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ABSTRACT 
The current work reviews the importance of engineering the interface between nanofillers 

and polymers to achieve unique dielectric properties in nanocomposites. Although many 

improved dielectric properties of nanocomposites have been attributed to the presence of 

the interface, the interface can also be an attractive location for water to accumulate, which 

may otherwise jeopardize the dielectric properties of nanocomposites. Consequently, the 

use of surface functionalization and calcination techniques in removing water-related 

moieties on nanofillers is highlighted. Specifically, the effects of nanofiller calcination on 

two exemplar oxide-based nanocomposite systems, namely, silica-based nanocomposites 

and zirconia-based nanocomposites, are discussed. Evidence suggests that nanofiller 

calcination influences not only the water-related chemistry, but also the structure of oxide-

based nanofillers. Significantly, for detailed interfacial chemistry of nanofillers to become 

relevant in engineering the dielectric properties of nanocomposites, effective removal of 

interfacial water on nanofillers is crucial.  

   Index Terms — nanocomposites, interface, water, calcination, dielectric, silica, zirconia 

 

1 INTRODUCTION 

IN electrical power engineering, electrical insulation is vital to 

ensure the safe and reliable operation of high voltage 

equipment. Nowadays, polymers are widely used in this 

application, due to their good dielectric properties, low cost, 

low weight and ease of production. Significantly, for all 

insulating materials, electrical breakdown strength is a major 

factor, that will influence the utility of the material [1]. 

The development of polymeric insulation technology began 

as early as the 1910s. In the early stage of cable development, 

poly(vinyl chlorine) (PVC) was commonly used [2]. With the 

discovery of polyethylene (PE), cable manufacturers shifted to 

the use of PE, due to its desirable properties, such as lower 

permittivity and higher breakdown strength compared to PVC 

[3]. Later, in 1955, crosslinked polyethylene (XLPE) was 

introduced, where XLPE yielded many of the same benefits as 

PE, but with additional advantages with regard to aging stability 

and thermal resistance. Up until today, XLPE has remained the 

polymeric material of choice for use in many high voltage cable 

applications. 

 

Recently, polymer nanocomposites have attracted many 

researchers’ attention in the field of dielectrics and electrical 

insulation [4, 5].  The   use   of   polymer   nanocomposites   was 

initiated in the early 1990s, when the potential property 

improvements that could result from the incorporation of 

nanometer-sized inclusions were anticipated by Lewis [6]. This 

led to the concept of “nanometric dielectrics” – nowadays 

widely referred to as nanodielectrics [7, 8]. This class of 

material exhibits unique properties, even with the addition of 

nanofillers at low loadings (less than 10 wt%). This is in 

marked contrast to conventional microcomposite materials, 

which commonly involve filler loading levels in excess of 

50 wt%. The nanoscopic feature of nanocomposites therefore 

allows the dielectric processes of the materials to occur at a 

nanoscale level. Consequently, dielectric improvements in 

nanocomposites are unique and have been reported to span a 

wide range of high voltage insulation properties, such as 

improved breakdown strength, enhanced partial discharge 

resistance, reduced space charge formation, and lowered 

dielectric loss, especially when compared to microcomposites 

[9].  

The following sections of this paper are arranged as follows. 

First, the evolving topic of interfaces is considered from the 

perspective of local interactions, consequent changes in 

structure and how such material modifications influence the 

macroscopic properties of nanodielectrics. The following 

section then considers how such interfaces may, additionally, 
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constitute regions for accumulation of impurities and, in 

particular, absorbed water. Finally, potential mitigation 

strategies are discussed. 

2 INTERFACES IN NANOCOMPOSITES 

Many experimental findings on nanometer-sized fillers as 

additives for polymers imply a promising future for such 

material systems with, in many cases, outstanding performance 

being reported through the addition of just a few weight percent 

of nanofiller. This has mainly been attributed to properly 

engineered interfaces between the base polymer and the 

nanofiller (as shown in Figure 1), which in turn, influence the 

bulk electrical performance of the resulting dielectric material. 

Since the specific interfacial area between the filler and the 

matrix is extremely large in nanocomposites compared to 

conventional microcomposites, improvements in insulating 

performance are expected to be realized through appropriate 

control of the consequent local factors: i.e. through 

nanotechnology.  

There are many proposed models relating to interfaces within 

nanocomposites and, in the field of nanodielectrics, of 

particular note is Lewis’ interface model [6]. This considers the 

variation in the intensity, I, of some quantity on moving from 

the bulk of phase A (characterized by its relevant macroscopic 

value, IA) through an interfacial region, into the bulk of phase B 

(characterized by its relevant macroscopic value, IB). Where I 

varies monotonically across the interface from IA to IB, the 

overall intensity of the composite system, IC, is such that its 

value falls between IA and IB. Conversely, where the spatial 

variation is not monotonic – and particularly where the specific 

interfacial area is large, as for nanofillers – IC may not be 

intermediate between IA and IB. That is, the nanodielectric may 

exhibit a level of performance that exceeds that of both phase 

A and phase B. In addition, Lewis’ ideas also invoke concepts 

derived from colloid science, whereby Stern and Gouy-

Chapman diffuse double layers exist near the interface between 

the filler and the polymer [10]. 

Elsewhere, the above general concept has been given specific 

structural interpretations, as in the multi-core model proposed 

by Tanaka et al [11]. In this, it is suggested that three interfacial 

layers, or interphases, may exist surrounding a nanoparticle: the 

first layer (the bonded layer), the second layer (the bound 

layer), and the third layer (the loose layer). The Gouy-Chapman 

diffuse layer (the fourth layer), additionally, overlaps these 

three layers, with charge decaying exponentially beyond the 

initial three layers, causing a cooperative effect with 

neighboring nanoparticles. 

Many other, similar, interphase models have also been 

proposed to explain the means by which internal interfaces 

affect the dielectric performance of nanocomposites. For 

example, Li et al [12] suggested the multi-region structure 

model, while Singha and Thomas [13] proposed the dual-layer 

model. These proposed models assume that nanoparticle/ 

polymer interactions lead to the formation of two interfacial 

layers outside each nanoparticle. Meanwhile, Raetzke et al [14] 

and Daily et al [15] suggested the presence of a single 

interphase  layer  within  nanocomposites. A brief  overview  of  

 

         
 

Figure 1.  The interface between spherical particles and polymer. 

 

these different concepts can be found in the work of Lau et al 

[5]. 

A common feature of the ideas summarized above is that the 

modified region lies in the matrix surrounding the disperse 

nano-phase. However, alternative and complementary concepts 

have recently begun to emerge in the nanodielectrics field, 

namely, the potential role of interfacial regions located within 

each nanoparticle. For example, Tanaka’s dielectric quantum 

dot model [16] considers nanofillers in terms of a core plus one 

or more shell layers, which differ in terms of factors such as the 

local density of states. Similar ideas have been presented 

elsewhere [17], where the surface regions of nanoparticles were 

suggested to contain a high concentration of defects (e.g. 

foreign atoms, geometrical irregularities, coordinative 

unsaturation, etc.), which would equate to localized energy 

levels that would not be present in the ideal, bulk structure. 

Overall, the presence of interfaces within nanocomposites 

has frequently been claimed to be the critical factor that affects 

the dielectric properties of such materials and, therefore, it is 

essential to ensure the interfacial quality of the prepared 

materials through proper sample preparation techniques [18]. 

The significance of the interface in polymer nanocomposites 

was stressed in 1994 by Lewis [6], where the use of 

nanocomposites with a properly engineered interface will 

potentially enhance breakdown performances [19-21]. 

According to Wang et al [22], the addition of nanometer-

sized silicon dioxide (SiO2) to low density polyethylene 

(LDPE) resulted in breakdown strength improvements in 

LDPE/SiO2 nanocomposites. For example, an improvement in 

AC breakdown strength was found at 0.5 wt% of SiO2 loading 

level compared to unfilled LDPE. Furthermore, improved DC 

breakdown strength was also recorded at the 1 wt% SiO2 

loading level. These improvements were attributed to 

successfully engineered interfaces within the nanocomposites, 

as a consequence of surface modification of SiO2 through the 

use of a silane coupling agent.  

Tsekmes et al [23] also found that improvements in the 

electrical and thermal properties of epoxy nanocomposites 

could be achieved by adding a small amount of a surface-

modified boron nitride (BN) nanofiller; improvements in AC 

and DC breakdown strength and thermal conductivity were 

reported. By surface modification of their BN, excellent 

adhesion between the base polymer and the nanofiller was 

claimed. Moreover, due to the presence of interfacial layers, an 

enhancement in the interphase was inferred between the base 

polymer and the nanofiller. Therefore, the interface between the 

base polymer and nanofiller has a significant influence on the 

dielectric properties of nanocomposite insulation materials. 

Nanofiller 

Polymer 

Interface 



 

Subsequently, we consider such effects and their influence on 

charge transport before, finally, considering potential strategies 

for material modification – in particular, we review thermal 

processing as a means of modifying both the surface chemistry 

and internal structure of nanoparticles in the context of two 

exemplar systems. 

3 INTERFACIAL WATER ISSUES 

To date, the incorporation of nanoparticles into polymers has 

not always improved the breakdown strength of the system, 

implying that there might be as yet unidentified factors that 

jeopardize the breakdown performance, as a consequence of 

nano-inclusion [24–26]. Although it is certain that the addition 

of nanoparticles to polymers affects dielectric properties 

(beneficially or adversely), the extent to which the various 

reported effects are related directly to the presence of the 

nanoparticles themselves, or are influenced by secondary 

factors associated with the preparation of nanocomposites is 

unclear. For example: nanoparticles can act as nucleation sites, 

affecting the morphology of surrounding semicrystalline matrix 

polymers; many processing protocols involve solvents, ionic 

stabilization, etc., such that the intended incorporation of 

nanoparticles may be accompanied by the unintended 

introduction of impurities; water is ubiquitous in the 

environment and the interface between the base polymer and 

nanofiller can be a thermodynamically attractive place for water 

to accumulate. Indeed, water is often found to surround 

nanofillers, forming a hydrated shell, as illustrated in Zou et al’s 

water shell model [27]. From this, the thickness of the water 

shell is related to the extent of hydration, such that the overall 

level of hydration depends on the loading level of the nanofiller. 

Figure 2 illustrates how interfacial water can be present at 

nanocomposites interfaces. 

A significant factor that contributes to water uptake in 

nanocomposites is the nanofiller itself and, specifically, the 

interaction thermodynamics with the polar water molecule. For 

example, in the case of hexagonal BN, the trivalent nature of 

both boron and nitrogen is fully satisfied through the hexagonal 

crystallography of each layer. In contrast, the tetravalent nature 

of silicon can lead to a range of surface structures in the case of 

SiO2. Bonding in silica is based upon covalent Si-O-Si linkages 

such that, within the bulk of a perfect quartz crystal, each silicon 

atom is surrounded by a tetrahedral arrangement of four such 

disilyl ether bridges. In less ideal circumstances, such as at the 

surface of an amorphous silica nanoparticle, less ideal 

arrangements occur, which have been characterized in terms of 

the local bonding. Silicon atoms ideally bonded to four other 

silicon atoms through disilyl ether bridges are termed Q4 (see 

Figure 3a); silicon atoms bonded to three other silicon atoms in 

this way and to one other moiety are termed Q3 (see Figure 3b), 

etc. In terms of Q3 conformations, for example, the fourth non-

disilyl ether linkage commonly involves hydroxyl (silanol) 

groups which, being polar, readily hydrogen bonds to water 

[28–31].  

According to Zou et al [27], the addition of a SiO2 nanofiller 

into an epoxy resin resulted in high water absorption in the 

resulting epoxy/SiO2 nanocomposites, compared to the unfilled 

epoxy.  Additionally,  enhanced  mobility of charge carriers was    

       
 

Figure 2.  The interface as in Figure 1, but with water residing at the 

interface. 

 

 
 

 
 

Figure 3.  Surface of SiO2 with (a) Q4 conformations, (b) Q3 conformations. 

 

reported when the absorbed level of water exceeded some 

critical level, presumably, as a result of overlap of neighboring 

nanoparticle hydration shells. This overlap phenomenon was 

exacerbated by high loading levels of nanofiller (i.e. reduced 

inter-particle separation). Meanwhile, Zhang and Stevens [28] 

compared the dielectric effect of absorbed water in an epoxy 

resin and an epoxy/alumina nanocomposites and reported that 

loss peaks associated with the absorbed water in the unfilled 

and nanofilled epoxy appeared at different frequencies and 

exhibited different dynamics. This behavior was attributed to 

the interplay between interfacial water mobility and bonding at 

the interface. Similar observations were reported for 

PE/alumina nanocomposites [28] and PE/SiO2 nanocomposites 

[29]. 

Elsewhere, Lau et al [30] reported that the existence of water 

in nanocomposites, especially those containing oxide-based 

nanofillers, is critical and requires careful consideration, since 

such water-related phenomena can lead to degraded dielectric 

performance, especially in high voltage applications. For 

example, moisture adsorption onto nanofiller surfaces has been 

shown to lead to increased electrical conductivity and a 

reduction in direct current (DC) breakdown strength [31–35]. 

In addition, it has been reported [36, 37] that the dielectric loss 
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tangent increases with increasing moisture in nanocomposites. 

Meanwhile, Praeger et al [38] also reported that a major factor 

that affects the breakdown strength, conductivity, dielectric 

response, and space charge is the water content of 

nanocomposites. Furthermore, when the filler content 

increased, the aforementioned effects become much more 

pronounced [26, 36, 37, 39, 40].  

Significantly, the dielectric behavior of nanocomposites 

depends on interfaces within nanocomposites, which in turn are 

closely related to the water adsorption characteristics of the 

nanoparticles. Indeed, the available literature [31, 32, 41, 42] 

shows that oxide-based nanofillers, in particular, adsorbed a 

significant amount of water even when stored under ambient 

conditions; this suggests that water is readily partitioned to 

polar surfaces. Although detailed analysis of the water-related 

chemistry and structure of oxide-based nanofillers would be 

beneficial, it is not possible to provide truly comprehensive data 

sets and a complete analysis of all possible issues here. 

Consequently, for additional information concerning key 

factors such as water-related chemistry and the structure of 

oxide-based nanofillers, reference to the following publications 

is recommended [36, 40, 43, 44-48]. 

4 INTERFACIAL CHARGE TRAPPING 

When polymers are used as the insulation in high voltage 

cables, dielectric properties such as electrical conductivity and 

breakdown strength can deteriorate over time, due to various 

factors, including the presence of water [49]. In the preceding 

section, based on the nanocomposite study of Zou et al [27], the 

mobility of charge carriers was found to increase as the 

absorbed level of water increased. This suggests that the 

degradation process caused by water is closely related to the 

trapping processes of charge carriers, which can occur under 

different trap conditions such as shallow traps, an increased 

number of traps, and deep traps. This is briefly illustrated in 

Figure 4. Under these different trap conditions, the energy 

required for a charge to move from point A to point B 

(representing charge mobility) becomes different. 

For appropriately designed nanocomposites, their enhanced 

breakdown strength may be a consequence of an effective 

reduction in the mobility of excess (injected) electrons, as a 

result of additional trapping processes at the new interfaces 

created by the presence of the included nanoparticles, which 

supplement the traps already present in the base polymer (e.g. 

through nanovoids, structural discontinuities, chemical defects, 

impurities, etc.) [50, 51]. Indeed, previous work by Lau et al 

[52] on PE/SiO2 nanocomposites suggested that space charge 

limited conduction occurs in nanocomposites, with the 

absorption current behavior of the investigated nanocomposites 

being very different from that of the reference, unfilled PE (see 

Figure 5). While the current flowing through the unfilled PE 

decreased with time in a conventional manner, all the 

nanocomposites exhibited an initial decrease, followed by a 

period in which the current increased with increasing time of 

electric field application. This was considered in terms of three 

phases, related to different charge trapping mechanisms within 

the nanocomposites as a consequence of the presence of 

nanofiller/polymer   interfaces.   Specifically,   during   the   first  

     
 

Figure 4.  Brief illustration of charges (a black dot) moving from A to B via 

shallow traps, an increased number of traps, and deep traps. 

 

 
Figure 5.  Absorption current behaviors of unfilled PE and PE/SiO2 

nanocomposites. 

 
phase, corresponding to the initial sharp decrease of current, the 

rate of decrease of current was significantly greater in all the 

nanocomposites than in the unfilled PE. This was discussed in 

terms of increased charge trapping processes (i.e. related to 

additional interfacial trapping sites). In the second phase, the 

rate of decrease of current was reduced, which was taken to 

indicate that the effective mobility of charge carriers was 

reduced; this was suggested to be a consequence of charge 

carrier immobilization for a much longer period in localized 

states (i.e. relatively deep traps). The third phase, characterized 

by a current rise, was related to the observed reversal of the 

dominant local space charge from homocharge to heterocharge. 

Of note, the above observations are not peculiar. The recent 

work of Virtanen et al [53] indicates that such a time variation 

in the absorption current behavior of nanocomposites occurs 

under the influence of water or moisture. Specifically, charge 

trapping processes at nanocomposite interface can become very 

different when water is present in the system. 

Recently, the influence of water on the behavior of excess 

electrons at interfaces has been studied theoretically by Saiz and 

Quirke [43] using ab initio molecular dynamics and density-

functional theory (see Table 1). In bulk amorphous PE, it was 

previously shown that an excess electron becomes localized in 

naturally  occurring  regions  of low density with dimensions of  
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Table 1. Representative energy of excess electrons at a number of 

representative interfaces of polymer nanocomposites [43]. 
Material Energy of Excess Electron 

Amorphous polyethylene –0.20 eV 

Silica without silanol –2.06 eV 

Silica with less silanol –1.65 eV 

Silica with silanol –1.33 eV 

Silica with more silanol –1.25 eV 

Water –0.12 eV 

Polyethylene/water N/A 

Polyethylene/silica (without silanol) –1.75 eV  

Polyethylene/silica (with silanol) –0.99 eV  

Silica/water –0.27 eV 

 

~0.5 nm [54]; in the case of a planar amorphous PE slab, the 

excess electron was, equivalently, found to localize at the 

PE/vacuum interface. However, in the case of a PE/water 

system the electron becomes preferentially located on a water 

region near the PE interface. All of these results are consistent 

with the negative electron affinity of PE, whereby this polymer, 

effectively, “repels injected negative charge carriers”. Indeed, 

based on calculations of the conduction band offset, it was 

suggested  that  an  excess  electron  would  require  1.69 eV  to 

move from water into PE; i.e. water can be seen to act as a deep 

trap with respect to this polymer.  

In the case of a PE/amorphous silica interface, an excess 

electron was found to become localized at the Q4 surface with 

an energy of -1.75 eV; the introduction of increasing numbers 

of surface silanol groups (i.e. partially hydroxylated, Q3/Q4 

structure) resulted in the electron migrating away from the 

hydroxyl groups into the silica bulk and becoming less 

localized, with an energy of -0.99 eV. That is, PE/silica 

interfaces act as deep traps with energies between -1.75 eV and 

-0.99 eV, depending on the degree of hydroxylation; the degree 

of surface hydroxylation would therefore be expected markedly 

to influence the behavior of excess electrons near PE/silica 

interfaces.  

Finally, in the case of PE/silica/water, where the influence of 

PE was considered to be negligible, it was deduced that the 

excess electron would be preferentially located within the 

water, with an energy of minus a few tenths of an eV. In 

summary, this study showed that the presence of water in 

nanocomposites has a profound impact on the electron trapping 

behavior, with interfacial water molecules leading to much 

lower trapping energies and higher excess electron mobility 

compared to an anhydrous equivalent. This theoretical work 

therefore aligns well with the experimental work described 

previously and provides mechanistic understanding of how 

water molecules can increase electrical conductivity and hence 

lower the breakdown strength of nanocomposites, independent 

of the nanofiller surface chemistry itself.  

5 NANOFILLER SURFACE MODIFICATION 

From the above discussion, the potential impact of water on 

the dielectric properties of nanocomposites is clear. Before we 

progress further to discuss the exclusion of interfacial water 

from nanocomposites, we will briefly review two commonly 

used strategies for the modification of the surface state of 

nanofillers, namely, chemical functionalization and calcination, 

since both of these techniques are also closely related to 

inhibiting water adsorption. 

5.1 CHEMICAL FUNCTIONALIZATION OF 
NANOFILLERS 

Nanofillers generally have high specific surface area and 

surface energy [25]. Consequently, they tend to agglomerate 

when they are added to polymers. Therefore, chemical 

functionalization of nanofillers is commonly used to modify the 

interface between the host matrix and the filler, generally, with 

the aim of improving compatibility between the matrix and the 

filler and, thereby, reducing the tendency of the nanofiller to 

agglomerate [11, 25]. However, in addition, chemical 

functionalization of a nanofiller will often serve to remove 

surface hydroxyl groups and, consequently, will change the 

surface from hydrophilic to hydrophobic, leading to suppressed 

water absorption in nanocomposites [30, 55, 56]. This factor, 

from the above account, may also directly improve, 

macroscopic dielectric properties, albeit that the commonly 

used trimethoxy- or triethoxysilanes are not likely to coordinate 

fully with nanoparticle surfaces, resulting in some disilyl ether 

bonding and retained silanol groups. 

For example, the previous work of Lau et al [30] on PE/SiO2 

nanocomposites showed that the use of a surface-functionalized 

SiO2 nanofiller reduced water absorption and, consequently, 

modified the dielectric response compared to nanocomposites 

containing an equivalent but unfunctionalized SiO2. The DC 

breakdown strength of the nanocomposites containing silane-

functionalized SiO2 subsequently improved compared to the 

systems containing the unfunctionalized SiO2 [57, 58]. The 

authors suggested that the addition of functionalized SiO2 to PE 

resulted in the creation of a new trap band possessing different 

characteristics from that of unfunctionalized SiO2, in addition 

to the localized states that characterized the base polymer. The 

introduction of additional traps in this way was discussed 

elsewhere [9] and was considered to be related to the presence 

of the interface, whereupon, its nature will be influenced by 

moieties carried on the nanofiller surfaces. The work also 

anticipated that, by using appropriate chemical 

functionalization, nanocomposites could have favorable DC 

breakdown enhancements compared to unfilled polymers.  

Praeger et al [38] also reported that hydroxyl groups and 

water molecules could be eliminated upon chemical 

functionalization, thus improving the space charge behavior 

and reducing the conductivity of PE/SiO2 nanocomposites. 

These authors suggested that the primary mechanism by which 

functionalization of the SiO2 surfaces affected macroscopic 

electrical properties was not through changed interactions 

between SiO2 and PE but, rather, through consumption of 

hydroxyl groups, which directly reduced water absorption and, 

thereby, indirectly affected charge transport dynamics. 

Therefore, the removal of hydroxyl groups and water molecules 

may be an important mechanism by which nanofiller 

functionalization affects electrical behavior through reduced 

water uptake and modified charge transport behavior.  

According to Yeung et al [55], a significant improvement in 

breakdown strength of epoxy/SiO2 nanocomposites could be 



 

achieved upon optimal SiO2 nanoparticles surface modification. 

An increase in the breakdown strength of about 47% was 

reported for systems formulated with treated SiO2 

nanoparticles. Notably, changes in the real permittivity were 

observed and ascribed to variations in the polar character of the 

SiO2 nanofiller surface, which may modify the local density of 

trapping states and, hence, affect charge transport dynamics. By 

using octyl-trimethoxysilane functionalized SiO2, the dielectric 

properties of LLDPE/SiO2 nanocomposites were also 

demonstrated to improve compared to systems formulated 

using unfunctionalized SiO2, where functionalized SiO2 

changed the morphology, breakdown field, charging current, 

water treeing behavior and the frequency dependence of 

dielectric parameters of LLDPE/SiO2 nanocomposites [29]. 

Although nanofiller surface functionalization promises 

improved dielectric properties, the dielectric effects brought 

about by nanofiller surface functionalization can be complex. 

For example, Roy et al [33] reported that no significant 

difference or improvement in the breakdown strength of 

XLPE/SiO2 nanocomposites was caused by surface 

functionalization of SiO2 and ascribed this to the imperfection 

of the chemical reaction between XLPE and SiO2. Similarly, 

Praeger et al [38] highlighted that the property differences 

between PE/SiO2 nanocomposites formulated with differently 

functionalized SiO2 were in general small compared to 

experimental errors; the differences, if any, were mainly 

attributed to variations in water content. In addition, the 

presence of chemical residues may complicate matters. In fact, 

in the series of chemically functionalized nanofillers used in the 

work of Lau et al [59], the presence of chemical residues or 

impurities was found to lead to lowered breakdown strength. 

Indeed, according to Sung et al [60], the presence of chemical 

residues after nanofiller functionalization is effectively 

inevitable. 

5.2 CALCINATION OF NANOFILLERS 

Recently, calcination of nanofillers has been proposed as an 

effective strategy to reduce adsorbed water on the surface of 

nanofillers, in the absence of complicating issues involving 

chemical modification/chemical residues. Calcination is a high-

temperature treatment process [61], which can result in physical 

and chemical changes. Specifically, calcination can be effective 

in reducing the tendency of nanofillers to interact with water 

[46]. According to the literature [44, 45], calcination 

temperatures around 1000 °C can eliminate moisture or surface 

hydroxyl groups surrounding SiO2. Peng et al [46] 

demonstrated that physically adsorbed water could be 

effectively removed when their SiO2 nanofiller was calcined 

between 600 oC and 800 °C. Also, SiO2 tended to absorb much 

less water after calcination. Similarly, Mayabadi et al [62] 

found that applying a calcination process to nanofillers had a 

significant impact and led to promising potential for the 

application of stannic oxide (SnO2)/titanium dioxide (TiO2) 

nanocomposites in optical and photoelectrochemical research. 

Praeger et al [63] considered nanofiller calcination from the 

perspective of dielectrics and showed that the breakdown 

strength of PE/SiO2 nanocomposites was enhanced after 

calcining SiO2 at 1050 °C. This was attributed to the successful 

removal of polar moieties on the SiO2. Further research by the 

same group [31, 64] indicated that calcining nanofillers at 

1050 °C was indeed effective in modifying the surface 

chemistry of nanofillers, inhibiting water uptake and enhancing 

breakdown strength. For example, nanocomposites containing 

calcined SiO2 evinced much reduced water uptake compared to 

equivalent systems containing uncalcined SiO2, when subjected 

to ambient conditioning. The DC breakdown strength of 

nanocomposites containing calcined SiO2 subsequently 

improved by about 86% compared to uncalcined SiO2 at a 

5 wt% SiO2 loading level. 

Meanwhile, Peng et al [46] suggested that physically 

adsorbed water could be completely removed when SiO2 was 

heated between 600 oC and 800 °C. At a low temperature of 

50 °C, physically adsorbed water could not be eliminated on the 

surface of the nanofiller. However, by increasing the 

temperature to 800 °C and heating for 3 h, physically adsorbed 

water was expected to be completely removed. According to 

Zhuravlev et al [44, 45], different phases of water can be 

removed from SiO2 at different nanofiller calcination 

temperatures. First, calcination temperatures of 25-190 °C 

resulted in the removal of physically adsorbed water. Second, 

calcination temperatures in the range 190-400 °C were effective 

for the removal of surface silanol groups, leaving the 

nanofiller's surface comparable to the Q3/Q4 surfaces 

considered in the work of Saiz and Quirke [43]; in the context 

of calcination efficacy, these may be termed partially 

dehydroxylated. Lastly, calcination temperatures of around 

400-900 °C resulted in the removal of internal silanol groups. 

The dehydroxylation process (the removal of silanol groups) 

continued to increase for calcination temperature higher than 

900 °C, which will eventually lead to the ideal, fully 

dehydroxylated Q4 surface structure also considered by Saiz 

and Quirke [43]. Consequently, nanofillers treated at very high 

temperatures become much less susceptible to rehydroxylation.  

Calcination is, however, not solely related to removal of 

water and hydroxyl groups from the system. High calcination 

temperatures can also affect the structure and agglomeration 

state of the nanofiller, in addition to the surface chemistry. For 

example, Halim et al [65] found that the use of high calcination 

temperatures resulted in the agglomeration of catalyst particles, 

thus decreasing their surface area. This occurred on modestly 

increasing the calcination temperature from 900 oC to just 

1100 °C. Furthermore, calcination can also cause structural re-

organization in the bulk, e.g. relieving strained siloxane 

bridges. Indeed, Opalinska et al [66] reported on the influence 

of calcination temperature up to 1100 ºC on nanozirconia 

(ZrO2) and suggested that calcining this nanofiller resulted in 

physical changes to the nanofiller in addition to the elimination 

of surface groups. Specifically, an increase in the density of 

ZrO2 was observed, mainly, due to a reduction in the overall 

fraction of surface regions which were characterized by a lower 

density than the bulk; this occurred together with the removal 

of water molecules and sub-surface hydroxyl groups from their 

ZrO2 nanofiller.  

To summarize, nanofiller calcination has been demonstrated 

to be effective in modifying nanofiller surface regions and 

hence will affect interfaces within nanocomposites in ways that 

potentially improve the dielectric properties of nanocomposites 



 

through mechanisms such as those revealed by the simulation 

studies discussed above. Such effect will depend on calcination 

parameters and upon the type of nanofiller. Nevertheless, how 

changes in calcination temperature affect the structure and 

surface chemistry of nanofillers, water accumulation processes 

and hence the dielectric properties of nanocomposites have 

attracted little attention. 

6 RECENT INSIGHTS FROM NANOFILLER 
CALCINATION 

In view of the profound impact of water on the dielectric 

properties of nanocomposites and the effectiveness of 

calcination in removing polar moieties associated with water 

adsorption onto nanofillers, we have recently explored further 

how different nanofiller calcination temperatures could affect 

the water uptake and structure of two nanofillers, i.e., SiO2 and 

ZrO2. The rationale behind the choice of SiO2 and ZrO2 was 

that both nanofillers are oxides, with an average particle size of 

20 nm. This allowed a comparable evaluation of the 

effectiveness of nanofiller calcination in removing water-

related components and effecting structural changes in such 

nanofillers and, hence, influencing the behavior of oxide-based 

nanocomposites. Dielectric property variations relevant to these 

changes can therefore be comparatively assessed. 

6.1 CALCINATION AND NANOFILLER STRUCTURE 

Figure 6 shows mass change data obtained from SiO2 and 

ZrO2 nanopowders by thermogravimetric analysis (TGA). For 

the SiO2 nanopowder, a total mass reduction of about 8% 

occurred in three phases, within the temperature range 

considered here. First, a noticeable reduction in mass (~5%) is 

evident on heating up to 100 °C. Second, a progressive mass 

reduction (~3%) occurred from 100 oC to 600 °C. Finally, minor 

mass changes were noticed up to 900 °C. These results indicate 

that surface hydroxyl groups could be successfully removed 

from the SiO2 nanopowder, but that the extent of the removal 

depends on the temperature. Zhuravlev et al’s model for the 

calcination of SiO2 considers that the elimination of physically 

adsorbed water, surface hydroxyl groups, and internal hydroxyl 

groups within SiO2 can be attained at 25-190 °C, 190-400 °C, 

and 400-900 °C, respectively [44, 45]. 

For the ZrO2 nanopowder, a total mass reduction of only 

~1.5% occurred within the complete temperature range, which 

seemed to occur in two phases. Initially, a reduction in mass of 

~1% occurred on heating up to 100 ºC. Subsequently, only a 

marginal change in mass of ~0.5% occurred between 100 and 

900 ºC. This suggests that the primary source of mass loss in 

ZrO2 corresponds to the removal of physically adsorbed water 

and that changes in water content in ZrO2 are less significant 

than in SiO2. Although both SiO2 and ZrO2 are oxide-based 

nanofillers, these TGA data imply that ZrO2 generally contains 

fewer polar species than SiO2, such that water-related effects 

seen in SiO2-based nanocomposites should be less pronounced 

in nanocomposites based upon ZrO2. 

Figure 7 compares SEM micrographs of the uncalcined SiO2 

and ZrO2 nanopowders with equivalent images of SiO2 and 

ZrO2 nanopowders calcined at 900 ºC. For the uncalcined SiO2 

nanopowder,  the appearance is not of separate nanometer-sized  

 
Figure 6.  TGA curve for SiO2 and ZrO2 nanopowder. 

 

 
 

Figure 7.  SEM micrographs of (a) uncalcined SiO2 nanopowder (b) SiO2 

nanopowder calcined at 900 °C (c) uncalcined ZrO2 nanopowder (d) ZrO2 

nanopowder calcined at 900 °C. The arrow indicates loosely bound 

agglomeration while the circle indicates closely bound aggregation. 

 
particles but, rather, of agglomerated entities that appear 

somewhat “fluffy” (arrowed in Figure 7a). It has been reported 

that nanoparticles commonly present as agglomerates rather 

than isolated particles [66]. Nanometer-sized distributions of 

SiO2 nanopowder remained difficult to identify even after SiO2 

calcination (see Figure 7b), suggesting that the calcination 

process does not fundamentally affect the morphology of the 

system. Nevertheless, the SEM morphology of nanocomposite 

samples containing calcined SiO2 revealed a more significant 

number of fine particles compared to nanocomposite samples 

containing an equivalent uncalcined SiO2 counterparts [67]. 

This leads to two possibilities. First, that different calcination 

temperatures alter the phase structure, size distribution or pore 

structures of the investigated nanoparticles, as suggested by 

Tian et al [68]. Second, that different calcination temperatures 

beneficially alter the surface chemistry of the SiO2, thus 

reducing the propensity of the nanoparticles to agglomerate 

within the non-polar PE matrix [69]. Since high-temperature 
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annealing would be expected to promote particle coalescence 

and in the light of the thoroughly invested consequences of SiO2 

calcination [44, 45], the latter is thought to be more relevant for 

these SiO2-based nanocomposites. 

From the SEM morphology of the uncalcined ZrO2 

nanopowder, the ZrO2 was, again, agglomerated into entities 

that looked somewhat “fluffy” or loosely bound in nature 

(arrowed in Figure 7c). Additionally, a proportion of the 

nanopowder appeared to exist in the form of more closely 

bound aggregations, as evinced by the object circled in Figure 

7c. Of note, we use the terms “agglomeration” and 

“aggregation” to represent two different structures: 

agglomeration is a loose assembly of smaller entities; 

aggregation develops when primary particles start to coalesce 

to form a typical crystalline structure [70]. Nevertheless, the 

prevalence of loosely bound agglomerations of ZrO2 

nanopowder reduced after calcination, as shown in Figure 7d. 

This implies structural reorganization of the ZrO2 upon 

calcination, reducing the overall surface energy of the system. 

We therefore infer that calcination of ZrO2 affects the particle 

size and structure of ZrO2, in addition to removal of the minimal 

water shown in Figure 6. This is supported by previous studies 

[68, 69, 71], where the phase structure, particle size, and pore 

structure of several different nanoparticle systems were shown 

to be affected by calcination.  

The above suggest that, for SiO2, different calcination 

temperatures mainly alter the surface chemistry, such that SiO2 

becomes less hydrophilic. Calcining ZrO2 primarily changes 

the size and structure of the ZrO2 and that these changes are 

more significant than water-related surface changes. 

6.2 DIELECTRIC CHANGES OF NANOCOMPOSITES 
AFTER NANOFILLER CALCINATION 

The above discussion highlights that calcination affects SiO2 

and ZrO2 in distinctly different ways, which should be reflected 

in the dielectric properties of resulting nanocomposites. In 

considering this, we will first focus on the effect of water-

related moieties on FTIR spectra obtained from 

nanocomposites containing uncalcined and calcined SiO2 and 

ZrO2, referenced to unfilled PE (see Figure 8). While a detailed 

interpretation of the complete FTIR spectra can be obtained 

elsewhere [67, 72], in short, the inclusion of 8 wt% of 

uncalcined SiO2 within PE (S/8/0) results in increased FTIR 

absorbance around 3400 cm-1 and 1600 cm-1 (arrowed in Figure 

8) due to the presence of hydroxyl groups and water molecules 

around the SiO2. Nevertheless, with the addition of 8 wt% of 

SiO2 calcined at 600 ºC (S/8/600), the IR absorbance around 

3400 cm-1 and 1600 cm-1 is reduced and further reduced with 

the addition of 8 wt% of SiO2 calcined at 900 ºC (S/8/900). This 

suggests that calcination of SiO2 reduces the number of 

hydroxyl groups present and the amount of water that is 

absorbed by the resulting SiO2-based nanocomposites and that 

calcining SiO2 at higher temperatures increases the efficacy of 

the process. This influences the nanoparticle/polymer 

interfacial regions, the local interactions between PE and SiO2 

and also related trapping states. Conversely, in ZrO2-based 

systems, nanofiller calcination results in insignificant variations 

in the strength of the absorbance at 3400 cm−1 and 1600 cm−1. 

Evidently,  the  effect  on  the  ZrO2  nanofiller  of  the  imposed  

 
Figure 8.  FTIR spectra comparing unfilled PE and nanocomposites 

containing uncalcined and calcined SiO2 and ZrO2. 

 

 
Figure 9.  Real permittivity of unfilled PE and nanocomposites containing 

uncalcined and calcined SiO2 and ZrO2. 

 

thermal treatments was insufficient to be detected by FTIR. The 

FTIR spectra of all three ZrO2-based nanocomposites exhibit 

comparable levels of absorbance at 3400 cm−1 and 1600 cm−1 

to the unfilled PE reference, implying that the presence of water 

in ZrO2-based nanocomposites was minimal. This marked 

difference in behavior between SiO2- and ZrO2-based systems 

is consistent with the TGA results presented previously.  

Such observations are pertinent to changes in the dielectric 

response of the nanocomposites, as shown in Figure 9. The 

increase in permittivity of nanocomposites containing 8 wt% of 

uncalcined SiO2 (S/8/0) is mainly a result of interfacial 

relaxation processes related to the presence of hydroxyl groups 

and water molecules at the interface of SiO2-based 

nanocomposites, as discussed elsewhere [30]. This effect was 

particularly  pronounced  with  increasing  amounts of  SiO2 (in  
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Figure 10. Comparison of DC breakdown strength for unfilled PE and nanocomposites containing uncalcined and calcined SiO2 and ZrO2. 

this case, 8 wt%), where more water molecules and surface 

hydroxyl groups would be present within the system as a 

consequence of the increase in the total interfacial area. This, 

potentially, influences the dielectric response in two ways: the 

number of dipolar species, impurities, ions, etc. would be 

increased, facilitating an increase of the interfacial polarization 

[73]; nanoparticle separation is reduced, so increasing the 

probability of the onset of percolation effects [35]. 

The permittivity of nanocomposites containing 8 wt% of 

SiO2 calcined at 600 ºC (S/8/600) was reduced compared to 

nanocomposites containing 8 wt% of uncalcined SiO2 (S/8/0). 

For nanocomposites containing SiO2 calcined at 900 ºC 

(S/8/900), a further reduction in real permittivity could be 

observed. Therefore, by judiciously selecting the calcination 

conditions, the permittivity of SiO2-based nanocomposites was 

significantly reduced. This is ascribed to reduced numbers of 

water molecules and hydroxyl groups at the interface [74]. 

Since uncalcined ZrO2 only contained physically adsorbed 

water and some hydroxyl groups, the permittivity of 

nanocomposites containing uncalcined ZrO2 (Z/8/0) was higher 

than the unfilled PE (U/0/0), but lower than nanocomposites 

containing   uncalcined   SiO2  (S/8/0).   The   slightly   decreased 

permittivity values found in nanocomposites containing 

calcined ZrO2 (Z/8/600) is, therefore, a direct consequence of 

the effectiveness of this calcination process in removing the 

majority of water-related species [56]. This agrees well with the 

above TGA data and relevant literature [30, 35], where the 

additional contributor for the increase in permittivity was 

physically adsorbed water. In addition, changes in the structure 

of ZrO2 may result in improved interactions between calcined 

ZrO2 and PE. This will serve to lower the permittivity of the 

nanocomposites comprising calcined ZrO2 compared to 

equivalent amounts of uncalcined ZrO2 [75]. 

Figure 10 compares the DC breakdown strength of 

nanocomposites containing uncalcined SiO2 and ZrO2 with 

nanocomposites containing SiO2 and ZrO2 calcined at 600 °C 

and 900 °C (at 1 wt%, 4 wt%, and 8 wt% loading levels); the 

unfilled PE serves as a reference. With uncalcined SiO2, the DC 

breakdown strength reduced significantly compared to the 

unfilled PE; the reduction becoming more pronounced as the 

loading level increased. While the reduction in the DC 

breakdown strength may be influenced by agglomeration 

effects [76, 77], the results from FTIR and dielectric 

spectroscopy suggest that the presence of hydroxyl groups and 

water molecules within nanocomposites is likely also to be 

important, since water can have considerable adverse effects 

under DC fields [26, 27, 34]. As discussed earlier based on the 

work of Saiz and Quirke [43], a wet interface within 

nanocomposites produces much lower trapping energies and 

results in an increase in the excess electron mobility compared 

to the dry material, which can lead to lowered breakdown 

strength. Higher DC breakdown strength was observed with the 

addition of SiO2 calcined at 600 ºC to PE. By increasing the 

SiO2 calcination temperature to 900 ºC, a further enhancement 

in DC breakdown strength was obtained. This can be further 

explained from the FTIR and dielectric spectroscopy data; 

successful dehydroxylation driven by calcination enhances the 

DC breakdown performance of the materials. These DC 

breakdown enhancements are therefore mainly related to 

changes in the interfacial chemistry of the SiO2-based 

nanocomposites as a consequence of the reduced hydroxyl 

content after calcination and the consequent reduced propensity 

for accumulation of water at such sites through hydrogen 

bonding. Nevertheless, none of the materials exhibited a higher 

DC breakdown strength than the unfilled PE and, even after 

treatment at 900 oC which, from TGA corroborated by FTIR 

and dielectric data, would be expected to remove the vast 

majority of water, surface silanol and bulk silanol groups. This 

demonstrates that removal of such polar groups is no panacea 

as far as breakdown strength is concerned. 

Comparing the dependence of breakdown strength on 

nanofiller calcination seen with SiO2 with the influence of the 

same thermal treatment on ZrO2 reveals telling differences. 

First, uncalcined ZrO2 contains relatively few hydroxyl groups 
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and water – as evinced by both TGA and FTIR data. If the 

mechanism by which calcination influences breakdown 

strength in nanocomposites were solely through removal of 

such polar moieties, then calcination should be ineffective at 

improving the behavior of ZrO2-based systems. Clearly, from 

Figure 10, this is not the case. Indeed, Figure 10 shows a 

pronounced increase in breakdown strength on increasing the 

calcination temperature from 600 oC to 900 oC – a temperature 

change that has no effect on the water/hydroxyl content of 

system (see Figures 6 and 8). Rather, we suggest that this may 

be related to ZrO2 structural factors. For example, the 

simulations of Saiz and Quirke [43] demonstrated charge 

trapping within nanoparticles; presumably, thermally-induced 

internal structural rearrangements will influence such 

processes. In addition, changes in the surface structure that 

reduce the specific surface energy may influence propensity for 

agglomeration. Finally, it is well appreciated that, in semi-

crystalline polymers, where secondary nucleation dominates, 

that structural features on surfaces can markedly affect the 

process of polymer crystallization (grapho-epitaxy). While such 

structural factors were overshadowed by water-related 

phenomena in SiO2-based nanocomposites, in ZrO2, their 

influence becomes more influential, affecting the trapping 

behavior, the mobility of excess electrons, the material’s 

electrical conductivity and, thereby, its breakdown strength 

[43]. Although the inclusion of calcined ZrO2 in the apparent 

absence of water does not result in significantly improved 

nanocomposite breakdown strength over unfilled PE, the 

comparable performance of nanocomposites containing 1 wt% 

of ZrO2 calcined at 900 ºC and unfilled PE does suggest that in 

seeking to engineer the dielectric properties of nanocomposites, 

consideration of removal of water adsorbed onto nanofillers is 

important. 

7 CLOSING REMARKS 

In high voltage insulation, polymer nanocomposites have 

attracted significant interest for many years, due to the 

dielectric property enhancements that have been reported in 

many studies. For these materials, the addition of nanoparticles 

to polymers is expected to influence the interactions between 

the base polymers and the nanofillers, thus resulting in unique 

macroscopic properties. However, the presence of hydroxyl 

groups, especially on the surface of oxide-based nanofillers, 

often results in detrimental effects, due to the affinity of water 

to associate with these groups. The preceding account reviews 

the importance of removing interfacial water within 

nanocomposites and contrast our experimental results obtained 

from calcination of SiO2 and ZrO2 nanofillers, with SiO2 more 

prone to water absorption than ZrO2. The addition of these 

calcined nanofillers to PE improves dielectric performance of 

the nanocomposites. Specifically, changes in water-related 

surface chemistry after nanofiller calcination are favorable for 

nanocomposites as far as DC breakdown performance is 

concerned. Furthermore, nanofiller calcination affects not only 

the water-related chemistry, but also the structure of oxide-

based nanofillers. Of note, the current review does not attempt 

to explain all phenomena exhibited by nanocomposites by 

referring to the examples addressed. Nevertheless, it signifies 

that, for the detailed interfacial chemistry of nanofillers to 

become relevant in engineering the dielectric properties of 

nanocomposites, the effective removal of interfacial water 

adsorbed onto nanofillers is critical. 
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