1.78 0.81 0.27 0.59 9.04 79.67 8.87 12489.69 0.06
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Figure 4: TPR analysis comparison between (PtSn)/A and
(PtSnZn)/A catalyst.
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Due to the favorable impact of Zn to (PtSn)/A catalyst, it
was thought to prepare a (PtSnZn)/A catalyst by using the
simultaneous impregnation of Pt, Sn, and Zn to the catalyst
support. The (PtSnZn)/A catalyst exhibited 7.16% conver-
sion of ethane, with ethene % selectivity of 75.84% and
24.16% of undesired product selectivity. The overall catalytic
activity (in terms of % conversion, % selectivity of ethene,
and undesired reaction products) of the (PtSnZn)/A catalyst
is higher as to that of the (PtSn)Zn/A catalyst. This is clearly
due to enhanced beneficial impacts of the simultaneous
impregnation of Zn with Pt and Sn to the catalyst support
which led to much better homogenized catalyst with better
Pt-Sn/Sn-Zn/Pt-Zn alloy formation [31, 37, 60]. In addition,
this catalyst preparation approach [2] led to significant

decrease in C-C cleavage/cracking with higher dehydrogena-
tion extent.

In general, the catalytic activity in terms of % conversion,
% selectivity of ethene, and undesired reaction products is
different either due to catalyst composition and/or catalyst
preparation approach (sequential and/or simultaneous)
within the single catalyst preparation method (wet
impregnation).

3.2. Effect of Reaction Temperature. The effect of reaction
temperature plays a significant role either to overall catalytic
activity and/or stability of the catalyst. Therefore, the cata-
lytic activity (in terms of % conversion, % selectivity of eth-
ene, and undesired reaction product (ethane)) of all the
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catalysts was studied at three different reaction temperatures
575°C, 600°C, and 625°C. The effect of each reaction temper-
ature is shown in Figures 2 and 3.

In general, % conversion increased with the increase in
temperature for all the catalysts. However, the % selectivity
of desired and undesired reaction product varies with the
catalyst composition. For instance, the % selectivity of unde-
sired reaction product (methane) at each studied reaction
temperature (575°C, 600°C, and 625°C) was nearly remained
constant for the support A and Sn/A, PtSn/A, (PtSn)/A,
(PtSn)Zn/A, and (PtSnZn)/A catalysts (see Figures 2(a),
2(c), 2(d), 2(f), 3(a), and 3(b)). However, in the case of the
Pt/A and SnPt/A catalysts, the % selectivity of methane
(undesired reaction product) gradually decreased with the
increase in reaction temperature (see Figures 2(b), 2(e),
and 3(a)). This could be due to the freely available Pt meso-
porous particles because it is well established that Pt has
higher tendency to C-C bond cleavage [9, 34, 35, 37, 58,
59]. In other words, it is the least formation of potential
active alloy phase(s) between Pt and Sn in the case of
SnPt/A catalyst. Therefore, the catalyst preparation
approach either sequential and/or simultaneous wet impreg-
nation has direct influence to hinder the C-C and/or C-H
bond cleavage in dehydrogenation.

In terms of % selectivity of the desired reaction product
(ethane), it increased with the increase in reaction tempera-
ture for all the studied catalysts except the PtSn/A and
(PtSn)/A catalysts. In the case of PtSn/A, the % selectivity
of ethene first increases with the increase in the reaction
temperature from 575°C to 600°C and then it decreased with
the further reaction temperature increase from 600°C to
625°C (see Figure 2(d)), whereas in the case of the (PtSn)/
A catalyst, the % selectivity of ethene remained almost con-
stant with the increase in reaction temperature from 575°C

to 625°C (see Figure 2(f)). In all other studied Pt/A, Sn/A,
SnPt/A, (PtSn)Zn/A, and (PtSnZn)/A catalysts, the % selec-
tivity of ethene increased with the increase in reaction tem-
perature (see Figures 2(b), 2(c), 2(e), 3(a), and 3(b)).
However, the extent of the increased % selectivity of ethane
is different in each catalyst composition.

An overall comparison of % conversion, % selectivity,
and % yield of desired reaction product (ethene) at 575°C,
600°C, and 625°C temperature is shown in Table 2. Among
all the studied catalysts, the (PtSn)/A and (PtSnZn)/A
showed maximum % yield of desired reaction product (eth-
ene) at 575°C, 600°C, and 625°C, respectively. Both catalysts
were prepared by using simultaneous wet impregnation.

Based on abovementioned findings, the initial specific
activity (s-1) and reaction rate constant Kd (h-1) of the best
(PtSn)/A and (PtSnZn)/A were calculated by using the fol-
lowing:

Initial specific activity s−1
� �

= moles of the product/moles of Pt½ �
time ,

Reaction rate constantKd h−1
� �

= ln 1 − xendð Þ/xendÞ – ln 1 − xstartð Þ/xstartÞ½ �
time ,

ð1Þ

where xend and xstart are the conversion at the start and
end of the reaction.

The summary of the results is shown in Table 3. In general,
the catalyst preparation approach, either sequential and/or
simultaneous wet impregnation, has direct link to the enhanced
% selectivity and/or % yield of desired reaction product.

3.3. TPR Analysis. The TPR analysis is very useful to study
the interaction of active metal with support and/or pro-
moter. Based on the highest catalytic activity, in terms of
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initial specific activity and reaction rate constant, the best
(PtSn)/A and (PtSnZn)/A catalysts were analyzed by using
TPR technique. The obtained results are shown in
Figure 4. The (PtSn)/A catalyst exhibited comparatively
intense and broader Pt peak at 236°C as to that of (PtSnZn)A
catalyst at the same temperature. This peak belonged to Pt
[61]. The slightly higher intensity of Pt peak, in (PtSn)/A
catalyst, showed that it required more H2 consumption to
reduce Pt-O surface as to that of (PtSnZn)/A. This showed
that dispersion of Pt mesoporous particles in (PtSn)/A cata-
lyst is higher in comparison to (PtSnZn)/A catalyst. Due to
better dispersion of Pt mesoporous particles, the (PtSn)/A
catalyst had higher initial specific activity (13063.86 s-1)
and reaction rate constant Kd (h-1) as to that of (PtSnZn)/
A catalyst which had less initial specific activity and reaction

constant (12489.69 s-1 and Kd (h-1) of 0.06, respectively). In
addition, the (PtSnZn)/A exhibited a minor peak at 473°C.
This peak belonged to Zn [62]. The intensity of this peak
showed very little dispersion of Zn mesoporous particle,
and the presence of Zn with active metal Pt did not contrib-
ute much to enhance the overall catalytic activity of
(PtSnZn)/A in terms of both initial specific activity and reac-
tion rate constant.

3.4. NH3-TPD Study. The catalytic activity of a supported cat-
alyst depends on both catalyst preparation method and the
surface acidity of the catalyst support (the acid-base behavior)
which has direct impact to the dispersion of the active metal
and/or promoter. To access such impact to the catalytic activ-
ity, both (PtSn)/A and (PtSnZn)/A catalysts were
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characterized by using NH3-TPD technique. The obtained
result is shown in Figure 5. Both (PtSn)/A and (PtSnZn)A
exhibited different TPD curves. In the case of (PtSn)/A, the peak
intensities are slightly less as to that of the peaks in (PtSnZn)/A
catalyst. The low TPD peak intensity in (PtSn)/A corresponds
to ammonia desorption from comparatively bit strong acidic
sites. The slightly high intensity peaks of (PtSnZn)/A corre-
spond to comparatively weak acidic sites. The extent of either
weak and/or strong acid sites [63, 64] reflected to the unequal
dispersion of the active metal Pt in each catalyst. Based on the
results, the dispersion of Pt in (PtSn)/A was better as to that
in (PtSnZn)/A catalyst. This leads to enhanced catalytic activity
of (PtSn)/A both in terms of initial specific activity and reaction
rate constant. However, the simultaneous addition of Zn, Sn,
and Pt to the support leads to an overall decreased formation
of undesired reaction products. Therefore, the presence of Zn
in the catalyst’s recipe increased the catalyst stability by sup-
pressing the formation of undesired reaction products. Though,
the overall catalytic activity of (PtSnZn)A is less as to that of
(PtSn)/A. This could be attributed to active oxidation state(s)
of metal, Pt/Sn, and/or Pt/Zn ratio, in addition to the formed
PtxSny, PtxZny, and PtxSnyZnz phases.

3.5. XRD Analysis. To investigate potential formation of Pt-
Sn, Pt-Zn, and Pt-Sn-Zn phases in addition to the crystal

orientation, both (PtSn)/A and (PtSnZn)/A catalysts were
analyzed by using XRD analysis and results are shown in
Figure 6.

The diffraction patterns of the (PtSnZn)/A catalyst
exhibited Sn(110), Pt4Sn, Pt(111), Pt(200), PtZn, Pt(311),
and Pt(222) peaks in addition to the support γ-Al2O3 peaks
[65, 66]. Among all the peaks attributed to the Pt, the
Pt(111), Pt(311), and Pt(222) were the prominent as to that
of Pt(200). A very less intense trace of Sn(110) and Pt4Sn
was also present in addition to PtZn peak in the (PtSnZn)/
A catalyst. The (PtSn)/A had Sn(110), Pt4Sn, Pt(111),
Pt(200), Sn(211), Pt(220), and Pt(222) peaks in addition to
γ-Al2O3 peaks. Among all the Pt peak, the Pt(111) and
Pt(222) were the prominent in comparison to Pt(200) and
Pt(220) peaks. Among Sn peaks, the Sn(110) was the prom-
inent as to that of Sn(211) peak. In comparison, the Pt(220)
and Pt (311) peaks were not found in both (PtSn)/A and
(PtSnZn)A catalysts. The Pt(220) was identified in (PtSn)/
A catalyst only, and the Pt(311) peak was present in the
(PtSnZn)/A catalyst only. In addition, the (PtSnZn)/A
exhibited a weak PtZn peak.

In brief, the different catalytic activity of (PtSn)/A and
(PtSnZn)/A is attributed to the Pt4Sn and PtZn phases in
addition highly dispersed mesoporous Pt particles. Based
on higher catalytic activity of (PtSn)/A catalyst, the presence
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Figure 9: Comparison of TEM analysis and catalyst stability tests.
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of Pt4Sn phase is more beneficial as to that of PtZn phase.
The formation of Pt4Sn phase is attributed to the natural
tendency of Pt towards Sn. Usually, the higher Pt/Sn ratio
led to increased reaction rate.

3.6. XPS Analysis. To assess the metal ration and possible
oxidation state of each active metal and surface chemical
composition, both (PtSn)/A and (PtSnZn)/A catalysts were
analyzed by using XPS. The results are shown in Figures 7
and 8.

The complete survey spectrum of (PtSn)/A catalyst
exhibited Al 2p (73.64 eV), Al 2s (119.09 eV), Pt 4f5/2
(75.24 eV), Pt 4f7/2 (71.74 eV), Pt 4d5/2 (314.03 eV), Pt
4d5/2 (317.53 eV), Sn 3d5/2 (486.84 eV), and Sn 3d3/2
(494.99 eV) in addition to the O 1s and Cl 2p peaks.
The deconvoluted Al 2p (73.64 eV) and Al 2s (119.09 eV)
peaks of Al showed the presence of Al+3, whereas the
deconvoluted Pt 4d5/2 (314.03 eV) and Pt 4d5/2
(317.53 eV) peaks of Pt indicated the presence of Pt and
Pt+2, respectively. Finally, the Sn was present in the form
of Sn+4 indicated by the deconvoluted Sn 3d5/2
(486.84 eV) and Sn 3d3/2 (317.53 eV) peaks of Sn. In sum-
mary, the active metal component of the (PtSn)/A catalyst
was present in the form of Pt, Pt+2, Al+3, and Sn+4 ions. In
addition, the Pt mesoporous particles were well dispersed
within the support (see Figure 7(a); deconvolution exhib-
ited the presence of both Al 2p and Pt 4f).

The (PtSnZn)/A had shown Al 2p (73.67 eV), Al 2s
(119.07 eV), Pt 4f5/2 (75.21 eV), Pt 4f7/2 (71.77 eV), Pt 4d5/2
(314.09 eV), Pt 4d5/2 (317.55 eV), Sn 3d5/2 (486.81 eV), Sn
3d3/2 (494.93 eV), and Zn 2p3/2 (1021.77 eV) in addition to
the O 1s and Cl 2p peaks. The deconvoluted Al 2p
(73.67 eV) and Al 2s (119.07 eV) peaks of Al in the case of
(PtSnZn)/A catalyst showed the presence of Al+3. Similarly,
the deconvoluted Pt 4d5/2 (314.09 eV) and Pt 4d5/2
(317.55 eV) peaks of Pt in the case of (PtSnZn)/A catalyst
indicated the presence of Pt and Pt+2, respectively. The Sn
was present in the form of Sn+4 indicated by the deconvo-
luted Sn 3d5/2 (486.81 eV) and Sn 3d3/2 (494.93 eV) peaks
of Sn in the (PtSnZn)/A catalyst. Finally, the Zn was present
in the form of Zn+2 as indicated in the Zn 2p3/2 (1021.77 eV)
peak of Zn in the (PtSnZn)/A catalyst. Furthermore, both Pt
4f and Al2p were present together (see Figure 8(a)) in the
(PtSnZn)/A catalyst like the (PtSn)/A catalyst. In summary,
the active metal component of the (PtSnZn)/A catalyst was
present in the form of Pt, Pt+2, Al+3, Sn+4, and Zn+2 states.

These XPS results were consistent as to that of XRD
analysis. Both results indicated the presence of Pt4Sn and
PtZn. Overall, the extent of the formation of Pt4Sn in the
(PtSn)/A catalyst was more as to that in the (PtSnZn)/A cat-
alyst because of the higher Pt/Sn ration in (PtSn)A catalyst
(see Table 3).

The TEM analysis of best active catalysts ((PtSn)/A and
(PtSnZn)/A) is shown in Figures 9(a) and 9(b). Both the cat-
alysts had shown a random active metal distribution up to
almost similar extent. In comparison, the (PtSn)/A catalyst
has better and comparatively uniform Pt particle distribu-
tion surrounded by Sn within the proximity (see
Figure 9(a)). However, in the (PtSnZn)/A catalyst, the Pt

particles were in the close proximity to Sn as to that of Zn
(see Figures 9(a) and 9(b)).

A comparison of the (PtSn)/A and (PtSnZn)/A catalyst’s
stability test is shown in Figures 9(c) and 9(d) for the first
cycle. Both the catalysts had shown a fairly very good stabil-
ity over a cycle run of 15 hours. However, the stability of
(PtSn)/A was slightly better than that of the (PtSnZn)/A cat-
alyst. The slight variation in C2H4 selectivity in the case of
(PtSnZn)/A is attributed to the presence of Zn which may
had led to the formation of coking either near or in the sur-
rounding vicinity of Pt particles.

4. Conclusions

A series of Pt/A, Sn/A, PtSn/A, SnPt/A, (PtSn)/A, (PtSn)Zn/
A, and (PtSnZn)/A catalysts were prepared by using either
sequential and/or simultaneous wet impregnation (see
Table 1) to study the impact of catalyst preparation
approach to the catalytic activity, selectivity, and yield in
direct ethane dehydrogenation. Among all the studied cata-
lysts, the (PtSn)/A and (PtSnZn)/A had shown higher initial
specific activity (s-1) and reaction rate constant Kd (h-1)
(13063.86 (s-1) and 12489.69 (s-1) and 0.09 (h-1) and 0.06
(h-1)), respectively. Based on the obtained results, the cata-
lysts prepared by using simultaneous wet impregnation
had shown higher catalytic activity as to that of sequential
wet impregnation. The catalyst preparation approach had
direct/indirect impact to the availability and dispersion of
mesoporous particles of active metal and/or promoter in
the catalyst. This led to influence either to hinder the C-C
cleavage and/or to promote C-H bond cleavage in the dehy-
drogenation of ethane to ethene. Among all studied cata-
lysts, the (PtSn)/A had shown better catalyst stability for
an experimental cycle run of 15 hours. With the increase
in reaction temperature, both % conversion and % selectivity
of desired reaction product were increased. The active metal
component was present in the form of Pt, Pt+2, Al+3, Sn+4,
and Zn+2 states. The enhanced catalytic activity is attributed
to the Pt4Sn and PtZn formed phases in addition to highly
dispersed mesoporous Pt particles.
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In this work, we have synthesized donor-acceptor (Al-Cu) codoped ZnO nanoparticles with a doping concentration of 0%, 0.25%,
0.5%, and 0.75% by coprecipitation method. The synthesized samples were then annealed at 350°C and 600°C. All the samples
showed wurtzite structure of ZnO with no secondary phase. The increase in doping concentration led to deterioration of
crystalline quality, while improved crystallinity was observed at higher annealing temperature. The morphological study of
these samples showed good grain-to-grain contact with less isolated pores. These samples were further characterized by
impedance spectroscopy for analyzing dielectric properties. The values of the real part of dielectric constant and tangent loss
showed decreasing trend with frequency. The appearance of semicircular arcs in the impedance complex plane plots indicates
contribution of grains and grain boundaries and presence of different relaxation processes. 0.5% Al and Cu codoped ZnO
showed the best dielectric response with a high value of dielectric constant and low tangent loss.

1. Introduction

Energy is the crucial element for worldwide development.
Oil price fluctuation, depletion of fossil fuel resources, and
practical challenges in controlling environmental pollution
have made renewable energy the most promising option.
However, the high cost and unsteady nature of power pro-
duction from these sources limit the use of renewable energy
as a primary source. Therefore, the production of economi-
cal and efficient energy storage devices is crucial for using
renewable energy for steady supply of power. Therefore,
materials with high dielectric constant are becoming a con-
tinuous source of attraction due to their application in high
energy storage applications. Extensive research has been car-
ried out on ferroelectric-based materials and nonferroelec-
tric like CaCu3Ti4O12 [1–5], to achieve high permittivity.
However, frequency and temperature dependence of permit-
tivity and high tangent loss have restricted their use in device
miniaturization and high-frequency applications [1, 6, 7].
For the realization of high dielectric constant, one of the fol-
lowing phenomena must exist in the host material such as
hopping charge transport, ferroelectricity, interface effects,

metal insulator transition, or surface barrier layer capaci-
tance (SBLC). In ceramic materials, colossal permittivity
(CP) phenomena are attributed to internal barrier layer
capacitance (IBLC) [8, 9], due to planar defects like twin
and grain boundaries. Recently, a defect engineering
approach was employed for the realization of high dielectric
constant in oxide-based materials. The localization of car-
riers (electrons or holes) into substitutional defects and dis-
orders like amorphous structure has been found responsible
for CP. Moreover, hopping of localized defect state lowers
tangent loss in these materials. Recently, frequency- and
temperature-independent CP and low dielectric loss were
achieved in In and Nb codoped TiO2 ceramic system. Donor
(Nb) and acceptor (In) substitution in TiO2 created local
delocalized electron, consequently defect dipole-type clusters
[4]. These electron-pinned defect dipoles were argued to be
the reason for observed CP. Following this donor-acceptor
substitution approach, there have been many reports in
which CP with low dielectric loss has been achieved
[9–11]. Efforts are still being made to fabricate CP materials
with low dielectric losses, as no practical solution has yet
been found for temperature and frequency stable
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permittivity and dielectric loss [12, 13]. In this work, we
have followed a similar approach by codoping Al (donor)
and Cu (acceptor) in a wide-bandgap ZnO host. We synthe-
sized Al and Cu codoped ZnO ((Al0.5Cu0.5)xZn1-xO) samples
with x = 0:25 %, 0.50%, and 0.75%. X-ray diffraction (XRD)
and scanning electron microscopy (SEM) were employed to
characterize structural and morphological properties of the

synthesized samples. The Williamson-Hall method was used
to plot size-strain graphs. The bandgap energies of the synthe-
sized samples were calculated using diffused reflectance spec-
troscopy (DRS). Impedance spectroscopy (IS) was carried
out to study dielectric properties of these samples. We found
that 0.5% Al and Cu codoped ZnO showed relatively better
results with high dielectric constant and low tangent loss.
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Figure 1: X-ray diffraction analysis of pristine and Al and Cu codoped ZnO with various doping concentrations annealed at (a) 350°C and
(b) 600°C.
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Figure 2: (002) diffraction peak of pristine and Al and Cu codoped ZnO (0.25%, 0.5%, and 0.75% annealed at 350°C and 600°C.
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2. Experimental Setup

Pristine and Al and Cu codoped ZnO with varied doping
concentration were prepared using coprecipitation method.
All the precursors were purchased from Sigma-Aldrich and
used without any further purification. To synthesize
undoped ZnO, 1M aqueous solution of zinc nitrate
(Zn(NO3)2·6H2O) was prepared in a beaker. 2M aq. NaOH
solution was prepared separately in another beaker and
added dropwise in the above solution at room temperature
under constant stirring until pH7 was achieved [14]. The
solution was kept stirring for 30 minutes after adding NaOH
solution. The obtained precipitates were washed seven times
with deionized water and then collected by centrifugation.

The following composition of Al0.5xCu0.5xZn1-xO with x =
0:25, 0.50, and 0.75mol was synthesized using the same
method. Stoichiometric ratios of Zn(NO3)2·6H2O,
Al(NO3)3·9H2O, and anhydrous CuSO4 were dissolved in
deionized water to prepare homogenous solution. The
obtained product was dried in an oven for 24 hours at
70°C and then annealed at 350°C and 600°C for 4 hours.
The samples which were grown at higher pH showed devel-
opment of secondary phase; therefore, all the samples were
prepared in neutral phase.

An X-ray diffractometer (model: Bruker D8) at an inci-
dent wavelength of 1.5406Å was used to study structural
properties. A scanning electron microscope (model: TES-
CAN VEGA-3) was employed for the morphological study
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Figure 3: WH plots of (a) 0.25%, (b) 0.5%, (c) 0.75% Al and Cu codoped ZnO, and (d) pristine ZnO annealed at 350°C.
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of the synthesized samples; compositional analysis was car-
ried out using the attached EDX assembly. Bandgap analysis
of the samples was carried out by diffused reflectance spec-
troscopy (model: lambda 365). Room temperature imped-

ance spectroscopy was performed in frequency range 1-
107Hz using an Alpha-N Analyzer (Novocontrol, Ger-
many). Samples were fixed into a sample holder by binding
copper wires on both sides using silver paint. AC signal of
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Figure 4: WH plots of (a) 0.25%, (b) 0.5%, (c) 0.75% Al and Cu codoped ZnO, and (d) pristine ZnO annealed at 600°C.

Table 1: Crystallite size (D), strain (ε), dislocation density (δ), and lattice parameters (a, c) of pristine and Al and Cu codoped ZnO (0.25%,
0.5%, and 0.75%) annealed at 350°C and 600°C.

Sample name
Annealed at 350°C Annealed at 600°C

D (nm) Strain (ε) δ (nm-2) a (Å) c (Å) D (nm) Strain (ε) δ (nm-2) a (Å) c (Å)

Pristine ZnO 35.53 1.76E-03 7.92E-04 3.34 5.46 45.53 2.17E-03 4.82E-04 3.31 5.43

0.25% codoped ZnO 33.80 0.90E-03 8.75E-04 3.25 5.31 41.06 1.19E-03 5.93E-04 3.23 5.29

0.50% codoped ZnO 33.00 0.90E-03 9.18E-04 3.19 5.21 40.76 0.92E-03 6.01E-04 3.19 5.21

0.75% codoped ZnO 32.84 0.89E-03 9.27E-04 3.16 5.11 34.65 0.74E-03 8.32E-04 3.12 5.07
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0.5V was applied on all the samples. WINDETA software
was used for interfacing experimental setup of the analyzer
with the computer for data acquisition.

3. Results and Analysis

X-ray diffraction patterns of pristine and Al and Cu codoped
samples at a doping concentration of 0.25%, 0.5%, and
0.75% annealed at 350°C and 600°C are shown in Figure 1.
All the samples show a hexagonal wurtzite structure of
ZnO. The peaks could be indexed as (100), (002), (101),
(102), (110), (103), (200), (112), (201), (204), and (202) in
accordance with JCPDF-01-079-0208. No unidentified dif-
fraction peak related to any secondary phase was observed
in all the diffraction patterns. All the samples showed a
well-defined peak profile with reasonable intensity that indi-
cates good crystalline quality. A decrease in the peak inten-
sity was observed with increase in doping concentration at
both annealing temperatures which shows deterioration of
crystallinity with increase in doping concentration [15, 16].

Figure 2 shows (002) peak profile of 0.25% Al and Cu
codoped ZnO sample annealed at 350°C and 600°C. The
graph shows an increase in the peak intensity and decrease
in full width at half maximum (FWHM) with increase in
annealing temperature. Furthermore, a shift in the peak
position of (002) peak was also observed with annealing
temperature. Similar effects were also observed in other sam-
ples, and data is shown in the inset of Figure 2. The increase
in peak intensity along with decreased FWHM indicates
improvement of crystallinity upon annealing at higher tem-
perature [17]. This enhancement of crystalline quality is due
to grain growth at high temperature. The shift of (002) dif-
fraction peak towards higher angle with annealing (at higher
temperature) is linked with the change in microstrain [18].
This phenomenon was also reported in pristine and other
doped nanoparticles of ZnO [17]. This change in micro-
strain might be associated with decreased lattice parameters
due to formation of oxygen vacancy at higher annealing
temperature [17] because of doping. Felemban et al. [19]
also reported that isolated oxygen vacancy introduces con-
traction of both lattice parameters. Furthermore, ZnO nano-
particles have different defects that reportedly happen to
disappear when the sample is annealed at high temperature
resulting to the shrinkage of lattice parameters [20]. There-
fore, it might be inferred that an increase in annealing tem-
perature leads to varied defect chemistry (in doped samples)
that reduces the lattice strain and corresponding lattice
parameter.

The Williamson-Hall (WH) method was used to analyze
crystallite size (D) and microstrain of pristine ZnO and Al
and Cu codoped ZnO at various doping concentrations
and annealing temperatures (Figures 3(a)–3(d) and
Figures 4(a)–4(d)). The crystallite size (D), microstrain, dis-
location density, and lattice parameters of these samples are
shown in Table 1. The D value of the samples decreases with
increase in doping concentration at each annealing temper-
ature; the maximum D value was obtained for pristine ZnO
[21]. An increase in the D value was observed with annealing
temperature in pristine and codoped samples at a fixed dop-

ing concentration. The dislocation density was found to
increase with doping concentration at a fixed annealing tem-
perature and decrease with increase in annealing tempera-
ture at a fixed doping concentration. Furthermore,
shrinkage of lattice parameters was observed with doping
concentration at a fixed annealing temperature in these sam-
ples which indicates reduction of cell volume [22]. This
decrease of D-value, increase of dislocation density, and
shrinkage of lattice parameters with doping concentration
indicate deterioration of crystalline quality due to lattice
mismatch [23], whereas increase of D-value and decrease
of dislocation density at fixed doping concentration with
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Figure 5: Trend of microstrain as a function of doping
concentration of Al and Cu codoped ZnO annealed at 350°C and
600°C.
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0.5%, and 0.75%) annealed at 350°C and 600°C.
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annealing temperature specify improvement of the crystal-
line quality [24]. These results are in accordance with the
intensity data explained above.

The data of microstrain as a function of doping concen-
tration and annealing temperature is also presented in
Figure 5. An increase in the microstrain was observed when
the samples were annealed at 600°C as compared to when

annealed at 350°C. Both the series of samples have lesser
microstrain as compared to pristine ZnO (0%). A decrease
in the value of microstrain was observed with the doping
concentration at 600°C; however, the value of microstrain
does not show appreciable dependence on doping concen-
tration at 350°C. This decrease in the microstrain might be
linked with varied defect chemistry of the samples with
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Figure 7: Dielectric constant of Al and Cu codoped ZnO (0%, 0.25%, 0.5%, and 0.75%) annealed at (a) 350°C and (b) 600°C.
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doping at different temperatures [24]. Furthermore, all the
samples showed positive values of microstrain which is
indicative of intrinsic tensile strain [25].

The bandgap energy (Eg) of all samples was calculated
using diffused reflectance spectroscopy. Figure 6 shows the
bandgap of Al and Cu codoped ZnO at different annealing
temperatures and doping concentrations. There is a visible

decrease in the bandgap due to the increase in doping con-
centration at both annealing temperatures, while an increase
in the bandgap was observed at a fixed doping concentration
with increasing annealing temperature. The doping of an
element in a semiconductor host generates localized state
within the bandgap of the host. The donor impurities often
create these localized states near conduction band edge and
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Figure 8: Tangent loss as a function of frequency for Al and Cu codoped ZnO (0%, 0.25%, 0.5%, and 0.75%) annealed at (a) 350°C and
(b) 600°C.
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acceptor impurity near valence band edge. The increase in
doping concentration of donor and acceptor impurity raises
the number of these localized states which results in contin-
uum impurity band formation above valence band edge and
below conduction band edge [26]. The bandgap narrowing
in these samples with doping might be due to creation of
these localized states in the bandgap near the conduction
band and valence band edge, respectively [24]. Hence, band-
gap decreases with an increase in doping concentration. The
increase in bandgap with annealing has been linked with the
increase of crystallite size upon annealing at higher temper-

atures [27]. The energy levels in semiconductors are depen-
dent on the degree of structural order–disorder in the lattice
[28]. Therefore, the increase of structural organization in
nanoceramic leads to a reduction of the intermediary energy
levels which consequently increases Eg.

Impedance spectroscopy was performed on these sam-
ples. Figures 7(a) and 7(b) show the real part of dielectric
constant (ε′) as a function of frequency at annealing temper-
ature of 350°C and 600°C, respectively. All the doped and
pristine ZnO samples at both annealing temperatures
showed relatively high value of ε′ at low frequencies which
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decreases with increase in frequency. The decrease in ε′ with
respect to frequency can be attributed to the lagging of car-
riers as they find it difficult to reach the grain boundaries
[29]. This mechanism is common in metal oxides and
referred as frequency dispersion. The Maxwell-Wagner
interfacial model is used to explain the dielectric behavior
of transparent metal oxides as they are composed of con-
ducting grains differentiated by less-conducting grain
boundaries. When a field is applied at lower frequencies,
the charge carriers could easily pass through the grains, but
at grain boundaries, they accumulate. This process is defined
as high interfacial polarization which leads to high dielectric
constant [30]. At high frequencies, these charge carriers fail
to respond to applied frequency which results in the dimin-
ishment of interfacial polarization. The only types of polari-
zation that sustain high applied AC frequency are electronic
and ionic polarization. Therefore, a reduction in the value of
ε′ with frequency was observed.

Tangent loss of pristine and the codoped ZnO at both
annealing temperatures was also studied. The data is shown
in Figures 8(a) and 8(b). In all the samples, tangent loss was
found to be decreasing as the frequency was increased. This
decrease in tangent loss with frequency is attributed to the
release of space charges trapped at grain boundaries [30].
The trend of tangent loss with frequency can be explained
by Koop’s theory. 0.5% Al and Cu codoped ZnO which
was annealed at 600°C showed the most balanced results
with low dielectric loss and high dielectric constant. The
value of tangent loss at 100Hz was found to be 0.53 which
further reduced and became constant in the frequency range
above 103Hz.

Figures 9(a) and 9(b) show complex impedance plane
plots of pristine and Al and Cu codoped ZnO samples at
an annealing temperature of 350°C and 600°C. The inset in
each figure shows the best fitted simulated results of the
equivalent circuit along with experimental data. Straight
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Figure 10: (a, c) Show SEM micrographs of 0.5% Al and Cu codoped ZnO annealed at 600°C and 350°C, respectively. EDX spectrum of
0.5% Al and Cu codoped ZnO annealed at 600°C and 350°C is shown in (b) and (d), respectively.
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lines along real and imaginary axis show pure resistive and
pure capacitive behavior, respectively [31]. A parallel combi-
nation of resistance (R) and capacitance (C) makes a semi-
circle. Therefore, two RC parallel circuits connected in
series describe contribution of two semicircles: one in the
lower and other in the higher frequency range, in the
Nyquist plot (Figures 9(a) and 9(b)) of these samples indi-
cating two types of relaxation processes. In metal oxide,
the grain boundaries are highly resistive because of the non-
stoichiometric distribution of oxygen, spin charge reflection,
and dangling bonds. These highly resistive layers have large
capacitance due to their very thin size [32]. Therefore, high
resistance and high capacitance of grain boundaries lead to
a higher time constant [18]. Thus, the semicircle at low-
frequency range corresponds to grain boundaries and that
at higher frequency shows contribution due to grains in each
sample. The electrode contribution was not observed in any
of these samples.

To investigate morphology, grain growth, and porosity
in 0.5% Al and Cu codoped ZnO samples annealed at
350°C and 600°C, detailed high-resolution scanning electron
microscopy (SEM) was performed as shown in Figures 10(a)
and 10(c). SEM surface micrographs confirm that substitu-
tion did not cause any prominent change in the microstruc-
ture of the sample. Annealing at high temperature leads to
the formation of large structures at the cost of diffusion of
tiny particles into surrounding particles. The pores between
particles are difficult to escape during annealing process.
Beyond the critical porosity values, pores start to be con-
nected to one another thereby forming continuous paths
and turn into open pores. The increased number of open
pores is associated with decreased amount of grain-to-
grain connection. The SEM micrograph demonstrates very
good grain-to-grain contact with a minimum number of iso-
lated pores [33]. This indicates the presence of isolated
closed pores dispersed in ceramic bulk. The intimate
contact, in the SEM images, between ZnO grains should
produce promising electron transportation properties in
the sample.

To find out the possible existence of metal cluster and
foreign elements at grain and grain boundaries, we have also
done energy-dispersive X-ray (EDX) spectroscopy analysis
at different areas of grain and grain boundaries of all the
annealed ZnO samples (Figures 10(b) and 10(d)). The
EDX analysis on the sintered samples reveals only zinc and
oxygen atoms belonging to the native ZnO matrix. The
dust-like particles on the surface of each micrograph also
belong to the ZnO and have nothing to do with impurity
atoms. Within the detection limit of EDX, we could not
observe any foreign atom or metal clustering at grains and
grain borders of all pristine samples of ZnO annealed at dif-
ferent temperatures.

4. Conclusion

In summary, pristine and Cu and Al codoped ZnO nanopar-
ticles were synthesized using the coprecipitation method to
investigate the effect of doping and annealing temperature
on the structural, morphological, and dielectric properties.

XRD results showed that all the samples have a wurtzite
structure with no secondary phase. The increase in doping
concentration led to deterioration in crystalline quality,
while annealing at high temperature improved crystallinity.
The microstrain in the lattice decreased with doping due to
varied defect chemistry. Bandgap narrowing was noticed in
these samples upon doping due to the generation of localized
defect level inside the bandgap, whereas the samples
annealed at higher temperature showed bandgap widening
due to reduction in intermediate level because of enhanced
structural organization. Dielectric characterization of the
samples disclosed interfacial polarization at lower frequen-
cies which diminshes at higher frequencies. The appearance
of semicircular arcs in the impedance complex plane plots
confirmed the contribution of grains and grain boundaries
and presence of different relaxation processes in these sam-
ples. Adding both donor and acceptor ion simultaneously
in ZnO resulted in the decreased dielectric loss of sample
materials. However, 0.5% Al, Cu codoped ZnO annealed at
600°C showed the most balanced results with low dielectric
loss and high dielectric constant. Furthermore, SEM results
confirmed good grain-to-grain contact with a minimum
number of isolated pores. This study has provided a unique
way to tailor dielectric properties of ZnO which has remark-
able application in next-generation supercapacitors for
energy storage applications.
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Additional Points

(i) Impedance analysis of donor (Al)/acceptor (Cu) codoped
ZnO nanoparticles, (ii) effect of thermal annealing on the
structural and dielectric properties (350–600°C), and (iii)
optimized concentration of donor and acceptor doping
found useful for superior dielectric properties.
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Nanocrystalline aluminum-doped manganese ferrite was synthesized by facile thermal treatment method. Nanostructure-doped
ferrite with crystalline size that ranged between 3.71 and 6.35 nm was characterized via X-ray diffraction (XRD), scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and vibrating-sample magnetometry (VSM). The
Scherrer and Williamson-Hall hypothesis techniques were utilized to determine lattice constants and strain. Various types of
structural properties including octahedral and tetrahedral site radius, bond lengths and angles, hopping parameter, oxygen
positional parameters, site bonds, and edge lengths were determined from XRD spectrum analysis. Discrepancy in the
hypothetically expected angle indicates improvement of A-B superexchange intercommunication. Furthermore, magnetic-
hysteresis (M-H) and XPS analysis support the claim of enhancement. The presence of the ionic nature of iron and manganese
in ferrite is FeII, FeIII, MnII, and MnIV as revealed by the results of XPS. Moreover, XPS assists in an excellent way to
understand the properties such as configuration, chemical nature, and average inversion degree of doped ferrite samples. The
spin noncollinearity and exquisite interaction amid the sublattice are responsible for the decrease in the saturation and
remnant magnetization determined from the hysteresis loop at ambient temperature with maximum magnetic field of 1.8 T.

1. Introduction

The transition metal-oriented nanoferrites which consist of
unique structural, electrical, thermal, and magnetic charac-
teristics are utilized for various types of engineering and bio-
medical applications. Nanostructure ferrites are used in
different types of biological applications such as X-ray diag-
nosis, drug delivery, hyperthermia, and magnetic resonance
imaging (MRI) [1–4]. Moreover, nanocrystalline spinel fer-
rites possess a variety of characteristics which are applied
in the field of electromagnetic interference (EMI), circuit-
based electronic, pigments, sensors, radar systems, motors,
and inductors [5–12]. Manganese ferrite (MnFe2O4) nano-
particles (NPs) with other ferrites are considered as a crucial
tool for biomedical applications particularly for enhancing

efficiency of magnetic resonance imaging, hyperthermia,
and drug delivery [13]. The properties such as facile prepa-
ration, proper saturation magnetization, inflated Curie tem-
perature, high coercivity, and redundant anisotropic
constant make manganese NPs an exceptional contender
for biological applications [14, 15].

Generally spinel-based ferrites are represented by the
specification AB2O4, where A and B indicates divalent and
trivalent cations. Ferrites exhibit different types of unit cell
with eight formula units in each cell. The oxygen anions
with larger size and metal cations with smaller size occupies
face-centered cubic (fcc) and interstitial sites, respectively.
The magnetite (Fe3O4), a form of iron oxide is the primary
building block of most of the ferrites [16]. The (M2+

1-δFe
3+-

δ)[M
2+

δFe
3+

2-δ]O4 formula provides general information
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related to sites and degree of inversion (δ). The () and []
bracket represents tetrahedral and octahedral sections and
“δ” furnishes ferrite nature in terms of whether the structure
is normal, inverse or random. When δ = 0, the formula is
expressed as (M2+)[Fe2

3+]O4, and the ferrite is called normal
spinel ferrite. When δ = 1, the formula is expressed as
(Fe3+)[M2+Fe3+]O4, and the ferrite is called inverse spinel
ferrite. When 0 < δ < 1, such as δ = 0:3, 0:6, or 0:9, the ferrite
is called as mixed spinel ferrite. When δ = 0:3, the formula is
expressed as (M0.7

2+Fe0.3
3+)[M0.3

2+Fe1.7
3+]O4

2-[17]. Zinc fer-
rite (ZnFe2O4), a normal spinel, where Zn2+ cations repre-
sent as tetrahedral site and Fe3+ cations as octahedral sites
leads to the formula as (Zn2+)[Fe2

3+]O4 [18]. Cobalt ferrite
(CoFe2O4) is an inverse ferrite, where Co2+ prefers octahe-
dral and Fe3+ prefers uniform placement in octahedral and
tetrahedral sites [19]. Manganese ferrite (MnFe2O4) is a
mixed ferrite, where Mn2+ and Fe3+ prefer both tetrahedral
and octahedral bonding sites [20]. Structural, magnetic,

and optical characteristics of ferrites depends upon tetrahe-
dral and octahedral sites occupied by divalent and trivalent
cations [21, 22]. Furthermore, particle size distribution
(PSD) also affects optical and magnetic characteristics of spi-
nel ferrites [23, 24].

Ferrite nanoparticles bearing new unique characteristics
are prepared by different routes which include high-energy
ball milling, solvothermal, coprecipitation, sol-gel method,
thermal decomposition, hydrothermal, microemulsion, elec-
trochemical, and laser ablation method [25–33]. It was
reported that the crystal structure, size, and magnetic prop-
erties of ferrites including manganese ferrite are influenced
by calcinations, reaction duration, capping reagent, and pH
[34–36]. The preparation methods including thermal
decomposition, microemulsion, and coprecipitation affect
crystal structure and magnetic properties of ferrites as
reported by Gyergyek et al. [37]. Furthermore, it was also
reported that different types of the preparation method
change cation distribution, composition, and crystallinity
among tetrahedral and octahedral sites [37–39]. The lattice
parameter and average strain of cobalt ferrites vary with
doping of erbium. Furthermore, this variation is due to a
large size of Er3+ cations as compared to Fe3+ ions [40].
Incorporation of Mg into ZnFe2O4 significantly affects the
rearrangement of cation distribution at tetrahedral and octa-
hedral sites [41]. The crystal size of nickel-cobalt spinel
changes upon doping of rare-earth metals. Moreover, varia-
tion in crystal size is because of blocking of crystal expansion
by large size metals. The crystal size and surface area of fer-
rite are influenced by changing the variation of different
types of metals such as La, Zn, Cd, and Ni [27, 40–44].

In this research work, the preparation of mixed spinel
ferrite MnFe2−xAlxO4 (0 ≤ x ≤ 0:9) with ðxÞ = 0:0, 0:3, 0:6,
and 0:9 via a thermal method in association with capping
agent polyvinylpyrrolidone is presented in detail. For mixed
doped manganese spinel ferrite preparation, thermal disinte-
gration route was chosen because of distinct accomplish-
ments such as environmental acceptance, cheap, and

x1.0
+

2-x
+

Mn(NO3)2·6H2O Fe(NO3)3·9H2O Al(NO3)2·9H2O

+

Polyvinylpyrrolidone (PVP)

MnFe2-xAlxO4

+ ++

H2O N2CO2

Figure 1: Schematic design of the reaction arrangement of the synthesis of MnFe2−xAlxO4.
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Figure 2: XRD patterns of MnFe2−xAlxO4. Profiles a, b, c, and d
refer to Al content of x = 0:0, 0.3, 0.6, and 0.9, respectively.
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persistent reproducibility; however, this process has a few
drawbacks which include shape discrepancy and cluster of
particles. Detailed characterization analysis of crystal struc-
tural parameter, nanostructure morphology, and quantita-
tive assessment and magnetization characteristics of
purified and Al-doped manganese mixed ferrite were also
reported in this research work.

2. Experimental

2.1. Synthesis. Analytical precursors were used for the syn-
thesis of pure and Al-doped manganese ferrite MnFe2−xAlx
O4 (x = 0:0, 0:3, 0:6, and 0:9) without repeating purification:
polyvinylpyrrolidone (PVP) (Alfa Aesar), iron (III) nitrate
nonahydrate [Fe(NO3)3·9H2O] (min. 98%, Sigma-Aldrich),
manganese (II) nitrate hexahydrate [Mn(NO3)2·6H2O]
(min. 98%, Sigma-Aldrich), and aluminum nitrate nonahy-
drate [Al(NO3)3·9H2O] (min. 98%, Sigma-Aldrich).

In a thermal synthesis process of MnFe2O4, a solution
containing 0.2mmol (0.0808 g) Fe(NO3)3·9H2O and
0.1mmol (0.0179 g) Mn(NO3)2·6H2O was vigorously stirred
for 2 h, followed by inclusion of capping agent (PVP) solu-
tion. The capping agent solution was synthesized by adding
0.1 g of PVP into 50ml of deionized water (DI) at 90°C. The
mixed solution was vigorously stirred for 2 h at room tem-
perature (RT). The pH of the above solution was determined
by litmus paper which was followed by drying at 80°C for
24 h. The dried orange-colored sample was converted into
powder and calcinated at 500°C for 4 h to eliminated PVP
in order to form pristine MnFe2O4. A similar method was
executed for the preparation of MnFe2−xAlxO4
(x = 0:3, 0:6, and 0:9). For clarity, hereafter, the Al-doped
MnFe2O4 are referred to as MnFe1:7Al0:3O4, MnFe1:4Al0:6
O4, andMnFe1:1Al0:9O4: A graphic reaction design for the
synthesis of MnFe2−xAlxO4 is presented in Figure 1.

2.2. Characterization. Structure of pristine and doped ferrite
was determined by the XRD spectrum. The XRD spectrum
was achieved using an INEL CPS 180 XRD Equinox 1000
diffractometer assembled with Co-Kα1 emission
(λ = 1:789Å) and regulated at 40 kV and 30mA. The analy-
sis was managed in the 2θ range of 10-80° at RT. The nano-
structure behavior of samples was investigated by SEM. A
wafer-delicate carbon film captivated inner side of a copper
framework was used to install nanoparticles present in an
ethanol solution. The XPS was operated by employing the
SPEC GmbH (Germany) spectrometer at RT. The instru-
ment is assembled with X-ray-bearing dual anode origin

SPECS XR-50 Mg-Kα (hn = 1283:6 eV) in the presence of
lift-off angle of photoelectrons of 90°. The ferrite samples
were converted into pellets, before shifting to a high vacuum
chamber. The vacuum was managed at 5 × 10−9 bar, during
the operation. In order to perform surface quantification of
the ferrite sample, a detailed operating method was
employed containing high-resolution spectrum of O1s and
C1s. To achieve a high quality XPS spectrum, calibration
of the BE scale was performed by BE of C1s peak at
284.6 eV. The Lake Shore 7400 magnetometer VSM that
was equipped with a 1.8 Tesla magnet was utilized to deter-
mine magnetic properties of ferrite samples at RT. The hys-
teresis loop of ferrite samples was obtained by plotting
magnetization verses magnetic field. Furthermore, to mea-
sure remnant magnetization (Mr), saturation magnetization
(Ms), and coercivity, magnetic hysteresis loops were utilized.

3. Results and Discussion

Powder XRD pattern results of MnFe2−xAlxO4 (0 ≤ x ≤ 0:9)
are presented in Figure 2, and profiles a, b, c, and d refer
to the content of x = 0:0, 0:3, 0:6 and 0:9, respectively. The
visibly strong peaks were found between 10 and 80°. The
strong peaks shown in Figure 2 are contemplations from
the (111), (220), (311), (222), (400), (422), (511), (440),
(620), (533), and (444) planes of purified and Al-doped fer-
rites. All these prominent peaks are associated to Bragg’s
contemplation of cubic ferrite with space group Fd3m. The
nonexistence of other oxide peaks suggests that precursor
is free from impurity. The inflation of Al content produces
broadened diffraction peaks and simultaneously decreases
intensity, which indicates development of nanostructured
ferrites. The strong main peak (311) refers to crystallinity
of the structure of ferrites. The decrease in crystallite size
as the Al content elevates is shown in Table 1. The full width
at half-maximum is utilized in the Scherer equation (Equa-
tion (1)) to determine crystal size (D). The main peak in
the XRD spectrum was employed to calculate crystal size.

D = 0:9 λð Þ
βhkl Cosθð Þ : ð1Þ

X-ray wavelength, FWHM in radians, and Bragg’s angle,
respectively, refer to λ, β, and θ.

Table 1 shows average crystal size data calculated from
Equation (1) and was found to be 6.35, 5.99, 4.47, and
3.71 nm. The capping agent PVP was employed during the
synthesis process to avert agglomeration of ferrite particles.

Table 1: XRD parameters of MnFe2−xAlxO4 (x = 0:0, 0:3, 0:6, and 0:9).

Sample name
Lattice parameter a

(Å)
Cell volume V

(Å)3
Bulk density ρm (gm/

cm3)
X-ray density ρx−ray (gm/

cm3)
Porosity
(%)

Crystal size
(nm)

MnFe2O4 8.515 617.380 2.998 4.962 39.580 6.35

MnAl0.3Fe1.7O4 8.512 613.910 2.885 4.775 39.581 5.99

MnAl0.6Fe1.4O4 8.499 605.170 2.772 4.589 39.583 4.47

MnAl0.9Fe1.1O4 8.458 601.120 2.660 4.403 39.586 3.71
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The absence of PVP creates aggregation of particles owing to
high energy of small particles as reported in the Ostwald rip-
ening process [45]. Table 1 confirms the variation in lattice
parameter, X-ray density, bulk density, cell volume, and
porosity as the content of nonmagnetic Al changes. Further-
more, increasing Al concentration decreases lattice constant
parameters, density, and particle size as shown in Figure 3.
Dessai et al. also observed that increasing nonmagnetic
Al3+ content in manganese ferrite decreases lattice parame-
ter and density [46].

The Nelson-Riley function FðθÞ for each reflection of
MnFe2−xAlxO4 was calculated by using the following rela-

tion:

F θð Þ = 1
2

cos2θ
sin θ

+ cos2θ
θ

� �
: ð2Þ

Figure 4(a) shows Nelson-Riley function of nanocrystal-
lineMnFe2−xAlxO4. Diffraction angle from 10 to 80° was uti-
lized to determine lattice parameters “ao” by extrapolating
FðθÞ. True lattice value “ao” and average value “a” variation
is shown in Figure 4(b). It is visible from Figure 4(b) that lit-
tle disparity between true value lattice constant “ao” and the
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Figure 3: Left and right panel presents alteration in the particle size and lattice parameter with the Al content (x) in manganese ferrite.
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Figure 4: (a) The Nelson-Riley representation for MnFe2−xAlxO4 and (b) the interactions of the theoretical and experimental lattice
constants for MnFe2−xAlxO4 (x = 0:0, 0:3, 0:6, and 0:9).
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average value lattice constant “a” existed. Moreover, average
value lattice constant “a” is slightly more than true value lat-
tice constant “ao.” Both true and average value lattice con-
stants reduces as the content of Al elevates. The reduction
of both lattice constants may be due to change in ionic
radius between Al3+ (0.51Å) and Fe3+ (0.67Å). According
to the literature, it is obvious that replacement of highly
magnetic Fe3+ ions by nonmagnetic Al3+ reduces lattice con-
stant as Al content elevates [46, 47]. Lattice constant reduces
from 8.515Å to 8.458Å as the Al content in the doped fer-
rite increases is shown in Figure 3 (right panel). The reduc-
tion in crystallite size from 6.35 nm to 3.71 nm presented in
Figure 3 (left panel) may be due to substitution of larger size
Fe3+ ions by smaller size Al3+ ions. High porosity and lattice
constant shown in Table 1 are other reasons responsible for
crystal size reduction. The parameters a, V , ρm, ρx−ray, and P
presented in Table 1 were determined from Equations (3) to
(7). These parameters decrease as the Al content increases
except for porosity which is due to reduction of crystal size
and lattice constant. High porosity as the Al content
increases may be due to extra vacancies established by sub-
stitution of Fe3+ cations by Al3+ cations [48].

d = affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 + k

2
+ l2

r , ð3Þ

V = a3, ð4Þ

ρm = m
πr2ð Þh , ð5Þ

ρx‐ray =
ZM
NV

, ð6Þ

P = 1 − ρm
ρx‐ray

: ð7Þ

The strain created by crystal defects and distortions is
due to addition of Al in manganese ferrites. The average
strain <ε > of Al-doped manganese spinel was calculated
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Table 2: Average strain ofMnFe2−xAlxO4 (x = 0:0, 0:3, 0:6, and 0:9).

Sample name
Scherrer method W-H method

εh i × 10−3 εh i × 10−3

MnFe2O4 10.90 27.10

MnFe1.7Al0.3O4 7.99 6.50

MnFe1.4Al0.6O4 10.75 21.50

MnFe1.1Al0.9O4 11.44 23.60
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by employing the following equation:

εh i = βhkl

4 tan θ
: ð8Þ

Addition of Equations (1) and (8) produces noticed line
breadth in the form of Equation (9).

βhkl =
k λ

DCosθ
+ 4 < ε > tan θ, ð9Þ

βhkl cos θ =
k λ
D

+ 4 εh i sin θ: ð10Þ

Williamson-Hall (W-H) calculations shown above in the
form of Equations (9) and (10) were used to calculate crys-
tallite size and average strain. The “βhkl cos θ” verses
“4 sin θ” presented in Figure 5 is employed to calculate both
the particle size and the strain. The linear fit of the crystal
size and strain follows the uniform deformation process,
where the strain is assumed as homogeneous in all direc-
tions, a property of isotropy. The W-H and Scherer formulas
used for the calculation of the average strain were in com-
plete harmony with each other as shown in Table 2.

The bond length of tetrahedral and octahedral sites was
affected by the lattice constants which were created by crys-
tal size reduction. The bond lengths shown in Table 3, asso-

ciated to tetrahedral (RA) and octahedral bonding sites (RB)
were determined by Equations (11) and (12), where δ = u
− 0:375. The RA and RB site is the closest gap between A
and B with oxygen ions. The higher RB compared to RA is
the main reason that the Mn2+ cation capability is towards
O2- anions. The existence of Al3+ cations in ferrites rein-
forces the gap between Fe3+ and Al3+ cations. The LA and
LB values shown in Table 3 determined from Equations
(13) and (14) refer to hopping lengths and space between
magnetic ions present in the tetrahedral and octahedral
bonding sites. The change in hopping lengths of tetrahedral
and octahedral sites is associated to change in crystal size
which is exactly applicable to lattice constants [49]. The
ionic radius alteration between Al3+ (0.51Å) and Fe3+

(0.67Å) ions is the other reason associated to change in hop-
ping lengths. The tetrahedral and octahedral bond lengths
(dAx and dBx), the shared tetrahedral edge length (dAxE),
and shared and unshared octahedral edge lengths (dBxE
and dBxEU) shown in Table 3 were calculated from Equations
(15) to (19). Furthermore, these values shown in Table 3 and
Figure 6 suggest reduction as Al content in ferrites increases,
therefore indicating complete dominance of the lattice con-
stants and ionic radii [49].
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Figure 6: (a) The change in the bond lengths (dAx and dBx) and (b) the site edge lengths (dAxE, dBxE, and dBxEU) of MnFe2−xAlxO4
(0 ≤ x ≤ 0:9).

Table 3: The bond lengths (RA and RB) and hopping lengths for tetrahedral and octahedral sites (LA and LB), tetrahedral and octahedral
bond lengths (dAx and dBx), the shared tetrahedral edge length (dAxE), and shared and unshared octahedral edge lengths (dBxE and dBxEU
) of MnFe2−xAlxO4 (0 ≤ x ≤ 0:9).

Sample name
Bond length (Å)

Hopping length
(Å) dAx (Å) dBx (Å) dAxE (Å) dBxE (Å) dBxEU (Å)

RA RB LA LB
MnFe2O4 1.9173 2.0871 2.0870 2.0870 1.9173 2.0870 3.1309 2.8901 3.0118

MnFe1.7 Al0.3O4 1.9166 2.0863 2.0863 2.0863 1.9167 2.0863 3.1298 2.8890 3.0107

MnFe1.4 Al0.6O4 1.9137 2.0831 2.0831 2.0831 1.9137 2.0831 3.1250 2.8846 3.0061

MnFe1.1 Al0.9O4 1.9045 2.0731 2.0731 2.0731 1.9045 2.0730 3.1100 2.8707 2.9916
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The nanostructure characterization of MnFe2−xAlxO4
performed by SEM is presented in Figure 7, where (a) corre-
sponds to pure ferrite and (b–d) correlate to Al-doped man-
ganese ferrites. The scale bar for all the samples is 100nm.
The agglomeration of smaller particles is visible in the nano-
structured samples of ferrites. The EDX and elemental inves-
tigation averaged over different parts of the samples are
presented in Table 4.

The XPS measurements shown in Figure 8 were per-
formed to estimate functionalization of ferrite surface with
different active groups. Various chemical states A and B
associated with ferrite surface states are presented in
Figures 8(a)–8(d). The strong peaks existed in the ferrite
spectrum of MnFe2−xAlxO4 (x = 0:0, 0:3, 0:6, and 0:9) are
correlated to Fe, Mn, O, and Al, respectively. The intense
signal was adapted to different peaks including Mn 2p, dou-
blet Fe 2p, O 1s, and Al 2p. The Mn 2p is a singlet based at a
binding energy (BE) of 641.94 eV. The doublet signal of Mn
2p3/2 Mn2+ octa and Mn 2p3/2 Mn4+ tetra based at BE of
640.89 eV and 642.43 eV are related to Mn 2p3/2 peak. Sim-
ilarly, the same trend was detected for Al in the doped sam-
ple; however, a peak deviation of ±1 eV was visible. The
doublet peak of Fe 2p was deviated from each other by BE
8.45 eV as a result of spin-orbit coupling. The iron 2p3/2 sig-
nals were adapted into three different segments because of
the multiplet splitting process. The prominent peaks located

Table 4: Comparison of target and actual composition in Mn
Fe2−xAlxO4:

Target composition
Composition by EDX

Mn Fe Al

MnFe2O4 0.88 2.35

MnFe1.7Al0.3O4 0.98 2.20 0.42

MnFe1.4Al0.6O4 0.99 1.80 0.71

MnFe1.1Al0.9O4 1.03 1.20 1.06

(a) (b)

(c) (d)

Figure 7: SEM analysis of MnFe2−xAlxO4 (0 ≤ x ≤ 0:9).
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at BE 709.59 eV and 711.24 eV are related to Fe 2p3/2 Fe2+

octa and Fe 2p3/2 Fe3+ tetra. The doped samples follow a
similar trend with a peak deviation of BE ± 2 eV. The strong
peak located at BE 529.88 eV of O is in a multicomponent
segment which belongs to the oxide lattice. The remaining
less intense peaks of O is based at BE 529.44 eV, 538.99 eV,
533.74 eV, and 535.69 eV which are related to the oxygen

bond formation with Fe, Mn, OH, and adsorbed H2O,
respectively. A similar trend for the oxygen peak was also
observed in the ferrite doped samples. The Al 2p peak
adapted into two prominent peaks located at BE 73.29 and
74.79 eV which are related to octahedral and tetrahedral
sites. The Al peak intensity enhances as the Al concentration
increases indicating expected substitution of Al3+ into
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Figure 8: XPS spectra of MnFe2−xAlxO4 (x = 0:0, 0:3, 0:6, and 0:9).
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manganese ferrite. The doping of Al into manganese ferrite
responsible for structural and magnetic property variation
is the main reason for peak deviation of Mn and Fe in the
doped ferrites. The 45% Mn2+ ions are located at octahedral
sites, and 55% Mn4+ ions are based at tetrahedral sites as far

as unified intensity of the deconvoluted peaks is concerned.
The Mn 2p3/2 peaks are fitted into two intense peaks located
at BE 640.89 eV and 642.43 eV. Moreover, the assessment of
Fe2+ and Fe3+ based at BE 709.59 eV and 711.24 eV is 78% at
the octahedral and 22% at tetrahedral bonding sites [50–52].
The substitution formula of MnFe2−xAlxO4 (x = 0:0) could
be declared as follows:

Mn4+0:55 Fe3+0:45
� �

Mn2+0:45Fe3+1:55
	 


: ð20Þ

Similarly, the distribution of Mn2+, Mn4+, Fe2+, Fe3+, and
Al3+ cations at the octahedral and tetrahedral was deter-
mined as reported by integrated intensity of deconvoluted
strong peaks in MnFe2−xAlxO4 (x = 0:3, 0:6, and 0:9). The
substitution formula of Al-doped manganese ferrite could
be designated as follows:

Mn40:55 Fe3+0:47 Al3+0:08
� �

Mn2+0:45 Fe2+1:47Al3+0:08
	 


,

Mn4+0:55 Fe3+0:39 Al3+0:16
� �

Mn2+0:45 Fe2+1:43Al3+0:12
	 


,

Mn4+0:55 Fe3+0:19 Al3+0:36
� �

Mn4+0:45 Fe2+1:43Al3+0:12
	 


:

ð21Þ

With regard to the assessment of cations among octahe-
dral and tetrahedral, Al3+ cations choose tetrahedral sites,
which deals with chances that Al3+ cations would substitute
Fe3+ cations. The substitution of Fe3+ cations by Al3+ cations
is in good compliance with preparation, XRD calculation
analysis, EDX spectrum analysis, and magnetic
characteristics.

Magnetic hysteresis loops ofMnFe2−xAlxO4 measured by
vibrating sample magnetometer (VSM) at RT are presented
in Figure 9. The pristine manganese ferrite sample displays
ferromagnetic type nature bearing saturation magnetization
of 47.32 emu/g when compared to the Al-doped sample
(inset of Figure 9). The representative magnetic characteris-
tics of purified and Al-doped ferrite samples calculated on
the basis of the hysteresis loop including Hc, Mr, Ms, ηexp,
andMr/Ms-squareness ratio are shown in Table 5. The mag-
netization evaluation was performed by using an additional
field area of the calculated MðHÞ data by employing Lange-
vin dependence [53]:

M Hð Þ =Ms · 1 − kBT
MsρVeffμoH

� �
, ð22Þ

where Veff , ρ, and T are the effective values of the volume,
density, and temperature, respectively, and the other values
are related to their typical definitions.

The Fe2+ and Fe3+ cation saturation magnetization and
coercivity are changed by embedding Al3+ cations intomanga-
nese ferrite. As a result of integrated intensity of deconvoluted
peaks, visible saturation magnetization and coercivity addic-
tion to Mn2+ and Mn4+ ions were negligibly afflicted by the
doping of Al3+ cations into manganese ferrite. The moderate
saturation magnetization contraction and coercivity escalation
as the Al content is elevated is shown in Figure 10. The
decreased value of Ms and Mr of the doped ferrite sample
may be associated to reduced particle size. The reduction in
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Figure 10: Saturation magnetization and coercivity of MnFe2−x
AlxO4 (x = 0:0, 0:3, 0:6, and 0:9).

Table 5: Coercive field (Hc), remnant magnetization (Mr),
saturation magnetization (Ms), experimental molar magnetization
(ηexp), and squareness ratio (Mr/Ms) determined from hysteresis
loops of the ferrite samples.

Sample name
Hc
(Oe)

Mr (emu/
g)

Ms (emu/
g)

ηexp R =Mr/Ms

MnFe2O4 40 5.01 47.32 1.95 0.106

MnFe1.7Al0.3O4 27 1.97 31.90 1.27 0.062

MnFe1.4Al0.6O4 20 1.18 24.71 0.94 0.050

MnFe1.1Al0.9O4 17 0.35 5.02 0.2 0.065
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Figure 9: Magnetization curves ofMnFe2−xAlxO4. The inset profile
figure shows saturation magnetization. Profiles (a), (b), (c), and (d)
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Ms after addition of nonmagnetic Al3+ in ferrite is also con-
firmed by the literature date reported by Dessai et al. [46]. Fur-
thermore, there is a decrease in the average crystallite size
control existence of spin inclination and spin canting, which
appear by virtue of a defined size and surface-related effects.
The reduction inMs andMr of doped samples as the Al con-
tent is elevated may be due to cation diffusion among the host
and embedded groups. The substitution of Fe2+ and Fe3+ ions
by Al3+ ions at the octahedral and tetrahedral decreases the
bond stability of Fe3+-O-Fe3+. The decrease in the amount of
Fe2+ and Fe3+ cations in the A- and B-sites decreases the mag-
netic dipole moment of the B-sublattice and consequently
decreases the magnetic moment of ferrites. The exchange of
Fe3+ cations bearingmagneticmoment 5μB with nonmagnetic
Al3+ cations carrying magnetic moment 0μB decreases the
superexchange bonding that balances adjacent magnetic
dipoles in an antiparallel form. Moreover, the decrease in
overall magnetization is possible because of reinforced spin
noncollinearity. The elevation of Al3+ ions which decreases
the lattice parameter is due to smaller ionic radius (0.55Å)
of Al3+ cations as compared to Fe3+ cations (0.67Å). The
decrease in magnetization in embedded ferrite is also associ-
ated with exchange of cations in the A- and B-sites. The fact
is that Ms builds upon the number and type of cation based
at different sites in tetrahedral and octahedral bonding sites
in the ferrite. The exchange influences the magnetization MA
and MB of the A and B ferrite sublattices. The affiliation of
MB – MA produces magnetization in spinel ferrites. In
manganese-based ferrite, Mn4+ ions choose tetrahedral sites
and are emphasized as the Al concentration is elevated. The
Mn2+ ion location in the octahedral sites fades away as the
Al content increases. Generally, tetrahedral and octahedral
sites in ferrites engaged by Fe3+ cations are partially
substituted by Al3+ cations. The substitution of Fe3+ by Al3+

cations in the B-sites decides magnetization of manganese fer-
rites. The reduction of magnetization of the Al-doped ferrite
samples is due to substitution of Al3+ ions. The squareness
ratio (R) less than 0.5 indicates a multidomain structure of fer-
rite materials while greater than 0.5 signifies a single-domain
structure of manganese ferrite. According to the recent inves-
tigation carried out related to squareness ratio (R) revealed in
several places in the literature, the squareness ratio (R)
observed between 0.01 and 0.1 suggests a multidomain struc-
ture of ferrite materials [54–56].

4. Conclusions

The significance of Al3+ cations as a dopant in nanocrystal-
line manganese ferrite prepared through the thermal treat-
ment method was discussed. The nanostructured samples
were characterized by different methods to examine nano-
crystallinity, thermal stability, chemical stability, distribu-
tion, and morphological properties. The representative
Scherrer formula and Williamson-Hall extrapolation equa-
tions were employed to determine the crystallite size and lat-
tice strain parameters. The parameters including ionic radii
of tetrahedral and octahedral bonding sites, oxygen posi-
tional constants, hopping and bond lengths, bond angles
and sites, and edge lengths were determined from the XRD

spectrum. The characterization such as XPS and M-H anal-
ysis explains the inconsistency in the theoretically antici-
pated bond angles which implied beefing up of the A-B
superexchange synergy. Distribution, chemical form, and
degree of inversion were determined from the XPS spec-
trum. The characteristic magnetic hysteresis loop attained
from VSM at RT displays that both Mr and Ms are reduced
as the Al content is elevated. This contraction was associated
with spin noncollinearity and delicate interactions between
sublattices.
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The nanocellulose fibril produced by using natural sources can be used in developing sustainable and green products. The useful
features of nanocellulose fibril can include valuable physical properties, appropriate surface chemistry, low toxicity, and
biocompatibility. The study presented shows the use of polylactic acid with five different percentages of nanocellulose fibril and the
use of 3% maleic anhydride as a coupling agent. The maleic anhydride acts as coupling agent which improves the thermochemical
and thermomechanical characteristics of the end product. The addition of 3% maleic anhydride as coupling agent with 10%
nanocellulose fibril improved the impact strength up to 14.3%, elastic modulus up to 40.6%, and tensile strength up to 30.1%.
Furthermore, the dynamic mechanical analysis result indicates that the inclusion of maleic anhydride improved the toughness by
reducing the tan δ peak and increases the storage modulus. Finally, the scanning electron micrograph shows that the interfacial
compatibility between nanocellulose fibril and polylactic acid matrix is improved with the addition of maleic anhydride.

1. Introduction

The growing environmental concerns of plastic waste and
pollution have paved the way for use of naturally sourced
sustainable polymers instead of synthetic polymer. In the
sustainable product development, natural polymers such as
poly(lactic acid) (PLA), (butylene succinate) (PBS), and
poly(butylenesadipate-co-terephthalate) (PBSA) are shown
to be the most useful alternative to synthetic polymers as
they are biocompatible and biodegradable [1–3]. The bio-
polymer degrades when disposed and returns all natural
constituents to the environment helping in decreasing the
plastic waste. In the naturally sourced polymers, PLA is a
promising candidate for developing green products in com-
parison to synthetic polymers such as polyethylene, polypro-
pylene, and polyethylene terephthalate. Also, PLA offers
suitable physical properties (specific gravity and shrink rate)
and thermal processing ability [3]. The disadvantages of
using PLA can include innate brittleness, inadequate thermal
stability, and lower quality of crystallization which limits its
use in mass manufacturing in fields such as biomedical,
packaging, energy storage, and automotive [4].

The natural fibers can help in forming green composite
due to their cost-effectiveness, biodegradability, renewabil-
ity, and low density. The naturally sourced fibers such as flex
and kenaf are used to develop green composite because of
their suitable tensile strength (280 ± 15MPa) and elastic
modulus (40 ± 5GPa). The natural fibers when compared
to synthetic glass, aramid, and carbon fiber have some disad-
vantages such as lower tensile strength, lower processing
temperature, higher linear coefficients of thermal expansion,
and moisture susceptibility [5]. In the natural fiber, the
plant-derived cellulose can be used as reinforcement at the
nanolevels which includes nanocellulose fibril (NCF) and
nanocrystalline cellulose (NCC) [6–9]. The nanocellulose
fibril (NCF) when used with polymer composite has shown
excellent ability to act as nanoreinforcement, and it is cost-
effective with respect to manufacturing. Moreover, the
advantages of using NCF as nanoreinforcement include
low density, strength, high stiffness, and biodegradability
[10, 12]. There are studies performed to address the problem
of brittleness with PLA by blending it with elastomeric mate-
rials such as rubber, copolymerizing with other monomer,
and by utilizing plasticizer [13–15].
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However, the examiners described that even though
there are substantial improvements in the toughness and
ductility, the blends sacrificed their mechanical properties
such as Young’s modulus and strength. In one of the stud-

ies, PLA was reinforced with cellulose nanowhisker
(CNW) and nanocellulose fibril (NCF) to improve the
mechanical properties [16]. Additionally, there are issues
related to uniform dispersion of nanocellulose fibril with
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Figure 1: DSC thermogram of PLA-NCF-MA composite: (a) heating and (b) cooling.
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polar surfaces in the nonpolar polymers such as PLA
[17–20]. The inhomogeneous distribution and low com-
patibility of NCF in polymer matrix resulted in end prod-
uct with inadequate and unsuitable properties [21, 22].
The previous studies have shown that fiber-matrix inter-
face is an important factor which predicts the characteris-
tics of composite. To improve the interfacial adhesion
between polymer and NCF, a study utilized a coupling
agent and performed surface modification of nanocellulose
fibrils (NCF) [23]. The studies also illustrated the use of
functional elements found in PLA interact with nanocellu-
lose by including maleic anhydride (MAH) as compatibili-
zer [24–26]. Carlson et al. showed the improvement in
interfacial adhesion by mixing maleic anhydride in
starch-reinforced PLA [27]. Also, Petersson and Oksman
reported that the addition of microcrystalline cellulose
reduces the barrier properties and mechanical strength of
PLA biocomposite due to the less interaction between
PLA matrix and cellulose [28]. Plackett indicated that by
adding maleic anhydride interfacial adhesion can be
improved between PLA and cellulose-based wood fiber
[29]. To make biocomposite perform usefully, certain
amount of adhesion was achieved between surface of the
hydrophilic nanocellulose fibers and polymer matrix. The
treatments such as grafting, isocyanate, dewaxing, and
coupling agent were used to enhance the interfacial adhe-
sion between natural fiber and polymer matrix [30]. The
treatment of jute cellulose fiber with epoxy and silane
showed improvement in mechanical properties such as
elastic modulus, tensile strength, and hardness [31]. The
coir fibers treated with enzyme influenced overall mechan-
ical properties excluding flexural characteristic because of
size of fibers [32]. The fibers were chemically treated by
using benzoylation, acetylation, and acrylonitrile grafting.
The structural stability and improved mechanical proper-
ties are the indicators showing the effects of chemical
treatment of natural fiber in enhancement of interfacial
adhesion [33]. The chemical treatment alternate hydro-
philic nature of fiber helps in reducing the effect of mois-
ture in the performance of composite [34]. The chemical
treatments have the capability to alternate the physical
and chemical properties of composites; therefore, it is nec-

essary to examine the influence of maleated anhydride
(MA) as coupling agent in nanocellulose fibril-reinforced
PLA composite for improvement in interfacial adhesion.

In the research presented, the influence of 3% maleic
anhydride (MA) as a coupling agent on variable NCF con-
tent (2wt.%–10wt.%)-reinforced polylactic acid (PLA) is
being studied by evaluating chemistry, morphological,
mechanical, and thermal properties. The characterization
was performed by tensile test, differential scanning calorim-
etry (DSC), dynamic mechanical analysis (DMA), drop
shape analyzer (DSA), and X-ray photo electron spectros-
copy (XPS). Finally, fracture surface of the PLA-NCF-MA
composites was analyzed by using scanning electron micros-
copy (SEM).

2. Materials and Methods

2.1. Preparation. NatureWorks, USA, provided the polylac-
tic acid (PLA) 2003 D with melt flow index of 6 g/10min.
The University of Maine (Orono, USA) supplied water-
based softwood kraft nanocellulose fibrils (NCF) having
an average diameter of 30 nm-50nm and approximate
length of one micron. A stable dispersion with consider-
able transparency was being attained by dilution of NCF
with Milli-Q water. The Milli-Q water helped in develop-
ment of solution with NCF as 1.67 g/L. To produce the
suspension, the solution was being stirred with the help
of ultrasonic microtip for a time period of 10min having
amplitude of 25%. The Optima L-90K18 ultracentrifuge
(Beckman Coulter, USA) was used to remove fibril aggre-
gates by centrifuging at 10,000 rpm for 20min. Finally,
NCF was dried in spray dryer (BUCHI B290, Switzerland)
before using it as reinforcement.

3% maleic anhydride (MA, Fusabond, MB100, DuPont,
USA) was used as a coupling agent in PLA-NCF compos-
ite to improve adhesion between NCF and PLA. The NCF
in five different concentrations ranging from 2% to 10%
was mixed for 20 minutes with PLA and 3% maleic anhy-
dride (MA) by using twin-screw extruder (Leistritz model
ZSE27) with speed of 100 rpm at 180°C. The developed
specimen was cooled in water, and a grinder was used
for pelletizing. The drying of pellets was done for 24 h at
60°C. The hot compression moulding machine (Carver
Press, Germany) was used to produce specimen for tensile
test according to ASTM D638 type IV dimensions and
40mm × 12mm × 5mm dimensions for dynamic mechani-
cal analysis. The hot compression moulding of pellets was
performed for 2 minutes at 120°C with pressure of one
ton. The developed PLA-NFC-MA composite specimens
were cooled down to 25°C temperature under pressure
for 24 h.

2.2. Characterization. The thermal behaviour of PLA-NCF-
MA composite was examined by using the differential scan-
ning calorimeter (DSC Netzsch 200 F3). The DSC thermo-
gram was generated at 10°Cmin−1 from 20°C to 200°C for
cooling and heating curves. The thermogram was used to
examine the melting enthalpy, melting temperature, crystal-
lization temperature, and degree of crystallinity (Xc %).

Table 1: Thermal properties of PLA-NCF-MA composites.

PLA-NCF-MA Tg (
°C) Tm (°C) Tc (

°C) ΔHm (J/g) Xc %

100/0/0 59.4 153.6 126.7 24.9 14.9

98/2/0 59.1 153.4 125.6 22.3 13.3

96/4/0 58.0 152.7 124.9 25.9 12.7

94/6/0 57.7 152.3 124.5 24.9 11.2

92/8/0 57.6 151.9 124.1 22.1 10.4

90/10/0 57.5 151.4 123.7 20.9 9.5

95/2/3 58.0 152.6 124.9 23.2 13.1

93/4/3 57.9 152.4 124.5 24.8 12.4

91/6/3 57.6 151.5 124.1 23.6 10.9

89/8/3 57.3 151.5 123.9 23.5 10.6

87/10/3 57.4 151.1 123.5 20.7 9.3
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Equation (1) was used to evaluate the crystallinity (Xc %)
of PLA-NCF-MA composite

Xc% = ΔHm
w × ΔHo

m
, ð1Þ

where ΔHo
m is melting enthalpy of 100% crystalline PLA

(93.7 J/g), ΔHm is the melting enthalpy, and w is the PLA
weight fraction in PLA-NCF-MA composite.

The contact angle θ was characterized using a sessile
drop of water on the surface of PLA-NCF-MA composite
by employing drop shape analyzer (DSA 100, KRUSS, Ger-
many). The water drop image on the surface of composites
was taken to determine the contact angle in order to analyze
the wetting. Three measurements of each composite speci-
men were evaluated to find the value of final contact angle.

The tensile testing machine (3369 Instron, USA) with
50 kN load cell was used to characterize the mechanical
properties of PLA-NCF-MA composite having ASTM
D638 type IV geometry. The test was performed with cross-
head speed of 5mm/min at 25°C having 0.500N preload.

The impact testing machine (JB W300J, Poland) was uti-
lized to perform Charpy impact test. The ASTMD256
dimensions of the specimen were 10mm × 10mm × 55mm
having 2mm notch size. During the impact test, the impact
speed was 5.2m/s, potential impact energy was 150 J, and
raise angle was 150°.

The dynamic mechanical analysis (DMA, 242, Netzsch,
USA) was used to characterize PLA-NCF-MA composites
for loss factor (tan δ) and storage modulus G′. The DMA
functions with dual cantilever approach having sample
dimensions of 40mm × 12mm × 5mm. The DMA test was
performed having 2°C/min heating rate, 1Hz frequency,

and 0.1% strain rate. During the test, the temperature was
maintained between 30°C and 120°C.

The X-ray photo electron spectrometer (XPS, SPECS
GmbH, Germany) was used at the pressure 1 × 10−8 mbar
to characterize the PLA-NCF-MA composite. The compos-
ite specimen surfaces were irradiated by an X-ray source
of 150W and 13.5 kV utilizing dual anode nonmonochro-
matic Mg-Kα. The PLA-NCF-MA composite specimen was
positioned having 90° take-off angle facing the direction of
photoelectrons and surface of specimen. The atomic %
concentration, energy of binding (BE), and bond type
(C1s and O1s) orbital data were obtained by using a hemi-
spherical energy analyzer (PHOIBOS 150 MCD-9) which
was functioning in fixed analyzer transmission (FAT)
mode.

The fracture surface of PLA-NCF-MA platinum-coated
specimen was analyzed by using an electron microscope
(JEOL JSM-7600F, MA) having 10 kV accelerating voltage.

All PLA-NCF-MA composite specimens with different
compositions were three times examined by employing
characterization methods to verify the final outcomes.

3. Results and Discussion

The heating and cooling curves are presented in Figures 1(a)
and 1(b) for PLA-NCF-MA composites. The presented fig-
ures indicate the melting behaviour and crystallization of
the composite. Also, Table 1 presents the assessed values of
crystallinity (Xc %), glass transition temperature (Tg), crys-
tallization temperature (Tc), melting enthalpy (ΔHm), and
melting temperature (Tm) of neat PLA and PLA-NCF-MA.
The heating thermogram shows that the neat PLA has melt-
ing temperature Tm of 153.6°C. Table 1 demonstrates that
Tm decreases up to 151.4°C with the rising increments of
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10% NCF in PLA. Meanwhile, the 3% addition of MA
reduces the melting temperature up to 151.1°C of
10%NCF-PLA. Also, the glass transition temperature, Tg,
reduces to 57.4°C from 59.4°C with the inclusion of MA
and NCF in the PLA. The small reduction of melting and
glass transition temperature may have taken place due to
the reason that the NCF and MA do not form heterogeneous

nucleation sites in the NCF-PLA composite. Also,
Figure 1(b) and Table 1 illustrate that the crystallization
temperature Tc of neat PLA changes to 123.5°C from
125.5°C when NCF and MA are added in the PLA matrix.
The reduction in Tc demonstrates that NCF and MA restrict
the mobility of PLA matrix chains for crystallization. The
estimated PLA melting enthalpy ΔHm is 24.9 J/g that reduces
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to 20.7 J/g with the inclusion of 3% MA and 10% NCF. The
peak width and height of cooling curves (Figure 1(b))
reduce with the introduction of 3% MA and NCF incre-
ments which decreases the melting enthalpy for PLA-
NCF-FB composite.

Equation (1) was used to calculate the degree of crystal-
linity (Xc %) in PLA. Table 1 shows that the degree of crys-
tallinity decreases from 14.9% to 9.8% when 10% NCF and
3% MA are added. The 37.4% decrease in Xc % demon-
strates that the addition of NCF and MA did not initiate
the nucleation site in PLA matrix. The FB and NCF obstruct
the movement of PLA chains that result in the reduction of
crystallization temperature (Tc). Furthermore, reduction in
crystallinity accelerates the diffusivity and solubility of CO2
in the polymer matrix [5]. The impermeability of crystalline
zones hinders the diffusion of molecules due to close packed
and regular chain structure that offers minimum free volume
for solubility of CO2. The reduction of crystallinity in PLA-
NCF-MA composite indicates that the addition of NCF and
MA increases the diffusivity and solubility of CO2. The
energy consumption during processing can be reduced by
increased CO2 solubility which also increases the diffusion
coefficient acting as a potential plasticizer in the processes.

The contact angle of sessile drop of water is illustrated in
Figure 2 for neat PLA and PLA-NCF-MA composite. The
neat PLA has a contact angle of 78:9 ± 0:3°. The 10% NCF
addition decreases the contact angle by 11 percent and
reaches up to 70:7 ± :0:35° indicating the improvement in
hydrophilic behaviour. Also, 3% MA inclusion in
10%NCF-PLA decreases the contact angle to 70:1 ± 0:35°
demonstrating the minimum effect of MA on the composite
wettability. The enhanced hydrophilic behaviour with inclu-
sion of NCF shows the existence of hyroxyl groups increas-
ing the wettability and hydrophilic behaviour in PLA-NCF.
Also, the decrease in water contact angle with the inclusion
of NCF increases the surface area providing the opportunity
for distilled water to interact more with the surface of fiber.
Additionally, the NCF decreases the surface roughness
allowing adequate distribution of water leading to reduction

of contact angle and enhancement in wetting of PLA-NCF-
MA composite.

Figure 3 illustrates the loss factor (tan δ) and storage
modulus (G′) of composite with respect to temperature.
Figure 3(a) illustrates that the storage modulus G′ of PLA
is 3010MPa. In contrast to neat PLA, the storage modulus
G′ is increased up to 20% when 10% NCF is inserted in
the PLA matrix. The storage modulus rises due to increased
stiffness of the PLA matrix which is reinforced by NCF [35,
36]. Moreover, Figure 3(a) illustrates that the fall of NCF-
PLA storage modulus occurs in the range of 56°C and 58°C
due to glass transition temperature which is consistent with
the results of DSC. The molecular mobility of the PLA
matrix chain beyond the glass transition temperature can
be the reason because storage modulus G′ falls [36].
Figure 3(b), as an example, illustrates that the storage mod-
ulus of 6% NCF-PLA is 3454 ± 15MPa which rises up to
3734 ± 17MPa when 3% MA is added. The 10% increase
in storage modulus with the addition of 3% MA in 6%
NCF-PLA composite is due to enhancement in interfacial
adhesion between the PLA matrix and NCF. Also, the inter-
facial adhesion might reduce the molecular mobility at the
interfaces of NCF and PLA matrix. Table 2 demonstrates
maximum storage modulus values showing enhancement
in adhesion which might have occurred because of improve-
ment in compatibility because of MA inclusion. The maleic
anhydride (MA) compounds might have reacted to the
hydroxyl groups in the NCF that consequently formed the
ester bonds, and because of similar polarity, the PLA matrix
intermingled with MA which acts as copolymer. The
increase of storage modulus occurred due to improvement
in interfacial adhesion after the addition of MA as interfacial
modifier which linked the PLA matrix and NCF.

Figure 3(c) indicates that 1.55 is the mechanical damp-
ing tan δ for neat PLA. The increase of NCF in gradual
increments of 10% reduces tan δ up to 0.81. The decrease
in tan δ occurs because of restriction of PLA molecule move-
ment instigated by stiff CNF [37]. Figure 3(d) illustrates the
reduction in peak height of tan δ to 0.69 when 3% MA is

Table 2: Mechanical properties of PLA-NCF-MA composites.

PLA/NCF/MA
Tensile strength

(MPa)
Elastic modulus

(GPa)
Elongation at
break (%)

Impact strength
(kJ/m2)

Storage modulus
(MPa)

tan δ

100/0/0 37:1 ± 0:90 0:87 ± 0:02 14:1 ± 0:28 5:32 ± 0:04 3025 ± 20 1:54 ± 0:01
98/2/0 38:9 ± 0:70 0:95 ± 0:03 13:9 ± 0:27 5:13 ± 0:06 3232 ± 19 1:45 ± 0:02
96/4/0 42:7 ± 0:68 1:01 ± 0:05 13:7 ± 0:31 4:86 ± 0:11 3350 ± 18 1:21 ± 0:01
94/6/0 43:6 ± 0:71 1:09 ± 0:03 13:4 ± 0:23 4:55 ± 0:10 3454 ± 15 1:11 ± 0:03
92/8/0 45:1 ± 0:59 1:17 ± 0:02 12:9 ± 0:18 4:29 ± 0:09 3642 ± 17 0:93 ± 0:01
90/10/0 47:6 ± 0:74 1:26 ± 0:01 12:5 ± 0:17 4:01 ± 0:08 3855 ± 16 0:81 ± 0:04
95/2/3 40:8 ± 0:61 1:08 ± 0:03 20:11 ± 0:31 5:64 ± 0:08 3410 ± 19 1:39 ± 0:02
93/4/3 47:9 ± 0:65 1:18 ± 0:02 19:7 ± 0:11 5:85 ± 0:07 3541 ± 15 1:14 ± 0:01
91/6/3 50:8 ± 0:64 1:29 ± 0:01 19:05 ± 0:22 5:90 ± 0:05 3734 ± 17 1:01 ± 0:03
89/8/3 52:1 ± 0:76 1:38 ± 0:06 18:4 ± 0:30 5:98 ± 0:08 3856 ± 18 0:71 ± 0:02
87/10/3 53:2 ± 0:69 1:45 ± 0:04 17:9 ± 0:11 6:21 ± 0:04 4060 ± 19 0:67 ± 0:01
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added in 10%NCF-PLA signifying the advancement in inter-
facial adhesion. The results indicate that the reduction in
tan δ increases molecular relaxation and aids the NCF-PLA
composite to withstand greater amount of force. Finally,
the impact of effective interfacial adhesion can be noticed
in reduction of energy dissipation resulting in improved
behaviour of energy absorption. Table 2 summarizes the
tan δ values of PLA-NCF-MA composites.

Figures 4(a) and 4(b) demonstrate the tensile curves of
PLA-NCF-MA composite. Table 2 shows the analogous
data of % elongation at break, tensile strength, and elastic
modulus. The tensile strength of neat PLA appears to be
37:1 ± 0:9MPa, and it increases to 47:6 ± 0:74MPa when
the 10% NCF is added to the PLA matrix. Additionally,
the insertion of 10% NCF in the PLA matrix increases
the modulus of elasticity to 1:26 ± 0:01MPa in comparison
to neat PLA. The 10%NCF-PLA composite shows the
improvement in elastic modulus up to 30.9% and tensile
strength up to 22.1% when compared to neat PLA. The
NCF content from 2% to 10% has negligible effect on

the improvement of % elongation at break. The slight
reduction in % elongation might have occurred due to
the restriction of molecular mobility of PLA chains with
the addition NCF. The noticeable increase in % elongation
at break, tensile strength, and elastic modulus occurs with
the addition of MA in the NCF-PLA composite.
Figure 4(b) shows the addition of 3% MA in composite
with 6% NCF-PLA increases tensile strength up to
26.9%, elastic modulus up to 32.5%, and % elongation at
break up to 21.2% in comparison to neat PLA. The MA
acted as interfacial compatibilizer which improved the
interfacial adhesion and increased the mechanical proper-
ties of the NCF-PLA composite. In contrast to neat PLA,
the 3% MA inclusion in 10%NCF-PLA demonstrates the
increase of tensile strength up to 30.2%, % elongation at
break up to 21.2%, and elastic modulus up to 40.0%.
The improvement in mechanical properties might have
happened due to the development of hydrogen bonds
between the PLA matrix and NCF because of the presence
of MA. The presence of strong hydrogen bonds also
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Figure 4: (a) Tensile curve of PLA-NCF. (b) Tensile curve of PLA-6%NCF-3%MA. (c) Impact strength of PLA-NCF-MA.

Table 3: Atomic % concentration, binding energy (BE), and bond type of C1s and O1s orbitals.

Bond type
Neat PLA PLA-6% NCF PLA-6%NCF-3%MA

BE (eV) Atomic % concentration BE (eV) Atomic % concentration BE (eV) Atomic % concentration

O1s 532.33 22.74 532.31 26.93 532.29 34.59

C1s 284.83 77.01 284.79 72.89 284.95 65.25

O1s_1_O=C 532.09 12.61 532.07 13.82 532.05 14.81

O1s_2_O-C 533.42 10.15 533.33 13.19 533.38 19.70

C1s_1_C-C 284.79 54.65 248.68 47.95 248.85 33.39

C1s_2_C-O 286.38 13.36 286.32 15.35 286.34 18.26

C1s_3_O-C=O 288.90 8.98 288.82 9.67 288.85 13.69
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played a role in adequate dispersion of NCF in the PLA
matrix resulting in capable load transfer from the PLA
matrix to NCF [38].

Figure 4(c) indicates that incorporating NCF in PLA
decreased impact strength up to 25% from 5:32 ± 0:04 kJ/
m2 to 4:01 ± 0:08 kJ/m2 for the NCF-PLA composite. The
addition of nanocellulose fibril decreases molecular mobil-
ity in the PLA matrix in turn reducing the energy absorp-
tion that decreases the impact strength of the NCF-PLA
composite. Furthermore, the reduction of impact strength
occurs because of inefficient stress transfer when nanocel-
lulose fibril (NCF) is present as its presence obstructs the
penetration of PLA between the nanofibrils. The enhance-

ment in impact strength by the addition of 3% MA in
10%NCF-PLA can be noticed when compared to neat
PLA as it is increases up to 15.3%. The MA as a coupling
agent increased the interaction between NCF and PLA
matrix resulting in strong interfacial adhesion and helped
in effective load transfer. Also, the presence of MA causes
the chain grafting between NCF and PLA matrix that
increases the impact strength of composite due to effective
energy absorption. The improvement in mechanical prop-
erties of the NCF-PLA composite is increased remarkably
by the addition of MA which acts as interfacial modifier.

The carbon oxygen bond types were recognized by
exposing the O1s and C1s regions of specimen by using
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Figure 5: X-ray photo spectroscopy peaks in C1s and O1s orbitals: (a) neat PLA, (b) PLA-6%NCF composite, and (c) PLA-6%NCF-3%MA
composite.
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XPS. Table 3 shows the bond type with their related energy
of binding and atomic concentrations. Figure 5(a) demon-
strates the peaks of pure PLA having corresponding intensi-
ties for functional groups related to the C1s region. The pure
PLA polymer consists of covalent bond between oxygen, car-
bon, and hydrogen. In PLA matrix except hydrogen,
288.90 eV, 286.38 eV, 284.79 eV, 533.42 eV, and 532.09 eV
binding energies are being presented for O–C=C bond, C–
O bond, C–C bond, O=C bond, and O–C bond, respectively.
Table 3 and Figure 5(b) illustrate that inclusion of 6% NCF
in the PLA matrix elevates the carbon-oxygen bond concen-
tration in the composite. The NCF contains higher level of
carbon oxygen in its structure than PLA which increases
the atomic % concentration of O-C=O to 9.67 atomic %
from 8.98 atomic %. Moreover, in the PLA matrix, the
atomic concentration of C-O bond increases to 15.35% from
13.36% due to the addition of NCF. In previous studies, it is
shown that the corresponding binding energies of C-O bond
and CC bond are 286.5 eV and 285.0 eV which correspond
to our data [5]. The C-O, C-C, and C=O are the fundamen-
tal bonds of maleic anhydride (MA). The combinations of
these bonds remarkably improve the grafting of carbon-
oxygen bonds on the PLA matrix [38]. The presence of
hydroxyl bonds in MA improves the properties of the

NCF-PLA composite by increasing interaction between
NCF and PLA. Figure 5(c) shows the increase in shoulder
peak of the C1s region which might have occurred because
of strong grafting creating better adhesion and crosslinking.
The improvement can be attributed to the supplemented C-
O bond concentration because of MA to 18.26 at.% from
13.36 at.% as shown in Table 3. Moreover, when compared
to neat PLA, the O-C=O bond concentration increases to
13.69 at.% from 8.98 at.% as MA is added. Similar results
were found with variable concentrations of NCF having 3%
MA. The studies show that the MA might have shorter
molecular chains than PLA making this as an attractive fea-
ture when it comes to effective creation of interfacial adhe-
sion and crosslinking [39]. The effect is confirmed by
analyzing the impact strength for the PLA-10%NCF-
3%MA composite which improved 15% as shown in Table 2.

The tensile fracture surfaces of neat PLA, PLA-6%NCF,
and PLA-6%NCF-3%MA are shown in Figure 6.
Figure 6(a) shows smooth fracture arising from neat molec-
ular attachment indicating the brittle nature of pure PLA.
The addition of NCF in PLA demonstrated irregular surface
pattern and voids in the cross section of fracture surface as
shown in Figure 6(b) of PLA/6%NCF. The voids on fracture
surface of PLA/6%NCF form because of pulling out of NCF

(a) (b)

(c)

Figure 6: Fracture surface: (a) neat PLA, (b) PLA-6%NFC, and (c) PLA-6%NFC-3%MA.
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showing weak interfacial adhesion. Figure 6(c) shows the
addition of 3% MA in PLA/6%NCF creates irregular fracture
surface and decreases the voids as the reduction in debond-
ing of NCF occurs due to increase in interfacial adhesion.
The anhydride groups present in MA supplemented the
adhesion by reacting with hydroxyl group on the NCF and
PLA surfaces resulting in improvement of tensile and impact
strength of the NCF-PLA-MA composite.

4. Conclusion

The study presents analysis of the PLA-NCF-MA composite
developed by utilizing twin extruder. The addition of NCF in
varying concentrations in PLA has shown minimum impact
on degree of crystallinity in the NCF-PLA composite and
does not act as nucleating agent. The presence of hydroxyl
bonds in NCF increased hydrophilicity in the NCF-PLA
composite. Furthermore, the molecular relaxation caused
by MA increased the storage modulus and decreased tan δ.
Also, the decrease in tan δ peak which resulted from molec-
ular relaxation allows the PLA-NCF-MA composite to
endure high energy of absorption. The addition of 3% MA
increased the impact strength and % elongation at break
illustrating the presence of strong interfacial adhesion
between NCF and PLA. Moreover, the results show that
interfacial adhesion increased due to the addition of MA
which not only enhanced uniform dispersion of NCF but
also reduced NCF pulling out from the PLA matrix.
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Copper (Cu) metal matrix composite (MMC) was developed with multiwall carbon nanotubes (MWCNT) as reinforcement by
using powder metallurgy (PM) technique. The composition of the composites is Cu, Cu-4wt% MWCNT, Cu-8wt% MWCNT,
and Cu-12wt% MWCNT. The Cu and MWCNTs were blended for 6 hours in a ball mill and compacted at a 6 ton pressure to
form green compacts using a 10 ton hydraulic press. Using a tubular furnace, the heat was applied at 900°C for 1.5 hours to
impart strength and integrity to the green compacts. Milled composite blends were studied to analyze its characterization
through SEM and EDAX analysis. Characterization studies such as SEM and EDAX confirm the presence and even dispersion
of Cu and MWCNT constituents. The relative density, hardness, and ultimate compressive strength have been studied, and a
remarkable improvement in properties has been obtained by the inclusion of MWCNTs. The composites reinforced by 8 and
12wt% MWCNT were recorded with low thermal conductivity than the Cu composite reinforced by 4wt% MWCNT. A wear
study was analyzed using Taguchi technique for determining the effect caused by the wear test parameters and MWCNT
content on wear rate. The optimized parameter that contributes minimum wear rate was identified as 12wt% MWCNT
content, 10N applied load, 2m/s sliding velocity, and 500m sliding distance. Based on the obtained results, it could be
understood that the produced composites can be utilized for various applications like relay contact springs and switchgear,
rotor bars, and bus bars.

1. Introduction

Composite fabrication generally incorporates combining the
reinforcement with matrix and wetting them. By doing like
that, matrix-reinforcement combines collectively into an
inflexible material [1]. Because of their superior mechanical,
tribological, electrical, and thermal properties, metal matrix
composites (MMC) found their widespread applications in
ever-growing fields such as aerospace, automotive, and struc-

tural [2, 3]. Metal matrix composites (MMCs) are composed
of a metallic matrix like Al, Mg, Fe, Cu, and a dispersed
ceramic (oxides, carbides, and nitrides). Most MMCs are at
a standstill in the improvement stage and are not so exten-
sively established. The merits of MMCs are better strength-
to-density ratios, good opposition to wear and corrosion,
radiations and fatigue, less creep rate and coefficients of ther-
mal expansion, no moisture absorption, noninflammability,
and higher electrical and thermal conductivities [4]. Copper
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has outstanding properties such as electrical conductivity,
thermal conductivity, workability, and corrosion resistance.
Due to these unique properties, copper is expected to be an
outstanding material for manufacturing parts in industries
in connection with water supply and electrical and thermal
industries and has broad applications in gas turbine nozzles,
rocket engines, electrical switches, combustion chamber wall
liners, electronic packages, contact breakers, cooling systems,
heat exchangers, rotating neutron targets, and integrated cir-
cuits. Although copper possesses good properties because of
its ductile nature, it has poor mechanical properties and this
restricts structural applications [5–7]. To overcome the
aforementioned disadvantage, copper is reinforced with
Al2O3, SiC, TiO2, Gr, ZrO2, Ti, TiB, TiB2, TiC, and fly ash
particles to form copper matrix composites which improved
the mechanical properties [2, 8–13]. Most manufacturing
companies focus on copper matrix composites to produce
several components due to the supreme properties over other
matrix composites [14]. Carbon nanotubes (CNTs) are such
a reinforcement that is well known for its one-dimensional
quasicarbon structures with greater aspect ratio and better
electrical, thermal, and mechanical properties. The strength
of the matrix materials has been found to get improved in
association with CNT reinforcements, and hence, the CNT
reinforced composites are extensively used in automotive
and aerospace applications [15, 16]. In view of the excellent
atomic structure and intriguing properties, the researchers
heeded over the investigations on CNT. As yet, CNT is
the utmost exclusive and adaptable materials exposed in
the world, and this has been concluded from the theoret-
ical and experimental results obtained [17]. A substantial
attempt to synthesize better Cu-CNT composites is therefore
on the rise [18, 19]. Though the powder metallurgy (PM)
manufacturing process is an older technique to fabricate
MMCs, in the recent era, the manufacturing industries are
much attracted towards the PM fabricating process due to
the various merits such as components with net shape and
no wastages and better mechanical properties [20]. Excellent
mechanical properties and fine microstructure can also be
achieved without any defects through PM manufacturing
process [21, 22].

Liu et al. [23] formed Cu-CNT properties with enhanced
strength and ductility, and the better interfacial bonding
between Copper and CNT was identified to be the reason
behind improved properties. Wang et al. [24] investigated
the properties and enhancements of Cu-CNT composites’
interfacial interaction and found that yield strength, plastic-
ity, and electrical conductivity were improved with the
increase in CNT reinforcement. The predominant increase

in yield strength and plasticity was justified by the disloca-
tion theory and the strengthening mechanisms. Yang et al.
[25] investigated the mechanical and electrical properties
of CNT reinforced copper composites, and the maximum
values were obtained in composite with 2.5 vol% CNT rein-
forcement. Alam et al. [26] studied the wear behavior of stir
cast aluminium/SiC nanocomposites and reported that addi-
tion of reinforcement increases the wear resistance. Previous
reports proven that MWCNTs are remarkably stronger than
the impressively single-walled carbon nanotube. Also, the
single wall CNT is very useful for electrical and electronics
applications. Hence, for strength enhancement, we have
used MWCNT as reinforcement in this study.

An extensive literature review indicates that the produc-
tion of Cu-CNT composites through PM technique is rare.
Thus, this study was endeavored to explore the characteris-
tics and properties of Cu-MWCNT composites after devel-
oping using the PM method. The influence of MWCNT
reinforcement on the hardness, density, compressive
strength, and thermal conductivity of the fabricated compos-
ites was stated. Wear property of the composites was tested
in a pin-on-disc wear tester. The impact of MWCNT weight
percentage and the wear test parameters such as load
applied, sliding distance, and sliding velocity on the wear
rate of Cu-MWCNT composites was analyzed using Taguchi
analysis, and the optimized parameter levels for minimum
wear rate were also identified.

2. Experimental Details

The chosen copper matrix and MWCNT reinforcement
powders of current investigation were procured from Mod-
ern Scientific, Madurai, India. The MWCNTs were added
to the step of 4, 8, and 12 weight percentages to yield the dif-
ferent compositions. The size of the copper powder is
300μm, and MWCNT is 50μm. The proportions of
MWCNT particles added to Cu powders to form composites
are depicted in Table 1, and the fabrication process setup
and sequence of processes used are shown in Figure 1.

In the present investigation, the Cu/MWCNT compos-
ites were synthesized through the PM technique as men-
tioned by the following procedure. At 600 rpm, the mixing
of Cu and MWCNTs was achieved by a planetary ball mill
with a stainless steel mixing jar consisting of 10mm diame-
ter stainless steel balls, and the milling was performed for a
duration of 6 hours under argon atmosphere. The BPR
maintained was 5 : 1, and pure alcohol was added to the mix-
ture so as to control self-cold welding of powders. Milling
was also performed to establish reduction in the particle size
of powders and thereby improving the homogenization of
powders. The density of the used Cu and MWCNT powders
was 8.9 g/cc and 1.8 g/cc, respectively, and these density
values were considered in the calculation of relative density.
Once the milling was complete, each composition was com-
pacted in a hydraulic press with a capacity of 10 Ton. By
using a cylindrical punch die arrangement, the well-
blended Cu and MWCNT powders were compacted to green
compacts of cylindrical shape at room temperature. The
compaction was made at a pressure of 6 tons, and the

Table 1: Sample compositions of composite preparation.

Sample
no.

Copper (Cu),
wt%

Multi-walled carbon nanotube
(MWCNT), wt%

1 100 0

2 96 4

3 92 8

4 88 12
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Cu-CNT
Composite

Mechanical
Properties

Wear test as
per L16 OA

Wear analysis-SN
ratio & ANOVA

Sintering process

Tubular furnace Punch and die Compaction press

Compaction process

Ball milling processCopper matrix MWCNT Cu-x wt. %CNT
composite powders

Figure 1: Fabrication process setup and sequence of processes used for the present work.

Table 2: Parameters with levels chosen for wear rate analysis.

Parameters Symbols Unit Level 1 Level 2 Level 3 Level 4

Weight percentage of MWCNT A % 0 4 8 12

Load applied B N 10 20 30 40

Sliding velocity C m/s 1 2 3 4

Sliding distance D m 500 1000 1500 2000

Cooper

(a)

Cooper

(b)

MWCNT

(c)

Cooper

MWCNT

(d)

Cooper

MWCNT

(e)

Cooper

MWCNT

(f)

Figure 2: SEM micrographs. (a, b) SEM image of pure copper; (c) SEM image of multiwalled carbon nanotubes; (d) Cu–4wt% MWCNT; (e)
Cu–8wt% MWCNT; (f) Cu–12wt% MWCNT milled powders.
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compaction dwell time was about 12 seconds and the resul-
tant cylindrical green compacts were of 10mm diameter and
10mm height.

Sintering was done in a tubular furnace at 900°C much
below the melting point of copper, to integrate the particles
and improve the strength of the green compacts produced.
The sintering temperature (900°C) was achieved inside the

furnace by heating at a rate of 5°C/min for 1.5 hours. Sinter-
ing was performed in a controlled argon atmosphere to pro-
duce clean parts without products of oxidation and to
prevent surface contamination from atmospheric air. The
sintered samples were tested for hardness by using Vickers
hardness testing machine by following ASTM standard
E384-08 [27]. The compressive strength was evaluated as
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Figure 3: EDX Analysis (a) EDAX of Cu; (b) MWCNT; (c) Cu–4wt% MWCNT; (d) Cu–8wt% MWCNT milled powders.
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per ASTM standard E9-89a using a 10 Ton Universal testing
machine [28]. By recording the power meter reading and
temperature with respect to time, the thermal conductivity
values of the produced composites were determined in
W/mK. Three sets of readings were noted for all the experi-
ments, and the average of these three values was calculated
for investigation. The wear rate of the composites was eval-
uated by adopting ASTM G-99 standard procedure using a
pin-on-disc apparatus. During experimentation, the Cu-
CNT wear test specimens and EN-31 hardened steel with
60 HRC were employed to be the pin and disc material.
The surfaces were mirror-polished to enable properly
engaged contact between the counterparts and thereby
ensuring uniform wear all over the surface. The parameters
considered for wear rate analysis were MWCNT weight per-
centage, load applied, sliding speed, and sliding distance, and
for each parameter, four levels were chosen as depicted in
Table 2. By L16 orthogonal array, the experimental run for
the study was framed and the effect of these parameters on
the wear rate was analyzed by Taguchi analysis.

3. Results and Discussion

3.1. Microstructural Characterization. As obtained, pure
Cu powder was subjected to SEM examination and the
micrographs that clearly illustrate the three-dimensional
spherical shaped copper powder particles are shown in
Figures 2(a) and 2(b). Figure 2(c) reveals the needle-like
one-dimensional acicular-shaped MWCNT powder parti-
cles. Figures 2(d)–2(f) exhibit the SEM micrograph of the
Cu + 4wt%MWCNT, Cu + 8wt%MWCNT, and Cu + 12wt
%CNT milled powders. The occurrence of CNT particle is
evidently noticeable in all the samples of Figures 2(d)–2(f).
The SEM image in Figure 2(d) shows that the MWCNT par-
ticulates were more evenly distributed among the copper par-
ticles and are homogenous. Figures 2(e) and 2(f) reveal the
occurrence of MWCNT clusters in between the copper
matrixes in Cu–8wt% MWCNT and Cu–12wt% MWCNT
composites, and this confirms the possibility of reinforce-
ment accumulation formation at higher reinforcement con-

tent. The shape change effect and cold welding [29] of
MWCNT with copper particles that happened during ball
milling were understood from Figures 2(e) and 2(f).

3.2. Energy Dispersive X-Ray Analysis. The compositional
analysis of the As procured pure Cu and MWCNT pow-
ders, and milled Cu-MWCNT powders were done by
EDAX, and the result supplements the even dispersal
observation made by SEM micrographs. The images dis-
played in Figures 3(a)–3(d) indicate the occurrence of peaks
equivalent to the presence of pure Cu and MWCNT. The
higher peaks correspond to the main content copper in the
composite powders. The even mixing and homogenous dis-
persal of MWCNT particles in Cu particles were substanti-
ated by the obtained MWCNT weight percentage from
Figures 3(c) and 3(d).

3.3. Relative Density and Hardness of Cu-MWCNT
Composites. The theoretical and experimental density of
the composites was calculated by following the rule of mix-
tures and Archimedes principle, respectively. From the cal-
culated values, the relative density values of the copper and
Cu-MWCNT composites were calculated. The relative den-
sity of the composites was depicted in the graph notified in
Figure 4. From the graph in Figure 4, it was noted that the
relative density values declined with the addition of more
MWCNT content and the Cu-12% MWCNT composite
exhibited the lowest relative density values. Increasing the
wt% of MWCNT beyond 10 causes severe decline in the
curve, and this severe declining effect on the relative density
may be possible because of the accumulation of CNT parti-
cles at a higher reinforcement weight percentage that causes
deprived bonding of CNT with the Cu matrix [16].

Figure 4 also depicts the hardness of copper and Cu-
MWCNT composites with respect to the different MWCNT
percentages loaded, and the hardness values were found to
get enhanced with the increase in MWCNT content. The
hardness enhancement is accredited to the strengthening
effect imposed by the dispersal of highly strengthened
MWCNT particles in the copper matrix. The increased
amount of CNT particles with high strength enhanced the
hardness of the composite progressively [30]. The increase
in hardness improved the bonding between the copper and
MWCNT particles. Numerous researchers investigated and
explained the correlation that exists between the hardness
and strengthening effect of the CNT-embodied composites.
Akbarpour et al. [27] fabricated CNT-reinforced composites
with elevated hardness values, and the hardness improve-
ment with incorporation of CNT particles may be due to
the underlying conditions: (i) reduction in grain size, (ii)
increase in dislocation density, (iii) decrease in pore size,
and (iv) work hardening of powders during milling. Besides
outstanding interfacial bonding, hardness may be improved
because of the prevention of dislocation movement due to
CNT inclusion as per Hall-patch and Orowan strengthening
phenomena. The improvement of hardness in Cu-CNT
composites is due to excellent physical bonding between
Cu and CNT at the interface. Due to grain improvement,
particle strengthening and load bearing ability of hard
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reinforcement particle with matrix composites hardness
enhanced [31].

3.4. Compressive Strength. The stress-strain curves drawn
out with the values attained from the compression test car-
ried out on Cu, Cu–4wt% MWCNT, Cu–8wt% MWCNT,
and Cu–12wt% MWCNT composites are illustrated in
Figure 5. The compression strength of the Cu-MWCNT
composites was better when compared with copper and
on account of the progressive inclusion of MWCNT rein-
forcement; 33% enhancement in compressive strength was
recorded. The superior molecular level mixing of matrix
and reinforcement particles and the occurrence of better
distribution impacted the stress-strain relationship [30].
The occurrence of strengthening accompanied by the load
transfer between the copper and high strength MWCNT
particles at their interfaces also leads to improvement in
compressive strength of the composites. The fact that
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Figure 5: Stress-strain curve of Cu-MWCNT composite.
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enhanced dislocation density tends to improve the compres-
sive properties was because of thermal mismatch between
matrix and reinforcement [32] and Orowan strengthening
mechanism and dispersion hardening effect [33].

Figure 6 shows that the ultimate compressive strength
increases with increasing MWCNT reinforcement weight
percentage, and the results implied that the compressive
strength of Cu-MWCNT composites was superior than the
copper matrix. The augmentation of ultimate compressive
strength was because of the noteworthy causes such as grain
refinement, load transfer from Cu matrix to MWCNT rein-
forcement, and Orowan strengthening mechanism. Higher

plastic deformation and strain hardening also contributed
to greater compression strength. It is also well proved by
many researchers that the addition of reinforcement content
improves the compressive strength [15, 17]. The main signif-
icant cause for compressive strength improvement is well
and fine dispersion of MWCNT particles with matrix.

3.5. Thermal Conductivity. Figure 7 depicts the influence
made by the MWCNT reinforcement particles on the ther-
mal conductivity Cu-MWCNT composites. The graph illus-
trated that the maximum thermal conductivity was recorded
with the composite having 4wt% MWCNT. The uniform

Table 3: Wear rate and their corresponding S/N ratio.

Experiment number
Weight percentage

of MWCNT
Applied load (N)

Sliding
velocity (m/s)

Sliding distance (m) Wear rate mm3/Nm
� �

× 10−6 S/N ratio

1 0 10 1 500 44.59 -32.9847

2 0 20 2 1000 48.62 -33.7363

3 0 30 3 1500 53.49 -34.5655

4 0 40 4 2000 57.64 -35.2145

5 4 10 2 1500 26.95 -28.6112

6 4 20 1 2000 29.54 -29.4082

7 4 30 4 500 33.52 -30.5061

8 4 40 3 1000 36.74 -31.3028

9 8 10 3 2000 7.13 -17.0618

10 8 20 4 1500 10.77 -20.6443

11 8 30 1 1000 17.55 -24.8855

12 8 40 2 500 13.92 -22.8728

13 12 10 4 1000 4.59 -13.2363

14 12 20 3 500 4.12 -12.2979

15 12 30 2 2000 5.16 -14.253

16 12 40 1 1500 6.47 -16.2181

Wt.% of MWCNT Applied Load (N) Sliding Velocity (m/s) Sliding Distance (m)
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Figure 8: Main effect plot for mean (wear rate).
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and even dispersion of MWCNT reinforcement and also the
existence of better interfacial bonding contributed to the
improvement in thermal conductivity. Beyond 4wt%, the
addition of MWCNT particles and the thermal conductivity
experiences the reverse trend and declines with the addition
of 8 and 12wt% MWCNT reinforcement particles. Further-
more, increasing the MWCNT weight percentage up to
12wt%, the thermal conductivity value decreases drastically.
This significant lessening of thermal conducting property
with the more weight percentage of MWCNT reinforcement
addition is justified by the following reasons:

(i) The agglomerated MWCNTs which were held
together as a bunch failed to maintain the contact

with the copper matrix, and hence, the higher
weight percentage of MWCNTs cannot subsidize
the thermal conducting effect

(ii) An agglomeration of MWCNT may tempt the tube-
tube interface, and this bundling separates the
CNTs into ropes and offers the inner tube disper-
sion of phonons; therefore, a noteworthy reduction
in the thermal conductivity occurred [28, 34]

(iii) The heat flow transformation in the composites was
hindered due to the back dispersion of phonons in the
composites which were caused by clustering effect
[35]. Nevertheless, in this study, it is clear that ther-
mal conductivity of copper matrix is superior than
MWCNT particle; this is the most important reason
to beg off in the composite thermal conductivity

3.6. Taguchi Analysis: Wear Rate versus wt% of MWCNT,
Applied Load, Sliding Velocity, and Sliding Distance. This
wear study conducted to determine the optimized parameter
levels for achieving the minimum wear rate followed the L16
orthogonal array, and the experimental values acquired were
interpreted using MINITAB software. The optimization is
done by spotting the level of the parameter that yields the
preferred quality characteristic, and for the current investi-
gation, “the smaller the better” quality characteristic was
chosen. The experimental observations are shown in
Table 3, and the S/N ratios are obtained by dividing the
mean (signal) to the standard deviation (noise). The maxi-
mum wear rate of 57:64 × 10−6 (mm3/Nm) was recorded
by the pure copper without MWCNT particles, and the min-
imum wear rate of 4:12 × 10−6 (mm3/Nm) was observed in
the sample with 12wt% MWCNT. These values illustrate
the leading control exhibited by the percentage of MWCNT
reinforcement over the wear rate of the Cu-MWCNT com-
posites. The property wear resistance is always related and
directly proportional to its hardness as indicated by Arch-
ard’s law [36]. The high hardness exhibited by the composite

Wt.% of MWCNT Applied Load (N) Sliding velocity (m/s) Sliding distance (m)
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Figure 9: Main effect plot for S/N ratios (wear rate).

Table 4: Response table for the signal to noise ratios (smaller is
better).

Level
Weight percentage

of MWCNT
Applied
load (N)

Sliding
velocity (m/s)

Sliding
distance (m)

1 -34.13 -22.97 -25.87 -24.67

2 -29.96 -24.02 -24.87 -25.79

3 -21.37 -26.05 -23.81 -25.01

4 -14.00 -26.40 -24.90 -23.98

Delta 20.12 3.43 2.07 1.81

Rank 1 2 3 4

Table 5: Response table for means.

Level
Weight percentage

of MWCNT
Applied
load (N)

Sliding
velocity (m/s)

Sliding
distance (m)

1 51.085 20.815 24.537 24.038

2 31.688 23.262 23.662 26.875

3 12.343 27.430 25.370 24.420

4 5.085 28.692 26.630 24.868

Delta 46.000 7.877 2.968 2.837

Rank 1 2 3 4
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with 12wt% MWCNT thereby explicates its high wear resis-
tance behavior.

The main effect plots portray the influence made by the
process input parameters over the response. The nature of
lines observed in the main effect plot elucidates the influence
level. The parameter that contributes a highly inclined line
will be proclaimed as the most influential parameter, and
the parameter with a plot nearer to the horizontal axis will

be the least influential one. From the plots in Figures 8 and
9, the addition of MWNT wt% was recognized to be the pre-
dominant parameter to affect wear rate. The parameters slid-
ing velocity and sliding distance were recognized as the least
significant parameters. These results were also substantiated
by the delta and rank values in Tables 4 and 5. The param-
eter wt% of MWCNT with the highest rank is the most sig-
nificant parameter followed by applied load, sliding velocity,
and sliding distance. From the main effect plots, the opti-
mized parameter levels that contribute minimum wear rate
were identified as 12% MWCNT content, 10N applied load,
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Figure 10: Interaction plot showing the interaction effect caused by input parameters on wear rate.
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Figure 15: Contour plot showing wear rate with the combined effect of applied load and sliding velocity.
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2m/s sliding velocity, and 500m sliding distance. The simi-
lar results were observed for the researcher [2]. The rise in
sliding and sliding speed rises the temperature amid the
counterparts and therefore successfully improves wear rate.
An augmentation in the value of applied load contact amid
disc and pin rises causes the wear rate to get prominent [37].

The interaction effect generated from various combina-
tions of input parameters and the effect imposed on the wear
rate was as illustrated in the interaction plot in Figure 10.
The parallel lines perceived in the frontline plots reveal that
no interaction effect was caused by the wt% of MWCNT
when linked with the other three parameters. Under all
cases, the composite with 12wt% MWNCT gained the min-
imum wear rate. The wear rate gets elevated because of the
hike in applied load, and this may be attributed to the perfect
contact and in turn the friction between the counterparts
encountered at high loads. Also, the plastic deformation
was configured due to the existence of friction-induced high
temperature contributed to the increase in wear loss.

Though the sliding distance was drawn out to be the
least significant factor, the spike in sliding distance increases
the wear rate initially, then suddenly experiences a drop-in
wear rate, and resumes the increasing trend. This behavior
can be well explained by correlating with the oxide layer
formation. An increase in sliding distance will bring out
more heat between the mating parts, and this aids in oxide
layer formation that inhibits the wear loss. For a further
increase in sliding distance, due to high temperature, the

mating surfaces become softer and the oxide layer deterio-
rates causing the wear rate to get increased again. The cross-
linked patterns observed in the interaction plots that portray
the combined effect of applied load, sliding distance, and slid-
ing velocity revealed the presence of interaction effect
between the aforesaid parameters. The contour plots in
Figures 11–13 explain the combined effect caused by the
weight percentage of MWCNT when interacted with load,
sliding velocity, and sliding distance. In all the three plots,
lower wear rate region was observed in the zone with
12wt%MWCNT and the pure copper contributes to the high
wear rate region. The y-axis parameters remain ineffective
and failed to cause the combined effect. The scattered low
wear rate region in Figures 14–16 confirms the presence of
interaction effect between the respective parameters.

3.7. ANOVA Analysis of Wear Rate. Through ANOVA
(Table 6), by conducting F-test and identifying the maxi-
mum F-value, the most influencing parameter can be ascer-
tained. The weight percentage scored a maximum F-value of
305.89 and succeeded to be the most influencing parameter.
The parameters sliding velocity and sliding distance were
proven progressive inclusion of MWCNT reinforcement to
be the least significant with 1.14 as the F-value.

The probability plot in Figure 17 confirmed that the pro-
cess pursued a normal distribution and also verified the
absence of outliers. These observations inferred that the
model proposed for wear study was executed satisfactorily.

Table 6: Analysis of variance for wear rate ðmm3/NmÞ × 10−6.

Source DF Seq SS Adj SS Adj MS F-value P value % contribution

Weight percentage of MWCNT 3 5127.84 5127.84 1709.28 305.89 ≤0.001 95.97

Applied load (N) 3 160.25 160.25 53.42 9.56 0.048 2.99

Sliding velocity (m/s) 3 19.15 19.15 6.38 1.14 0.458 0.35

Sliding distance (m) 3 19.14 19.14 6.38 1.14 0.458 0.35

Error 3 16.76 16.76 5.59

Total 15 5343.14
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4. Conclusions

Cu-MWCNT composites were successfully produced via
powder metallurgy route, and the impact made by MWCNT
on the behaviours of the composite was studied. The physi-
cal and mechanical properties of the Cu-MWCNT compos-
ites were evaluated and by performing Taguchi analysis, the
effect of wear test parameters and the optimized conditions
to accomplish minimum wear rate were identified. From
the results of the current investigation, the following conclu-
sions were made:

(i) The SEM micrographs of the milled composite
powders confirm even dispersal of the composite
constituents and proved 6 hours of milling to be
an effective and optimum milling time to achieve
the aforesaid condition

(ii) The existence of Cu and MWCNT particles in the
composite powders formed was confirmed by
EDAX analysis

(iii) Relative density values show the occurrence of
agglomerated MWCNT with higher reinforcement
addition

(iv) The hardness and compressive strength of the com-
posites were superior over pure copper matrix, and
the highest values were attained in the composites
with the addition of 12wt% of MWCNT

(v) The MWCNT addition was limited to 4wt%, and
while increasing further up to 12wt%, the thermal
conductivity of the composites was found to get
declined due to cluster formation

(vi) The pure copper exhibits the maximum wear rate,
and the MWCNT reinforcement weight content
was identified as the most significant parameter

(vii) The optimized parameter levels that contribute
minimum wear rate were identified as 12%
MWCNT content, 10N applied load, 2m/s sliding
velocity, and 500m sliding distance
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Lauric acid (LA) and myristic acid (MA) were used to prepare a binary eutectic mixture. The expanded graphite (EG) was used as
the carrier, and the lauric–myristic acid/expanded graphite (LA–MA/EG) composite phase change material was prepared by
physical adsorption method. The microstructure, chemical structure, and thermal properties of LA–MA/EG were characterized
by scanning electron microscopy (SEM), differential scanning calorimeter (DSC), Fourier transform infrared spectroscopy
(FTIR), and thermal conductivity measurement. The experimental results have shown that the maximum mass ratio of the
binary eutectic mixture in the LA–MA/EG composite phase change energy-storing material was 92.2%, and there was physical
mixing and has no chemical reaction between LA–MA and EG. The fusion point temperature of LA–MA/EG was 33.4°C, the
solidification point temperature was 33.8°C, and the latent heat was 171.1 J/g, which was suitable for building energy storage
field. After several thermal cycles, the change of the fusion point and potential heat of the composite phase change materials
were very small, and it still has good energy storage performance.

1. Introduction

Because of the growing energy shortage in today’s society, it
is particularly important to improve the effective utilization
of traditional energy gradually; the development and applica-
tion of new energy resources such as solar energy are also sig-
nificant. Thermal energy storage (TES) has become a wide
development prospect technology in order to improve the
utilization rate of renewable energy [1–3]. In general, accord-
ing to the different heat storage mechanisms, TES technology
is divided into sensible heat energy storage technology, latent
heat energy storage technology, and chemical reaction energy
storage technology [4]. The chemical reaction energy storage
technology can release heat energy through the endothermic
and exothermic processes of chemical reactions [5], and due
to the high cost of equipment, complex operation process,

and the risk of chemical hazards, it is not applicable to the
field of building energy conservation. Sensible heat storage
technology can store and release heat energy by changing
the temperature of thermal insulation materials [6], and the
technology was relatively mature but the storage density
was low. Latent heat energy storage technology utilizes the
characteristics of heat energy release and absorption of PCMs
during the transition between solid phase and liquid phase
[7, 8], to achieve the goal of energy storage, temperature
control, and energy recovery and reuse and balance the
contradiction between energy supply and demand [9]. It
has the advantages of high potential heat of phase transi-
tion, high energy storage density, and stable temperature
output and has a broad application prospect in many fields
such as building energy conservation [10, 11], solar energy
utilization [12–14], recycling and utilization of industrial
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exhaust heat [15], food storage [16], the balance of the elec-
tric power, and military infrared camouflage, getting more
and more extensive attention.

Phase change materials (PCMs) can supply a large heat
capacity with a limited range of temperatures, and the phase
change process was isothermal. Phase change materials used
in construction must meet its phase transition temperature
were within the scope of the indoor temperature, latent heat
of large, stable chemical performance, not leak and metamor-
phism, etc. [17, 18]. According to the phase state, phase
change materials can be divided into solid–solid phase
change materials [19], solid–liquid phase change material
[20], solid–gas phase change material, and liquid–gas phase
change material. According to their chemical composition,
they can be divided into organic phase change materials
[21] and inorganic phase change materials [22]; organic
phase change materials are divided into the paraffin [23]
and nonparaffin; subdivided, nonparaffin phase change
materials include alcohols [24], lipids, diols, and fatty acids,
and different kinds of phase change materials have certain
limitations in their application. As a kind of common
organic PCM, fatty acids are cheap and easy to obtain.
Due to their high latent heat of phase change, stable perfor-
mance [25, 26], and different melting temperatures, fatty acids
can adapt to different climatic conditions and be widely used in
the research and application of building energy conservation.

Although fatty acids have many advantages, they still
have the negative characteristics of poor thermal conductiv-
ity and easy leakage of pure phase change materials [27].
To resolve this problem, high thermal conductivity materials
can be added into fatty acid PCM to prepare composite phase
change materials. Not only can composite phase change
materials be improved in terms of thermal conductivity, but
they can also be made into stable PCMs which are not as
likely to leak. The commonly used base materials for prepar-
ing shaped phase change materials include expanded graph-
ite [28, 29], expanded perlite [30], diatomite [31], and
activated carbon. The commonly used preparation methods
of composite phase change materials include the microcap-
sule method [32], sol–gel method [33], solution–melt infil-
tration method, and physical adsorption method [34].

Zhang et al. studied a composite phase change material
(CPCM) of capric acid, palmitic acid, and stearic acid ternary
eutectic mixture/expanded graphite (CA–PA–SA/EG) used
for low-temperature heat storage. CA–PA–SA/EG composite
phase change material was a kind of promising energy stor-
age material at low temperature, and the melting and freezing
temperatures were 21.33°C and 19.01°C, severally. And the
latent heat of CA–PA–SA/EG was 131.7 J/g and 127.2 J/g,
respectively. CA–PA–SA/EG composite PCMs were dry
and easy to be pressed, and thermal conductivity was much
higher than the ternary eutectic mixture of CA–PA–SA.
The thermal performance test has shown that with the
increase of thermal conductivity of CA–PA–SA, the mel-
ting/cooling time was obviously shortened. After 500 times
thermal cycling test, the result indicated that CA–PA–SA/EG
composite phase change material has good thermal reliability
[35]. Many studies have shown that adding the expanded
graphite can not only prevent the leakage occurred in the
molten state of PCMs but also extremely strengthen the ther-
moconductivity of CPCMs and enhance the thermal perfor-
mance [36–38]. The thermal properties of some PCM and
composite PCM were shown in Table 1.

LA and MA as PCMs applied in the fields of low-
temperature thermal storage, such as building heating/cool-
ing and indoor temperature controlling, represent higher
phase change temperatures. In this paper, the phase transi-
tion temperature and potential thermal of the prepared
LA–MA/EG were 33.9°C and 176.9 J/g, severally, and it can
be extensively used in low-temperature energy storage areas.
The LA–MA/EG composite PCM was prepared by the phys-
ical adsorption method. The scanning electron microscopy
(SEM) measurement was used for the LA–MA/EG micro-
structure; Fourier transform infrared spectroscopy (FTIR)
tests the material structure and determines the combination
between LA–MA binary eutectic mixture and EG; the CPCM
phase transition point and phase change latent heat were
determined by differential scanning calorimeter (DSC); the
CPCM thermal stability was determined by thermogravimet-
ric analysis (TGA); the change of the change phase point and
latent heat of CPCMs after multiple phase transformation
were determined by thermal cycle test; the thermal storage

Table 1: Heat performances of some phase change materials (PCMs) and composite phase change materials (CPCMs). CA: capric acid; LA:
lauric acid; MA: myristic acid; PA: palmitic acid; SA: stearic acid; EG: expanded graphite.

PCMs/CPCMs
Melting Freezing

Reference
Temperature (°C) Latent heat (J/g) Temperature (°C) Latent heat (J/g)

PA–SA 54.81 187.0 54.06 179.7
[39]

PA–SA/EG 55.18 176.2 54.91 175.6

MA–PA–SA 41.72 163.5 42.38 159.8
[40]

MA–PA–SA/EG 41.64 153.5 42.99 151.4

CA–MA–PA 18.98 135.6 17.26 131.9
[41]

CA–MA–PA/EG 18.61 128.2 16.58 124.5

LA–SA 35.54 159.9 34.36 /
[42]

LA–SA/EG 35.69 143.4 34.28 /

LA–MA 33.90 176.9 32.6 154.1
This study

LA–MA/EG 33.4 171.1 33.8 152.3
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Figure 1: The LA–MA/EG CPCM samples before and after heat treatment. (a) The first set of specimens after heat treatment; (b) the first set
of filter papers with specimens brushed off after thermal treatment; (c) the second set of specimens after heat treatment; (d) the leakage of the
second set of filter papers with specimens brushed off after thermal treatment.
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and release capacity of CPCM was tested by heat storage and
release experiment. Finally, the coefficient of heat conductiv-
ity of CPCM was measured by the thermal flow method.

2. Experiments

2.1. Materials. Lauric acid (LA, C12H24O2, analytical pure)
was purchased from Shanghai Eppie Chemical Reagent Co.,
Ltd.; myristic acid (MA, C14H28O2, the 98% pure) was pur-
chased from Shanghai Zhanyun Chemical Co., Ltd. Expansi-
ble graphite (particle size 80 mesh, expansion rate 350mL/g,
carbon content 99%, and density 1.1 g/cm3) was purchased
from Qingdao Forest Graphite Products Co., Ltd., China.

2.2. LA–MA/EG CPCM Preparation. Take different content
of LA and MA into the beakers, respectively, and heat them
in a water bath with the temperature at 60°C. After the
fatty acids were fully dissolved, use the constant tempera-
ture magnetic stirrer to fully blend LA–MA, with a rotat-
ing speed of 500 r for 30min, and then cool the mixture
to room temperature.

Put an amount of expandable graphite into the beaker,
seal the beaker with the thin film, and dry in a vacuum drying
oven. Then, the expandable graphite after drying is heated at
high temperature in aMuffle furnace. The expansion temper-
ature is set as 900°C, and the expansion time is 30–50 s;
finally, the expandable graphite can be obtained.

The eutectic mixture of LA–MA and EG was placed in
the same beaker and stirred evenly with a glass rod. The thin
film sealed beaker was used; then, the eutectic mixture was
placed into a vacuum drying oven with temperature 50°C
for 48h and stirred evenly every 2 h, to ensure that the
PCM was uniform adsorption in the pores of EG. After cool-
ing the sample to room temperature, the LA–MA/EG com-
posite PCM was obtained.

2.3. Characterization. The differential scanning calorimeter
(DSC; DSC instrument, STA2500, Germany) was used to
measure the LA–MA/EG composite PC, and the phase tran-
sition temperature and phase change potential heat of LA–
MA/EG before and after the thermal cycle. Under a nitrogen
atmosphere of 0.5 bar, the samples with a mass of 5–10mg
were encapsulated in an aluminum crucible, the temperature
range was set to 0–100°C, and the temperature and the heat
measurement accuracy was ±2.0%. In order to remove the
sample thermal history, ignore the first heating cycle. The
heating and cooling ratio was set to 10°C/min. After the test,
a temperature–heat flow curve of the samples can be
received. The phase transition temperature and phase trans-
formation potential heat of the samples were obtained by the
DSC analysis software.

The FTIR (FTIR instrument, Thermo Scientific Nicolet
iS5, USA) was used to analyze the chemical structure of the
LA–MA/EG composite PCM. Turn on the FTIR under the
condition of suitable indoor temperature and stable voltage.
After the background collection and testing, the LA–MA
binary eutectic mixture and the LA–MA/EG composite
PCM samples were put into the samples for testing, respec-

tively, with a testing resolution of 4 cm-1 and a frequency of
4000–400 cm-1. Samples were scanned 16 times.

Using the scanning electron microscope (SEM, Phenom
LE, Phenom-World, Eindhoven, the Netherlands) to observe
the LA–MA/EG microstructure, take a small amount of sam-
ple placed on the thermal conductive adhesive tape and put
into SEM, within the range between 2000x and 6000x, and
shot several samples. The LA–MA/EG composite PCMs for
the thermal cycle were carried on, after several thermal
cycles, repeated to test the thermal properties of the compos-
ite phase change materials by DSC. Heat storage and release
experiments of LA–MA binary eutectic mixture and LA–
MA/EG were carried out with the temperature range between
0 and 50°C, and the multiple intelligent temperature detector
(YTJ–1638, Yuyao Yitai Instrument Factory, China) was
used to record the temperature variation of the specimen
during the whole cycle of thermal storage and release, and
the data were recorded every 10 s.

The thermogravimetric analysis technique (TGA, TG
209F3, NETZSCH, Germany) was used to analyze the heat
durability and stability of PCMs and CPCMs [43]. Under
the nitrogen atmosphere, the weightlessness temperature
and weightlessness range of the samples were tested from
the room temperature to 500°C at a heating rate of
10°C/min. Finally, the temperature–mass change curve of
the samples was obtained by using the analysis software. A
thermoconductivity analyzer (DRL-III, Xiangtan Xiangxi
Instrument Co., LTD., China) was used to measure the ther-
moconductivity of PCMs with an accuracy of ±3%.

3. Results and Discussion

3.1. Maximum Mass Ratio of LA–MA in the LA–MA/EG
Composite PCMs. Six groups of LA–MA/EG composite
PCMs were prepared with sample weight of 5 g and different
content of LA–MA (from 90% to 95%), respectively, with
uniform distribution in the filter paper center diameter of
30mm test area. Heat the samples in the vacuum drying oven
at 50°C for 30min, cool to the room temperature and then
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Figure 2: FTIR spectra of LA–MA and LA–MA/EG CPCMs.
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brush off the sample, and observe the filter paper permeabil-
ity, and the results were displayed in Figures 1(a) and 1(b).
From Figure 1(a), there were no obvious traces of leakage
around the materials of the six groups of samples. After
brushing away the samples, observe (Figure 1(b)) that the
samples with 94% and 95% LA–MA mass content were
completely permeated around the material, which did not
meet the conditions of preparation of the best ratio of com-

posite PCMs. The leakage of 90%, 91%, 92%, and 93% sam-
ples was not obvious, but compared with other samples,
both of the samples with 90% LA–MA mass content and
91% were dryness, pointed out that the proportion of LA–
MA in LA–MA/EG was too small, and the latent heat of
phase change materials was too low, which does not meet
the essential condition of PCM. The sample with 92% LA–
MA mass content had no leakage, and the sample with 93%

(a) (b)

Figure 3: SEM of (a) EG and (b) LA–MA/EG composite PCMs.

0 10 20 30 40 50 60 70
–4

–3

–2

–1

0

1

2

3

4

Exo

H
ea

t fl
ow

 (m
W

/m
g)

Temperature (°C)

LA-MA/EG
LA-MA

Figure 4: The DSC graphs of LA–MA PCM and LA–MA/EG CPCM.

Table 2: Heat performances of LA–MA PCM and LA–MA/EG CPCM.

PCM
Melting Freezing

Onset temperature
(°C)

Peak temperature
(°C)

Latent heat
(kJ/kg)

Onset temperature
(°C)

Peak temperature
(°C)

Latent heat
(kJ/kg)

LA–MA 33.9 37.2 176.9 32.6 29.8 154.1

LA–
MA/EG

33.4 37.4 171.1 33.8 28.7 152.3

5Journal of Nanomaterials



LA–MAmass content had some samples adsorbed in the test
area, evidenced that the optimal ratio was approximate 92%–
93%. The previous experimental steps were repeated and
observed. The experimental results were displayed in
Figures 1(c) and 1(d). From Figure 1(c), for further identify-
ing the maximum mass ratio, four groups of LA–MA/EG
composite PCM samples with 92.2%, 92.4%, 92.6%, and
92.8% LA–MA content were prepared again, and there were
no leakages of the binary eutectic mixture solution around
the samples. After brushing off the samples, it was observed
in Figure 1(d) that the LA–MA mass content of 92.4%,
92.6%, and 92.8% of the samples remained on the filter paper
to varying degrees, while the sample with 92.2% LA–MA
mass content of the filter paper had no adsorption. Therefore,
the maximum mass ratio of the binary eutectic mixture in
LA–MA/EG was 92.2%.

3.2. FTIR Analysis of the LA–MA/EG Composite PCMs. Fou-
rier transform infrared spectrometer was used to characterize
the chemical construction of the LA–MA binary eutectic
mixture and LA–MA/EG. As shown in Figure 2, the absorp-
tion peak of C=O stretching vibration appeared in both the
two spectral curves at 1689 cm-1, and the absorption peak
in the wavenumber range of 2960–2840 cm-1 was the stretch-
ing vibration absorption peak of hydroxyl O–H, which usu-
ally overlaps with C–H stretching vibration absorption

peaks of the aliphatic group. It can be seen from Figure 2 that
the spectral curves of LA–MA and LA–MA/EG were basi-
cally the same, and the position of the characteristic peaks
corresponded to one. The results indicated that after adding
EG, the LA–MA/EG composite PCMs did not produce new
material and had no change in the structure. Between the
LA–MA and EG, there was no chemical equation and
depends on surface tension and capillary force.

Figure 5: LA-MA/EG CPCM cylinder block with different stacking densities.

Table 3: Parameter of LA–MA/EG CPCMs with different stacking densities.

PCM Mass (g) Thickness (mm) Surface area (mm2) Density (kg·m3) Thermal conductivity (W/m·K)
PCM 1 1.9923 4.7 707 600.00 4.225

PCM 2 1.7336 4.8 707 510.84 4.293

PCM 3 1.1888 4.5 707 373.92 2.135

PCM 4 1.7633 5.1 707 489.38 3.430

PCM 5 1.3219 4.6 707 406.75 2.982
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Figure 6: Thermal conductivities change with different stacking
densities of LA–MA/EG CPCMs.
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3.3. Microstructure of the LA–MA/EG Composite PCMs. EG
and LA–MA/EG composite PCM microstructure diagrams
were shown in Figures 3(a) and 3(b), respectively, by SEM.
According to Figure 3(a), EG was a network pore structure
material, composed with graphite flake and plenty of irreg-
ular pores, and the stronger surface tension makes EG
adsorb the LA–MA binary eutectic mixture much better.
From Figure 3(b), it indicated that the LA–MA has been
evenly absorbed in the pore structure of EG. The pores
were filled with solution and not easy to leak. The results
show that EG has a good adsorption effect, can provide a
certain mechanical strength, and prevent leakage as a
matrix material.

3.4. Thermal Properties of the LA–MA/EG Composite PCMs.
The thermal performance of phase change energy storage
materials was measured by DSC; Figure 4 shows the DSC
curves of LA–MA and LA–MA/EG, and the thermal perfor-
mance is shown in Table 2.

Table 2 displays that the fusing point temperature of the
LA–MA was 33.9°C, the melting latent thermal was 176.9 J/g,
the solidification point temperature was 32.6°C, and the
freezing latent thermal was 154.1 J/g. The molten tempera-
ture point of LA–MA/EG was 33.4°C, the melting latent heat
was 171.1 J/g, the freezing temperature point was 33.8°C, and
the freezing latent thermal was 152.3 J/g. By comparison, the
melting temperature of LA–MA/EG was marginally lesser
than LA–MA, but the solidification temperature was a bit
higher than LA–MA, which due to the addition of EG, it
enhances the thermal conductivity of the prepared composite
PCMs. The high thermoconductivity of the matrix material
increases the heat transfer rate of PCMs [44] and leads to a
lower phase transition temperature.

3.5. Thermal Conductivity and Heat Storage/Release Behavior
of LA–MA/EG Composite PCM. In order to test the relation-
ship between the coefficient of thermal conductivity and dif-
ferent densities of LA–MA/EG composite phase change

materials at different bulk densities, in this experiment, 5
cakes of different weights were prepared by using a 3 × 3 cm
cake membrane (shown in Figure 5), and then, their thermal
conductivity was measured, and the results were displayed in
Table 3 and Figure 6. When the packing density of PCMs was
600.00 kg/m3, 510.84 kg/m3, 373.93 kg/m3, 489.38 kg/m3, and
406.75 kg/m3, respectively, the thermal conductivity of PCMs
was 4.225W/m·K, 4.293W/m·K, 2.135W/m·K, 3.430
W/m·K, and 2.982W/m·K, respectively. At the sample den-
sity between 373.93 and 600.00 kg/m3, the relationship
between the packing density x (kg·m3) of LA–MA/EG
and the thermoconductivity y (W/m·K) was linear through
fitting analysis. Formula (1) was obtained by fitting the
data in Table 3.

y = 0:00913x − 0:93243 R2 = 0:81879
� �
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Figure 7: The curves of LA–MA PCM and LA–MA/EG CPCM (a) storage and (b) release heat.
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Figure 9: The DSC curves of LA–MA/EG CPCMs before and after thermal cycling.
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The temperature probes were placed into the center of
the beaker with the same volume of LA–MA and LA–
MA/EG, respectively. Then, the beakers were put into the
same constant temperature environment, and when the tem-
perature of the materials were stable and reached the set
value, begin the test. The temperature setting of the exother-
mic process was 0°C, and the endothermic process tempera-
ture was set as 50°C; the test results are shown in Figure 7.
The heat absorption curves of the binary fatty acid and the
composite PCM were shown in Figure 7(a), and it was obvi-
ous that LA–MA/EG composite PCM takes lesser time to
reach the set temperature than LA–MA. The time required
for LA–MA/EG heating from 0°C to 50°C was 25min, while
the heating of LA–MA to 50°C was taken 100min.
Figure 7(b) shows the exothermic curve. It only spent 37
min for the exothermic cooling of LA–MA/EG to reach
0°C, while the time required for the exothermic cooling of
LA–MA to reach 0°C was 93min. The results suggested that
the thermoconductivity of LA–MA/EG was significantly
improved compared with that of LA–MA, indicating that
the multipore structure of EG optimized the thermoconduc-
tivity of the composite PCMs [45].

3.6. Thermal Stability and Reliability of LA–MA/EG
Composite PCM. In terms of phase change materials, whether
they still have good thermal stability and no volatilization
after thermal cycles, which was to judge whether it can be
applied in building energy efficiency standards, in this exper-
iment, the thermal stability of LA–MA/EG was tested by
thermogravimetry, and the sample test temperature was set
from room temperature to 500°C which heated in a nitrogen
atmosphere. The curves are shown in Figure 8. The LA–
MA/EG composite phase change material begins to be
weightless at the temperature of 150°C, and the residual qual-
ity of TG was 15.75%. After the first-order differential of the
TG curve, it can be obtained that the maximum weight loss
rate of LA–MA/EG reached 22.44%/min when the tempera-
ture was 219°C. The results have shown that at temperatures
lower than 150°C, even if the fusion temperature of LA–MA
was above, the LA–MA in LA–MA/EG would be protected
from evaporation. Therefore, LA–MA/EG composite PCM
has a capable thermostability in low-temperature utilization.

Thermal reliability is one of the important performance
indexes to measure the service life of the CPCMs [46]. In
order to test whether the LA–MA/EG still has favorable ther-
mal stability and reliability after multiple thermocyclings,
perform the DSC measurement of CPCMs after 300, 500,
and 1000 thermal cycles. The DSC curves and heat perfor-
mance were shown in Figure 9 and Table 4. From Figure 9,
after 300, 500, and 1000 thermal cycles, the fusion tempera-
tures of LA–MA/EG composite PCMs were 33.2°C, 33.0°C,
and 33.1°C, and the freezing temperature of CPCM was
34.0°C, 33.8°C, and 33.9°C, separately. The latent heat of
fusion and solidification of LA–MA/EG composite phase
change material before cycling was decreased by 3.04%,
1.05%, 4.9%, 2.37%, 6.8%, and 3.21%, respectively. The phase
transition temperature and latent heat of LA–MA/EG com-
posite PCMs were obvious, which indicates that the CPCM
has good thermal stability and reliability.

4. Conclusion

In this paper, the LA–MA binary eutectic mixture as PCM
and EG as adsorption material, an LA–MA/EG composite
PCM was prepared by physical adsorption method, and its
thermal properties were characterized. The results showed
that the mixture between the LA–MA and EG was physically
blended without chemical reaction. The best mass ratio of
LA–MA in LA–MA/EG was 92.2%. The phase transition
temperature and potential heat of LA–MA/EG composite
phase change materials were 33.4°C and 171.1 J/g, individu-
ally. The thermal cycling experiment shows that the thermal
properties of LA–MA/EG composite phase change energy
storage material would not change greatly after several ther-
mal cycles, which displayed that the composite PCM has
excellent thermal reliability. The thermoconductivity of
LA–MA/EG was surveyed, which showed that the thermal
conductivity of the PCMs was greatly improved due to the
porous structure of EG, and the energy storage and release
rate of LA–MA/EG were greatly improved. The TG experi-
ment shows that LA–MA/EG has good thermal stability. In
conclusion, as a composite PCM with remarkable perfor-
mance, LA–MA/EG can be extensively used in low-
temperature energy storage areas, for instance, solar energy
utilization, condenser heat recovery in the household air con-
ditioning, and energy efficiency in building.
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